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Influence of Particle Collisions on the Characteristics of H-like Ion Emission

due to Charge-Exchange Reactions with Fast Atoms
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Abstract

The effective emission cross-sections of CVI (3434 A, 5291 R, 7717 A), NVII
(3887 A, 5669 A, 7926 A), OVIII (2976 A, 4341 A, 6068 R) lines in charge-
exchange reactions of nuclei with hydrogen atoms are calculated. The ground
state and the first excited state of hydrogen are considered. The calculation
takes into account the mixing of nl-levels due to collisions with plasma

deuterons and electrons and Stark l1-mixing in the Lorentz field (ﬁ x B).

Calculation of the effective cross-sections with allowance for the atomic beam

density distribution in the plasma allows one to determine the line intensities.

Finally, the influence of the fine structure and Zeeman splitting on the 2976 A

OVII line profile is considered.
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Part 1. Effective emission cross-sections of visible lines of the H-like ions

CVI, NVII and OVIII in charge-exchange reactions and corresponding line

intensities in ASDEX plasma due to beam heating.

Introduction

To use charge-exchange spectroscopy successfully, it is necessary to know the
cross-sections for populating nlm-states in the charge-exchange reaction; the
influence of an electric field (V x B) and collisions with ions should also be
taken into account /1/. The influence of collisional and Stark mixing becomes
more important with increasing principal quantum number n. This is the case when

optical lines are used.

In Ref. /2/ the MIXSTN code, which takes collisional mixing of l-states into
account was used for calculating VUV line intensities resulting from charge-
exchange reactions. It is there that the term effective cross-section was in-
troduced, being defined as the line intensity per unit volume divided by the

impurity concentration and hydrogen atom flux.

In the calculations now presented the MIXSTN code is used to obtain the effec-
tive cross-sections of visible lines of CVI, NVII, OVIII ions. The transitions
with n € 12 are considered, and collisional and Stark l-mixing are taken into

account. The latter is found to be significant for n > 6.

Unlike those of VUV lines, the intensities of visible lines are affected by
charge-exchange reactions from excited levels of hydrogen. In this case initial
nl-populations from theoretical models /3,4/ are used. Only the first excited
state of hydrogen will be taken into account. The best model is determined by
comparing the results of the calculations with the line intensities obtained in

ASDEX /5/.




i 0 Initial nlm-population

1. Charge-exchange reaction with hydrogen in the ground state.

a) Ey £ 25 keV

The most basic approach to the problem of nlm-population due to charge-exchange
reactions at velocities V € 1 a.u. (Eyq £ 25 keV) is to solve close-coupling
equations on a molecular or atomic basis. Comparison of the theoretical result
/6/ for the (C6+H) system, which takes into account 33 states on a molecular
basis, with experiment /7/ confirms its reliability for n £ 5. For the (08+H)
system the results of similar calculations /8/ are used. For the (NT*H) system
the results of calculations taking into account up to 46 states on an atomic
basis /9/ are used. Moreover, results of similar calculations /10/ are used for
‘all systems for n 2 6 because they seem to be better confirmed by experiments
/T/ than the results of the theory /11/ used in Ref. /1/. Nevertheless, the
theoretical results used tend to underestimate nl-populations for n 2 8 at

Egy £ 10 keV, but the contribution of charge-exchange from the excited hydrogen

state is, as a rule, more important in this case (see next section).
b) Egy = 50 kev

Classical calculations taking into account over-barrier transitions are very
useful at V 2 1 a.u. Moreover, classical transitions already become dominant at
V > 1/ny a.u. in the case of charge-exchange reactions with hydrogen in the ex-
cited state characterized by the principal quantum number n,. For Ey = 50 keV

and ny = 1 classical calculations /12/ are used.

2. Charge exchange reactions with hydrogen in the excited state ng = 2

Unlike ny = 1, the case ng = 2 is only investigated in a few papers /3,4/ and

there are no experimental data available.




