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Abstract

The power radiated by low-temperature high-density impurity inclusions in plasmas, such as the clouds surrounding
ablating impurity pellets, or the vapor layers evolving over vaporizing surfaces subjected to high-temperature plasmas, is

Ž .calculated by means of a collisional–radiative CR model without the usual assumptions of equilibrium conditions. The
populations of the ionization levels are determined by finite-rate calculations and, due to the much shorter characteristic
times involved, instantaneous relaxation is assumed for the intermediate excitation levels considered. Data obtained with this

wmodel in the low-density limit are compared with those of Post–Jensen corona model D.E. Post, R.V. Jensen et al., At. Data
Ž . Ž .and Nucl. Data Tables 20 1977 397; R. Clark, J. Abdallah, D.E. Post, J. Nucl. Mater. 220–222 1995 1028; D.E. Post, J.

Ž . xNucl. Mater. 220–222 1995 143 . Results of representative scenario calculations pertaining to the ablation of carbon and
neon pellets are presented. q 1997 Elsevier Science B.V.

PACS: 52.25.Vy; 52.55.Dy; 52.65.yy

1. Introduction

The radiation power emitted by low-temperature high-
density impurity inclusions in magnetically confined high-
temperature plasmas is of current practical interest. Impu-
rity pellets are being injected into magnetically confined
fusion plasmas prior to disruptions for mitigating the pro-
cess by fast radiative cooling thus reducing the thermal

w xand electro-mechanical loads affecting the structure 4,5 .
In the case of plasma–wall contact, intense vaporization
may set in and last until a protective vapor layer evolves at
the solid surface. The thermodynamic and shielding char-
acteristics of this layer depend upon the magnitude of the
radiation losses exiting the partially or fully ionized vapor.
In both cases mentioned, an accurate determination of the
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radiation losses is of primary interest. Since the processes
considered involve, besides atomic and plasma physics,
hydrodynamic and MHD phenomena, the respective time
scales may be vastly different from those of radiative
processes. Therefore, in the majority of calculations per-
taining to such processes, the losses were usually calcu-
lated on the basis of simplifying assumptions such as
corona equilibrium conditions, or like. For the case of

w xcorona equilibrium, the Post–Jensen model 1–3 offers a
convenient and fast computational way for estimating the
radiation losses. However, the vapor clouds evolving at
vaporizing or ablating surfaces are usually high-density
low-temperature partially ionized gases far away from
corona equilibrium conditions.

The objective of the present work is to provide a
radiation model that is accurate enough for predictive
calculations yet simple enough to avoid excessive compu-
tational times. Note that in up-to-date hydrodynamic and
MHD models treating surface vaporization and pellet abla-

0022-3115r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
Ž .PII S0022-3115 97 00295-X



( )G. Veres, L.L. LengyelrJournal of Nuclear Materials 250 1997 96–102 97

tion phenomena ionization and recombination are calcu-
lated by means of finite rates, without assuming equilib-
rium conditions. This fact offers a convenient way for
combining two codes and to compute simultaneously the
radiation losses inherent in these processes without the

Žusual corona equilibrium or LTE local thermal equilib-
.rium assumptions. In its extent, the present model is

w xsimilar to the Post–Jensen model 1,2 , or to its updated
w xversion 3 , but is applicable also to the low-temperature

high-density plasma domain under non-equilibrium condi-
tions. A more elaborate radiation model was developed by

w xBehringer some time ago 6 . However, the computational
Ž .requirements computer time associated with this model

pose some difficulties when applied to hydrodynamic cal-
culations in which radiation is only a part of the physical
processes that must be followed up simultaneously. The
model described here is to bridge the gap between the
Post–Jensen model and more elaborate models used for
non-equilibrium radiation calculations.

With the help of the present model, the radiated power
can be calculated at any electron density value starting
from the corona limit up to the LTE limit. This is made
possible by the proper selection of the various transitions
to be included into the rate equations. For each element,
only a limited number of transitions are considered. It is
made certain that the rest, which is neglected, does not
cause an error larger than a few percent of the radiative
power emitted.

The method is applicable primarily to light elements in
which case the number of relevant transitions and excited
levels is within reasonable limits. Difficulties arise if one
tries to extend the method to cover heavy elements be-
cause of the limited availability of data on transition
probabilities and the excessive computational procedures
required in this case.

