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Abstract

The polarization of emission lines from a plasma carries information about the anisotropic veloc-
ity distribution of electrons in the plasma, and thus polarization spectroscopy can give information
that is inaccessible by other methods. We have developed a comprehensive population-alignment
collisional-radiative (PACR) model code for helium-like carbon CV ions. This code is intended
to correlate quantitatively the observed polarization of emission lines from the ions in a plasma
with the anisotropy of the electron velocity distribution function. Specifically, the longitudinal
alignment of CV triplet emission lines for the (1s25%S; — 1s2p™P ) transitions are studied by
this PACR model. The predominant process which produces alignment in the 1s2p 3P; 5 levels is
the alignment production from the ground state, 1s2!S; and from the metastable level, 152538,
The alignment-production fluxes from these levels are in the opposite directions in the tempera-
ture range of practical interest, depending on the electron density n.. When ne > 105 m=3, the
alignment-production flux from the metastable level is larger than that from the ground state.
-An anisotropic electron velocity distribution function that has higher values in the axial (toroidal)
direction than in the radial (poloidal) direction produces negative longitudinal alignment of the
emission lines, i.e., higher intensity of the linear polarized component in the radial direction than

that in the axial direction.

PACS numbers: 52.25.Tx, 52.70.Kz, 32.70.-n
Keywords: CV ion, line emission, polarization, longitudinal alignment, anisotropic electron velocity distri-

bution, population alignment collisional radiative model
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I. INTRODUCTION

In plasma spectroscopy a thermal or Maxwellian distribution is implicitly assumed for
electron velocities, and we use the concept of electron temperature T, to quantify the physical
state of the electrons. In actual plasmas, however, the electron distribution function may
deviate from the Maxwell distribution. It can even be anisotropic.

Collisional excitations by electrons having an anisotropic velocity distribution produce
alignments in ions (by “ions” we include atoms, too) in excited levels. The emission lines
from such aligned levels are polarized. For example, the observed polarization of the emis-
sion line in the sheath region of a high-frequency rf discharge is due to the fast electrons
accelerated by the electric field{l]. Thus, the polarization of emission lines has a possibil-
ity of providing information about the anisotropic characteristics of a plasma, which are
inaccessible by any other method. It has been reported that emission lines can be polar-
ized in laboratory plasmas such as the positive column of de discharges[2], high-frequency
rf discharges[1], laser produced plasmas[3-6] and magnetically confined plasmas [7]. This
is the reason why the polarization of emission lines from ions in plasmas has created much
attention recently.

For magnetically confined plasmas like those of tokamaks, the electrons are confined by
a magnetic field, and the various wave—heatings, such as the electron cyclotron resonance
heating (ECRH) and the lower-hybrid current drive (LHCDY, act upon a part of the electron
velocity distribution function (EVDF). In these circumstances, the EVDF can be perturbed
strongly and can be anisotropic. Actually, in the Alcator device, the non-thermal spectrum
of Thomson scattering is interpreted as due to a velocity distribution which has an electron
beam component superimposed upon the thermal bulk-electron component 8, 9]. In the
WT-3 plasma the anisotropic distribution function of fast electrons is estimated from hard
X-ray spectrum measurements [10]. The electron energy distribution function (EEDF) is
measured in low pressure rf discharges and in transformer coupled discharges by means of
Langmuir probes [11-14]. It is shown that the EEDFs can be divided into two parts, into
a cold “bulk” part and into a much hotter and less dense “tail” part. This feature of tﬁe
EEDF is understood to result from stochastic electron heating on the oscillating plasma-
sheath boundary. The emission from such an rf plasma may be polarized.

The anisotropic EVDF and the polarization of emission lines from ions in plasma can be



correlated quantitatively. We consider an ensemble of ions. We assume that level p, excited
or the ground state, has the total angular momentum J. Let the magnetic sublevel of this
level be specified by M, the magnetic quantum number. The ensemble of ions in level p is
characterized by a density matrix p with the matrix elements < JM'|p|JM >. The deﬁsity
operator in the |JM > representation is written in the form,

plp) = > < IM'|plIM > |IM' >< JM|. (1)

M'M

An alternative equivalent description is in terms of state multipoles. The density operator
is expanded in terms of the irreducible tensor operators:

pp) = D < T(Nke > T(U)ko, (2)

JKQ

where < T(J )}{Q > is the state multipole or the statistical tensor [15, 16] and is defined as,

. J J K
<T(Nyo> = D (-1)7™MeK+12 ¢ < IM'|p|JM >, (3)
MM M -M -Q
where {} is the 6-j symbol. If an axially symmetric system is assumed, all components with

(@ # 0 vanish. Equation (2) then reduces to,
pp) = Y < TNk > T(Iko- (4)
JK

This is the case for magnetically confined plasmas, since the electron cyclotron motion
around the magnetic fields smoothes out any non-axial asymmetry created in the ensemble

of ions. We write

a(p) =< T(J)} > ()
to denote alignment and we adopt
n(p) = V20, + 1 < T())} > (6)

for population in accordance with the conventional definition.