The analytical formula for the cross-section was suggested in /3/ on the basis

of a decay model taking into account under-barrier transitions of electrons:

(¢)= 5 ZFZM exp (- [(0+1)/Z) (,xP( MEv ) (1)

1 +
f'ﬂ__v
where v = 0,1,2,... , ng = ng z9-75 is the most populated level, and Z is the

nuclear charge number (see also /13/).

The decay model is valid at V € 1/ng, i.e. just for the low energies con-
sidered. Better results are given by the classical model. Classical results for

a few systems including (B2*H) and (Ne'O*H) are given in /4/.

Theory forecasts that levels with principal quantum number from n = nOVETUp to
n = nyZ are predominantly populated. The most populated level n, nearly coin-
cides with the middle of the interval mentioned. Therefore, we have ny(ng = 2) =

8-9, 9-10 and 11 for the (C0*H), (NT*H), and (08*H) systems, respectively.

In the calculations the n-distribution for the (B5*H) system /4/ was used for
(c0*H) and (NT*H), but with some changes in it. The form of the distribution
remained the same but it was centered at the most populated level N, which was
varied from 8 to 10 for the first system and from 9 to 11 for the second one.
For the (08*H) system, the results from (Ne!O*H) were used with variations of n_
from 9 to 11,

The initial normalized l-population was approximated by

3 ATl
h N2+44n+1.2

3 LT 44
N+1 (N4) 2+ 14 (Rp31) +1.2

0 >N,  £>n,

which reflects the main features of the classical l-population known in the

ng = 1 case /12,13/.



3. m-population

All theoretical models at V £ 1 a.u. predict that within a given 1 them = 0
state will be predominantly populated /13/ (m refers to the z-component of the
orbital angular momentum, if we take the z-axis in direction of the internuclear
axis). The UDWA model predicts the same result at V > 1 a,u. as well. Therefore,
if the beam is injected along the magnetic field B (when the internuclear axis
coincides with magnetic field direction), the orbital angular momentum of the
final ionic state is perpendicular to B and my -2 1/2 substates are only po-
pulated where mj is the z-component of the total angular momentum. If injection
is perpendicular to 5, the orbital angular momentum of the final ionic state can
be arbitrary directed to B and all possible mj substates are populated. In other
words, in the first case the j = 1 + 1/2 states will be equally populated be-
cause each of them contains an equal number of the mj = £ 1/2 substates. In the
second case, the j = 1 + 1/2 states will be populated according to the number
of the m; substates, i.e. statistically. Both of the distributions were used in
the calculations.

Furthermore, we shall be interested in the intensities of the (n + n') lines
according to transitions between states characterized by principle quantum
nunber only, i.e. we are not interested in the final j' mj states. Since the
total probability of all transitions from a fixed state (n 1 j mj) to all states
with fixed n' 1' (but all possible values of j' mj) is independent of the total
angular momentum j and magnetic quantum number m; of the initial state /15/, the
features of the j-population within a given 1 very weakly affect the line inten-

sities considered and hence the effective cross-sections.




III. Treatment in the MIXSTN code

1. The MIXSTN code solves a 143-equation system derived from a collisional-

radiative model for time-integrated relative populations Nj:

(A.+2<6Vv= . . + 7 U, S(aE )WV -
L of KK K Py K ﬁm K ' (3)
%_( ugfkig (aEu) + Aei +§4‘0‘\/>%K£ nPa&) N =X

L

[}Kz{n[/‘j} go- a2

Agi - probability of radiative transition from k to state i,

A = LAjy,» <6v>, - excitation rate coefficient (a = 1, 2 for deuterons and
electﬁgns, respectively), ugt - effective frequency of Stark mixing, npy -
deuteron or electron density, which are considered to be equal, Kz initial

relative population of i state due to charge-exchange reaction:

X .= (o, het) + £60,. (n=2)) /O, (4)

tot

chi{”o = 1) - cross-section of charge-exchange reaction from hydrogen ground
state to ionic state i, gpox (ng = 2) - the same for the first excited hydrogen
state, chtot - total charge-exchange cross-section,

£ - relative population of the first excited hydrogen state, which is

calculated from system (3) on the assumptions Ny =1 and x;(n 2 2) = 0 (see

Part 2).

