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Abstract

This report consists of a summary of lecture notes.
Chapter I gives a general presentation of plasma effects caused by impurity species in
pure hydrogen (deuterium) plasmas. Diagnostic possibilities based on atomic properties are
enumerated. Chapter II contains a detailed derivation of the rate equations for the density
of particles (mass), momentum and energy including atomic and molecular processes.
The collisional-radiative terms are discussed. Diagnostic applications of the rate equations
are presented and discussed in Chapter Il for magnetically confined hot core plasmas and
in Chapter IV for edge and divertor plasmas. The heat removal capabilities of molelcules

are emphasized.
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CHAPTER 1
Introduction

1.1 Atoms and Molecules in Magnetically Confined Plasmas

I.1.1 Radiation losses in hot core plasmas

Atoms and molecules are constituents of all magnetically confined plasmas (tokamak,
stellarator, spheromak, reversed field pinch plasmas etc.). Their abundances change with
the type of machine, the vacuum conditions, the particular structure and composition of the
wall material with which the plasma comes into contact. The atomic and molecular
abundances depend strongly on the outgasing conditions and the temporal development of
the plasma-wall contact. They are functions of the instantaneous state of the plasma and its
spatio-temporal evolution. In other terms: a number of very different effects and
parameters influence the atomic and molecular concentrations in both the cold edge plasma
and the hot core plasma. And inversely, atoms and molecules have a direct effect on the
plasma properties. This effect can be beneficial, for instance in radiating off energy in
desired quantities in particular parts of a magnetic confinements device. Ionized impurity
atoms can serve as “probes” which give information about the plasma state. The presence
of impurity species can on the other hand be very deleterious, just because of the radiation
losses and wall erosion they might induce. Increased wall erosion increases the impurity
concentration and, thus, the radiation losses.

The ionized atoms are unwanted species in the hot core plasma of machines aiming at
realizing the fusion of deuterium (D) and tritium (7)) ions, because they radiate off energy
which is needed for maintaining the temperature at a sufficient level which ensures
burning of the fuel. Figure I may demonstrate this effect. The broken curve shows the
total power density I.’D-T of a pure D-T plasma of total density n=2X1020m -3
(np=nr=n/2=5X1019m"3). The continuous curve below the broken one represents the
power density 13a given to the a-particles which are assumed to be confined in the plasma
during a sufficient time so that they can transfer their kinetic energy of 3.5MeV to the

bulk plasma according to the reaction
(r.n
2D+%T —*He (3.5 MeV)+'n (14.1 MeV)

The e-particles {4He) heat the bulk plasma and the meutrons escape to the walls.
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Figure 1 Comparison of power densities due to D-T thermonuclear reactions (I.jD_T and
I.’a) and radiation (1'2” =free-free or Bremsstrahlung) of a pure D-T plasma,

R=radiation loss with 0.1% Fe or 0.1% W added. Assumption is made that
np=ny=n./2=5-1019m?.



The bulk plasma radiates off energy in form of free-free radiation (bremsstrahlung).
When we assume that the a-particle concentration is negligible —which will surely be the
case at the beginning of the thermonuclear burning process— the radiation loss is that of a

pure D-T plasma according to the relation

R =4.8x10"%n 27 12 (Wim®) (1.2)

with the electron density n, in m—3, electron temperature 7', in keV. Assuming no other
energy losses, it yields a minimum ignition temperature of 4.28keV for T.=Tj, T; being the
ion temperature. (Intersection where Rr =I.’a).

The presence of ionized species of charge state “z” having the density nz increases the
radiation losses and decreases the thermonuclear power production rate because of dilution
of the fuel. Figure I shows the radiation power density R which is lost when 0.1% iron or
0.1 % tungsten are present in the plasma. The thermonuclear power density equals the
power density lost by radiation at T=9 keV and T'=20 keV, respectively, for the two cases
of impurities mentioned above, assuming no dilution of the D-T fuel (which affects Pp.r and
P,) and assuming that the contribution of He2+ to the radiation loss is negligible,

Impurities in a D-T plasma increase in particular the energy losses in the colder plasma
regions where the thermonuclear power production is insignificant. This means that tha
thermonuclear core plasma must also compensate these energy losses, hence raising still
more the ignition temperature. One can show that a D-T' plasma containing approximately
0.6%+1% iron cannot compensate alone all the radiation losses.

Thermal conduction and convection contribute significantly to the energy losses. Since
they can very probably not drastically be reduced, the only way of significantly reducing
the overall energy losses is to reduce the radiation losses, that is to reduce the
concentration of impurities, in particular those with high atomic Z-values. It is because of
this situation that the impurity problem is still of major concern in thermonuclear fusion

research.
I.1.2 Further effects due to impurity species

The presence of (highly) ionized species causes further effects.
(a) Electrical Conductivity

Species with z;>1 increase the electrical resistivity by a factor Zgg given by

g Sn?
- tt - [ 2 1
i

, T (1.2
eff znizi n,
i

where the summation is made over all ion species “i” having ionic charge epz; seen by the

bulk electrons.



The generalized Ohm’s Law for a magnetized plasma is given by the expression

v

T .
= ec el

2 2 > =
E=’Zu1u+’lﬂl+ vOXB+

[fx§+\—7>Pe] | (1.3
where E is the intensity of the elctric field, :)TE( 1) the current density parallel
(perpendicular) to the magnetic induction E, 30 the mass velocity, p, the electron pressure,
v, =1/t the electron gyrofrequency (ve,=2.8X1010B[T] sec-1) and 7,; the electron-ion
90°-Coulomb deflection time:

AT3?

.= 251 X IOST—e—[s] (1.9
et Z° n €nA

eff e
where T, is the electron temperature in Kelvin, n, in m—3 and €nA the Coulomb
logarithm. All terms of the right-hand side (r. k. s.) of eq. (I .3) are influencpd by the
impurity ions, and even T)’o, since the fields acting on the plasma depend on mass and
charge. The coefficients of electrical resistivity (n, n.) (conductivity o, 01) are given by

(T, in Kelvin, B in Tesla )

nA

1 1Zeffe
= = =6.87X10 e [(2-m] (1.5)
o T
1 e
Z . fnA
_1 2_eff 2
n,= q— 1.37X10 _TFB [2-m] (1.6)

e
A measurement of n yields an information about Z.s when n, and T, are known. n,
intervenes in the expression for €nA.
It is not possible to measure in a tokamak EI and jj directly as a function of the
radius r. However, a measurement of the total plasma current J, and of the loop voltage

U yields an average value of Z.g, see Eq. (11.56).

(b) Particle Diffusion
Let 30 be the mean local mass velocity of the plasma as a whole and <—\-/')8> the mean
diffusion velocity of the species “s” relative to 30 .

The density of the particle flux of species “s” is given by the relation (see also Eq.(I1.10.c))
—- ->
I‘s—nsv0+ns<vs> (L.7)
where ns<75> represents the density of the so-called “diffusion flux” with regard to the
bulk plasma velocity (or mass velocity) '30 . For charged species, the diffusion flux is

essentially ambipolar. In a strong uniform magnetic field the density ofthe -diffusion flux

(neglecting the Hall and thermoelectric contributions) is expressed by the following relations:



+
¢ parallel to B :

. - o I
n <V _s=-DVn (18
e amb” || ] e
with the parallel diffusion coefficient D; given by
52
DH=2><D;°"S=5.62x1011 z Im2%~1] (1.9
z3 AYn enA
eff e
"y
¢ perpendicular to B :
-> -
n,<V _ p>1=-DV n (I.10)
with the perpendicular diffusion coefficient D, given by
lect 21 neenA 2 —-1
Dl=2XDiec O =7.42X10” Bz_Tu_i [m7s™"1] (1.11)
e

(n, in m™, T, in Kelvin, B in Tesla, A is the relative atomic weight).

(¢) Thermal conductivity
The density of the thermal heat flux due to thermal conduction (neglecting a term

proportional to 'ﬁx?T where T is either T, or T,) is given by the expression

Z:-nﬁnfz‘—mﬁ’LT (1.12)

The coefficients of thermal conduction in a strong uniform magnetic field of induction B are
® parallel to B:

— for the elctrons:

T5/2
zc;=z.4sx1o—1°e—‘nz IWXK 1xm=1] (1.13)
— for the ions:
T5I2
zc;'=5.82x10—‘2 7 u"z WK~ xm™1] (1.19)
ziAi enA
-9
® perpendicular to B:
— for the electrons :
. “ nf{.’nA . . !
i - — - - 15
) 7.68%10 = [WXK™'Xm™"] ( )
e
— for theions :
_ &Afmz?n?{?m . . .
b — - TWXK “'xm™” 16
x| =3.19X10 SR WXK ™ 'Xm™ "] (

]



(d) Viscosity
The coefficient of viscosity (n¢, n') for electrons and ions, in the absence of a magnetic

field are given by

5/2
JXs
€=1.09x10~ 17 = Te [ (1.17)
o tnA
AIIZTHZ
- ;T JIX
ni=4.66x10716 —— { :] (1.18)
zienA m

In a strong uniform magnetic field of induction B (gyrofrequency larger than collision
frequency) the components of n%¢ parallel to B are not modified (ie., fli=fl3, 'Zﬁ'—‘-fzoi )

; -
whereas the components of n* perpendicular to B experience strong modification. The
corresponding perpendicular coefficients of viscosity for the electrons and ions are,

respectively, given by

2
n“tnA
JIX
ni=3.38x10“5‘ﬁ _3s] (1.19)
B Te m
2 452
) 2. AY°n €nA
rzl=2.64x10"46 L [JX:] (1.20)

(n in m~2, T in Kelvin, B in Tesla, A is the relative atomic weight).

Remark

In magnetic confinement devices which have strong nonuniform magnetic field
distributions, the measured transport coefficients D , x, n Ili 4 and nt | are actually larger
than the theoretically predicted ones, even when the particular magnetic structure is taken
into account. To describe the experimental findings by plasma models one has introduced
so-called anomalous transport coefficients. They represent phenomenological coefficients
which permit to fit the results of numerical transport codes to experimental data. These

transport coefficients are not given by a theory.



I.1.3 Pellets and impurity atoms injected by pellets

The injection of H, (D,) ice pellets is a means to increasing the plasma density of
magnetically confined plasmas. Pallet injection can also be applied for plasma diagnostic
purposes, either by adding impurity species to H, (D) pellets or by injecting impurity
species in form of an entire impurity pellet (for instance injection of a frozen Ne or Ar
pellet or a metal pellet). The advantage of injecting impurities in this way is to create a
particle source and a temperature sink which is rather localised and which thus permits
measurements which are much more difficult or impossible to realize otherwise.

The pellet plasma proper has some properties which one finds in similar formin the
expanding phase of laser/ion-beams irradiated target plasmas. The density is high and the
temperature relatively low, at least during the initial stage of the ablation (evaporation).
This means that in the high-density phase local thermodynamic equilibrium (L.T.E.) laws
can be applied, which considerably facilitates numerical simulation. Also the hydrodynamic
evolution has some similarities in both cases. Further, characteristic density effects are
quite similar in nature but very different in their absolute values. These diferences have
their origin in the energy fluxes to which the pellets and targets are submitted. The solid
pellets injected into magnetically confined plasmas are subjected to a relatively weak energy
flux of electrons, the density of the energy flux being of the order of (1~10) 10° W/m?2
during the whole ablation process of several hundred microseconds, which is negligible
compared to the 1018 ~102° W/m? to which laser (or ion) -beam targets are exposed during
times of the order of a nanosecond or less.

Also during the later expansion phase the two types of plasmas have some common
features in so far as both evolve towards a collisional-radiative regime. However, there are
also marked differences; the most important one is that the pellet matter ablatedin a
magnetic confinement device flows into a hot basic plasma by which it is continuously
heated up. Therefore its energy density and the flow velocity increase continuously until
reaching that of the basic plasma. The flow velocity finally becomes supersonic. The laser
(or ion) beams-irradiated target plasmas expand into a gas at low density and low
temperature, thus leading to a decrease of the thermal energy density and a decrease of the
flow velocity until some collisionless limit is reached.

One can say that both types of high-density plasmas are complementary to each other
and represent interesting objects for studying their state and their spatio-temporal evolution.
Figure 2 gives schematic presentations of pellets which have been applied for fueling

and diagnostic purposes. The ideal case of a sphere is only realized in the Nagoya

experiments, the H, (D) ice pellets have always the form of a cylinder.
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By including in a larger H, (D,) ice pellet a smaller impurity pellet, for instance a
spherical hydrocarbon pellet as shown in Figure 2, it would be possible to introduce deep in
the plasma a well defined impurity source without contaminating the outer plasma region

with this type of impurity.
I.1.4 Impurity atoms in edge plasmas and divertors

Atoms in low and medium ionization stages have favourable radiation properties, since
they can produce huge amounts of radiation. This radiation production represents an energy
sink for the plasma particles, in particle the electrons, which furnish the energy by exciting
the particles. The presence of impurities in the edge plasma region and in the divertor
could therefore have the beneficial property to lower the plasma temperature in front of the
material walls and, thus to decrease wall sputtering and wall erosion.

An important problem in the operation of a fusion reactor will be the entire control of
the plasma edge region including the plasma in an eventual divertor system or in any other
particle and thermal energy exhaust system. This control must consist of optimizing the
impurity concentrations in the edge plasma regions in order to cool radiatively as much as
possible the plasma in front of the material walls and to minimize the deleterious impurity
effects in the hot core plasma where the fusion reactions take place. An enormous task!
Neither a physical nor a satisfactory technical solution of this problem have yet been found;
also the two requirements are contradictory from the energetic point of view (see Fig. I and
the corresponding comment there) and some compromise has to be found.

The study of the impurity behaviour in the edge plasma as a function of the parameters
and properties of the core plasma on the one side and those of the material walls and the
plasma sheath in front of the material walls on the other side is therefore an important
task in fusion-oriented plasma diagnostics.

A particular situation is met in the divertor scrape-off layer and in particular in the
plasma close to the divertor target plates where the temperature is low (a few eV)and the
density high (=102°m™3). Molecules (H,, O,) have an influence on the radiation and
transport properties of that region, see Chapter IV.



I.1.5 Atomic (molecular) impurity species for diagnoestic purposes

Impurity atoms and ions represent powerful diagnostic tool. They permit when
appropriately chosen and applied, the determination of numerous plasma parameters and

quantities of interest. The following methods may be mentioned (not exhaustive) :

Quantity to be determined Method
—~1-Electron temperature T, : measurement of absolute line intensities Iij or of line

intensity ratios and interpreted by rate equations.
—2-Electron density n, : Measurement of line intensity ratios and interpreted by
rate equations, measurement of absolute line intensities of
injected impurities.
—3-Ion temperature T} : measurement of Doppler broadening or line intensity

ratios, measurement of “charge-exchange neutrals.”

—~4-Rotation velocity v, :  measurement of Doppler shift of a spectral line.

~5-Magnetic fields |B| :  Measurement of Zeeman splitting.

~6-Magnatic field :  measurement of the polarization angle of the Zeeman
direction B components of a spectral line, determination of the pitch

angle of the magnetic field lines from striated ablation
clouds of injected pellets.
—7-Confinement times : measurement of absolute line intensities and interpreted

by rate equations; plasma decay measurement.

