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Preface

It is pointed out that atomic and molecular (A/M) processes play important
roles in divertor plasmas but the probl-ems _lrelated to these processes are not yet
studied quantitatively. Recently new subjects related to A/M processes such as
plasma - vapor interaction during plasma disruption are presented. |

In order to profit the opportunity that Professor D. Salzmann ( Soreq
Nuclear Research Center, Israel) visited NIFS with Dr. H. Takabe. (ILE, Os'aka
Univ.), a small meeting on "Atomic physics and radiation processes in divertor
and/or disruption plasmas" was held on May 21,1993 as a pé.rt of a Working
Group for Atomic Processes in Plasma which is one of the activities at the Dafa

and Planning Center in National Institute for Fusion Science. Prof. K. Itoh (NIFS)
gave a review talk for the present status on A/M physics in Magnetic Fusion

Research. Prof. D. Salzmann presented similarity in physical phenomena in laser
produced plasmas and disruption plasmas.. Dr. H. Takabe explained a structure of
hydro-radiation codes used for laser produced plasmas.

This is a brief summary of our discussions. Our recent results of the

calculations for the line emissions of carbon atoms in edge plasmas are also

included.
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Some Probless Related to A/M Physics
in Hagnetic Fusion Research

K. Itoh
National Institute for Fusion Science

In this note, some processes, which is important but is not
conventionally analysed, is discussed in relation with the A/M
physics in toroidal plasmas. ' ' '

1 Major Disruption

The major disruption is one of the key issues in the
nagnetic confinement fusion research. The physics of the _
disruption phenomena has been studied from various point of_view.
At present, the four phases of the disruption are distinguisﬁed,
and each phase requires the relevant physics modelling.

(1) The first phase is that the plasma is subject to the
slow change of current profile, so that the profile
turns to those which are unstable against low-n MHD
nodes (n: toroidal mode number), [Timé scale of the
order of l10ms-lsec, ] |

(2) The second phase is characterized by the growth of the
low-n mode. [1-10ms.] _

(3) In the third phase, the electron temperature crashes in
the whole plasma column, [10-100ps. ]

(4) In the fourth phase, the plasma current decays and the
one turn loop voltage shows a positive spike,
generating very energetic electrons.



The A/M physics is particularly important in understanding
the phases (1) and (4). The transport of the impurities are
considered to shrink the current profile, through radiation
cooling of the edge, and to destabilize the low-n mode,

The more drastic role seems to be played by A/M physics in
the final phase of the disruption,

This phase, among the four, has the largest impact in the
eng1neer1ng aspect of the tokamaks, .The'large 160p voltage V,
causes the runaway electrons. These electrons can have the
energy of 10-100¥eV in large tokamaks, and cannot be stopped at
the surface of the first wall of the vacuum chamber Secondly,
the mirror image current is enhanced by the large Vn. and the
image current on the wall gives rise to the tremendous mechanlcal
force on the vacuum chamber. The reduction of the positive loop
voltage spike at the disruption is an urgent task.

The loop voltage is proportional to d[L I ]/dt (L
inductance of the plasnma, Ip: plasna current). The decay tlme of
the plasma current is dictated by the resistive skln_t;me_of the
plasma, 7p = L /R, (R,: plasma resistance). The_shqft decay time
is realized by the large plasma resistance. Thus the loop.
voltage is proportional to Rp and we have |

Vg = ZopeTe o2
The experimental observations yield that the decay time of the
main plasma current can be as short as lms. The relevant
electron temperature for this fast decay is below i0eV.

The mechanism of the plasma cooling thus has a key impact on
the development of the disruption event, The destruction of the
magnetic surface by the development of the low-n mode is one of
the origins of the rapid temperature decay. However, the
anomalously-enhanced thermal conductivity under the condition of
the braided magnetic surface is considered to satisfy the



relation
1 o= YT,

This relation explains the rapid décay of the high temperature
plasma, but is not effective to cool the cold plasmas. It is
found, according to simulation, that this transport process is
not enough to cool the plasma-below 100 eV,

The cooling by the radiation of impurities is highly
influential for the low temperature plasmas, If one writes the

radiation density as P = nenILI (ne: electron density,

rad
nI:impurity density), the relation

dLI/dTe <0
often holds for the low temperature plasmas,

The key issue is then the determination of the rate of
impurity influx into the main plasma. For this purpose, the
analysis is far from satisfactory. For instance, the rate of the
power deposition cn the wall, which would be influenced by the
evaporated impurities, has not been completely modeied. The
mechanism of the impurity motion into the plasma is not
clarified yet. f[Is it in a from of neutrals?] The screening
effect of scrape-off layer plasma has not yet been quantified.