An electric-dipole transition without a change in the magnetic quantum numbers Am; =
M fyper — Midine, = 0 giVes rise to emission of the light polarized parallel to the quantization
axis, or the z-axis; this is called the # light; transitions with Am; = +1 and —1, produce

o* and o~ light, respectively. The angular distribution of the intensity of the polarized
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component is proportional to sin’# for the 7 light and to (1 — 2sin®6) for the o* and
o~ light, where & is the polar angle between the field direction and the viewing direction.
When the magnetic field B points towards the observer (longitudinal) , one observes only
the two o components, and the = component is not observed. In such a case ¢t is the
“violet” g-component and left-circularly polarized ,and ¢~ is the “red” o-component and
right circularly polarized[17, 18|. If we observe the radiation from the direction perpendicular
to the z-axis, i.e. 8 = 90°, [I. is the intensity of the m light and I, = %L,J, + %Io— is the
intensity of the & light, which is polarized perpendicularly to the z-axis. The ”true” intensity
or the photon number of the emission line fy = (2/3)}(I. + 21,) from an upper level p to

lower level s is proportional to the upper level population n(p),
1
Iy = —— A 7
4] 47T£2n(p) (pl S)) ‘ ( )
where [ is the distance from the emitting ions to the detector and A(p, s) is the Einstein

A coeflicient. Instead of the polarization degree P = (I, — I,)/{I, + I,), we employ the

longitudinal alignment
_IL,—-I, 2P ()
I +21, 3-P

This quantity is directly proportional to the ratio of the alignment a(p) to the population

L

n{p), as given by

AL(T"S)=(—1)JP+J’\/g(2jp+1) ip ipj % (9)

The spatially anisotropic collisional excitation by electrons having an anisotropic velocity
distribution can create alignment. This fact means that, in addition to the intensity of a
line, we can use its polarization as another source of information for the purpose of inter-
preting the characteristics of the plasma. The theoretical framework of the kinetic model,
which relates the ohserved polarization to the anisotropic velocity distribution is called the
population-alignment collisional-radiative (PACR) model and is described in ref. [19]. The
implementation of the PACR model for beryllium-like oxygen (OV) is reported in ref. [20].
Within this framework, in the present study, we have constructed a code based on the
PACR model for helium-like carbon (CV) for the purpose of interpreting the experimental
observations [7] in terms of the anisotropic electron velocity distributipn in the plasma.
For helium-like carbon ions the triplet lines (C V: 1s2s *S;—1s2p 3Pp; ») are often em-

ploved in plasma diagnostics since these lines have relatively high intensities and are situated
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in the ultraviolet-visible region, convenient for observation. It was reported that the inten-
sity ratio between the m and ¢ components of J = 1 — 2 transition changed during the
discharge time {7]. This means that the ensemble in the upper levels of the exited ions was

aligned and the anisotropy of the electron velocity distribution changed with time.

II. CROSS SECTIONS AND RATE COEFFICIENTS

The seventeen levels belonging to the 1s?,1s2s,152p,153s,1s3p and 1s3d configurations of
CV are included in the present PACR model. Figure 1 shows the relevant part of the
energy level diagram. The numbers from I to 17 are used to specify these levels. The
level-assignments are tabulated in Table L.

For excitation and de-excitaiion between the levels a.f «+ o'J or r — p, where o stands
for the relevant quantum numbers for the level, the basic cross section data are the cross
sections Qq s« Jm from a magnetic sublevel o' J'M’ to a magnetic sublevel «JM. The cross
sections Qqupargoame are calculated in the relativistic distorted wave (RDW) approximation
[21-24]. The cross section data were calculated from threshold to 3000 eV collision energy.

The R-matrix method [25-29] has also been used to produce cross section data from the
ground state 1, 1s?'Sg, to levels 4, 5, 6, 1s2p3Py, states, and from level 2, 1s2s 38, to
levels 4, 3, 6, lé2p3P6,1,2 states.  The R-matrix calculation included the lowest 17 levels of
the He-like ion, corresponding to the eleven n < 3 terms, exaétly the same levels treated‘
in this PACR model. The orbitals of the He-like ion target were represented by Slater-type
radial orbitals: the 1s from Clementi and Roetti [30] and the 2s,2p,3s,3p,3d orbitals by
minimizing the respective target state energies using the CIV3 program {31]. The Breit-
Pauli R-matrix program [27] was used with thirty continuum terms per channel, to obtain
fine-structure collision strengths and T-matrices, the latter being used as input to obtain
scattering amplitudes for the magnetic quantum numbers [28]. Since the R-matrix target ion
basis included only physical orbitals, the resonances as calculated represent real structure
in the scattering cross section.

The cross sections employed in the PACR model are those involving the population and

the alignment, denoted by @ '(r,p)[19]. For excitation or deexcitation of av.J « o/ J'(a] #



o J') or 7 — p(r # p) these cross sections are defined by the formulasf19],

0’(r,p) = (2 +1)7 Z Qasrorymr (10}
MM
P(rp) = QI+ 1T Y (1) < JIM — M|20 > Qassrarra (11)
' MAM?
C(rp) = D ()M < JIM - M'120> Y Qasrrarrar (12)
M M
2(rp) = D (—1)TFIEMEM o JIM ~ M[20 >< J' M — M'120 > Qo at,rsme(13)
MM’

where < JJM — M|kq > is the Clebsch-Gordan coefficient. For the cross sections where

both & and k" are equal t0 2, g can be 0, 1 and 2. For ¢ = 1 and ¢ = 2 we have,

QF(rp) = D _(-1YHITMM < JIM(q— M)|2g >< I M' (g - M)|2g > (14)

MY

«2m f < aM|S.|a M >< ad(M — g))Sc|o’ J(M' — q) >* bdb.

Here S, is the collision matrix referred to the collision axis, and b is the collision parameter.
The coherence transfer cross sections, @22 and @22, cannot be expreésed in terms of the
magnetic-sublevel-to-magnetic-sublevel cross sections, Qu 7m0 ar. In the present model we
neglected these coherence transfer cross sections.

The cross section Q¥(r,p) in Eq. (10) is the cross section from level r to level p; this
is nothing but the conventional excitation or deexcitation cross section. Q3°(r,p) is the
alignment production cross section of level p from the population of level r, and Q2?(r, p) is
the alignment transfer cross section.