The effective emission cross-section of the ny > ny line, dggpp(no » nq), is

determined as
6e (f’lf"/’l{) = ch Z AiKM (5)
1f tot T%
Where all dipole transitions contributing to np + nj transition are taken into

account.



_7_

With ogee the line intensity can be calculated from
= i3 -1 6
J=Pn, 6. [cm=3. s-1] (6)

qD— hydrogen atom flux, n; - nuclear density of the impurity.

2. Energetic level structure of H-like ions in a plasma with magnetic field

For the ASDEX magnetic field (= 20 kG) the energetic gaps between levels with
different j are determined by fine splitting ZBEEI:S up ton £ T:

4
AE = 72407 % (23_1_ 3_;1@ ) [eV] (7)

For n > 7 Zeeman splitting becomes comparable to A Epg for the largest j. In
this case for arbitrary relations between fine and Zeeman splitting the ener-

getic splitting is /16/:

AE=AEFS(b/m+ \/1+Zf—ﬁ?—+b/2 ) (8)

X: /""B/AEFS ) /”a:e'k/,?mc

The Stark effect in the field (V x B)for T = 1 keV degenerates some states with

equal j for n > T:

_ 9 hm: Vh- (i+1/2)%
aEg=4-10" = J(;‘*’U & [ev] 9)

E=13.2\VT/A B [V-cm-

T in eV, B in kG, A - atomic weight of ion considered. For s-states the Lamb

shift is significant:

4
aE = 4.5 10_6 = 3

16.5+20n (137/2)) V1 (0

s-states are of no great practical importance for visible lines of impurity ions
but have significance for the resonance lines and the population of the excited

hydrogen states (especially due to 2s-state).




3. Collisional mixing

a) 1-mixing for a given n is determined by collisions with deuterons,

transitions between n levels by collisions with electrons and deuterons.

The MIXSTN code only takes dipole transitions into account
(aj =9, 1, &my =0, 1),

For transitions between non-degenerate l-states of the same n the code uses
cross-sections from the close—coupling theory of two states /17, 2/ (atomic

units are used):

cov= 20T AE [ epe@fEre) L@

AE/T

€ -v/w\/yg,; 5 o(zli’f,([ AE/"'/Z\/?T ) lz(f) -function is tabulated in
/17/, w = reduced mass, AE - energy of the transition, /rig/ - dipole matrix

element averaged over initial mj states and summed over the final states:

2 ,
MJ?(J’H) ;2’ (n*~@+1°) j== P~ C+1
o (12)
-zgf_ ft}(j-gf) '%2 (H (E""f)z) ) -—-. [)—"E}-l'{
252 +1 ,

I
(L - 1). ZJM

For 1 » 1 - 1 transitions IV > and 1 is to be changed by
KL g

Multiplet averaging does not greatly change the cross-sections, because for

[T [« C
ANl =0 E >> AEp and cross-sections depend on AE very weakly\IQ(é‘)’“g?(ﬂt
For A n = 0 transitions AE strongly exceeds the energetic width of multiplets

and therefore the averaging mentioned is again a good approximation.

b) For collisional transitions between degenerated states the code uses the
cross-section of Pengelly and Seaton, taking into account a cutoff impact

paramater equal to the Debye radius /1/:
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<OV>,, = 9.2--10-8/1\/? (24- 35+ fog ('Tz/ﬁ'l”p)) [emn?. ¢7]
1= £8% (n2 220 1)

WdbR®asasy T=in eV, Np in em™3.

