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Abstract 
This paper presents a brief overview of computer modeling of impurity transport 

in the core region of controlled thermonuclear fusion plasmas. The atomic 
processes of importance in these high temperature plasmas and the numerical 
formulation of the model are described. Selected modeling examples are then 
used to highlight some features of the physics of impurity behavior in large tokamak 
fusion devices, with an emphasis on demonstrating the sensitivity of such modeling 
to uncertainties in the rate coefficients used for the atomic processes. This leads to 
a discussion of current requirements and opportunities for generating the improved 
sets of comprehensive atomic data needed to support present and future fusion 
impurity modeling studies. 

1. INTRODUCTION 

1.1. Modeling, impurities, and plasma performance 

Understanding and predicting the behavior of impurity ions in magnetically 
confined high-temperature plasmas is an important part of controlled 
thermonuclear fusion research. Since the behavior of these impurity ions is 
governed by the simultaneous effects of atomic processes and the transport of the 
impurity ions in multiple ionization states through a non-uniform plasma, computer 
modeling is typically required to deal with situations of practical interest. 

Impurities play many roles in a fusion plasma, varying from disastrous to critically 
useful [1]. Their most direct effects on the gross plasma behavior typically arise 
from their contribution to the plasma resistivity though Zeff, the plasma effective 
charge, and from their contribution to plasma energy losses via radiative cooling. J B 
In a reacting plasma, simple dilution of the hydrogenic fuel ions by the presence of 3 5 * 
highly stripped impurity ions in the plasma core can also be a major deleterious £/$ 
effect, in the plasma edge, however, radiative cooling from impurity ions may — 4 
represent a critically important method of mitigating the effects of high heat fluxes £J2 
impinging on material surfaces at the plasma boundary in reactors. Impurities also ^ O 
play a critical role as a basis for plasma diagnostics which provide important 
measurements of physical conditions in a difficult experimental environment. 

The presence of some level of impurity contamination is an unavoidable^^ 
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consequence of interactions between the hot plasma and the material structures 
which must necessarily exist somewhere at the plasma periphery. The impurities 
introduced from these plasma-surface interactions can range from light elements 
such as beryllium, carbon, and oxygen, up through heavier metals such as iron, 
nickel, molybdenum, and tungsten, depending on the composition and history of 
surface exposure of the plasma-facing components in a given device. Experience 
with extremely high levels of core radiative losses associated with even trace 
amounts of heavy metals such as molybdenum and tungsten has lead to the virtual 
abandonment of these refractory heavy metals for use as plasma-facing 
components in most present-day fusion devices. Critical requirements for handling 
high heat fluxes in larger fusion reactors has, however, lead to a possibly renewed 
role for these refractory metals, but one still limited by the potential transport of 
these elements into the plasma core. Similarly, the use of radiative cooling in the 
plasma divertor region to mitigate this heat load will be limited by tne associated 
contamination of the core region. 

Helium is a uniquely important impurity in fusion reactors, since it is produced 
directly in the plasma core as a consequence of the energy-producing 
deuterium-tritium fusion reactions themselves. Thus understanding and predicting 
helium transport is a critical topic for fusion reactor performance and the practical 
development of fusion energy [2,3]. 

1.2. Plasma diagnostics 

Spectroscopy of impurity radiation originating from within the optically thin 
plasma forms the basis for a wide range of diagnostics which serve to provide 
critical information on conditions in the plasma core which would be otherwise 
unavailable. Interpretation of experimental data from these impurity-based 
diagnostics often relies on impurity transport modeling as part of their analysis. 

One of the most important impurity-based diagnostic methods involves 
observation of the doppler broadening and doppler shifts of impurity spectral line 
emission, a technique which perforce relies on the presence of some natural or 
injected impurity density in the plasma. Determination of particle transport 
coefficients by observation of the time-dependent behavior of impurities injected 
into the plasma is another impurity-based technique which will be used as the 
basis for a discussion of impurity physics and modeling results later in this paper. 
Recently, studies comparing the transport of light and heavy impurities with 
electron particle and heat transport in the same discharges have begun to provide 
important data testing theoretical results which attempt to elucidate the 
fundamental plasma physics driving transport in fusion plasmas [2,3]. 

1.3. Core vs. edge modeling 

In this paper we will focus on the modeling of impurity transport in the core 
plasma region. As might be expected, however, there is a strong overlap between 
core modeling issues and issues pertaining to impurity modeling of the edge and 
scrapeoff region in terms of both the basic physics and the need for accurate, 



comprehensive atomic data. Drawing a clear dividing line for atomic data 
requirements is difficult because, among other reasons, what constitutes "core" 
plasma conditions for a smaller machine becomes progressively "edge" plasma 
conditions in a larger, higher temperature plasma. For modeling purposes, 
however, the transition from the core to the edge is typically marked by a shift of 
interest to the lower ionization states characteristic of temperatures well below 
1 keV (particularly those below 100 eV), and the increased role of molecules, 
sources, sinks, and higher dimensional (2-D or 3-D) geometry. Of course, in the 
end, whatever distinctions may be made for practical reasons between core and 
edge / scrapeoff region modeling, these regions are coupled together and interact 
in any real device. Indeed, some of the most important issues for fusion reactor 
modeling involve coupling diverse numerical models of these regions together to 
create a self-consistent model of the entire plasma. 