The cross sections used in the model are plotted in Figs. 2—52. The cross sections
represented in Figs. 2—45 are calculated by means of the RDW method. The cross sections
related to alignment Q2°, Q9% and Q3 may take negative values. The excitation and de-
excitation cross sections Q3" are related by the principle of detailed balance given by the
Klein-Rosseland relationship. The cross section for de-excitation p — 7 is given as

(24, +1) B g

@, +1) B0 B E) 13)

Q’(p,r; B") =

where the incoming electron energy E” in de-excitation is equal to E' — AE | i.e. to the
incoming electron energy for excitation minus the threshold energy. If we assume a rectilinear

path for the perturbers (i.e. for the scattering electrons), the principle of detailed balance



holds for each pair of the magnetic-sublevel-to-magnetic-sublevel cross sections Qoya,aty e .
and Qu s asn, and Q2%(r,p) is related to Qf*(r,p). However since we use RDW and
R matrix cross sections, it is not the case for electron collisions. The de-excitation cross
sections Qu/pmv asm are also independently obtained and shown in Figs. 24—45 .

In Figs. 46—51 the excitation cross sections @Y’ and the alignment production cross
sections Q2° calculated by the R-matrix method are plotted. The resonance structures
can be clearly seen. The cross sections obtained by the RDW method are reprodu(:ed for
comparison. In Figs. 49—51, the alignment production cross sections QF" calculated by the
R-matrix method change sign at 16 eV, while the Q2° cross sections calculated by the RDW
method change sign at around 70 eV. '

In order to include the cross section data into the PACR model, both the RDW and R-
matrix cross sections were interpolated with cubic spline curves. Many resonances which are
prominent in the R-matrix cross sections were included as they are. R-matrix cross section
data were smoothly extrapolated with the shifted RDW cross sections over the electron
collision energy .above 400 eV for level 1 to levels 4, 5, 6, 1!Sq — 2°Py, 2 transitions, and
above 100 eV for level 2 to levels 4, 5, 6, 25S; — 2°Pg; » transitions. Figure 52 shows an
example of comparisons of the extrapolated R-matrix cross sections with the RDW cross
sections, QY and Q3°, for 1-6 and 2-6 transitions.

The EVDF is expressed as f(v,#), which satisfies the normalization condition,
[f f(v,6)v sinfdvdf = 1. Note that axial symmetry is assumed around the z-axis, the
quantization axis. We take the quantization axis in the magnetic field direction.

The EVDF is expanded in terms of Legendre polynomials,

F.0) = fx(v)Py(cosb) (16)
with _ |
Frelv) = (21{2_+1) f [(,0) Pye(cos8) sin 6 d6. (17)

Only K= (even) terms are considered, since we cannot distinguish between cos @ and cos(—8)
components in the actual observation.

Three anisotropic EVDF models are considered in thé present PACR model. In the first
model a part of the electrons is described by the isotropic Maxwell velocity distribution,
and another part has a shifted Maxwell distribution centered at a high velocity V, along

the quantization z axis. We call this model the thermal-bulk-with-beam type. This is an
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example of the anisotropic EVDF in which a beam component is superimposed on the bulk
electrons having an isotropic distribution [8, 9]. These two parts are called the thermal,

fa{v,8), and beam, fi,7(v,§), components, respectively,
f(v,8) = funlv,0) + fo(v,6) (18a)

1 m 3/2 m
=2 - 2
fale,8) = or1 5(2“3%1) exp( QkBTmhv) (18b)

folv,8) = 2m—2 m_\¥ T (v - 20V, cos8+V2) b, (18¢)
b(v,8) = F1+5 kT exp T v vV, cos ol 2 C

where m is the electron mass, kg is the Boltzmann constant, § is the ratio of the electron

number densities between the beam and thermal-bulk components. This EVDF corresponds
to a model with some run-away electrons in the plasma [9]. The Legendre expansion coeffi-
cients of the bulk-with-beam type EVDF, fov® and f21?, are plotted in Fig. 52 for various
d values with the parameters Toy, = T,= 250 eV and V, = 1.87 x 107 m/s.

The second model-distribution is similar to the first one in that it has high velocity com-
ponent, but in this case, the direction of displacement is perpendicular to the quantization
axis. The total electron distribution f(v,8) is described as the sum of a thermal-bulk com-
ponent having an ordinary Maxwell distribution, fi(v, ), and a ring shaped high velocity
component; this distribution is called the “Saturn type”. The ring distribution f,(v,#) is
displaced by Vi

fi(v,8) = 2x

) m 2 .
— —9 2
: 5A,exp{ T (v vV sind + V,)}, (19)
where A, is the normalization factor;

1 kT \ *° mv?2 kT m
2 _ % 9
T ( - ) exp gl + = Vi {1 + Exf 2kBTHV} (20)

obtained by the integration; [ff,(v,8)v?sinédvdd = &/(1 + 6).

The third model-function is described by two temperatures which are different in the

axial and radial directions as in a tokamak plasma, for example. We call these temperatures

the toroidal and poloidal temperatures, T, and T, respectively.

3/2 1/2
m 1 mV,
_ _ 21
f,6) = 2= (zka) (TgT,,) exp ( szTt) * (21)
oxn ] 2 sin? @ N cos? f _ 2uV, cosé
U2\, "7 T J
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When a plasma is produced by ECRH in a magnetic fleld, the electron temperature and the
electron density may reach several keV to hundred keV and 10'® and 10'" m~?, respectively.
In such a hot electron plasma, the anisotropy of EVDFs (T, > T,) may induce not only
electrostatic instability, the Harris instability [32}, but also the electromagnetic instability,
-and whistler instability[33-35].

