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This work proposes a theoretical study of the Li(2p < 2s) photoabsorption spectra perturbed by ground
hydrogen atoms. The temperature effect on the far-wing spectra is examined in the temperature range
4000-20 000 K. For this purpose, the ground and excited LiH potential curves and the transition dipole
moments that connect them are constructed from ab initio data. The investigation shows that the profile
spectra are dominated at all temperatures by the singlet A <— X transitions and exhibit in the red wing a
satellite structure near the wavelength 1000 nm. The spectra revealed also the appearance beyond 14 000 K of
a second satellite structure in the blue wing close to the wavelength 510 nm originating from the triplet ¢ <— a

transitions.

DOI: 10.1103/PhysRevA.87.052713

I. INTRODUCTION

Over the last decades, lithium hydride dimer, LiH, and
its various excited and ionized forms received extensive
attention [1-4] and have continued to be the subject of
numerous investigations during the past few years [5-9].
The cumbersome physical and chemical studies on this
molecular system are primarily due to its particular interest
in several fields, such as astrophysics and astrochemistry.
Indeed, the lithium hydride molecule, which is widespread
in the interstellar medium, played an important role in the
early universe chemistry and contributed to the cooling of
the primordial gas. Furthermore, the large dipole moment
of the LiH system makes this hydride suitable for studying
the early universe evolution and detecting the primary clouds
[8-15].

To our knowledge, the pressure-broadened spectrum of
lithium atoms evolving in a hydrogen bath has not been
explored in the past, neither experimentally nor theoretically.
We thus propose in this work to carry out full quantum-
mechanical calculations of the far-wing absorption profile
of the lithium Li(2p < 2s) resonance line broadened by
collisions with ground hydrogen 'H(1s) atoms at various tem-
peratures. To fulfill this task, we first start by building up the
interaction potentials, through which Li(2p < 2s) approaches
H(ls), and the needed transition dipole moments (TDMs).
The quality of the constructed potentials and dipole moments
will be assessed by comparing, with whatever available
theoretical or experimental data, the radiative lifetimes of some
excited Li(2p) — H(1s) rotational-vibrational levels and the
temperature-dependent rate coefficients for radiative associa-
tion of Li(2s/2p) and H(1s) to form the ground LiH molecule.
We will then compute numerically the photoabsorption coeffi-
cients to study the satellite features in the bl/ue and red wings of
the LiH absorption profile and to examine their behavior with
temperature.

Throughout this paper, all the physical data are expressed
in atomic units, a.u., unless otherwise specified.
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PACS number(s): 34.50.Gb, 34.90.4+q, 31.50.Df, 32.70.Jz

II. THEORY

We propose in the present work a quantum-mechanical
investigation of the pressure-broadening phenomena which
affect the far-wing photoabsorption spectra of lithium
Li(2p < 2s) perturbed by ground hydrogen H(ls) atoms.
Such a spectral broadening occurs when the radiator Li absorbs
aphoton and interacts simultaneously with the disturbing atom
H [16,17]. During this process, the formed LiH dimer goes
under supposed conditions from its ground state dissociating
into Li(2s) 4+ H(1s) to its first excited states dissociating into
Li(2p) + H(1s). The phenomenon is quantified in molecular
spectroscopy by means of the absorption coefficient k(v,T)
at temperature 7, with v being the frequency of the absorbed
photon.

In the following, we calculate the reduced photoabsorption
coefficient k. (v,T) defined as the ratio

k0, T) = 202 T)
[Li][H]

(1

of the absorption coefficient and the lithium and hydrogen
number densities, noted here [Li] and [H]. Generally, the
photoabsorption coefficient of an allowed molecular transition
is the sum of four absorption coefficients corresponding to four
possible transitions, namely, bound-bound (b-b), bound-free
(b-f), free-bound (f-b), and free-free (f-f), between two elec-
tronic states labeled by the vibrational and rotational quantum
numbers, v and J, the projection A of the total electronic
orbital angular momentum on the internuclear axis, and the
energy € for the case of free states. In this study, we utilize the
reduced photoabsorption coefficients as formulated by Chung
et al. [18]. Note that the values of the angular momentum
quantum numbers used in the computations described below,
J' and J”, respectively, for the upper and lower molecular
states, are generally high. Hence, one may assume as valid the
approximation J' >~ J” = J.

