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» We compile atomic and molecuiar data for atomic processes in a plasma for
fusion science and related fields, Users can retrieve the data by elements or
other attributes and display them in a tabular and in a graphical form.

Bibliographic databases also are available. They are used independently or
in connection with the numerical databases,

* The databases are available through Web at

URL=http://dbshino.nifs.ac.jp/ and free of charge for research purpose
for registered users. It-is possible to reglster at the same URL address. '

Numerical Databases

AMDIS ... Cross sections for ijonization, excitation, recombination and
dissociation of atoms, ions, and molecules by electron impact, Rate
coefficients also are compiled for recombination processes,

CHART ... Cross sections for charge transfer and ionization of atoms, ions,
and molecules by ion collisions,

SPUTY ... Sputtering yields for monatomic solids by ions,

BACKS ... Particle- and energy-backscattering coefficients of light ions
[rom solids. Distribution of energy and angle of scattered particles also are
included.

Bibliographic Databases

FUSION ... bibliography for fusion sciences and plasma physics, extracted
from INSPEC

AM ... bibliography for atomic and molecular physics, extracted from
INSPEC.
ORNL ... bibliography for atomic colllsmns, complled by Oak RldgA :

National Laboratory (ORNL). T
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Abstract

A detailed calculation is presented of the line emission of Li?T ions in a
plasma where a neutral hydrogen beam is injected. A collisional-radiative
model including charge exchange process has been developed, in which nl
subshell resolved populations are treated up to n ~ 20. The population densi-
ties are discussed for three components: excitation, recombination and charge
exchange processes. The Zeeman effect for fine structure component and ap-
parent broadening for line profiles have been examined by detailed numerical
calculations of spectra profiles for the emission lines of Li I1T ions from n =5
to n = 4 transitions with a magnetic field B=2 Tesla. The perturbation of
Zeeman broadening on ion temperature measurements is also estimated. At
high magnetic field and low ion temperature, Zeeman broadening must be
included for reliable interpretation of the measured spectra. Our calculation

can be applied to measure the magnetic field in plasmas.

Keywords: Charge exchange (CX), Spectroscopy, Neuntral beam (NB),

Li III, Zeeman effect



I. INTRODUCTION

Recently, Li peliet injection has been proposed for investigating particle transport in
plasmas of the Heliotron E [1], CHS [2] and LIID. The injected Li pellet is ablated in the
central region of plasma and Li impurities are fully ionized by electrons and ions in a short
period. The tracer ions Li** can be observed by a charge exchange spectroscopy which is

based on the atomic process:

L% + H® — Li% D (nl) + HY (1a)

Li@ D% (nl) —» Li« 9 (1) + v (1b)

where a fully stripped Li** ion captures an electron from hydrogen atoms in a neutral
heating beam, and then results in a Li*" ion in an excited state (n,1). The subsequent
photon emission provide the density and velocity distributions of Li** ions. The technique
has been used to diagnose the particle transport as well as plasma parameters. Most of
the measurements have been done with the visible lines of Li?t ions from n = 5 to n = 4
transitions using an optical fiber to obtain multi-point simultaneous measurements.

Change exchange (CX) lines (Li III An = 5 —4) are perturbed by several atomic physics
and environmental effects [3]. Environmental influences include (i) the background line
emission produced by electron impact excitation from hydrogen-like Li ions in the cool
plasma periphery, (ii) Zeeman and motional Stark line broadening which arise from the
interactions of ions with the strong magnetic fields in the system, and (iii) the presence
of secondary low-energy neutrals in the vicinity of the neutral beam in the plasma, and
apparent broadening arising from a recombined ion plume which drifts into the line of sight.
Atomic properties and processes which can change the observed line shapes include the
presence of non-negligible atomic fine structure in these highly excited states and basic
energy dependence of the charge exchange cross section.

In this paper, a collisional-radiative (CR) model including charge exchange process is

developed, in which separated nl subshell populations are treated up to n ~ 20. Using our




CR model, we calculated the line emissions of Li*" ions produced by charge exchange, elec-
tron impact excitation and recombination. The basic atomic processes to produce emission
lines {especially charge exchange recombination, excitation from the low levels and radiative
recombination) have been studied separately to see how these process populate the excited
states.

We also make a computer code to diagonalize the Hamiltonian including the perturbation
of magnetic field, and calculate the wavelength and transition probability for a doublet line
in arbitrary magnetic field. The basic idea is presented by Bethe and Salpeter [4]. With
our code, we calculated the Zeeman splitting lines of Li III An = 5 — 4 transitions with no
field and with a magnetic field B=2 Tesla. The two issues of fine structure broadening and
Zeeman splitting are discussed in detail.

