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This work reports pressure-broadening line-wing and line-core of the lithium Li (2p < 2s) resonance line perturbed by
ground sodium Na (3s) atoms. In far-wing regions, the calculations are performed quantum-mechanically and are intended
to examine the photoabsorption coefficients at diverse temperatures. The results show the existence of three satellites, in
the blue wing near the wavelengths 470 nm and in the red wing around 862 nm and 1070 nm. For the line-core region,
by adopting the simplified Baranger model, the line-width and line-shift rates are determined, and their variation law with
temperature is examined. No published data were found to compare these results with.

Keywords: pressure broadening, line-core broadening, far-wing spectra, photoabsorption
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1. Introduction

The investigations on the line core and the far wings of
molecular spectral profiles have been lately become a subject
of great interest in astrophysics, spectroscopy, quantum chem-
istry and laser physics. In fact, the interpretations of the colli-
sional broadened line profiles of alkali-metal atoms allow us to
investigate the interstellar mediums, because several observa-
tions demonstrate that the environment of astronomical objects
are primary dominated by the alkali-metal atoms.!!! Due to
this high importance, a large number of experimentalists and
theoreticians have long been interested in studying the spec-
tral line broadening in the core and in the far wings caused
by the interaction of alkali-metal atoms with atoms of their
surrounding environment. The theoretical studies have em-

(7121 models. Over the

ployed semi-classical**! and quantum
last few years, our group has simulate quantum-mechanically
the photoabsorption spectra of alkali-metal atoms broadened
by collision with like, unlike or rare-gas atoms. In our re-

(131 we have carried out the absorption spectra of

cent paper,
a radiating sodium atoms Na (3p < 3s) perturbed by ground
lithium Li(2s) atoms. The current paper is concerned with
the quantal study of pressure-broadening phenomena which
affects the Li(2p < 2s) resonance line in the wings and core
when the lithium atoms are interacting with ground sodium
Na (3s) atoms. In the next section we will describe the method
used to construct the required potential-energy curves and the
transition dipole moments. In Section 3, we will use them

to carry out the radiative lifetime of the ro-vibrational levels
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of the excited molecular states. In Section 4, we will calcu-
late the diffusion coefficients of ground Li(2s) and excited
Li(2p) lithium atoms in sodium gas to see how accurate the
LiNa potentials are. Section 5 is divided into two subsections,
Subsection 5.1 is devoted to the computation of the reduced-
absorption coefficients; this part is more concerned with the
designation of satellite peak positions and origins in the blue
and red wings. In Subsection 5.2, the width and shift of line-
core will be evaluated and their variation laws with tempera-
ture will be examined.

Unless otherwise stated, atomic units (a.u.) are used all
over this paper; in particular, energies are in Hartrees (Ep),
distances in Bohrs (ag), and i = 1.

2. Potential and dipole moments constructions

The quantum-mechanical investigation of the line broad-
ening in the core or in the wings of the lithium Li (2p + 2s)
spectra, perturbed by ground sodium atoms, needs to be started
by the determination of the potential-energy curves along
which the dimers Li(2s) + Na(3s) and Li(2p) + Na(3s) in-
teract. More precisely, this section is devoted to the con-
struction of the singlet X' X% and triplet a>~ " potential-energy
curves via which Li (2s) interacts with Na (3s) and of the sin-
glet A'ZF and B!IT and the triplet b°IT and ¢*X* potential
curves via which Li (2p) interacts with Na (3s).

To this aim, we adopted the ab initio data points generated
by Aubert-Frécon M, 4] which we extended smoothly to the
Born-Mayer potential!'>! V (R) ~ acexp (—BR), in the short-
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range internuclear distances R, and to the well-known form
V(R) ~ —=Y,C,R™", in the long-range distances. In these
formulas, @ and 3 are two constant parameters and C,, with
n =06, 8, and 10, are the dispersion coefficients adopted from
Marinescu and Sadeghpour.!'®! All these constants are listed
in Table 1.

