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Abstract

Population mechanisms and cascade effects due to charge
exchange processes between hydrogen— like ions and neutral
hydrogen are investigated for helium-like ions in tokamaks by
using a collisional radiative model. Dependences of charge
. exchange cross séctions on both the principal énd angular

‘momentum quantum numbers n, g are estimated from the observed

specira.
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i.Introduction

X-ray spectral lines associated with He-1like ions have been
cbserved for many tokamak plasmas, and their emission
intensities have been discussed in terms of population
mechanisms of excited states. In guantitative analysis of the
spectra, ionization, exeitation and recombination processes
have been taken into consideration, but the charge exchange
process has generally been ignored except for the case of
neutral beam injeetion. Although the influence of the charge
exchange process on the speetra is mentioned in the discussion
of some experiments, only a qualitative account is presented.
The charge exchange process could be important for He-like
spectral lines in relation to the population mechanism
following the electron capture into higher energy levels. We
investigate this process using a collisional radiative model
which includes all the possible angular momentum § state
sublevels up to the prineiple quantum number n = 40 of He-1like
system. We apply this model to the spectra‘obtained from

1,2,3

Alcator-C tokamak plasmas and derive the n - 9

distribution of charge exchange cross sections.

2.X-ray spectra from the Aleator C tokamak

In this section we summarize the results of the experiments

1,2,3

on the Aleator-C tokamak Our investigation described in

the subsequent sections is based on these observations.



Space-resolved X-ray spectra of Ar16+ {(He-1ike) were

observed from Alcator-C Tokamak plasmas with Ar gas puffing. In
Fig.1, reproduced from Ref.1l, spectral lines fromn = 2 ton =
2 1S 2 1S _ 3

1 transitions, w (1s 1s2p 1P}, x { 1s 1s2p P2},

2 1g _ 3 2 1g

is2p Pl) and z ( 1s - 1s82s 38}, are shown for

y ( 1s
three different lines of sight through the plasma; these are at
the center (a), and through the points of d = 8.3 (b) and 11.3
em (¢) off from the center, where d is the shortest distance to
the chord of.observaiion from the plasma axis. The limiter
radius was 16.5 em. One can see a drastic change in the speetra
from the central chord to the outer ones. The relative
intensities of the forbiddem 1line IZ and the intercombination
lines IX and Iy to the resonanece line intensity IW; IZ/IW,
1X/Iw,and Iy/Iw’ Iinecrease remarkably towards the outer chords.
This relative enhancement could be aceounted for by an
inereasing contribution from radiative recombination to the
excited-lavel population53 towards the ocuter region. The
spectrum in Fig.1{(c), however, cannot be accounted for only by
the radiative recombination process. The obhserved intensity
ratio of IZ/(IX+ Iy) = 0.9 # 0.2, is considerably smaller than
the value 1.5 expected from radiative recombination. A possible
interpretation is that a eharge exchange process between

Ar17+

{H-like) and hydrogen atoms dominates the population of
highly excited states, and that the relative enhancement of the

intercombination lines results through cascadesl.



X-ray spectra of the transitions 132 - 1snp with 3 { n £ o
were also obtained.2 Fig.2 shows the observed speetra with 7 <
n < 13 through the three chords d = 3.9 em (a), 8.0 em (b) and
13.5 em (c). As seen in Fig.2, the transitions fromn = 9 and n
= 10 are enhaneed relatively to those from n = 7 and 8 towards
the outer chord. This is regarded as a clear evidence of charge
exchange recombination between Ar17+ and neutral! hydrogen in
the ground state into the levels of n = 9 and 10 2’3. Another
observed spectrum corresponding to the highly exeited states n
> 10 is shown in Fig.3, which was obtained for d = 8.3 - 13.2

em. The spectrum in Fig.3 shows a broad feature from 3.01 to

3.02 A. A peak at around 3.013A corresponds to the transitions

[

frem n 27 and the shoulder near 3.018 A to the transition

18. These enhancements are attributed to electron

3

from n
capture from hydrogen atoms in the excited states with the

prineiplal quantum number n, = 3 and 2, respectivelyz’g.