A brief description of the CR model and atomic data which we used for the calculation
is given in Secs. 1I and IIIL, respectively. The detailed calculation results for population
densities, line intensities and line profiles are shown in Sec. IV. The conclusions are given 1n
Sec. V. We shown the spectra produced by CX, excitation and recombination in magnetic
field. The apparent broadening introduced by Zeeman effect can change the spectral profiles

significantly and must be included for reliable interpretation of the measured spectra.

II. COLLISIONAL-RADIATIVE MODEL

We consider a thermal plasma composed of electrons and protons, together with minority
impurity species of lower abundance. The excited-state populations of hydrogen-like lithium
ions are determined primarily by collisions with electrons and protons, by spontaneous
radiative decay and by interaction with beam atoms. The rate equation of Li%* in the i-th

state is given by

dzsf) - {%: n.Coin(j) + Z A,m(f)} - {; n.Ciyn(t) + > Aynli}}
+{nea1n+ - nhﬁin+} - {neSm(z)} (2)



where 72, is the electron density, n, is the density of fully stripped Li** ions, n, is the density
of neutral hydrogen in beam. Cj; is the collisional excitation/deexcitation rate coefficient
and Aj; is the radiative transition probability from j-th state to i-th state. S; is the rate
coeflicient for direct collisional ionization from the i-th state. ¢; is the composite electron-ion
recombination rate coefficient, where three-body recombination and radiative recombination
processes are included. §; is the charge exchange recombination rate coefficient, for which a
bare nucleus Li** captures an electron from neutral hydrogen and then forms a hydrogen-
like Li ion in ¢-th state. The heavy particle (proton) collisions are inchided in the model for
angular momentum mixing.

In a collisional radiative viewpoint, the populations of excited states may be separated
into three independent components; excitation from the ground state, free-electron recom-
bination and charge exchange capture from neutral hydrogen [5-7], respectively. Then the

population densities can be described, in the quasi-steady-state picture, by
n(z) = neEzn(]-) + neRrin-g- + nhG§n+ i> 2 (3)

where E;, R; and G, are called the effective population coefficients, and represent the effective
contribution from the ground state via excitation and from fully stripped ion via electron-ion
recombination and charge exchange reaction, respectively. Substituting eq.(3) to eq. (2),
the following three sets of equations for E;, R;, G; are obtained,

- Cu+ X5 neCiiEj + Tini AjiE; (4a)
’ TeS; F 25 MeCij + s i Aij
R =%t Yjpa e CjiRy + ¥gns Al
MeS; + 2ok neCij + s Ay
_ B+ 35 meCiG + Ejni AiiG;

L N e Y LN A
dugasg Y V= rue'\/zj T L‘z>3 a4

(4b)

G; (4c)

The primed sums extend only over excited states. Solving the three sets of equations with
i > 2, one obtains the populations of excited states, and then the rate equation, eq. (2), for
the ground state can be rewritten in terms of E;, R; and G, viz.

dn(1)
dt

= —NeSeprnl1l) + Ny + NaBessn



= T Sern{1) + NeQerny (5)

with
Sers = S14 2 Cyy — > _[Ey(n.Cin + Aju}] (6a)
=2 =2
Cerp =01+ ¥ _[Rj(n.Cii + Ajp)] (6b)
§=2
Bess = b+ Z[GJ (”ecjl + Ajl)] {6c)
=2
and
Ser = Sefs (7a)
Np
a’cr:aeff‘f';‘ﬁeff (Tb)

Here, S, and . are called collisional-radiative ionization and recombination rate coeffi-
cients, respectively, and represent the effective rate coefficients for ionization and recombina-

tion of the plasma. When n,S.n(1) = nean., ionization and recombination are balanced.