Though the physics picture has not been established, the
important role of the A/M process has been, at least indirectly,
demonstirated experimentallj. For instance, when the wall
material is replaced from carbon to beryllium, the rate of the
current decay was much prolonged under some circumstances. The
coefficient Ly for the latter material is effective at very low
temperature, so that the decay of T, from ~100eV to ~10eV could
have been decelerated in case of the beryllium wall. Qther
efforts has been done to change the length of the scrape-off-
layer plasma. When the length of the scrape-off layer plasma
becomes longer, the probability of the ionization in the scrape-



off-layer plasma is increased, and the penetration into the core
plasma may be resisted. The experimental result in this trial

was affirmative,

These result encourages the researches on the A/M physiés
related to the majdr disruptions,

9 Improved Confinement

The importance of the A/¥ physics in this area has been even
less recognized. However, I believe that there is a key A/M
process related to the phenomena of the enhanced plasma
confinement, |

The experimental mystery is that the plasma confinement time
is strongly dependent on the wall conditioning proceés, For '
instance, the change of the wall material from carbon to boron
was effective in increasing the energy confinement time. This.
was partly expected that the lighter impurities less radiate in
the plasma of the keVY range, so that the radiation loss from the
core plasma would be reduced. - The reduction of the-radiatioﬁ was
confirmed., The surprise was that the main reason in the |
improvement in thé energy confinement time is the reduction of
the conductivity, not the suppression of the radiation loss.

The similar and mysterious observation was also made on the
device with metal wall. When the devise, which was operated with
the partial SUS wall, was éompletely carbonized, the plasma
density profile was found to change. The reflection energy of
the neutrals from the wall is more energetic in the case of SUS
in comparison with carbonized wall, However, the penetration
length of the neutrals.from the wall is, in both cases, much much
shorter than the plasma minor radius. The slight difference
eventually causes the difference in the transport coefficient:
the pinch term seems different in these discharges,



These fact will have a large impact in the fusion research,.
For instance, the project of the fusion experimental reactor will
meet the problem. The engineering phase of such a device
requires the first wali which 1s consist of metals. This is
because the large amount of the neuron fluence. The problem of
the tritium inventory will also require the solution of the
metallic wall. On the contrary, the present database, in
particular for the enhanced confinement mode, is rQStricted”to
the case of the low-7 wall. The compatibility of the good
confinement and the nuclear test should be crucial probiem»in
future, ' |

Some theory has been made to explain these observations..
However, the understanding is very limited. Lot of efforts
should be paid in this direction of the fusion research. I would
suggest that the 'physics of impure plasmas’ provides a wide and-
uncultivated arena for the future of plasma physics. o



David Salzmann

The I'TER power and particle control systems are based on a double null poloidal
divertor, made of the rather high-sputtering-threshold = low—Z graphite, or graphite
based materials. Its main purpose is to remove about 200M W of alpha heating power,
at an operational lifetime of the order of one year, with minimum contamination of the
plasma by high-Z ions. : ' - '

Present day simulations predict that the divertor will operate at a rather low tem-
perature of 30eV, and edge density of > 4 - 10'%cm ™. The total power incident on
the plates is roughly 100M W, additional 100M W is carried by the radiation, of which
60MW are bremsstrahlung and 40M W as impurity line emission. Under these condi-
tions the outer surface of the divertor will be slightly vaporized and one may expect a
gradual density and temperature changes from "room” temperature solid state den-:
sity near the divertor surface, to very low density (~ 10'*e¢m™2) and rather high tem-
perature (~ 50eV’) in the outer portions of the vapor. '

During disruptions the divertor, and other plasma facing components, will experi-
ence a burst of 500M J energy within quench time of a few milliseconds. In the disrup-
tion phase runaway electrons having encrgy as high as 300M eV may hit the divertor.

