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ABSTRACT 

me coupled p a r t i a l  d i f f e r e n t i a l  equa t ions  used t o  d e s c r i b e  the  behavior  

of impur i ty  i o n s  i n  magnet ica l ly  confined c o n t r o l l e d  f u s i o n  plasmas r e q u i r e  

numer i ca l  s o l u t i o n  f o r  cases of p r a c t i c a l  i n t e r e s t .  Computer codes developed 

f o r  impur i ty  modeling a t  the  P r i n c e t o n  Plasma Phys ics  Laboratory are used as 

examples of t h e  types  of codes employed f o r  t h i s  purpose.  These codes so lve  

f o r  t h e  impur i ty  i o n i z a t i o n  state d e n s i t i e s  and a s s o c i a t e d  r a d i a t i o n  r a t e s  

u s i n g  atomic phys ic s  a p p r o p r i a t e  f o r  t h e s e  low-density,  high-temperature 

plasmas. The s imple r  codes s o l v e  l o c a l  equa t ions  i n  ze ro  s p a t i a l  dimensions 

w h i l e  more complex cases r e q u i r e  codes which e x p l i c i t l y  i n c l u d e  t r a n s p o r t  of 

the  i m p u r i t y  i o n s  s imul taneous ly  with t h e  atomic processes  of i o n i z a t i o n  and 

recombinat ion.  T y p i c a l  a p p l i c a t i o n s  are d i scussed  and computat ional  r e su l t s  

a r e  p re sen ted  f o r  s e l e c t e d  cases of i n t e r e s t .  
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I. INTRODUCTION 
.- ~~ 

The range of 

controlled fusion 

through tungs ten 

impurity elements found in the high-temperature plasmas of 
, 

devices is quite broad, ranging from helium (Z  = 2) up 

(Z = 74) depending on the device in question. The 

understanding of impurities in these plasmas involves both atomic physics as 

well as plasma physics and i s  a critical component in the achievement of 

controlled fusion power. Detailed calculation of the behavior of impurity 

ions in fusion plasmas requires numerical solution of systems of coupled 

partial differential equations which describe the evolution of the impurity 

density in time, space, and ionization state. Several computer codes 

developed for impurity modeling at the Princeton Plasma Physics Laboratory 

will be discussed. These codes model impurity behavior in the low-density, 

high-temperature hydrogenic plasmas typical of magnetically confined fusion 

devices, such as tokamaks. 

Impurity modeling codes are used in various ways in fusion research. One 

fundamental application involves the measurement of basic plasma parameters, 

such as the derivation of electron temperatures from impurity line radiation. 

Another important experimental application arises from the fact that much of 

the detailed physics of impurity behavior is still poorly understood. For 

example, one can use the codes to empirically determine particle transport 

coefficients by comparing code results with spectroscopic observation of 

impurity ion densities and time behavior. As our knowledge of impurity 

behavior improves, aided by such studies and theoretical work, then the codes 

can be employed with increasing confidence to model and aid in the -design of 

future experiments, up to and including fusion power reactors. 

The theoretical and experimental study of impurities in fusion plasmas is 

an area of active interest in the fusion community, and a wide variety of 
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techniques and codes have been developed. We w i l l  not  a t tempt  h e r e  a 

comprehensive review of t h e s e  v a r i o u s  impuri ty  s t u d i e s ,  o r  of t h e  many 

computer codes c u r r e n t l y  employed i n  such work. Rather  t h e  physics  and 

numerical  methods involved i n  c e r t a i n  s p e c i f i c  codes developed a t  t h e  

P r ince ton  Plasma Physics  Laboratory w i l l  be discussed,  and examples w i l l  be 

p resen ted  of t y p i c a l  a p p l i c a t i o n s  and r e s u l t s .  To begin,  a b r i e f  review i s  

presented of t he  va r ious  r o l e s  i m p u r i t i e s  p l ay  i n  magnetic f u s t o n  plasmas 

(Sec t ion  11), and the  r e l e v a n t  atomic processes  occur r ing  i n  t h e s e  plasmas are 

o u t l i n e d  (Sec t ton  111). Local codes with ze ro  s p a t i a l  dimensions (0-D) are  

r e l a t i v e l y  simple and are descr ibed i n  Sec t ions  IV and V .  A f u l l  1-D r a d i a l  

t r a n s p o r t  code which treats the  atomic and t r a n s p o r t  processes  s imultaneously 

f o r  each impurity i o n i z a t i o n  s ta te  is  inva luab le  f o r  t h e  more complete 

d e s c r i p t i o n  of rea l i s t ic  plasmas and is d i scussed  i n  Sec t ion  V I .  A summary 

and comments on f u t u r e  development d i r e c t i o n s  appear i n  Sec t ion  V I I .  

11. IMPURITY EFFECTS AND DIAGNOSTIC APPLICATIONS 

Some l e v e l  of impuri ty  c o n c e n t r a t i o n  occurs  n a t u r a l l y  i n  a l l  plasma 

devices  as a r e s u l t  of t h e  i n e v i t a b l e  presence of m a t e r i a l  walls somewhere on 

t h e  plasma per iphery.  In  a d d i t i o n  t o  t h e  vacuum v e s s e l  i t s e l f ,  t h e r e  are 

u s u a l l y  va r ious  s t r u c t u r e s  w i t h i n  t h e  vacuum vessel a s s o c i a t e d  with c o i l s  and 

d i a g n o s t i c s .  Many devices  a l s o  o p e r a t e  with l imiters s p e c i f i c a l l y  intended t o  

c o n s t r a i n  t h e  ho t  plasma t o  some s a f e  d i s t a n c e  from the w a l l s .  A hos t  of 

p rocesses ,  such as a r c i n g  and s p u t t e r i n g ,  release impurity atoms from t h e s e  

material s u r f a c e s .  These atoms inc lude  both those  of t h e  underlying material 

i t s e l f  (carbon, i r o n ,  tungsten,  e tc . ) ,  as w e l l  as those of o t h e r  elements,  

such as oxygen, which are bound t o  t h e i r  s u r f a c e s .  El iminat ion (or  a t  least  

c o n t r o l )  of t h e s e  impuri ty  sources  i s  d e s i r a b l e ,  but  d i f f i c u l t  t o  achieve.  I n  
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c o n t r a s t ,  impur i ty  elements are sometimes d e l i b e r a t e l y  introduced i n t o  t h e  

plasma. This  may be done by gas pu f f ing  o r  by laser a b l a t i o n  of a t h i n  f i l m  

of material o f f  a sample s l i d e  (1) The purpose may be t o  encourage c e r t a i n  

d e s i r a b l e  impuri ty  e f f e c t s  (such as enhanced ohmic h e a t i n g ) ,  o r  i t  may be 

r e l a t e d  t o  s p e c i f i c  d i a g n o s t i c s  which r e q u i r e  the  c o n t r o l l e d  presence of 

c e r t a i n  impuri ty  i o n s .  Once an impuri ty  is  introduced,  d e l i b e r a t e l y  o r  

otherwise,  i n t o  t h e  plasma per iphery,  i t s  subsequent behavior and e f f e c t s  are 

governed by t h e  atomic physics  and t r a n s p o r t  phenomena i t  encounters ,  f i r s t  i n  

t he  scrapeoff  region between the  w a l l  and l imiter r ad ius  and then i n  t h e  ho t  

plasma co re  i t s e l f .  