II1. ATOMIC DATA

In order to analyze the visible spectral lines we need the atomic data involving highly
excited states such as n = 5. In our collisional radiative model in eq. {3) we included the
n — [ resolved states up to n = 20. We need a complete set of data up to n = 20 for our
CR calculation. The data for excitation by electron impact for highly excited states are not
available in the literature for H-like Li ions. In this paper, the electron-impact excitation data
are calculated by Coulomb-Born -Exchange (CBE) approximation for transitions between
the low levels with 1s < nl < 5g, by n~? scaling law for n;l; — nysly with 1s < n;l, < 4f
and 6s < nyls, and by Mewe’s semi-empirical formula [8] for transitions between high-lying
states with 65 < nl. The CBE calculation is carried out with the use of the ATOM code
[9]. We have compared the results for z?Q) , where z is the nuclear charge of ions and

is collision strength, by CBE and other methods distorted wave {DW) approximation by



HULLAC code [10], DW by Clark et al. [11] and pesudo-state R-matrix (RMPS) [12]. Some
of the comparisons are shown in Figs. 1, 2 and 3 as examples. We can see the results by
CBE and by DW [10] are in good agreement with each other better than 10% even near the
threshold region, the z* scaling works well for the incident energy above twice the threshold.
For the weak transitions (non-dipole transitions) 1s — 2s and 1s — 55, we also compared our
results with pseudo-state R-matrix (RMPS) calculation by Badnell et al. [12] in Fig. 1. The
data by CBE lie above the results by RMPS [12] by about 30%. For the collision energy just
above threshold, the collision strength by RMPS are much larger than those of CBE due to
resonance effects. For the transition between two highly excited states (such as 4s — 5s),
the CBE and DW [10] results are two or three times larger than those of RMPS in the low
energy region as shown in Fig. 3 . In the high energy region, these calculations are in a
good agreement with each other. Fortunately, the electron temperature is much higher than
the threshold of 4s — 5s for the case of our interest. RMPS data (which should be best)
are incomplete and disagree with other data. High-accurate and complete calculations are
needed for H-like Li ions excitation process.

The [ — mizing collisions by electrons and ions are important to determine the popula-
tions of excited states, and the corresponding rate coefficients are estimated by the Jacobs’
formula [13]. The ionization rate coefficients from the ground state and all the excited states
are are estimated by Lotz’s empirical formula [14]. The collisional de-excitation and three-
body recombination rate coefficients are derived by detailed balance from the excitation
and ionization rate coefficients. The spontaneous radiative processes for all allowed transi-
tions and one forbidden transition, 25(*S) — 1s(*5), are included. Radiative recombination
rate coeflicients are obtained by detailed balance principle from the photo-ionization cross
sections [15].

The direct charge exchange recombination rate coeflicient to a state 7 is estimated as

B = vo;

where v is the particle velocity of the beam and o; is the state selected charge exchange




cross sections. Data for state selected cross sections are taken from various sources in the
recent literature [16,17], which are found in NIFS database CHART [18]. Fig. 4 shows
the energy dependence of total CX cross sections for Li*™ with H(1s) [16] and H(2s) [17].
The numerical data are taken from the NIFS database CHART. We also plot in Fig. 4
the estimated values by empirical formula [19] to see the asymptotic behavior of CX cross
sections. Figs. 5 and 6 show the n-dependence and [-dependence of charge exchange cross
sections at different kinetic energies. For extending the data to high n excited states, we
assume a n % dependence with n higher than n = 5. This dependence is appropriate at high
collision energies{ E;, > 25 keV/amu ), although at low collision energies, a steeper decrease

is expected.

IV. RESULTS
A. Population densities

In our calculation, the population densities of excited states are expressed with the
populations of Li2* in the ground state and the bare nucleus Li** as described in eq. (2).
In order to get the populations of n(1) and ny, we need to solve the time dependent rate
equation, eq. (4), for Li>*(1s) and Li**. When the time variation of plasma parameters is
much slower than the ionization (~ 1/(n. - S;)) and recombination (~ 1/(n. - ) time
scales, the plasma is in a steady state. In our calculation, we assumed n(1)/ny = qu/Se
to calculate the spectra. We have adopted fixed kinetic energies for beam particles at
E, = 25 keV/amu and E; = 100 keV/amu. As shown in Fig. 4, the CX cross section from
excited state of neutral hydrogen decreases rapidly with increasing collision energy. So the
contribution from excited-state neutral hydrogen can be neglected.

In Fig. 7, we plot the n-dependence calculated of population coefficients (E,: excitation,
R,: recombination and G,: charge exchange) for the np and nd states. We assume the

electron temperature and density are 7, = 1000 eV and n, = 10" ¢m™. The neutral



hydrogen density is assumed to be n, = 107°n,. We scaled the CX cross sections for higher
than » = 5 by n™% dependence until » = 8. We did not include CX cross sections for n > 9.
Therefore the population coefficients G; drop sharply for n > 9.

