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Abstract

The spectral line intensities and line shifts of Lyman and Balmer series for transitions up to n = 5 of hydrogen-like ion are studied in plasmas
with densities and temperatures in the ranges n. ~ 10'—10?' cm ™2, T, = 0.3—1.2 eV respectively. The screened potential used to describe the
interaction between charged particles includes the electron exchange-correlation and finite-temperature gradient effects and is valid for both
weakly and strongly coupled plasmas. The dependencies of alpha, beta and gamma line shifts of Lyman and Balmer series on plasma density (for
fixed temperature) and temperature (for fixed density) are investigated. The results for the H,, line shifts are compared with the available high-
density experimental data.
© 2018 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
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1. Introduction

The radiation emitted from a plasma is the main source of
information about its composition, basic physical parameters
(density and temperature), dynamical processes occurring in
the plasma, and the interactions between its constituents
[1—3]. As a collection of interacting charged particles (elec-
trons and ions), the plasma is characterized by the ratio of the
average potential2 to kinetic energy (Coulomb coupling
parameter) I' = - where @ = (3/47n,)'? is the average
inter-electron distance, kg is the Boltzmann constant and n.
and T, are the plasma density and temperature, respectively.
Plasmas with 'l and I'>>1 are classified as weakly and
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strongly coupled plasmas, respectively. Another parameter
that characterizes the plasma is its electron degeneracy 6 =
T./Tr, where Tp = h?(3m2ne)** /2m, is the Fermi tempera-
ture, 7 and m, being the reduced Planck constant and electron
mass, respectively. Plasmas with <1 and §>>1 are classified
respectively as degenerate (quantum) and non-degenerate
(classical) plasmas. The condition <1 implies that the
electron de Broglie wavelength Ag = /(2mckp Te)l/ s larger
than a.

Due to the many—body correlations of plasma particles, their
mutual interaction is always screened and only when the con-
dition Ap >>a is fulfilled, where Ap = (kgT./47ce?n)"/? is the
plasma Debye length, the inter-particle interaction can be
considered as Coulombic. The effective two-particle potential in
plasmas is usually derived from the plasma dielectric response
function in certain approximations. In the first order of the
expansion of dielectric function over the electron wavenumber,
the effective electron-ion potential has the Yukawa-type form
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[4,5] V(r) = Ze?* exp( — r/)s), where Z is the ion charge. For
hot, dilute and weakly coupled plasmas, the scale length is A, =
Ap (Debye-Hiickel screening); while for dense and cold degen-
erate plasmas, it is given by A, = Arp = 1/(4me’0n./0p)
(Thomas-Fermi screening), where u is the plasma chemical
potential. The inclusion of the next term in the expansion of
dielectric response function leads to analytic expressions for the
effective potential that, incorporating the finite-temperature
gradient corrections to the free energy, exchange-correlation
and other effects, describe the screening more completely
[6—8]. These effects become particularly important in many
high density laboratory and astrophysical plasmas, such as laser
produced and inertial confinement plasmas, plasmas in semi-
conductor nanostructures (metal thin films, nanotubes, quantum
wells and dots) [9] and in compact astronomical objects (white
dwarfs, neutron stars) [10].

Quite recently a new analytic screened potential has been
derived by Stanton and Murillo [11] using the orbital-free
density functional theory which includes the quantum de-
generacy, gradient corrections to the free energy, exchange-
correlations and finite-temperature effects. The potential
connects the limits of Debye-Hiickel, Thomas-Fermi, Lind-
hard dielectric response function and Bohmian quantum hy-
drodynamics descriptions of the Coulomb interaction
screening in both weakly and strongly coupled plasmas. The
form of this potential is (atomic units will be used hereafter)

z :

V(r) =5 [(14+a)e " + (1 —a)e/*], (1)
. S @)
= 2b+2Vhr -y Vbr—v

where At = {Tc\/%/[ﬂ,',l/z(no)}}l/z is the Thomas-Fermi
screening length, accounting for the electron degeneracy, 8 =
1/T., and Z_;5(my) is the Fermi-Dirac integral of order —1/2,
defined as Z,,(n) = 0+ ® dxx”(1 + e*"). The parameters » and
b account for the gradient correlations and exchange-
correlation effects, respectively, and are defined as [11].
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(5)
The parameter my in the argument of the Fermi-Dirac
function is related to the average plasma density n. by the
relation

ne =2l a(ng) / (°67) (6)

The potential (1) is valid only for »<b?; in the opposite
case, its exponential terms become oscillatory functions and
the screening lengths A, have somewhat different expressions

[11]. Tt should be noted that for b— landv—0 (a—1), the
potential (1) reduces to the Debye-Hiickel potential [11]. It
should be also noted that the parameters A_ and A, for a pair
(ne, T,) of plasma parameter are not independent, but they are
mutually related. The pair (-, A.) corresponding to a plasma
with parameters (n., 7T.) will be abbreviated as A, in the
reminder of the paper.