(13)

c) For transitions between n-states due to collisions with deuterons formula
(11), normalized to experimental hydrogen results /18/, at a/e > 1073, is used.

For electrons van Regemorter s formula is used: \

TRt SAE
<V, = At 6y o X T enbehil

AE and T in eV, np > nj.

Gaunt factor:
G o= 0491 +03[1+05n,b-n) 1+ (1-2/2) 2] exp (A?E_) F, (A'Tl: )

f“k”i - oscillator strenght,

d) For Stark mixing of the degenerated states the MIXSTN code uses an effective

frequency:

_ I :
’M- = AES‘L‘ ‘];l M — U. K>t (15)

S FIS SESER (o g basugt apd 0

e) For calculation of ionization rate coefficients for ionic and hydrogen states

Lotz’s formula is used.

Iv. Results and discussion

Figures 1 - 3 show the effective cross-sections as functions of the plasma
density np for hydrogen beams with energies Ey = 10, 25 and 50 keV. Figure 1
represents also cross-sections resulting from charge-exchange of the hydrogen
ground state to demonstrate the effect of excited atoms in the beam. This effect
is most pronounced for the longest wavelengths at Ey £ 25 keV. The variation of
the cross-sections with plasma density at Ey < 25 keV mostly reflects an
increasing population of the excited hydrogen state at np < 1015 em~3. Then this
population is constant but the collisional lifetime of the excited ionic states

becomes comparable to the radiative one, therefore cross-sections are nearly

constant or even reduced.
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Cross-sections for the shortest wavelengths CVI (3434 A), NVII (3887 &), OVIII
(2976 A) are nearly independent of the plasma density at Eq 2 25 keV and np <
1015 em™3. These lines are therefore very useful for impurity concentration
measurements. On the other hand, the cross-sections for the longest wavelengths
resulting from charge-exchange of the excited hydrogen state become comparable

with others at np 2 1013 em™3 for all hydrogen energies considered.

Figures 4 - 6 present the values of the effective cross-sections multiplied by
the hydrogen velocity (excitation rate coefficients). Excitation rate coeffi-
cients from Ref. /1/ not taking into account charge-exchange from the excited
hydrogen state are also shown. The most pronounced discrepancies between the
data exist at low hydrogen energy Ey < 25 keV owing to charge-exchange from the
excited hydrogen state. Moreover, the behaviour of the coefficients as functions
of the plasma density are different. According to Ref. /1/, "yrast" transition
rate coefficients decrease with increasing plasma density because the theory
gives an initial l-population exceeding the statistical one for large 1. But as
shown in Figures 1-3, the increasing excited hydrogen state population with
plasma density results in opposite behaviour of the cross-sections at np < 1015

em”3, Ey £ 25 keV due to charge-exchange from this hydrogen state.

Figure 7 shows the effective cross-sections of carbon as functions of the plasma
density to demonstrate the influence of collisional mixing on line intensities.
For this purpose the relative population of the hydrogen excited state was fixed
at Eg = 3.4 - 1073 and is assumed to be independent of the plasma density. The
cross-section for the shortest wavelength CVI (3434 R) at 10 keV shows the most
sensitive variations with density. The influence of the plasma density on the
cross-sections disappears at np = n; > 10"% cm~3 because of the statistical 1-
population that takes place for n 2 7 levels of the CVI ion. The minimum value
of n; obtained by assuming the radiative and collisional lifetimes of the levels
to be equal /1/ is nearly one order of magnitude lower. The results obtained
reflect that for the statistical l-population, however, it is necessary that the

radiative lifetime substantially exceeds the collisional one,

The cross-sections reveal the greatest variations with the plasma density for

Egy = 10 keV because in this case charge-exchange from the excited hydrogen state
is the most efficient. In this case the population of the highest 1-levels
strongly exceeds the statistical one (see Part 1, Sect. II.2.). Collisions
result in a statistical population and therefore, the cross-sections for the

"yrast" transitions decrease (see also Fig. 8).
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Figure 8 represents effective cross-sections of carbon obtained from different
theories at £ = 3.4 + 1073 to demonstrate the significance of the initial nl-
population. As was mentioned in Part 1, Sect. II.2 in the case of calculations
taking into account charge-exchange from the excited hydrogen state, the forms
of the n-distributions from Ref. /4/were used but they were centered at the most
populated level ny which was varied. The influence of these variations is also

shown.

