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This work reports a theoretical analysis of the Li(2s— 2p) photoabsorption spectra when the lithium atoms
are evolving in a ground helium buffer gas. The influence of temperature on the far-line wing spectra is
particularly examined by adopting classical and full quantum-mechanical approaches. The computations show
the appearance, above approximately 1000 K, of satellite structures in the blue wing around the wavelength
536 nm. The data obtained in the range of temperature 500-3000 K agree very well with those already

calculated with different theoretical methods.
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I. INTRODUCTION

As already reported by Babb, Kirby, and Chung [1], a new
frontier has been opened with the discovery of numerous
brown dwarfs and extrasolar giant planets. The observations
revealed that the atmospheric environments of these astro-
nomical objects have many similarities and that the atmo-
spheric opacities are primarily from the alkali metals [2—4].
That is the reason why the alkali-metal resonance lines are
used in the theoretical calculations and experimental mea-
surements of the spectra as important tools for determining
the properties of the brown dwarfs and planet environments
in which they are produced. The resonance-line broadening
of the alkali metals interacting with like or unlike atoms has
been a subject of many theoretical and experimental studies.
For example, full descriptions have been accomplished on
the pressure broadening of lithium, sodium, and potassium
when perturbed by their respective parent gases in Refs.
[5-7] and by rare-gas atoms in Refs. [3,4,8—10]. One may
also mention here the theoretical works on the self-
broadening of hydrogen [11] and helium [12].

To the best of our knowledge, the absorption spectra pro-
duced by lithium atoms evolving in a helium bath have not
been explored experimentally. However, a few theoretical
studies are available [9,13-18], such as the work of Herman
and Sando [15], where they have determined the emission
spectra using classical and quantum-mechanical methods
with the assumption of a constant transition dipole moment
(TDM), and the most recent investigation of Zhu er al. [9],
who have essentially treated the emission spectra of the LiHe
system.

In this paper, we present our classical and quantal calcu-
lations of the photoabsorption spectra of Li(2s-2p) perturbed
by He(1s?) atoms. We particularly focus our attention on the
study of the blue and red wings of the absorption spectra,
analyze their possible satellite structures at various tempera-
tures, and compare the results with previous calculations
whenever available.

All the data below are given in atomic units (a.u.) unless
otherwise specified.
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II. THEORY

The purpose of this work is to study the pressure broad-
ening of the lithium 2s5-2p resonance absorption line in the
red and blue wings when the Li atoms are evolving in a bath
of He atoms. Such a broadening arises from the binary col-
lisions if the density of the Li+He gas mixture is assumed to
be sufficiently low. The shape of the broadened line can be
modeled as the absorption of the radiation by the LiHe quasi-
molecules formed from the temporary association of Li and
He atoms. At thermal equilibrium, the Li(2s) and He(1s?)
atoms approach each other along the X 3% molecular state.
During the absorption process, the LiHe quasimolecule can
absorb a photon of energy hv, with h being the Planck’s
constant and v the absorption frequency, to make a transition
towards one of the molecular states A “Il or B *3* corre-
sponding to the Li(2p)+He(1s?) interaction. The physical
parameter that characterizes the photoabsorption process is
typically the absorption coefficient k,, which is defined as the
photon number absorbed per unit time, per unit volume, per
unit frequency interval. We use the atomic density-
independent reduced-absorption coefficient kAv)
=k,/(nyjny.) at frequency v, with ny; and ny, being the
lithium and helium atomic densities, respectively. If ny; and
Ny are in units of cm™, the coefficient k, has units of cm®.
Classical and quantal approaches are generally considered to
determine the line profile [19-21].

A. Classical approximation

In the frame of the quasistatic approximation, the classical
expression for the reduced-absorption coefficient for a given
frequency v that corresponds to a transition from the lower
molecular state of potential energy V”'(R) to an upper mo-
lecular state of potential energy V'(R) is given by [19-21]

dav) |~ ( V”(R))
e exp| — .
kyT
(1)

In this equation, ¢ is the velocity of light, kp is the Boltz-
mann’s constant, T is the absolute temperature, and g is the

8 3
k(1) = 203 4R D(R)[?
3he "7}

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.74.032711

K. ALIOUA AND M. BOULEDROUA

degeneracy of the final state. Both lower and upper states are
interrelated by the transition dipole moment D(R) at the in-
ternuclear separation R. The summation in Eq. (1) is over the
so-called Condon points R=R, corresponding to the same
frequency v. These points are the solutions of the equation

AV=V'(R)-=V"(R) =h(v-v), (2)

where v is the unperturbed line frequency of the radiating
atom. Furthermore, Szudy and Baylis [19,21] have modified
the above Eq. (1) by multiplying the expression under the
summation by the factor |367z.|"?L(z,) where

1 1/3
Q=_<ii>
2\ kyT

w is the reduced mass of the two colliding atoms, and L(z,)
is the function given by

2 —4/3

1d(AV) .

h dR

1d%AV)
f dR?