It should be emphasized that the static screened potential
(1), like those in Refs. [6,7] are derived in the long-wavelength
limit of plasma dielectric response function. In general, the
interactions among moving plasma particles are time depen-
dent and can induce time- (or frequency-) dependent
(dynamical) screening of the Coulomb interaction. The static
approximation to the Coulomb interaction screening can be
applied to atomic processes when their time-scale is much
smaller than the time-scale of collective plasma modes (such
as, e.g., oscillations) and for time-averaged plasma quantities
[12]. We are not aware of any dynamic screened potential in
analytic form. As the potential screening is determined by the
imaginary part of the inverse dielectric response function (see
Ref. [12]), which depends on both the electron wave number k
and plasma frequency w (accounting for the collective effects
of plasma micro-fields), it is necessary to calculate the com-
plete dielectric response function by the quantum-statistical
methods and extract its imaginary part. The Green's function
method proved to be the most appropriate one for this purpose,
as discussed at the end of Sec.3.

The purpose of present work is to study the properties of
spectral lines of Lyman and Balmer series of hydrogen-like
ions in finite-temperature dense plasmas by using the
screened potential (1). The calculations are performed for
plasmas with densities and temperatures in the ranges n.
~10'8—10%' cm_3, T. = 03—1.2 eV, typical for the atmo-
spheres and outer layers of H- and He-rich white dwarfs [13].
Experimental spectroscopic studies of such plasmas are
currently underway at the Sandia National Laboratory [14].
This parametric range spans both the weak and strong
coupling plasma regimes.

The experimental and theoretical studies of the line radi-
ation from plasmas have a long history. The theoretical and
experimental methods for these studies are described in the
books of Griem [1,15,16], Kunze [2] and Fujimoto [17],
where references to the prior experimental and theoretical
investigations in the field are also given. Most of the theo-
retical work has been done on the spectroscopy of hydrogen
plasmas.

The paper is organized as follows. In Sec.2, we briefly
outline our computational method. In Sec.3, we present and
discuss the spectral line intensities and the density and tem-
perature dependences of line shifts, we also give a comparison
of calculated H,, line shifts with available experimental data.
In Sec.4 we give our conclusions.

2. Theoretical method

The radial Schrodinger equation for a hydrogen-like ion
with the potential (1) is
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d? +1(1+1)
2dr? 2r2
- nl(Z7 A1)F)}’ll(r; Z? Ai) (7)

Using the scaling transformations

+V(r; Z, 2)|Pulr; Z, Ay)

p="27r0, =27, e(0:) =Eu(Z,A.) ] Z* (8)
Eq. (7) reduces to that for the hydrogen atom (Z = 1)
& I1+1)

- 2dp? + 202

+ V(p;62) | Pu(p;04) = €n(02)Pru(p; )

9)
The transformations (8) lead to the Z-scaling of matrix
elements

(Pu(r;Z, Ai)’rk|Pn’l’("§Z7 As)) :Z_k<Pnl(P§6¢)|pk|Pn’l’(P§5t)>
(10)

The energies and wave functions of bound states in the
potential (1) are determined by expanding the atomic states

Y,m(p; 6+) over an even tempered basis {xy,(p; 0+)} of
Slater-type-orbital functions [18].

Wiim(p;0.) = chkalm(p§6r)7 (11)
T

Xuin(P3 02) = Nil&e(82)]p'e % pY,,(p), (12)
gk = a6k7k = 1727 "'7N>

where N;[6;(0.)] is a normalization constant, Y,,(p) are the
spherical harmonics, « and § are variational parameters and n, [
and m are the usual quantum numbers. The coefficients ¢, in Eq.
(11) are determined by diagonalization of atomic Hamiltonian
which yields the scaled energies &,(0.). The radial part,
Ru(p; 6+ ), of the function ¥, (p; 0. ) is related to the function
Pu(p; 0+) in Eq. (9) by Ryu(p;d:) = Pu(p;d+)/p. The energy
scaling in Eq. (8) is valid only in the non-relativistic approxi-
mation; for ions with nuclear charges above Z~ 10, where
instead of Eq. (7) the Dirac radial equation should be used, the Z-
scaling of fine-structure energies is no more possible.