The excitation rate coefficients for a transition aJ ¢ o'J’, or 7 — p are defined in the
PACR. model [19] as,

) = [ QP p)2fa(u)e’ o (22a)
C2U(T,p) = /ng(r,p)gfg(v)v3 dv, : (22b)
C(r,p) = / Q)2 o) o, (22¢)

cP(rp) = [1084rp)+ QFrp) + QI hlo)e" dv
; / 205 () + QF(r.7) — 208 (r, Bl o(w)e? do

+ [ 16020, - 4020, + Pl hlon . (@220)

We calculated these rate coefficients from the cross sections given, in Figs. 2— 52, and from
the express for fy(v), fo{v) and fa(v) for the various EVDFs. As mentioned already, we
ignored the coherence transfer cross section Q#(¢g = 1and 2). The ionization rate coefficients

S{p) were calculated from the cross sections obtained by Professor Sampson’s group [36-39).

III. PACR MODEL

We assume an ionizing plasma. The temporal development of the population n{p) and the
alignment a(p) of level p is described by the PACR model rate equations [19]. We have two

sets of rate equations for the ensemble of ions. For the population we have a rate equation,

WP, 5 [, e+ A%(r,p)] ()

r#p

- HZ (1, p) +S(p)}nc+ZA°°(p,r)] n(p) (23)

T#p T#p

-+ C%(rp)nea(r)

r¥Ep
—C%(p, p)nea(p),
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and for the alignment we have,

da o
% = ;C‘ O(r, p)nen{r)

—C*(p, p)nen(p) (24)

+ Z [C%(r, p)n. + A% (r, p)] a(r)
T#p

- [C%(p.p)ne+ > A®(p,7) | alp),
r#p
where n, is the electron density. Spontaneous radiafive transition processes are isotropic,

and the two corresponding rates are given for r — p (p # r) by,

A®(r,p) = Alr,p) (25)
A%(rg) = (1y 2l + 1) T 2 ) (26
JpJy 1

where A(r,p) is the usual Einstein A coefficient. C**(r, p} and S(p) are the rate coefficients
for electron impact transitions (excitation and deexcitation) and for ionization, respectively.
C?®(p, p) is the alignment production rate coefficient described by the sum of the rate coeffi-
cients for the unequal depopulation from different magnetic sublevels and alignment produc-
tion by elastic collisions. C%%(p, p} is the rate coefficient for disappearance of alignment by
depopulation from magnetic sublevels. C*(p, p) is the rate coefficient for alignment destruc-
tion. The alignment destruction process has two components: inelastic and elastic collisions,
the former is by depopulation, the latter process may be called disalignment[19]. It is re-
ported that the alignment production cross section by elastic scattering for beryllium-like
oxygen, OV, 2s2p3P1 level of a 29.81 eV incident electron is two orders of magnitude larger
than the largest cross section values obtained for the same ion for inelastic processes{40)].
The alignment creation by elastic scattering may therefore be of significant importance. At
the moment, we set C?*(p,p) = 0, C"(p,p) = 0 and C%(p,p) = ¥ C%p,r) + S(p). This

r#p
corresponds to the assumption that the cross sections for the depopulation rate from the

magnetic subleve_lé aJM are all equal.
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IV. RESULTS AND DISCUSSIONS

We have assumed that the plasma is an tonizing plasma, and that the steady state
approximation is valid so that d/d¢ = 0 in Eqs.(23) and (24). The population n(p) and the
alignment a(p) for seventeen levels of CV are determined by solving simultaneously Egs.
(23) and (24). An optically thin plasma is assumed.

First we compare results from our PACR code by assuming an isotropic EVDF with
results from the CR model for helium-like ions [41}. In Fig. 53 some of the excitation
rate coefficients C% are plotted against electron temperature for the RDW cross sections
and for the R-matrix method and extrapolated cross sections. Figure 54 shows the n.
dependencies of the population of several excited levels under the condition T, = 250 eV
and n{1'S) = 1 m~® using the RDW cross sections. The population of the metastable state
2, 238, n(2), increases with the increase in electron density below n, ~ 10'® m™, then n(2)
reaches a plateau for n, > 10'® m=3. This n(2) dependence on the electron densities affects
the alignment, a(4),a(5) and a(6) and also longitudinal alignment Ay of the emissions
from these levels as we will see befow. When the RDW cross sections are replaced with the
R-matrix cross sections for the transitions 1-4,5,6 and 2-4,5,6 and RDW cross sections are
used for the rest of the transition, the ﬁopulations n(4), n(5), n{6) follow a similar electron
density dependence with 10-12% reductions from the RDW results. Figure 55 shows the
intensity ratio R/(R + I) for CV, whére R stands for the resonance-line (1-7% 1'S — 2'P)’
intensity and I is the intercombination-line (1-4,5,6; 1'S — 23P) intensity. The solid lines
show the results for electron temperatures of T, = 100, 200 and 300 eV. Figure 56 shows the
population ratio of the fine structure components of the levels 2°P; 5. The J =1 level has
an appreciable transition probability A = 2.89 x 107 57! to 1'Sy [42], and, at low densities,
its population per unit statistical weight is lower than for the other two levels. An increase
in the collisional depopulation process, predominantly de-excitation to 23S;, makes this
population imbalance decrease. With the increase of the electron density from 10* m=3, the
population ratio of 2°P;/2%P, gradually increases from around 0.4 to 0.6 (= 3/5), which
is the ratio of the statistical weights. These results from the present PACR code with an
isotropic thermal distribution is found to agree with those from the conventional CR-model
code[41].