Both under steady state or discuption conditions the details of the vapor expansion
may play important role, and the hydrodynamics of the vapor evolution has to be taken
into account.

Simulations of the performance of the ITER tokamak divertor has been carried out
by two-dimensional computational models which include detailed treatments of the im-
portant atomic, molecular and surface processes. Results [rom these computational mod-
els were compared with tokamak experimental data with limiters and divertors. The
database, however, is insufficient to resolve many of the modelling uncertainties.

The physics of the plasma -divertor interactions both in the steady state and dis-
ruption operations have a few stages:

(1) First, the plasma particles, obliquely incident electrons and ions, penetrate 10to
the outer low density parts of the vapor surrounding the divertor, see Fig.(1a).
These particles lose their energy to the low density ionized vapor by a dE JdX
mechanism, thereby heating the outer layers of the vapor. This heating occurs to



(iif)

within a depth which equals the oblique range of the particles inside the vapor. Ad-
ditional heating is carried out by the incident radiation whose mean free path and
penetration length into the vapor are longer than those of the charged particles. As
the main part of the incident particles energy is transformed into ionization + ki-
netic energy of the vapor electrons , there may be a difference between the elec-
tron and ton temperatures in this region.

Eventually, as a result of the continuous bombardment of the outer portions of the
vapor by ions and electrons from the tokamak plasma , the vapor will consist of a
mixture of carbon, deuterium, tritium and helium ions, each having an ionization
state which is characteristic to the local plasma density and temperature .

Second, the electrons and the ions in the vapor exchange their energy by elec-
tron -ion collisions, thereby equilibrating the temperature between these two kinds
of particles. As the rate of equilibration depends on the electron -ion collision rate,
which on the other hand depends on the local densities , the electron and ion “tem-
peratures are expected to be equal at the higher density layers. but not necessarily
at the lower density ones. ' ' '

At a rather narrow part inside the vapor, where the temperature is still rather
high, but the ion density is not too low, the conditions are optimal for radiation
emission. As in any plasma , the emission consists of the bremsstrahilung ( free-free
), recombination ( free-bound ) and line ( bound-bound ) radiations. The radia-
tion propagating away from the divertor will be, on its greater part, be lost. The
radiation propagating to the direction of the divertor will be absorbed partly in the
vapor and partly by the divertor, thereby heating the dense vapor layers and the -
divertor. ‘ ' o -‘

The electrons from the heated vapor also transfer energy into the deeper parts in
the vapor, and to the divertor surface, by electron heat conduction. This process

produces a temperature gradient between the outer hot portions of the vapor and
the inner dense but cooler parts which are closer to the divertor surface.

A sharp phase transition between the solid and vapor states occurs at the layer
where the local temperature and pressure are suitable for the melting of a layer

of atoms from the solid substrate. Deeper inside the divertor temperature gradients
and heat conduction proceed into the solid substrate.

All these processes have analogy to laser plasma interactions, which are successfully

simulated by computer codes in various laboratories. In fact, except for the first step,
namely the energy deposition step, all the other processes are similar to those taking
part in laser- plasma interactions, see Fig.(1b). Other differences between the two inter-
action schemes are connected to the different temperature and density scales in the two



kinds of plasmas . The interesting density and temperature domains in laser produced
plasinas span the region of 10'® — 10%¢em ™ and 10 — 3000eV, whereas the corresponding
regions in plasma -divertor interactions are 10'4 — 10%%¢m ™3 and 0.026 — 50eV. These
differences may be important in selecting the databases used for the computations, but
otherwise the processes for the plasma -divertor physics can be mferred from the well
investigated computer codes of laser-plasma physics.

It seems therefore plausible that a computer code used to 'sin'ciulat"e laser plasma..in-
teraction can, with the appropriate modifications, be a.pphed also to 51mulate the divertor-
plasma interactions.