Table 1. Adopted short- and long-range parameters (in a.u.) for the con-
struction of ground Li(2s) 4 Na(3s) and excited Li(2p) 4+ Na(3s) potential-
energy curves. All the dispersion coefficients are from Marinescu and
Sadeghpour.[!®! Numbers in square brackets represent powers of ten: [m] =
10tm,

namely, the equilibrium distance R., the dissociation energy
De, and the minimum-to-minimum electronic excitation en-
ergy T., are given and compared with some theoreticall!’-20]
and measured values!?!=23) in Table 2. To further verify the ac-
curacy of the constructed potentials, we have determined their
rotational-vibrational energy levels and compared them with
the corresponding available published data. Tables 3 and 4
display, for a few number of vibrational quantum number v,
the rotational-vibrational energy levels —E (v,J), with J =0

for X states and J = 1 for IT states.

LiNa Short ranges Long ranges
Table 2. Spectroscopic constants related to the ground and excited LiNa
molecular states « B G G Co dimer. They are compared with some published results.
Xigt 47.88 2228  1.4594[3] 9.8060[4] 9.1279[6] n — —
Als+ 8.195 1504 1.6829[4] 6.9559[5] B Molecular states ~ Re (A) D (cm™") Te (cm™) Ref.
B'II 2758 1.127 5.1409[3] 9.5887[4] - X!zt 2.882 7006 - this work
a3zt 1.625 0.872  1.4594[3] 9.8060[4] 9.1279[6] 2.890 7057 - [17]*
b 5.209[4] 4.675 5.1409[3] 9.5887[4] - 2.873 7054 - [18]
Sns 4111 1176 1.6829[4] 6.9559[5] - 2.889 7033 - [19]?
2.895 7117 - [20]*
—~ b
Z 020 0.20 [T () Triplers 2.885 7068 - [22]
< o 015y —a 2.889  7103.5+0.1 - [217°
S e
= 010 0.10 Schmidt (1984) | Alz+ 3.366 7844 14066 this work
T 005 0.05 = 3.371 7795 14200 (17
;E 0 0 3.360 7859 14101 [18]*
[N b
005 % s 1012 12 16 %4 6 s 10 12 14 16 B 7776 14196 (23]
Distance R (a.u.) Distance R (a.u.) B!IT 3.239 1688 20221 this work
a
Fig. 1. Li(2s) + Na(3s) and Li(2p) + Na(3s) potential-energy curves V(R) 3.220 1865 20130 [17]a
variation with the internuclear distance R. All singlet and triplet curves are 3.228 1721 20239 [18]
compared with theoretical data from Ref. [17]. 3.119 1910 20062 [221°
Fi 1 sh th tructed potential lati a’rt 4.720 238 6768 this work
1gure S ows. e C(?ns ructed potential curves relative 4754 216 6841 [7]°
to the singlet and triplet LiNa molecular states. Some of the 4720 220 6334 [18]*
. . . = . []7] B
theoretical data points of Schmidt—-Mink et al.l’ "' are also pre VI 5 847 0676 12234 this work
sented for comparison. Mabrouk and Berriche!!8! determined 7858 9720 12275 (171
the energy difference 0.0679 between both 2s—3s and 2p—3s 2.841 9704 12255 [18]2
asymptotic dissociation limits, which is identical to the exper- 3xt 3.450 4779 17131 this work
imental value cited in Ref. [18]. This energy turns to be very 3.449 4793 17202 (171
close to 0.0680 computed by Aubert—Frécon.!'*] The corre- 3.440 4799 17160 (18"
. . . 4 . b .
sponding spectroscopic data derived from the present curves, “Theoretical, *Experimental.
Table 3. Rotationless-vibrational energy levels —E(v,J), in cm ™!, of the singlet LiNa molecular states.
Vibrational level X'zt Alxt B'I
v —E(v,J=0) [17] [22] —E(vJ=0) [17] —E(vJ=1) [17] [22]
0 126.31 128 128.1 93.78 94 85.47 90 103.4
1 376.76 381 351.7 279.94 280 250.83 265 273.7
2 624.07 632 632.0 464.28 465 405.37 431 466.0
7 1811.30 1832 1831.9 1359.21 1360 955.13 1059 1098.6
12 2912.68 2945 2942.9 2210.09 2209 1272.59 1404 1463.4
17 3920.66 3961 3959.7 3017.32 3013 - - -
20 4476.20 4520 4521.1 3480.64 3474 1587.42 1746 -
24 5152.90 5201 5206.6 4073.50 4064 1661.08 1832 -
30 6009.56 - 6078.1 4907.42 - - - -
43 6978.26 - 6452.27 - - - - -
73 - - 7844.30 - - - - -
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Table 4. Rotationless-vibrational energy levels —E (v,J), in cm™!, of the triplet LiNa molecular states.