When the EVDF is anisotropic, the model functions given by Eq.(18), Eq.(19) or Eq.(21)

12



are assumed to represent the anisotropic EVDF. The first example of the velocity distribution
shown in Fig. 57 is the thermal-bulk-with-beam Maxwellian represented by Eq.(18) with the
parameters § = 0.3, Toy, = To,= 250 eV and V, = 1.87 x 107 m/s (1000 V). This velocity
distribution over the polar angle is expanded in terms of Legendre polynomials according to
Eq.(17). In our rate equations we use the expansion coefficient multiplied by v® as seen in
Eq.(22). Figure 58 shows the even moments of the expansion coefficients multiplied by 23,
Fre(v)v?.

The electron energy distribution function (EEDF), F(£) and the electron energy proba-
bility function (EEPF) Fp(£) are derived from our EVDF, f(v,6), by integrating over the
polar angle. If we define the function g(v) = v* [ f(v,#)sinfdf then we have,

F(E)AE = EVAFR(E)E = g(v; £)/V2mEE (27)

where & is the electron energy. Note that [[* £Y2Fp(£)dE€ = 1. The Fp(E) corresponds
to the second derivative (d?I,/dV?) of the probe current I, vs. voltage V characteristic
of the Druyvestein formula. When the distribution is Maxwellian, the semilog plot of the
second derivative of the probe current vs voliage shows a liner dependence on the electron
energy &. It was reported that when a single side plane probe was used for the inductive,
or transformer coupled plasma and the plasma was sustained by the E-field generated by
a coil placed above the discharge region, then there were significant currents flowing in the
plasma and the single faced probe displayed the anisotropic nature of the EVDF [14].

In Fig. 59, the EEPFs derived from the Eq.(18) are plotted with § = 0.001, 0.01. 0.1, 0.3,
1 and 10 and Ty, = 1o, = 250 eV, V, = 1.87 x 107 m/s. It is seen that the beam component
produces the apparent suprathermal electron tail in the EEPF, and with the increase in 4,
the relative magnitude of this tail increases.

The degree of anisotropy, ax may be defined as

g = 2K2—f— ] /UQfK(’U) dv. (28)

Note that aq is constant, (as a function of §) ag = 1, and that ~1/2 < ay < I. The positive
iz corresponds to an EVDF in which the velocity component parallel to the quantization
axis, the toroidal component, is dominant, as shown in Fig. 60

Another example of the EVDF, the Saturn-type, represented by Eq.(19), is shown in

Fig. 61 and its expansion coefficients in Fig.62. The parameters used for the plots are § = 2,
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Tt = Ty = 25C eV and V, = 1.87 x 10" m/s. The Saturn type EEDF’s shown in Fig. 63
are similar to that of the bulk-with-beam type; Fig. 533. The degree of anisotropy for the
Saturn-type EVDF is shown in Fig. 64. The negative ap corresponds to an EVDF in which
the velocity component is perpendicular to the quantization axis and the poloidal compbnent
is predominant.

The two temperature-distribution represented by Eq.(21) is displayed in Fig. 65 where

T; and T, are 200 and 350 eV, respectively. Its Legendre expansion terms, fi(v)v?

, are
plotted in Fig. 66. f(v) is negative in this example where the perpendicular-component is
predominant, i.e., Ty < Tp. fa{v) would be positive when the velocity component parallel
to the z-axis is predominant, i.e., T; > T,,. The EEPF curves, Fp(£), are plotted in Fig. 67
for various pairs of T, and T},. These values are so chosen that the squared mean velocity is
constant, i.e., < v* >= 250 eV. The solid curves represent the cigar-shaped EVDF; T} > T,
and the dashed curves for pancake-shaped EVDF; Ty < T,,. The degree of anisotropy, ak
is shown in Fig. 68. In the limit of the thin pancake-like EVDF; i.e., when the poloidal
component is predominant, we have a; = —%. When the EVDF is in the limit of the
cigar-shape; i.e., toroidal component is predominant, we have as = 1.

Firstly we focus on the population and alignment of the 2°Py , , state, since the emission
lines from 23Py 2 to 23S; at around 227 nm in the UV region are observed in many plasma
diagnostics experiments. By integrating the cross sections Q:"' multiplied by the Legendre
expansion coefficient v cubed, fx(v)v®, shown in Fig. 58, in velocity space, we obtain the
rate coefficients C**' for the thermal-bulk-with-beam Maxwellian represented by Eq.(18)
with the parameters To, = Tup= 250 eV and V, = 1.87 x 10’ m/s with the parameter
8. Figure 69 shows the dominant rate coefficients for population C% and for alignment
production from population C?°, from the ground state 1, 1'Sg, to 6, 2°P;, and from the
metastable state 2, 238, to 6, 23P,, as functions of 4.

The rate coefficients C® for both transitions are little affected by the change of § below
0.1. With the increase in 4 from § = 0.1 , they decrease gradually to about 40% of the
isotropic distribution (i.e. § = 0). The absolute values of the alignment production rate
coefficients, C?°, increase with the increase in §. Larger anisotropy in the electron velocity
distribution creates larger alignments. The alignment-production rate coefficients C® from
level 2 to 6 take positive values and are of the order of 107'° m®s~!, while the C* from 1

to 6 are negative and are of the order of 107! m3s~!. The alignment production in level 6
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23P, from the ground state I tends to cancel the alignment production from the metastable
state 2.
Figure 70 shows the alignment-production flux to level 6 from populations of other lev-

els, 3 C®(r, p)nen(r), for two electron densities n, = 10" and 10" m=*. The alignment
T#p ’
production fluxes C*(r, 6)n.n(r) from the ground state r = I population and from the

metastable r = 2 populations are the two dominant processes. When the electron density
is low, n, = 10" m~3, the alignment production from the ground state 1; C**(1, 6)n.n(1),
is predominant, which produces negative alignment. On the other hand, when n. becomes
higher, the population of level 2 becomes larger, as is seen in Fig 54, and the alignment
production from level 2 becomes high enough to e)-cceed the contribution from the ground
state. At n, = 10" m~3 the alignment pfoduced is positive. The next dominant process is
alignment-production from level 3, 1525'Sy, however, the contribution is an order of mag-
nitude smaller than the dominant fluxes. It can be concluded that other fluxes producing
alignment in level € are negligibly small as well as the alignment-transfer process represented
by C%(r, 6)a{r)ne.