—8-Diffusion and :  measurement of line intensities interpreted by rate
convection fluxes equations; measurement of fluorescence profiles (for edge
plasmas).
—9-Effective ion charge : measurement of absolute spectral line intensities in
number Z,gr connection with the solutions of rate equations; local

measurement of intensity ratios of impurity to hydrogen

lines populated by charge exchange.
I.1.6 Verification of atomic structure calculations; data base for plasma diagnostics

Several of the diagnostic methods using spectral line emission from impurities rely on
atomic models in which both the level structures and the atomic data (cross sections,
radiative transition probabilities) intervene. It is essential to possess a reliable data base.
The measurement of the wavelengths of impurities emitted from both the hot and cold
plasma regions permits identification of impurity species. Their comparison with the

theoretical data obtained from atomic (molecular) structure calculations can be useful to

—10-



refining the identification. The measurement of both relative and absolute spectral line
intensities can be a valuable help in refining the atomic (molecular; data or the plasma
models to which the data are applied.

An important quantity is the absolute concentration of the various impurity species as a
function of space and time. These are determined from spectral line intensities in
connection with rate equations for the atomic processes. Unreliable atomic (molecular) data
will lead to unreliable values of the impurity concentrations and of other plasma

parameters determined by similar methods.

L2. Atoms in Laser/lon Beams-Driven Plasma

Atoms of low-and medium-Z elements generally originate from the particular construction
of the solid targets in which the D-T fuel mixture is enclosed. An impurity gas (e.g., argon)
is sometimes added for diagnostic purposes. Figures 3 and 4 show typical structures of
directly irradiated pellets for specific purposes.

The common features of and the main differences between the expanding plasmas of the
pellet ablation clouds in magnetic confinement fusion (MCF) and those applied in inertial
confinement fusion (ICF) studies have already been discussed in Section I .1.3. We
summarize in Figs. 5a, b the essential parameters of these two types of plasmas.

The diagnostic methods applied for the diagnosis of laser/ion beams-driven plasmas are
the same as for plasmas in magnetic confinement devices. There is, however, an important
difference: in ICF studies, the duration of a plasma is extremely short, thus, high-speed
detection systems have to be applied. Optical absorption can often not be neglected. This
introduces a further complication in the evaluation of the measured data, since the radiative
transfer equations have to be solved simultaneously with the rate equations for particles (or
mass), momentum and energy. In ICF studies, the characteristic time scales are of the order
of nanoseconds or less. In MCF studies, the shortest time scale for spectral line
measurements is determined by the “saw-tooth period” (several milli-seconds). Only pellet

~hlation studies require shorter time resolutions (ten to hundred nanoseconds).

—11-



Figure 3. Target for laser radiation

implosion studies, after
Ref. [1].
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Figure 4. Typical structures of irradiation targets for specific purposes (GMB = glass-micro-

balloon), after Ref. [2].
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Figure 5a.

The essential parameters of the high-density plasma of an ablating pellet in MCF
studies. Irradiation conditions: 10'® W/cm® at wavelength A=1um on a 100um
diameter spherical solid target of medium atomic number. 100ps after
irradiation the plasma flow would be steady with the parameters shownin this
figure. After Ref. [3].
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Figure 5b. Temperature T' , Mach number M=v/v,, and degree of ionization f; of an
ablating H, pellet of initial radius r =0.28cm injected into a background plasma
of n()=1.01X102"m™* and T,(=)=11.5 keV.
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After Ref. [4].
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CHAPTER II
Basic Equations For Magnetically Confined Plasmas

II.1. The Basic Electro-Magnetic and Particle Kinetic Equations

Plasmas in magnetically confined plasma devices are submitted to strong magnetic fields
of induction§= yI_{), and fo low or medium electric fields of strength E which are compesed
of a stationary and a fluctuating part.

Owing to the high plasma temperature the plasma conductivity is extremely high, thus
relative weak stationary or quasi-stationary electric field strengths can produce bigh current
densities, see Egs. (I .3) and (I .5).

The plasma current of densil;y—j'; is either a pure electric induction current ?in g created
by the toroidal electric field E P originating from the changing magnetic flux in the poloidal
field coils, or a non-inductive current ?m. .q Sustained by particle injection and/or high-
frequency electromagnetic waves converted to particle accelerating wave modes, or it is a
combination of both. The inductive current is generally transported by a displaced
Maxwellian velocity distribution of the plasma electrons. The non-inductive current produred
by high-frequency waves originates from a low-density group of decoupled electrons which
are accelerated to relativistic velocities moving in the bulk plasma whose velocity
distribution can in a first approximation still be considered as Maxwellian. However, the
deviations from the Maxwellian velocity distribution can cause significant atomic physics
effects.

The plasma as a highly conducting fluid is globally neutral; i.e., on a macroscopic scale
and to a first approximation, the electric charges of the electrons of density n, and those of
all ions of densities n,:"i compensate each other (z=ionic charge state of particles of
chemical element “k” in internal quantum state|i>). Denoting by the subscript “s” either
of the negatively (s=e) or positively (s={z, &, i}) charged species with electric charge g and
particle density n , the quasineutrality condition is given by (e, means the elementary
charge)

2 an,=ef-n,+ D 2, 0% )=0 (I1.1)
§ i,k z
Further, for an ionized gas, e=¢;, and p=p, hold; thus, the vectors for magnetic induction B

and electric displacement D are given by the following constitutive relations

-
§=y0§ (@ ; B=£OE (b) (11.2)
where ﬁ is the magnetic field intensity vector.
The Ampére-Maxwell and Faraday relations couple the material current density:]: to the

electromagnetic field quantities :
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-
aD
at

- = a§
=VxXH-] @ ; 5—=—?><E" (b) (I1.3)

B and D (because of Eq. (II.1)) are source free:

- - - >
V-B=0 @ ; V:-D= qn=0 () (11 .4)
- s —- —>
The density of the plasma current, jp is the sum of inductive (j, ;) land non-inductive Unind
current densities :
> -
J —de Jnmd (11.5)

In Eqs. (II .3.a) the toroidal component ] P of j 1s the total plasma current densxty Jp In Eq.
(I1.3.b) the toroidal component E ® of E lS the inductively created field strength which
drives the inductive current of densxty Jind*

The so-called MHD-approximation assumes aB/ at=0.

The particle density n_(r,t) at space point 7 in the laboratory system, at time ¢, is the
velocity integral over the velocity distribution function f, (r, ¢, w) of species “s”, where '138

represents the velocity relative to the laboratory system. Then

n r, 0= Jﬁ? dawsfs r,¢ fv’s) (11.6)
with f, given by the kinetic non-relativistic Boltzmann equation

o s F o

'aTs”ws'a?fs”;"Ew—‘[ (.9
Fs is the self-consistent force acting on a particle of mass m_.

F =g (E+o XB) L g

In this expression non-electric and non-magnetic forces have been neglected. E is the sum
of externally applied electric fields and of fields created in the plasma by the particles
themselves (i.e. Debye fields, plasma wave fields, ).

The expressions of the velocity integrals of the terms in Eq. (I1.7) are given in the
Appendix.

In magnetic confinement devices, B B +B +B where B is the toroidal and 3 the
poloidal magnetic induction. B is the radml componei.t (magnetlc ripple) caused by the
distance between the toroidal field coils and the vertical field induction. The term on the
r.h.s. of Eq. (I1.7) is the collisional-radiative term which contains the various collision and
radiation processes leading to a change of f.

In the following we will use the gradient (Nabla) operators

|

->
\

w

d -
==V and
r d

I

o
gl

§

—16 —



I[.2 Rate Equations for Particle Densities

Integrating Eq. (II. 7) over W, yields the rate or balance equation for the particle density
ng(r, ) seee.g.ref. [6], pp. 155~159 or ref. [6] :

an

an
T Vn <D >)= [ s (I1.9)
at 8 8 at

CR
where <id;> is the mean species velocity. We introduce the mean local mass velocity* v

(r, § of the plasma as a whole and the peculiar velocity ﬁ (r, ?) relative to B’o. The vector Vs
(r, ¢) has two contributions, one originating from the mean diffusion velocity <T’,s (r, ) >
relative to T, the other one is a random velocity Vg (r, £) whose average is zero. This latter

part represents the particle motion due to heat and yields the hydrostatic pressure p. We

thus have
T > - (11.10.0)
ws-—vo+Vs(r, t)—vo(r, O+ <Vs(r, 3] >+v8(r, t)
<ib >=+<V > (11.10.5)
because of <v;>=0, and
Donom <w> D p <>
7 == =t (I1.10.0)
zn8 mB ZPB
8 8
Note that
- -> -
Donm <V>=0and D nm <V ><V >*0 (11.10.d)
s 8
Then the Eq. (I1.9) becomes
an an of
—5 4V D)+ T oy=l =2 = s (I1.11)
=V )+ V (ns<V8>)—[ = |ca= Jw dsws[ - ]CR
8

Vo and <Vs> depend in acomplicated manner on the particular collision processes and the
forces acting on the particles.
For the electron density we have in particular the rate equation

an an
— Y D)4V V >)=|—2 (I1.12)
P +V (ne vo)-i-V (ne<Ve> )= [ % |cr
*  One can also imtroduce a mean local particle velocity by Zo=¢Zn, <—u253> ! sZng; and the

peculiar and mean velocities respectively by $s=3o+ ﬁs , <wg> =;fo+ < l}:> .

- ->
Then ans/at+_V>- (ng ug)+V-(ng< I_-I:> )=[8ng/atl cr but (compare with Eq. (I1.14))
anlot+V -(:n;t)o)'«:’l?an/ralﬂ CR
ry - —)
because ;Xng <T_J:.> =0 @nd ; Xn; mg <Vs>=fﬂ,, but <«‘E,,> F V>,

These differences may beconte important in analyzing particle velocities and fluxes.
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The r.h.s. of Egs. (I1.11, 12) describes the instantaneous local rate with which the density n,
(respectively n,) changes due to collision and radiation processes.
The r.h.s of Eq. (II. 12) writes

an, sum of all volume

sum of all volume ] (I1.13)
ot
Summation of all equations (II.11) yields the following rate equation for the total

ionization rates recombination rates

particle density n=4Xn,:

an - > -> - on (I1.14)
E—+V-(n v+ ZV-(ns <Vs>)_[5;]CR
8
When one writes on the r. h.s. all the individual terms one obtains
an ¢ sum of all molecular sum of all atomic
at CR—[ volume dissocation rates | | volume recombination rates
sum of all volume sum of all volume
jonisation rates | | recombination rates
[ sum of all volume ] [ sum of all volume ]
nuclear particle creation rates " | nuclear particle capture rates
This last equation can also be written in the following compact form :
[92 _ l Pam) [ on, O el (11.16)
at |CR ot ICR | at [CR at

where the terms on the r. h. s. account respectively for the following processes :
(i) creation and disappearance of heavy particles (atorns, molecules)
(ii) creation and disappearance of electrons

(iii)creation and disappearance of particles due to nuclear reactions.

Plasma exhaust and particle injection for additional heating must be accounted for either in
the boundary conditions or as additional source terms or sinks on the r. h.s. of the rate
equations. In the case of pellet fueling one has in any case to add a local source term
which corresponds to the local deposition rate for the particle density.

At this point it may be useful to mention that the collisional - radiative terms can be
the origin of forces leading to particle fluxes. For instance, during the radiative
recombination process a particle (the electron) disappears and a photon is created (which we
assume to escape from the plasma). The disappearance of the particle represents a sink in
the rate equations for particle and energy transfer. These sinks lead to forces (e.g. to a
difference in pressure) which drive the fluxes.

In the rate for three-body recombination, also an electron disappears; however, the total

energy is conserved because the third body (an electron) takes over the thermal energy of
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the recombining electron and the internal recombination energy. Thus, all the energy is
taken over by the third body in form of translational energy, which means that the thermal
energy is not conserved but increases, thus causing a pressure increase which can drive

fluxes too.

II.3 Rate Equations for Mass Density

From Eq. (II.9) follows for the mass density p;=mgng of species “s” the rate equation

%P
[at]+V(p <w >)= [ (I1.17)
In the absense of nuclear reactions, [dps/ dtlcr =mslans/ dt]l cr holds.
Summing up all, Egs. (I1.17) yields the rate equation for the total mass density
pP=52ps:
a[) ap apnucl (II .18)
5—+v @ )_[ ]CR=[ gt JCR

In the absence of nuclear reactions [9n,,q/ dtlcr=0.
In a D-T plasma, [dnp,ci/ dtlcr accounts for the escape of the neutron from the plasma.

The effect of particle injection and exhaust is taken into account by chosing appropriate
boundary conditions or by adding corresponding source terms (sinks) on the r. h.s. of Egs.
(II.17, 18). The change of mass due to pellet injection is taken into account by additional

source terms.

II.4 Coupling of Rate and Field Equations
Assuming f; (r, ¢, ﬁs) to be known one can calculate the density of the diffusion flux :

Fo=n<w >=J SPw Bt w). (11.19)
s 8§ § 3 § 8 8°8 §
§

Multiplying by the charge g; and summing all equations “s

“ n

yields the total electric current

density :

J(rt) an<w >——-en<V >+Z 2 ; k <Vz (11.20)

s Lk 2z
where Eqgs. (II.1) and (11.10.5) have been applied.
The toroidal component of Eq. (II.20) represents the plasma current density. Eq. (11.20)

is the link between the rate equations for the particle densities and the electromagnetic
field equations. ,_7;’(:', ¢) multiplied by the electric voltage yields .(.2, see Eqs. (I1.51, 54).
When neutral particles are absent, <Ve> and <-i7;,,;-’> are exclusively determined by

momentum transfer through Colomb collisions and the fields acting on the particles.
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1I.5 Rate Equations for Momentum Density

The rate equation for the momentum density ngmg <> of the species “s” is obtained
by multiplying in Eq.(I1.7) f; by msws and integrating over w,. We introduce the mass

“
S

density p; of the species “s” and the mass density p of the plasma as a whole by
Ps=ng Mg ’ p=sZp; .
The general rate equation for the momentum density ps <Ws;> in the laboratory system

becomes :

(I1.21)
CR

d 1 - > o~ 0 e
P 0, <B >)+V-(p <w w >)-n_ <Fs>—l§ (p <w_>)

The mean value <#W;> is defined by Eq. (II.10.b), see also Eq. (I .31.a).
The r.h. s. describes again the rate of change of the momentum density due to collisional-

radiative processes. It may be split into two terms :

ap I<w >
a - _ > s ] (I1.22)
-a—t.(ps<ws>)]CR—<ws> [;]CR'*-ps[ ot CR

Every spatially non equilibrated volume process contributes in principle to the r.h.s. of
Eqs. (IT .21, 22). For instance, the collisional momentum transfer between neutral beam
injected particles and plasma particles is described by the CR-term.

Multiplying Eq. (I1.17) by <w,> and subtracting the result from Eq. (I1.21) yields the

equation of motion for the species “s” in the laboratory system.

—

a<w > a<“w"s>

] I 4 - - _
P, +V- (ps<wsms>)_ <ws>V . (ps<ws>)—ns<Fs>._ps [ ]CR (II. 23)

at ot

We pat in the hydrodynamic terms iv’s=3>o+‘—f>s (see Eq.(II.10.a)) and introduce the

< . .
momentum flux tensor Pg for the species “s” with the components:

p.. P

Py sxy ©sxz

?s=ps<vs ‘_;s>= Poys Poyy Poye (.24
Poe P szy Pse

The component p,, is, for instance, given by pgu=ps <Vs> & <V > +P5LVer Vx> .