3. Effeet of cascades following charge exehange recombination

We construct a collisional radiative model for He-like ions
where the levels of n { 40 are resolved with different angular
momentum § . The total number of levels considered its 1641. In
the present study, we ineclude the charge exchange process,

1T 015y + H ¢ n) --> Art®*( 1sng) + H' (1)

A
as an additional population mechanism of exeited levels.

Adjusting the magnitude of the eharge exchange cross sections,



we try to fit the cealculated line intensities to the

experimental data deseribed in the preceeding section.

i} The n - g distribution of the charge exchange cross section
Abramov et a1.5 obtained an g distributiocn Wn51 for the
charge exchange process based on the Landau-Zener theory with s

modification ineluding rotational coupling effects,

an = (2¢ + 1)[(n—l)!]z/{(n+ﬂ)!{n*1"ﬂ)fI- (2)
The cross section takes its maximum value 7 X qulscm2 at
6

around n = 9 for H + Ar9® collisions with q = 17. The g
distribution in eq.{(2) for n = 9 is shown in Fig.4 by the dot-
dashed line. The n—-g distribution for the charge transfer cross
section for H + 8i9" collisions was calculated in Ref.7 with
atomic — orbital basis. Their distribution for colliisions
between H-like silicon (Sil3+) and H atoms at 350 eV increases
with increasing the 9 value similarlly to the statistical
weight, as shown in Fig.4 by dashed lines. A continucus -
energy state mcdel is proposed for charge transfer processes by
Koike,8 whose method is applied to the n-g distribution of the
process given by eq.(1}). The cross section at 350 eV takes its
maximum at around ¢ = 3 from his results as indicated in Fig.4
by solid lines for n = § and n = 10. Three different theories
give quite different distributions. The g distribution for n =

10 of radiative recombination g, at 100 eV is shown in the




upper part of Fig.4 for comparison. The g-value that gives the
maximum of g, inereases as the electron energy decreases and
as the principal quantum number n increases, but the value does

not exceed 9 = 4.

ii)Contribution of radiative recombination by electron

collisions

10 in Fig.3 is much stronger than those of
- R . 2
113 and I14 , where In means the line intensity of the 1s

isnp transition. Due to convective transport in the plasma, a

The intensity 1

considerable fracetion of highly ionized ions may exist even in

the outer regions with the temperature as low as ~300 eV. Arl8+

spectra observed from such a plasma exhibit typiecal

3,4

characteristics of recombination. In fact, as seen in

Fig.3, the recombination continuum is detected at wavelengths

shorter than 3.0088 A which is the ionization limit of the 152

state. We assign the intensity at I13 loecation as due to
radiative recombination. Then we estimate the upper !imit of

the electron temperatue Te to be about 500 eV from the

4

- <Q
observed intensity ratio of 113/ J il 2.8 x 10 A, where

cont
Jcont represents the continuum intensity in units of photons /
R. The continuum level is taken from the short wavelength edge
of the spectrum. The value 500 eV is reasonable for the
electron temperature asarocund r = 11 em. From the intensity of

113 , the contribution of radiative recombination to the line



intensities, !10 - 112, and In > 15 is estimated . The

resulting intensities are much lower than those observed. On

the other hand, the eontribution of electron excitation is

estimated to be negligibly small since the electren temperature

is much lower than the execitation energies.

Thus, the intensity IlG is understood to be deminated by

direct electron capture through charge exchange with neutral

hydrogen. The intensities i and J are written as
1¢ cont

B 17+ : 1
I, = NAr "N (1)<, (10p 'B)v> (3)
) 17+ K
Jcont._N{Ar )Ne“f—b(k—sA} (4)
where
ap_pA(8)) = 3.97x10 2exp(1 ~12.4/20x "Ik (kev)) T3 %y
(photons/A) em® s~} (5)

is the radiative recombination rate coefficient at wavelength

Q
A(A), T, the electron temperature, g, (10p 'P) is the charge

exchange cross section to the 1sl10p 1P state, v the velocity of

Ar17+ relative tec the hydrogen atoms, and Né and NH {1) the

densities of the electron and the neutral hydrogen in the

ground state, respectively. Then the following relation is

derived from the observed value IIO/JcontdA = 8 where dx =

_q@
1.79x10 34,

1 _ ~14 -3
gcx(lﬂp P)v NH(I)/Ne = 5.0 x 10 em s . {6)