The temperature dependence of the three population coefficients (F;, R; and G; divided
by statistical weights) for 5{-state are shown in Fig. 8. The excitation population coefficients
E;/g; increase rapidly with electron temperature in the low temperature region and get the
maximum values at hundred electron-volts (the threshold of excitation). After maximum
values, E;/g; slightly decrease with the increase of electron temperature. The recombina-
tion population coefficients (R;/g;) drop rapidly with electron temperature, and the charge
exchange population coefficients (G;/g;) are almost temperature independent in the whole
temperature region. The reason why the population density of 5s is always larger than other
5 is the smallest radiative decay from the 5s state.

Fig. 9 shows the density dependence of the three population coefficients (F;, R;, G;
divided by statistical weights). The excitation population coefficients F;/g; show different
density dependence for states with different angular quantum number {. In the low density
region (n, < 10'°® cm™3), F;/g; are density independent. In the intermediate density region
(10 em™* < n, < 10" cm™3), the excitation population coefficients F;/g; for high { states
such as 5¢ increase with electron density. The populations of 5¢ {or 5f) state significantly
increases due to the excitation from the excited states when the electron density larger than
10! em 3. In the high density region (n, > 10 cm™3), since the populations of excited
states tend to the complete saturation phase, the excitation population coefficients E;/g; are
proportional to n,*. The recombination population coefficients R;/g; of 5s state is about
two order of magnitude larger than others in the low density region because of the larger
radiative recombination cross section to 5s and smaller radiative transition probability from
9s. In the high density region, the collisional processes become dominant and then R;/g; tend
to be a constant. The charge exchange population coefficients G;/g; show similar density
dependence with E;/¢; in the low and high density region. However, in the intermediate

density region the changes of G;/g; for 59 and 5fare small. In Figs. 8 and 9, the ratio of




density of neutral hydrogen n; to electron density n, is taken to be ny/n. = 107°.

In Fig. 10, we plot the collisional-radiative ionization and recombination rate coefficients
as a function of the electron temperature with different ratios of ny/n., where the density of
electron is taken to be n, = 10' cm 3. It can be seen that for a hot plasma (T, > 30 eV), the
collisional-radiative ionization rate coefficients are much larger than the collsional-radiative
recombination rate coefficients. Therefore in the ionization equilibrium or near-equilibrium
region, ;. > n(1) because n, /n(1l) = Scr/ocg. It also can be seen, the collisional-radiative
recombination rate coefficients increase with the neutral hydrogen density, and the increase
is almost temperature independent. As the recombination process, the contribution of the
charge exchange recombination is large than that of electron-ion recombination (radiative
recombination) under the condition which we are considering(n. = 10" cm™, T, = 1000
eV, np/n. = 107°). Here, charge exchange reaction acts as an additional recombination pro-
cess shifting the local ionization balance to lower charge states comparing to the ionization
equilibrium by electron collision only.

Fig. 11 shows the population densities of excited states assuming the ionization equi-
librium, 7, /n(1) = Scp/ocr- With the principal quantum number n increasing, the pop-
ulation density n(4) converges to a constant. The effects of charge exchange are important
even for highly excite state because charge exchange reactions shift the ionization balance.
In the case without NBI, the specially high population of 3d should be due to excitation
from 2s state. The relative electron flow and population density for nd are shown in Fig.
12(a). The excitation rate coefficients from 1s — 3d, 4d. 5d and 25 — 3d, 4d, 5d are shown in

Fig. 12(b).

B. Line Intensity

From eq. {3), the populations of excited states are separated into three independent
components dependent on the excitation from the ground state, free-electron capture and

charge-exchange capture from neutral hydrogen. Thus, the line intensity from j-th state to



i-th state may be expressed as,

L = 45500 = Dmen(1) + G55 (i = F)mens + a2, — fnens (8)
where
Gefr(i — 7) = Es Ay, (9a)
qz;?: (’& — _j‘) = RzAﬂ (gb)
o T
Gorpli = j) = GiAjin_ (9¢)

e
Here ¢Z%;, ¢.77 and ¢;7; are the so-called local effective emission rate coefficients, and they
represent the emission originated from excitation, recombination and charge-exchange, re-
spectively. From these effective emission rate coefficients (calculated for fixed electron and
proton temperatures, density, and neutral beam particle energies), the spectra can be de-
termined for arbitrary beam particle flux densities n, and arbitrary deviations from the
ionization equilibrium. We assumed the proton temperature equal to the electron tempera-
ture.