The theory /11/ as used in Ref. /1/ gives, as a rule, higher values of the
cross-section at Eg 2 25 keV (in the absence of l-mixing and charge-exchange
from the excited hydrogen state) because the l-population strongly exceeds the
statistical one for large 1. On the other hand, the decay model underestimates
the cross-sections because it considers underbarrier transitions only.
Moreover, it gives the opposite dependence of the cross-section on the plasma

density because the l-population for large 1 is underestimated.

As was mentioned above, the cross-sections are determined by charge-exchange
from the excited hydrogen state at a beam energy of 10 keV. This is also the
case for 25 keV for transitions from n 2 8 levels. The contribution of charge-
exchange from the excited hydrogen state becomes insignificant for a beam energy
of 50 keV. The uncertainty resulting from the nl-distribution therefore becomes

weaker when the beam energy increases.

The best model of nl-population in the case of charge-exchange from the excited
hydrogen state was chosen by calculating the ratios of the CVI (7717 A/5291 &)
and OVIII (6068 A/2976 R) lines at different shifts of the n-distributions from
Ref. /4/ as was mentioned above and comparing them with experimental results
obtained on ASDEX /5/ (Fig. 9). The intensities of the CVI (3434 &) and OVIII
(4341 A) lines from this experiment were not used because of line blending with

the OVI and Hy lines, respectively.




It can be seen that 1l-mixing does not affect the choice of the nl-distribution
model. The calculations show that the best nl-distribution models correspond to
the principal quantum numbers of the most populated states np = 8 - 9 for CVI
and ny = 10 for OVIIL. Model /4/ also gives good results for the ratio NVII
(7926 A/5669 R) for np = 9. But the intensity of the NVII (3887 A) line cannot
be explained by variation of the nl-population in the classical theory /4/.
Figure 9 also shows that charge-exchange from the excited hydrogen state must be

taken into account to explain the oxygen line ratio.

The best nl-population models were used for obtaining the results represented in

Figs. 1 - 6.

Figure 10 represents the line intensities under the conditions of the ASDEX
experiments /5/. In the calculations the distribution of the beam density in the
plasma for all beam energy fractions was treated with the NEUDEN code /16/. The
line intensities integrated along the line of sight are not so sensitive as the
cross-sections to models of the nl-population due to charge-exchange from the
excited hydrogen state. The contribution of charge-exchange from the excited
hydrogen state ng = 2 is approximately 50% for CVI (7717 &, 5291 A), NVII

(7926 R, 5669 R), OVIII (6068 A, 4341 A) and 20% for CVI (3434 R), NVII

(3887 A), OVIII (2976 A) lines.

The influence of collisional mixing does not exceed 30%. There are two reasons
for this: first, collisional mixing is most noticeable for the Ey/3 fraction of
the heating beam, which is strongly attenuated in the plasma; second, summing
the intensities from the 20 xeV and 41 keV fractions of the beam partly
compensates the effect of collisional mixing. It can be seen from Figs. 7, 8
that collisional mixing decreases the cross-sections for a beam energy of 25 keV

and increases them for 50 keV.
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V. Conclusions

The most reliable measurement of the impurity concentration using the ASDEX
heating beams is predicted for the CVI (3434 A), NVII (3887 R), OVIII (2976 &)
lines (provided background radiation allows them to be clearly observed). The
intensities of these lines are most insensitive to charge-exchange from excited

states of hydrogen atoms (contributing only =20% in this case).