The presence of i m p u r i t i e s  has c e r t a i n  important e f f e c t s  on the  bulk 

plasma parameters.  F i r s t ,  because of t h e i r  high charge,  impuri ty  i o n s  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  plasma r e s i s t i v i t y .  This r e s i s t i v i t y  i n  t u r n  

a f f e c t s  both the  ohmtc hea t ing  rate and c u r r e n t  p r o f i l e  i n  devic.es, such as 

tokamaks, which r e l y  on l a r g e  c i r c u l a t i n g  i n t e r n a l  plasma c u r r e n t s .  

Rad ia t ive  coo l ing  by i m p u r i t i e s  is  an e f f e c t  which can range from 

d e v a s t a t i n g  t o  b e n e f i c i a l ,  depending on t h e  l o c a t i o n  and ra te  a t  which power 

i s  l o s t  due t o  t h i s  p rocess .  Severe coo l ing  of t he  c e n t r a l  plasma core v i a  

l i n e  r a d i a t i o n  from heavy metals can have c a t a s t r o p h i c  consequences (2)  and 

has l e d  t o  the  removal of such materials as molydenum and tungsten from many 

machines. On t h e  o t h e r  hand, r a d i a t i v e  coo l ing  a t  t h e  plasma edge o f f e r s  a 

r e l a t i v e l y  benign channel f o r  heat  t r a n s p o r t  from the  plasma core t o  t h e  

w a l l s .  I n  p r i n c i p l e ,  t h e  plasma edge can be t a i l o r e d  t o  a d e s i r e d  temperature 

v i a  properly c o n t r o l l e d  impuri ty  r a d i a t i o n  from t h i s  r eg ion .  

Other impuri ty  e f f e c t s  i nc lude  t h e i r  i n f l u e n c e  on t h e  depos i t i on  of 

n e u t r a l  h e a t i n g  beams ( v i a  beam-impurity i o n  c o l l i s o n s  which i o n i z e  the  beam 

atoms) and t h e  d i l u t i o n  of a r e a c t i n g  plasma. Since a p r i n c i p a l  plasma 
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c o n s t r a i n t  i s  the  e l e c t r o n  dens i ty ,  one impuri ty  ion  e f f e c t i v e l y  r e p l a c e s  a 

number of hydrogen f u e l  i ons  equal  t o  i t s  t o t a l  charge.  

Impur i t i e s  can a l s o  act as va luab le  d i a g n o s t i c  t o o l s ,  i n  p a r t  because 

they are a plasma c o n s t i t u e n t  which is uniquely i d e n t i f i a b l e  v i a  i t s  

c h a r a c t e r i s t i c  l i n e  r a d i a t i o n .  Since t h e  plasma i s  o p t i c a l l y  t h i n  t o  t h i s  

r a d i a t i o n ,  impuri ty  ions  can be s t u d i e d  throughout t h e  plasma volume by 

spectrometry from the o u t s i d e .  This l i n e  r a d i a t i o n  is o f t e n  d e t e c t a b l e  from 

impuri ty  concen t r a t ions  s u f f i c i e n t l y  s m a l l  t h a t  they are e s s e n t i a l l y  non- 

pe r tu rb ing  t o  t h e  bulk plasma. Most plasma devices  have a t  least one 

spectrometer ,  and on l a r g e r  machines several spectrometers  covering a wide 

range of wavelengths are t y p i c a l l y  a v a i l a b l e .  

The i o n i z a t i o n  s ta te  reached by an impuri ty  is a s t r o n g  f u n c t t o n  of t h e  

plasma e l e c t r o n  temperature;  hence, t he  presence o r  absence of l i n e  r a d i a t i o n  

from va r ious  charge s ta tes  i s  a measure of t h e  e l e c t r o n  temperature .  While on 

l a r g e r  machines more a c c u r a t e  d a t a  i s  commonly a v a i l a b l e  v i a  Thompson 

s c a t t e r i n g  and o t h e r  methods, on small devices  t h i s  technique is  s t i l l  q u i t e  

impor t an t .  The e l e c t r o n  temperature and d e n s i t y  can also be determined from 

l i n e  r a t i o s .  

The doppler width of c e r t a i n  s e l e c t e d  impuri ty  i o n  t r a n s i t i o n s  can be 

measured t o  s u f f i c i e n t  accuracy t h a t  i o n  temperatures  can be obtained ( 3 ) .  I n  

o t h e r  cases, plasma flow v e l o c i t i e s  (such as t o r o i d a l  r o t a t i o n  i n  tokamaks) 

can be measured by the  doppler s h i f t  of impuri ty  ions moving with the  bulk 

plasma ions .  

F i n a l l y ,  t h e  a b i l i t y  t o  measure i n  d e t a i l  t h e  s p a t i a l  d i s t r i b u t i o n  and 

t i m e  e v o l u t i o n  of impuri ty  i o n  d e n s i t i e s  throughout t h e  plasma via 

spectroscopy provides  a unique t o o l  f o r  t h e  de t e rmina t ion  of plasma p a r t i c l e  

t r a n s p o r t  and confinement. These obse rva t ions  can e i t h e r  r e l y  on n a t u r a l l y  
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occurring impurity elements, or selected impurities can be introduced in a 

controlled manner in order to observe their subsequent behavior. 

111. ATOMIC PROCESSES 

The high electron temperature (1 eV < T < 100 keV) and low density 

(ne 5 1015cm’3) of magnetically confined fusion plasmas allows certain 

(coronal) approximations to be taken as a starting point when treating the 

atomic physics of the impurity € o w .  First, the plasmas are optically thin to 

atomic line radiation, and hence all photoabsorption processes may be 

neglected. We also have collision times at these low densities much longer 

than the decay times of most excited atomic states, with the result that each 

ion may be taken to be in its ground state at the start of any collisional 

process. Working at or near this coronal limit greatly simplifies both the 

atomic processes which need to be considered, as well as the formulation of 

the associated transport models for the impurity ions. 

e 

In the following, we will briefly note the atomic processes which must be 

considered in the impurity calculations. Various additional processes and 

considerations peculiar to the scrapeoff region of the plasma, such as 

molecules, will not be considered. Data on the cross sections and rate 

coefficients for these processes is fundamental to any impurity modeling 

calculations. Therefore, the calculation and measurement of such data on the 

part of the atomic physics community is a critical part of our increasing 

understanding of fusion plasma impurities. This research presents challenging 

problems in its own right. 

Ionization of ions of an impurity element with atomic number Z and charge 

q is primarily due to direct electron impact ionization: 
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. 