Throughout the present analysis, the following notation
shall be used: n and T , electron density and temperature,e e

n, population densities of the excited levels, N, ion densi-
Ž .ties, z, ionic charge Z-number , p and q, excited levels,

g, the ground states of the neutrals and ions considered, k,
Boltzmann constant. Unless otherwise indicated, the SI
Ž .mks system of units is used.

2. The model

Impurities in plasmas can mainly radiate power due to
w xthree different atomic-physical processes 1,7 ,

Ž .i A bound electron makes a radiative transition to
Ž . Žanother lower bound state of the ion bound–bound

.transition: bb . The radiation power emitted during this
transition is

P sn z , p A p , q hn p , q J my3 sy1 , 1Ž . Ž . Ž . Ž .bb

Ž .where n p, q is the frequency of the emitted photon, h is

Ž .Planck’s constant, n z, p is the population of the upper
Ž .level of the transition and A p, q is Einstein’s sponta-

neous transition probability from level p to q.
Ž .ii An electron of the continuum makes a radiative

Žtransition to a bound level of the ion free–bound transi-
.tion: fb . Assuming Maxwellian energy distribution for the

free electrons, the radiation power associated with this
w xprocess is 1

1r2
Iiony36 y3 y1P s8.32=10 n n z , p zI J m s ,Ž .fb e ion ž /kTe

2Ž .

where I is the ionization energy from level p in eV.ion

Dielectronic recombination may also contribute to the
power associated with free–bound transitions.

Ž .iii An electron emits bremsstrahlung in the Coulomb
Ž .field of the ions free–free transition: ff . The radiation

w xpower associated with this process is 1

P s4.85=10y37 n n z , p z 2T 1r2 J my3 sy1. 3Ž . Ž .ff e e

The total radiative cooling rate can thus be calculated as

P sP qP qP . 4Ž .tot bb fb ff

In the above expressions, geometrical effects and the
effect of local reabsorption were neglected. It can be

Ž .shown that process ii plays a role mainly in recombining
Ž .plasmas and process iii at high electron temperatures

Ž .above 10 keV for the ions considered . Hence our primary
aim is to determine, as accurately as possible, the power
associated with bound–bound transitions, without necessi-
tating excessive computational times. Obviously, for com-

Ž .puting the power P , the densities n z, p must bebb

known.
ŽAs is known, at low electron densities corona limit,

10 Ž .4 y1r2n -1.5=10 kT x , both kT and x are in eV,e e e
w x.the latter being the ionization potential of the ions 8

electron impact ionization is balanced by radiative and
dielectronic recombinations, and electron impact excitation

Žby spontaneous decay. At high electron densities n )1.6e
12 1r2 3.=10 T x , in the LTE limit, radiative and dielec-e

tronic recombinations are replaced by three-body recom-
bination, and spontaneous decay by electron impact de-ex-
citation.

Selecting a collisional–radiative model in which the
Ž .rate equations for the n z, p population densities are

written in such a way, that their steady-state solution
approaches the corona equilibrium values in the low elec-
tron density limit, and the LTE values in the high electron
density limit, the above conditions are automatically taken
into account.

In this collisional–radiative approximation, the rate
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equation of the level p of ions with the charge z can be
written as follows:

dn z , pŽ .
syn z , p n S T , z , pŽ . Ž .e ed t

qn X T , z , p , q q A z , p , qŽ .Ž .Ý Ýe e
q/p q-p

qn n z , q X T , z , p , qŽ . Ž .Ýe e
q/p

q n z , q A z , q , p qn n zq1, gŽ . Ž . Ž .Ý e
q)p

= n b T , z , p qa T , z , pŽ . Ž .� e e e

qa DR T , z , p qd pyg nŽ .Ž .4e e

= n zy1, q S T , zy1, q , 5Ž . Ž .Ž .Ý e
q

Ž .where X T , z, p, q is the electron impact excitationrde-e
Žexcitation rate coefficient from level p to level q deexci-

.tation if q is the lower of the two levels , averaged over
Ž .the Maxwellian energy distribution function, S T , z, p ise

the electron impact ionization rate coefficient from level
Ž .p, A z, p, q is the transition probability for spontaneous

Ž . Ž .decay from level p to level q, b T , z, p , a T , z, pe e
DRŽ .and a T , z, p denote three-body, radiative, and di-e

electronic recombination rate coefficients, respectively, to
Ž .level p. The step function d pyg is unity if p is the

ground state and is zero otherwise. This factor expresses
the fact that ionization from an excited level of an ion of
charge zy1 produces an ion in the ground state of the z th
ionic charge level. In order to check whether or not