1.4. Plan of this paper 

This paper will present a brief overview of impurity transport modeling, with a 
focus on the role of accurate atomic data in modeling impurity behavior in the core 
region of larger, reactor-scale magnetically confined fusion devices, particularly 
tokamaks. For convenience, examples and references will be based primarily on 
impurity modeling work at PPPL, but it should be noted that similar modeling is 
carried out at other laboratories in the international fusion program. 

We will begin with a brief review of atomic processes and the formulation of 
numerical models of impurity transport. Selected modeling examples will then be 
presented as a basis for a discussion of some features of the physics and modeling 
of impurity behavior in large tokamaks and the need for accurate atomic physics 
data. The relative magnitude and practical importance of the effects shown does, 
however, depend to a large degree on the specific plasma parameters and 
objectives of any given study. The results shown thus should be considered 
illustrative, rather than universal, in their implications, and should not be 
extrapolated too far beyond the specific cases presented. These examples will 
then lead to a discussion of requirements and opportunities for generating 
comprehensive sets of atomic data for fusion modeling. 

2. ATOMIC PROCESSES 

2.1. The coronal approximation 

Given the high temperatures and low densities characteristic of magnetically 
confined fusion plasmas, the atomic physics of impurity ions is typically well 
described by the coronal approximation. In the coronal limit, atomic collision times 
are taken to be long compared with excited state lifetimes, leading to the 
assumption that all ions are in their ground states at the start of any collisional 
process. The low density also leads to an optically thin plasma, and the further 
coronal assumption that photoabsorption processes can be neglected. While 
magnetically confined fusion plasmas are typically well described by the coronal 



approximation, attention must always be paid to the possible need for 
collisional-radiative modeling of finite excited state populations for metastable 
states, as one moves into the more collisional plasma edge region, and in other 
special circumstances. 

Coronal equilibrium describes a situation where the ionization balance in a 
coronal limit plasma is also in a steady state determined solely by a local balance 
of ionization and recombination between adjacent charge states. While coronal 
equilibrium usually does not strictly apply in fusion plasmas due to the effects of ion 
transport through plasma gradients and time varying plasma conditions, it 
nevertheless often serves as a useful reference point, and will be discussed further 
in later sections. It is useful to note that there is a tendency to sometimes refer to 
impurities which are not in coronal equilibrium in fusion plasmas as being 
"iion-coronal". This common fusion parlance tends to incorrectly imply that the 
coronal atomic physics approximation itself is invalid, wheras the intended 
meaning is usually simply that coronal equilibrium does not apply. 

2.2. Ionization and recombination 

Of fundamental importance to the behavior of impurities in a fusion plasma are 
the atomic processes which determine the ionization balance. The total ionization 
rate is typically dominated by direct electron impact ionization, with important 
contributions from inner shell excitation followed by autoionization for some cases. 
Hence we have as the total ionization rate (s~1) for an ion in charge state -»q 

lq = n e <OV>dj r f l ct + n e <OV>excitation/au1oion'ealion (1 ) 

where the <ov> are Maxwellian averaged rate coefficients for the direct and (where 
important) inner shell processes. 

The total recombination rate involves contributions from several processes, each 
of which can play an important role in certain circumstances and for certain ions. 
Dielectronic recombination is typically the dominant recombination process for ions 
with easily excited bound electrons. This important process for fusion impurity 
modeling is unfortunately a complex one from an atomic physics perspective, 
leading to a difficult-to-fullfill need for improved rate coefficients. This problem is 
further complicated by the density (and also potentially plasma field) dependence 
of the dielectronic rate, which must also be addressed to arrive at rate coefficients 
which are applicable to real fusion plasma conditions. Radiative recombination 
can also be important, particularly for highly stripped ions with small (or 
non-existent) dielectronic rates. 

Finally, there is an important recombination process in fusion plasmas not 
usually found in other high-temperature plasmas, namely charge transfer with 
neutral hydrogen atoms (or charge exchange, as it is usually referred to in the 
fusion community). From the perspective of an impurity ion A with charge +q, the 
event 

HO + A ^ - ^ H ' + A*"-1 (2) 



is a recombination process. Charge exchange can provide an extremely strong or 
even dominant contribution to the recombination rate [4], following from the large 
size of the cross section for energetic hydrogen ions, which are present at 
concentrations far above coronal equilibrium densities due to an interesting 
combination of circumstances. First, due to the low plasma density, even low 
energy neutral hydrogen atoms evolved from surfaces at the plasma periphery can 
penetrate a short distance into the hot plasma. There, the atom can undergo 
symmetric charge transfer with a hydrogen ion at the local ton temperature, which 
yields a more energetic neutral hydrogen atom with a longer mean free path. This 
process then continues through multiple generations. While each such charge 
exchange generation is strongly attenuated from the preceeding one, and the 
resulting neutral hydrogen density well into the hot plasma core is thus many 
orders of magnitude down from the density at the plasma edge, this density is still 
commonly orders of magnitude above a coronal equilibrium density. In addition to 
these 'thermal" neutrals, an even more dramatic source of neutrals and charge 
exchange recombination occurs when high power beams of energetic neutral 
hydrogen atoms are deliberately injected into the plasma core as a means of 
heating the plasma. 