For the values of N_ = 5 x 1013 em™3, N, (1) = 107

2.5 x 10' em/s ( T, = 350 eV), the cross section o(10p 'P) 1is

“16,42, Assuming the statistical

em and v =

estimated to be 1.0 x 10
distribution for singlet and triplet states, we obtain g(10p) =
4.0 x 10-16 cm2 which is consistent with the theoretical values
(see Fig.4). But this value changes according to the estimate

of the densities of electron and neutral hydrogen as well as of

the ion temperature. We discuss only the relative values for

the cross section later on.

iii) Cascade effect of g distribution on the speetra with 7 < n

£ 12

We now turn to the lines fromn = 7 - § in Fig. 2{e), where
the elecetron termperature is estimated to be about 294 eV. The
intensities In

g are also much stronger than I 1’ and

=7 - n> 1
we assume that this enhancement is attributed to charge
exchange recombination as in the case of 110. However in the
present case, it is unlikely that these upper levels are
populated entirely by direct eapture. Rather, the faet that the

intensity I, is higher than 18 strongly suggests some

7
contribution of ecascades from n = 10 and/or 9.

In Fig.5 we show the calculated speefra including charge
exchange recombination for the capture into the 10g selected
state (9 = 1,2,....) in order to see the effect of the g
distribution on the spectra. The charge exchange recombination
6

rate coefficient is tentatively assumed to be o, = 5.2 x 107



cmss_l, which is much larger than that of the radiative
recombination rate by ten orders of magnitude, in order to see
the effect by charge exchange recombination. The distribution
ratio of the singlet state to the triplet one is assumed to be
1/3 according to their statistical weights. For the case that
the electron is captured into the 10s state, the cascade effect
onn =7 and 8 levels is quite large as shown in Fig.5(a). The
econtribution by cascades after charge exchange recombination is
indicated by the hatched regions, and the region without
hatehing is the contribution of radiative recombination.
Cascades following capture into the 10p state to the lower
levels ( n < 9 ) is very small, since the direct radiative
transition from 1(0p to 1s is dominant (Fig.5(b)). For the case
of capture into 10d, although the cascade is not so large as in
the case of iOs due to the radiative transitions to the f
states, the cascade is very effective(Fig.5(e)). Increasing the
g values with f, g, ..., the cascade effect decreases. For the
capture intce the levels with g > 4, the cascade contribution is
negligibly small and the line emissions are dominated by
radiative recombination as shown in Fig.5(e). Figs.5(f) and
(g) show the results with the distribution of statistical
weight like Ref.7 and with eq. (2), respectively. Cascades to
the levels n < 9 are very small compared to the intensity from

H 3 — 1n £ h + ~ -~
the transition fromn = 18 for both cases.



We consider two extreme ceases; (A} I? and 18 are produced

only by caseades from the n = 9 and 10 levels, and (B} I7 and

I, are produced mainly by direct capture to the p state.

8
Case (A); Most of the electrons captured to the 8¢ or 10g

state flow to lower states{ n = 1, 2, 3 ete ) through direct
radiative transitions and a few percent of electrons flow to

the 7p state to produce 1 Electron capture to the s states

7°

enhances I7 and [, through cascades most effeetively. This

8
results in strong Iz as discussed in the next seetion{ see
Fig.7). The electron capture to the levels of larger g values
such as 9f and 9g is not efficient in producing the resonance

series lines 1 and I The best candidate to enhance these

7 8°
lines is charge exchange to s and d states. We derive the
values of the cross section in order to acecount for the
measured intensities of I? and 18 . The cross sections relative
to that for the 10p state are obtained for (i) 10s, 9p and 9s
states and {(ii) 10d, 9p and 94 states. The resulting cross
sections for the s and d states are larger by a faetor of 5 and
one order of magnitude respectively than that for the 10p

state. A part of 1 is ascribed to the direct capture toc the 9p

9

state through charge exchange. The relative cross sections

thus derived are summarized as cases A(i) and A{(ii) in Table I,

and the resultant line intensities for I? through I10 are
compared with the measurement in Fig.b6, where Te = 300 eV, Ne =
5 x 1082 em™®, mar'™")/m(ar’®) = 0.02 and N (1) = 8 x 108

cm_3 are assumed. The filled circles and triangles are the



results from the eases of A{(i) and A(ii), respectively, and the
measurements are indicated by the crosses. The contribution of
radiative recombination is small compared to charge exchange
recombination as indicated by open cirecles in Fig.6. The
derived cross sections with the parameters mentioned above are
shown in Fig.4 by circles.