The differences in the temperature and density domains in the two cases require,
however, an investigation whether the available databases for the various atom,ié and
radiative processes call cover the regime for plasma -divertor'int_eractions- as._-we_ll.___Ta,ble
I lists the various models to be used in the four above mentioned r"egi(')'ns of the divertor
vapor, and the availability of databases required for these regimes. This table includes
also remarks as to what extent can the existing laser- plasma codes adequately describe
the underlying physics or, perhaps, need modifications.

The prevailing conditions in the low density outer coronal region are densities be-
tween 104 — 10'8¢m 2 and rather constant electron temperature of about 50eV. The ion
temperature is lower, and is generally unimpottant. As the electron and ion. de1151tles
are relatively low, the system in this part reaches a steady state at rather long times. .
Therefore, the atomic physics in this region, namely charge state distributions, "electron
density and radiation emission rates, has to be computed by means of a system of time-
dependent rate equations. While routines for the solutions of these equations are used in '
some ultra-short laser produced plasmas, they are not in common use and need develop-
ment for the divertor case. The other two main databases, for radiation transport and =
equation of state {EQS), are relatively simple in this region. Radiation transport can be |
safely neglected, as the plasma is transparent in its low density portion. An ideal gas
type EOS can describe the pressure at this low density case with sufficient accuracy.

The interaction zome spans the region where the density changes between ~ 10 —
10'8em 2 while the electron temperature is still rather constant, ~ 10eV. The heat con-
duction zone spans deeper portions. In this region the plasma is heated mainly by -elec-
tron heat conduction and the temperature drops from the rather constant temperature
in the outer part, to about ~ leV while the density increases to 10'® — 10%2cm™3. The
existing models of atomic physics, particularly the Collisional Radiative Model (CRE),
can adequately describe the charge state distribution and radiation rate in this domain.
The databases for- EOS are also well developed: one can use either the SESAME tables
or the QEOS model, both provide sufficient accuracy. On the other hand, the theory
of the radiation transport of the continuous spectrum while being well understood is a



rather difficult problem, and its inclusion into a simulation code may substantially in-
crease the computational time. The inclusion of the line spectrum transport may, how-
ever, impose even more serious theoretical and computational difficulties. The heart of
the difficulty is that line spectra emitted at various density and temperature conditions
of the vapor may have shifted line centers and different widths than the corresponding
absorption lines. Possible solution can be the inclusion of only one or two most 1Inpor—
tant lines in the transport, or even the omission of any of them. -

Near the divertor-vapor interface region temperatures are around the carbon melt-
ing point, ~ 0.25¢V, and the solid/vapor density is about 1023cm~3. This is the re-
gion where the solid evaporation and the vapor resolidification are takmg place therefore
there is special importance for a careful simulation of the physical processes in this re-”
gion. The radiation transport in this part is rather simple: a T3gradT type radiation :
diffusion routine can adequately describe the process. The EQS package is also rather
simple, although the correct low temperature constitutive relations of the dlvertor ma-
terial must be used. The high density atomic physics package, however, is not yet de-
veloped for this high density low temperature regime, and needs special preparations.’
Such a package can be prepared by using Thomas-Fermi or more sophisticated models. -
The preparation of such a database requires a few months. ' .

Altogether, it seems that the modelling of the I’I‘ER dJV@ttor physms can be -
proved by using ideas borrowed from laser- plasma interactions, and a laser- plasma snn—
ulation code, with the appropriate modifications, can be apphed to describe-the leEI‘tOI‘
physics as well
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(a) divertor-plasma interaciton
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(b) laser-plasma interaction
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Structure of Hydro-Radiation Code
H. Takabe
institute of Laser Engineering, Osaka University

2-6 Suita, Osaka 565

When an intense laser light is irradiated on a material, vaporization and ionization take place to
drive a hydrodynamic motion of the material. When the ihfensity is not high enough to ful.ly ionize
the material, the atomic process and the equation of state become an important isSue to be studied. |
For the purpose of the inertial confinement fusion (ICF) research, we have developed a code
ILESTA to study the atomic state and hydrodynarmic phenomena in laser produced piasmat There
should be a possibility to apply such a hydrodynamic code to study the ablat:on phenomena of
material surface when a disruption of magnetically confined core plasma occurs. In the note, we
briefly describe the basic equation solved in the code and the structure-of the code: ~Atomic pr_operties '

of carbon plasma used in the code are also shown.