The total recombination rate (s*1) for an impurity ion in charge state +q is thus 
given by 

f\, = ne<ov>DR + ne<av>RR + nH«ov>cx (3) 

where in addition to the usual electron density dependences from the electron 
collisional recombination processes there is an additional dependence on the 
neutral hydrogen density arising from the charge exchange process. 

2.3. Excitation processes and radiated power 

Spectral line emission in fusion plasmas is predominantly due to direct electron 
impact excitation of allowed transitions, with additional contributions arising from 
excitations associated with the recombination processes. Calculation of these 
spectral line brightnesses is important, as plasma spectroscopy provides a primary 
connection between impurity modeling results and the experiments. For general 
impurity spectroscopy, such as identification of impurities present in a plasma, 
quantitative measurement of their concentrations, and observations of their 
transport, only the strongest spectral lines for a selected range of ionization states 
are usually of interest. Specific diagnostics can have more special requirements, 
such as detailed dielectronic satellite line excitation for high-resolution X-ray crystal 
spectrometry. Continuum emission from bremsstrahlung and radiative 
recombination also contributes to the radiated spectrum. 

In addition to interest in the details of the line and continuum spectrum generated 
by impurities in fusion plasmas, a particularly important quantity for fusion modeling 
is the total power radiated from the plasma by the impurity ions. This is a photon 
energy weighted sum over alt the line and continuum excitation rates. In practice 



this total radiated power rate is typically dominated by the sum of contributions from 
the strongest direct electron impact excited allowed transitions, although as the 
impurities become fully stripped at high enough temperatures, bremsstrahlung 
becomes the dominant contributor to the radiated power density. Since the plasma 
is optically thin, this power taken from the electron thermal energy is immediately 
lost from the plasma to the walls, yielding a cooling effect on the plasma. While 
highly undesirable in the plasma core, such radiative cooling can play a possibly 
crucial beneficial role in the plasma edge and scrapeoff region of fusion reactors. 
Conversion of the outgoing plasma heat flux to radiation is a relatively benign way 
to deliver this heat flux to material surfaces, and radiative divertors are an important 
way in which critical reactor scrapeoff power handling issues may be addressed. 
Calculation of the radiated power profile is also necessary in order to allow 
comparisons with bolometric measurements of this quantity, which serve as yet 
another diagnostic of impurity behavior. 

3. 1-DIMENSIONAL NUMERICAL MODELS 

3.1. Basic formulation 

Impurity transport modeling of the plasma core is carried out using numerical 
solutions to a set of coupled continuity equations which describe the transport, 
ionization, and recombination of each charge state of a given impurity element as a 
function of radius and time across the plasma. The reduction of the model to one 
radial dimension follows from the assumption of toroidal and poloidal symmetry 
due to rapid parallel transport along the field lines of a tokamak or related fusion 
device. This is usually a good assumption for the core region, although poloidal 
and toroidal asymmetries can become important in some circumstances, especially 
as one moves towards the plasma periphery. 

With Z as the nuclear charge of the impurity, there are Z+1 coupled equations of 
the form 

^9- = - i f r r<, + Iq-mq.! - ( l q + Rq)nq + R ^ n ^ , - ̂  + S<, (4) • 
ot 3r *q 

giving the time derivative of the local density nq(r,t) of impurity ions in each charge 
state +q as a function of radius and time. The first term on the right hand side is the 
divergence of the radial particle flux Tq of ions in this charge state in cylindrical 
geometry. The form taken for this flux will be discussed in following sections. 

Following the divergence term are terms which describe flows into and out of the 
charge state as a result of ionization and recombination of this and adjacent charge 
states. The total ionization rate coefficients lq are taken from Eq. (1) and the total 
recombination rate coefficients R q are taken from Eq. (3) of the previous section. 
The need for comprehensive rate data for all the charge states of each impurity 
element to be modeled follows directly from the need to supply these terms for all 
Z+1 ions in order to solve the coupled set of Eqs. (4). 



The last two terms in Eq. (4) represent impurity sources and sinks, and are 
typically important only in the edge and scrapeoff regions of the plasma. The 
-nq/tq term is used to represent losses due to parallel flows along the field lines to 
a limiter or divertor region by using a finite parallel confinement time T q = tn in the 
edge scrapeoff region. The Sq source term is typically used to model the source of 
q = +1 ions created by the ionization of neutral impurity atoms entering from the 
plasma edge. Although these terms are oversimplified representations of the 
complex higher-dimensional transport which may be important in the plasma 
periphery, these terms are nevertheless often quite adequate for many studies 
where a simplified 1-0 picture of edge and scrapeoff impurity behavior calculated 
in a self-consistent manner with the core transport is sui/icient. To include more 
detailed edge physics effects, these terms can also be treated as parameters 
through which the core modeling code can be coupled to a more complete 2-D 
divertor modeling code. 