Case (B); The intensities I7 - I11 are dominated by diregt
capture to np states. The intensity difference beiween 17 and
18’ however, is to be explained by cascades fromn = 9 and 10.
The cross sections deduced under this assumption are listed in
Table 1 for two cases; (i) s and p states and (ii} p and d
states. Calculated line intensities for (B} are not shown in
Fig.6 sinee they are nearly the same as for {(A).

The observed intensities 17 and 18 cannot be reprodueed by
the distribution given by Refs. 5, 7 and 8 because the cascade
contribution to 17 is too small. The calculated line

intensities from the distribution by Koike8 is shown by open

triangles in Fig.6.

iv) Cascade effects on the specira for the transitiens of n =
2 ton =1
The cascade contributioen from the levels of large ¢ value
such as d, I, g staites enhances the intensity ratio (Ix+ Iy ¥/
Iz, whereas the cascades from the levels of small ¢ value such

as 5 states reduces this ratioco. With increasing g values, the

intensity ratio (IX + Iy) / Iw becomes smaller. In Fig.7

10



calculated intensities of I_, I_ and I_ normalized to 1 are
w X v z ‘
shown by solid lines for the cases of charge exchange to n = 190
state with only one of the levels of g = 0, 1, 2, 3, 4, and 9.
The results from radiative recombination only are indicated by
cireles for 300 eV. The observed values are also plotted as the

1,3 The spectra

dashed lines with the electron temperatures.
at high temperatures are from the central region of the plasma
and are doniinated mainly by electron impact exeitation. The
spectra, at lower temperatures below 350 eV, are considered to
consist of the two components due to radiative and charge
exchange recombination. It is seen from Fig.7 that as the
temperature decreases, the intensities of w, x and y decrease.
This may indicate the temperature dependence of the g
distribution of echarge exchange procesées. Capture to the
levels § = 3 is necessary to explain the observed intensity
ratios of {IX+ IY )/IZ for 350 eV when they are compared to the
values of the radiative recombination process only (spen
cireles in Fig.7). The distribution 9 = 0 or 1 is most probable
for explaining the spectra at 100 eV and 250 eV. The calculated
intensity ratios for the case of A{(i) and A{ii}) in Table I are
shown in Fig.7 by filled eireles and triangles. The observed

spectrum of 250 eV can be roughly explained by these cross

sections.

v) Spectra of the transitions with n > 15

11



The broad feature for n > 15 in Fig.3 is considered to be
due to charge exchange between hydrogen atoms in excited states
and Ar17+ .2 The electrons are captured to the levels near n
= 18, 27 and 36 by charge exchange with hydrogen in the n, = 2,

2,9 The ratios of the hydrogen density

3 and 4, respectively.
in these excited states to that in the ground state are
estimated to be Nﬁ(ni)/NH(l) = 0.0034, 0.0017 and 0.00075 for
n, = 2, 3 and 4, respectively for T_ = 300 eV and n_ = 5 x 10'3
cm—s'io

Cascade effect of the different g distributions from 189 and
279 states to the lower levels are shown in Fig.8 for {(a) g =0,
{b)a = 2, (c¢) 9 = 3 and (d) statistical weight distribution.

7 8 3 -1

Here (18g) = 1.8 x 10~ ' and acxﬁ273) = 6.9 x 10 “em” s

cx
are assumed to see clearly the effect of the cascades. As we
have seen in the previous seetion, cascades to the lower np
states from ¢ > 2 states are very small. For the statistical
weight distribution, the cascade contribution is so small that
the peaks of lines cannot be clearly observed.