Vibrational level a3t b1 St

y “E(wJ=0)  [17] E(wJ=1)  [17] CE(wJ=0)  [17]
0 20.43 20 85.22 86 124.05 125
1 58.50 56 253.53 225 371.34 373
2 92.84 89 419.04 422 616.34 619
3 123.41 119 581.73 585 858.97 863
4 150.15 144 741.62 746 1099.31 1104
5 172.93 166 898.71 903 1337.33 1343
10 231.58 — 1642.11 1684 2492.62 2502
12 237.63 - 1919.70 1925 2938.37 2950
22 - - 3132.63 3137 5022.11 5038
56 - - 4778.81 - 9551.75 -

65 - - - - 9675.41 -

We also need to know in the following calculations the
transition dipole moments D (R) (TDMs) correlated with the
allowed molecular transitions among the singlet A'Lt «
X!'TF and B'IT < X'Z* and the triplet b’IT < 2’ " and
3t « a’rt states. In the present constructions we utilize
the data points generated by Aubert—Frécon M,*] which we
connected in small distances to a linear form and for large
distances R to D(R) ~ D.. +AR™3, proposed by Chu and
Dalgarno.”* Here, D.. ~ 2.359 is the atomic dipole moment
obtained as R — oo, and the calculations yield A = +3474.61
and A = —1668.11 for the XX and XII transitions, respec-
tively. The TDM curves are shown in Fig. 2, where the X-A
dipole moments are compared with ab-initio data points from
Mabrouk and Berriche. [8]

4.5 4.5

o 2 4.0 (a) Singlets 4.0 oy (b) Triplets
S 85 35f 40N
S 3.0pY .. 3.0 7
=5 25hE 2.5} ; -
=8 T, 25 P T
o
Z 2.0 2.0

0 a—
2 15 15 ab
) —-X-B JEp—
£ g 1‘9 « Mabrouk (2008) 1‘9 ~~~~~ Asymptotic
& g O“(’) """ Asymptotic 0‘;

0 10 20 30 40 0 10 20 30 40

Distance R (a.u.) Distance R (a.u.)

Fig. 2. Transition dipole moments as a function of internuclear R. The singlet
X—A moments are compared with theoretical data from Ref. [18].

3. Radiative lifetimes

We propose in this section to calculate with our con-
structed potentials and transition dipole moments the radia-
tive lifetimes of the ro-vibrational levels of the excited LiNa
molecular states.

The radiative lifetime 7 = 1/A(VJA’) of an upper
rotational-vibrational molecular state (V'JA') is defined in
quantum mechanics as the inverse of the sum of the

probabilities!! 23]
6474 2 — S s nr
/JA/ = AT+
A (V ) 3hc3 2 _ 80’/\/

X [/ V3 I Mygansersanl? de” + Y V3 My gpncgan | (1)
0

v//

of the spontaneous bound—free and bound-bound emissions.
In this equation, Mg/, ,en = (Ye/|D(R)|Wer) are the dipole
matrix elements associated with the transitions from the up-
per bound levels &' = (V/JA’) to the lower bound levels
&" = (v'JA") and continuum &” = (¢"JA"), h = 27h is the
Planck’s constant, c is the speed of light, and v is the & — &”
transition frequency. The bound and free wave functions
Ve (R) are solutions of the radial wave equation

d?y: (R) 2 I +1)—A2
St v e e
o, )

with A being the projection of the orbital angular momentum
on the internuclear axis.!> The free states are associated with
the energy-normalized wave functions, while the bound states
are space-normalized wave functions.

The obtained lifetime results of a few rotational-
vibrational levels, relative to the singlet A'X* and B'IT and
to the triplet b3X* and c3IT states, are compiled in Table 5.
In addition, by considering in the vicinity of the dissociation
limits the highest rotationless-vibrational states, it is possible
to determine the atomic radiative lifetime 7, for Li(2p) excited
state. This can be done by averaging the four lifetimes that cor-
respond to the highest rotationless vibrational levels, shown in
bold in Table 5. In such a case, the atomic lifetime 7, is related
to the statistically weighted sum of A(V'JA’) with

1 1 2
?a = EA (v;naXOO) + E.A (V;nax()l)