In Figs. 13(a), (b} and (c}, we show the line intensity of Li III at 7, = 1000eV and
ne = 101 cm™?, in which the upper levels are populated by excitation, recombination and
charge exchange, respectively. In each case, the emission An = 1 is the strongest one in its
series which locate at longer wavelength side. To understand the emission mechanism, we
plot the line intensity ratios of [{An = 1}/I(2 — 1) and Lyman series I(n — 1}/I(2 — 1), in
Fig.14 and 15, respectively. In these figures, we plot the line intensity ratios for excitation,
recombination and charge exchange components separately, and for the emissions including
three components in ionization equilibrium with n, = 10~%n,. It should be noted that
the charge exchange reaction plays two roles in the problem: (1)directly populating the
excited levels, then introducing CX lines; and (2)shifting the ionization balance to the lower
charge stage by producing Li’* ions, then increasing excitation components from Li**(1s).
From Fig. 14, one can see the ratios I{An = 1)/I(2 — 1) of excitation component decrease

sharply with principal quantum number n. In Fig. 15, the ratios of excitation lines decrease




slower than those in Fig. 14. Although the excitation from the ground state populates
np states more than other states, the line intensities for An = 1 are mainly emitted from
the states with larger angular momentum. For example, the intensity for n = 5 — 4 is
dominated by 5f — 4d and/or 5g — 4f, although 5p — 1s is the only possible transition for
n = 5—1 in Lyman series. The ratio of charge exchange components decreases more slowly
than that of excitation component, because the nl distribution of charge exchange cross
section over principal quantum number n and angular quantum number { are broader than
that of excitation from the ground state for the collision energy Ej = 100 keV/amu as we
have shown in Figs. 5 and 6. From Figs. 14 and 15, we can see the line intensity ratios
I(n—1)/I{2 — 1) including three components in ionization equilibrium with ns/n. = 107
are almost the same as the charge exchange component. In Fig. 16 , we plot the percentage
contribution of excitation, recombination and charge exchange for Li Il An = 5—4 emission.
Under typical conditions of fusion plasmas (I, = 1000 eV, n, = 10'* cm™*, n;, = 107°n,,
E), = 100 keV /amu), the line emission of Li III An = 5—4 is mainly due to charge exchange

recombination.

C. Line Profile

The emission lines from n = 5 to n = 4 transitions are in the visible range and they are
often measured in fine resolved spectra which can resolve the fine structure lines. Before
the detailed discussion of spectral profiles of Li III An = 5 — 4, we would like to show
the population densities of 5l states in Fig. 19, where these upper levels are populated by
excitation (E,), recombination (R,} and charge exchange (G,} under different conditions as
shown in the figure.

In Fig. 17, we show the spectral distribution of fine structure lines for 5/ — 41’ transitions
in the case of no magnetic field. The transition probabilities are plotted as a function
of wavelength. In magnetically confined plasma, the spectral profiles are perturbed by the

Zeeman effect which arises from the interactions of ions with the strong magnetic field existed



in the system. We have made a computer code which can be used to calculate Zeeman effect
on energy level and transitions probabilities for arbitrary magnetic field strength [4]. We
estimated the influence of the magnetic field on the visible spectral line Li Il An =5 —4
under field strength B=2 Tesla. Fig. 18 (a)-(f) show the transition probabilities of the
Zeeman splitting lines for each separate transitions: bs — 4p, 5p — 4s, 5d — 4p, 5d — 4f,
5f —4d, 5g — 4f. Fig. 18 (g) is the sum of all the splitting lines.

In order to estimate the spectral line profiles emitted from ions in plasma, we need to
know the population densities of the resolved magnetic sublevels, energy levels and transi-
tion probabilities of ions in magnetic field. In a magnetic confined plasma which are heated
by neutral beam, there are two special direction defined by magnetic field and neutral heat-
ing beam respectively. At the moment, we take the quantization axis along the magnetic
field and consider the spectral lines are emitted from thermal plasma where the velocities of
plasma particles are isotropic distribution. We also assume the unbalance population distri-
bution over magnetic sublevels are relaxed by the collisions with plasma particles {electrons
and ions) rapid enough, and thus the population densities are equal over the magnetic sub-
levels. In the paper, we consider that the sight line is perpendicular to the magnetic field.
Fig. 20 (a) shows the line profiles produced by electron-tmpact excitation for the line of Li
III An = 5 — 4 transitions. The solid line indicate the spectra for B=2T and the dashed
line for the case without magnetic field. The electron temperature 7, = 1000 eV and the
ion temperature 7; = 1 eV to decide the width of the line are assumed in the calculation.
The contribution of different nl transitions is shown in Fig. 20(b) without magnetic field
and in Fig. 20(c) for B=2T. The lines through from 5p — 4s and 5s — 4p are the strong
peaks at shorter wavelength (4498.3 A) and at longer wavelength (4499.35 A). When the
ion temperature is high 7; = 200 eV, the difference between B=0.0 and B=2.0 T can not
be distinguished as shown in Fig. 20(d). When the line broadening is dominated by the

thermal motion of ions, the spectral profiles is given as follows,

2 /2 A— Xo)?
Ta(\) = Iﬁfﬁ/ I:TEa:p [—4 1112-(-—?2—‘1] (10)



where ) is the photon wavelength from j-th state to i-th state, and I is the full width half

maximum value.