The bound-bound reduced absorption coefficient for
transitions from the lower vibrational-rotational states

©2013 American Physical Society
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&” = (v"JA") to the upper vibrational-rotational states £’ =
(W' JA)is [18]

K, T) = %C(V,T) DY s —v) @) + 1)

I v
Eyjar
X My an g nr €XP (— e ) : 2)
where the factor C(v,T) is
873y ([ 2mh\*?
Cw,T)= w . 3)
3c ukgT

The symbols ¢ and 2 = 277 have their usual meaning, kg is
the Boltzmann constant, u is the reduced mass of the radiator-
perturber system LiH, and e is the probability the lithium and
hydrogen atoms form a molecule in the lower electronic state.
The latter is given by

281in + 1
QS+ D@2Su+ 1)’

2 — 8o a4a7
2 — 8o,n"

w = “4)
where § is the well-known Kronecker symbol and Syiyg, Sij,
and Sy are the spin multiplicities for the LiH molecule and the
Li and H atoms. The line-shape function g(v — vy,) is replaced
in this problem by the inverse of frequency bin size, and the
bound-bound transition frequency v, can be derived from the
expression

hvtr = Eg/ - Eg/f + ]’ll)(), (5)

where E¢ and Eg» are the rovibrational energies of the upper
and lower electronic states, respectively, and vy = 446.92 THz
is the Li(2s — 2p) atomic transition frequency. The dipole
matrix elements Mg~ ¢ are defined as

Mg = /0 @ (R)D(R)®e (R)dR, (6)

with R being the internuclear separation and D(R) the
electronic transition dipole moment which correlates the initial
and final states involved in the allowed transitions. Similarly,
the remaining b-f, f-b, and f-f reduced absorption coefficients
are expressed by the following set of formulas [18]:

k0. T)=Cv.T) )y 27 +1)

v’ J
Eyignr
X My pn o €XP <— kT ) ) (7N
2 6//
K, T) = C(v,T) 2,: Q7 + 1) M2 40y €XP (_kB_T> ,
(®)
K, T) = C(v,T)Z/de’(ZJ +1)
J
2 6//
X Moy pn eryar €XP <_kBT> . ®

The energy- and space-normalized radial wave functions in
Eq. (6), ¢ = @ ja(R) and &g = P, ;5 (R), respectively, are
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the solution of the radial wave equation

d*®:(R) 2pu nr J(J 4+ 1) — A?
TarT TR [5‘ Vatky = ZT}
x ®¢(R) =0, (10)

where V(R) = V4 (R) is the interatomic potential energy with
A = 0 for X states and A = 1 for IT states. The energy £ = €
is positive for the continuous free states and £ = E is negative
for the discrete bound states.

According to the above relationships (2) and (7)—(9),
the absorption coefficients can only be computed once the
interatomic potentials V (R) and the transition dipole moments
D(R) are known in the entire range of the internuclear
separation R.

III. POTENTIAL AND TDM CONSTRUCTIONS

At thermal equilibrium, the ground Li(2s) and H(1s) atoms
interact mutually along the singlet X 'S+ or the triplet a *2+
potential-energy curve, whereas the excited Li(2p) interacts
with the ground H(1s) along one of the four possible excited
molecular curves, namely, A 'Y+, B 'IT, b 1, and ¢ 3% +. In
the present photoabsorption investigation, knowledge of the
LiH potentials in connection with the above six states is needed
in the whole range of the interatomic distances. More precisely,
the potentials are described in the short- and long-range regions
using parametrized analytical forms, while in the intermediate
distances they are determined from accurate and reliable ab
initio calculations performed for several values of R.

In the intermediate range of internuclear distances, the LiH
quasimolecule is treated as a two-active electron system, using
a nonempirical pseudopotential, of the Durand and Barthelat
type [19], to describe the Li atom. Core-polarization effects
are included via a core-polarization potential (CPP) for the Li
atom in the form first proposed by Miiller and Meyer [20] and
later revisited by Foucrault et al. [21]. For lithium, we used
the Gaussian basis set and the CPP previously used in [22]. To
describe the hydrogen atom, we used a basis set obtained from
a cc-pv6z one slightly modified. The molecular orbitals of LiH
are obtained from a self-consistent field calculation, and the
electronic correlation between the two active electrons is taken
into account through full configuration interaction (CI) calcu-
lations. All calculations were performed using the CIPSI code
[23,24]. The computed energy points are smoothly connected
in the short-range region to the Born-Mayer form Vsr(R) =
aexp(—BR) [25], with @ and B being two parameters to be
determined, and in the long-range region to the usual re-
lationship Vir(R) = _Cﬁ/R6 — CS/R8 — Clo/Rlo, with C,
being the dispersion coefficients. In these constructions, we
adopted the dispersion coefficients generated by Mitroy and
collaborators [26,27] and Zhu et al. [28]. Their values are
shown in Table I with the computed constants & and .