3 6 .,
+5A(v00) + EA (VinaxO1) . 3)

The present theoretical calculations yield the radiative life-
time 27.16 ns for the 2p lithium state. The deduced
value is consistent with the experimentally determined val-
ues 27.1018(14) ns of Le Roy et al,*®! 27.09(4) ns of
Schmitt et al.,'”’! 27.11(6) ns of Volz and Schmoranzer,?®!
and 27.22(20) ns of Carlsson and Sturesson.!*”] McAlexan-
der et al. deduced from their experiments the values
26.99(16) ns for the "Li(2p?P°) state,3'! and 27.102(2) ns,
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for the "Li(2p°P} /2) state.[>!] The NIST recommended value
is 27.11 ns.13%

In all cases, the above comparisons show minute discrep-
ancies with published works, which lead us to fully trust in our
constructed LiNa potentials and TDMs.

Table 5. LiNa radiative lifetimes (in ns) of the singlet, A'=* and B'IT, and
triplet, b>X " and c*I1, states.

Level J
v 0 1 10 20 30 40 50
Alxt
0 12.53 - 1256 12.64 12.76 1293 13.16
10 55.93 - 54.04 50.57 47.58 4448 43.68
20 59.66 - 57.65 53.83 49.79 4463 37.87
30 47.29 - 4528 41.03 34.52 30.20 23.25
40 41.13 - 38.39 31.57 24.61 1697 16.09
50 37.57 - 3129 2034 1590 1588 1597
60 35.77 - 18.69 1696 17.20 17.55 18.38
70 23.52 - 23.48 - - - -
73 26.73 - - - - - -
B'II
0 - 8.26 827 833 - - -
5 - 54.04 1429 15.12 - - -
10 - 103.15 29.77 31.03 - - -
15 - 103.15 39.69  40.6 - - -
20 - 141.47 42.07 41.78 - - -
25 - 5891 3473 32.38 - - -
29 - 27.91 - - - - -
b°T1
60 - 7743 40.50 37.10 - - -
65 - 27.59 - - - - -
C32+
0 37.29 - 37.17 36.86 36.34 35.63 34.73
10 61.26 - 56.07 53.88 47.69 41.70 34.17
20 47.19 - 42,61 40.83 35.03 22.81 19.77
30 39.83 - 3338 30.87 22.04 1734 16.95
40 37.00 - 25.63 18.49 17.03 17.01 17.22
50 27.68 - 20.06 20.56 22.0 - -
56 25.75 - - - - - -

4. Diffusion properties

We have also suggested, to assess the potential-energy
curves constructed above, to look at the diffusion of ground
Li(2s) and excited Li(2p) atoms into a dilute gas made of
sodium atoms. The temperature-dependent diffusion coeffi-
cient D (T') for dilute gas is calculated by using the Chapman—
Enskog method. 33! For one temperature 7 and atomic density
n, this coefficient is given by

. 3 kg T 1
D(T)—@\/ 2 QU (T) 4

where kp is Boltzmann’s constant, u is the reduced mass of

the two colliding atoms, and Q") (T) is the collision integral

defined as

Wy — | ) _E
) = s | EQD<E>exp( kBT)dE, )

with Op (E) being the quantum-mechanical effective cross
section in diffusion

Ax &
Op = ki;;)(l +1) sin’ (M1 —m1), ©)

where k = (2uE)"/? is the wave number and 7; is the
phase shift obtained by solving the corresponding radial wave
Eq. (2). For the diffusion of the ground Li (2s) atom in sodium
gas, the diffusion cross section is given by the average

1 3
On(E) = 7 0p (X'T¥) + 70p (2’27), )
and by the following average:

Op(E) = i BQD (A12+)+§QD (Bln)]

+% BQD (b°z") +§QD (&n)] )
for the diffusion cross section of the excited Li (2p) in sodium
gas.

The diffusion coefficients in the temperature range
100 K-2000 K at gas pressure p = 1 atm are listed in Table 6
for ground and excited states. To our knowledge, no published
results are available for the LiNa system, so our results may
serve as a prediction for future works.

Table 6. Diffusion coefficients D(T') for ground Li(2s) and excited Li(2p)
in Na(3s) at several temperatures.