T = 7.7 x 107X/ T /A,

where T} is the ion temperature measured in eV, A; is the atomic mass of ions.

Next we see the spectra produced by charge exchange recombination with collision energy
E;, = 100 keV /amu or E; = 25 keV /amu. The calculated CX spectra for B=0 and B=2.0 T
are shown in Figs. 21(a) and 22(a), respectively. Peak of these CX lines are near 4499Awhich
are produced from the 5f — 4d transition as shown in Figs. 21 (b)-(c) and 22 (b}-(c).
However, in case of E; = 25 keV/amu, the line emission from 5g —4f transition contributes
more than that of E;, = 100 keV/amu. Due to the broader I-distribution of the CX cross
sections at By, = 25 keV/amu. Fig. 21(d) and 22(d) show the line profiles for T; = 200 eV.
Fig. 23(a) shows the spectra produced by radiative recombination at electron temperature
T, = 10 eV with B=0.0 T and B=22.0 T. According to the calculated spectra, peak of the line
locates at around 4499.1Awhich is produced from the transition 59 — 4f. For the radiative
recombination spectra, the line of 59 —4f dominates others as shown in Fig. 23(b) and (c).

In order to compare the spectra produced by different mechanism, we plot the charge
exchange spectra with E, = 100 keV/amu (dotted line) and F, = 25 keV/amu (dashed
line) in Fig.24(a), and excitation spectra and radiative recombination spectra in Fig. 24(b}.
We also plot in Fig. 24(a) the statistical equilibrium spectra. From Fig. 24(a), we can see
that, with the increase of the collision kinetic energy Ej, increase, the intensity of CX lines
decrease because of CX cross sections decrease with Ej. The peak of statistical equilibrium
spectra is at the longer wavelength (4499.1A) than those of CX spectra. Comparing Fig.
24(a) with Fig. 24(b), the peak of recombination spectra is close to the peak of statistical
equilibrium spectra and the apparent width of excitation spectra is broader than those of
charge exchange, recombination and statistical equilibrium spectra. The broader excitation
spectra is due to the larger inteusity from p states.

To estimate the perturbation of Zeeman broadening on ion temperature measurements,



we plot the statistical equilibrium spectra with B=0.0 (solid line), 2.0 (dashed line), 5.0
(dotted line), 10.0 (dot-dashed line) Tesla with real ion temperature 7; = 10 €V in Fig. 25.
From these spectral profiles, we can deduced the apparent ion temperatures to be 10.8, 28.6
and 110.3 eV for B=0.0, 2.0 and 5.0 Tesla, respectively. The error introduced by Zeeman
) broadening are factor of 2.65 or 10.2 with B=2.0 or 5.0 T compared with no magnetic field.
‘At very high magnetic fields (on the order of 10 T), the line splitting by normal Zeeman effect
has been studied well. When ion temperature is high, the difference between B=0.0 and
B=2.0 T can not be distinguished as shown in Figs. 20(d), 21(d), 22(d) and 23(d). Generally
the Zeeman effect is neglected for a charged ion because of the Doppler broadening through
ion motion. However for a low ion temperature below 50 eV, the Zeeman effect is not

negligible for a spectral broadening in magnetic confined plasma with 2 Tesla.

V. CONCLUSION

We have made a n — [ resolved collisional radiative model up to n = 20 for H-like Li
tons including the charge exchange processes. The excitation data used in our model are
calculated by the ATOM code [9] which are in a good agreement with DW results [10,11] and
disagree with RMPS calculation [12]. RMPS data (which should be best) are incomplete and
disagree with other data. Better R-matrix (or other close-coupling) calculations are needed
for H-like ions excitation process. In our model, the emissions of Li** ions are separated
into three independent components originating from electron impact excitation, electron-
ion recombination and charge exchange. In the case of neutral beam injection, the charge
exchange component is dominant.