The first term is related to the kinetic diffusion energy in x-direction ( (1/2)p; <Vs>3%,), the

second term is related to the kinetic energy due to the random velocity ‘and represents heat

energy. For a maxwellian velocity distribution function the following relations between

species’ temperature T; and the scalar (hydrostatic) partial pressure ps holds :
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-3-kT E}-m <v 2>=--1-- -]:-m " 'V2f (‘V)dav (II.25.a)
2 § 9 s s n 2 s$)_, s's's s
8
The equation of state is given by
I1.25.
p,=n_ kTs (I1.25.5)
and the scalar pressure of the plasma as a whole by
(II.25.¢)

p=2.p,
S

Thus, the scalar pressure p; is equal to each of the diagonal components of the hydrostatic

&~ -2
pressure tensor py=ps<vs¥,>; hence :

1
_1 : v - : I1.25.
ps 3 (ps <VGx vsx> +p3 <Nsy vsy> +p8<v82 v82> ) ( 25 d)

Making use of the relation p; <\—;$ \-/')s> =ps <V,> <\’}3> +pg <V Vs> , the Eq. (11.23)

becomes
> >
a<uw > >o T 57 2o I<w > (1I1.26)
ps % +p8<ws>- < s>+ ps—-ns< s>-—ps Y CR

The rate equation for the momentum transfer of the plasma as a whole is obtained by

summing the Eq. (I .21) over all species “s”. If follows the rate equation

e 4

<>

oo

(I1.27)

9. = =2 a
at (p"o)'*'e T, )+ V- P— zn8<Fs>—[5pv0

with the mass density p and the momentum flux tensor P for the plasma as a whole given
by

P=,2P,
p=sZps (a) P=,2P; (b)
where the components of P are given by
P xx P xy p xz
— (II .28.¢-c)
F’—( P, P, P, ) ©
p z2x p 2y P zz

Because of Egs. (I1.10.d) and (II .25.d) the diagonal components of f’)represent the total
scalar pressure p plus the total kinetic diffusion energy (1/2);Zp; <V >2.
The Eq. (I .27) can be simplified when one applies the Eq. (II.18) multiplied by vp; it

results the local vector force equation for the plasma as a whole :

av, v, (I1.29)
0 5> D> D &> _ 0
P " +pvo-\7vo+V‘P—Zns <?s>— [—at CR
s

The r. h. s. of this equation is generally zero, since collisions and radiation processes
(assumed to be distributed isotropically) alone cannot modify ¥p. However, when a plasma
is submitted to an external particle and/or photon flux, the r.h.s. of Eq.(1I.29) can become
different from zero. The increased toroidal rotation of a tokamak plasma during tangential

particle injection is due to a non vanishing value of this term. In such a case the non
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diagonal components of I(?can have a great influence on the velocity (friction).

We will use Eq. (I1.29) to modify the Eq.(II.26). This last equation refers to the
laboratory frame. The first term of Eq. (I1.26) is, for instance composed of two terms,
DD <Wy> [ dt=pgdvg/ at-+ psa<ff:> /8t, the first one is due to a velocity change of the
plasma as a whole, the second one accounts for a velocity change relative to Up. We can
eliminate that part which is connected to changes of Uy by multiplying Eq. (11.29) by ps/p
and subtracting the result from Eq. (I11.26); one obtains

_9
A<V > > o o - = o 2. 2. sT
P = +ps<Vs>-V<Vs>+psuo-V<Vs>+ps<Vs>«Vv0+3 P
(I1.30)
v

p p <V >

—=2VPon <F>+=>n <F>=p [ - ]
p s s P 5 s 5 s at CR

which represents the equation of motion of the species “s” in a coordinate system moving

with the mass velocity Jp. The third and fourth term on the 1. h.s. account for interactions
.é

of the velocity fields ¥y and <V >.

The mean velocity <> is calculated from

1
< >=uv+— V f(rt V)dV =uv +<V > (11 .31.a)
s 0 n v s's s s 0 s
8
and the collisional-radiative term is given by
—
it Sl SN B I = [ % (11.31.b)
at CR™ p Z ws ms ws at |CR
$§

The values of [df;/dtlcr depend on the atomic (molecular) and/or Colomb cross sections.

I[.6 Rate Equations for the Energy Density

A plasma possesses translational energy of density E¢r and internal energy of density
Eint stocked in the excitation and ionization (dissociation) levels. We will first consider the

equations governing Eint,

11.6.1 Internal Energy

The simplest way to establish the rate equations isto give all internal energy to the
heavy particles (molecules, atoms, molecular ions, atomic ions). Thus the electrons possess
only translational energy.

Let E;:,- be the internal energy of a z-times ionized particle of chemical species “£” in
quantum state |i>.

The definition of EZ,,- is given in Fig. 6 where we have assumed that the energetically
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loyvust state (the “reference state” for the internal energy of species “k”) is the atomic state.
When atoms can originate from molecules, and when the molecular internal energies play a
role in the energy balance, then the reference state is given by the ground state energy of
the molecular system. This is for instance the case for Dy and for hydrocarbons found near
the walls of carbon limiters in tokamaks. The molecules can radiate off energy, therefore
their internal energy state must be taken into account.

For ionized species, Ei, ; contains the sum of the ionization energies of all lower lying
stages of ionization.

The total internal energy density of all heavy particles is then given by
mint _ z —_ int _ T int
E"‘—-Z%an’i EZ,,--znsEs “zEs (11.32)
H4 i 8 8§
where “s” stands for s={z, k, i}. E4int is the energy density of a particular species s={z, £,

i}.
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Fig.6 Definition of the internal energy g%, of a z-times ionized particle of chemical
element % in quantum state |i>. When nuclear reactions become important, the

relativistic energy m.:' ; ¢ must be included in EZ i After ref. [7].
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Since the excited and ionized particles are mobile they can diffuse in space. With the
internal energy is thus associated a particular flux vector describing the transport of
internal energy (sometimes also termed “reaction energy”). Let ngEg™ <w;> be the flux
density of internal energy associated with the species s={z, &, i}. The rate equation of the
internal energy density of species “s” then follows from Eq. (I.9) by replacing the particle

density ng by the internal energy density nsEsi"t=

an E int on E i
: +V. (nE, ”"<w >)= [—]CR (I1.33.0)
which is identical with the expression
an E "t
¢
E, in [—+V (n, < >)] [—_']CR (I1.33.b)

substituting the expression in the parenthesis of the 1. h.s. by the 1. h. s. of Eq. (11.9) yields

. [on an E int
int] S —_ § 8
s | a |CRT [ o ]CR (I1.33.c)

In other terms : the rate equation for the internal energy of species “s” is equal to the rate
equation for the particle density ng multiplied by the internal energy Egint of one particle.
Summing Egs. (II.33.a) over all species “s” yields the rate equation for the total internal

energy density :

t int
at CR (1I1.34)
The expression in the parenthesm [ 1 contains the species’ density and mean diffusion
velocity :
T oint > o _  int T4
> EM™M<i#>=3 E™n @+<V >) (11.35)
§ s

where ng Egint Uy is a flux vector associated with the plasma as a whole, whereas
ngE < 73> is a flux vector transporting internal energy in a coordinate frame moving
with %.
We now define a flux vector é)si'“ for the transport of internal energy relative to Uy by
g mM=n E" <V >=E "<V > (11 .36.q)
The flux vector representing the transport of the whole internal energy density is

gr=> g™ (11.36.5)

8
Thus, the Eqgs. (I1.33.a) and (II .34) become, respectively

E mt
at

E int

cr (11.37.0)

+V-(E ‘"‘B’o)w @""‘ [
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mt

5, +Q"™)= [ ]CR (11.37.5)

The r. h. s. of these equations ensure the coupling with the translational energy and with
the radiation field, since any collisional - radiative change of the total internal energy
density Eint leads to a change of translational (thermal) and/or of radiation energy, and

vice versa. Details will be given in Chapter II.6.5.

[1.6.2 Translational Energy

It is useful to make a distinction between the directional and random velocities and the
translational energies which are associated with these two types of movement. Particle
diffusion of velocity <V3> also ineans diffusion of “diffusion kinetic energy” (1/2) ps<V;>
The sum of all these “diffusion kinetic energies” is generally small but not zero;
furthermore, the plasma as a whole will generally have some directional kinetic energy
(1/2) pug2. And finally, the random velocity ¥; whose average is zero is related to heat and
pressure, see Egs. (II.25).

The multiplication of f; in Eq. (I1.7) by m,id,i8; and integration over the velocity yields
the rate equation for the tensor of twice the translational (or kinetic) energy density of

‘G ”

species in the laboratory system, that is :

[ 6(p<f3338> ) (11.38)

ot ]CR

meg to the Egs. (II 10) and (II.24), this equation can be expressed as a function of vy and

d -
~0,<8,8> V4V -, <ib BB >)-2n <F B >=

Ps and a flux tensor ‘Q"" for the species “s” defined by

&3 (I11.39)
5: =p8<VsVsVs>
After the development of the various terms, the Eq. (II.38) becomes :
0 - 2 5 &>
= {o B2, +p F,<V >+p <V >7 +P}
-> > - -
+V - {p, [B 7V, + 30?0< \7:> +E’O<V8>5’o+ <T/’8>3’03’0+ <Vsi%‘7: >}
(II .40)

>
-> t 2> 5 >
+V- {?ji+§3;vo+<Q: '}—2ns<Fs>vo—-2ns<FsV:>

QL S FIA P TR A M LA

The terms have the following meaning :

(8/a¢) ps3030 and V. (ps U Uo Vo) are connected with the temporal and spatial variations of the
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kinetic energy of the species “s” due to changes of the translational energy of the plasma as
a whole in which the species “s” are imbedded. The first term on the r. h.s. is the
collisional-radiative counter part.

(a/ at)<1?s and _79 Qtr are connected with the temporal and spatial variations of the kinetic
energy of the species “s” relative to a coordinate frame moving with 7p. The last term on
the r. h.s. is the collisionai-radiative counterpart.

—-2n,,.<'I?s {”s> represents twice the tensor of the work done against the force F‘s by the
particles moving with V; relative to Ty ; —2ng<Fy>7 is the corresponding tensor for
particles moving with Uy .

The term ns<ﬁ . —\_f)s> represents the power density due to ohmic heating of the species “s”.

All other terms represent changes of kinetic and thermal energy due to the fact that
the fluid “s” moves with the velocity <Vs> in the fluid of all other species.

When one sums the Eqgs. (I1.40) for all species “s” one obtains the tensor of twice the

translational energy density of the plasma as a whole :

> > de = 333y, 9 _,tr 2 23
Ez(pvovo)+a—£P+V- (pvouovo)+V-‘6 +V-(Z ps<stovs>)
s

- < e, - - (11 41)
+V- @P+Pi)~2) n <F >3 -2 n <FV >
§ 8

<>

&
at

90 >
=[52 (P”ovo)]cx+[ ]CR

where use has been made of Eq. (1I.10d).

The rate equation for the translational energy density of the plasma as a whole is
obtained by taking the trace of Eq. (II.41) and dividing by two; this leads to the following

expression :

- (—pvo )-i— P (Trace 5P)+V-(—2-pvo vo)+Trace lz V-Q

(11.42)

80 s

1 a2 1 1 >
+Trace[—2-—V>-(z p8<Vu V >)+ E—V’(‘—)’O?H' 5-{7)-(?00)}
8

- — afl 2 a le
—Zns<ﬁs>-?0—Zns<Fs-Vs>=[55(§puo)]CR+[5;Trace-2-P CR
s 8

No approximations have been made so far. Thus Eq. (II 42) represents the full

continuity equation for the density of the translational energy of a plasma as a whole.

The individual Trace termsof Eq. (II .42) write without making approximations :
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1 3 1 2
- = - -y <V > (I1 43.a)
Tmce[zﬁ} 2p+§zps Vs

1o 2] 2o, 2 51 2_77
Tmce{iv-6 }_v-'q" +V-(z§ps<Vs> <V >) (I1 .43.b)
8
with the thermal heat flux vector gth given by
5 - 5 -
sth_ N2 _N° .
=2 op,<V,>=2 —n T <V > (11 43.)
8
1> Lol =2(3 - 1 25
Trace{;z-v-(u )}_v.(gpgro) v.(§p8<vs> ”o) (II .43.d)
15> o = (1o, 1o o
Trace [Ev . (Puo)} =V ( 5 P-vo>= -2-v: Pv) (I1 43.e)

1.5 —_y = > [1le, .
Trace{EV- 2p8<V8?0V8>l=V-(§P-v0)=2 :(Pv) (I1 .43.H
8

In calculating the trace we have made use of the Eqs. (I1.10.d). We now neglect all terms

associated with the “diffusion kinetic energies”. The Eq. (I .42) thus reduces to the

following expression

(I 449)

d 3
crt| % 2 Pler

The collisional-radiative term [ (3/dt) pvg2/2]cg is only different from zero when the

- - -S> - _ d 1 2
- n <F>-F-3 "s<Fs'Vs>“[5; 5 PV,
8 8

plasma is submitted to an external energy flux which increases the kinetic energy (1/2) pvy?
of the plasma via collision and/or radiation processes, thus

3 1 2 _
a 2 PY% |cr™
except cases in which collisicnal-radiative volume processes are responsable for an increase

0 (I1 .45)

of the kinetic energy (1/2) pvg2.

The collisional-radiative term [(9/a¢) 3p/2]cgr is for a plasma always different from zero.
One contribution to this term originates from free-free transitions (bremsstrahlung) and
synchrotron radiation. Free-free transitions transforms thermal energy into photon energy
which can escape from the plasma. Another contribution originates from free-bound
transitions (spontaneous recombination). The photon Av created in this event radiates off
thermal plus ionization energy. The thermal contribution to Av is taken into account in

[(a/a¢?) 3p/2] cr, the disappearance of ionization energy in the recombination process is taken
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into account in the collisional-radiative term for the internal energy. The last term on the
r.h.s. of Eq. (Il .44) contains also all energy rates due to collisional excitation, ionization,
and three-body recombination. Excitation and ionization processes consume thermal energy
to the profit of internal energy whig_:h is increased. Thermal energy is not consumed in
heating newly created electrons, however the temperature decreases due to this heating. In
a three-body recombination process, internal energy is transformed into thermal energy
which appears as a positive contribution on ther. h.s. of Eq. (Il .44) and as a negative one in
the collisional-radiative term of the rate equation for the internal energy.

Neutral beam injection is used to heat plasmas. The kinetic beam energy is transfered
to the plasma particles via collisions, i.e., a corresponding rate contributes to the terms on
the r. h.s. of Eq. (Il .44). That part of the neutral beam energy which leads to an increase
of directional energy of the plasma as a whole (pvg2/2) is taken into account in the first
term of the r.h.s. It is evident that this contribution is then lost for the heating process
proper (3p/2).