Besides of lifting the Coulomb degeneracy of angular
momentum states, an important property of screened potential
(1) (that at asymptotically large distances decreases faster than
— 1/r?) can support only a finite number of bound states [19].
This implies that with the increasing screening, the energy £,
of nl state decreases and at certain critical value of the
screening it becomes zero. The potential (1) contains two
screening lengths, A_ and A, (mutually related through the
plasma temperature and density), and the nl state enters the
continuum only for a combination of Ai}nl and Afml corre-
sponding to a (n., T.) pair of plasma parameters. The po-
tential parameters A.., v, b are related to the plasma parameters
ne, T, through Egs. (2), (3) and (6) in which the Fermi-Dirac
integrals and their inversions (Eq. (6)) can be calculated by
using accurate Padé approximants and rational function ap-
proximations available in Ref. [20] and Ref. [21], respectively.

Fig. 1 shows the lines of (n., T.) pairs for which the states
Is, 21, 31, 4s, 4f, 5s and 5g become unbound. The state is
bound in the (n., T.) region above the corresponding line. In
the same figure we show the I' = 1 line, separating the regions
of weak and strong coupling plasma regimes. The black line in
Fig. 1 represents the equation » = b?; the region v <b? of
validity of the potential (1) lies above this line.

Fig. 1 shows that in certain regions of the (ne, Te)
parametric space, some of the states are bound and others are
not. This fact has obvious consequences on the plasma spec-
troscopic features (e.g. termination of spectral series at some
upper levels).

The absorption oscillator strength for the n/— n'l' transition
in hydrogen-like ions with nuclear charge Z is given by [22].

20wy (02) 1+1 2
= — P// P .
3 2l+1|< n'l ‘p| nl>|

(13)

where w1 (0+) = eyr(0:) — €,(0+)is the transition energy
(frequency).

The radiative transition probabilityA,;,(Z, A.)for
thenl —n'l' transition can be expressed in terms of that for
hydrogen atom A,y ,;(9.) as (cf. Eq. (10))

.frllm’l’ (Z7 At) :fn[m’l’(éi)

An'l',nl (Z7 At) = Zﬁ4An’Z’,n1(6i)a

2(20+1 (14)
Apru(0:) = g‘f wi[,n'l' (0 )fouwr(04)

20'+1
where « is the fine-structure constant. The oscillator strengths
and radiative transition probabilities in hydrogen-like ions in
finite-temperature quantum plasmas have been studied
recently in detail [23] by using the screened potential (1).
Under local thermodynamic equilibrium conditions, the
spectral line intensity associated with the transition n/—n'l' in

. . . . .
&,=0 &~0

‘923=0 _‘215:0

18 19 20 21 22 23 24
logo(n,) (cm™)

Fig. 1. The positions of critical screening lengths é.. for s (red), 2s (green), 2p
(blue), 3s (cyan), 3p (magenta), 3d (dark yellow), 4s (navy), 4f (purple), 5s
(wine) and 5 g (olive) states in the (n, 7.) parametric space. The dashed line
represents the Coulomb coupling parameter I" = 1 (orange). The region of
validity of the potential (the conditionv < b?) lies above the black solid liney =
b
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a hydrogen-like ion with charge Z embedded in a non-
degenerate plasma is given by [24].

In'['ﬂl(Z7 Ai) = AEn'l"nl(Za A1)An'l"nl<z> /‘ki)Nn'['y (15)
Ny = N15(2l/ + l)exp( — AE,,///JS/Te), (16)

where N,y and Ny are the populations of the upper |n'I') and
the ground |1s) state, respectively, and 7, is the plasma tem-
perature expressed in energy units. Keeping in mind the
scaling relations (8) and (10) and introducing scaled temper-
ature 7. = T, /Zz, we define the reduced scaled line intensity
as

Zzln’l’,nl(éi)/le :(Zl, + 1)&)11’1’,)11(61)An’]’,nl(5i)exp
( - wn’[’,ls/Te)-

The symbol .. in Egs. (13—17) represents the combination
of 6_ and 0, screening lengths corresponding to the values of
(ne, T.) pair for which the indicated quantities are calculated.

As mentioned in Sec.1 the energies &,(d.) decrease with
the increasing screening and the transition frequency
Wnipr (02) = €yp(0+) — €4(0+) changes when the screening
varies. In Ref. [23], it was shown that when the screening
increases, the transition frequency associated with the nl—n'l'
transition in the screened potential (1) is red-shifted (for n+n")
or blue-shifted (for n = n') with respect to the pure Coulomb
interaction (unscreened plasma) case. The n.- and T7.-de-
pendences of oscillator strengths and radiative transition
probabilities (for fixed T, and n., respectively) have also been
studied in Ref. [23] for nl— n'l' Lyman and Balmer transitions
with n' < 5.