To construct the X ' molecular state, we used the ab
initio points we have produced in the range 1.5 < R < 17ayp.
The upper singlet A 'S+ and B 'IT states are also constructed
from the ab initio points computed over the same interval.
The triplet energy curves rely on the ab initio data points
in the intervals of R going from 1.5ay9 to 17aq, for the
a 3%t and b 7T states, and from 1.5ay to 22aq, for the
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TABLE I. Short- and long-range constant parameters (in a.u.) used in the construction of the ground and excited LiH potentials.

Dissociation Molecular Short range Long range
limit state o B Ce 1073 x Cg 107% x Cyg
Li(2s) + H(ls) X'zt 35.028 3.752 66.544% 3.2821° 22318
a3zt 2.981 1.677 66.544* 3.2821* 22318
Li(2p) + H(ls) Al 4.921 2.184 160.1° 24.04° 28.12°
Bl 3.574 1.828 85.418¢ 1.143°
b1 4.133 1.995 85.418° 1.143P
¢zt 2.970 1.600 160.1° 24.04°

2Reference [26].
bReference [27].
‘Reference [28].

c o+ state. In all cases, we kept in mind the so-called Le
Roy criterion [29], which suggests to apply the ), C,/R"
expansion beyond the Le Roy radii R 2 12ay and R 2 14ay
for the 'S and 3T+ interactions [30]. The obtained hybrid
singlet and triplet potential-energy curves are plotted in part (a)
of Fig. 1. Some of the theoretical and Rydberg-Klein-
Rees (RKR) data points produced by Geum et al. [31,32]
and Coxon and Dickinson [33,34] are also presented for
comparison. The well-known spectroscopic constants (the
potential well depth D,, the equilibrium distance R., and
the minimum-to-minimum electronic excitation energy 7,) de-
duced from the constructed potentials are tabulated in Table II.
They are also compared with experimental and theoretical
data when available. The present description of the 'S states
is seen to be accurate when compared to the measured and

computed R, and D, values [34-36], while the L3 states
seem to be less accurate, especially for the D, values for which
the relative differences may reach 10%. Furthermore, present
calculations predict the S+ states to be slightly bound. In
fact, most of the previous theoretical investigations predicted
these states to be mainly repulsive, though the a 32+ state
is revealed to be shallower from two different theoretical
investigations [37,38].

To see how accurate the constructed potentials are, it is
interesting to examine the LiH vibrational levels of each
electronic state. We could detect 24, 27, and 3 rotationless
vibrational levels for the X =+, A 'S+, and B I states,
respectively. For these three states, we compare in Table I1I the
vibrational energy level differences AG, = G, — G,. Our
values are, in general, quite well consistent with the published

(a) Singlet Triplet
0.2 T 0.2 T
. Geum [31] e
o 015 F Coxon and Dickinson [33]  ~ Geum [31] o
Qo 0.15 B
5
£ o1}
T
= 0.1 E
= c
@ 0.05
S b
c
] 0 L ,
3 0.05
o
T 005t X a
0
_01 Il Il Il Il Il Il Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 16
® 1200 900
. b-a
E 1000 800 |- c-a - E
=
[}
8 800 700 E
C
s /I~ 0 T
s |/ e TS—
S 600 600 |- L E
© -
k= 7
2 . e
S 400 500 f T
200 Il Il Il Il Il 400 Il Il Il Il Il
4 6 8 10 12 14 4 6 8 10 12 14

Distance R (bohr)

FIG. 1. Potential-energy curves (Part a) and potential differences (Part b) relative to the Li(2s) + H(1s) and Li(2p) 4+ H(1ls) dimers. Present
potential curves of the X 'S+ and A 'S+ states are compared with the RKR values from [33]. The singlet B 'TT and all the triplet curves are
compared with ab initio points from [31]. The potential differences are transformed into wavelengths, given in nanometers.
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TABLEII. Spectroscopic constants of the ground and excited LiH
potentials compared with experimental and theoretical values.