3.2. Radial particle flux 

The radial particle flux r Q in Eq. (4) is usually expressed in the form 

r q = - D q ^ + v q n q (5) 
3r 

which represents the llux as a sum of contributions characterized by a diffusion 
coefficient D and a conveciive velocity v. These transport coefficients are in turn 
functions of radius and other variables. This decomposition is a useful one due to 
the qualitatively different types of flow which arise from diffusive and convective 
fluxes, and because this representation also serves to identify the form of the n q 

dependencies that the numerical scheme will be called on to handle. While Eq. (5) 
may not be the most natural decomposition of the flux for some types of theoretical 
transport models, depending on the underlying nature of the driving terms, it 
nevertheless allows basically any type of transport model to be incorporated into 
the code. 

One of the goals of magnetic confinement fusion research is to arrive at a more 
complete understanding of the physics underlying both particle and energy 
transport in devices such as tokamaks. A complete theoretical derivation of the 
transport flux is not yet available for impurities or any of the other particle and heat 
flows in a tokamak fusion plasma. Neoclassical transport [5], arising from collisions 
in tokamak field geometry, is formally well developed, but inadequate to explain 
most features of the observed transport. In most cases, the transport is instead 
dominated by "anomalous" transport, e.g., transport driven by plasma turbulence in 
some form. Obtaining a better understanding of the nature of this anomalous 
transport is an key area of theoretical and experimental investigation in tokamak 
research. Indeed, a major application of core impurity transport code modeling is 
in the analysis of experiments designed to characterize and measure the transport 



of impurity ions in fusion plasmas for such investigations. The diffusive/convective 
representation of Eq. (5) has served well in simulating the observed impurity 
behavior in such experiments with empirically adjusted forms for the diffusion 
coefficient and convective velocity. A simple empirical transport model of this type 
will be discussed and applied in following sections. 

3.3. Numerical solution 

The set of coupled time-dependent Eqs. (4) may be solved numerically in 
various fashions, such as by using an implicit finite-difference scheme. It should be 
noted that although the model is nominally "1-D", refering to the one (radial) spatial 
dimension, numerically such a code is two-dimensional, with the solution space 
described by transport across a radial mesh in one dimension and flow between 
charge states in the other dimension. The resulting matix equation is block 
tridiagonal since the ionization and recombination processes are taken to only 
couple adjacent charge states and the divergence operator only couples to 
adjacent radial zones. The PPPL impurity transport code [6] used for the examples 
in this paper uses an implicit matrix solution algorithm to advance the Eqs. (4), 
which has the advantage that the solver can also directly produce equilibrium 
solutions provided the transport model used is linear. Impurity transport codes at 
other fusion laboratories are usually formulated in a similar fashion to Eqs. (4), but 
sometimes use an ADI (alternating-direction-implicit) numerical scheme in place of 
the direct matrix solver. The PPPL code also includes a predictor-corrector scheme 
in addition to the implicit matrix solver in order to handle nonlinear transport 
models, for example as arise from the inclusion of neoclassical ion-ion flux terms. 

3.4. Other components of the model 

A complete computer model for impurity transport also requires many auxiliary 
calculations and supporting functionality beyond the basic task of advancing the 
coupled set of Eqs. (4). For example, radial profiles of spectral line emissivities 
and chord integrated spectral line brightnesses are derived for visible, VUV, and 
X-ray lines of interest based on the calculated radial charge state distributions 
rtq(r.t). A model for particle redistribution following the internal plasma disruptions 
known as sawtooth oscillations is also important. Other capabilities essential to 
practical application of the code, for example, involve allowing the model to accept 
time-dependent radial profiles of electron temperature, electron density, neutral 
hydrogen energies and densities, etc. in order for the code to be used to model 
time-varying plasma conditions. 

4. MODELING OF A SELECTED TFTR PLASMA 

4.1. Simple Parameterized Particle Transport model 

As was discussed in section 3.2, a validated, complete, predictive theory for 
particle transport in tokamaks is lacking, and hence practical modeling of impurity 



transport behavior in tokamaks is usually based on parameterized empirical 
models for the transport coefficients D and v of Eq. (5). Furthermore, given the 
often significant uncertainties which accompany the experimental measurement of 
impurity behavior or the simulation of impurity behavior in fusion reactor plasmas, 
simple empirical transport models which capture the essential features of the 
impurity transport with a minimum of free parameters are often desirable. 
Fortunately, in practical use these simple models often work well in fitting 
experimental observations, but one needs to be aware that successful fitting of 
impurity data with such simple forms for the transport does not necessarily imply 
that this fitting is unique, nor that the the actual physics necessarily closely 
conforms to the dependencies used in the fitted form. 

The simplest purely empirical form for the impurity transport flux has three 
parameters - one each for the strength of the diffusive and convective radial flow 
contributions, plus one for parallel flow in the scrapeoff region which forms the 
boundary of the core model. For the absolutely simplest models, necessary for 
example when one has very incomplete diagnostic data on the impurity behavior, 
one can take for the diffusion coefficient 

D(r) = D = constant. (6) 

More detailed studies of impurity transport do indicate, however, that the impurity 
D(r), like the other diffusive transport coefficients for plasma particle and heat 
fluxes, actually typically has a strongly hollow radial profile (e.g., 0(0) « D(edge)), 
leading to increasingly complex parameterizations for the radial form of D(r). 
Experiments also suggest that impurity transport is typically characterized by a 
charge-state independent, dominantly diffusive behavior except in certain 
circumstances where the neoclassical flux can compete with the usually dominant 
anomalous transport. 