L(z) = J ) 12Ai(- z.t)* exp(— t7)dt, (4)
0

where Ai(y) is the well-known Airy function. As reported in
Ref. [19], L(z,) describes the total line shape in the wings.

B. Absorption quantum theory

Keeping in mind that the interacting atoms considered in
this work are not identical, we have used the relationships of
the quantal reduced-absorption coefficients k,(v) as formu-
lated by Chung, Kirby, and Babb [7]. Since large values of
the rotational quantum numbers J are involved, we may as-
sume J"=J'=J, where J” and J' are, respectively, the lower
and the upper rotational quantum numbers.

The free-free (ff) reduced-absorption coefficient &”/(v) at
frequency v corresponding to the transitions from all the
lower continuum levels (€’,J”,A”) to all the upper con-
tinuum levels (¢',J',A’) is given by

8wy (2mh*\¥* (7
kj:f(v) = Vw( ) f de' D (2J+1)
3¢ \pkgT/ Jg J

X [(er yrar | D(R)| ey e 8T, (5)

where A” and A’ denote the projection of the electronic or-
bital angular momentum on the internuclear axis for the
ground and excited states. The continuum-energy levels €’
and €', respectively, of the initial and final electronic states,
are correlated via €'=h(vy,—v)+¢€'. The factor w represents
the probability that the interacting atoms form a quasimole-
cule in the lower electronic state

2= Goarear (28,4 1)
T 2= (2S.+1)(28,+ 1)

(6)

where & is the Kronecker symbol and S,,, S,, and S, are the
spin multiplicities for the molecule (m), the radiating (), and
the perturbing (p) atoms, respectively.

On the other hand, the free-bound (fb) reduced-absorption
coefficient kfb(v) at frequency v derived for the transition
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from all the lower continuum levels (€”,J”,A”) to a set of
bound levels of the upper electronic states (v',J',A’) is
given by

> (27+1)

v'J

k() =

8™y (2%2)3/2
3C @ ,(LkBT

X [( By A D(R)| e rn)|2e 8T, (7)

where v’ is the vibrational quantum number.

The matrix elements shown in Egs. (5) and (7) are deter-
mined by using the radial-wave functions ¢(R) of the con-
sidered states. Assuming the Born-Oppenheimer approxima-
tion, these wave functions are a solution of the radial-wave
equation

d*P(R) | 2uE 2uV(R) JU+1)-A?
R T TR

S(R)=0.
(8)

The energy of the relative motion is E>0 for the free states
associated with the energy-normalized wave function ¢(R)
=da(R) and E<O0 for the bound states associated with the
space-normalized wave function @(R)= e, 2(R). The rota-
tionless potential V(R) and the energy E are measured with
respect to the dissociation limit.

The reduced-absorption coefficients as described in both
quantal and classical approaches are sensitive to the interac-
tion potentials of the colliding atoms and depend explicitly
on the transition dipole moments D(R).

III. POTENTIALS

To construct the potential-energy curves through which
one lithium atom Li(2s) or Li(2p) interacts with He(1s%), we
have chosen the most reliable ab initio data points that are
available in the literature, which are smoothly connected to
the short-range potential V(R) ~ a exp(—BR) and to the long-
range potential V(R) ~—Cq/R%—Cg/R%—C,y/R'°. The corre-
sponding molecular symmetries are X 3" for the ground
state and A *II and B 3" for the excited state.

To construct the X 23 state, we combined some ab initio
values obtained from Czuchaj et al. [22], Staemmler [23],
and Jeung [24]. This potential is very shallow and shows a
well depth of 6.787 X 107 at the position 11.553, which is
comparable to 6.790X 107 and 11.560 of Staemmler [23].
For the A *II potential, we adopted the energy values of Je-
ung [24] modified with those of Behmenburg ef al. [16]. This
potential displays a well depth of 4.55X 1073 occurring at
3.395. These data compare well with the experimental values
4.647x 1073 and 3.370 of Lee et al. [25] and with 4.638
X 1073 and 3.400 of Nakayama and Yamashita [26]. The
B 23" molecular state is constructed from the data points of
Jeung [24] and Krauss, Maldonado, and Wahl [27]. This po-
tential is mainly repulsive though it presents a well at the
position 17.027 with a depth of 1.511X107°. Jungen and
Staemmler [28] found for this state the values 18.0 and
1.367 X 107, respectively. For all the potentials, the adopted
values of the constants « and S and of the dispersion coef-
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TABLE 1. Short- and long-range constant parameters adopted
for the constructed ground and excited LiHe potentials.
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TABLE II. Rotationless vibrational levels, —E(v,J=0), found for
the X *3* and A *TI molecular symmetries.