LiH states D, (cm™) R, (ap) T,(cm™) Refs.
Xzt 20269.2 3.000 This work
20286.0 3.015 133
20287.7+£0.3 3.015 [35]2
20349.4 3.003 [36]°
a’st 6.90 11.053 35168.97 This work
42 11.527 [37]°
4.84 11.369 [381°
Alxt 8704.2 4.840 26471.73 This work
8680.7 4.908 [33]*
8681.6 £0.3 4.906 26509.77 [35]%
8686.6 4.862 [36]°
Bl 255.05 4.520 34920.83 This work
288.9+0.3 4.504 34902.84 [35]2
258.10 4.524 34821 [39]°
b3 2084.04 3.673 33091.82 This work
1822.81 3.693 [41°
2083 3.677 32990 [397°
¢zt 2.77527 15.147 35173.11 This work
“Experimental.
®Theoretical.

PHYSICAL REVIEW A 87, 052713 (2013)

TABLE IV. Rotationless vibrational energy levels, in cm™!, of
the triplet LiH molecular states.

v a’st ¢t b1

0 —0.3002 —0.0106 —1179.5005
1 —1228.5501
2 —775.4053
3 —424.8452
4 —180.9808
5 —44.9808
6 —1.4071

experimental and computed data. Concerning the triplet states,
the calculations yield seven bound levels for the b °IT state and
just one level for both @ 3£+ and ¢ *T+ states. The results are
listed in Table I'V.

Moreover, we present in part (b) of Fig. 1 the four
possible potential differences V4_x(R), Vg_x(R), Vp—a(R),
and V._,(R). According to the semiclassical theory [17], a
satellite occurs when the potential-difference curve exhibits
an extremum. The energy position of such an extremum,
transformed in wavelengths, leads to the position of the
satellite. Consequently, as one may note from Fig. 1(b), two
satellites should arise, one in the red wing from the A < X

TABLE III. Comparison of calculated and observed rotationless vibrational level spacing AG, = G,+; — G,, in cm™!, among the singlet

LiH molecular states.
Xzt Alxt B Il

v This work [36]* [401° This work [36]* [301° This work [39]* [411°
0 1354.32 1355.81 1359.71 280.04 278.43 281.5 115.8086 117.07 130.76
1 1309.75 1311.43 1314.89 312.80 310.93 309.3 35.6473 34.18 44.97
2 1266.60 1267.93 1270.89 335.85 333.96 335.1
3 1224.16 1225.25 1227.77 353.05 351.32 352.1
4 1182.23 1183.28 1185.44 366.12 364.47 365.1
5 1140.81 1141.93 1143.77 375.97 374.40 375.2
6 1099.89 1101.05 1102.60 383.15 381.70 382.3
7 1059.35 1060.46 1061.78 388.06 386.58 387.2
8 1019.08 1020.00 1021.17 390.97 389.59 390.2
9 978.60 979.43 980.52 392.12 390.79 391.7
10 937.90 938.43 939.62 392.15 390.37 391.1
11 896.54 896.77 898.09 389.78 388.55 389.9
12 854.10 854.04 855.48 386.52 385.33 386.0
13 810.02 809.68 811.19 381.97 380.82 381.8
14 763.55 763.20 764.44 376.12 375.02 374.8
15 713.72 713.69 714.22 368.93 367.88 367.7
16 659.24 660.02 659.27 360.30 359.31 361.1
17 598.43 600.82 597.89 350.03 349.11 352.3
18 529.15 533.93 527.91 337.80 337.00 343.5
19 448.80 456.87 446.61 323.13 322.47 327.1
20 354.53 366.46 350.99 305.22 304.78 305.9
21 243.97 259.59 237.71 282.89 282.75 284.0
22 117.49 254.25 254.54 256.9
23 216.28 217.49 219.5
24 164.33 166.72 160.6
25 92.37 74.9
2Theoretical.
*Experimental.
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FIG. 2. Constructed singlet and triplet transition dipole moments D(R). The singlet ¥ — ¥ and ¥ — I1 moments are compared with
theoretical data from Docken and Hinze [4] and Partridge and Langhoff [44], respectively.

transitions near the wavelength A ~ 1040 nm and another in
the blue wing from the b <— a transitions near the wavelength
A ~ 482 nm.