The convective velocity v(r) in Eq. (5) is sometimes referred to as the "pinch" 
velocity, as the sign of this velocity is usually negative (inward) and hence it 
governs how strongly the impurity density tends to be peaked on axis. In this 
context, an intuitively useful simple parameterization of v(r) involves relating it to 
the shape of the equilibrium total impurity density profile n e q(r) which is the sum of 
the ion densities in each individual charge state in equilibrium. For 
charge-independent transport, e.g., Dq(r) = D(r) and Vq(r) = v(r) independent of q 
v(r)/D(r) is an inverse scale length which is given by the requirement that in 
equilibrium, the total particle flux r = L r q must be zero in the core, source/sink free 
region 

r eq = -D(r)^sa + v(r)neq = 0 (7) 
8r 

If we now take neq(r) <* n r e f(r) cv where n r ef(r) is some chosen reference profile 
shape and c v is an adjustable parameter, then 



v(r) a inn r e f , f t . 
D ( r ) = C v _ 9 r ~ ( 8 ) 

and we have c v as a parameter which sets v(r) based on the independently 
specified D(r) and n ref(r) profiles. Note that despite the motivation for the use of c v 

arising from consideration of transport equilibrium, use of the c v parameterization is 
not limited to equilibrium circumstances, but is quite applicable to use in 
time-dependent modeling. 

One particularly useful choice for a reference profile shape is the plasma 
electron density profile ne(r), e.g., ngq(r)« ne(r)cvne, which yields 

D t r ) - 0 ™ ^ - ( 9 ) 

Since impurity effects often depend not only on the impurity density but also on 
how peaked the impurity profile is relative to the plasma density profile, c v n e is a 
useful parameterization for both predictive modeling as well as data analysis. Note 
in particular that c v n e = 1.0 yields a total impurity density in the core with the same 
equilibrium profile shape as the electron density profile (e.g., a constant impurity 
concentration), a distribution which is often at least roughly observed in 
experiments. Gaussian reference profiles are another useful form, yielding 

BJH ( - 2 £> «°> 
where a is the 1/e radius of the Gaussian profile. This yields a linear v(r) profile if a 
D(r) = constant assumption is also made. 

Finally, as previously mentioned, "core" impurity transport models still typically 
require some specification of physics in the edge/scrapeoff region. One simple 
parameterization of a finite parallel confinement time x„ = x n in the scrapeoff region 
for Eq. (4) is to relate it to the perpendicular flow using a scale length X s o 

* M - ^ (1D 

This finite x is of course only included in Eq. (4) outside of some specified scrapeoff 
radius corresponding to the last closed flux surface before the limiter or divertor 
region. In the same spirit as c v , the use of Xso is also motivated by its relationship 
to an intuitively meaningful equilibrium plasma quantity. With no local source, 
D(r) = constant, and v(r) = 0in the scrapeoff, then the equilibrium impurity density 



profile in the scrapeoff will be an exponential decaying with a scale length X, 

4.2. Transport equilibrium 

Transport equilibrium corresponds to the dn/3t=0 solution of Eq. (4), a 
steady-state ionization balance with finite particle transport. The outflux of particles 
from the plasma associated with this transport is perforce offset by a finite source 
term in order to achieve this steady-state situation. Transport equilibrium is a 
nomenclature chosen to differentiate this steady-state solution from coronal 
equilibrium, which was first discussed in sec. 2.1. Coronal equilibrium corresponds 
to a 3n/dt=0 solution of Eq. (4) with no transport flux or source/sink terms, thereby 
leaving only the atomic processes of ionization and recombination between 
adjacent charge states to determine a purely local (0-D) equilibrium. The term 
"coronal equilibrium" as used here includes the charge exchange recombination 
process often important in tokamak plasmas along with the usual electron impact 
recombination processes. In this regard the coronal equilibrium discussed here 
can differ from the coronal equilibrium which obtains in other plasmas. 

In order to present some illustrative solutions to the impurity transport equations 
we will use a selected high temperature plasma from the TFTR tokamak at 
Princeton as a case for study. The electron temperature and density profiles for this 
plasma are shown in Fig. 1. Not shown for simplicity are neutral hydrogen profiles 
arising from neutral beam heating and the transport of thermal neutrals, which were 
also included as inputs to the model. 

Since this plasma is characterized by a central electron temperature of 
T e ~ 6 KeV, we have chosen to use germanium for our modeling examples. With 
a nuclear charge of Z=32, this element is heavy enough so as to not fully burn out 
to the He-like G e + 3 0 state or beyond at the plasma center. If impurities were to be 
injected into such a plasma for spectroscopic observation, this criteria would allow 
ready observation of spectral line emission from partially-stripped ions across the 
full plasma radius [7]. 