As well known, the spectral lines in plasmas, besides by
their intensity and frequency shift, are also characterized by
their broadening, resulting from the thermal motion of emit-
ting particle and its interaction with the surrounding plasma
particles and plasma microfields. There is a vast amount of
theoretical studies devoted to the spectral line shift and
broadening in both dilute and dense plasmas (see, e.g.
[15,16,25], respectively, and references therein). All the
studies have been performed for hydrogen plasmas. While in
the low-density limit the line shift and broadening can be
described within the concept of an emitting atom embedded in
an environment of perturbers, in dense plasmas their
description has to include the many—body correlations,
plasma degeneracy, dynamic interactions and collective
plasma effects. An effective static screened potential of the
form(— Z/r)&(r), like the potential (1), by modifying the
bound state binding energies and their differences, can provide
information only about the line shift of spectral lines. The line
broadening results from time-dependent processes in the
plasma (e.g. collisions of the emitting atom/ion with plasma
electrons and ions), plasma microfields effects (linear and
quadratic Stark effects), multipole interactions and thermal
(Doppler) effects [15,16,25—28]. The line broadening does not
affect significantly the line intensity given by Eq. (17), but
broadens its spectrum over a frequency range around the

(17)

transition frequency wo = w,y, ,. The line intensity then
takes the form

ZzIr1’[’,n[(5i>/le = (21/ + 1)wOAn’I’,nl(6t)exp( - w;z’[/,ls/Te)S(w)v
(18)

whereS(w)is a profile function. The functionS(w) has a bell-
shaped form (Lorentzian or Gaussian, or their combination),
with its maximum at the transition frequencyw,. Since the
determination of S(w) is outside the scope of the present work,
for the purpose of representing uniformly the scaled reduced
line intensities, we shall adopt a Lorentzian profile function,
which is widely considered to be appropriate for dense
plasmas [26—31].

; (19)

1 I’
(CU) :ﬁ [(w _ wo)z +F2

where I' is the half-width at the half maximum (HWHM) of
the line. In hydrogen plasmas with unscreened Coulomb
electron-ion interaction, the main contribution to the line
broadening is considered to be due to the linear Stark effect. If
the electron-ion interaction is described by a static screened
potential, the angular momentum degeneracy of the states with
the same principle quantum number, as we have seen in Sec.2,
is lifted by the short-ranged character of the potential (the
finiteness of the screening length) and the linear Stark effect
on the energy levels is absent. The plasma microfields can
induce only second-order effects on the energies of nl-states
(quadratic Stark effect). In order to represent the line in-
tensities in a uniform way, we shall adopt the quasistatic
expression for the HWHM from Ref. [32].

22
r—216"" ")

Fo, (20)
where n' and n are the principle quantum numbers of the upper
and lower levels involved in the transition, and F; is the
Holtsmark normal field strength

4\23
F0275<E> n?l3. (21)

We should admit that the use of Eq. (20) for the half-width
of n'l'—nl lines is obviously a rather crude approximation,
except when the screening is small. However, as emphasized
earlier, more accurate determination of the line width is
outside the scope of the present work. We also note that the
function (19) reduces the intensities calculated by Eq. (17) by
a factor of 1/=r.

In order to demonstrate the accuracy of the adopted line
profile function, we present in Fig. 2 a comparison of calcu-
lated H,, line intensity in two plasmas, calculated by using the
profile functions (19—21), with the experimental data from
Ref. [29] (panel (a)) and Ref. [31] (panel (b)). The small peaks
at the right wings of the experimental lines originate from the
667.8 nm He I line [29,31].
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Fig. 2. Comparison of H, line shapes calculated with Eqs. (19—21) for two
plasmas with the experimental data of Ref. [29] (a) and Ref. [31] (b). The
experimental peaks at 667.8 nm belong to He I line (cf. [29,31]).

3. Results and discussions

3.1. Dependences of line intensities on plasma
temperature and density

We have performed line intensity calculations for the
Lyman (np-1s) and the three branches (np-2s, nd-2p, ns-2p) of
Balmer series transitions with n < 5 in the scaled temperature
7. range 0.3—1.2 eV for three plasma densities: 10'%, 10" and
10*%cm . In the considered temperature range, the upper
states involved in the above transitions are determined by the
density (see Fig. 1): for n. = 10"8cm 3 all states with n < 5
are bound and included in the calculations; for n, = 10"%cm 3
the uppermost state is still bound in the potential depends on
the value of 7. (5p for 7. = 0.3 eV, 5d for 7. = 0.4 and 0.6 eV
and 5 g for 7. > 0.7 eV), while for n, = 10%° ¢cm ™ the line
series terminate at 3s (for 7. < 0.4 eV), 3p (for 7. = 0.6 eV),
3d (for 7. = 0.8 eV), 4s (for 7. = 1.0 eV) and 4p (for
T. = 1.2 eV) upper states. The gradient correction effects and
Coulomb coupling parameters, » and I', are also quite different
for these densities: for n, = 10" cm73, v <0.05, I <1 forall
7. values from the considered range, for n. = 10" cm 3,
r<005TI>1forr,<0.5eVand I <1 for 7. > 0.5 eV, and
for n, = 10%° cm_3, v <0.43, I > 1 for all 7, values from the
considered range.