Figure 71 shows the population n(6)} and the alignment a(6) of level 6 as functions of
& for various electron densities. The alignment a{6) produced is positive for the region
of ng > 10'® m~2. While, below n, = 10® m~3, the alignment a(6) is negative. Around
ne = 1.35x 10" m™3, a(6) changes its sign depending on §. The electron density dependence
of a(6) is explained by the fact that the alignment production flux C?(2, 6)n,n(2) from
the metastable level is larger than the alignment production flux C?°(1, 6)n.n(1)} for n, >
1.4 x 107 m™3,

Figure 72 shows the population n(p), alignment a(p) and their ratio a(p)/n(p) for all
17 levels with the velocity distribution with the parameters § = 0.3, T = Top = 250 eV
and V, = 1.87 x 10" m/s for n, = 10'® m™3 and n(7).= 1 m™3. For the J = 0 levels,
i.e, for 1,859 and 11 alignment is absent. The 'P levels, 7 and 17, have relatively large
alignment-to-population ratios.

As shown in Fig. 73, the longitudinal alignments A;, defined by Eq.(9) of the emission lines
of J=1¢ 2and J =1« 1 are positive at low electron densities and gradually decrease
with increasing n,. The sign of A, changes at n. = 1.4 x 10"%m=2 and at = 7 x 10"*m=3 for
RDW and R-matrix, respectively. The Ap(J =1 + 2} depends little on the electron density

in the region between 10'® and 10% m~% , and then gradually decreases with the increase of
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electron density over 10%' m™3.

Figure 74 shows the dependence of Ar on the shifted velocity V. at the electron density
of 101 m™3, § = 0.3, Tur = Tu,= 250 eV. The absolute value of Ay is maximum at
V, = 2.5x10" m/s. In the V, range of this figure, with the the increase in V;, the populations
decrease by 50%, while the population ratios of n{{)/n(6) and n(5)/n(6) remain almost
consfant. The polarization of the triplet lines CV ‘2381 —2%Py ) » depends significantly on the
anisotropy of the electron velocity distribution, while the intensity ratios between the triplet
lines are little affected by thé change in the degree of anisotropy. High energy electron beam
component above 3 keVl is found to little effect Ap of the emission lines. The cross section
data used in the present PACR model for CV are pro;‘rided below the electron collision energy
of 3 keV, which corresponds to electron collision velocity of v = 3.2 x 107 m/s. The model
calculations are reliable under the condition that the contributions from thé component of
velocities lower than this values are significant.

Figure 75 ShOV\-fS the dependence of A, of the J = 1 « 2 on 4, the ratio of the beam
compoﬁent to the thermal bulk. Ap(J = 1 + 2) linearly increases with increasing ¢ below
4 < 1. At 6 = 1, when the thermal and beam components of the EVDF are equal, AL(J =
1 ¢~ 2) = +0.0078 and —0.0094 for n, = 10" and 10" m~3, respectively. For the Saturn type
EVDFs, the dependence of Ay, of the J = 1 + 2 transition on the ratio § is shown in Fig. 76.
At § = 1, when the thermal and ring components of the EVDF are equal, AL(J =1 + 2)
= —0.013 and +0.012 for n. = 10! and 10" m™3 respectively. For the two temperature
EVDF's shown in Fig. 77, above the electron density n, = 10'%m=* A (J = 1 « 2) take
values between —0.019 and 0.014 for the pairs of parameters, (T}, T},), where T, and T}, are
selected so that the mean squared value of v is constant; ym <v?>= 250 eV.

For the EVDF with modest anisotropy, e.g., < 0.1, AL(J = 1 + 2) takes values of
the order of 0.01 or less. In order to expe;imentally determine Ay, of these magnitudes the
experimental uncertainty should be AAL(J =1 + 2) ~ 0.001. As the absolute values of the
Ar, become srall, it is more difficult to measure the polarization accurately. The limit of the
observed A;, depends on the various experimental conditions, the detected photon numbers,
the stability of the ﬁlasma observed and so on. When the plasma is steady and quiet, the
polarization of the order of 107 can be observed in high precision plasma polarimetry, and
qualitative evaluation is possible for the anisotropy of the EVDF for ¢ ~ 0.01 from the

polarization of the CV 238, — 23P;, , emission lines.
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In contrast to the triplet lines treated above, as Fig. 72 suggests, the situation is much
more favorable with the resonance line. Polarization observations in the X-ray regions from
plasmas is a new tool for investigating the anisotropy of high-temperature plasmas(43, 44].
In Fig. 78 and 79, the longitudinal alignment, Ay (1 « 7}, of the 4.027 nm emission line
of the 1s2!S + 1s2p'P transition, is plotted for various EVDFs. The alignment creation
from the ground state population, Q3 is the dominant, processes. The calculated Ap(1 « 7)
is positive for the toroidal dominant EVDF: bulk with beam type and two temperature
EVDFs with T} > T,,, and negative for the poloidal dominant: the Saturn type and the
two temperature EVDFs with T, < T,. The calculated AL(1 + 7) is less dependent on
the electron densities under the assumed conditions. The magnitude of the Ay (1 « 7) is

one-order larger than that of Ay (2 + 6) or AL(2 « 4) for the same EVDFs.
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TABLE I: Configuration and Energy levels (eV) for Hellium-like carbon. K is an index label

assigned to each level.