Ž .dielectronic recombination DR plays an essential role in
the processes considered, detailed check calculations were
performed for carbon. The DR rates and the associated
radiation power were calculated on the basis of the expres-

w xsions given in 1,9 . The results showed that for electron
temperatures between 102 and 103 eV radiation emission
associated with DR is substantial and its relative weight
increases with increasing electron density. However, in the

Ž 2 .temperature domain of our interest T s1 to 10 eV thee

contribution of dielectronic recombination to the total
emissive power is negligible. For this reason, we neglected
DR throughout the present analysis.

The lifetime of an excited state cannot be longer than
that determined by the radiative decay rate from that
particular state to lower states, whereas the lifetime of the
ground state cannot be shorter than that determined by the
ionization rate, which is usually the smallest among the
rates influencing the ground state. Radiative lifetimes are

y7 4 Ž .of the order of 10 rz s for allowed i.e. strong transi-
tions. Hence for time scales greater than the one given by
this lifetime a quasi-steady-state solution of the rate equa-

tions can be used. As a result of this, instantaneous
relaxation among the excited levels can be assumed and

Ž . Žthe time derivatives in Eq. 5 can be set to zero except
.for levels with psg .

Ž .Let us now add-up all equations of Eq. 5 for a given z
Ž . Ž .ionic charge number . Let N z be the sum of all popula-

Ž . Ž Ž . Žtions n z, p including the ground state N z sÝ n z,p
..p . Denoting the ionization and recombination rates from

Ž . Ž .and to the level p by S z, p and R z, p , respectively,
Žwe have for the total ion densities including ions with

.different internal excited states

d N zŽ .
sy S z , p n z , pŽ . Ž .Ý

d t p

q R z , p n zq1, gŽ . Ž .Ý
p

y R zy1, p n z , gŽ . Ž .Ý
p

q S zy1, p n zy1, p . 6Ž . Ž . Ž .Ý
p

Ž .To calculate the right hand side of Eq. 6 , one needs to
Ž .know the populations n z, p .

Ž . Ž .Considering the solution of the set of Eqs. 5 and 6 ,
there exist two alternatives.

Ž .First, the ion densities of different charge states N 0 ,
Ž . Ž .N 1 , . . . , N z may be obtained as functions of time from

independent rate computations. Once the ion densities are
Ž Ž .. Ž . Žknown, the set of equations dn z, p r d t s0 see Eq.

Ž .. Ž . Ž .5 is solved, whereas the ion densities N z sÝ n z, pp

are used as normalization factors at each time level t. As a
result of this procedure, the population densities of the
excited levels are obtained. With the population densities
known, the total radiated power can readily be calculated.

Secondly, the ion densities of different charge states
Ž . Ž . Ž .N 0 , N 1 , . . . , N z , are given for an arbitrary initial

time instant ts0, and with these densities as normaliza-
Ž Ž . Ž ..tion factors N z sÝ n z, p quasi-steady-state solu-p

Ž . Ž Ž .. Ž .tions are sought for Eq. 5 dn z, p r d t s0. Next,
Ž .with the help of the n z, p populations thus found, the

Ž . Ž .ion densities N z are recalculated by means of Eq. 6 .
Ž . Ž .With the new N z values known, Eq. 5 can again be

Ž . Žsolved for obtaining new n z, p ys a self-consistent
.iterative procedure .

This steady-state-approximation is valid for time scales
larger than the time needed to establish quasi-steady-state

Ž .among the excited levels. Once the n z, p populations are
known, the total radiated power can easily be calculated by

Ž . Ž . Ž .means of i , ii and iii .
Our calculations were limited until now to the first

alternative.
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For the electron impact ionization rate the following
w xexpression was used 1,7,15 :

j T 1r4
ey7S T , z , p s2.34=10Ž .e 7r4

x z , pŽ .

=
x z , pŽ .

3 y1exp y m s . 7Ž .ž /kTe

Ž . Ž .Here x z, p eV denotes the ionization potential from
level p, and j is the number of equivalent electrons of the
level p.

The electron impact excitation rate coefficient was
computed on the basis of the expression

1.71=10y9g f p , qŽ .eff
X T , p , q sŽ .e 1r2x p , q TŽ . e

=
x p , qŽ .