On the other hand, the transition dipole moments are
constructed with a similar numerical procedure to that reported
previously for the potential curves. We have calculated the ab
initio TDM values in the intermediate region using the wave
functions obtained with the method described above. For short
and long distances, the TDMs vary according to the analytical
forms

a—+ bR
Do + AR73,

respectively. Here, a, b, and A are constant parameters and Dy,
is the asymptotic value of D(R). In order to obtain the values
of Dy, and A, we have fitted our computed long-range TDM
data points to a form similar to Eq. (11). We have found Dy, =
2.348, which is very close to the experimental value 2.350 of
Wiese et al. [42] and to 2.343 used by Zemke and Stwalley
[43]. We have also found A = +24.9562 and A = —7.1089
for the ¥ — ¥ and ¥ — TII transitions, respectively. Figure 2
shows our constructed TDMs compared with published singlet
X < A and X < B data from [4,44].

The potential-energy and TDM data points generated by
our ab initio calculations can be provided on request.

D(R) ~ { (11)

IV. FURTHER POTENTIAL AND TDM ASSESSMENTS

Before any further use, it is important at this stage to
properly assay the potential-energy curves and transition
dipole moments we have generated above. To this end,
we have chosen to look at the radiative lifetimes of the
individual rotational-vibrational levels and the T-dependent
rate coefficients for radiative association of Li(2s/2p) and
H(1s) to form the LiH(X =) molecule.

A. Radiative lifetime

Assuming once again the approximation on the angular mo-
menta, J' ~ J” = J, the radiative lifetime t = 1/ A(v'JA’)is
related to the total spontaneous emission rate

647’[4 2— 80,1\/+A” o 3 M2
T | Vorarersar My parengar

" 3 2
x de” + E vv,JA,’v/,JA,,MU,JA,,U,/JA,,], (12)
o

AW JAN)=

corresponding to transitions from the upper bound level &’
(v'JA) to all the lower continuum &” = (¢””JA”) and bound
& = (v"JA”) states. In this equation, the first and second

TABLE V. Radiative lifetimes, in nanoseconds, of the LiH A'S* and B'II states compared with some computed and measured values

from [43-47].

AZT (A =0) BT (A =1)

v J’ This work [45]* [46]* v J’ This work [477° [431° [441°
2 3 32.56 294 +1.3 0 0 10.80 11.4+£0.6 11.3 11.3
5 3 36.81 305+1.3 1 0 18.31 17.0 £ 0.8 17.0 17.0
5 5 36.89 32.6 4.2 2 0 25.86 23.4+4.0 24.0 23.5
5 10 37.26 32.6 £3.0

5 15 37.78 29.0+3.2

7 3 38.57 349+1.9

7 12 38.94 36.9+1.9

8 15 38.92 322+59

*Experimental.
®Theoretical.
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TABLE VI. LiH rate coefficients «(T") for radiative association at various temperatures. All the data are compared with results from

Gianturco and Gori Giorgi [53,54].

Temperature Xzt <« X'ut X1zt <« Alxt X'zt <~ Bl

T (K) This work? [54]12 This work® [531° This work® [53]¢
100 2.997 2.34 3.865 4.47 0.775 0.382
500 3.226 2.28 4.763 5.72 0.430 0.216
1000 2.686 1.66 4.954 5.75 0.339 0.174
1500 2.207 1.22 4.816 5.39 0.297 0.154
3000 1.321 0.61 4.097 4.30 0.239 0.130
5000 0.810 0.33 3.275 3.30 0.202 0.110
6000 0.675 2.950 2.90 0.189 0.099
7000 0.580 2.671 2.60 0.177 0.092
7500 0.543 2.546 0.171

8000 0.511 2.430 0.166

4n units 1072 cm?® s~!.
°In units 10~ cm?® s~'.
°In units 10~ c¢m?® s~!.

terms represent the probabilities of the spontaneous bound-free
and bound-bound emissions, respectively.