Application of other lines for concentration measurements would require the
amount of excited atoms in the heating beam to be known. Moreover, the details
of the nl-population can be important for the longest wavelengths. These lines
should therefore not be used for density measurements, but they may be
interesting for ion temperature measurements because their effective cross-
sections become comparable with the cross-sections of the strongest lines at
np > 1013 em3 owing to charge-exchange from the excited hydrogen state. These

lines could also prove useful for testing charge-exchange theories.

A1l results presented were obtained for T = 1 keV and B = 22 kG. Nevertheless,
these results can be applied for the ranges 102 < T < 104 eV and 10 < B < 30 kG
because excitation cross-sections very weakly depend on AE and AE << T for all

important transitions.

Part 2. Population of excited hydrogen states in the ASDEX heating beam.

Ratios of the excited hydrogen state populations (n £ 5) to the ground

state n = 1 were calculated for hydrogen beam energies of Ey = 10, 20.5, 41 keV
in a wide region of plasma parameters (1 = 1013 em™3 < N < 1 - 1016 em=3,

0.1 < T < 10 keV). The intensities of La (1216 A), LB (1026 R), Ha (6565 &),
HB (4863 R) lines were determined.

As was found in Part 1 for the calculations of the effective emission cross-
sections of visible ion lines produced by charge-exchange reactions of atoms
with plasma ions at Eyg £ 25 keV, it is necessary to take into account the
fraction of excited atoms in the beam. Moreover, the emission of excited
hydrogen atoms in the beam can be used for absolute or relative calibration of
the spectrometers used. The lines of the beam can generally be well distin-

guished from other lines due to large Doppler shifts.
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Calculations of the equilibrium hydrogen state populations were made by means of
the MIXSTN code (see Part 1, Sect. III). The equilibrium population of the ex-
cited states is reached after times close to the radiative lifetimes of the
states. These times are 1, £ 10°7T s for n £ 5 (the 2 s state has a lifetime
nearly equal to that of the 2 p state owing to strong Stark mixing in the
Lorentz field). Therefore, the length of the beam path in the plasma leq
necessary to reach the equilibrium excited-state population is equal to

(V= Tpds

Figure 11 represents the value lgq for the most energetic beam component as a
function of the principle quantum number of the states. The equilibrium popula-
tion for n £ 3 is already reached at the plasma edge (1eq < 3 cm); forn =4

and n = 5 we find lgq = 10 cm. Use of the MIXSTN code is valid at 1> leq-

Figure 12 shows the relative population £ of the states as a function of the
plasma density for 20.5 keV beam energy. Stark l-mixing results in a statistical
1-population independently of the plasma density. Collisional 1l-mixing itself

results in a statistical 1l-population n £ 3 only at np = 1014 cm=3,

Owing to the statistical l-population the £ values increase because the average
radiative lifetime is larger than that of the np-states. This effect is most

pronounced for the highest n-states.
Figure 13 represents the population of the hydrogen states as a function of the
beam energy. The increasing £ with beam energy results from excitation of the

beam by deuterons.

The values £ shown in Fig. 12 depend weakly on the plasma temperature. These

values can therefore be used for the wide temperature range mentioned.

Figure 14 shows the dependence of the hydrogen line intensities per hydrogen

atom on the plasma density at Ey = 20.5 keV.

Accuracy of the results.

Stark l-mixing in the Lorentz field (V x B) definitely results in a statistical
population of the l-sublevels within the n-states at the hydrogen beam energy
considered and B = 20 kG. The accuracy of the results obtained is therefore

determind by the accuracy of the collisional cross—-sections used for transitions
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between states of different n. The comparison of the electron and deuteron
excitation rates for different energy fractions of the beam shows that electrons
determine the beam excitation at Eg = 10 and 20.5 keV but contributions of
electrons and deuterons are comparable at Eg = 41 keV.