Radial profiles of the individual charge state densities of germanium in transport 
equilibrium in this plasma are shown in Fig. 2., with higher charge states appearing 
in order as one proceeds into the hotter plasma core. Densities of lower charge 
state ions in the plasma periphery and profiles in the scrapeoff region outside of 
r = 80 cm are not shown for clarity. The germanium transport chosen for this 
example has D = 1.0 x 10 4 c m 2 s _ 1 , cVne "= 1 - ° . a n d ^so = 2 c m ' u s i n 9 t n e 

simple impurity transport coefficient parameterization just described. It should be 
noted that these transport coefficients are not specifically measured values for the 
discharge conditions shown, but rather represent broadly typical values chosen for 
illustrative purposes. The use of c v n e = 1.0 forces the core total Ge profile (not 
shown) to mimic the electron density profile shape given in Fig. 1 (b) in the core 
region. For this example the source of neutral germanium was taken to arise at the 
r s 80 cm plasma minor radius, and the source rate was adjusted to yield a 
central germanium concentration nGe' ne = ° 0 0 1 • Since with linear transport 
models such as the one chosen here the equilibrium impurity densities ere just 
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Figure 1. Electron (a) temperature and (b) density profiles. 
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Figure 2. Germanium ion density profiles from transport equilibrium calculation. 
Solid and dashed lines are used for alternate charge states for clarity. 



proportional to this source rate, it is a simple matter for the code to adjust the 
source rate to create a model result with any desired density. 

Figure 3 shows the average charge <Z> of the germanium transport equilibrium 
ionization balance shown in Fig. 2. As might be expected, the diffusive nature of 
the transport tends to "smooth" the <Z> profile relative to the coronal equilibrium 
result, which is also shown. The long transport time scales in the core region of a 
large tokamak such as TFTR relative to ionization and recombination timescales at 
these electron densities keeps the average charge relatively close to coronal 
equilibrium when charge exchange recombination is included in both crses. In 
smaller devices with lower densities these time scales are more comparable and 
transport effects on the ionization balance can be much more profound. Even in 
larger reactor-scale devices, however, the detailed shape of the profiles for 
individual charge states can still deviate significantly from coronal equilibrium, 
even if the average charge is seemingly little affected. This deviation from coronal 
equilibrium is particularly noticeable for the extended tails of the radial distributions 
away from the region of highest abundance. For example, the high temperature 
sensitivity of the relatively energetic excitations producing X-ray line emission from 
highly charged states can make this X-ray line radiation highly sensitive to details 
of the small-radius (high-temperature) tail of the charge state radial profiles. 
Deviations from coronal equilibrium are also increasingly important at the plasma 
periphery, where transport time scales decrease and lower electron densities 
increase the timescales for the electron impact atomic processes. 

The power radiated by the germanium in watts-cm-3 is shown in Fig. 4. Since 
the primary contribution to the radiated power from the impurity comes from 
electron-ion collisions, this impurity radiated power profile includes a strong 
n e n g e ~ n e

2 factor for models such as the present one where nQ e /n e - constant 
via a choice of c v n e = 1.0. This tends to lead to a peaking of the impurity radiation 
at the plasma center for cases where the electron density profile is strongly peaked, 
as applies here. The radiated power profile is, of course, also determined by the 
sometimes pronounced variation of the underlying radiative efficiency of the 
impurity across the plasma, which depends in turn on the impurity ionization 
balance. In particular, the radiative efficiency of closed-shell states such as He-like 
G e + 3 0 is markedly lower than that of lower-charged ions with bound electrons 
capable of efficient low energy excitations. The strong systematic variation of the 
radiative cooling rate coefficent with temperature for all elements evident in coronal 
equilibrium radiative loss calculations [8] reflects this influence of the atomic shell 
structure. 

Since the ionization balance for this large plasma is not too far from coronal 
equilibrium, the departure of the modeled radiated power profile from coronal 
equilibrium seen in Fig. 4 is also small. Again, transport effects on radiated power 
can in other circumstances be quite significant, especially in smaller, lower density 
plasmas and closer to the plasma periphery. It should also be noted that the 
charge exchange recombination process can also be quite significant in enhancing 
(he radiated power relative to coronal equilibrium calculated without this effect [4]. 
Boih transport and charge exchange tend to increase the radiated power primarily 
oy lowering the ionization balance. This effect is particularly important when the 
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emergence of a relatively non-radiative He-like state is suppressed by either or 
both of these mechanisms. 

Figure 5 shows the effect on the calculated <Z> profile of a factor-of-two variation 
of the ionization rates and the electron collisional recombination rates (e.g., the 
dielectronic and radiative recombination rates, not including charge exchange 
cross sections). This result serves to illustrate the sensitivity of the calculated 
equilibrium charge state distribution to uncertainties in these atomic rate 
coefficients. As shown on the figure, the ionization balance at any given radius can 
shift by over a full ionization stage. The sensitivity to the electron collisional 
recombination rate variation is slightly less than that associated with the ionization 
variation partly due to the presence of significant charge exchange recombination 
in the specific case chosen for this example. 

A significant sensitivity of the transport equilibrium radiated power profile in this 
case to a factor-of-two variation in the ionization and electron collisional 
recombination rates is shown in Rg. 6. The large change in the profile at the canter 
follows from the change in the charge state fraction of the relatively non-radiative 
He-like Ge+30 state. The accuracy of this radiated power profile is of course also 
directly proportional to the accuracy of the radiated power rate coefficients for each 
charge state which are used to calculate it based on the ionization balance shown 
in Fig. 2. Thus accurate radiated power rate coefficients are an important atomic 
data requirement for impurity modeling. 