For some ions, e x c i t a t i o n  t o  au to ion iz ing  states may a l s o  be an important  

p rocess .  Here, the  e l e c t r o n  i m p a c t  removes an e l e c t r o n  i n d i r e c t l y  by e x c i t i n g  

t h e  i o n  t o  a s ta te  which subsequent ly  decays by t h e  e j e c t i o n  of an e l e c t r o n  

r a t h e r  than by r a d i a t i o n .  Combining t h e s e  two processes ,  we can d e f i n e  a 

t o t a l  i o n i z a t i o n  r a t e  pe r  ion as 

I = n k (T,) , 
q e q  

where Te i s  the  e l e c t r o n  temperature ,  n , ( ~ m - ~ )  is t he  e l e c t r o n  d e n s i t y ,  and 

the  i o n i z a t i o n  rate c o e f f i c i e n t  kq(cm3s-') i s  e s s e n t i a l l y  independent of ne. 

R a t e  c o e f f i c i e n t s  such as k r e s u l t  from t h e  average over a maxwellian 

v e l o c i t y  d i s t r i b u t i o n  of the  c ros s  s e c t i o n  - v e l o c i t y  product ,  <m>. 

For recombinatton of an ion ,  r a d i a t i v e ,  d i e l e c t r o n i c ,  and charge exchange 

rates t y p i c a l l y  must be cons idered .  Rad ia t ive  recombination proceeds by 

d i r e c t  cap tu re  of an e l e c t r o n  from the  contfnuum wi th  t h e  emisston of one or 

more photons: 

* 
z+q + e -* (Z +q-l) + hvl 

(z+q-l) +q-1 + hv2 + hvg + + z  .... ( 3  1 

The second s t e p  involv ing  decay of an e x c i t e d  s ta te  v i a  l i n e  r a d i a t i o n  occurs  

only i f  the  e l e c t r o n  w a s  not d i r e c t l y  captured i n t o  the  ground state of t h e  

ion .  
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D i e l e c t r o n i c  recombination is a complex process  whereby a f r e e  e l e c t r o n  

is captured i n t o  a h ighly  e x c i t e d  l e v e l  of an ion  dur ing  t h e  e x c i t a t i o n  of a 

bound e l e c t r o n .  This  doubly exc i t ed  state i s  uns tab le  aga ins t  a u t o i o n i z a t i o n ,  

bu t  w i l l  sometimes s t a b i l i z e  before  t h i s  occurs  by r a d i a t i v e  decay of t he  

inne r  exc i t ed  e l e c t r o n .  Cascade of t he  captured e l e c t r o n  t o  the  ground s t a t e  

fo l lows ,  r e s u l t i n g  i n  t h e  recombined ion: 

Both r a d i a t i v e  and d i e l e c t r o n i c  recombination occur due t o  e l e c t r o n  

impac t  and, hence, can be combined i n t o  a t o t a l  recombination r a t e  per  ion: 

where the  t o t a l  recombination r a t e  c o e f f i c i e n t  a (cm3s-') i nc ludes  both the  

r a d i a t i v e  and d i e l e c t r o n i c  processes .  While a does have an i n t r i n s i c  d e n s i t y  

dependence v i a  the  d i e l e c t r o n i c  process ,  i n  many cases t h i s  dependence is  weak 

over  t h e  d e n s i t y  range of i n t e r e s t  i n  a p a r t i c u l a r  problem. For present  

purposes,  a w i l l  t h e r e f o r e  be w r i t t e n  as independent of d e n s i t y .  I n  gene ra l ,  

however, t h i s  e f f e c t  cannot be neg lec t ed .  This  is p a r t i c u l a r l y  t r u e  a t  the  

high d e n s i t y  and/or  low temperature  extremes of t he  parameter ranges mentioned 

i n  t h e  i n t r o d u c t i o n  t o  t h i s  s e c t i o n .  

q 

q 

q 

Neut ra l  hydrogen atoms p resen t  i n  t h e  plasma (produced e i t h e r  by charge- 

exchange t r a n s p o r t  of r ecyc l ing  plasma from the  coo l  edge region o r  by n e u t r a l  

beam i n j e c t i o n )  can charge exchange wi th  impuri ty  ions  and produce a 
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significant net recombination rate: 

* 
z+q + H0 -+ (2 + T I )  + H+ 

This rate depends on the neutral hydrogen density instead of the electron 

density. In order to simplify the following discussions, charge-exchange 

recombination will be neglected, but it is important to note that it can be an 

important process in certain plasmas (4). 

The prime radiation mechanism for impurity ions is line radiation due to 

electron impact excitation followed by prompt radiative decay. Other 

processes of importance include line and continuum radiation associated with 

the recombination processes and bremsstrahlung. Neglecting charge-exchange 

recombination, all these processes. are the result of electron impact, and, 

therefore, one can write a total radiation rate coefficient for each charge 

state R (T ) (watts-cm ) which is a function of the electron temperature. 

The radiative cooling for a given ion Pq (watts) i s  simply given by 

3 
q e  

Rate coefficients for these processes have been obtained from those 

originally used in the average ion code of Post et al. ( 5 )  by reformulating 

them in terms of individual charge states. In addition, detailed spectral 

line excitation rates are calculated separately as required for each specific 

modeling application. 
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IY . CORONAL EQUILIBRIUM 

Given the necessary rate coefficients from the preceding section, it is a 

simple matter to obtain the local (zero-dimensional), time-independent 

solution for the ionization balance of an impurity in equilibrium with ltts 

surrounding plasma. Since the total flow between adjacent ionization states 

must be zero, the densities of the individual charge states n (cIu-~) are 

simply given by 
q 

taken together with the constraint that the total impurity density n,(~m-~) is 

given by 

n = C n  . 
q 2 4 

(9 

0 

Note that the resulting ionization balance is primarily a function of the 

electron temperature, Te, with the only density dependence occuring via the 

dielectronic recombination rate as previously discussed. This "coronal 

equilibrium" result is often used as a starting point for understanding 

impurity effects in plasmas. The associated total radiated power P(watts 

~ m - ~ )  can be simply calculated from 

P = c ~ ~ R ( T ) = ~ ~ R  CE (T,). 
e Z Z  e 4 Q  e 4 

The coronal equilibrium radiation rate (cooling rate) coefficient Am(T Z e  ) and 

charge state fractions f (T,) CE 
q 
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n CE fq (T,) = 2 
"2 

are tabulated in the literature for various elements (5,6). 

Figure 1 shows the coronal equilibrium ionization balance and radiation 

rate coefficient for iron as a function of electron temperature for 

10 eV c Te 6 10 keV. Note the persistence of Fe +16 and Fe+24, which 

correspond to the relatively stable closed-shell neon-like and helium-like 

states. This sort of shell structure is evident in corresponding curves for 

all elements. In particular, the helium-like, hydrogen-like, and fully- 

stripped ions radiate relatively poorly, and hence it is possible to "burn 

out" impurities to reduce their cooling effect. 