Sinece the observed intensities 113 and I14 are considered to
be produced mainly by radiative recombinaiton as discussed in
See.3(ii), the contribution of cascades from higher levels is
expected to be small for these lines. Then for the levels with
n > 15 we assume that almost all of the electrons are captured
to the 9 = 1 state. Comparison of the calculated spectrum with

the observed one is shown in Fig.9. The ceross sections derived

for n > 15 are listed in Table II. These c¢ross sections are

i2



roughly expressed in the form of a Gaussian distribution as g¢
np ) = g exp(-{(n - no)/An}z), where the values of g, are 68 x
a{l0p), 180 x g(l0p) and 168 X g{10p) and the values of an are
5, 6 and 8 for n, = 19, 27 and 36, respectively. The
populations for the levels of n > 27 are re-distributed due to
% mixing. This effeet is taken into acecount in our
calculations. The spectral lines in Fig.8% are assumed to be
emitted mainly at the plasma periphery near r = 13 em where Te
= 300 eV, while continuum emission comes from the inner region
where Te = 500 eV. This plasma is considered to be in a low
temperature recombining phase. The Boltzmann plot
N(an)/(w(an)nek) for the caleulated population densities with
the use of the charge exchange ceross seections in Tables I and
Il is given in Fig.10 from n = 3 to 40 levels for Te = 300 eV,
N, =5 x 10" em™ and k = near' Ty ncar'®y < 0,02, where
N(nIP) is the population densityvand w the statistical weight.
The population densities without charge exchange process and
those in Saha-Boltzmann equiliorium are also shown by the
dashed line and by the dot-dashed line, regpectively. The
population densities would be reached in local thermodynamice
equilibrium at around n = 50. 3Strong population inversicn is
seen for the levels between n = 8 and 10 as well as between 12

and 27. The population densities for n > 25 exceed those of

Saha- Boltzmann equilibrium.

13



4, Summary

Population inversion for n = 9, 10 and > 15 states found
from the peripheral region of tokamak plasmas has been analysed
in terms of the charge exchange process. We have investigated
the effect of cascades through charge exchange recombination
and derived charge exchange cross sections to n - g states for
the process eq.{(1) from the 6bserved spectra. We considered the
two extreme cases (A) and (B), and both fitted well to the
experiment. We may assume that the actual distribution of the
eross sections would be somewhere between case (A) and (B). The
total cross section for n, = 1 is 15 x ¢g(10p) 1in ecases A(i}
and B(i), 33 - 44 x g(10p) in cases A{ii) and B(ii),
respectively. These values are about the same as the
theoretical ones given in Ref.6 taking the value g(l0p) = 4 x
1()#16 cmz. The total cross sections for R, = 2, 3 and 4 are
calculated to be 2.1 x 10713, 4.8 x 1071% and 5.2 x 1071% em?,
respectively. This result indieates a weaker n, dependence than

that proportional fto ni4. 2,9

The absoclute values obtained in
the present paper may be uncertain with an error of a factor of
three depending con the uncertainties in v NH(I}/ne in eq.{2}.

There are few theoretical and experimental studies on n -
9 distribution for highly ionized ions, particularly at low

5,6,7,8

energies. The theoretical distributions cannot

reproduce the observed intensities from IT te 110 as mentioned
in See. 3(iii). The g distribution derived from the observed

spectra appears to take a maximum around the s or d state for n

14



= 9 and 10. Since the maximum value in the s state of g
distribution {(A(i) and B(i)) is difficult to be expected
theoretically at low enegies, the second case in which the
cross section incereases towards the d state (A(ii) and B(ii))
would be more pfobable. The strong dependence on the
temperature for the g distribution may exist as discussed in
Sec.3. The eross sections for the g state are unknown since the
effect to the np states is small. The observed spectrum for n >
15 is consistent with the g distribution having a maximum at

the p state.
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Table I

. *
Relative charge exchange cross seetions

for Ar17+ + H{1) —-—> Ar16+ {n 9) + H+

n = 7 8 9 10 Total
A(D)
s 6.3 6.8
P 0.95 1.1
14.6
ACiD)
p 1.0 1.0
d 21.0 21.0
44.0
B{i)
s 2.1 4.3 4.3 2.1
p 0.2 0.35 1.2 1.1
15.6
B(ii)
p 0.3 0.35 1.2 1.0
d 2.8 3.3 11.5 10.0
33.1
*normalized to g(10p) = 4.0x10 '° em® in the cases of A(ii) and
B(ii)