4.3. Impurity injection 

In order to provide an illustration of time-dependent core impurity transport 
modeling and the sensitivity of such modeling to atomic data uncertainties, we will 
present the results of calculations simulating the injection of a germanium impurity 
using the same plasma conditions and transport coefficients as were used for the 
transport equilibrium case. Impurity injection [1,2,3,6,7,9] is a "classic" method of 
measuring particle transport in a tokamak plasma. It relies on injection of the 
impurity element of choice into the plasma periphery by using either a laser to 
instantaneously vaporize material from a glass slide or by puffing gas from a valve. 
The time-dependent evolution of the impurity ions aids considerably in the analysis 
of the impurity transport coefficients relative to the results obtainable using just data 
from observations of the impurity in transport equilibrium. 

The time development of the impurity behavior following injection is observed 
spectroscopically using strong lines arising from collisional excitation of visible, 
VUV, and/or X-ray bound-bound transitions by the plasma electrons. Such a 
reliance on spectroscopy of bound-bound transitions requires the use of an 
element which is heavy enough not to be fully stripped at the plasma core 
temperature, as was discussed in sec. 4.2. 

An alternative to conventional passive spectroscopy has become highly 
developed in recent years. Charge exchange recombination spectroscopy 
involves spectroscopic observation of transitions excited by charge exchange 
capture of an electron from neutral hydrogen atoms injected into the plasma using 
a neutral beam. This method has several advantages over conventional passive 
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spectroscopy for many types of impurity measurements. First, it can be used to 
carry out impurity transport experiments using fully stripped ions of light 
elements [9], minimizing or completely eliminating the susceptibility to 
uncertainties in modeling of the ionization balance due to atomic physics 
uncertainties in ionization and recombination rates. The use of light elements also 
minimizes the plasma disturbance produced by the impurity injection. Crossing of 
a narrow spectrometer sightline with the collimated neutral beam path further 
allows direct observation of local ion densities, without need for inversion of 
chordal integrated line brightnesses. Finally, the excitation of high-lying transitions 
in the visible spectrum by the charge exchange capture also allows multi-sightline 
spectrometers to be more readily constructed which can provide full 
time-dependent radial profile measurements of the impurity behavior. Charge 
exchange recombination spectroscopy has thus become the technique of choice 
for high-precision determination of impurity transport (as well as ion temperatures 
and rotation velocities via doppfer shifts). However, use of this technique is not 
always possible, and indeed it and other neutral-beam based active diagnostic 
techniques may not be practical in future reactors due to difficulties with beam 
penetration in such devices [10]. 

Figure 7 shows the modeled time behavior of germanium ions using the same 
plasma conditions and transport coefficients previously used for the transport 
equilibrium result of Fig. 2, D = 1.0 x 10 4 cm 2 s _ 1 , c v n e = 1 °. a n d ^so = 2 c m -
Fig 7(a) shows the initial distribution of G e + 1 ions deposited by ionization of the 
injected neutral G e + t atoms in the plasma edge. 

At t = 5 ms and t = 20 ms after injection, Fig. 7 (b) and (c) show the germanium 
being ionized to progressively higher charge states as it is transported into the 
hotter core region of the plasma. Note a large fraction of the injected density is lost 
to the parallel flow in the scrapeoff region and to the wall, which are assumed in 
this model not to recycle any of the lost ions back into the plasma. The total 
number of germanium ions in the plasma is thus a strictly decreasing function of 
time. Initially, the particle flux is dominated by the diffusive term In Eq. 5 due to the 
steep initial gradients produced by the impurity injection; this effect diminishes as 
the gradients flatten and the impurity density profile relaxes towards the equilibrium 
scale lengths dictated by the chosen c v parameter. By t = 50 ms and t = 100 ms, 
the ion distribution has reached the plasma center and has ionized up to the the 
He-like Ge+ 3 0 state, as seen in Fig. 7 (d) and (e). A small density of H-like Ge+ 3 1 

can also just be seen in the figures. 
Since there is no recycling in this model, no equilibrium can be reached, 

although the impurity density profile will relax to a constant shape. In a 
D(r) = constant, v(r) = 0 model such as the one shown in Fig. 7, the long-time 
behavior of the total impurity density profile in this cylindrical geometry is 
characterized by a Jo Bessel function decaying exponentially with time. Since 
there is some convection in this model, the long-time profile will be more peaked 
than this Jo function. If the model had included full recycling of the impurity losses 
to the wall and scrapeoff region back into the plasma, the transport equilibrium 
previously shown in Fig. 2 would eventually be reached after the injection. 
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Reflecting the overall evolution of the germanium ionization balance, the line 
integrated densities of the germanium ionization states will be observed to peak 
and decay away in sequence after the impurity injection event. Shown in Fig. 8 are 
line integrated density time evolutions for three selected states, Ge+ 2 1 (Na-like), 
Ge + 2 5(N-like), and Ge+ 2 9 (Li-like). These states are localized at different radii, 
and hence serve as markers for the germanium density at different points following 
the injection. Note from Fig. 7 that the location of the radial peak of each charge 
state density does not move very far during the course of the density evolution, due 
to the strong localizing effect of the temperature profile on the ionization balance. 