The inclusion of charge-exchange recombination introduces a dependence on 

the neutral hydrogen density into these calculations and thereby complicates 

the corresponding results. A given neutral hydrogen velocity spectrum results 

in a family of ionization balance and total radiation curves which are 

parameterized by the neutral fraction, (n,/n,) (4) 
* 

Assuming local coronal equilibrium is an adequate approximation when the 

plasma is stable in time, and the impurity particle transport across 

inhomogenities in the plasma is slow compared with the ionization and 

recombination times. 

V. ZERO-DIMENSIONAL TIME-DEPENDENT MODEL 

When coronal equilibrium is a poor approximation, one may introduce a 

time-dependent, zero-dimensional calculation. Here we need to solve the 
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coupled rate equations : 

an -A+ n sq . 
= Iq-Pq-1 - (Iq + Rq) nq + Rq+l"q+l a 

9 

The ionization and recombination rates I and R now may vary with time in 

response to the changing electron temperature and density of the impurity 

ion's environment. The z decay times and S source/sink terms can also be 

arbitrary functions of time. 

9 9 

q 9 

The set of coupled equations (12) of such a zero-dimensional impurity 

model are readily transformed into an implicit finite-difference scheme for 

numerical solution (7) . Here "zero-dimensional'' refers to the zero spatial 

dimensions of the model; the multi-species (e .g ., multi-ionization state) 

codes described here always have the additional charge state dimension to 

solve in beyond the number of spatial dimensions considered. Since the 

charge-state dimension is already intrinsically discrete, however, finite 

differences need only be taken in the time and spatial coordinates (if any). 

Equation (12) becomes in vector form 

where 

+ n =  and 8 = 

The (Z + 1) x (Z + 1) matrix contains the ionization and recombination 

rates and the z term. The implicitness factor 0 may be adjusted from 
9 
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0 = 0 ( f u l l y  e x p l i c i t )  t o  8 = 1 ( f u l l y  i m p l i c i t )  a l though 8 2 0.5 i s  

d i c t a t e d  f o r  s t a b i l i t y .  This equa t ion  advances t h e  system t o  a new s ta te  c1 a 

t imestep of l e n g t h  A t  advanced from the  s ta te  z .  
Equation (13) i s  t r i v i a l l y  put i n  t h e  form 

Y h ' = y ,  -+ 

where % and 9 are known. is t r i - d i a g o n a l  (as is 'II ) s i n c e  t h e  atomic 

processes  connect only ad jacen t  i o n i z a t i o n  s ta tes .  The s o l u t i o n  is thus  

e a s i l y  obtained (7)  by e l i m i n a t i o n  on by assuming s o l u t i o n s  of t h e  form 

n ' = E  n'  + F  
q q-1 q-1 q-1 ' 

When (16) i s  s u b s t i t u t e d  i n t o  (151, one o b t a i n s  r e c u r s i v e  r e l a t i o n s  f o r  E and 

One F 

then starts by e v a l u a t i n g  these r ecu r s ion  r e l a t i o n s  a t  q = Z and sweeps down 

t o  Eo and Fo. are then  e x t r a c t e d  from (16) on a r e t u r n  sweep from q = 

0 t o  q = 2 .  The boundary cond i t ions  are invoked a t  t h e  endpoints ,  and simply 

r e f l e c t  t he  absence of n-l and nz+l* This  procedure is  qu ick ly  c a r r i e d  

through on even a small computer, which makes such codes of g r e a t  p r a c t i c a l  

9 
-f which involve Eq+l and Fq+l PIUS t h e  known elements Of x" and y .  

The n'  
q 

u t i l i t y .  

Beyond t h e  algori thm desc r ibed  above, one mst supply a cho ice  of A t  f o r  

each t imes tep .  This is done dynamically i n  the code by e s t a b l i s h i n g  some 

index of how r a p i d l y  t h e  system is  changing i n  t i m e .  A u s e f u l  p a r t i c u l a r  

choice is 



-14- 

where (An ,) is the largest change in any ionization state density during 
q max 

the last timestep and (n is the largest density. This choice discounts 

fast changes in ionization states which have negligible densities. This 
q max 

change parameter 6 is compared after each timestep with a specified E , which 

is the target change per timestep. The code then adjusts the next timestep 

length in such a way (either longer or shorter) as to try to approach this 

target. This system works quite well for most applications. 

With fixed plasma parameters and no source/sink terms, these equations 

of course, yield ionization balances and radiative cooling rates which 

converge towards coronal equilibrium from any given initial state. But €n 

many cases, the finite rate at which the impurity can respond to rapid changes 

in its environment lead to important departures from coronal equilibrium. In 

the case shown in F€g. 2, a cold plasma containing an initially neutral oxygen 

impurity has been instantaneously heated to an electron temperature of 50 

eV. This is a 

representative situation for many small plasma devices, such as spheromaks, 

which heat on time scales fast compared with characteristic ionization times 

for their intrinsic impurities. In Fig. 2(a), the fractional distribution of 

the oxygen impurity among its different ionization states is shown as a 

function of time. The final coronal equilibrium distribution is not 

approached for several hundred microseconds, which is often much longer than 

the plasma lifetimes in such machines. One result of this is that the use of 

ionization balances observed spectroscopically in such situations twill yield 

incorrect estimates for the electron temperature if simple coronal equilibrium 

is assumed. 

The electron density is taken to be ne = 2 x 1014cm'30 

Figure 2b illustrates another consequence of the non-equilibrium nature 

of the oxygen distribution. The effective radiative cooling coefficient af 
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t 

t he  oxygen i s  w e l l  above t h a t  which would o b t a i n  i n  coronal  equ i l ib r ium a t  50 

e V  as a consequence of t h e  f i n i t e  t i m e  r equ i r ed  f o r  t h e  oxygen t o  burn out  t o  

t h e  r e l a t i v e l y  non-radiat ive helium-like s ta te .  U n t i l  t h i s  occurs ,  the oxygen 

r a d i a t e s  q u i t e  s t r o n g l y ,  w i th  a n  i n t e g r a t e d  energy l o s s  which can be many keV 

pe r  oxygen €on. This r a d i a t i v e  energy loss o f t e n  cannot be sus t a ined  by t h e  

h e a t i n g  i n  small devices  and produces t h e  phenomenon o f t e n  r e f e r r e d  t o  as t h e  

"oxygen b a r r i e r  ." Other elements (such as carbon) can produce similar 

e f f e c t s .  

Zero-dimensional time-dependent codes can a l s o  be used t o  o b t a i n  i n i t i a l  

approximations t o  s i t u a t i o n s  where t r a n s p o r t  of t h e  impuri ty  is t h e  important  

p rocess  keeping t h e  ions away from corona l  equ i l ib r ium.  For example, one may 

cons ide r  a homogeneous volume which is kept  from co rona l  equ i l ib r ium by f i n i t e  

sou rce  and s ink  terms. The p a r t i c u l a r  s i t u a t i o n  where i m p u r i t i e s  r e c y c l e  as 

n e u t r a l s  back i n t o  t h e  plasma a f t e r  being t r a n s p o r t e d  out as ions can be 

modeled by s e t t i n g  up a f i n i t e  source of n e u t r a l  atoms i n  t h e  SO term of 

equat ion (12), and then s e t t i n g  a f i n i t e  confinement t i m e  z f o r  a l l  t h e  o t h e r  
4 

charge s t a t e s .  