Basic Equation of Hydro-Radiation Code

The one-fluids, two-temperature model is usuaily used to describe hydr‘odyn‘arme phenomezia
in laser produced plasmas. The nost of the coefficients used in the model ar'e-based'on', for'jexample,
those used in the fluid equations of Ref.[1]. The effect of radiation heating and cooling of the |
plasmas is evaluated by coupling the equation of radiation transfer with the fluid equations. The basic
equations solved in the hydro-radiation code ILESTA are shown in Fig.1.

In Fig.1, Eqs.(1) and (2) are the equation of continuity and motion and, p, u, and p' are the
density, flow velocity and total pressure (p =p, + P respectively. In Eq.(2), Q represents the
numerical viscosity, which plays sub_stantial role at the shock wave front. Equatiorie (3)and (4)'a_re
the equations of ion and electron energies, respectively. In solving Egs.(3) and (4), the left hand

sides are solved by replacing as

dey aek dTy gy dp
dt ~ OT, ot "o dt 8)




where k =1, e. In Eq.(3), g; is the ion heat condition, Q; is the electron-ion temperature relaxation
term proportional to (T, —T;), and S ai is the alpha-particle heating term; although:this term is:not-
necessary for the present problem.

In Eq.(4), &, represents all the electron internal energy per unit mass of the plasma. In
general, ions are not fully ionized and &, consists of the contributions from free electrons-and bound
electrons. In Eq.(4), Qe is the nonlinear electron heat conduction, SL is the laser heé_tin’g term, Sr is
the sum of radiation heating and cooling contribution, and S ae is'the alpha-:particle_-heating3-t_erm-_'
Equation (5) represents the radiation transport equation for the radiation in_te‘nsity-ly (f; r, ) where v,
¢, and £ are radiation frequency, the s;;eed of light, and the vector of radiati.on'-pi*bpagation in a unit
solid angle. In Eq.(5), nv and xv are spectral emissivity and-opacity, respectively. . rI_n solving
Eq.(5), radiation energy hv is divided into about 100 groups and the so-called multi-group flux . -
limited diffusion model is used. In general, the qausi-stationary. stéte (d/dt= 0)-is:a gob’d-_; SRR

approximation to Eq.(5) and S, of Eq.(4) is given as

8 ==~J(n’ ——x"l")dev .' - (9) -

Equgtion (6) represents the kinetic equation to the alpha-particle, but we do not:desi:ribe.aboﬁt this
equation here. Equation (7) represents the laser propagation and absorption. In:the di_v.e'rtof physws,
Eq.(7) should be replaced by an equation to charged particles with an ap_propri_ate' stopp’irig deén_ e
formula {2]. The situation is similar to the ion beam material interaction problem.

When the material is low-Z and laser (energy source} intensity is high enough, the plasma can
be approximated by fully ionized ideal gas. However, for the case of the low intensity energy .source
or high-Z material such as gold, the plasmas are partially ionized and in non-LTE (nonlocali =
thermodynamic equilibrium) state. In this case, sophisticated calculation of the equation of state
(EOS) and radiation transfer become important in plasma hydrodynamic motion. In addition, it
becomes important to determine the ion charge state Z*. The relation described by the equations of
Fig.1 is shown ih the form of diagram in Fig.2.

Finally it should be noted that in the situation of low intensity such as 10710 W/em?, and a
long time duration of energy source (~ psec), the present numerical method, explicit method, to

solve Eq.(2) is not convenient because Courant-Friendrichs time step limitation is so severe. A new



method, therefore, wilt be required to apply the ILESTA to the material surface ablation, by low

intensity, long time duration energy source.

Equation of State

In partially jonized plasma, we have to evaluate the form of p,, p;; €, €, 2% as functions of
(p; Te) or (p, Tp. The Thomas-Fermi model [3] is famous of a statistical 'm_pdel to describe atomic
states of high density matter. In ICF simulation, the SESAME table of Los Alamos National Lab: [4]
has been frequently used as EOS table. This table is partly empirical, while mainly based on the
Thomas-Fermi model.