We compare in Table V the calculated A 'S+ and B '
lifetime values of some rovibrational levels (v'J’) with
measurements and computations from [43—47]. It appears the
presented results are in fair accordance with the experimental
data, mainly for the higher levels. We have further attempted to
estimate the atomic lifetime of the lithium 2s — 2 p transition
by averaging all the possible transitional cases. This could
be accomplished by considering the highest rotationless
vibrational states close to the dissociation limit. In such a
case, the atomic lifetime 7, is the weighted sum

1 1

L 2
T_a = Z |:§A(Umax00) + gA(vmax()l)jI

3f1 2,
+ Z |:§A(vmax00) + §A(vmax01)i| : (13)

The theoretical calculations we have carried out yielded
the value 27.36 ns, which does not differ more than 1.4%
from the measured values 27.22 £ 0.20 ns of Carlsson and
Sturesson [48], 27.102 4 0.009 ns of McAlexander et al.
[49], and 27.11 £0.06 ns of Volz and Schmoranzer [50].
Most recently, improved atomic radiative lifetimes have been
determined experimentally by Le Roy et al. [51], who found
27.1018 £ 0.0014 ns for "Li(2p) and 27.1024 + 0.0014 ns for
®Li(2p). All these data agree very closely with the NIST
recommended value 27.11 ns [52].

B. Radiative association

The radiative association of lithium and hydrogen atoms
to form the LiH molecule occurs via one of the following
mechanisms [15]:

Li(2s) + H(ls) — LiH(X ') — LiH(X 'S*) + hv
D
and/or

Li(2p) + H(ls) —> {LiH(A z)

. I+
LiH(B 'T) }—>L1H(X =) + hv.

ey

Both processes induce spontaneous emission of photons and
imply free-bound transitions between states associated to the

(a): X-A
6

Rate coefficients o(T) (10'16 cmss")

this work
Gianturco [53] @

Rate coefficients o(T) (10'20 cm35'1)
n

1 this work
B Gianturco [54] @ ® a b
Dalgarno [55] A L] | ]
Bacchus-Montabonel [56] X oA
Bennett[57] m %4
0 Il
102 10° 10*

Temperature T (K)

FIG. 3. Radiative association rate coefficients «(7") as a function
of temperature for the X <— A (part a) and the X < X (part b)
transitions. The solid lines represent our results compared with values
from published works [53-57]. The inset shows the LiH(X '©%)
dipole moment versus the internuclear separation, both in a.u., from
Partridge and Langhoff [44].
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same potential-energy curve, like in scheme (I), or to two
distinct potential curves, like in scheme (II). Gianturco and
Gori Giorgi [53] found that the process (II) is, in this case,
much more efficient than process (I).

A full quantum-mechanical theory yields the rate coeffi-
cients o(7T') at temperature T as

8 12 11 \3/2 o / ¢ /
=) (ar) [ oo (-z)e

(14)
()
102 E
6000 K
10’ E
100 Hw MW‘ i
8000 K ‘
107! E
1 0-2 I I I I il 1
200 400 600 800 1000 1200
e
. (b)
(]
2
> 100F 1
2
=
g 10000 K
5
o
o
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FIG. 4. LiH reduced photoabsorption coefficients for six temper-
atures ranging between 6000 and 20 000 K.
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These coefficients are deduced by averaging the radiative
association cross sections [53,54]

max  Umax

/ 647° 3 3 /g2
Q€)= 3557 DD VM e
J'=0v"=0

+ (I + DM pnr g ] (15)

over a Maxwellian velocity distribution. In this expression, k =

(2/1,6/)% /h denotes the wave number of the colliding atoms and
p is the statistical weight of the involved molecular transitions,
which gets the values p =1/4 for X < X, p=1/12 for
X < A,and p =1/6for X < B.

Table VI gathers results of the LiH radiative association
rate coefficients o(7) we gleaned from computations we
have performed with the potentials and TDMs constructed
in this work. The rates are given at some temperatures
ranging from 100 to 8000 K relative to both schemes (I)
and (II). They are also compared in the same table with
values from [53,54]. One may notice that the rate coefficients
in connection with the X < A transitions do not differ
significantly, especially for T > 2000 K, which can also be
confirmed in Fig. 3(a). This is not the case with the other
two recombination processes, X <— X and X < B, where
the values deviate from the published data by a factor up to 3.
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FIG. 5. LiH reduced photoabsorption coefficient at 8000 K. Part
(a) displays the contributionofthe A <— X, B <~ X, b < a,andc <
a transitions and part (b) represents the sum of all the contributions.
The inset shows the bound-bound and free-bound A < X transitions
that contribute in the 1000-nm red satellite.
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Nevertheless, as Fig. 3(b) illustrates, our higher temperature
X < X results show good concordance with those already
published in literature [54-57]. It is worth mentioning that
we employed for the calculation of the X 'S+ <« X 'S+ rate
coefficients the LiH R-dependent dipole moment, plotted in
the inset of Fig. 3(b), determined theoretically by Partridge
and Langhoff [44].