The electron cross-sections were described by van Regemorter’s formula. The
comparison of van Regemorter’s cross-section with experimental results and
results of more exact calculations represented in Ref. /17/ shows that the
accuracy of these cross-sections is better than 6% for the 1s-2p transition and
about 20% for n =2 » n=3 » n =4 transitions (the 1s-2s transition cannot be
described by van Regemorter’s formula but its contribution is only 10% in

comparison with the 1s-2p transition).

The exciation of hydrogen by deuteron was described by the formula (11)
normalized to the experimental results /18/ for n =1 - n = 2 transition. It has
20% accuracy at E = 41 keV for the other transitions from the ground state of
hydrogen that can be confirmed by comparison with more precise theoretical

results /20/.

As a consequence, the uncertainty of the relative populations of the n = 2 level
and L, intensity is less than for the populations n 2 3, and for the

corresponding intensities we estimate accuracies of £ U40%.
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Part 3. Influence of the fine structure and Zeeman splitting on visible line

profiles

The profile of the 2976 & OVIII line (n = 8 » 7) was calculated, taking into
account the fine and Zeeman energy structures of the ion for a magnetic field of
22 kG by means of the MIXSTN code, which calculates the population of ionic nlj-
levels and intensities of the fine-structure components. The total line profiles
were obtained from a superposition of Gaussian line shapes centered at the

position of the fine-structure components.

The main transitions contributing to the intensity that are taken into account

L (' K - { l', —> { — . G
15/, 137, 7 A3 typa? 13/, tgdte 1Y 375 ) ff/zr-}df:)/z 4

-

are K

A QQ-—s J 7, )3 QQ_Ab fjﬁa ) éjzgfﬂb Jlig ? }7%2 ks ‘1521

Stark mixing in the Lorentz field only affects the sy/p and py/p levels in this

case and therefore does not influence the lines considered.

At plasma temperature of 1 keV Zeeman splitting is negligible compared to
Doppler broadnening and must not be taken into account. At low temperatues (such
as 50 eV) Zeeman splitting of the l-states considered can be as much as 10% in
comparison with the Doppler width. To assess the magnitude of this effect the
widths of the fine-structure components in the absence of motional broadening

were assumed to be equal to the separation between extreme Zeeman components.

The comparison of the separations beween Zeeman terms of the neighbouring 1-
states with the same j and mj values {AEzgeman) Wwith Stark shifts of these
terms {for n = 8) in the Lorentz field (AEgt) gives AEgt/AEzeeman = 0.5, 0.3,
0.2 for j = 1/2, 3/2, 5/2 accordingly. This means that Stark mixing only affects

the sq/2 and py/» levels and therefore does not influence the lines considered.

The line profiles and relative intensities of the strongest fine-structure
components for different plasma densities are presented in Figs. 15, 16. As was
metioned in Part 1, the population of the highest ionic l-levels due to charge-
exchange strongly exceeds the statistical one. (at least for Eg < 25 keV).
Collisions resulting in statistical l-population give more uniform intensity
distribution of the fine-structure components. Therefore, when the plasma
density increases the lines become wider until statistical l-population becomes

important.
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The relative difference of the temperature determined on the assumption of just
Doppler broadening to the real temperature is shown in Fig. 17 as a function of
the plasma density. The results from Ref. /1/ on the assumption of a statistical
l1-distribution are also presented. A statistical l-distribution for the n = 8
level of the OVIII ion was found to exist at np 2 10'% em3 (see Part 1).

Rather good agreement of the data at these densities is found.
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Effective emission cross-sections vs. plasma density for CVI

lines:1- 3434 &, 2- 5291 A, 3- 7717 A;

Solid lines - taking into account charge-exchange from the ground

and the first excited hydrogen states, dashed lines - without

charge-exchange from the excited hydrogen state.

The same as Fig. 1 but for the NVII lines: 1- 3887 A, 2- 5669 &,

3= 7926 4.