In the present context it may be useful to remember that the omission of the non
diagonal components of P can have consequences in evaluating the energy balance when
viscous-stresses contribute to the energy transfer. The components of the viscous-stress

tensor T are given by the following relation

Tapstap=z ts,ap=_z (ps,aﬁ—psé' )
8 8

1
ps<Vs,aVs,ﬂ> - -3- ps<Vs,aVs,a> 60,8

-3

s
where the summation is over all species “s”. Further, @ and f§ represent the three

components x, y, 2, and Jgg is the Kronecker delta symbol
0 if a#p
Jaf{ 1 if a=p
I1.6.3 Thermal Energy

Changes of the thermal energy are described by the change of the momentum flux
tensor Pl—) alone. To obtain the rate equation for ?one subtracts from the tensor equation
(II .41) the two tensor equations which are obtained when Eq. (II.27) is n.ultiplied from the
right by ¥ and Eq. (I1.28) from the left by ¥o. The resulting equation writes

! 8?5) S => > =2 G2y S22
! = +7. @ +V-GP+ Y p,<V § V >}+P-Vi -3V -P
s

(I1.46)

g
e : S U = - _ oP
- 2 n(<F > §~F <F >)-2 > n <F, Vs>_[ — e

8 8
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The rate equation for the thermal energy density of the plasma as a whole is obtained
by taking from Eq. (I .46) the trace and dividing by two. The result is :

6 3 5 h 1 2 1—> <>
(_?t.(.z.p.,. §§p8<vs> >+v ( pu +q )+v (ngs<vs> ,<Vs>)+2V(PB’)
8

0
(II.47)

a 2 CR

leo o, 1, > — a3 I1
a— . — — . — — — —_— 2
+ 5BV - 37 P Zns<Fs Vs>_[ p]CR+[atzzps<Vs>
e —— S
Since no approximations have been introduced so far, this equation represents the exact

rate equation for the total thermal plus “diffusion kinetic energy” densities. In Eq.(1I .47)
we have made use of Eqs. (II .43) and of

lo - 1
Trace{—I3 V3 }: ~P:V3 (11.48.0)
2 0 9

1 1
Trace { Loy ,?}z Lo, 98 (11 48.6)

We now neglect all contributions associated with the “diffusion kinetic energy”. Then the
Eq. (11 .47) becomes

E(—p>+v-(2pu +9 ) ) Vp= > n <F -V >=|—=p|,
8§

2 8 a 2

This equation can be written in other useful forms. We apply the equation of state
(11.50)
p= z p,= ZnskTs=nkT
8 8

and put for the ohmic power density

e - - (II .51)
Q=3 n <F -V >
- s
By using the relations — kT3 - Vn= —kTV - (n30)+nkTV - g and
[0/9t 3p/2lcr=(3/2)nk [T/ dtlcr + (3/2)kT [an/ dtlcr , the Eq. (I1.49) becomes
3 o 3 _on 3 3
Cnb ot STk Snkd VT4 SRTV - (nd )+ V- 3R
2 & 2 a 2 0 2 0 (11.52)
3 ar .
+ETHV - v —'—nk crt 2kT[ P ]CR+‘Q
We make now use of Eq. (II .14) and obtam
3 oT 3 - 3 .
Snk —+ kot - VT+nkTV - 4V -3 Sk1¥ - (S n <V >)
2 a2 0 0 2 S °f (11.53)

3
= —nk +.Q
2 at
The fourth and fifth terms can be contracted (see the Eq. (Il .43.c)). We thus obtain the

following “rate equation” for the temperature T :
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s —_

3
; 5nk——+ 3" k(v +<V>)3T+an<V>VT+nkTV

f s

: 3
{ ==—nk|—
L 2 at

crt4 | (IL.54)

where T+ <Vs> = <W,>, see Eq.(I1.10.b). We introduce the density of the diffusion flux

in the laboratory system by

— by _ = (I1.55)
?s—'nsmﬂ-'- <Vs> )-ns<ws>
Then
oT 3 aT '3
The Eq. (II.49) can be put into another useful form:
aT on
-» 32 _s
Y VP = at(2 )J’V(z kT?) a- Z L ey CR‘“Z 2¥Ts| o ler | (1.57)

We remember that effects due to v1scous—sheer stresses have been neglected. When their
influence cannot be omitted one must take into account the non diagonal components in the
corresponding terms of Eq. (I1.47). This is not difficult but introduces complications and
makes applications more complex. For further details see Eqgs. (II .84.5) (II .85) and Chapter
Il.7 where Eq. (I1.57) is applied to determine Ug.

I1.6.4 Total Energy

The rate equation for the total energy density is equal to the sum of the rate equations
for translational and internal energy densities. Only the corresponding equations for the
plasma as a whole and the sum of the thermal and internal energy densities for the plasma

as a whole are of physical relevancy. The energy equation for individual species is too
complex and will hardly be applied.
We add the Eq.(37.5) to Eq.(II .42) and obtain the rate equation for the total energy

density of a plasma as a whole; this equation writes without any approximations :
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a1 5 —; 1o = [1 ey ,
—{=pv +E""+Tmce—§)}+V-{— v 27 + By + ‘"}+Tmce{—v r
at{z"O 2 2"0 0 G

l(II .58)

1= -> 1> 1 Y

+Trace {-Z—V-(Z p8<Vs?OVs>)+ EV-(B’;?)+ E?a’b’;’)} Zn <F > . v —-.Q :
8

|
!

! =|— —=pv
1 aa?f

When only the diagonal components of P and their derlvatlves are retained, and

- 1,0l

le d mint
[ — Trace —P 5; E CR ]

contributions from the “diffusion kinetic energy” are neglected, Eq. (II .58) leads to the

following expression :

1 3 1 5 N .
p [va + = p+ E'"t}+V {Zpuo vy E"‘t->+2pv +¢ +a‘"t] Zn <F >.7. -0
. 33 3 (11.59)
— _6_ hud 2 22 9 —int
“la 27% ]CR+ a 2F CR+[&t E™ |en

Apart from particular situations (e.g. neutral bea?n’-iﬁfécgiaﬁ.éf current drive) the first term
on the r. h.s. is zero, i.e. the Eq. (II .45) holds.
When one is only interested in the thermal plus the internal energy density the

corresponding rate equatlon wrxtes w1th0ut approximations :

= 1
po {E""+Trace —?}+V (B3 +-Q’"’t)+Tracel V- g+ v (ﬁoﬁ)}
(I1..60)
1> = 52 lg 25 1,2 .
+Trace [EV (Z ps<stOVs>)+— -Vvo—é-uov-?}—[)
8
d T int
- [ Trace ?] —-E CR

In the expressions for the Traces we will omit all non diagonal components of ?and
their derivatives and all contributions from the “diffusion kinetic energy”. The Eq. (I1.60)

jhen leads to (see also Eq;(ll .83)) :

a(3 mt) (_5_ mint th int) .
<2p+E +V- 2px‘)’o+E B+ + G )5, Vp .

3t
3 ]
at 2

Thermal energy considerations of a plasma have to be based on thls rate equatlon

. e . ..-“,._,__i
l
|

CR+‘Q
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because changes of the thermal energy are not independent of changes of the internal
energy. A simpler rate equation for energy considerations does not exist.

We will now discuss the processes which contribute to the collisional-radiative terms of
the r. h.s. of Eqgs. (I1.12, 14), (11.57) and of Eq. (I1.61). Particular forms of the rate
equations (I} .9) and (1I.14) will be discussed in the Chapters Il and IV.

I1.6.5 The Collisional - Radiative Terins

The two collisional - radiative terms on the r.h.s. of Eq.(II.61) are intimately linked by
numerous collision and radiation processes. Both elastic, inelastic and superelastic processes
contribute to the collisional - radiative terms which shall therefore be decomposed in two
parts. Separating the first term on the r. h.s. of Eq. (II.61) into an electronic (e) and a
heavy particle (h) terms, the two collisional-radiative terms can be decomposed as follows :

a3 ] [ 3 —;
—_— = + | = Emt]
[at 2Pler™ | 5 CR
|23 83 9 gint| - (62
- ot 2pe CR+ a 2 C'R+ at CR—d)ela-'_q)
where ¢.i, accounts for elastic and p for inelastic and superelastic collisions and all

p,

radiation processes. A contribution to p can still originate from nuclear reactions, for
instance from the production of a-particles in D-T collisions. When nuclear reactions
represent an energy source or sink, the reference level of the internal energies (see Fig. 6)
must be changed by the amount msc2. In this particular case, E™ must contain the mass
energy density ;Xngmg2. In the D-T nuclear reaction, ;¥nymsc2 decreases; the difference
A xn;mgc2 appears as translational energy of the a-particles and of the neutrons. The
latter escape immediately whereas the a-particles appear as a new species in the plasma in
which deuterons and tritons have disappeared. This disappearance of deuterons and tritons
additionally causes a disappearance of their thermal energies, (3/2)npkTp and (3/2)npkTr,
which must be distributed amongst the a’s and neutrons. When intense neutral beam
injection produces additional D-T reactions they must be accounted for in y.

In the following we shall assume that the plasma nuclear reaction rates can be
neglected. We shall also assume that there is no neutral beam heating causing additional
nuclear reactions and transfer of kinetic beam energy into plasma translational energy. In
the presence of neutral beain heating the term [dpuvg2/23t]lcr must be taken into account,
which causes further complications and has no direct relevancy to the atomic and molecular
processes proper.

We will assume a sufficient maxwellisation of the random velocity distribution functions
so that we can talk of a temperature T, and T, of the electrons and heavy particles,

respectively. We first show that ¢, =0 holds.
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The elastic processes simply account for energy transfer between electrons and heavy
particles due to elastic collisions. In a coordinate frame moving with 3’0 one obtains for the

electronic part of ¢, the relation

2m
_ e 13 (I1.63.a)
¢ela,e— _ne% m, Ve 2 k (Te—Th)
where vt is the average collision frequency for elastic collisions between one electron and

the heavy particle species whose masse and temperature are, respectively, my and T;. The
corresponding values for the electrons are m, and T,. n, is the electron density. Eq.
(II.63.a) describes the exchange of thermal energy between electrons and heavy particles,
leading to energy loss of the electrons. The same amount of energy is given to the heavy

particles and appears in the contribution to ¢esq,» with a positive sign :

2m
3
3 < e n3 _ (11.63.6)
d’ela,h_+nez’- m Ve 2k(Te_Th)—_¢ela,e
L

h
Thus

Po10e=Peta, e T Peta, n=0 (11.64)

which means that elastic collisions alone cannot change the thermal energy density, they
can only redistribute thermal energy amongst the different species.

We will now consider the processes contributing to w. For the inelastic, superelastic
and radiative processes, the following collisional-radiative processes shall be taken into
account. (Symbols above and below the arrows denote rate coefficients for the relevant
processes. The following reactions apply to “ordinary”, doubly, triply -- excited states, with
the subscript %2 dropped) :

a. electronic ionization and 3-body collisional recombination :

z

i (11.65)
A% t+e” == A* (1) +e +e
Q'Z"'l
i
b. electronic excitation and de-excitation
(11.66)

— Ji -
A% ()+e” =L A%()+e
Z
i
c. spontaneous emission, induced emission and photo-excitation due to radiative absorption:
z

A? (a+hv§j«i A% ()
1.6
AR O+ 2RV, < AT (DI, (11.67)

(1-AHA;
AZ()+ hvfj ——— - A%())
The effective radiative de-excitation rate is A%; A%;n?;, where A%; is the Einstein

coefficient for spontaneous de-excitation j—i and A%; the optical
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escape factor for this particular transition. The Azij can be calculated according to a
procedure given by Holstein [8], see also Refs. [9] and in which intervenes the equation of
radiative transfer. For completely optically thin transitions (no reabsorption) A‘z,-d-=l holds.

When all radiation is absorbed (complete radiative equilibrium) one has Afj= 0.

d. radiative recombination, stimulated recombination and photoionization :
These processes are symbolically described by

R'2+1
A’(a+1wf<-‘—— A (D) +e

11.68
Az(i)+2hviz<——Az+l(1)+e"+hviz ( )

z+1lpz+1
(l—Ai )Ri

A D+ —— AT (D) +e”
The effective two-body recombination rate into level i is A7*! R#* n#*' n,, where
A7*! is the optical escape factor for free-bound radiation of the i-th continuum. It can
be estimated according to a procedure given in Ref. [9]. R;*' is the rate coefficient for

radiative (spontaneous) recombination.

e. dielectronic recombination
This effect is de-composed into two individual reactions, namely excitation of an ion
simultaneously with electron capture into an autoionizing state of the formed doubly
excited particle, followed either by autoionizziion or radiative decay of one of the two

excited electrons; symbolically :

z z—1

Jions : ook II .69

A% (D+e” I Az—l(,**)L Az—'l(i)+hvfj:.l ( )
-

For all levels (i, j) lying below the ordinary (or simple) ionization limit of the

corresponding ion, the rate coefficients are zero. For the passage from A? (i) to AZ"!(j*¥)
the internal energy is increased by Ejza:.l_ Ef ; the same amount is lost as internal
energy in the autoionizing process A*!(j**)—A%(i)+e~ and returned to the electrons in
form of thermal energy. The system itself does not loose any energy. The plasma can
only lcose energy in the radiative process A%~! (j**)—>A%—1 (i)+hvij,, . The quantity of
energy radiated off depends on the population density nj&l of A*~1(**), This density,
hower depends on the collision and radiation processes in which both A?~1(j**) and
A?=1(j) are involved. A*~! (j**) can in particular be submitted to intense collisional
ionization, thus leading to a reduction of nj.,., and to a reduced radiation rate. From a

principal point of view it is therefore not reasonable to separate so-called “dielectronic
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recombination radiation” from usual bound-bound radiation. When doubly, triply, ---
excited states are taken into account in a collisional-radiative model, the bound-bound
radiative transitions should automatically contain the effect of dielectronic recombination
through the spontaneous de-excitation from a doubly excited state above the ionization
limit to an ordinary excited state below the ionization limit. Similar arguments hold
for transistions from triply to doubly excited states.

Only when the doubly (multiply) excited states created by electronic excitation with
capture decay radiatively before suffering other collisions, can the “dielectronic
recombination radiation” be calculated without detailed collisional-radiative model
calculations for the doubly (multiply) excited states. In this particular case the

following relation exists between the densities n; of A%*{) and nf“ of AZ—1(j*¥%) .

(I1.700
neC;,,,tn —[Dz Af "y nJ

CJ", can be expressed by the Saha equatwn and by D%, i (by invoking the principle of
detailed balancing) :
z-1

= 21 8 jo 1 (I11.71)
j"i— ,-J'u z z
287 X (T)
where
-1
1 K exp( E -Ef> (I1.72)
2 - 32 ET
Xj,,(Te) (2nmekTe) e
It follows that
-1
oot g Ejwe 1 D, (11.73)

N =nn
U g7 XEL(T) DL.+ALL
The power density radiated off by this particular level j** of A”‘()**) is Az 1 z..'hvu.. The
total power density due to this “unperturbed dielectronic recombination radlatlon is
obtained by summing over all possible radiative transitions Az'l(j**)—)A"‘l(i)+/w:j:.l,

In the following we will not consider “dielectronic recombination radiatic:.” as an
independent radiation phenomenon. It simply represents a particular type of bound-bound
radiative transitions — which can under particular conditions (low electron density, high
electron temperature) be additive to bound - bound radiative transitions in which only

simply excited states are involved.

f. Charge exchange
In the most general case we have to write
A¥@)+B* (k) & AT ()4 B (R) (I1.74.0)

submitted to the energy condition

Z(internal energies)+ X(transl. energies)=0 (I1.74.5)
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In a charge exchange reaction, internal energy can in principal be paitly transformed
into thermal energy, and vice versa. However, the largest reaction rates are obtained
for resonance or quasi-resonance charge transfer reactions in which neither the sum of
the thermal nor the sum of the internal energy is changing noticeably. The most
important reaction is the one between ionized impurity species A*1) in the ground state
“1” and a neutral hydrogen atom HY(i) in its ground state (i=1) or in an excited state

(i>1) :

0.
A*)+HY) s A*\)+H?Y (L.75)

This reaction does not produce radiation, it primarily redistributes only internal energy
of the reaction partners : the internal energy of hydrogen is increased by the amount of
13.6/i2eV. The same amount is taken away from A%(1) yieldinrg the species A*~1(j) in
the excited state “j”. This state may radiate off energy, however, it may also undergo
electronic collisions leading to reionization. We have quite a similar situation as for
dielectronic recombination.