However, it is not convenient to use the table in the hydro-code; because the physics model
- used in SESAME is not so clear and the ICF research requires a wide range of the values-of (p, T)."

It is convenient to use a fitting formula derived from some reasonable physical model. .. =

The EOS of the fitting formula should over all temperature and density and should tend to the
EOS of the ideal gas at high temperature and low deﬁsity limit and the Fermi gas EOS af_h'ig_h d'en_sit_y' |
and low temperature. In addition, it should also reproduce the properties of solid .material,: _Sljch_as .
bulkmodulas and molecular bonding effect, near the solid density and room temperature. -

Since in ICF a variety of material is used for targets, it is convenient if the ﬁtt_ing'.fdrmtﬂa is: -
applicable to any kind of materials by replacing several parameters. The _'QEOS 5] hasbeen < ..~ |
developed for such a purpose. The QEOS employs the Cowan model [6] for.the ion-cbmponént'and
the formula to the ion free energy is given by dividing the region into three ; namely, low temperature
solid for T, < Oy, high temperature solid for 8y < T; < 0,,, and fluid phase for 6,  <'T;; where 8,
is the Debye temperature and 6, is the melting temperature. As for the electron component, the
Thomas-Fermi model is used and a modified Morse-type potential is added to include the molecular:
bonding effect {7].

In the ILESTA code, we use the fitting formulas given in Ref.[8], the basic idea of which is
the same as QEOS. It should be noted that when the pressures and internal energies are given directly

as a form of fitting formula, the thermodynamic consistency

Pk _ ﬂ:&(é’&j

P dp  p \ 9Tk (k=¢,1) (10



should be satisfied [9]. Thén, using Eqs.(8) and (10}, Eqs.(3) and (4) are solved as the equations of
the ion and electron temperatures with given forms of py, dgy /9T, and dpy / 9T} as functions of (p,
Tk), wherek = ¢, 1, ’
Finally, it should be noted that the QEOS and related formulas are based on the Thomas-Fermi
model which is essentially the L'TE (local thcrmodyhamic equilibrium) model. In nen-LETE situations,
we have to use some different methods to determine the thennogiynamic-propert_ies"‘ of thé;pla‘émaS' and
this can be done by considering some atomic model to describe -the.panially 'ionizéd.state.. Brief guide

line of non-LTE plasmas is given below relating to the plasma opacity and-emissivity caléul&tioﬁ;- -

Atomic State and X-ray Radiation Transfer

The atomic state and the EOS should be consistent each other. However, the Thomas—Ferr_ni
model does not provide the reasonable state of bound electrons and-we need a furthéf calculation t(_)".i ;
obtain the spectral opacity and emissivity, |

In partially ionized plasmas, the bound-free and bound-bound radiation :trénjs'fer'_bec}:o_me“s :
important. In order to evaluate the spectral opacities and emissiViiies; the detail -_ihfd_nnatidri éi_bjo’ﬁt’ i
change distribution of the ions including their internal electronic Conﬁguration‘fis*re_qli_'i‘re'd.:...-'rhe' :
average atom model such as the Thomas-Fermi model is not directly used to evaluate ﬁla_téri_al' SREERE
opacities and emissivities. Therefore, evaluation of nv and xv requires sophistic_ated‘_c'al(.:uiét‘io.ns.i In
addition, we have to solve the equation of radiation transfer [Eq.(5) in Fig:1] to obtéin the"c‘ohp'lin_'g"
term S, with the electron fluid.

In considering the atomic state and radiation transfer, we can divide the issué into three ; *
atomic model, rate equation, and radiation transfer. In what follows a brief explanation on these three
is described by referring to the diagram of Fig.3.

The atomic model means the way to calculate the energy levels and wave functions of bound
electrons in an atom for a given electronic configuration. The simplest model is the SHM (Screened
Hydrogenic Model) and is used widely in ICF research [10]. The original SHM gives energy levels
of the state n (principal quantum number) averaged over splitted £ states. Recently improved models
are proposed to include the £-splitting effect [11].