Below we show the results of our calculations for the lines
of Lyman and Balmer series for the case of plasmas with
density n. = 10" cm ™ and a number of temperatures in the
range 0.3—1.2 eV. The screening lengths d, of the potential,
the gradient correction parameter v, the Coulomb coupling
parameter I' and the states bound in the potential for these
plasmas are shown in Table 1. For the plasmas with I' <1 we
also show the values of Debye-Hiickel screening lengths,
which are very close to the values of 6_. Table 1 indicates that
I' = 1foré_=32and 6, = 2.2.

The scaled reduced line intensities of the Lyman and the
three branches of the Balmer series transitions are shown in
Figs. 3 and 4, respectively. We observe that line intensities
increase with the increasing temperature. The increase of line
intensity with 7. for a given transition is related to the similar
increase with 7, of all the factors in Eq. (18) (exceptwy, see
[23]). It should also be noted that the lines are red-shifted and
that the line shifts increase with decreasing the temperature.

In Figs. 5 and 6 we show the reduced scaled line intensities
for the Lyman and Balmer series, respectively, for plasmas
with a fixed scaled temperature 7. = 0.4 eV and a number of
densities in the range 8 x 10'® —10?°cm™3. The gradient
corrections parameters v, the screening lengths 6. of the po-
tential and Coulomb coupling parameters I" for these plasmas,
as well as the bound states supported by the potential, are
given in Table 2. As seen from the table all these plasmas are
strongly coupled (I'> 1).

Figs. 5 and 6 show that the peaks of line intensities
decrease when density increases. This is in accord with the
similar density dependence of radiative transition probabilities
for An+0 transitions [23]. With increasing plasma density the
line shifts increase.

3.2. Dependences of line shifts on plasma temperature
and density

As mentioned in the previous subsection, the variation of
difference of bound state energies with varying the strength of
the potential screening provides a possibility to investigate the
dependence of line shifts on plasma density and temperature in
a uniform way. The line shift dependence on density at high
plasma densities has so far been investigated both theoretically
[15,16,25—28] and experimentally [29—31] only for the H,,
line within certain, relatively small temperature ranges, but the

Table 1

The strength v of gradient corrections, Coulomb coupling parameter I,
screening lengths 6. and the bound states in the potential for plasmas with a
mean electron density n, = 10" cm ™2 at a number of scaled temperatures 7,
(in eV units).

Te v r [ 0, Op Bound states
0.3 0.0505 1.6670 23.7424 28126 n <4, 5s, 5p
04 0.0285 12502 27.7212 24104 n<4,S5s, 5p, 5d
0.6 0.0127 08335 342118 19541 344107 n<4,5s,5p,5d
0.8 0.0072 06251 39.6072 16883 397341 n<5

1.0 0.0046 05001 443346 15084 444240 n<S5

1.2 0.0032 04167 485969 13762 48.6641 n<5
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Fig. 3. Scaled reduced intensities of hydrogen-like ion Lyman lines in a plasma with mean electron density n. = 10'® cm™? at different temperatures.

temperature dependence of the line shift, to the best of our
knowledge, has never been investigated systematically.

In Figs. 7 and 8 we present the temperature dependences of
Lyman-o, B, y and Balmer-a, B, vy line shifts (the later
calculated as 1/3 of the sum of np-2s, ns-2p, nd-2p contribu-
tions, n = 3, 4, 5 for a, B, v), respectively, in the temperature
range 0.3—1.2 eV for the densities n, = 1018, 10" and
10%cm . Fig. 7 shows that in the considered temperature
range the line shift for Lyman-a, B, y lines monotonically
decreases with the increasing temperature for all selected
plasma densities. This decrease results from the inverse pro-
portionality of the wavelength with the transition frequency
that increases with the increase of temperature (like in the case
of Debye-Hiickel and cos- Debye-Hiickel potentials [33]). It
should be noted that the line shift decrease is not linear. The
figure shows that for the density n. = 10*° cm ™ the states 3p
and 4p are unbound for 7. < 0.6 eV and 7. < 1.2 eV,
respectively.