Only at low electron densities is the probability for spontaneous radiative decay of
A?=1(j) so high that electronic coliisions can be neglected. The collision rate of reaction
(I1.75) multiplied by hv*; then yields the so-called “charge exchange recombination
radiation” which is additive to the other radiation rates.

We will not consider “charge exchange recombination radiation” as an independent
radiation process.

The effect of charge exchange reactions in the radiative power loss will be included in

the bound-bound radiative rate.

Inelastic electron-ion collisions leading to bremsstrahlung (free-free radiation)
We have symbolically
thermal

energy
We neglect absorption and inverse bremsstrahlung which are important in laser beam-

A’+e"+{ }—>Az+e—+hv (11.76)

plasma interactions at high electron densities.

Collisions between heavy particles

Collisional excitation and ionization of impurity species by hydrogen ions can modify
the population densities. The corresponding reactions are described by (Il .65, 66) with
e— replaced by H*.

The source term p of Eq. (I1.62) can now be expressed as a function of the particle

densities, the rate coefficients and the energies involved. When one writes down all terms

one sees that all collision terms cancel each other. (This has been demonstrated in Ref. [7]).

Only radiation processes contribute to p which may be put into the following form
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including electron-synchrotron (sy) radiation :

—R=_RY_gif _Rfo_{b ‘ (11.77)
where the three last terms on the r. h.s. represent, respectively, the radiation power per
unit volume which is lost due to free-free (ff), free-bound (fb) and bound-bound (bb)
transitions. One has the following expressions :

For synchrotron radiation

oy Cw’ kT, 5 kT,
R ——-—( )n (1+— +> I
Srgge \m 2/ N2 gy 2 (I1.78)

The spectrum of this radiation consists of many harmonics of w,,, most of the energy being
emitted in harmonics higher than the first one. The angular distribution is complicated.
Much of the energy can be redirected back into the plasma by using the first wall as a
reflector.

For free-free radiation one has (with the subscript “£” reintroduced)

32ned

- ot o 2nkT
RY= ( ) ZZZz (11.79)
e

3 (411&:0)3 Emh
An optically thin plasma has been assumed for this radlatxon.

Free-bound radiation loss is given by

R”—ZZZ A% B nng (BB RT) (11.80)

The summation over z begms with 2=0 (neutrals) and ends withz=2Z, Z being the

charge number of the bare nucleus. The f—b radiation for z=0 represents radiation due to
electron attachment. When molecules or molecular ions are present they have to be
included in Eq. (II 80) For optically thin transitions A ;=1 holds.
The coeffieicnt ﬂk 1s of order of unity, the exact value depends on the recombination cross
sections and the velocity distribution.
Bound-bound radiation is given by

B¥®=%>> A ki i " ChimEL D) (11.81)

z k ij
The summation over i and j includes the ground level (i, j=1) and the singly and multiply

excited states (i,7>1). A cut-off value for the summation can for instance be introduced by
using the Inglis-Teller relation, or by applying some other criterion. For an optically thin
transition, A:' i =1 holds. It should be born in mind that R%® also contains the so-called
“charge exchange” and “dielectronic recombination” radiation.

We remember that the subscript “£” denotes the chemical type of the species. When
molecules and molecular ions can contribute to the radiation losses, they must be included in
Eq. (II.81) by assigning a k-value to these molecules and molecular ions.

In the particular case of coronal excitation, the densities of the excited states j>1 are
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proportional to those for the ground state i=1; for singly excited levels and multiply
excited levels below the ionization limit :

Z
z _CZ,,1 E1™t

n, .
k,j (I1.82)
Z Ak,u

i<j
Doubly excited levels formed by electron excitation with capture have population densities

given by Eq. (II.73). Quite a similar expression is obtained for inner-shell excited levels.
In conclusion, the two collisional-radiative terms of Eq. (II.61) represent, in the absense

of nuclear reactions and of neutral-beam heating, the power density of the radiation losses.

The heating effects due to nuclear reactions and neutral beam injection can formally be

taken into account by two additional terms. N and 1, respectively. We then have :

° L) ° at 2p

at ]CR
R, N and [ are positive quantities.

The term [dEint/at]cg can be decomposed in a collisional and a radiative contribution :
aEint aEiut aEint
— —_ | — + | ———
[ at ]CR [ a IC a IR _
The first term of the r.h.s. describes the volume production rate of Eint due to collisions

(11.84)

alone, the second term is the corresponding rate due to radiation processes alone. For
instance, the increase of Eint due to collosional dissociation and ionization or the decrease of
Eint due to radiative recombination is taken into account in [dEint/at]c. The decrease of Eint
due spontaneous de-excitation, for instance, contributes to the last term of Eq. (II.84).

In the following we neglect I and N. From the development of Eq. (II.83)

33 aE""‘] 3{ [f’ns
- |l — .= ={eT | =
[atzp]@ [ at ICR %2 s| ot

it follows that

+nk

oT, . QE™ p  (11.89)
cr™ "s"| 5 |CR ot JerRT T

. [ oE Mt ] (11.86)

5 [T,
z-2-nsk cr— Z —kT

When atom production by dissociation is neghgxble we have 2[ans/at]CR=[ane/6t]CR. When

CR™~

in addition the collisional-radiative processes do not modify the heavy particle temperature,

the relation

3 [ an, (11.87)

Zk, CR2 e_a;-

holds and the Eq. (II.86) can be written in the following form:

CR
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T o™

The terms of the r.h.s. have, respectively, the following meanings: power density lost

II.
_R— (I1.88)

at

. BE int
| -

3 ane
CR™ E e ;t—

3
Zgnsk

§

by radiation, power density consumed in changing ﬁ““, power density consumed in heating

volume-created electrons to the temperature T,
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CHAPTER III
Application To Hot Core Plasmas In Magnetic Confinement Devices

. Introduction

We will now apply atomic physics to hot core plasmas in magnetic confinement devices
with emphasis on tokamaks. The hot core plasma is that part of the plasma which lies
inside the so-called separatrix. The separatrix is defined as the outermost magnetic
surface which is made up of magnetic field lines which do not hit a material wall or leave
the configuration without returning to:it. An electron, for instance, of extremely low
velocity will travel for a very long time on such a surface before leaving it. Under actual
conditions, however, we have a less ideal situation. The finite gyro-radius (or cyclotron

radius) r, given by

12
mw 5 < >=(kaT) (IL.7)
¢ zeoB

has the consequence that the particlzas are only bound to the magnetic surface within a

r,= 2B

width of & <r,> for the electrons (because of charge neutrality). Further, electric fields of

-)
strength B 1 perpendicular to B cause the particles to drift perpendicularly to E 1 and B
with the velocity

1 (Im.2)

Furthermore, a curvature of the magnetic field lines causes a centifugal force which leads
to particle drift .zzqm perpendicularly to B and to the radius of curvature B given by

1

- me2

D=2 @xB) (I.3)

- B -

) (R X )=><wDR>= 7
eOR B eOR B

From the plasma physical point of view the separatrix defines a “region” rather than a
“surface” in which the plasma parameters caange strongly and where plasma-wall
interaction has a direct influence on the plasma properties. — This property will in Chapter
IV be used to define the plasma boundary and edge region. That part of the plasma which
lies inside the outermost closed magnetic surface (the separatrix) defines in the following

the hot core plasma.

1.2 Determination of Particle Confinement Times z,

One has introduced the concept of the confinement times t in order to discribe
qualitatively and rather phenomenologically transport properties which are still an enigma.

The knowledge of r does not mean that one has understood the physical phenomena which
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are responsible that a certain r-value exists and not another one. Low (high) values of the
particle confinement 7, only mean that particles are transported with high (low) velocity

across the plasma volume.
The determination of 7, is based on the measurement of spectral line intensities.

—

["-'dS

S
Ny 3
AB A23
n, Y 2
LR Ha
Cyl| o
n‘ - ‘

Figure 7. Particle diffusion fluxes ?in in and Tout across the surface S enclosing the
piesma volume V,. Hydrogen atoms are excited and emit radiation, e.g. H,.
The lower part shows coronal excitation of the n=3 level of atomic hydrogen

leading to the emission of Lyg and H,. After Ref. [10].

a. The local particle confinement time 7,

Consider a volume V), containing a pure hydrogen plasma (see Fig. 7). We have
-
particle fluxes Tin and ?Oui, with F= Lin4 ?Out. Charge neutralization forces electrons
o =
and protons to diffuse together with equal flux densities, ie., I'e=1I4+. In the stationary

state, the constancy of the plasma pressure requires the following relation to be fulfilled for
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= -
the neutral and charged flux densities, ?o= -(1/2) (?e+1’+)= -I,.
The rate equations for the neutral hydrogen atoms and the electrons are
(see Eqs. (II, 11, 12) and (I1.55))

on ran

0,3 3 0 (I 4.0)
—;—+V-Fo——n0ne80+n+nea+—- —at— CR
an . on
_e = e (11 .4.5)
P +?-1"e—+n0neSO—n+nea+— o |cr

where S| and a, are the ionization and recombination coefficients, respectively. In the
stationary state, an /0t=0 and an/at=0 hold. One now replaces the divergency of the

diffusion flux by the relations
n - = n -3 =
—=V.T,, — _v.r (IL.5)
T T €
p0 pe
which define the local particle confinement time of the neutral atoms, t, 0, and the

electrons, 7, .. Because of the charge neutrality, electrons and protons diffuse together
(ambipolar diffusion). Therefore, the confinement time of the protons is the same as that

for the electrons. The Eqs. (. 4a, 6) thus yield in the stationary state

n
0 (II.6.a)
. ——-noneSo+n+ na,
p0
n
L (II.6.5)
- -—noneSo+n+ na,

3 q _? 0 3
hence, owing to I'g=—I,=-—I}, it follows that
1 (IL.7)

T = =

T = T
0 “pe n+ nOSO—.n

p
+ %4

It is thus possible to determine z, when the local values of ng,n +=n., Sg and a4 are
known. In the general case, Sg and a4 must be calculated from a collisional-radiative
model. However, at low electron densities and high temperatures, the coronal ionization
model can be applied, i.e., Spis equal to the rate coefficient for ionization from the ground
level, and a4 is the sum of all rate coefficients for recombination into the ground and

excited states :

Sozsgl, l(Te) ’ a+ = Z RIILI, i(Te)
The crucial point is the determination of thle*xlleutral hydrogen particle density
ng which practically equals that of the particles in the ground state (i=1), n?,'l.
The most exact way of determining n(;{,lis by laser excitation from the ground level and

then measuring the fluorescence light, for instance of Hg or Ly, p. This method is only
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possible at sufficient but not too high particle densities, not too a high temperature (because
of too a large absorption line profile) and sufficient laser beam energy in the desired
‘requency range.

In general ng,’1 is determined by measuring the emission coefficient £ of a hydrogen

spectral line. For instance for the H, line we have in the optically thin case:

Q0 =1 40 o II
H,93 4,,AH23 Ha’”’st (I.8)

where AH 23 is the Einstein coefficient for spontaneous de-excitation. When we assume
corona excitation conditions (see Fig. 7), the particle density nH g of the level with principal

quantum number j=3 is given by the condition that

0 0 (I .9)
n, CO H,31 H 1‘[AH 13144 iy 3
which yields
0 0 0
n =nd 4n Apatig e fnoa (IL.10)
0 H,l 0 0
n C(f)! 3 Ay hvy o

where CH 31 (T) is the rate coefficient for electronu, excitation of level j=3 from the
ground state i=1. This relation also shows how many atomic date are necessary for the
determination of ng : frequencies, transition probabilities and excitation coefficients.

In conclusion, a measurement of T, (r), n.(r) and the emission coefficieni ¢ of a
hydrogen line permits a determination of the local particle confinement time z, .=1,.

In the transient state, the rate Eq.(Il. 4.b) yields for t, . the expression

_ 1 (IL.11.0)

T
pe n, S —n+a+—(1/ne)ane/at

When impurity species are present 7, . must be valuated from the expression

", (I.11.5)

T =
pe [ane / at]CR— ane/at

b. The mean or global particle confinement time 7,

The mean (or global) particle confinement time refers to some mean value of t, related
to the total particle content in a discharge,

Let [n,dV,=N, be the total number of electrons in the plasma volume V), enclosed by

the separatrix. The integration over V, of Eq.(Il. 4.b) yields
N o =
-——+4 | V- I'dV =
at e b at

where C, is the integration constant. The second term on the LA.s. is the electron fiux

an

e

aN
_| e (I1.12)
CRde+Ce—[ — ]CR+ce

crossing the plasma surface S, that is

[?7’-de =f P .43 (JIL..13)
e p ¢
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The mean particle confinement time 7, . of the electrons may be defined by

N
== |V Rav=fF & an.14)
T e p e
pe
Further, C,=0, since no additional particle source is deposited in the volume V,. One thus
obtains
s = 1 (IL.15)
be 1 [ aN e ] 1 N e
N |la ICPBTN &
e €

where [dN./dtlcr is the volume integrated value of [on./dtlcg . The effect of recycling and
gas puffing is automatically taken into account in these expressions since the collisional-
radiative term accounts also for the electron production due to recycled neutral atoms and
gas-puffed neutrals entering the plasma. Consider for instance a plasma with a recycling
coefficient R equal to one, R=1. Then aN,/dt=0, since the electron density is constant.
But aN,/dt=0 can also be obtained with R <1, when the missing flux is compensated by
external gas puffing.