If the atom is of low Z, we can also use more detail calculation such as MCDF [12]. In case

of patrtially ionized carbon plasma, MCDF data or even experimental data can be used to obtain



energy levels and rate coefficients. Then, situation is rather simple compared to the higher-Z plasia
such as gold which is of great interest in ICF.

We have to calculate the population p ¢{m of the ions in charge state { and internal electronic
state m. In obtaining pc, m’ the rate equation to pc’ m should be solved. There are essentially three

- ways to obtain pC, m* In case of LTE, the Fermi-Dirac distribution can be used to obtain p‘c’- m for
given energy levels ec’ m and statistical weight gC, m s the resuit, the SE (Saha:equi‘!ibr-ium) is
obtained. Inlow density plasmas, however, the radiative decay becomes important and '_the' CRE
(collisional radiative equilibrium) appears to be more reasonable [13]. This model covers SE at high
density, low temperature region and CE (Coronal equilibrium) at low density, high temperature
regions, The third way is to solve the rate equation directly. This is required when the change of -
temperature and density is relatively faster than the characteristic times of rate'c‘oc:.fﬁcientsl. In the
divertor plasma, this should be done in the outer corona region as pointedvout-‘byzSalzmann in this .
report.

- Once the populatlon pt.. is obtained, the spectral opacities and. emlsswmes can be caiculated
with given oscillator strengths and energy levels. In this case, however, the opacity by line radlanon
is not so simple because of a variety of line broadening effects at high density and low tem_peratur_e.
The statistical method such as UTA and STA [14] is not applicable to low-Z case such as ‘carbon.- '.We
need to obtain each line profile with an appropriate line shape. May be we can pick up se.vefal lines
which can be considered to be most important in energy transport. Then, it is-enough to treat in detail
the radiation transfer of only these lines. The radiation transfer should be calculated by dividing each

of line profile of these lines into a few tens of groups including wing region.

Carbon Atomic State

For reference, we show charge state and charge distribution obtained by using the average
atom model of R.L. More in Ref.[10], which is used in the ILESTA, In Fig.4, the equi-coﬁtours of
the effective charge Z* (the average number bf free electrons per ion) of carbon plasma are plotted for
the LTE state and the CRE state in the range of 108 g/c:m3 <p<li g,/cnn3 (cf:p=1 08 g/cm3
corresponds to n, = 5X 1014 cm"3) and 2 eV < T, <100 eV. By comparing both of them, it is seen
that the CRE coincides with the ITE in high density and low temperature region, while they differ in

~ high temperature and low density region. In the former region, the collisional processes are



predominant compared to the radiative recombination and de-excitation processes-and the detail
balanced LTE state appear even in the CRE model. In contrast, in the latter 'rggion :thé radiative
recombination and de-excitation play an important role to reduce the number of free electrons as seen
in the CRE result of Fig.4. It should be noted that the helium-like carbon whbse_ effective charge Z*
=4 is populated in the wide range in the (p, T, diagram. |

By following the statistical method describéd in Ref.[15], we h'a_\}e calculated the charge

016 o3

distribution of the carbon plasma of n; = 5X1 cm ™~ as a function of electron temperature. In

Fig.5, the cases of the LTE and the CRE are shown. This result is consistent with the average charge
state Z* of Fig.4. Since the helium-like carbon exists in the wide range, the detail opacity calculation

of the helium-like configuration will be required for the present problem.
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Figure Captions
Figure 1 Basic equations solved in the hydro-radiation code ILESTA.



Figure 2

Figure 3
[ed

Figure 4

Figure 5

Diagram indicating the relations between fluid and radiation elements solved in the -
ILESTA code.

Diagram of calculation of atomic state and radiation transport.

Equi-contours of the effective charge, the average number of fre¢ electrons per ion, of
carbon plasma. LTE and CRE represent the results obtained by the models of local
thermodynamic equilibrium and collisional radiative equilibrium, respectively.