The spectral profiles emitted irom ions in plasma are influenced by several atomic physics
and environmental effects. In this paper, we examined the perturbations of atomic fine
structure and Zeeman effect which arises from the interactions of ions with the strong mag-
netic field in the system. At high magnetic field and low ion temperatures, the apparent

broadening introduced by Zeeman effect must be included for reliable interpretation of the




measured spectra. We have shown the contribution of the different ni-n'l’ transitions in the
fine structure Zeeman spectra. When the ion temperature is high enough to swear out the
fine structure components and Zeeman effect, the peak position of line profiles produced
by charge exchange and by excitation are different by 0.2A towards the shorter wavelength

than those by recombination and statistical distribution.
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FIGURES

FIG. 1. Electron-impact excitation collision strength for the 1s — 2s (a) and 1s — 5s (b) transi-
tions in hydrogen-like ions. The solid quadrangles with line denote the results by the ATOM code;
the solid circles, Hullac code; the upward and downward triangles, Clark et al. (1996); the open

circles, Badnell et al. (1997)

FI1G. 2. Electron-impact excitation collision strength for the 1s —2p {(a) and 1s — 5p (b) transi-
tions in hydrogen-like ions. The solid quadrangles with line denote the results of the ATOM code;

the solid circles, Hullac code; the upward and downward triangles, Clark et al. (1996)

FIG. 3. Electron-impact excitation collision strength for the 4s — 5s transition in hydrogen-like
Li?* jons. The solid quadrangles with line denote the results of the ATOM code; the solid circles,

Hullac code; the open circles, Badnell et al. (1997)

FIG. 4. The energy dependence of charge exchange cross section. The solid quadrangles denote
the results of Toshima et al. (1995}or Li*t+H(1s); the open circles, Janev et al (1999) for
Li**+H(2s). The solid and dash lines are the estimated values for Li**+H(1s) and Li%*-+H(2s)

systems by empirical formula, respectively.

FIG. 5. The n-dependence of charge exchange cross section o, at collision energies Ej, = 25
keV/amu and Ep = 100 keV/amu for Li*T + H(1s). The open quadrangles are for £, = 25

keV/amu and solid circles for 100 keV /amu.

FIG. 6. The I-dependence of charge exchange cross section op; at collision energy Ej, = 25
keV/amu and £ = 100 keV /amu, where the principal quantum number n equals to 5. The open

quadrangles are for £y, = 25 keV/amu and solid circles for 100 keV /amu.

FIG. 7. The population coefficients (F;, R; and G;) of np-states (a) and nd-states (b) divided
by statistical weights as functions of principal quantum number n at T, = 1000 eV, n, = 1013

cm 3, By, = 100 keV/amu and ny = 10 %n,.




FIG. 8. The temperature dependence of population coefficients (F,, R;, G,) for 5] divided by
statistical weights at Fj = 100 keV/amu and ny = 107%n,. The solid quadrangles are for 5s; the
circles, 5p; the upward triangles, 5d; the downward triangles, 5f; the open circles, 5g. E;/g.. R./g,

and G,/g; are shown in (a), (b) and (c) respectively.

FIG. 9. The density dependence of population coefficients (E;, R;, G,) for 5 divided by statis-
tical weights at E; = 100 keV /amu and ny = 10~°n.. The solid quadrangles are for 5s; the circles,
5p; the upward triangles, 5d; the downward triangles, 5f; the open circles, 5g9. E,/g;, Ri/g, and

(G:/g, are shown in (a), (b) and {c) respectively.

FIG. 10. The effective ionization and recombination rate coefficients (Ser, «.r) as functions
of electron temperature T, with no neutral beam injection and with neutral beam density at

ny, = 10 *n,., 107%n, and 10~%n,, respectively. In the figure, F), = 100 keV/amu and n. = 10'3

cm™3.

FIG. 11. The population densities (n(7)) of np and nd states as functions of principal quantum
number n with n, = 107°n, and 0, respectively. In the figure, T, = 1000 eV, Ej = 100 keV /amu

and n, = 10" em™3.

FIG. 12. Electron-impact excitation rate coefficients for 1s — nd and 2s — nd transitions as

function of principal quantum number n at T, = 1000 eV and n, = 10" cm—3.

FIG. 13. Line intensities ({,;/n./n(1s) or I;,/n./n.) originated from excitation {a), recombi-
nation (b) and charge exchange (c) in the wavelength range 10 nm to 500 nm, at n, = nel075,

By, = 100 keV/amu, T, = 1000 eV and n. = 10'? cm ™.