For further details, see Chapter IV,

c. Particle confinement times of impurity ions z,*
The particle confinement of the ionic impurity species can be determined in the same
manner as that of the electrons. It is sufficient to consider the particles in the ground

state. Their density is "Z, = iZn;l. The rate equation for n: Iwrites

on® on?
k1 2 TR
a +v-?‘;1_[ ot ]CR (1I.16)
We define a local particle confinement time 7, , by
F4
n
k1
z —3'?‘;,1 (II.17)
T
pk

and obtain for particles of the chemical element “£” in the ion charge state “z”

o 1 (I.18)
P.k— z z

1 [aka] 1 9,

z | a JCRT 2

U U

One can also define a mean or global particle confinement time 'f: , However, the
individual charge states “2” of the heavier elements are concentrated in an annulus of

limited radial width. Therefore 'f; Will not much deviate from tpz.k, It is physically more
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interesting to consider the particle confinement of the ensemble of all ion charge states “z”
of a given impurity species “£”. Their mean confinement time Ty p Can be obtained from

the following system of rate equations:

z=1 z=1
ank,1 +‘—7’_fz=1_ ank’l

at k1~ ot CR
3 z=Z 3 z=Z (IL.19)
"1 3 f,ﬂz_F 1

PR St farvaas v/

After summation and integration over the plasma volume V, one has
-2 [

z aN;l "1
Zl{ a +J VT dV, ZIL a |cr (It.20)
z2= z=

We define a mean particle confinement time fpz p for the individual charge state “2” and a

mean particle confinement ?p’ g for the ensemble of all ionized impurity species “k” within

the plasma vol ime V, by

NZ

bl |V av
? - ) k’l p (m.21.a)
pk
z =Z k1 (IL.21.b)
tp'k z ?:’k

The Eqs. (I.20) and (Il. 21.a, b) then lead to

2N,
z

p-k Z
at

2z (I[.22)
aN’ 51

CR™ 3 }

The determination of -‘;,k requires the radial distibution n,fyl(r) of all impurity ions to
be known experimentally. This is practically impossible. Under actual situations one will
only know the r-distributions for a few ion charge states “z” from a limited number of
spectral lines for which an Abel inversion can be performed. Therefore the measurement
must be complemented by solutions of a numerical code which gives the solutions for "'If,l
over the radius for measured radial electron temperature and electron density distributions
which are needed for the calculation of the collisional-radiative rates, see e.g. Eq. (IL. 19)

For the measurement of n,f'l the excitation coefficients and the Einstein transition

probabilities are needed (unless the resonance line is used and cascading is neglected). For
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the evaluation of [an,f y/8tlcr the ensemble of rate coefficients for ionization, excitation with

electron capture recombination and charge exchange processes must be known.

.3 Confinement Time z, and Diffusion Coefficient Dy

We apply Fick’s law which sfates that the diffusionflux is proportional to Vn and
proportional to a coefficient D termed particle diffusion coefficient. For electron-ion pair
diffusion, D is the ambipolar diffusion coefficient Dy, We thus have

>e _ _Davne (IT.23)

Inserting this into Eq. (I[.14) yields

1 - —
:—-Jndv=_JV’-D3’n dv=—fD(vn)-ds (IL.24)
T e p a e p a

pe
For toroidal geometry, with a torus length L=2nR; and a plasma radius a, we have

j n dV =i Lna® (I.25)
e p €
where 7, is the mean electron density of the whole discharge volume. We will in particular

assume that

r2\a
ne(r)=ne(0)(1— —2-) with a=1

(1If.26)

Q

We then find the following relation

_ 1 7, a? (I.27)

tp,e':Z n (0) 5— =
€ a

1

= 5 =
where D represents some space-averaged electron-ion giffusion coefficient. Eq. (I[.27) can
be considered as a “scaling law” for tokamaks ; when we assume that D, does not vary
much change with the dimensions and with the plasma parameters (within certain n,,
T.—limits) then the global particle confinement is proportional to a2.

Measurements on Alcator-C and TFR have shown thatz, .« n., hence
' (11 .28)
2

T «a‘n
pe e
When we assume this relation to be valid, then the same 7, -value can be obtained in a

tokamak of smaller size with plasmas of higher electron density.

.4 Determination of Energy Confinement Times ¢,

The rate equation for the total energy density is given by Eq. (I1.59). We define a local

energy confinement time tg by

1 2 3 int

-pv +-p+E

270 2 7 1 4, Finto 5 7 ._q,th 5‘"‘ R (I.29)
L ' Zpu“vo % 2p0



When we introduce this expressioninto Eq. (II. 59) and apply the Eq. (II. 83) we obtain

1 4 3 —int
—pv0+'2-p+E
r [61 ] +0Q+ +N+§ <F> 8( +3 +Emt) (.50
py 2pv I n, v 5Py, p

We remember that the effect due to shear stresses is not contained in this relation. For

low impurity concentrations and simultaneously high plasma temperatures we can put

1 3 =i 3
5p02+—p+E"'tz—-p (IL.31)
We assume Eq. (II. 45) to be valid and put Zn, <.I"' > Up=0, hence
3 e e e e e —
- ) n kT
2 s 8
s
BT, ., . af3 (I.32)
.Q+I+N—-—-{— n kT }
{ ot 12 s s

1]

It can be seen from the values givenin Table 1 that the omission of the internal energy is
in particular at high plasma temperatures practically always allowed (which does not mean
that bound-bound radiation can be neglected).

The local energy confinement time due to thermal and convective transport alone is
obtained in omitting Rin Eq. (IL.29), hence the definition for the local energy confinement
time rgir due to convection and diffusion alone is

1 2 3 T int
-pv“+—=p+E
2°0 2 (1 .33)

1 int, O th | qint
[zpvv+E v0+5pv0+q +Q

tr

TABLE 1

Internal energy Eintz in [eV] carried by one iron ion in the ion charge state “z”,
with values from Ref. [11]*

Feét z=1 2 3 4 5 6 7 8
Eint,z 787 24.05 54.65 109.8 184.5 283.6 408.6  559.7

Fe*t  2=9 10 11 12 13 14 15
Eint,z  793.3 1055.4 13457 1676.5 2037.5 24297 2886.7

Feft  z=16 17 18 19 20 21 22
Eint,z 33759 4641.9 59999 74559 9037.9 107269 12525.9

Feft  2=23 24 25 26
Eint,z 144759 16501.3 25329.3 34607

*with Fe XXIV — FeXXV: 2025.4eV; Fe XXVI - Fe XXVII : 9277.65eV

The Eq. (II. 59) then leads to (with the same approximation as for Eq. (II. 32)
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3
52 n kT, (1 .34)
8

tr

* . > L4 3
—R+9+1+N—-a—[—2n kT }
at 2s s 8

tr
One has z; >
Owing to difficulties in measuring £ one often considers only the mean energy
confinement times. In applying the same method as for the particle confinement times one

finds for the mean values of Ty and rE‘r the relations

¢3
J —Zn kT rdr
0 2 8 s

s (II.35)

= tr_ (11.36)
E @ .. . . 33
[ [—-R+Q+I+N——[—Zn kT }]rdr
0 alas """

where

a

JpU=LJ Q2nrdr (IL.37)
0

represents the total ohmic power input (J,=total plasma current, U=1loop voltage,

L=2n Ry=1length of the torus, a=plasma radius) and can easily be measured.

The atomic physics problem in the determination of rgztr consists mainly in the
evaluation of the radiative loss term —R. In the presence of impurity atoms one must
know their radial density distribution in order to be able to calculate reliabie values for R.

However, atomic physics is also involved in the determination of the heavy particle

temperatures T, either by charge exchange measurements or by spectroscopic means.

I.5 The Particle Density Decay Times z,*

Whether the particle density in a discharge can be maintained on a constant level
depends both on the divergency of the diffusion fluxes and on the source of ionization. We
will now consider the decay of the plasma density due to an imbalance between the particle
fluxes and the ionization sources.

Integration of the Eqgs. (I.4.a, b) over the plasma volume yields owing to Eq. (1. 14)
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aN0 -
—_—e .
at 0
oN N
e
at 3

(Il .38.a)

(II.38.5)

The integration constants are zero, since no particle sources have been placed inside the

plasma volume. Apart from their signs, the r. k. s. are equal, hence

aNO aNe
[?}CRZ'—[?]CR

(I1.38.c)
and Eq. (I. 38.b) can be given the form
AT P B
at ?M 0 at (1I.39)
The total neutral particle flux
= = = - ~>
-,= f r,-ds= f (I’O'R+FO’ @ dS (IL.40)

which crosses the plasma surface S and flows into the plasma can be thought to be
composed of two parts :
1. Recycling

The part R of the electron-ion pairs leaving the plasma returns as neutral atoms to the

plasma. The total flux of this part is

—_

{FOR'dg—_-—R{I?-d =—-R \d (I .41)
» e

R is the recycling coefficient.

2. Gas Puffing
By artificially increasing the pressare outside the plasma by additional gas puffing it is
possible to increase the neutral particle flux into the plasma. This gas puffing flux is
—do,c =§I—;>o.g- dS. The total flux of neutral particles is thus given by
N

e
~Py=—R 7 ~%,¢

(I .42)

pe
The minus sign indicates inward direction of the flux. We replace-¢, in Eq. (II. 40) by
the r.h.s. of Eq. (IL. 42), introduce that expression into Eq. (Il. 39) and obtain, after
dividing by N,

_L?fﬁ=_1—R+.1_¢ _1 %, (I .43)
N, & T N, 0,G N a

be
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This equation determines the temporal behaviour of the total number of plasma electrons.

For a tokamak discharge, Ng<N, holds in the core plasma. The last term can in that
particular case be neglected. We will assume that R<1. After switch-off of the gas
puffing, ¢9, =0, and N, decays according to

—-t(1-R)/7
N (H=N (0)e pe (II.44)
We define an effective electron density decay time 7,* by
o T e (Il 45)
P 1-R
and obtain
—t/T *
N ®=N e 7 (II.46)

By measuring separately fp, . and 'fp" it is possible to determine the recycling coefficient R .
Only for R=0 is the mean particle confinement time i'p’ . equal to the decay time fp*.

This offers another possibility of determining 7, . : by wall gettering it is possible to fix
the particles on the walls and to obtain a recycling R very close to zero, hence 7,*=~7, . in

this particular case.

lII.6 Determination of Particle Fluxes and Velocities

The density of the particle flux of species “s”={z, %, i} can be determined when one is
able to solve the Eq.(II. 9). We consider the ground state particle (i=1) of ions in the

charge state “z”. With the subscript “£” dropped the rate equation writes

on? an®

1 =2 z_ __}.
= TVIvE ]CR (I 47)
with the density of the diffusion flux given by
1——>|z_ P ‘_,’z
1=ny @G+ <Vi>) (1I 48)
The collisional-radiative term writes
an?
1 - 1 P2 - z—1_2z-1 z+1_z+1
s CR——ne[Sl+al]nl+neS1 ni” +naon]

(Il.49)

RS Gl S G

The S;’ , af--- are, respectively, thle ionization and recomzbination coefficients (including the
effect of dielectronic recombination) and the C;’s are the rate coefficients for charge

exchange between neutral hydrogen atoms HO(i) in quantum state i and the ion species in

the ground state i=1. It is assumed that all captured electrons end in the ground level of

the recombined ion. When the cross sections and the temperature are known, the rate
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coefficients can be calculated.

For a cylindrically symmetric plasma follows

, 1 {r'=r ani(r, ) an‘;’
rm==! rf|—| .~({—) o

where (anflat )¢, 1S to be taken at time £y for which 1‘12 shall be determined. Provided, all

z+1
1

integral can be evaluated and le(r) be determined. A direct experimental determination of

(I.50)

cross sections and the radial distributions of n,, Te,n;"} nf and n; " “are known the
the diffusion flux of an impurity species in a limited radial region is therefore principally
possible. In practice, however, this way is not gone, since the data are not sufficiently
precise to permit a reliable evaluation. It is in particular necessary to measure precisely
ni"} nf and ni’“on an absolute scale over the region of interest, which poses still
considerable instrumental problems and difficulties.

At present, diffusion fiuxes are determined “more globally” in the following manner

which is based on the empirical expression

4
I ()= ‘D 1 9 2
l(r)—— f(r)UO+ n ;;;‘ _67 ny

(IL.51)
for the radial component of a “cylindrical” tokamak plasma. Eq. (I.51) was empirically
found to fit the impurity transport in the ASDEX tokamak [12] and was subsequently
confirmed by other laboratories as a way to describe the experimental findings. The
reasons for this particular choice of Flz may for instance be found in Refs. [13—15]. The
general structure of Eq. (I.51) is in agreement with the structure of Eq. (Il. 48), with che
radial component of vy and <Vlz> approximated by
an?
_ ™ . z - -];- _-]-_ (m.52)
Yo, r= —f( v, (a); <Vi>,=-D, e (b)
1

Why, for instance, only the gradient due to self-diffusion determines <V12 >, . is not clear.

The ASDEX —team has found f(r )Jug*=D; 2r/a2 to be a convenient choice (with only D)
to be cetermined experimentally). Other groups put f(r)=r/a and chose independently
the value for vp* and D
All tokamak impurity transport studies yield approximately the same values for D; and vgy*

in the case of ohmic heating:

2
m - m
Dl~0.4—1 [——s ] ; vO=4—50 {—s ]

We will consider the effect of diffusion on the radial particle distributions. The Figure
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8 shows typical radial distributions of n, and T, as they are measured in medium-sized
tokamaks. The Figure 9 shows the radial density distributions npef of Fe*% ions obtained
from a 1-D transport code. In Figure 9.a, no diffusion has been assumed (D, =0), the ion
distribution is determined by the local values of n, and T, by assuming coronal
ionization —recombination equilibrium to be valid. In Figure 9.b, diftfusion with D; =1 m2/s
has been assumed. Diffusion spreads the particles over wider radial regions, because ani/ar
has a positive and a negative sign : the particles diffuse inward and outward. The inward
diffusion leads to a retardation in ionization, the outward diffusion to a retardation of
recombination, compared to Figure 9.a.

Superimposing a convective inward velocity leads to a peaking of the radial
distributions of intrinsic and completely recycling impurities, that means that one obtains a

situation lying between the Figures 9.a and 9.b.
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Figure 8. Typical radial distributions of electron temperature T, and electron density n,,

from Ref. [16]
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After Rel. [16]
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Figure 10. Radial distributions of the particle flux densities I"lz of intrinsic nickel ions in a
TFR discharge oblained from a 1-D transport code, with D =0.4 m*/s and
vp*=4mls.

Full arrows indicate the measured maximum ion density radial position, broken

arrows indicate this maximum when coronal ionization —recombination is

assumed. After Rel. [17]

The experimental determination of D; and vg* is performed in the following manner for
intrinsic impurities. One constructs the radial profile of nf (r) from Abel-inverted chord-

measurements of spectral line intensities pertaining to different charge stages “z" (only a

limited number of charge stages “z” is considered in the case of medium—and high-Z

elements). One then compares — for measured n,, T, distributions —the experimentally
determined nf -distributions with those delivered by a transport code. By modifying D
and vg* in the code one finds a best fit to the experimental data. The method is somewhat
ambiguous, since D; and vg* cannot be determined independently. IHowever, there is some
reliability in processing in this way. The diffusion coefficient D determines primarily the
location and the width of the individual distributions nf (r). The convective term influences

the peaking, and in particular the relative concentrations of two widely separated ion
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species. It is thus possible to obtain within certain limits reliable values for D and vg*

For non-intrinsic impurities, for instance introduced by “laser-blow-off”, the values of
vo* and D) can be determined from the spatio-temporal evolution of the ion species. For
further details the reader is refered to Refs. [14, 15, 18] in which the methods have been
reviewed.

Figure 10 shows the radial distributions of 1": (r) for intrinsic nickel ions in TFR
plasmas calculated with a 1D —transport code with D) = 0.4m2/s and vo*=4m/s, for
measured n,, T,—profiles similar to those shown in Fig.8. Ions whose density nlz )
increases continuously towards the center of the discharge show a flux vector which only
points outward x‘adially(l’lz >0), whereas those ions which have a maximum somewhere
between the limiter and the center show inward and outward fluxes (1’1z <0 and I‘f >0).

In the stationary state, the Eq. (1. 51) can be solved for the total impurity density.