The fraction of jons in different charge states of carbon plasma for the case of n, = 5
% 10'6 em™3 as a fanction of temperature, LTE and CRE represent the results of
local thermodynamic equilibrium' and collisional radiative equilibrium models,
respectively. ' o
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Line Emissions from Carbon Atoms in an Ionizing Plasma

T. Kato

National Institute for Fusion Science

Emissions from carbon atoms have been studied mainly for the forbidden

transitions from metastable states in low temperature plasmas up to now. We have
investigated1 the line emissions from carbon atoms under the condition of an

ionizing plasma for the diagnostics purpose in divertor plasma where the electron
temperatures are rather high comparing to the ionization potential of carbon atoms.

We present here some of the results.

1. Energy levels of carbon atoms
In Fig.1 the energy level diagram is shown for the levels of n = 2, 3 and 4.
The typical line transitions for UV and visible regions are shown as arrows in -

Fig.1.

2. The population densities
The population densities are calculated including all the transitions; the

radiative transitions Aij’ electron excitations Cij’ de-excitations Cji and ionizations

S;. The ionizing plasma is assumed in our model. The population densities of the
excited levels n(i) depend on the electron densities and temperatures of the plasmas.

Since the transition probabilities Aij from the metastable states (2p2 1'S, 2p2 Ip >

2p2 3p ) are very small comparing to the allowed transitions, the population

densities of the metastable states begin to be determined by only the collisional

3

processes from the electron densities n, greater than 10° cm™ as shown in Fig.2.

" The populations of the metastable states influence those in the singlet terms. The



3

population densities in n = 3 levels begins to be constant from n,= 101'3 cm -,

3. Line emissions
The effective emission rate coefficients Ceff = n(i)Aij/(neZn(m))

for the five lines which transitions are indicated in Fig.1 are shown in Fig.3 as a

function of the electron temperature T,. The lines in the singlet terms ( 247.9nm,.
538.0nm) decrease toward higher electron temperatures. The effective emission
rate coefficients of all the lines decrease for the increase of the electron density n,,
since the population densities are nearly constant for n, > 1013 em™3,

The radiation power rate coefficient including all the 91 line emissions are
shown in Fig.4 as a function of the electron temperature. The radiation power

increases as the electron density increases proportionally at low densities but

saturates for -ne'> 1014 cm"3 .

4, Effective ionization rate coefficients

Although the effective emission rate coefficients cetf

generally decrease as the electron density increases, the effective ionization rate

coefficient
s =5, (n€i) (2,80 )/Z, nm)

increases with high densities since the ionization rate coefficients from excited states

are much higher than that from the ground state. As shown in Fig. 5, the n,

dependence of the effective ionization rate coefficients is relatively large at low

temperatures.

5. Opacities

We estimate opacities for carbon emissions. The optical depth T can be



written as dt = kdL, where k is the absorption coefficient, L is the pathlength. k =
c(?‘,o}N where G(?LO) is the cross section of the absorption at the line center ?“0 and

N is the density of the atoms. In the plasmas where the Doppler broadening is

dominant as the spectral broadening,

o(hg) = (me®/m ©)fhgM/2kTm) /2 = 1.08 x 107102 (A/T)”2

where { is the oscillator strength, A is the mass number, ?LO is the wavelength in A
and T is the ion temperature in V. In the uniform density and temperature
plasmas, *c(?LO) = G(?\,O)NL where NL is the column denSity.' In Fig.6 the Opticall

depths are plotted as a function of the column density for the.resonance line of
carbon atoms (1657A) for ion temperatures 1eV and 100eV. The optical depths for

Lya of hydrogen atoms (1216A) are also shown by dashed llnes for comparison.
For the column density of 1013 em2 , the opacity for carbon atoms can not be

neglecied.
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Figure Caption

Fig. 1. Energy levels of carbon atoms.

Fig. 2. Population density ratios n(i)/n(1) as a function of electron density (a) and
electron temperature (b).

Fig. 3. Effective emission rate coefficients for the lines of atomic carbons.

Fig. 4. Line radiation power rate coefficient in eV cm’ 71,

Fig. 5. Effective ionization rate coefficients for atomic carbons in an ionizing

plasma.
Fig. 6. Optical depth for the lines of C I 1657A and H Lyo 1216A.
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