The same as Fig. 1 but for the OVIII lines: 1- 2976 A, 2- 4341 A,

3- 6068 A.

Excitation rate coefficients for CVI, NVII, OVIII lines vs. hydrogen

beam energy and plasma density:

1- np =250 ™3, 2= np =5~ 1013 ™3, 3- ny=5 - 101 3,

4 and 5 from Ref. /1/ without 1-mixing and with full 1-mixing,

respectively, and without charge-exchange from the excited hydrogen

state.

Effective cross-sections vs. plasma density for CVI lines

1- 3434 R, 2- 5291 R, 3- 7717 R at fixed excited hydrogen state

population jg = 3.4 - 1073, The H-beam energy in keV is given in

brackets.

Effective cross-sections for CVI lines obtained from different

models of nl-population:

O——0 - taking into account nl-mixing with different initial nl-
population characterized by the most populated state np
values given near curves due to charge-exchange from the
excited hydrogen state.

O---0 - the same without mixing
®—®- yith nl-mixing but for charge-exchange from ground state of
hydrogen only
0,8 - decay theory /3/ without and with mixing
07.“ the same but for UDWA theory /11/.

Comparison of experimental and calculated line ratios n:

1- experiment /5/,

2,3- calculations with and without 1-mixing respectively,

4- taking into account charge-exchange from the hydrogen ground

state only,

ny - the maximum populated level by charge-exchange from excited

hydrogen state at which theoretical n-distributions from Ref. /4/

were centered.
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Calculated relative line intensities integrated along the line of

~sight J obtained for ASDEX conditions:

solid lines - with nl-mixing taken into account,

dashed lines - without nl-mixing,

open circles - without taking into account charge-exchange from the
hydrogen excited state.

Length of the beam in plasma for reaching the equilibrium excited
hydrogen state population as a function of principal quantum number
(Ey = 41 keV).

Population of n-hydrogen states j% normalized to n = 1 state
population. Values near curves denote principal quantum numbers.
Population of the excited hydrogen states characterized by principal

quantum number n vs. beam energy for different plasma densities:

15 = Np = 1013 om'3,
2 = i, = 1014 em~3,
3 o= 1015 em™3.

Each population is divided by that for Ey = 20.5 keV.

Intensities of hydrogen lines per unit hydrogen beam density vs.
plasma density at Ey = 20.5 keV: 1 = Ly, 2 = Lg, 3 = Hy, ¥ - Hg.
Line profiles for the OVIII (n = 8 - 7) transition at Tj = 50 eV,
Eq = 10 keV, B = 22 kG:

- without taking into account any energy splitting

XX - np = 1 - 10'2 em™3 with fine and Zeeman structures
e—o-n, -1 - 10'3 em™3 taken into account
L np = 1 « 104 cm~3

O—O0-ny,=1": 1015 cm™3
The relative intensities of the line components are represented for

cases:
=1+ 10'2 em™3

- np
—_ - = . 14 =3

np 1 10 cm
The separation between extreme Zeeman terms are also shown as the

widths of the fine-structure components.
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same as Fig. 15 but for higher plasma temperature T = 1000 eV
beam energy Ey = 25 keV, B = 22 KkG:

- without taking into account the energy structure

= iy = 2 - 10! em~3 Wwith fine and Zeeman energy structures
=llg =1L F 1014 cm=3 taken into account
-np=1-¢- 1016 cm~3

relative intensities of the main line components are shown for
Py 2 - 101" em™3 case.

temperature correction factors due to fine structure and Zeeman

splitting vs. plasma density for OVIII with excitation by Ey =
10 keV (at T; = 50 eV) and Eg = 25 keV (at Tj = 1 keV) hydrogen
beam (B = 22 kG),

| ,Cl - from Ref. /1/ at T = 100 eV and T = 1000 eV for complete

l-mixing.
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