Once I‘lz (r) is known, the radial flux velocity <wz1 (r) > can be calculated :

rin

2(, —_ 2 —_
<w (> =y, <V > = (I.53)

ni()

We would like to emphasize that the expression (111.151) has no theoretical foundation.
Neither the proton-electron density gradient nor the temperature gradient intervene as
driving forces for the diffusion flux. Also the presence of other ion species seems to have
no effect on I‘f (r). This is not satisfactory from a physical point of view. Therefore a
determination of 1‘1z from Eq. (I, 47) should not be discarded without having really tested
the potentiality of this method.

Diffusion fluxes of the main plasma species, protons (deuterons) and electrons are also
determined from Eq. (1. 51) by using measured radial n,—distributions. For vg* and D,

quite similar values as for the heavier impurity species are found.

[II.7 Determination of Convection Velocity

The rate equation for the particle densities nf yields only the entire flux density —lif
relative to the laboratory system. It iscomposed of two parts, the flux density due to
convection, and the flux density originating from diffusion relative to the mass velocity y(r)
of the plasma as a whole. To separate the two effects one needs a second equation.

In Chaper II an equation for '\70 -_\—7)1) was found which should permit a determination of
Do, at least in principle. We will assume a cylindrical plasma column. The Eq. (II. 57)

yields for the radial component of the mass velocity Uy the expression

oT

1 [3p 5 . 3 s
= —= 4V O kT T)-0 =2k > [—] +T
%0,r aplor {2815 ( —~2 s )-8 2 < (ng ot JCR s

on

s| 1
e ] cr i (m.54)
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Again we are faced with atomic physical problems :

1. The expression for [ 3T/ dtlcr contains the local productionrates [an./otlcr and [ 9Eint
/dtlcr , see Eq. (II. 88). The determination of these quantities requires the knowledge
of at least the ground state density nz,l of all chemical species “£” which contribute to
[dng/dtlcr and [aEint/ a¢ lcr in the radial region for which Eq. (IL. 5§4) is to be

evaluated.

2. The sum of all flux densities in radial direction, EI"; 1 (r), must be known. The
determination of this quantity relies in principle also on the knowledge of atomic data,
see Chapter II. 6.

3. Finally we must know the local power density Q for ohmic heating which depends on
the mean effective ion charge state Ze,«;c(r) at radial position r. Zeff(r) is a funection of
the nzll(r).

A precise knowledge of the relevant densities n,‘:’l(r), to be determined spectroscopically,
and of the radial n,, T-distributions should at least in principle allow the determination of
Uo‘r.
A particularly favourable situation arises for the stationary state. Then dp/dt=0 holds.
We apply the Egs. (IL. 87, 88) and the Eq. (Il. 54) becomes
1 5 o . . E™ | (I 55)
= —{V: —kT I')+Q+R —[— ’
%, » ap,arﬁ (%2 T+ QR —[—]o, }
The total ohmic power can be measured precisely, see Eq. {Il. 37). Using measured radial
ne, Te—distributions it is thus possible to determine an average value of Z.g from
JU
Y
eff a, (IL.56)
L I ‘Ql 2nrdr .

0 —
where £, is the calculated power density with Zgy=1. Assuming Z.g to be the same

Z

throughout the plasma, Q¢) in Eq. (K. 55) is known for any position r. The value of Zeff
thus determined can also be used for the calculation of the bremsstrahlung losses in the
expression for R. Thus, the crucial point is the determination of { dn./9tlcr and [ aEint/
ot lcr appearing in Eq. (IL. 55).

The calculation of [ dn./ dtlcr could be by-passed when one knows the local particle
confinement Ipe for the stationary state from independent measurements, since according
to BEq. (IL. 11.b) :

n

*p = [Bn /atlyp, (II.57)
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However, the determination of Tpe is based on this relation. It is thus not possible to avoid
the atomic physics problems in the determination of vg,  from the Eqs. (ll. 54, 55).

In Eq. (IL. 55) the terms on the r.h.s. have different values at different radii. It would
therefore be interesting to seek for situations in which a reversal of the sign of v, takes
place. It should be mentioned that Eqs. (IIl. 54, 55) contain the pinch effect, since the r.h.s.

depend on the “pinch force.”

IlI. 8 Radiation Losses

The power densities lost by radiation are given by the Eqs. (II. 77-81). Synchrotron
radiation can in almost all cases be neglected and it will probably play only a minor role in
D-T fusion reactors. For a D-D reactor however, which will work at much higher
temperature than a D-T reactor, energy losses due to synchrotron radiation may become a
serious problem.

Radiation losses (neglecting synchrotron radiation) have been calculated by many
authors. We give two examples. Figure 11 shows the calculated loss rates for the two
radial iron ion distributions of Figures 9.a and 9.b. Diffusion increases the radiation loss in
the central part of the plasma compared to the case without diffusion.

The Figure 12 shows the different contributions to the power loss per electron and per
iron atom as a function of T, under the assumption that the plasma is in the state of
coronal ionization-recombination (i.e., no diffusion) and that the coronal excitation model is
applicable. To obtain the radiation losses one has first to solve the coupled system of rate
equations which gives the particle densities in the ground level, 1 These densities are
used to calculate the radiation losses. In the limit of coronal excitation, the expression for
the power loss due to bound-bound radiation is particularly simple, since all collisionally
excited electrons return to the ground level via spontaneous de-excitations. Details of the

cascading back to the ground level need not be known.
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Figure 11. Power density Rp. lost by iron radiation for the radial iron ion distributions

given in Figures 9.c¢ and 9.5, after Ref. [16].
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II.9 Further Applications Using Atomic Species

There exist numerous other methods based on the application of atomic physics to
obtain information about the plasma state. Only very few shall be mentioned, since the

large variety of atomic processes would lead to a long list of application methods.

1. Application of charge exchage

The determination of the proton (ion) temperature is based on the measurement of the
energy spectrum of charge exchange neutrals leaving the hot core plasma. Charge
exchange can be due to intrinsic neutral hydrogen (deuterium) atoms or due to additionally
injected neutrals. In this latter case one can determine local proton temperatures. When
the neutral particle beam is chopped, an increased sensitivity is obtained.

Additional neutral beam-induced charge exchange with impurity species (leading to a
localized excitation of impurity species) can be used to measure locally the particle density
of the impurity species in different ion charge states “z”. By observing the Doppler width
and Doppler shift of the emitted “impurity lines” the ion temperature and the flux velocity
<w‘;>[s in the direction of the line of sight (Is) can be obtained. The movement is
essentially in toroidal direction ¢. Hence, by measuring <.w7> p in toroidal direction at
different radii one obtains in addition to the toroidal rotation velocities information about
<wi’>¢a <wf >, /dr which determines the vicious - shear stresses in toroidal direction.

When only a limited number of impurity ion species are present, charge exchange can
be applied to determine locally Zq.

Charge exchange has been applied to determine the neutral hydrogen density in the
outer part of the Alcator-C tokamak [20].

2. Application of the ratio of spectral line intensities

The measurement of the ratio of spectral line intensities offers the possibility to
determine either the electron temperature, or the electron density, or the proton density or
temperature. The determination of one of these quantities depends on a suitable choice of
couples of spectral lines. In general, a collisional-radiative model is necessary for the
interpretation of the measurement and to extract the desired quantity.

Time-resolved electron temperatures have for instance been obtained from helium-like
titanium spectra emitted by plasmas of the JIPP-TII U tokamak [21]. For this purpose, a
collisional-radiative model was applied to compare the measured spectra with synthetic ones.
The electron density has been determined by using the spectral lines of Fe XXII at
1=114.41 4 and A=117.17 A, again by using a collisional-radiative model. The proton
temperature has been determined by using the intensity ratios of a forbidden to an allowed
line of Fe XXII[23] and FeXVIII[24]. The Figure 13 shows the sensitivity of the line
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intensity ratio with respect to the density as a function of temperature. To get reliable

values for the proton temperature a good knowledge of n, (=n.) is necessary.

( IN PHOTONS)
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1(974.88)71(93.924)

Fe Xviii

INTENSITY RATIO

—— Including Proton -lon Collisions -
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Figure 13. Intensity ratio of the forbidden (A=974.8 A) to the allowed line (A=93.44) of

Fe X V11, with and without proton-iron ion collisions. After Rel. [24]
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CHAPTER IV
Applications To Edge And Divertor Plasmas

IV.I1 Introduction

In this part, some atomic and in particular molecular physics problems shall be
discussed. There exists a huge amount of articles about the Physics of Plasma-Wall
Interactions. It is impossible to be exhaustive in this broad and extremely complicated field
within the present context. The reader will get a good impression concerning the diversity
and complexity of this field in consulting the book of Ref. [25]. The physics of atomic and
molecular collisions in the plasma boundary has been reviewed and summarized in Ref.
[26]. FEdge plasma diagnostics based on optical methods which make use of atomic and
molecular properties have extensively been described in Ref. [27]. Neutral particle
transport and plasma models for impurity control experiments have, respectively, been
treated in Refs. [28] and [29]. We will therefore be extremely short. Our main concern
will be the treatment of molecular physics in the edge plasma region, and in particular in
divertor plasmas. Molecular physics has not yet received the attention which it merits in
this particular field. The temperatures of a few ¢V in a plasma of high density surrounded
by a cold molecular gas lead to numerous molecular processes which influence this type of

plasma.

IV.2 Definition of Boundary and Scrape-Off Layers and Divertor Plasmas

In Chapter Il we defined the hot core plasma as that part of a toroidal plasma that
lies inside the magnetic separatrix. Figure 14 shows a poloidal cut (a) and a top view (b)
of a plasma in a toroidal machine. The scrape-off layer is that part of the plasma which
lies outside the separatrix and which is magnetically not confined to a closed volume. The
boundary of the (confined) plasma is thought to be represented by the outermost closed
magnetic surface, that is the magnetic separatrix. The boundary layer is situated in the
region of the separatrix. The scrape-off layer extends from the separatrix in radial

direction to the walls and forms the edge plasma.
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By a suitable tailoring of the magnetic field structure it is possible to guide a part of
the scrape-off layer to neutralizer or target plates (Figure 15) situated inside (e. g.
DOUBLET-II, PLX) or outside the main plasma chamber (DITE, ASDEX). The plasma in
he scrape-off layer flows along the magnetic field lines onto the target plates where it is

neutralized. A cold divertor plasma of temperature T, = 5 to 20 ¢V is formed in front of

the target plates. When the target plates are placed in a “closed” divertor chamber, neutral
gas at relative high pressure surrounds the divertor plasma and a strong recycling in the
region of the target plates takes place. It is this low-temperature high-density recycling
divertor plasma which is capable of radiating off huge amounts of energy taken from the

thermal energy content of the instreaming scrape-off plasma. The strongly recycling

divertor plasma acts partly as an “energy traansformer” which transforms thermal energy in

radiation energy.

Divertor Chamber
Target Plate
Divertor Piasma
Divertor Throat
Multipole Coil

Main Plasma
Chamber

Scrape-off
Layer

Plasma

Figure 15. Magnetic divertor configuration of the ASDEX tokamak, after Ref. [32].
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IV.3 Formation of the Scrape-off Layer

The edge plasma formation in the scrape-off layer in front of the wall of the main
plasma chamber is due to diffusion,dissociation, ionization, récombination and charge
transfer processes. It is not yet clear how molecular processes contribute to the edge plasma
formation far away from carbon walls or carbon limiters. In order to simplify the physical
situation we will consider a part of the scrape-off layer which is situated far away from
any limiter or any target plate. We will assume that the plasma faces a metallic wall so
that hydrocarbon molecules need not to be considered.

Figure 16 shows the physical processes. The two constituents of the main plasma,
protons and electrons, cross the separatriz and enter the scrape-off layer. One part flows
along the field lines and ends somewhere on a limiter or target plate (parallel component).
The other part diffuses perpendicular to the magnetic field lines and hits the walls where

the ion-electron pairs are neutralized (perpendicular component).

main plasma

Ht e~
_—— = — — — — — —separatrix
- —p —
I'i, Iy < X B
) scrape-off
—> > —> lager

r{, r;y  ars

Figure 16. Diffusion fluxesin the scrape-off layer
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On the wall, numerous processes occur:

© the incoming H+ —e™ pair can be reflected as a neutral atom HO.

@ the incoming H+ —e¢™ pair can have the chance to encounter on the wall an adsorbed
HO atom. The formation of an Hg0 molecule is then possible according to the reaction
HO+ HO+ M—>H90+ M, where M carries off the reaction energy of 4.45 ¢V. M can be

a wall atom or the metal grid as a whole.

9@ the incoming H+ —e¢™ pair is neutralized and adsorbed, migrates as HO on the wall
until it finds another atom HO to form H90 which leaves the wall as a molecule with
the wall temperature.

® the incoming H* —e™ pair is absorbed as a neutral atom, and reappears much later
as a thermal molecule (retarded desorption).

® In the presence of oxygen, many H,.—O, reactions are possible.

For reasons of simplicity we will assume that the neutrals enter the edge plasma as
atoms with some mean velocity <w0>; and will keep this velocity until they are ionized
and become bound to the magnetic field as H+ —e™ pairs. We will neglect charge exchange
processes which do not change the ion-neutral composition, they only influence the velocity
distributions of ions and neutrals. (This effect is treated by solving the Boltzmann collision
equation (II.7). The ion-electron pairs have a parallel and perpendicular flux vector, re

[
and Pf Then the rate equations for the atoms and electrons write

0
N an an® (IV.1.0)
O 0> L || _ 0.0 -L.a
v =<w; >, x| cr=— "S5
(V.1.b)

on
— _-—) Ae - - _ .__E
v P"_vu Ii+9, r‘i_[ -

Electron-ion recombination has been neglected in the collisional-radiative terms. This

_ 0.0
cr=1T 1.8

approximation is permitted, since the formation of neutrals in the scrape-off layer is a rare
event. Also excited neutral atoms have been omitted. (Their density can represent several

per cent of the total neutral density). For the electron flux vectors we have

E(T +T )11

I'i:n <w >, =n [___e_-!-. (IV.2.a)

e e | e m

+
/ 1 ane (V.2.6)

Ii:ne<we>l = nekvo,J.'*'D_L — _a_x_)
e
where
c =[’:‘.“EZ§]W (V 2.)
8 m

+
is the ion acoustic speed. On the r. h.s. of Eq. (IV.2.b) we made use of Eq. (. 51).

Eq. (IV.1.a) can formally be solved ; we obtain
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0
0 <w1>J_

where n(l)(O) is the density at the wall. n.(x) is determined by Egs. (IV.7) or (IV.8) which

28%) n @) .
nJ@=n0) exp{— [ M dx] (V.3)

depend on nfl) (x). The two equations must simultaneously be solved to obtain n?(x) and
ne (x).