17



Table I1I

. *
Relative charge exchange cross sections

for ar' " 4 By > ar'® m g) + B (n, > 2 and n > 15)

n,o= 2 n, = 3 n,= 4
15p 4.1(1) 24p 1.4(2) 32p 1.2(2)
16p 5.7(1) . 25p 1.5(2) 33p 1.3(2)
17p 6.5(1) 26p 1.6(2) 34p 1.5(2)
i8p 6.8(1) 27p 1.8(2) 35p 1.6(2)
19p 6.8(1) 28p 1.6(2) 36p 1.8(2)
20p 6.8(1) 29p 1.5(2) 37p 1.6(2)
21p 6§.5(1) 30p 1.4(2) agp 1.5¢(2)
22p 5.7(1) 31p 1.1(2) 39p 1.3(2)
23p 4.1(1) 40p 1.2(2)

Total 5.3(2) 1.2(3) 1.3(3)
2

*normalized to g(10p) = 4.0(-16) em

NH(2}/NHt1):3.4(—3), Nﬁ(3)/Nﬁ(1):1.7(—3), NH(4)/Nﬁ(1)=?.5(~4)

18



Figure captions
Fig.l Observed spectra of 132 - 1s2g transitions in Ar16+from

Alcator-C tokamak for three different chords.1
w: 152 1S - 1s2p 1P, X: 132 - 1s2p 3P2,

21 3 2 3
y: 1ls § - 1s2p Pl’ z: 1s” - 1s2s "8

Fig.2 Observed spectra of ls2 - lsnp transitions with 7 { n £

13 in Ar16+ from Aleator-C tokamak for three different chords.2

Fig.3 Observed spectra of Is2 - lsnp transitioens with n > 10 in

Ar16+ from Alcator-C tokamak.2

Fig.4 g distribution of the cross section for the charge
transferred electrons at low energies. Solid lines indicate

the theoretical results by Koike8 for Arl7+ + H at

0.35keV/amu, dashed lines from Fritsech and Tawara7 for Sil3+
+ H at 0.35 keV/amu, dot — dashed line from Abramov5

for aAl?* + H at 0.5keV/amu. The derived distributions from the
speetra are shown by open cirecles for case A(i) and by eclosed
ecireles for A(ii), respectively. The ¢ distribution for the
radiative recombination cross section of n = 10 levels is also

shown in the upper part for comparison.

Fig.5 The calculated speetra for the transitions of n = 7 - 12
due to the charge transfer to the 109 selected state are shown
for a) 10s, b) 10p, e¢) 104, d) 10f, e) 10g, respectively. The
hatehed regions indicate the contribution by charge exchange.
The spectrum of (e) is the same as that from only radiative
recombination. The spectra with the statistical weight

distribution and eq.(2) are also shown in (f) and (g).

Fig.6 Line intensities for 152 - 1snp transitions with 7 { n
€ 10. The filled ecircles and triangles are the calculated
results for the case of A{(i) and A(ii) in Table I. The crosses

indicate the measurement at around 280 eV which corresponds to

19



Fig.2(ec). The open cireles show the contribution by rdiative
recombination. The open triangles are the calculated
intensities from the distribution of Ref.8. T = 350 eV, N = 5§
< 1013 3 g -3 17+ €

em™®, Ny = 107 em™® and Nar' Ty /Near’®) = 0.02 are
taken for caleculations.

Fig.7 Intensity ratios of Iw, IX and Iy to IZ. The solid lines
are the calculated results assuming the charge exchange
recombination to the 10g state. Dashed lines are the observed
values. The caleculated ones by (o) radiative recombination
only, (o) charge exchange recombination with the distribution

in Table I A(i), (a) Table I A(ii).

Fig.8 Calculated spectra for n > 10 with different g -
distributions of the charge exchange cross seetions of
agy (189) = 1.8 x 1077 and oy (272) = 6.9 x 10 Bem% 7L (a) o

= 0, (b) ¢ = 2, {(e) ¢ = 3 and (d) statistical weight.

Fig.9 Caleculated spectrum (solid curve } and observed one
{points)} of Is2 - 1sng transitions with n > 10. The hatched

regions show the contribution by radiative recombination.

Fig.10 Boltzman plot N(an)/(e(an)nek) under the condition of
N, =5x%10° em™, T_ = 300 eV and k = N(ar' T y/nqart®) -
0.02. The calculated one with the charge exchange creoss
sections in Table I and II is given by solid line. The dotted
line and dot-dashed line show the results without charge
exchange recombination and in the Saha - Boltzmann equilibrium,

respectively.
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