The time evolution of observed VUV spectral line brightnesses typically mimics 
the behavior of these line integrated densities, since lines with excitation energies 
well below the ionization energy do not have a strong temperature sensitivity. 
X-ray line emission, arising from more energetic excitations, will show much more 
significant variation of the line brightness time behaviors from the line integrated 
densities. 

The objective of this type of impurity injection study is typically to experimentally 
determine particle transport coefficients which characterize the behavior of the 
injected impurity. Spectral line emissions from several charge states of the impurity 
are typically observed for such studies, but for simplicity we will use the time 
evolution of the G e + 2 5 line integrated density alone to illustrate the sensitivity of 
this analysis to uncertainties in the atomic data. Figure 9 shows the noticeable 
sensitivity of the G e + 2 5 time evolution to a factor-of-two variation in the diffusion 
coefficient used in the model, a dependence which in principle could serve as a 
method of measuring this transport parameter. Unfortunately, the strong role of the 
ionization balance in determining the impurity charge state evolution leads to a 
similarly strong sensitivity of the G e + 2 ° time evolution to uncertainties in the 
ionization and recombination rate data used. The effect of factor-of-two variations 
in the ionization rates is shown in Fig 10, while the effect of a factor-of-two variation 
in the electron collisional recombination rates is shown in Fig. 11. In both cases 
the impact of such an uncertainty in the atomic rates is to severely compromise any 
ability to derive useful transport data from the observed behavior of this charge 
state. While the time evolution of different charge states under different 
circumstances will show differing sensitivities to uncertainties in the atomic rates 
relative to the transport coefficients, in practice the use of such impurity injection 
experiments for transport studies is severly limited by the lack of sufficiently 
accurate atomic data [7]. This is particularly true in terms of attempting to determine 
the transport coefficients in any more detail than that represented by the simple 
types of empirical models used for this example. 

5. ATOMIC DATA REQUIREMENTS 

5.1. Fusion atomic physics program 

In the previous sections we have presented a brief review of the modeling of 
impurity transport in the core plasma, with a special emphasis on demonstrating 
the sensitivity of this modeling to uncertainties in the atomic data. For any specific 
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case the accuracy and type of atomic data required depends on the details of the 
modeling or data analysis task at hand. It is clear, however, that a strong and 
diverse supporting atomic physics program is required to provide the necessary 
data for the fusion research effort. Requirements for both broad-based sets of 
comprehensive data as well as for specialized data for specific diagnostics, such 
as charge exchange recombination spectroscopy, must be addressed. The IAEA 
Atomic and Molecular Data Group, working together with the national fusion atomic 
data centers, has played and continues to play an important role in this effort, 
providing centralized coordination and dissemination of data using the ALADDIN 
system [11] for standardized data archiving and exchange. 

5.2. Element-by-element complete atomic data sets 

A focus issue for the fusion atomic data effort in the future must be the need for 
improved, element-by-element complete sets of atomic physics data. Such data 
sets address the basic fusion requirement to accurately model the ionization 
balance and spectroscopic emission for a range of important impurity elements. 
This requirement is defined by the basic set of data that existing impurity modeling 
codes need to function. As described above, this data consists of total ionization, 
total recombination, and total radiated power rate coefficients for each charge state, 
together with selected spectral line excitation rates for basic spectroscopy. This 
basic requirement is the same for modeling the edge and scrapeoff region as it is 
for core modeling, only the relative emphasis on accuracy across the charge states 
differs. Scattered results for various ions, isoelectronic sequences, and processes 
are not readily useful to the fusion community, as complete sets of rates are 
needed to make modeling codes function. For perspective, the PPPL ADPAK 
atomic data package [4,6,8] is still heavily relied upon by the fusion community due 
to the completeness of data supplied and its ease of use, even though it is outdated 
and known to provide less accurate data than is presently possible. The practical 
requirement can be stated as a need to replace existing data packages in common 
use such as ADPAK with something better (as opposed to something perfect) on a 
realistically near term time scale. 

The solution involves establishing an ongoing atomic physics effort explicitly 
charged with generating and maintaining a current "best complete" set of atomic 
rates needed for basic impurity modeling. This effort will require using whatever 
approximations are necessary in order to arrive at a complete set of improved data 
for immediate use, which can then be continuously updated as appropriate over 
time. 

A key opportunity to aid in rapidly generating comprehensive sets of improved 
atomic physics data lies in taking advantage of established, large-scale integrated 
computational atomic physics resources. For example, the atomic physics code 
system developed at the Los Alamos National Laboratory [12] represents one 
such resource which could be profitably accessed by the fusion community in order 
to generate element-by-element complete data sets in some systematic fashion. 
These results would include finite excited state density effects, and could be output 
in ALADDIN format for immediate use by the fusion community. Use of this type of 



large-scale computational resource to quickly generate the large improved data 
sets needed by fusion modeling codes is a missing component in present fusion 
atomic data efforts, one which can complement and synergistically support 
established approaches. 
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