V. COMPUTATIONAL RESULTS AND DISCUSSION

The total LiH reduced absorption coefficient is the sum of
the components corresponding to the four allowed transitions,
namely, A < X, B < X, ¢ < a, and b < a. Since both
X 'S* and A 'S7 states are characterized by relatively deep
potentials, the A < X transition is then expected to contribute
with all the possible b-b, b-f, f-b, and f-f transitions. Besides,
the B 'TI potential well is very shallow. We can therefore
neglect its three bound levels and consider only the f-f and
b-f contributions in the B < X transition. Concerning now
the LiH triplet states, the a *£* and ¢ *S£* potential-energy
curves are mostly repulsive, whereas the b °IT state has a deeper
potential well. Accordingly, the main contributions to the total
absorption coefficient come from the free-free ¢ <— a and
b < a and free-bound b < a transitions.

Using Egs. (2) and (7)—(9), we performed calculations for
wavelengths and temperatures ranging from 200 to 1200 nm
and from 4000 to 20000 K, respectively, with a bin size
Av =10cm™'. We believe at such temperatures the LiH
interactions are perturbed by the presence of highly excited
and ionized lithium or hydrogen atoms. Indeed, as pointed
out by Krupenie er al. [2], the LiH molecule constitutes at

PHYSICAL REVIEW A 87, 052713 (2013)

1500 K less than 5% of the Li + H mixture, and ionization
reaches 5% at 6000 K. To obtain the bound and free wave
functions required in the computation of the matrix elements
(6), we solved numerically the radial wave equation (10) by
adopting the Numerov algorithm. In particular, the Gauss-
Laguerre quadrature, with 100 weighted points, has been
used to compute the free-free integral appearing in Eq. (9).
In order to simulate the photoabsorption spectra, we used
in the calculations the maximum values of the rotational
quantum number Jyax = 250 for the free-free transitions and
25 < Jmax < 98 for the remaining transitions.

The results of the quantum-mechanical LiH absorption
spectra, achieved for six distinct temperatures, are shown in
Fig. 4. The total spectra display the blue and red branches
in either sides of the Li(2p < 2s) atomic resonance line
Ao = 670.8 nm. The profiles exhibit in the blue wing a satellite
structure in the neighborhood of the wavelength A ~ 510 nm,
whereas the red wing shows a second satellite around the
wavelength A ~ 1000 nm. The former satellite starts its growth
only beyond T 2 14000 K, but the latter appears for almost
all temperatures of interest. The two wavelength values seem
to be consistent with those already deduced from the potential
differences discussed above, which predicted semiclassically
the wavelengths 1040 and 482 nm.