One can a l s o  at tempt  t o  mock up one-dimensional s p a t i a l  t r a n s p o r t  using a 

zero-dimensional code by choosing some v e l o c i t y  with which a test packet of 

impuri ty  is  moved through a f i x e d  plasma p r o f i l e ,  such as t h a t  shown i n  Fig.  

3 .  The t i m e  varying Te and ne seen by t h e  impuri ty  thus r e f l e c t  i t s  changing 

p o s i t i o n  i n  t h e  plasma. An approximate depa r tu re  from co rona l  equ i l ib r ium t o  

be expected from i m p u r i t i e s  t r a n s p o r t i n g  through a plasma can be qu ick ly  

c a l c u l a t e d  us ing  t h i s  approach. However, t h e  uniform convective motion 

assumed f o r  t h e  impuri ty  ions i n  t h i s  model cannot d i r e c t l y  inc lude  a 

d i f f u s i v e  "random walk" component i n  t h e  impuri ty  t r a n s p o r t .  Since d i f f u s i o n  

is l i k e l y  t o  be important i n  most s i t u a t i o n s ,  some u n c e r t a i n t y  arises i n  t h e  
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interpretation of results from such models. 

V I. ONE-D DlENS IONAL RAD IAL TRANSPORT 

VI . A .  Equations and Numerical Solution 

Computer models which treat impurity transport and the atomic processes 

of ionization and recombination simultaneously and self-consistently are 

necessary to treat accurately the many situations in which these processes 

occur on comparable time scales. Full three-dimensional solutions for 

impurity behavior are unnecessary as most plasmas have some degree of symmetry 

which can be exploited. The 1-D model to be presented here was written 

primarily for application to tokamak plasmas. In a tokamak, particle motion 

in the poloidal and toroidal directions occurs along field lines and, thus, is 

typically quite fast compared with cross-field radial motion. Assuming 

symmetry in all but the radial coordinate (cylindrical geometry) is thus a 

physically reasonable choice for a model, resulting in a one-dimensional 

impurity transport code. 

The expression governing the time evolution of a given impurity charge 

state density in space and time now has the form 

where we have introduced a particle flux density r . This flux is taken to 

be of the general form 
4 
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where D (r) is the  p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t ,  and v ( r )  i s  a convect ive 

v e l o c i t y .  These t r a n s p o r t  c o e f f i c i e n t s  may, as i n d i c a t e d ,  be f u n c t i o n s  of t h e  

Rq, 'G and Sq are i o n i c  charge as w e l l  as space and t i m e .  S i m i l a r l y ,  t h e  Iq, 

func t ions  of charge state,  r a d i u s ,  and t i m e .  As w i l l  be descr ibed la ter ,  t h e  

n /T and S terms are p r i m a r i l y  used t o  model impuri ty  ion  l o s s ,  r e c y c l i n g ,  

and d e p o s i t i o n  i n  t h e  plasma scrapeoff  region near t h e  w a l l .  

4 q 

9' 

Q q  q 

For tokamaks, n e o c l a s s i c a l  t r a n s p o r t  theory provides  expres s ions  f o r  

Dq(r) and vq ( r ) .  These n e o c l a s s i c a l  t r a n s p o r t  c o e f f i c i e n t s  depend on t h e  

temperature and d e n s i t y  prof Iles of t h e  background hydrogenic ions  ( 8 )  . There 

are a l s o  c o n t r i b u t i o n s  from ions  of o t h e r  impuri ty  elements and ions  of t h e  

same element i n  d i f f e r e n t  charge s ta tes .  In  most tokamak plasmas, however, i t  

appears  t h a t  anomalous processes  e i t h e r  add t o  o r  completely dominate 

n e o c l a s s i c a l  t r a n s p o r t .  In  o rde r  t o  handle such cases, t h e  code al lows f o r  

a r b i t r a r y  va lues  of t h e  t r a n s p o r t  c o e f f i c i e n t s  t o  be s p e c i f i e d .  These may be 

chosen e i t h e r  t o  correspond t o  some a l t e r n a t i v e  t r a n s p o r t  model, o r  they may 

be a d j u s t e d  t o  y i e l d  a match between t h e  code r e s u l t s  and experimental  d a t a .  

Numerical s o l u t i o n  of the set of coupled equa t ions  (18) is undertaken 

us ing  an i m p l i c i t  scheme similar t o  t h a t  used f o r  t h e  0-D code. A r a d i a l  mesh 

i s  s p e c i f i e d  and the f i n i t e  d i f f e r e n c e s  are taken i n  r and t .  The charge- 

s t a t e  dimension i s ,  as before ,  a l r e a d y  i n  a d i s c r e t e  form. Conservative 

d i f f e r e n c i n g  is  used i n  t h e  r a d i a l  coord ina te  t o  ensure p a r t i c l e  

conse rva t ion  t o  w i t h i n  t h e  machine accuracy.  I n  each r a d i a l  zone 

w e  have a vec to r  n con ta in ing  t h e  Z + 1 charge - s t a t e  1 6 j 'zones, 

d e n s i t i e s  n . The i m p l i c i t  f i n i t e  d i f f e r e n c i n g  y i e l d s  ,a r e s u l t  s imilar  i n  

o v e r a l l  form t o  t h a t  of t h e  0-D equation: 

-+ 

j 

P 
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N -+( -P x.77 = Y 

-+ 
The q' vector here has the dimension of the number of radial zones Nzones and 

has, as its elements, the charge-state vectors 4 each ( Z  + 1) long. 

Correspondingly, x is now a (NzOnes) x (Nzones) matrix whose elements are (Z + 
1) x (Z  + 1) matrices. The matrix is tri-diagonal, this time because the 

second order difference operator only connects a given radial zone to its 

adjacent zones. Therefore, one can straightforwardly apply the same tri- 

j 
N 

diagonal elimination scheme as before except now the sweeps are in radial zone 

space. The substitution, 

results in recursion relations for the E and p ,  which involve ( Z  + 1) x 

(Z + 1) matrices. These matrix equations are solved using a standard Gaussian 

elimination technique with pivoting (9). 

j J 

The radial boundary conditions are applied at the inner and outer limits 

of the radial mesh during the tri-diagonal matrix sweeps. Flux or density 

conditions may be imposed at each boundary, with the usual choices being a 

zero flux on axis (r=O) and a zero density at the plasma edge. The latter 

boundary condition is somewhat unphysical, but the scrapeoff model discussed 

below naturally produces small densities in the edge zones so the boundary 

condition there is not critical. 

Since the impurity transport coefficients are explicitly rather than 

implicitly defined functions of the plasma parameters, the code also contains 

a predictor-corrector loop to improve stability in situations where these 
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t r a n s p o r t  c o e f f i c i e n t s  are s e n s i t i v e  f u n c t i o n s  of t h e  changing impur i ty  

d e n s i t i e s .  For example, t h i s  can occur when t h e  impuri ty  ion-impurity ion  

t r a n s p o r t  terms i n  n e o c l a s s i c a l  theory become impor t an t .  