configuration K E (eV)
15218, 1 0.0000
152538, 2 298.9596
1s2s 1S 3 304.3843

© 1s2p 3P, 4 304.4008
1s2p 3Py 5 304.4003
1s2p 3P, 6 304.4176
1s2p 'P, 7 307.8989
183538 8 352.0624
1s3s 1S, 9 353.5010
1s3p P, 10 . 353.5294
1s3p 3P 11 353.5296
1s3s %Py 12 354.2344
153d 3D, 13 354.2608
1s3d %D, 14 354.2609
1s3d 3Dy 15 354.2624
1s3d 1152 16 354.2886
1s3p Py 17 354.5174
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FIG. 46: Electron impact excitation cross sections with resonance structures (a) Q3 and (b) Q20

from level I to 4 calculated by R-matirix method plotted with lines. The cross sections plotted

with circle and triangle marks are calculated by RDW approximation for comparison.
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FIG. 48: Electron impact excitation cross sections {a) Q8" and (b) @2° from ! to 6 calculated by
R-matirix method. Dotted-line shows negative values of the cross section of 2°. The cross sections

plotted with circle and triangle marks are calculated by RDW approximation for comparison.
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to 4 calculated by R-matirix method. Dotted-line shows negative values for. the cross sections of

@20, @32 and QZ2. The cross sections plotted with circles, triangles, inverted triangles and squares
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FIG. 50: Electron impact excitation cross sections {a) Q¥ and (b) Q32 from 2 to 5 calculated by
- R-matirix method. Dotted-line shows negative values of the cross section QJ2. The cross sections

plotted with circles and inverted triangles are calculated by RDW approximation for comparison.
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FIG. 51: Electron impact excitation cross sections {a} @Y, (b} @, (c) Q¥ and (d) Q2% from 2
to 6 calculated by R-matirix method. Dotted-line shows negative values of the cross sections Q2°,
92 and Q3?. The cross sections plotted with circles, triangles, inverted triangles and squares are

calculated by RDW approximation for comparison.

71



energy / eV
w 10 10° 5 10°

10 LA BB | T ? 41' ?_
) 4 1.0
; ] =
g - 0.5 “w
o i
0.0
] a0
~ ]
E ] &
& _ ] 2.0 %
(] -
J 0.0

velocity / 1 0°ms”

FIG. 52: Some examples of QI° and Q20 cross sections; extrapolated R-matrix, thin curve, and
RDW calculation, circles for QJ° and triangles for @%°. For QZ° dotted curves and filled marks
represent negative values. Extrapolation is performed above 400 eV for 1-4,5, 6 ; the ground state
to 2°P; g2 transition, and above 100 eV for2-6; 238, — 2°P; ¢, transition. Legendre expansion
coefﬁcients' of the electron velocity distributions multiplied v cubic, fov® and fyv°, are plotted for

various §. (see eq. {18) with the fixed parameter V, = 2.51 x 107m/s)
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FIG. 54: The excited levels populations under the condition of T, = 250 eV and n(1'S) =1 m™3.
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FIG. 55: The intensity ratio R/(R + I) for CV.
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FIG. 56: The population ratio of the fine structure component of 25P;/2%P, (solid line) and
23Py/23P; (dotted line) for T. = 200 eV. -
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FIG. 57: Three dimensional plot of an electron velocity distribution with a thermal-bulk-with-beam
distribution expresséd by eq. 18. The parameters used to represent the 3D plot are Toip = Top, = T
=250 eV, 6 =0.3 and V, = 1.87 x 10" m/s(2 x vy, 1000eV).
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FIG. 58: The K = even moment-components fz(v) of the expansion coefficients of the velocity
distribution multiplied by v® for the thermal-bulk-with-beam distribution shown above. Thick
solid curve; fo(v)v®, dashed curve; fo(v)v? and dash-dotted curve; fy(v)v®. The thin solid curve

represents the isotropic Maxwellian distribution of electron temperature 7, = 250 eV
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FIG. 59: The EEPF, Fp(£), of the thermal-bulk-with-beam Maxwellian represented by eq.(lS)
with the different beam-to-thermal ratio, §, and the constant parameters; T, = Tep= 250 €V and

V, = 1.87 x 107 m/s. The dotted line shows the slope of T. = 550 eV.
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FIG. 60: The degree of anisotropy, ok, for the thermal-bulk-with-beam Maxwellian represented
by eq.(18) with the different beam-to-thermal ratio, 6, and the constant parameters; Ton = Tep=

250 eV and V, = 1.87 x 107 m/s. Open diamond; a, and filled diamonds; a4
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FIG. 61: Three dimensional plot of the “Saturn type” velocity distribution expressed by eq. 19.
. The parameters used to represent the 3D plot are Tem = Top = T = 250eV, §d = 2 and Vg =
1.87 % 10Tm/s(= 2 X vyp).
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FIG. 62: K = even moment-compaonents fx(v) of the expansion coefficients of the velocity distri-

bution multiplied by v®. Thick solid curve: fo(v)v?, dashed curve: fo(v)v® and dash-dotted curve:

f4(v)v3.
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FIG. 63: The EEPF, Fr(£), of the Saturn-type Maxwellian represented by eq.(19) with the different

ring component to thermal ratio, §, and the constant parameters; To = Top= 250 eV and V, =
1.87 x 10" m/s.