Short-range Long-range
Molecular
states a B Ce Cyg Cio
X3t 0.573 1.146 22.507" 1083.16" 72 606.10°
Al 30.721  3.022  28.267°
B23* 2926 1.615 50.686° 2816.00°

Reference [29].
PReference [30].
“Reference [31].

ficients C, (n=6, 8, or 10) are listed in Table I. Our construc-
tion of the potential-energy curves relative to these molecular
symmetries is given in Fig. 1. Besides, we have determined
the vibrational levels of the X, A, and B molecular states by
using, with slight modifications, the FORTRAN package Level
7.4 written by Le Roy [32]. The calculations found no bound
levels with the B >3 state. For the X °S* and A °II states,
they show only one bound level for the ground state and
seven for the excited state. Both results are confirmed by
those obtained by the semiclassical method of Gribakin and
Flambaum [33]. Our data are listed in Table II in which we
compare the A-state results with the Jungen and Staemmler
data [28]. The discrepancies are important with the higher
vibrational values.

Quantum mechanically, the allowed transitions are X
— B and X—A. The satellite structures are expected to be
observed where the extrema of the potential differences,
namely, AV=V,(R)-Vy(R) and AV=V,(R)-Vy(R), occur.
Figure 2 presents these differences. As it can be seen from
this figure, a satellite should therefore appear near 536 nm in
the blue wing and 1012 nm in the red wing. One may also
notice that the short-range potential forms, lying between R
=2 and R==4, should strongly influence the position and the
shape of the expected satellite peaks.

012
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0.04

Potentials V(R) (a.u.)

0.02

0 1 1 T L 1
0 2 4 6 8 10 12
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FIG. 1. The constructed ground X 3% and excited A °IT and
B3 LiHe potential-energy curves.

A2l

v X3t This work  Jungen and Staemmler [28]
0 0.1371x 1077 0.3808x 1072 0.3235x 1072

1 0.2494 X 1072 0.2050 X 1072

2 0.1485 X 1072 0.1148 X 1072

3 0.7582 % 1073 0.5194% 1073

4 0.2975% 1073 0.1686 X 1073

5 0.6329 x 10~ 0.2278 X 10™*

6 0.1113X 1073

IV. TRANSITION DIPOLE MOMENTS

The ground X °3* state is connected by dipole moments
to the excited B 2S* and A °II states. We constructed both
transition dipole moments, namely, Dss(R) and Dsp(R),
from the data points provided by Jeung [34]. His TDM data
points are listed in Table III. We extended the X2, data with
one value (R=2, Dyy=1.614) from Pascale [35]. Figure 3
represents our TDM results and shows the data points we
have used.

At large distances R, we adopted the asymptotic form
proposed by Chu and Dalgarno [36]

A
D(R) ~ Do+ 23 )

where Dy=+2.351 is the TDM value to which D(R) con-
verges as R— o, For the 33, transitions, we used their value
A=+6.536 given in Ref. [36]. For the XII transitions, the
available data values do not match the long-range form pro-
vided in Ref. [36]. We hence fitted the last five points with a
form similar to Eq. (9). Our calculations could yield
A=+1.147. In the short-range interval, i.e., R<2, we forced
the transition dipole moments to follow a linear form D(R)
~a+bR. The obtained values of a and b are a=1.170 and
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FIG. 2. Potential differences AVy_y and AV,_y vs the internu-
clear separation R.
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TABLE III. The adopted TDM data points for the construction
of D(R) relative to the X-B and X-A transitions. Both data sets are
provided by Jeung [24].