I n  a d d i t i o n  t o  t h e  numerical  a lgo r i thm j u s t  desc r ibed ,  t h e  1-D code a l s o  

carries out  va r ious  a u x i l i a r y  c a l c u l a t i o n s  as p a r t  of t he  phys ica l  model. 

Seve ra l  of t hese  concern physics a s s o c i a t e d  wi th  t h e  wall and sc rapeof f  region 

of t h e  plasma. The d e t a i l e d  physics of impuri ty  behavior i n  the  sc rapeof f  

r eg ion  of a plasma i s  a complex t o p i c  i n  i t s e l f  Since t h e  main a p p l i c a t i o n s  

of t h i s  code are c u r r e n t l y  a s s o c i a t e d  with impuri ty  t r a n s p o r t  and e f f e c t s  in 

t h e  c e n t r a l  plasma co re  region,  a f u l l y  d e t a i l e d  scrapeoff  model has not  been 

i n c o r p o r a t e d .  However, some of t h e  e s s e n t i a l  f e a t u r e s  are modeled i n  o rde r  t o  

provide s u i t a b l e  source and s i n k  terms i n  t h i s  r eg ion .  

Beyond a s p e c i f i e d  r ad ius  i n  t h e  model, t h e  f i n i t e  confinement t i m e  

term (-n /T ) i s  employed t o  s imula t e  l o s s  of impuri ty  ions  along t h e  f i e l d  

l i n e s  which e i t h e r  s t r i k e  t h e  l imiter  o r  connect t o  a d i v e r t o r  region (10). 

The appropr i a t e  p a r a l l e l  l o s s  time is e i t h e r  c a l c u l a t e d  using a r a t i o  of a 

t o r o i d a l  connection l eng th  t o  t h e  i o n  sound speed, o r  may be s p e c i f i e d  

Q 4  

e x t e r n a l l y  i f  d e s i r e d .  Impur i t i e s  l o s t  v i a  t h i s  p a r a l l e l  l o s s  term and by 

c r o s s - f i e l d  t r a n s p o r t  t o  t h e  wall can be recycled i n t o  t h e  plasma i n  v a r i o u s  

ways. One of t h e s e  is t o  r e t u r n  t h e  l o s t  impuri ty  ions  as n e u t r a l  atoms of 

some given energy launched from the  w a l l .  The d e p o s i t i o n  p r o f i l e  of t h e s e  

n e u t r a l s  is c a l c u l a t e d  t o  y i e l d  a r a d i a l l y  dependent source of s i n g l y  charged 

impuri ty  ions which t y p i c a l l y  peaks i n  t h e  scrapeoff  r eg ion .  The r a t i o t  

between the in s t an taneous  magnitude of t h e  e n t e r i n g  n e u t r a l  p a r t i c l e  sou rce  

and t h e  t o t a l  scrapeoff  and w a l l  l o s s  rate is  t h e  r e c y c l i n g  c o e f f i c i e n t .  Th i s  

q u a n t i t y  is  s p e c i f i e d  as somewhere between ze ro  and one-hundred pe rcen t  

depending on the  element and problem i n  q u e s t i o n .  For i n j e c t i o n  experiments 



-20- 

where an in s t an taneous  puff of impuri ty  is  introduced i n t o  t h e  plasma 

pe r iphe ry ,  the same type of d e p o s i t i o n  c a l c u l a t i o n  i s  used t o  i n i t i a l i z e  t h e  

problem with a given i n i t i a l  d i s t r i b u t i o n ,  r a t h e r  than continuous source,  of 

s i n g l y  ion ized  impuri ty  i o n s .  

Desp i t e  t h e  ( Z  + 1) X ( Z  + 1) matrices which must be handled by t h i s  

a lgori thm, t o t a l  computing t i m e  f o r  t y p i c a l  problems i s  reasonable  on a f a s t  

s c i e n t i f i c  computer such as the  CRAY-1. Th i s  i s  p a r t l y  because t h e  matr ix  

manipulations v e c t o r i z e  q u i t e  e f f i c i e n t l y  on a machine such as t h i s .  A f a c t o r  

of - 10 improvement i n  speed was achieved on t h e  CRAY-1 r e l a t i v e  t o  the  CDC- 

7600 without r e s o r t i n g  t o  any s p e c i a l  coding techniques.  Exact execu t ion  

times depend s t r o n g l y  on t h e  p a r t i c u l a r  element ( Z )  and problem being run. 

Typical  runs on the  CRAY-1 take anywhere from seconds f o r  low-Z, t r a n s p o r t  

e q u i l l b r i u m  cases up t o  t e n s  of minutes f o r  d e t a i l e d ,  high-Z, impuri ty  

i n j e c t i o n  models. Equation (18) is  p a r t i c u l a r l y  s t i f f  i n  t he  edge r eg ion  

where t h e  impuri ty  n e u t r a l s  are t y p i c a l l y  introduced,  and s p e c i a l  s o l u t i o n  

techniques may be needed i n  the f u t u r e  t o  y i e l d  e f f i c i e n t  execut ion times when 

t h i s  region i s  considered i n  more d e t a i l .  

Real tokamaks are, of course,  never p e r f e c t l y  symmetric i n  the p o l o i d a l  

and t o r o i d a l  coord ina te s ,  and t h e r e  are c e r t a i n  circumstances in which t h e s e  

asymmetries may become important .  An i n t e r e s t i n g  example of t h i s  involves  

n e u t r a l  beam i n j e c t i o n ,  which produces t o r o i d a l l y  asymmetric charge-exchange 

recombinatlon of the impuri ty  i o n s .  A one-dimensional t r a n s p o r t  code which 

c o n s i d e r s  t o r o i d a l  r a t h e r  t han  r a d i a l  t r a n s p o r t  w a s  w r i t t e n  i n  o rde r  t o  handle 

t h i s  s i t u a t i o n  (11). P o l o i d a l  asymmetry due t o  t h e  l o c a l i z e d  na tu re  of 

impur i ty  sources  (such as l imiters)  and o t h e r  causes i s  a l s o  f r e q u e n t l y  

observed i n  the  o u t e r  regions of tokamak plasmas, but i t  u s u a l l y  decreases  as 

one proceeds f u r t h e r  i n t o  t h e  plasma c o r e .  
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Despite these last caveats, one-dimensional radial impurity transport 

models handle most problems of current interest and can be calculated with a 

reasonable expenditure of computer effort. 

V 1 . B .  Applications and Examples 

In order to demonstrate some of the typical applications of the 1-D 

multi-species impurity transport code, the plasm profiles shown in Fig. 3 

will be used. Such a plasma is representative of those which may be obtained 

in present large tokamaks. The scrapeoff region extends from the r = 40 cm 

limiter radius out to the wall at r = 50 cm. 