3 y1exp y m s 8Ž .ž /kTe

w x Ž .proposed by various authors 10–16 . Here f p, q de-
Ž .notes the absorption oscillator strength, x p, q is the

excitation energy in eV and g is an effective Gaunteff
w x Ž .factor 12 . It is given tabulated as a function of

Ž .1r2kTrx . The electron impact de-excitation rate

g x p , qŽ .q
X T , q , p s exp X T , p , q 9Ž .Ž . Ž .e ež /g kTp e

was calculated in such a way as to obtain the Boltzmann
distribution among the excited levels in the LTE limit.
Here g and g represent the statistical weights of thep q

levels p and q, respectively.
The radiative recombination rate coefficient was taken

w xto be 1

x z , gŽ .
y18 3 y1a T , zq1, p s2.05=10 m s . 10Ž .Ž .e 1r2Te

The three-body recombination rate

2.07=10y22 x z , gŽ .
b T , z , p s expŽ .e 3r2 ž /kTLT ee

=S T , z , p m3 sy1 11Ž .Ž .e

was calculated from the condition that, in the high-elec-
Ž .tron-density LTE limit, the populations of the successive

ionization stages must correspond to the Saha equilibrium
values.

w xThe transition probabilities were taken from 17–20 .
The exited levels considered are pre-selected on the basis
of their radiative powers. Their number is limited to a level
at which the addition of new levels increases the radiation
power by less than 1%. For example, in the case of singly
ionized carbon, the inclusion of only three terms from each

of the transition arrays 2s22p–2s2p2 and 2s2p2–2p3 was
found to be satisfactory.

3. Results and discussion

First, results obtained with the present model in the
low-density limit were compared with those of Post–Jen-

Ž . w xsen PJ 1–3 . For this purpose, an electron density of
1019 my3 and an ion density of 1018 my3 were assumed
for both models and the emission power was computed for
different temperatures. Calculations were performed for
three elements: carbon, neon, and silicon. The results of
comparative calculations are displayed in Fig. 1: solid lines
denote results obtained with the present non-LTE model
and broken lines results stemming from the PJ model. We
continued the computations in the low-temperature region
by recognizing the fact that the corona-equilibrium condi-
tions are not likely satisfied in this domain.

In the case of carbon and neon, in spite of the fact that
dielectronic recombination is neglected in our model, good
correspondence is observed between the results of the

Žpresent CR and the PJ corona equilibrium models the
deviations being not larger than those existing among the

w x.various corona-equilibrium models reviewed in 3 . In the
case of Si, the deviation between the results of the two
models is somewhat larger. In this case, in the low-temper-
ature region not accessed by the PJ model, a third peak is
found at around 4 eV. Although this emission is likely
irrelevant under corona equilibrium conditions, it may gain

Žrelevance for non-LTE plasmas it is due to rather intense
VUV lines of the Lyman and Balmer series that sodium-like

.Si emits at this temperature .
After checking the convergence of the model to

corona-equilibrium in the low-electron-density limit, some
scenario calculations were performed. In the scenarios
considered, a pellet is enclosed by a magnetic flux tube of

Ž .a magnetic confinement machine tokamak and is heated
by the incident electrons and ions of the background
plasma. The heating of the pellet and of the vapor cloud
Ž .ablation products surrounding the pellet, the ionization
process and the expansion of the ablated material along the
magnetic field lines are calculated by a time-dependent

w x1-D code in a self-consistent manner 21 . In the cases
considered here, the radiation losses are calculated by
means of the PJ routine. At a certain time instant, the
computation is interrupted and, for the plasma parameter

Ždistributions given at that time temperature, electron den-
.sity, populations of the ion levels, etc. , the distribution of

the radiation emission is recomputed also by means of the
present CR model.

Ž . Ž .Fig. 2 a – d correspond to a neon pellet scenario. The
plasma and pellet parameters used in simulation are as
follows: T s0.73 keV, n s5.5=1019 my3, r s1e0 e0 pel

mm, and r s6.7 mm, where r and r denote pelletcld pel cld
Ž .and cloud flux tube radii, respectively. The distributions

correspond to a time instant 15 ms after the ablation



( )G. Veres, L.L. LengyelrJournal of Nuclear Materials 250 1997 96–102100

started. The length of the expanding partially ionized
carbon cloud is about 31 cm at this time. The temperature,
density, and electron density distributions are shown in

Ž .Fig. 1. Comparison of the present collisional–radiative CR
model in the corona-equilibrium limit with the Post–Jensen model
w x1 for three elements: carbon, neon and silicon. Solid lines: CR
model, dotted lines: PJ model.