The temperature dependences of Balmer-a, B, v line shifts,
shown in Fig. 8, exhibit somewhat more complex behavior.
For n. = 10'"® cm™ all three line shifts have a monotonic
decrease with the increasing temperature in accord with the
decrease of transition frequency with the increasing screening.
The non-monotonic behavior of line shifts for 10'* cm ™ and

10%° cm* densities is a consequence of the fact that at certain
temperatures one or both of the upper states contributing to the
population of n = 2 manifold may be unbound for these
densities. Thus, for n. = 10'” cm ™ the shift of Balmer-v line
at 7. = 0.3 eV is smaller than that for 7. = 0.4 eV because at
7. = 0.3 eV only the 5s-2p transition contributes to the pop-
ulation of n = 2 level and 5p and 5d states are unbound. The
absence of Balmer-vy line shift for n, = 10°° cm ™ indicates
that 5s, 5p and 5d states are all unbound in the considered
temperature range (see Fig. 1). The figure also shows that for
the same density and temperature the Balmer-o,, 8, y line
shifts are much larger than the corresponding Lyman line
shifts. This is, of course, a reflection of the inverse propor-
tionality of the wavelength with the transition frequency,
which for the levels involved in the Balmer lines is much
smaller than the one for the corresponding Lyman lines.

The density dependences of Lyman-a, 3, v and Balmer-a.,
B, v line shifts in the interval ne = 8 x 10'® — 8 x 10%%cm™3
for plasma temperatures 7. = 0.4 eV and 7. = 1.0 eV are
shown in Figs. 9 and 10, respectively. We note that transition
energy w,r, (n'>n), in an exponentially screened potential
decreases with the increasing screening strength (through the
increase of plasma density) [33]. Therefore the wavelength
shift for the nl/—n'l' transition should increase. Fig. 9
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Fig. 4. Scaled reduced intensities of hydrogen-like ion Balmer np-2s (a), nd-2p (b) and ns-2p (c) transitions in a plasma with mean electron density

ne = 10" ecm ™ at different temperatures.

demonstrates this dependence for the shifts of Lyman-a, £, vy
lines at both considered temperatures. As seen from the figure
the line shift increase with density is non-linear.

In Fig. 10, the n.-dependences of Balmer-a, B3, vy line shifts
are shown for 0.4 eV and 1.0 eV scaled temperatures. The
monotonic non-linear increase of some of the line shifts with
density turns into a decrease at certain densities at which some
of the upper states of contributing transitions become un-
bound. For instance, to the Balmer-aline shift for 7. = 0.4 eV
and n. =8 x 10”cm™> contribute only the 3s-2p, 3p-2s
transitions, while for n, = 10%° cm ™ at the same energy only
the 3s-2p transition contributes. The Balmer-y line shift n,-
dependence for 7. = 0.4 eV terminates at n, = 10"%cm ™, as
5s, 5p and 5d states are unbound for n, > 10" cm™ (see
Fig. 1).

3.3. Comparison of balmer-a line shifts with
experiments

As we mentioned earlier, most of the experimental studies
of spectral line shifts and widths in dense plasmas have been
performed for the hydrogen atom Balmer-a. (H,) line (see
[29—31,34,35,37], and references therein) in rather limited
ranges of plasma density and temperature. The focus of these
investigations has been the density dependences of H,, line
shift and width to test theoretical predictions. For the limited
density ranges investigated usually a quasilinear density
dependence of these quantities was observed (within the
experimental uncertainties), in agreement with theoretical
predictions [29—31]. Only a more careful analysis [28] of
experimental data (by taking into account the temperature of
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Fig. 5. Scaled reduced intensities of hydrogen-like ion Lyman lines in a plasma with temperature 7. = 0.4 eV and different densities.

their measurement) has shown that the experimental data
of  [29,31] in the combined density range
(0.45 — 10) x 10"8cm™3 follow a non-linear density depen-
dence, that agrees with both Griem's theory [36] (that includes
dynamical contributions) and more sophisticated theoretical
approaches [27,28] for the H, line shift.

In Table 3 we compare the results of the present calcula-
tions for the H, line shifts with experimental results of
Ref. [29] for a number of plasma densities and temperatures in
the ranges (0.88 —9.76) x 10'¥%cm ™ and 5.6—10.2 eV. The
results of theoretical calculations using the Griem's theory [36]
and Green's function approach [25,26] (calculated in Ref. [29])
are also shown in the table and labelled as “Griem” and
“Giinter”, respectively. In Table 3 we also give the values of
Coulomb coupling parameter I' and screening length A_ for
the considered plasmas, both indicating that these plasmas are
weakly coupled (I'<1, 6_>>32). For comparison, we give in
this table also the H, line shifts calculated with the Debye-
Hiickel potential (the last column).