One can define an attenuation length A? for the neutrals, which is that length =19 for
which n(x) has decreased to n? (0)e :

==t 0 0 (IV 4)
J 81 n @)/ <w;> ) dx=1

0 -
We will define a mean value A? by assumming a mean electron density n. and a mean

electron temperature —i, in the edge plasma. From Eq. (IV.4) :
so_ <wl> | (V.5)
-S-(l) ;e
where 5‘1) is the ionization coefficient for T'e and n,.
For neutral hydrogen atoms leaving the walls with a kinetic energy of 2.5 eV
(<w;>; = 2X104m/s) and entering the edge plasma of mean temperature Te=7eV and
mean electron density 7,=1X1013¢cm—3, the attenuation length is A%= 88¢em. Thus, the
neutral atoms diffuse deeply into the scrape-off layer and even into the main plasma.
To find the distribution of the electron density across the scrape-off layer we put
-,gﬂ '??= :_:_ (IV.6)

where g, is a longitudinal confinement time.

main plasma
T (r=0)

AT AR TR AT T T R
wall

@) a

Figure 17. Qualitative representation of the temperature

and density distributions in the edge plasma.
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The Eq. (IV.1.5) then gives, with I‘i substituted by the expression (IV.2.5):

on n
d e| 0.0 _e (V.7)
ol L Y '5;}"'%’31 1“:‘1'

where "(1) (x) is determined by Eq. (IV.3). An analytic solution is only possible when further
approximations are made. We assume that the perpendicular convective velocity
vo1 is negligible (which will close to the wall surely be a good hypothesis). We further

assume that D, is constant across the scrape-off layer. Then Eq. (IV.7) becomes

1 azne 1

(IV.8)

=

n, a’ D 1Y
The term Sg(x)ng(x) first increases when one proceeds from the wall into the scrape-off

0.0
a -—Slnlrﬂ)

layer (because of the temperature increase which increases Sf) . Deep in the scrape-off

layer, Sf (x)n?(x) decreases (because "'(1) is decreasing whereas S? (x) changes only little at
. . =00

high temperatures). We will assume some mean value S(l) n,;. Then the Eq. (IV.8) yields

the solution
=0=0
1- S1 n 1 l‘u ]112

~(a-x)

n (x)=n (a) e Lt (V.9)
where n.(a) is the electron density at the separatrix situated at x=a. Figure 17 gives a
qualitative representation of the density and temperature distributions. To obtain T(x) one
has to solve the energy equation.

In the scrape-off layer, theion temperature is often found to be higher than the electron
temperature, in particular when high concentrations of impurity species are present. This
feature has its origin in the strong radiation and ionization of the impurity atoms and ions,
which takes its energy from the thermal energy content of the electrons, see Eq.(11.88).
Owing to the low temperatures the equipartitioning of the thermal energies of electrons and
ions is slow, so that the ion temperature stays above the electron temperature. Also a
high thermal conductivity can be the reason that the electron temperature is lower than the

ion temperature.

IV.4 Recycling Coefficient

The proton-electron flux (I"y*=I"; *) onto the walls returns partly back to the plasma as
a neutral particle flux (I"}9). In Chapter 1.5 we have defined a recycling coefficient R by
N
= - - =
}r -ds=_Rfr .dS=—R =% (V.10
O,R e T
p.e
R is a quantity which averages out all poloidal and toroidal variations of the back

streaming neutral particle fluxes. R is an average value for the whole inner wall. The
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local value of R can be determined spectroscopically by measuring for instance the radial

distribution of H, or Hp in the edge plasma region close to the walls. R is also a function

of time. It is even conceivable that R changes after some time from values R<1 to R>1

by a release of huge amounts of gas which has been accumulated during precedent

discharges. Measurements of local R-values are important for a better understanding of

plasma-wall interaction.

From the Egs. (Il. 38.a, 38.c, 40, 42) follows that R can be expressed by the total

volume ionization rate [aN,/dtlcg and the mean confinement time :

R-L'+4’o,o=['a%e']czz'*'%(2 w1
T e
N, is the total number of electrons, Ny the one of neutral atoms in the main plasma. This
equation also shows that the inwardly directed neutral particle flux is the source for the

ionization processes.

IV.5 Properties of Diverted Plasmas

Divertor experiments, without direct “plasma-limiter contact” —have shown [32, 33, 39]
that the impurity concentration of metallic species, and also of carbon, is strongly reduced
followed by a noticeable decrease of the radiation loss from the main plasma. The reduction
of the impurity concentrations is mainly due to reduced “plasma-limiter interaction”. In the
case of a limiter discharge, the main plasma is in direct contact with the limiter surface;
and also that partof the scrape-off layer which is very close to the separatrix intensely
reacts with the limiter surface (see Figure 14) leading to metallic sputtering and limiter
erosion. The metallic atoms (and/or carbon a.oms) have a high probability to enter into
the main plasma, because there is no or only a very thin scrape-off layer plasma between
the location of the impurity source (limiter surface) and the main plasma [34].

In a diverted discharge —without “main plasma-limiter contact”— this source of
impurity production does not exist. Only the much less violent “edge plasma-chamber wall
interaction” takes place producing less impurity atoms.

Somewhere must the scrape-off layer come into contact with material walls. This
contact takes place on the divertor target plates, many attenuation lengths 1%(see Eq. IV.5)
away from the main plasma. Owing to the relative low temperature in the scrape-off layer
this “plasma-target interaction” is also less violent than the interaction with the limiter.

Measurements have further shown [32, 35— 39) that there is a non-linear increase of the
electron density in the divertor plasma with mean electron density 7, of the main plasma.
Also the neutral gas pressure (Hg molecules) increases non-linearly with n,. For instance,

far away from the divertor target plates a hydrogen molecule density of nH2=3><1013 cm™?
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was measured in the ASDEX divertor chamber for 7,=~6X1013cm™® in the main plasma
[36]. The mean electron density in the divertor plasma was of same magnitude as Ti,.

The non-linear increase of the divertor densities with n, of the main plasma is
accompanied by a non-linear increase of radiation from the divertor plasma.

Additional neutral beam heating (at relatively modest level) of diverted ASDEX
discharges [38, 40] did not lead to a noticeable increase of the plasma temperature
(T,=~10eV) near the target plates.

All experiments with diverted discharges have shown that the temperature of the
divertor plasma strongly decreases with increasing n, in the main plasma [32, 35, 38 —40].

These features are indications that the divertor plasma is submitted to strong recycling
within the divertor chamber {32, 38,40—42].

IV.6 Molecules in Recycling Divertor Plasmas

The fact that the divertor plasma which is attached to the target plates is surrounded
by a molecular gas at relative high pressure leads to high densities of the particle fluxes
and intense recycling on the target plates. The conditions are such that molecules could
play an important role in the divertor plasma, in particular at its periphery. In the outer
shell of the divertor plasma, the plasma properties are very likely entirely determined by
molecular properties.

Figure 18 shows the level system of atomic hydrogen with the most important
transitions : electronic excitation followed by spantaneous de-excitation, and electronic
ionization followed by radiative recombination are the main processes which transfer
thermal energy to internal energy which is then lost in the form of radiation.

In Figure 19, some potential energy curves for the H2 molecule, H; and H: +molecular
ions are shown, with the same energy scale as for the H-atom in Fig. 18. The many
vibrational and rotational levels belonging to each electronic state are not shown. The Hg
molecule as a homo-nuclear linear top molecule has no permanent electric dipole momont.
Therefore radiative transitions take only place when the molecule changes its electronic
state (respecting the selection rules). However, for each electronic transition many rotation-
vibration transitions take place (rotational and vibrational electronic bands). They
represent additional radiation loss channels, thus leading to a decrease of plasma

temperature.
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The plasma electrons lose energy also in exciting the molecule to repulsive energy
curves followed by dissociation. One part of this thermal electron energy is used for
dissociation, the other part is used to form “Frank-Condon atoms”. These atoms have
kinetic energies which lie mainly in the range of 2.5—4 eV/atom : excitation to 9—12eV,
minus dissociation energy of 4.4 eV, divided by two, to give each atom the samz energy.

At temperatures of § to 10eV and particle densities of the order of 1013 to 1014em—-3,
the transport of internal energy could eventually play a certain role in the energy transport
(contribution from V-(Eintifo +.éin¢) in Eq. (II.61). The transport capability of internal
energy depends on the energy which can be stocked in form of internal energy in the
excited levels and as dissociation and ionization energy. The number of quantum states
which are thermodynamically occupied in the state of (local) thermodynamic equilibrium
(L.T.E.) is given by the (internal) partition function. Although the divertor plasma is far
away from an L. T.E. state, the internal partition function can be an indication for heat
removal capability. The internal partition functions of the Hg-molecule and of the H-atom
are shown in Figure 20 as a function of temperature. For the hydrogen atom, three
different cut-off principal quantum numbers n=i* have been chosen. For n,=5X1013¢cm-3,
i'=18. It can be seen that the Hg molecule has a far larger internal partition function
than the H-atom. Whether molecules play actually a role or not depends on the density
ratio nﬁglnﬁq

It is difficult to avoid oxygen in tokamak plasmas. Oxygen, and eventually nitrogen,
could in divertor plasmas be the “stars” for energy removal. The potential energy curves
for Og , O; and O; are shown in Figures 21 and 22. The particular electronic structure of
the 00 —atom yields a greater diversity of the electronic states of the Og —molecule. The
Hs* —molecule is only stable in the electronic ground state. No stable electronically excited
states of H, have been found. The situation is different for 0; which forms many stable
energy potential curves with a deep minimum leading to a large number of vibrational and
rotational states and which are potential radiators.

The Og and O; molecules have also excellent capabilities for conducting huge amounts
of internal energy. The same is valid for Nzoand N2+ . Figure 23 shows their internal
partition functions.

The formation of oxygen and nitrogen ions of higher plasma temperatures still ensures
removal of energy by radiation (and probably to a much lesser extent by conduction of
internal energy) under conditions for which hydrogen does not further contribate to the

energy removal because it is completely ionized.
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IV. 7 Collisional-Radiative Models for Molecules

All these considerations are rather qualitative. Unfortunately, not much can be said
quantitatively about the role the molecules and molecular ions play in divertor plasmas.
Only for L.T.E. plasmas is their influence known.

To describe the effect of molecules and molecular ions in divertor plasmas quantitatively,
a collisional-radiative model is necessary which couples electrons, molecules, atoms,
molecular ions and atomic ions. To ensure some consistency of such a model it is
indispensable to consider both forward and backward reactions. This permits to study
ionizing, stationary and recombining plasmas and to investigate the conditions for
approaching local thermodynamic equilibrium.

We will consider a homo-nuclear diatomic molecule, symbolically designated by As.
Then the following reactions should be included in the model (nvJ designate electronic ro-
vibrational states, i and j electronic states) :

@ Electron-impact dissociation and atom recombination :

A2(an)+e" SAQ)+A@D ‘e

Ay (wd)+e” SAT()+AWD+2e”
Electron-impact ionization and 3-body recombination :

A (nvd)+e” SA2+ (Rvd)+2e™
Al)+e” SAT ()+2e
Electron-impact ionization with dissociation :

Az(an)+e" -->A2+ (kvd)+2e~

repulsive

AT ()+AQ)

A v +e” > AT @+AT ()+3e7)
Charge exchange :

A+AT s AT +A
+ +
A2+A = A2 +A

+ +
A +A7T S AT +A,

Radiative recombination and photoionization :

At +e s A+hv
A;+e" s Ay+hy
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Dissociative recombination :
+, -
A2 +e” > A+A
Atomic recombination and dissociation :

At +A+A s A;+A

A+A+A 5 A +A

The reactions should as far as possible be specified by their quantum state. In addition to
these reactions which link molecular species to atomic species (and their ions), the most
important reactions within A,, A,, A and A+ have to be taken into account, that is :
electronic excitation and de-excitation of electronic and ro-vibrational levels, and
spontaneous de-excitations and eventual reabsorption from the ground level. When A2-+-
ions can be formed, the corresponding reactions must also beincluded in the model.

The presence of carbon and oxygen in a hydrogen plasma leads to numerous moléecular
associations, e. g. CyHy, OH, CO, CO,, --and their ions. The spatial distributions of metal
impurities in such an environment is strongly influenced by charge transfer reactions in
which the excited atomic and molecular species play an important role.

The great variety of reactions excludes edge plasma models in which all or too many
reactions are taken into account. An important task is therefore the identification of the
most prominant reaction processes, assuming that they dominate the edge plasma
properties. To test simplified edge plasma models, independent collisional-radiative model
calculations with a larger number of reaction processes should be performed.

Whether such collisional-radiative calculations can be performed, or not, depends on the
availability of the relevant atomic and molecular data and/or rate coefficients for electron

and heavy particle velocity distributions which are characteristic for edge plasmas.

— 80—



IV.8 Atomic And Molecular Data for Edge Plasmas

Reliable model calculations for the edge plasma require a minimum set of atomic and
molecular data for the prominent atomic and molecular species and their ions. The
presence of molecules and molecular ions considerably complicates the situation, since the
ro-vibrational levels play an important role in the excitation, dissociation and ionization of
electronic states. The existence of the molecular ion Hg srems to have a direct influence of
the formation of H ions.

Non-Franck-Condon populations have been observed for the alA, and blZ; states of the
O2 molecule [46]. The probable reason of this phenomenon is the existence of the
intermediate resonance state 2mg of the Oz molecular ion which dominates the excitation of
the Og molecular levels. According to Refs.[46,47] the following electronic states of Og
should be affected by intermediate Og states: X°Zg, a'Ag, b‘E;, AT A®A, T'2g, BDg 5}
and 'A,. The three lowest states have excitation energies around 6eV which corresponds to
the temperature in the edge plasma close to the walls and in the divertor plasma close to
the target plates.

This example shows that one has to be careful in the application of the presently known
molecular data. The reader finds a discussion of the data requirements for fusion plasma
edge studies in Ref. [48] with a review of the available data base of atomic and molecular
data. Only for the Hy molecule and the Hy molecular ion is the data base relatively well
established. But even for this molecule data are missing which permit to treat the
collisional-radiative coupling of the molecular with the atomic states. This coupling process
determines for instance the photon emission rate of Hy and Hp which is used as a diagnostic
tool. .

The known cross-sections (together with the rate coefficients) involving atomic and
molecular hydrogen and their ions (H*, H7 H;, H; H;) and helium and its ions have been
compiled in Refs.[49-51]. A data compilation for the O, moleculeis given in Ref. [62]. As
for hydlogen, important cross-sections are not yet known and which are necessary to couple

the molecular to the atomic states.
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APPENDIX

The mean value <@ (7 £) > for any arbitrary function @ (@, 7, ¢) is given by

+ o
1 .
<QE B)>=—— ] [ ]Q @) f@, 7, ) d°w
n(r,?) J
The derivatives are calculated as follows:
+0 +o
o ¥ _i”[ e oy dPw=
[_LJQ(w) Py dPw= P Q w)f(w,r,t)d w—at h<@>)

The divergence of the velocity moment of Q(ﬁ})) is obtained as follows :
400 + o

J”Q(Zy)ﬁ-‘?fd"wﬁ-]IJQ(?»)Bf(&S,*r,t)d“wﬁ-(n<Q£{;>)

-0 -— 00

The integral involving the force F yields with an integration by parts over W

+o +o
[HQ@)F(?’,&)-‘V?wfdsquF t:—]”f%w-(ﬁ’md" =-n<¥ -FQ>

-2 - 5 =
=-n< ¥, PR>-n<F-V Q>

because of f=0 for w= =,

For magnetic forces : .V)w-l?’=0
2 >
For Q(w)=w : <}-wa>=<l_?‘>
Y
For Q (w)=ww :<F-$wwﬁ> =2<Fid>
d ad a3
{75w is the gradient operator with respect to @ : — 2 ———?, —F.

Jw ow w
x y z
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