Data points

Distance
R X323t X23A I
2.00 1.6140
2.50 2.3255
2.75 2.3333
3.00 1.7689 2.3415
3.25 1.8303 2.3496
3.50 1.9146 2.3576
3.75 1.9992 2.3643
4.00 2.0666 2.3695
4.25 2.1137 2.3728
4.50 2.1460 2.3744
4.75 2.1695 2.3744
5.00 2.1882 2.3732
5.50 2.2185 2.3690
6.00 2.2444 2.3640
7.00 2.2872 2.3563
8.00 2.3175 2.3530
9.00 2.3361 2.3515
10.0 2.3459 2.3511
11.0 2.3505
12.0 2.3522
13.0 2.3527
14.0 2.3527
15.0 2.3525
16.0 2.3523
17.0 2.3521
18.0 2.3519
19.0 2.3518
20.0 2.3517
21.0 2.3516
22.0 2.3515
24.0 2.3514
26.0 2.3513
30.0 2.3512

b=0.222 for the transition 2>, and a=2.255 and b=0.030 for
the transition 3II.

V. LIFETIME

Generally, one of the best ways to assess the accuracy of
our adopted potentials and transition dipole moments is the
determination of the lifetimes of the rotational-vibrational
states. We calculated the spontaneous emission transition
probabilities and lifetimes of rotational-vibrational levels of
the A °II. When we neglect the change in the rotational
quantum number, namely, J=J'=J", the lifetime 7 is then

[6]
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FIG. 3. The transition dipole moments D(R) for the 33, and 311
transitions against the internuclear separation R.

1

sz, (10)

where
A(v’J’A’):f dé'A@'J'N' ;€T A" (11)
0
is the total spontaneous emission rate corresponding to the
transition from the upper bound level (v/J'A’) of the excited
state A ’II to the lower continuum state (¢’J'A”) of the
ground state X *3* and

64}
A(U/JIA, ) EJ,J/A”) = 3hc3 g|<¢UIJIA/|D(R)|¢€'IJ!AH>|2
(12)
is the probability of the spontaneous emission, with
2 - 60,A/+AII
8="% o (13)
2 - 50,A/

being the electronic degeneracy.

We assembled the results of our calculated lifetimes in
Table IV. The high vibrational levels should be close to the
radiative lifetime of the resonance state of the 2s-2p lithium
atom. Our value 29.07 ns agrees quite well with the recent
high-precision measured value 27.11 ns of Volz and Schmo-
ranzer [37]. Carlsson and Sturesson [38] and McAlexander et
al. [39] have measured, by using laser spectroscopy and pre-

TABLE IV. Lifetime 7 (in ns) of the rovibrational levels of the
A 11 state.

v=0 v=1 v=2 v=3 v=4 v=>5

J=0 61.61 5324 4521 3842 3294  29.07
J=10  59.59 5093 4276 3559 29.34

J=20 5296 4194

J=21 51.89
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FIG. 4. Contributions to the reduced-absorption coefficient at the temperatures 500, 1000, 2000, and 3000 K presented, respectively, from
the bottom to the top. Column (a) represents the free-free X >7-B S transitions and column (b) represents the free-free (solid line) and
free-bound (dashed line) X 25*-A 11 transitions. Column (c) represents the sum of all the contributions.

dissociation analysis, 27.22 and 26.99 ns, respectively. All
these experimental data do not differ more than 7.8% from
our calculated lifetime value.

VI. RESULTS

A. Computational details

The Numerov method is used to solve numerically the
radial-wave equation (8) and, particularly, to determine the
normalized wave functions needed in the computation of the
above matrix elements shown in Egs. (5) and (7). We used
the Gauss-Laguerre quadrature [40] with 100 weighted
points to evaluate the free-free integral appearing in Eq. (5).
One may notice that this integral diverges at large distances
R. To circumvent this numerical problem, we have adopted
the mathematical transformation outlined by Herman and
Sando [15,41] and Dalgarno [30]

(beryr a | DWR)| peryrm) = (s jr ar[[D(R) = Dol peryram)
(@eryar|AV(R) [ erynpn)
€—-¢€ '
(14)

+ D,

where D(R) behaves asymptotically like D(R) ~ D,,.

Moreover, the reduced-absorption coefficients are carried
out for different temperatures using the above Egs. (5) and
(7) with the frequency bin size Av=10 cm~'. All the bound
and quasibound levels are included in the calculations. Our
simulations have particularly shown that the rotational quan-
tum number J up to J,,.=26 for the fb transitions and
Jmax=250 for the ff transitions are enough to accurately out-
put the needed line shape for all the temperatures.