The results of the present calculations deviate from the
experimental results by 22% on average. The Griem theory
results have an average deviation from the experimental data
of 23%, while the results of Green's function approach have a
much smaller deviation (13%). The significant difference be-
tween the predictions of present, as well as Griem's theory,

results and those of Green's function approach, can be attrib-
uted to the fact that the Green's function approach accounts for
the dynamical effects in the screening much more completely
than the Griem's theory, while the present calculations include
only the static interaction effects.

In Table 4 we give a further comparison of the results of the
present calculations with the experimental results of Ref. [31]
in the density and temperature ranges
(0.49 — 2.54) x 10"8cm—> and 5.8—8.3 eV, respectively. The
average deviation of present results from the experimental data
is about 20%. It should be noted that the values of experi-
mental densities and temperatures contain a significant level of
uncertainty (especially in the temperature measurements
where it is up to +1.5 eV, see [31]).

Both theoretical and experimental results in Tables 3 and 4
show that the H, line shift increases with the increasing
density. In order to see the character of this increase we plot in
Fig. 11 the experimental data and the results of present cal-
culations, both taken from Tables 3 and 4, as function of
density (The value of the shift at a given density relates to the
corresponding temperature in Tables 3 and 4). The theoretical
results of Ref. [28] (that include dynamical screening) are also
shown. Their values at different densities also correspond to
different temperatures. Fig. 11 shows that the density depen-
dence of both experimental and theoretical results for H, line
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Fig. 6. Scaled reduced intensities of hydrogen-like ion Balmer np-2s (a), nd-2p (b) and ns-2p (c) transitions in a plasma with temperature 7. = 0.4 eV and different

densities.

Table 2

The strength v of gradient corrections, Coulomb coupling parameter I,
screening lengths 6, and the bound states supported by the potential for a
plasma with scaled temperature 7. = 0.4 eV and a number of mean electron

oy . 3 N
densities (in cm™ ~ units).

Te v r 0 [ Bound states
8 x 10" 00229 11606 31.0778 24044 n<4,5s,5p,5d, 5f
10" 0.0285 12502 277212 24104 n<4,5s, 5p,5d
2% 10" 00567 15752 193309 24413 n<3,4s, 4p, 4d
4 %10 01118 19846 132712 25088 n<3,4s
6 x 10" 01654 22718 104919 25851 n<3
8 x 10" 02175 25004 87669 26732 n<2,3s, 3p
10%° 02682 26935 75293 27777 n<2,3s

shift in the considered density range is non-linear. This is in
contrast with the linear density dependence of H, line shift
observed in plasmas with densities below 10" cm ™ and
temperatures below 1.6 eV (see [37], and references therein).
The origin of non-linear increase of the line shift with density
is the non-linear decrease of the energy difference between
states involved in the transition when the density increases (or,
equivalently, the decrease of the screening length A_with
density increase; see Tables 3 and 4). This is a result of the fact
that for a given temperature the energy of the upper states
reaches its zero value at smaller densities (larger A_) than the
lower one (see Fig. 1), implying a difference in the gradients
of their energy decrease with the increasing density.

The validity of the present approach for calculation of line
intensities and line shifts of spectral lines of hydrogen-like
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ions in plasmas relies on the validity of static potential (1) for
description of the Coulomb interaction screening in the
plasma. As mentioned in Sec.l this potential accounts for the
many—body correlations (beyond the pair-wise approximation
of the many—body correlation function), quantum degeneracy,
gradient corrections to the kinetic energy, electron exchange-
correlations and finite-temperature plasma effects. In terms
of plasma parameters its validity encompasses both low-T7,
high-density (quantum) plasmas and dilute-high temperature
plasmas. By incorporating these effects, the static potential (1)
can fairly accurately describe the atomic electron bound state
energies in a plasma and thereby their variation with plasma
parameters (and, consequently, the spectral line shifts). The
standard approach for calculation of spectral line properties in
dilute (n. < 10'” cm ) plasmas, based on the seminal papers
of Griem and Baranger [38—40], uses a pure Coulomb
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Fig. 9. Density dependence of Lyman-o (black), Lyman-p (red) and Lyman-y
(blue) line shifts in plasmas with temperatures 7. = 0.4 eV (full lines) and
7. = 1.0 eV (dashed lines).
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Fig. 10. Density dependence of Balmer-a. (black), Balmer-p (red) and Balmer-
v (blue) line shifts for plasmas with plasma temperatures 7. = 0.4 eV (full
lines) and 7. = 1.0 eV (dashed lines).