Perhaps the simplest calculation which can be performed using the 1-D 

impurity transport code involves the effect of transport on the steady- 

state (an /at = 0) distribution of a naturally occurring impurity. In the 

absence of transport, this steady-state solution corresponds to achieving 

local coronal equilibrium everywhere. No recycling is needed since the 

impurity ions do not move and are not lost from the plasma. In Figure 4a ,  

such a solution is shown for an iron impurity with constant 

density n = 1 x 10 Fe 

c m 3  in the plasma of Fig. 3 .  The resulting distribution of charge states 

with radius is simply a mapping of the coronal equilibrium curves of Fig. la 

across radius according to the specified radial temperature profile. 

Q 

11 

In Figure 4b, a steady-state solution is shown where a radially constant 

diffusion coefficient D = 1 X 104cm2s'1 has been included. Diffusion 

coefficients of this order are inferred from various experiments (12).  The 

recycling coefficient is one hundred percent for this problem, as it must be 

for a steady state to be reached in the presence of transport. The impurity 

outflux is recycled as neutrals at 1 eV energy as previously described. The 
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source and sirzk terms a l l  occur i n  the  scrapeoff  o u t s i d e  of r = 40 c m ,  and, as 

a r e s u l t ,  t h e  t o t a l  i r o n  d e n s i t y  i n  t h e  r < 40 c m  region shown is  r a d i a l l y  

cons t an t  i n  s teady s ta te  due t o  t h e  pu re ly  d i f f u s i v e  t r a n s p o r t .  Including a 

convect ive v e l o c i t y  term (vn ) i n  t he  t r a n s p o r t  f l u x  would give rise t o  

r a d i a l l y  peaked t o t a l  impuri ty  d e n s i t y  p r o f i l e s  i n  s t eady  s t a t e .  
4 

The t o t a l  i r o n  d e n s i t y  i n  Fig.  4b has been a d j u s t e d  t o  be t h e  same as f o r  

the coronal  equ i l ib r ium case of F ig .  4a .  However, note  the change of v e r t i c a l  

scales between t h e  two graphs necessary t o  show d e t a i l  i n  t h e  d i f f u s i v e  case 

where t h e  i n d i v i d u a l  cha rge - s t a t e  p r o f i l e s  are much broader,  and hence smaller 

i n  peak d e n s i t y .  The comparison of t h e s e  two cases i l l u s t r a t e s  how one can, 

i n  p r i n c i p l e ,  determine impuri ty  t r a n s p o r t  * c o e f f i c i e n t s  v i a  obse rva t ion  of t h e  

r a d i a l  p r o f i l e s  of impuri ty  i o n s .  Code c a l c u l a t i o n s ,  such as those shown i n  

F i g .  4 ,  are made and the t r a n s p o r t  c o e f f i c i e n t s  are ad jus t ed  u n t i l  a match is  

achieved w i t h i n  t h e  experimental  u n c e r t a i n t i e s .  I n  practice, however, o f t e n  

t h e s e  experimental  and o t h e r  u n c e r t a i n t i e s  (such as i n  the  assumed temperature 

and d e n s i t y  p r o f i l e s ,  and in t h e  atomic ra te  c o e f f i c i e n t s )  make accu ra t e  

t r a n s p o r t  assessment from t h i s  type of equ i l ib r ium d a t a  d i f f i c u l t  . 
I n  Figure 5, t h e  r a d i a t i v e  coo l ing  rates corresponding t o  the  steady- 

s t a t e  s o l u t i o n s  of Fig.  4 are shown. The t r a n s p o r t  of r e l a t i v e l y  r a d i a t i v e  

lower charge states t o  t h e  plasma co re  i n  p l ace  of t h e  less r a d i a t i v e  helium- 

l i k e  state dominant i n  coronal  equ i l ib r ium has a marked e f f e c t .  One may a l s o  

n o t e  he re  t h e  tendency of t h e  coo l ing  rate t o  peak somewhere i n  the  o u t e r  

r eg ions  of t h e  plasma. As previously noted, such a r a d i a t i v e  " s h e l l "  is  found 

i n  va r ious  plasmas and can sometimes be b e n e f i c i a l  by coo l ing  t h e  plasma edge 

and, hence, reducing t h e  s e v e r i t y  of plasma/wall i n t e r a c t i o n  e f f e c t s .  

In Figure 6 ,  w e  show code c a l c u l a t i o n s  f o r  t h e  i n j e c t i o n  of i r o n  i n t o  t h e  

s3me plasma considered i n  F igs .  3 , 4 , 5 .  Such experiments o f t e n  a l ldw 

d. 
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measurement of impur i ty  t r a n s p o r t  c o e f f i c i e n t s  more s t r a i g h t f o r w a r d l y  and 

a c c u r a t e l y  than  can t y p i c a l l y  be achieved by us ing  t h e  s t e a d y - s t a t e  

obse rva t ions  j u s t  d i scussed .  While i r o n  w a s  chosen f o r  t h i s  example f o r  

cons is tency  wi th  the  o t h e r  cases shown, t y p i c a l l y  i n  an experiment of t h i s  

kind one chooses an element not n a t u r a l l y  found i n  the  device  so t h a t  t h e r e  

w i l l  be no confusion between t h e  i n j e c t e d  and background i m p u r i t i e s .  One a l s o  

t y p i c a l l y  chooses an impur i ty  which w i l l  not r ecyc le  from the  w a l l s ,  and 

hence, i n  t h i s  set of c a l c u l a t i o n s ,  w e  have chosen the  r ecyc l ing  c o e f f i c i e n t  

t o  be z e r o .  

The t r a n s p o r t  he re  has  aga in  been chosen t o  be D = 1 X 104cm2s-1. The 

r a d i a l  s c a l e  of F ig .  6 extends out  t o  the  r = 50 cm wall r a d i u s  i n  o rde r  t o  

show t h e  i n i t i a l  d i s t r i b u t i o n  p r o f i l e  and subsequent evo lu t ion  i n  t h e  

scrapeoff  r eg ion .  A f ixed  scrapeoff  l o s s  t i m e  of ‘t = 0.5 m s  has been taken  

€or  the  r > 40 c m  sc rapeoff  r eg ion .  

Note t h a t  t he  d e n s i t y  axis has  been r e sca l ed  f o r  each of t h e  f o u r  

s e l e c t e d  times shown i n  F ig .  6 .  The t o t a l  impur i ty  conten t  of t he  plasma i s  a 

monotonically decreas ing  func t ion  of t i m e  as a r e s u l t  of sc rapeoff  and w a l l  

l o s s e s  with no r ecyc l ing ,  and the  dynamic range i n  d e n s i t i e s  is l a r g e .  