Temperature D (m2s~1)

T (K) Li(2s) in Na(3s) Li(2p) in Na(3s)
100 0.013 0.008

200 0.058 0.026

500 0.422 0.148

1000 1.810 0.793

1500 4.400 2.730
2000 8.920 7.276

5. Far-wing and line-core pressure broadening

In the remaining sections, we are interested in the pres-
sure broadening phenomena that a lithium atom absorbing
a photon undergoes while it interacts with a ground sodium
atom. The Li(2p «+ 2s) photoabsorption is practically exam-
ined when the absorbing atom is moving into a dilute sodium
gas at a fixed temperature 7. In such a case, the natural spec-
trum is physically affected in its line core and its far wings.
Thus, the aim of this work is twofold: (i) to determine quan-
tum mechanically the far-wing absorption profiles of the ab-
sorbing atom, and (ii) to quantify the amount of broadening
of the 2p < 2s line and its displacement from the unperturbed
wavelength Ay ~ 670.8 nm.

073401-4
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5.1. Far-wing spectra

The collisional broadening phenomenon has been re-
viewed by Allard and Kielkopf®¥ and Szudy and Baylis. !
However, the far-wing pressure broadening process is quanti-
fied in molecular spectroscopy by means of the reduced ab-
sorption coefficients. The main relationships for these coeffi-
cients are given in Refs. [12,36].

For the case of the LiNa quasi molecule, the total re-
duced absorption coefficient is the sum of contribution cor-
responding to the four allowed transitions A'Lt « X!+,
B'IT + X'+, b1 - 2’2", and 3L+ « 2L+, Usually, for
an allowed molecular transition, the photoabsorption coeffi-
cient is the sum of four absorption coefficients correspond-
ing to four possible transitions, namely, bound-bound (b-b),
bound-free (b-f), free-bound (f-b), and free—free (f—f). The
equations which give different reduced absorption coefficients
relating to each type of transition are given by the following
expressions:

For (b-b) transition,

3 213/2
b-b _ 8mv 27h
KP(v,T) = e LLkBT] /Z,’Zg(v—vtr) (27+1)
VT v
E //JAI/
XM%”JA"HV’JA’ exp (_]ZBT ) s (9)

where @ is the probability the lithium and sodium atoms form
a molecule in the lower electronic state defined as

281iNa +1
(28 +1)(2Sna+ 1) '

_ 2750,/\/4»/\”

2 - 50_’/\//

For (b—f) transition,

(10)

873 27h?
) = 5o |2

3/2
27 +1
3hc ukBT] ;(H)

E,
XM%”JA”»—)S’JA/ €xp <W> . (11D
kgT

For (f-b) transition,

(v, 1) =

83y [mrﬁ r/z
[0)

3he | pksT 2 (2/+1)

viJ
5 8//
XME”JA”»—M/JA’CXP <_kBT) . (12)

For (f—f) transition,

83 27h?
v,y = BV [ i

3/2
@ de’ (27 +1
3he ukBT] ;/ £+

1
&
XM%”JA”»—)Q’JA’eXp ( ) .
kgT

13)

The bound and free wave functions, which occur in the dipole
matrix elements M AN of Eqgs. (9) and (11)—(13), are nor-
malized in the same way described in Section 3 above.

Figure 3 illustrates our results of simulation of the re-
duced photoabsorption coefficients corresponding to LiNa
system carried out with our full quantum-mechanical calcula-
tions, at the temperature 7 = 2000 K for wavelengths ranging
from 400 nm to 1200 nm. In our computation, we have taken
into account all the bound and quasibound ro-vibrational lev-
els, and we have used a frequency step Av = 10 cm~!. The
total spectrum represented in Fig. 3(a) shows clearly the exis-
tence of two satellites in the red wing located around 862 nm
and 1070 nm. In Fig. 3(b), we display the contribution of the
four partial transitions. From this curve, it is easy to see that
the singlet A <— X and B - X bands dominate the red and
blue wings, respectively. Indeed, the A < X transitions gener-
ate the 1070 nm satellite in the red wing, whereas both triplet
b < a and c < a transitions are solely presented in the blue
wing and have almost no effects on the general shape of the
total spectrum. However, the b <— a transitions participate with
the satellite occurring at 862 nm.