1.0 ,

FIG. 64: The degree of anisotropy, ag, for the Saturn-type represented by eq.(19) with the different
ring component to thermal ratio, 4, and the constant parameters; Tey, = Teh= 250 eV and V, =

1.87 x 107 m/s. Open diamond; &, and filled diamonds; a4. Thin solid curve represents isotropic

Maxwellian distribution of electron temperature T, = 250 eV.
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FIG. 65: Three dimensional plot of the two temperature velocity distribution expressed by eq. (21).
The parameters used to represent the 3D plot are V; = 0, T = 200 and T, = 350eV

electron energy / eV

10 100

0.5 010, 100 200 sgn

- L -

[S] - -

S 0-0 '\\ -

S »

g..:‘ i \\\ /" )
5 \‘ ,/ .
- \\._’f, .

_0 5 -l | 1 | 1 I 1 ]

0 10 20 30 40
electron velocity 106 (m/s)

FIG. 66: The K = even moment-components fx(v) of the expansion coefficients of the velocity
distribution multiplied by v for the two temperature velocity distribution shown in Fig. 65. Thick
solid curve; fo(v)v?, dashed curve; fa(v)v® and dash-dotted curve; fy(v)»®. Thin solid curve

representé isotropic Maxwellian distribution of electron temperature T, = 250 eV
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FIG. 67: The EEPF, Fp(£), of the two temperature velocity distribution represented by eq.(21).
Solid curves for the cigar-shapes; T, > Tg,, and dashed curve for pancake-shapes; Ty < T,. The
values of T, and T}, were selected to indicate the same mean squared value of the velocity, %m <

v? >= 250 eV.
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FIG. 68: The degree of anisotropy, ak, for the two temperature EVDF represented by eq.(21).
Open diamond; a2 and filled diamonds; as. Tt and T}, were selected to indicate the same mean

squared value of v; %m <v? >= 250 eV

82



-16
10" 1
0 @), & ]
| :
£ 5 4
8(.) R T 1
*510-17 \ —
o : \ ]
(&) o -
= 3 ——
= - 3
(] - E
Q
s i j
" L
1078
10° 102 10" 10" 10" 10°
5
-13
107 ¢ -
0 () 0.6 .
:;m [ ]
E -
% TN
T o N
2 E T R
R u \ ]
% B '*-—___:
8 L 3
o i
® ]
-15
10
10° 10% 10" 10° 10 10°
)
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FIG. 70: Calculated alignment-production flux to level (6) from the other levels r for the thermial-
bulk-with-beam velocity distribution with the parameters § = 0.3, Ton = Top = 250 eV and
V, = 1.87 x 107 m/s at n, = 10'® m™* and n, = 10'® m™>. The ground state density is normalized

i.e, n{1s? 'Sp) = 1 m~3. Positive flux; crossed hatching. Negative flux; slashed hatching.
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n(6) and a(6)

FIG. 7t: The § dependence of the population (thick curves) and alignment (thin curves) of the
tevel (6) 23Py, dashed curves for 7, = 10?2 m™2, solid curves for n = 10'® m~=2, dotted curves for
ne = 10'® m~3, double-dot-dashed curves for n, = 1.35 x 10'® m™3, single-dot-dashed. curves for

ne = 1014 m~3,
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FIG. 72: Calculated population n(p), alignment a(p) shown with bars and their ratio a(p)/n(p),
crosses for the bulk-with-beam velocity distribution with the parameters ¢ = 0.3, Toy = Top = 250
eV and V, = 1.87 x 107 m/s for ne = 10" m~3 and n(152Sp) = 1 m™3. The bar without filling
shows the population of the levels. The crossed hatching shows the positive alignment and the
slashed hatching shows the negative alignment. For the J = 0 levels, (1), (3), (5), (9) and (11),

the alignment is undefined.
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FIG. 73: The electron densities dependence of the longitudinal alignments of the emission line
23Si-23P1,2, thick and thin curves; RDW and R-mafrix extrapolated, rgspectively, displayed with
dashed line (J:1 + 1) and solid line (J:1 « 2}. The thermal-bulk-with-beam type represented by
eq. (18) with the fixed parameters § = 0.3, Toe, = Top, = 250 eV and V, = 1.87 x 107 m/s.
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FIG. 74: The shifted velocity V, dependence of the longitudinal alignment of the emission line

238,-2%P; 5 displayed with thick solid line (J = 1 « 2) and thick dashed line J = 1 ¢ 1. The

shifted velocity V, dependence of the populations of 2°P J=0,172 8

tate. Thin solid line (J = 2), thin

dashed line J = 1 and thin dash-dotted line J = 0. The bulk-with-beam type represented by eq.

(18) with the fixed parameters 6 = 0.3, Top, = Top = 200V, ne = 10"*m=2 and n(1'Sy) = Im—3.
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FIG. 75: For bulk with beam type EVDF, the ¢ dependence of the longitudinal alignment of
the emission (2)-(6) 238;-2°P, for different electron densities, dot-dashed curve: n, = 10'4m=3,
double-dot-dashed: n, = 10'*m~3, dotted: n, = 10'®m™3, solid line is n, = 10m~3 and dashed:
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FIG. 76: For Saturn type EVDF, the § dependence of the longitudinél alignment of the emission (2)-
(6) 238,-2°P, for different electron densities, dot-dashed curve: ne = 10m™3, double-dot-dashed:
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temperature parameters EVDFs are assumed. T} and T}, are selected to indicate the same mean
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FIG. 78: Calculated longitudinal alignment, Ay, for the emission (1)-(7) 15218y « 1s2p'P;. Bulk
with beam type and Saturn type EVDFs are assumed. Ty, Teper and V; . are fixed at 250 eV
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independent on the electron densities.
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