FIG. 14. Line intensity ratios for I{An = 1}/I(An = 2 — 1)) originated from excitation (a),
recombination (b) and charge exchange (c) at n, = ne107°, FEp = 100 keV/amu, T, = 1000 eV

and n, = 1013 cm™3.



FIG. 15. Line intensity ratios for I{An = n’ — 1}/I{An = 2 — 1)) originated from excitation
(a), recombination (b) and charge exchange (¢} at ny = n.107°, E; = 100 keV/amu, T, = 1000

eV and n, = 10" cm 3.

FIG. 16. Percentage contributions to the line intensity of Li IIl An = 5 — 4 from various
processes excitation (a), recombination (b) and charge exchange (¢) at np = n.107°, B = 100

keV/amu, T, = 1000 €V and n, = 10'% cm=—3.

FIG. 17. The spectral distribution of fine structure lines for 5 — 4/’ transitions for Li III ions

in the case of no magnetic field.

FIG. 18. The transition probabilities of the Zeeman splitting lines for separated transitions;
5s -~ 4p, 5p — 4ds, bd — 4p, bd —4f, 5f — 4d and 59 — 4f. The sum of all the splitting lines is shown

in (g). In these figures, the magnetic field strength B is taken as 27T.

FIG. 19. The I-dependence of population coeflicients with principal quantum number n = 5.
The circles denote charge exchange population coefficients G;/g;; the quadrangles for excitation

population coefficients F;/g;; the triangles for recombination population coefficients R;/g;.

FIG. 20. The line profiles of Li III {An = 5 — 4) produced by electron-impact excitation. In
figures (a} and (d), the solid line indicate the spectra for B=2T and the dash line for the case with
no magnetic field. Figures (b) and (c) show the contributions from different transitions with no
field and with a magnetic field B=2T. In these figure, the electron temperature and density are
taken as T, = 10% eV and n, = 10'* cm™3. The ion temperatures are assumed as 7} = 1 ¢V in

{a),(b),(c) and as T; = 200 eV in (d).




FIG. 21. The line profiles of Li III (An = 5 — 4) produced by charge exchange with neutral
hydrogen. In figures (a) and {d), the solid line indicate the spectra for B=2T and the dash line
for the case with no magnetic field. Figures (b) and (c) show the contributions from different
transitions with no field and with a magnetic field B=2T. The kinetic energy of neutral hydrogen
atoms is taken as Fj, = 100 keV /amu. The ion temperature is assumed as 7; = 1 eV in (a),(b),(c)

and as T; = 200 eV in {(d).

FIG. 22. The line profiles of Li III ({An = 5 — 4) produced by charge exchange with neutral
hydrogen. In figure (a), the solid line indicate the spectra for B=2T and the dash line for the case
with no magnetic field. Figures (b) and (c) show the contributions from different transitions with
no field and with a magnetic field B=2T. The kinetic energy of neutral hydrogen atoms is taken
as Ep = 25 keV/amu. The ion temperature is assumed as T, = 1 eV in (a),(b}),(c) and as T; = 200

eV in (d).

FIG. 23. The line profiles of Li 111 (An = 5 — 4) produced by electron-ion recombination. In
figure (a), the solid line indicate the spectra for B=2T and the dash line for the case with no
magnetic field. Figures (b) and {c¢) show the coniributions from different transitions with no field
and with a magnetic field B=2T. The electron temperature and density are taken as 7, = 10 eV
and n, = 1013 cm—3. The ion temperature is assumed as T; = 1 ¢V in (a),(b),(c} and as T; = 200

eV in (d).

FIG. 24. {(a) The line profiles of Li I1I (An = 5—4) of statistical equilibrium spectra and charge
exchange spectra. The solid line indicate the spectra statistical equilibrium; the dashed line, charge
exchange spectra with Ej = 25 keV/amu; the dotted kine, charge exchange spectra with E), = 100
keV/amu. (b)The line profiles of Li III (An = 5 — 4) produced by electron-impact excitation and
electron-ion recombination. The dashed line, eleciron-impact excitation spectra with 7, = 1000
eV: the dotted line, electron-ion recombination spectra with 7, = 10 eV. The ion temperature is

assumed as T; = 10 eV with a magnetic fleld B=2T.



FIG. 25. The statistical equilibrium spectra of Li III {An = 5 — 4) with B=0.0, 2.0, 5.0, 10.0
Tesla The solid line indicate the spectra for B=0.0 T; the dash line for B=2.0 T; the dot line for

B=5.0 T; the dash dot dot line for B=10.0 T. The ion temperature is assumed as 7; = 10 eV
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