B. Reduced-absorption coefficient

The reduced-absorption coefficients in the far wings
around the core resonance line A\y=670.8 nm are determined
by the transitions from the ground to the excited LiHe mo-
lecular states. The potential curves illustrated in Fig. 1 show
that X 3% and B *3* electronic states are dominantly repul-
sive, whereas the A °I1 state presents a shallow well. We may
therefore consider only the absorption radiations resulting
from the free-free X-A and X-B and free-bound X-A transi-
tions. In all cases, the shape of the LiHe spectra consists of a
blue wing due essentially to the X-B transitions and a red
wing due to the X-A ones.

The full quantum-theoretical spectra in the range
450—1000 nm of the wavelength A are presented in Fig. 4
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Reduced absorption coefficient k, (cms)

.10—41

500 800 700 800 800 1000

Wavelength A (nm)

FIG. 5. Representation of the full quantum-mechanical reduced-
absorption coefficients for different temperatures against the
wavelength.

for four temperatures, 7=500, 1000, 2000, and 3000 K. Col-
umns (a) and (b) of this figure represent the partial contribu-
tions to the total spectra presented in column (c). Column (a)
shows the ff contribution relative to the X-B transitions. As it
can easily be seen, they are the main component in the blue
wing and increase in magnitude as the temperature increases.
It also shows the appearance of a satellite above approxi-
mately 1000 K. Column (b) presents the ff and fb contribu-
tions arising from the X-A transitions. In this case, both con-
tributions contribute with almost the same intensity
especially at the lower temperatures. The far red-wing spec-
tra exhibit some undulations, which we believe are due to the
quantum effects, i.e., the bound and mainly the quasibound
levels. The sum of the three contributions is displayed in
column (c) of Fig. 4. We also reproduce the same spectra in
Fig. 5, which shows the effect of temperature on the total
reduced-absorption coefficient. It particularly shows the oc-
currence of a satellite in the blue wing around 536 nm,
which is in total accordance with the expected value found
earlier from the potential difference. The satellite begins its
appearance beyond 7~ 1000 K and its peak intensity grows
with the temperature. One should point out that the second
expected satellite around 1012 nm could not be reproduced
in the far red wing by our quantal calculations. We think that
the reasons for this failure may have been caused by the lack
of accuracy in our constructed A *II potential curve, mainly
in its short-range region, and/or transition dipole moment
Ds1(R). We have also performed the classical calculations of
the reduced-absorption coefficient at the same temperatures.
Our results are plotted in Fig. 6. The shape of the spectra is
generally found, though the undulations in the far wings are
absent. On the other side, the classical calculations could
yield the satellite structure in the blue wings. The peak is
indeed observed for all temperatures at approximately the
previous position, more precisely 524 nm.

To our knowledge, no experimental data of the absorption
spectra are available in literature for comparison. However,
very recent theoretical calculations have been carried out in
almost the same range of temperatures [4,9]. In their full
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FIG. 6. The semiclassical reduced-absorption coefficients at
four temperatures.

quantum-mechanical treatment of the LiHe emission spectra,
Zhu, Babb, and Dalgarno [9] have nevertheless surveyed the
absorption broadening. Their calculations, performed for
temperatures between 200 and 3000 K, could determine a
satellite at the position 536 nm in the blue wing. Besides,
Allard er al. [4] have, within the frame of the unified theory,
dealt theoretically with the absorption LiHe profile. The au-
thors have particularly noted from their calculations the pres-
ence of a satellite structure in the far blue wing at about
500 nm. Furthermore, in both Refs. [4,9], the authors report
the experimental work of Lalos and Hammond [42] on the
emission spectra of hot dense gases in which they measured
a satellite peak at the position 530 nm. A comparison of the
line profile produced by our quantum-mechanical and classi-
cal calculations and by Allard et al. [4] is presented for T
=3000 K in Fig. 7. The data provided to us by Allard [43]
have been scaled so that they fit our spectra. The similarity of
the general shape is demonstrated as well as the position of
the satellite peaks.
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FIG. 7. Comparison between the results of the reduced-
absorption coefficients at the temperature 7=3000 K obtained
quantum mechanically and classically. Both results are also com-
pared with those obtained within the unified theory by Allard et al.

[4].
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VII. CONCLUSION

In this work, we have carried out at different temperatures
quantum-mechanical and classical calculations of the
reduced-absorption coefficients of the lithium resonance line
Li(2s-2p) when the radiating atoms are evolving in a ground
helium gas. We have particularly constructed the ground and
excited LiHe potential curves and the transition dipole mo-
ments that connect them. Our calculations could yield the
satellite structure of the line profile and show the appearance
of a satellite at the position close to 536 nm in the blue wing
above T~ 1000 K. Our results are compared with those de-
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duced from the application of the unified theory. The agree-
ment between all the results is generally found.
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