Figure 5(a) displays the four partial contributions at T =
8000 K to the total spectrum plotted in Fig. 5(b). One may
note, in particular, the dominance of the A <— X transition
at this temperature on the total spectral profile in both
wings. This transition is responsible for the appearance of
the 1000-nm satellite in the red wing, which is generated by
the bound-bound and free-bound transitions, as demonstrated
in Fig. 5(b) in the inset. The undulations are mainly due to
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FIG. 6. LiH reduced photoabsorption coefficients at temperatures 14 000 and 20 000 K. Parts (a) and (b) display the contribution of the
different transitions to the spectra, while parts (c) and (d) display the sum of all the contributions.
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the abundance of bound levels involved in the bound-bound
A < X transition, since both X =% and A 'St LiH states
possess very deep potential wells. Figure 5(a) also displays
the contribution of the B <«— X transition, characterized by
smooth undulations, which dominates the blue wing only. On
the other hand, the ¢ <— a transition has practically no effects
on the overall shape of the total spectrum at this temperature.
Its contribution is limited to the creation of the satellite located
in the blue wing around A ~ 510 nm. As Fig. 5(a) shows, the
intensity of this satellite is almost a hundred times weaker than
those originating from the A <— X and B < X transitions,
but its importance should arise at higher temperatures, as
it is going to be seen below. The b < a transition, solely
present in the red wing, has almost no influence over the
general shape of the spectral profile. Moreover, we present
in Fig. 6 the contributions of the different transitions at
higher temperatures, namely, 14 000 and 20 000 K. At such
temperatures, the intensities of both A <— X and B < X
absorption coefficients decrease substantially and become of
the same order of magnitude as the intensity corresponding to
the ¢ < a transition. The 510-nm satellite arising from this
band begins to appear in the total spectra plotted in Fig. 6(b)
at about 14000 K and becomes, as stated above, noticeable
beyond this temperature [Figs. 4(c) and 6(d)].
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FIG. 7. Temperature effect on the position and intensity of the
satellites. Part (a) represents the red-wing satellite and part (b) the
blue-wing satellite.
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It emerges from the above discussion that there is an impor-
tant effect of temperature on the general shape and behavior of
the photoabsorption spectra. Indeed, one may notice that the
influence of temperature on the blue wing is more remarkable
than on the red wing. The rate of intensity change in both
wings is not the same as the temperature increases, and the blue
wing is more affected. Figure 7 exhibits the 1000- and 510-nm
satellite peaks and displays their modification in magnitude
with temperature when 7 goes from 4000 to 14000 K.
According to Fig. 7(a), the amplitude of the undulations that
arise from the singlet A <— X transition is reduced and the
magnitude of the 1 000-nm satellite decreases considerably as
the temperature increases. Since this satellite is mainly arising
from bound-bound transitions, the population of the lower lev-
els diminishes at higher temperatures, leading to the decrease
of the peak amplitude. Its intensity at 14 000 K is about a factor
of 10° less than at 4000 K. On the other hand, as Fig. 7(b)
shows, the 510-nm satellite resulting from the triplet ¢ < a
transition grows very slowly and is remarkably redshifted by
approximately 2% in the temperature range 4000-14 000 K.
Additionally, it also shows the increase in the magnitude of
the blue satellite while the red satellite amplitude decreases.

To the best of our knowledge, there are unfortunately no
previous experimental or theoretical studies dealing with the
LiH photoabsorption spectra with which one can contrast
the computed data. Nevertheless, Allard [58] carried out,
upon our request, semiclassical calculations with the LiH
potentials of Coxon and Dickinson [34] that we have slightly
modified in the short- and long-range internuclear separations.
In the wavelength range 750—1200 nm and at three distinct
temperatures 4000, 5000, and 6000 K, she could identify
with her computational method a satellite near the wavelength
980 nm. For a better comparison of our results with those of
Allard [58], we have chosen to plot in Fig. 8 the reduced
absorption coefficient at 7 = 6000 K. On the whole, the
agreement is excellent. In addition, we have reproduced
the photoabsorption spectra, around the determined satellite
positions, by making use of the RKR potentials of Coxon
and Dickinson [34] for the singlet A <— X transition, and
of the ab initio data of Boutalib and Gadéa [39] for the
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FIG. 8. Comparison between present satellite profile located
around A~ 1000nm at 7 =6000K with that computed by
Allard [58].
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FIG. 9. Blue- and red-wing satellites at T =
Dickinson [33,34] potentials.

triplet ¢ <— a transition. As Figs. 9(a) and 9(b) display, the
blue- and red-wing satellites generated with the two potential
sets are entirely confounded, which essentially demonstrates
the accuracy and reliability of the present constructed LiH
potentials and TDMs.

VI. CONCLUSION

In this work, the absorption spectra of the radiating
Li(2s — 2p) atoms perturbed by hydrogen H(1s) has been
treated theoretically. The computations have been performed
by using the interaction potentials and TDMs, both constructed
upon ab initio data which we have produced. Their reliability
is evaluated by determining the excited-level lifetimes and
the rate coefficients for radiative association. Good agreement
is obtained in comparison with other published values. The
results have specifically shown the sensitivity of the far wings

14 000 K generated from present potentials and from Boutalib and Gadéa [39] and Coxon and

on temperature and the presence of satellite in the red wing, at
all temperatures, near the wavelength 1000 nm due to the A <
X transition. A semiclassical calculation performed by Allard
in the wavelength range 750-1200 nm detected the same
satellite in the vicinity of 980 nm. The present calculations
could also point out the occurrence beyond T = 14 000 K of
a satellite structure in the blue wing located around 510 nm
wavelength generated by the ¢ <— a transitions.
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