interaction between the charged particles, but takes into ac-
count of effects of plasma micro-fields (linear and quadratic
Stark effects) and electron-emitting atom collisions, and even
the quadrupole interactions caused by the inhomogeneity of
the local fields. These effects are responsible for the line shift
and line broadening (and predict a linear red shift [37]). For
high density plasmas (n. > 10'®cm ), the many—body cor-
relations have to be accounted by using the Green's function
approach in which the self-energy, within the first order Born
approximation for the electron-emitting atom collision, con-
tains the imaginary part of the inverse dielectric response
function [25,26] that includes the effects of time dependent
micro-fields on the emitter (i.e. dynamical screening). Within
this approach, the red line shift shows a non-linear density
dependence [26]. A similar effect on the line shift is produced
by taking into account the electron acceleration in the ion field
when the plasma density is high [28] (as observed in Fig. 11).
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Table 3

Comparison of experimental H,, line shifts of Ref. [29] with the present and other theoretical results.

n(10"*cm ) T. (V) - Adexpr (A) Algimer (A) Adriem (A) Adpresent (A) Alperye (A)
0.88 5.6 354.377 5 420 +0.38 4.69 6.07 5.670 410 5.672 363
1.00 5.7 335.390 4 533 +0.30 5.35 6.79 6.617 188 7.561 035
1.30 6.0 301.798 4 6.73 +£0.72 7.00 8.50 8.508 301 9.453 125
1.39 6.1 294.286 5 7.25 + 0.51 7.49 8.99 9.455 078 9.455 078
1.90 6.4 257.825 3 9.41 + 1.20 10.27 11.82 12.291 50 12.292 48
2.34 7.0 242970 4 11.24 + 1.76 12.59 13.9 15.130 86 14.184 08
3.05 7.8 224.651 6 15.49 + 3.22 16.16 17.11 17.971 19 16.077 15
4.00 8.5 204.781 8 19.66 + 4.91 20.63 20.96 20.811 52 19.864 26
5.47 9.2 182.184 6 20.11 + 5.58 26.99 26.84 27.441 89 25.547 85
6.88 9.8 167.660 2 22.99 + 5.46 32.74 31.89 31.234 38 32.181 15
8.33 10.2 155.449 1 27.16 + 6.88 38.76 36.78 35.975 59 35.975 10
9.76 10.4 145.011 3 35.43 + 8.81 44.62 41.48 42.617 19 43.566 41

Table 4
Comparison of experimental H, line shifts of Ref. [31] with the present
calculations.

Ne (10180[1173) Te (CV) r A AAexpl (A) AApresenl AADebye
(A) (A)
2.54 8.34 0.0380 254.553 6 17.6 + 3.1 12.291 50 13.238 28

1.96 8.40 0.0346 290.820 7 12.3 + 1.3 10.400 88 10.398 93
1.35 7.82 0.0328 338.104 1 9.7 2.0 6.617 188 7.562 500
0.99 7.12 0.0325 376.7355 4.8 +£0.9 4.727 539 5.671 875
0.68 6.39 0.0319 430.6359 2.8 + 0.6 3.780 762 4.726 074
0.49 5.77 0.0317 482.063 5 2.6 + 0.3 2.834 473 1.891 113
T
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Fig. 11. Density dependence of H,, line shift. Closed symbols are experimental
data from Ref. [29] (dots) and Ref. [31], open symbols are results of the
present calculations, dashed and dotted lines are theoretical results of
Ref. [28].

4. Conclusions

In the present work we have studied the intensities and shifts
of Lyman and Balmer lines of hydrogen-like ions imbedded in
warm high density plasmas. The effective charged particle
interaction is described by a static potential (Eq. (1)) that includes
the many—body correlations, electron degeneracy, gradient cor-
rections to the free energy and exchange-correlation effects. The
Schodinger equation for hydrogen-like ion with this potential is
scalable with respect to nuclear charge. The eigenvalue problem
was solved by using a large set of Slater-type-orbital basis

functions. Intensities and line shifts of Lyman and Balmer tran-
sitions with upper states having principal quantum numbern < 5
in the density and scaled temperature ranges 0.8 x (10'8—10%°)
cm > and 0.3—1.2 eV, respectively, were calculated. As ex-
pected, the peaks of line intensities for a fixed plasma density
increase with the increase of temperature, while for a fixed
temperature they decrease with the increasing density. It is also
shown that for a fixed density the shifts of Lyman- and Balmer-a.,
B, v lines decrease with the increasing temperature, while for a
fixed temperature they increase when density increases. In the
case of Balmer line shifts, that represent an average of the line
shifts of np-2s, ns-2p, nd-2p transitions, the above density and
temperature dependences can be violated at their upper side as
one (or both) of np and nd states can become unbound. The
comparison of our results for the H,, line shift with experimental
data in the density range (0.5—10) x 10'8cm=3 (7, = 5—10¢eV)
shows on average an agreement within 20% and confirms the
non-linear increase of the shift with density increase.
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