10735

(a) T=2000 K

107}

10737

1073}

Reduced absorption
coefficients k, (cm®)

10—39 " s s s s s s
400 500 600 700 800 900 1000 1100

Wavelength A (nm)

107%

107 ¢

10737 ¢

Reduced absorption
coefficients k, (cm®)

10738 ¢

N

800 900 1000 1100

-39 | N N .
400 500 600 700

Wavelength A (nm)

Fig. 3. LiNa photoabsorption profile at 7 = 2000 K, (a) presents the total
reduced absorption coefficient, (b) displays the contribution of the four
types of transition A <— X, B <~ X, b <—a, and ¢ < a, to the total profile
given in (a).

34331 the positions of such

From the classical theory,[
satellites are expected to occur at wavelengths correspond-
ing to the extrema of the potential difference curves. Hence
we have plotted in Fig. 4 the potential difference AV, x,
AVs x, AVha, and AV, , in terms of internuclear distance
R. Effectively, AVa. x, AV, and AV, x present an extrema
at R equal to 0.053 a.u., 0.041 a.u., and 0.104 a.u., respec-

tively, corresponding to the wavelengths 868 nm, 1115 nm,
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and 440 nm. The potential difference curve AV, , displays no
extrema. As the potential difference predicts the possible exis-
tence of satellite near the wavelength 440 nm, we represent, in
Fig. 5 in arbitrary units, the modified reduced absorption coef-
ficient (A®)? X k; (Aw), calculated at 2000 K as function of the
frequency detuning A® = |® — | in cm ™! from the lithium
atomic resonance line @y. This modification, suggested by
Lyyra et al.,’’] is able to highlight the weak satellites. Fig-
ure 5(a) shows the existence of a satellite for Aw = 6310 cm™!
in the blue wing, which corresponds to the wavelength 470 nm,
close to the value predicted by the potential difference AV, x.
Figure 5(b) confirms the existence of two satellites in the red

wing, already detected.

Table 7. Satellite positions, in nm, in the blue and red wings.

Calculation method Satellite positions

blue wing red wing

Quantal 470 862 1070

Classical 440 868 1115
2 012 <~ 0.12
E 010} £~ - 0.10
»
8 0.08 )
§ 0.06}1
& 0.04 1
5 0.02} !
= O ffrsr 0p i~
E _0.02 (a) Singlets _0.02} (b) Triplets
2 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
[

Distance R (a.u.) Distance R (a.u.)
Fig. 4. The LiNa difference potentials.
1072 1072 -

(a) Blue wing (b) Red wing
o
3 Ny ;
4 107 10730
3
3 10-30 10-3
e

_31 10-32

3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000

Aw (cmil) Aw (cmil)

Fig. 5. Modified reduced absorption coefficient (A(u)2 X ke (A@) at T =
2000 K as a function of detuning Aw = |® — |-

We have also investigated the effect of temperature on the
profile of the photoabsorption spectrum for temperature range
1500 K-4000 K. It is noted that the spectrum intensity de-
creases with increasing temperature, as shown in Fig. 6 be-
cause the spectrum is dominated by the A < X (in the red
wing) and B < X (in the blue wing) contributions which
are mainly resulted from bound-bound transitions. As T in-
creases, the population of the lower levels decreases leading
to a drastic diminution of the photoabsorption spectrum inten-
sity. Table 7 recapitulates the three satellite positions.

Once the calculations are achieved for the line-wing pro-
file, it is now interesting to look also at the pressure broadening
phenomena in the line-core.

10734

10735 L

10730 ¢

10737

10—38 L

e P TR e
400 500 600 700 800 900 1000 1100

Reduced-absorption coefficients k, (cm?)

Wavelength A (nm)

Fig. 6. Temperature effect on the shape of the photoabsorption profile. The
temperatures are ranging from 1500 K to 4000 K.

5.2. Line-core pressure broadening

The atomic spectral lines are not really narrow and sym-
metrical, this is caused by several effects, such as natural,
Doppler and pressure broadenings.>*! We are here interested
in the phenomenon of pressure broadening which remains
dominant in the considered temperature range.

The part of this study treats the core region of the reso-
nance line. In other words, we attempt to calculate the full
width at half maximum w and the shift s of the the lithium res-
onance line atom Li (2s — 2p) perturbed by the sodium Na (3s)
atoms, where these atoms form a gas in the vicinity of emitting
atoms. To accomplish this calculation, we adopted the simpli-
fied quantum mechanical model of Baranger.!*®! This model
treats the case where the spin-orbit effect is neglected in the
range of considered temperatures.