The i n i t i a l  d i s t r i b u t i o n  of s i n g l y  charged i r o n  from t h e  i n j e c t i o n  

seen  i n  F ig .  6a, peaked a t  r - 45 c m .  The t o t a l  number of i n j e c t e d  atoms 

d7, a t y p i c a l  number us ing  t h e  l a s e r  a b l a t i o n  technique.  

is 

i s  

By t = 3 .2 m s  (F ig .  6b) ,  s e v e r a l  sc rapeoff  confinement t i m e s  have passed ,  

and t h e  d e n s i t y  i n  t h e  scrapeoff  r eg ion  is  nea r ly  zero. However, i n  the s h o r t  

per iod before  t h i s  occurred,  some of the  ions  have had t i m e  t o  d i f f u s e  i n t o  

t h e  main plasma reg ion  i n s i d e  of r = 40 c m .  Some of t hese  ions  w i l l  d i f f u s e  

inward towards the  c e n t e r  of the  plasma column, whi le  o t h e r s  w i l l  d i f f u s e  back 

out  i n t o  the  scrapeoff  and be l o s t .  Note t h e  evo lu t ion  of t h e  iron i n  charge 
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s t a t e  as p a r t i c l e s  flow i n t o  t h e  h o t t e r  c e n t r a l  region of t he  plasma. 

By t = 16.6 m s  (F ig .  6 c ) ,  t h e  impuri ty  ions have reached t h e  c e n t e r  of 

t he  plasma. At long t i m e s  (t  = 60.9 m s ,  F ig .  6d) ,  t he  impuri ty  has s e t t l e d  

down to  a c e n t r a l l y  peaked r a d i a l  d i s t r i b u t i o n  which decays exponen t i a l ly  i n  

t i m e .  

As seen from study of Fig. 6 ,  each i n d i v i d u a l  charge s t a t e  of t he  i r o n  

impuri ty  appears ,  peaks, and then diminishes  wih t i m e .  The t i m e  of appearance 

and decay of each charge s t a t e  is  a r e s u l t  of t he  d e t a i l e d  i n t e r a c t i o n  of t he  

t r a n s p o r t  of t he  impuri ty  through t h e  Te and ne p r o f i l e s  and the  corresponding 

changes i n  t h e  i o n i z a t i o n  and recombination ra tes  of t h e  d i f f e r e n t  charge 

s ta tes .  Since t h e  temperature p r o f i l e  is  peaked on a x i s  and the  impuri ty  is  

in t roduced  on t h e  per iphery of t h e  plasma, success ive ly  higher  charge s ta tes  

appear i n  order  as the ions  move inward i n t o  the  h o t t e r  c e n t r a l  region of t h e  

plasma. One way of c l e a r l y  p re sen t ing  t h i s  e f f e c t  i s  t o  look a t  t h e  r a d i a l l y  

i n t e g r a t e d  column d e n s i t € e s  of t he  charge states as func t ions  of t i m e .  This  

i s  shown i n  F ig .  7 .  Experimentally,  i t  i s  s t r a i g h t f o r w a r d  t o  observe the  t i m e  

e v o l u t i o n  of t h e  s p e c t r a l  l i n e  b r i g h t n e s s  from d i f f e r e n t  charge states, a 

q u a n t i t y  which i s  c l o s e l y  r e l a t e d  t o  t h e s e  column d e n s i t i e s .  The code 

c a l c u l a t e s  a q u a n t i t a t i v e  s p e c t r a l  l i n e  b r i g h t n e s s  a t  a p a r t i c u l a r  s e l e c t e d  

wavelength f o r  each charge s ta te  i n  a d d i t i o n  t o  t h i s  column d e n s i t y  i n  o rde r  

t o  a l low d i r e c t  comparison of code r e s u l t s  with experimental  d a t a .  Such 

comparisons al low t h e  impuri ty  t r a n s p o r t  t o  be deduced. Desp i t e  t h e  

r ecu r rence  of many of t h e  same u n c e r t a i n t i e s  ( e l e c t r o n  temperature,  atomic 

rate c o e f f i c i e n t s ,  e tc . )  a s s o c i a t e d  with t h e  s t eady- s t a t e  r a d i a l  p r o f i l e  

method, such modeling of i n j e c t i o n  d a t a  provides  complimentary and sometimes 

s u p e r i o r  r e s u l t s .  
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V I 1  . SUMMARY AND FUTURE DIRECTIONS 

Impurity physics is an important part of controlled fusion research, and 

numerical models of impurity behavior in realistic plasmas are an important 

tool in the successful development of controlled fusion energy. Impurity 

modeling computer codes are useful both in the diagnostic measurement of 

plasma parameters and also in investigations of basic physics issues, such as 

particle transport and confinement. The codes are also invaluable in their 

ability to predict impurity effects, such as radiative cooling, and thereby 

have an important role in the design of future plasma devices, including 

reactors. Active research efforts concerning all these issues are in progress 

at various fus-lon laboratories. A particularly important and complex problem 

not treated here concerns the detailed physics of impurities in both limiter 

and divertor scrapeoff plasmas. Reactor design calculations have investigated 

the possibility of forming a radiatively cooled outer plasma region which will 

actively help in the removal of heat and particles from a reacting plasma. 

At the present time, the predictive modeling of impurity behavior in 

reactor-size devices is hampered by remaining uncertainties in our 

understanding of impurity transport and other fundamental physics issues. 

Much of the current modeling efforts are thus oriented towards obtaining 

further data on the physics of impurities in realistic fusion plasmas. In the 

next few years, improved understanding and modeling of impurity transport, 

scrapeoff physics, and plasma/wall interactions may allow all these aspects of 

the problem to be brought together in a comprehensive, self-consistent model 

of impurity behavior. The known presence of toroidal and poloidal asymmetry, 

particularly in the edge and scrapeoff regions of tokamak plasmas, will 

probably require such a code to be extended beyond one spatial dimension. 

This development, especially when taken together with the interest in higher Z 
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elements as plasma temperatures increase, may dictate fundamental changes in 

the numerical algorithms employed so as to keep the computational requirments 

within reasonable bounds. 
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FIGURE CAPTIONS 

Fig. 1. The (a) charge-state distribution and (b) radiative cooling rate 

coefficient for iron in coronal equilibrium from 10 eV 6 Te 6 10 keV. 

Fig. 2. Zero-dimensional time-dependent code solution for the behavior of an 

oxygen impurity taken as neutral at t = 0 in a Te = 50 eV, ne = 2 x ioL4 

cm-3 plasma. 

the radiative cooling rate coefficient are shown. 

The time evolution of (a) the charge-state distribution and (b) 

Fig. 3 .  Typical tokamak electron temperature (T,) and density (ne) radial 

profiles . 

Fig. 4. One-dimensional transport code steady-state radial charge state 

density profiles for iron impurity in the plasma of Fig. (3) for (a) coronal 

equilibrium and (b) D = 1 X 104cm2/s. The total iron density in both cases is 

nFe = 1 x 1011~m'3. Note that the density scales for the two cases are 

different. 

Fig. 5. The radiative cooling rate (watts/cm 3 ) corresponding to the steady- 

state results of Fig. 4. 

Fig. 6 .  A sequence of four radial charge-state distributions for loi7 neutral 

iron impurity atoms injected into the plasma of Fig. 3 at t = 0. The 

scrapeoff region extends from r = 40 cm to r = 50 cm. Note that the density 

axis is rescaled as time progresses 
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Fig. 7. Radially integrated column densities for selected charge states from 

the Fig. 6 simulation. The peak for each charge state has been normalized to 

unity. 
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