Fig. 2. The neon pellet ablation and cloud expansion scenario
Ž .considered. Background deuterium plasma and pellet parame-

ters: T s0.73 keV, n s5.5=1019 my3 , r s7 mm ande0 e0 cld
Ž .r s1 mm. Times15 ms following pellet–plasma contact. apel

Ž .Temperature distribution along the flux tube, b neon density
Ž . Ž . Ž .n q n distribution, c electron density distribution. d Com-a i

parison of the radiated power densities computed by the CR
Ž . Ž .model dotted line and by the PJ model solid line for the

parameter distributions displayed.

Ž . Ž .Fig. 2 a – c . The distribution of the radiation power
Ž .emitted per unit volume is shown in Fig. 2 d for the two

Žmodels compared solid linesour CR approximation, bro-
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.ken linesPJ routine . As can be seen, in the region where
Ž .notable radiation results z)10 cm , the CR model pre-

dicts approximately twice the radiation intensity given by
Žthe PJ model. The same is true for the total time- and

.volume-integrated radiation losses. In the low-temperature
Ž .high-density region z-7.5 cm , the results of the two

Žmodels differ by several orders of magnitude those corre-
.sponding to the CR model being higher , but are negligible

all-together. The notable increase of the radiation emission
over the value predicted by the PJ model can likely be
attributed to three-body recombination at the impurity

Ždensities considered two to four orders of magnitude
.higher than the usual tokamak plasma densities . In corona

models, three-body recombination is usually ignorable be-
cause of the inherently low electron density values.

The curves corresponding to a carbon pellet scenario
Ž . Ž .are given in Fig. 3 a – d . Due to the much higher subli-

Ž .mation energy of carbon particles compared with neon ,
the resulting ablation rates and cloud pressures are lower
and the expansion velocities smaller. The distributions
displayed in these plots correspond to 60 ms after the
beginning of the ablation process. The cloud length is
about 5.5 cm at this time. The plasma and pellet parame-
ters used here are: T s0.5 keV, n s6.2=1019 my3,e0 e0

r s0.63 mm, r s10 mm. Owing to the lower back-pel cld

ground plasma temperature, the cloud temperature is low
over a large fraction of the cloud length. The radiation
power curves computed by the two approximations are

Ž .given in Fig. 3 d . The CR model predicts in this case
radiation power densities that are higher by a factor of 4 to
6 than those stemming from the PJ model over a large
fraction of the carbon cloud. Again, the difference is
attributed to the relevance of three-body recombination at
the electron density values of our concern. The difference
is reduced at the high-temperature end of the cloud where
corona equilibrium conditions are approached. Substantial
differences can be observed only in the low-temperature
region, where the corona equilibrium approximation does
not hold anyway. The integrated power loss calculated by
the CR model is, at this time level, about three times as
high as that predicted by the PJ model. It should be noted
that, in the CR model considered, reabsorption has been
neglected. Local reabsorption may reduce the net radiation
power emitted and, at the same time, change the popula-
tion densities of the various levels by photo-excitation and
photo-ionization processes. Since accurate calculation of
the reabsorption rates involves the determination of the
local optical properties of the plasma such as its opacity,
and must take geometrical effects into account, it is be-
yond the scope of the present work. In a follow-up study,
this problem too shall be considered.

In summary, a collisonal–radiative model is presented
for computing the radiation losses of light element enclo-
sures in hot plasmas under non-equilibrium conditions.
The computational results approach the corona equilibrium
data at low electron densities. At high densities, the CR

Fig. 3. The carbon pellet ablation and cloud expansion scenario
Ž .considered. Background deuterium plasma and pellet parame-

ters: T s0.50 keV, n s6.2=1019 my3 , r s10 mm ande0 e0 cld

r s0.65 mm. Times60 ms following pellet–plasma contact.pel
Ž . Ž .a Temperature distribution along the flux tube, b carbon den-

Ž . Ž . Ž .sity n q n distribution, c electron density distribution. da i

Comparison of the radiated power densities computed by the CR
Ž . Ž .model dotted line and by the PJ model solid line for the

parameter distributions displayed.

model presented yields radiation power densities notably
higher than those computed in the corona equilibrium
approximation.
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