Line-width and line-shift The line-width w and the line-
shift s of Li(2p « 2s) resonnance line perturbed by Na(3s)
atoms are expressed by the following formula: 38!

w=4+n{V-0u, (14)
s =—n{v-Q),, (15)

where the minus sign in the shift means a blue or a red shift
and n is the density number of the perturbing gas. The average
(v-Ow),, and (v-Qy),, are calculated assuming the Maxwell
distribution of relative velocities v. In terms of relative en-
ergy E = (hk)? /211 of the colliding atoms, these expressions
become

<V . Qw,s > av

s e
_ M(kBT)3/2/0 Ous (E)exp(—E /ksT) EAE, (16)

with Q,, and Q; are the line-width and the line-shift cross sec-

tions, given by the sums/*%]

o

4 .
O = -2 Y (204 1)sin® (n®* — &),
=0

= a7
k*

073401-6



Chin. Phys. B 31, 073401 (2022)

0, = 5 Y@+ sin2(nP—nf)]. (8)

1=0
The elastic phase shifts 1;(E) for each energy E and angular
momentum / are determined by solving numerically the radial
wave equation

[(1+1)
R?

d’y (R)

2
T P‘LHV( =

- ] wi(R) =0, (19)
in which the wavefunctions y; (R) vary asymptotically as R —
oo like
) 1

Y (R) ~sin | kR — 57{—1— m. (20)
From a statistical point of view, the total cross sections are
given by the average cross sections of the singlet Q)% and
triplet Q\1'® states:

o= SO+ o, @1
which are defined by the following weighted averages>*!
. 2
Qa:nsg = 7Qsmg Qs1ng7 Qmp - 7Gtr1p +3 3 GL%{)I (22)

Our computed total line-width and line-shift cross sections for

energies from 107® a.u. to 1 a.u. are plotted on Fig. 7.

10°

—— Width

10

103}

Width and shift cross
sections @, , (a.u.)

102
10°6

107 107* 10=% 1072 107! 10°

Energy F (a.u.)

Fig. 7. Line-width and line-shift cross sections varying with energy.

Figure 8 illustrates the change of the rate coefficients w/n
and s/n of the width and the shift, respectivily. We note the
importance of these two coefficients at high temperature, and
the same two figures show the significant divergence from the
temperature 7. We present also in Table 8 some values of the
width and the shift rates calculated by the quantum model of
Baranger. 38!

In order to find the variation law of the line-width and
line-shift rates as a function of temperature 7', we fit correctly
the computed results of these rates to the mathematical expres-
sion of the form ~ aT# with ¢t and B being constant parame-
ters. Their values are listed in Table 9. Representations of the
width and shift rates in termsof temperature 7" are made on the
same Fig. 8.

Table 8. The width and shift rate values at different temperatures.

Temperature w/n s/n

T (K) (108 em®s71)
100 +1.222 —0.438
500 +1.986 —-0.724
1000 +2.479 —0.890
3000 +3.514 —1.221
5000 +4.096 —1.423

10000 +4.992 —1.752

Table 9. Fitting parameters of the width and shift rate coefficients as they
appear in ~ aT5.

Rate Parameters

coefficient o B
Width 0.456 £ 0.004 0.316 £0.001
Shift 0.187£0.002 0.296 +0.002

- 10! 3
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3? . et -
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g 10~ 1 . .
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Fig. 8. Width and shift rate coefficents w/n and —s/n as a function of tem-
perature.

6. Conclusion

In this paper, we have primarily constructed the LiNa
ground and excited interatomic potential curves as well as
the transition dipole moments that connected them. To eval-
uate the reliability of our constructions, the rotational vibra-
tional energy levels, the radiative lifetimes of excited states,
and the diffusion coefficients have been carried out. We have
then performed full quantum-mechanical calculation to simu-
late the Li(2p <+ 2s) 4+ Na(3s) absorption profile spectra and
to determine the line-width and line-shift parameters. The re-
sults demonstrate the sensitivity of the far wing profiles on
temperature and the appearance of two red satellite peaks lo-
cated around the wavelength 862 nm and 1070 nm. However,
the blue satellite predicted by the potential difference close to
440 nm has been detected by means to the modification al-
ready suggested by Lyyra et al.>”) which is able to highlight
the weak satellite.
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