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Quantum mechanical calculations are performed of the emission and absorption profiles of the lithium 2s
-2p resonance line under the influence of a helium perturbing gas. We use carefully constructed potential
energy surfaces and transition dipole moments to compute the emission and absorption coefficients at tem-
peratures from 200 to 3000 K at wavelengths between 500 nm and 1000 nm. Contributions from quasibound
states are included. The resulting red and blue wing profiles are compared with previous theoretical calcula-
tions and with an experiment, carried out at a temperature of 670 K.
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I. INTRODUCTION

It has been argued that prominent features in the spectra
of brown dwarfs and extra-solar planets may be attributed to
the resonance lines of the alkali-metal atoms, broadened by
collisions with the ambient hydrogen molecules and helium
atoms f1–5g. The interpretations of the measured profiles
which yield information on the temperatures, densities, albe-
dos and composition of the atmospheres are based on models
of the line broadening. Recent studies of the potassium and
sodium lines have employed classical and semiclassical scat-
tering theoriesf5–7g. Jungen and Staemmlerf8g have ob-
tained detailed emission and absorption profilessin arbitrary
unitsd for the resonance line of lithium for a wide range of
temperatures and Erdmanet al. f9g have presented measure-
ment of the absorption profile of lithium in a gas of helium at
a temperature of 2033 K together with the results of a qua-
sistatic semiclassical theory.

In this paper, we consider the pressure broadening of the
2p-2s resonance line of lithium arising from collisions with
helium atoms. We carry out full quantitative quantum-
mechanical calculations of the emission and absorption co-
efficients in the red and blue wings. We include contributions
from quasibound states and we allow for the variation of the
transition dipole moment with internuclear distance. We
present results for temperatures between 200 K and 3000 K
and we compare with the emission coefficient that has been
measured at 670 Kf7g and with calculations of Herman and
Sandof10g at 670 K.

II. THEORY

For a system consisting of a mixture of lithium in a bath
of helium atoms, the emission spectrum of the lithium 2p
-2s atomic line has both blue and red wings due to collisions
with helium. If the gas densities are low enough that only
binary collisions occur, the problem is reduced to the radia-
tion of temporarily formed LiHe molecules. The broadened
2p-2s atomic emission line corresponds to transitions from
the excitedA2P andB2S electronic states of the LiHe mol-
ecule to the groundX2S state. TheX2S andB2S states have
no bound states and theA2P state has a shallow well which
supports seven bound rovibrational levels. The levelv=6 is

very close to the dissociation limit and it may not be found in
practice. In any case it behaves as if it belonged to the con-
tinuum. We consider both bound-free and free-free transi-
tions.

The emission coefficient is defined as the number of pho-
tons with frequency betweenn and sn+dnd emitted per unit
time per unit volume per unit frequency interval, which for
bound-free transitions is given byf10–12g

kn
b−fsa → bd = vnLinHe

64p4n3

3hc3

1
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2p

"
Gbf s1d

and for free-free transitions byf10–12g
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wherev is the probability that the initial excited electronic
state of LiHe is populated by the collision, which is2

3 for the
A2P state and1

3 for theB2S state. In Eqs.s1d ands2d, nLi and
nHe are the number densities of lithium and helium atoms,
respectively,c is the speed of light, andQT=s2pmkT/h2d3/2

is the translational partition function for relative motion,m is
the reduced mass of the collision pair,k is Boltzmann’s con-
stant andT is the temperature.Gbf andG f f are defined by

Gbf = o
v

o
J

gsv,Jdukgb
Eb,JuDuga

v,Jlu2 s3d

and

G f f = o
J

s2J + 1d E dEa exps− Ea/kTdukgb
Eb,JuDuga

Ea,Jlu2,

s4d

wheregsv ,Jd is the relative population of levelssv ,Jd of the
A2P state andDsRd is the electronic transition dipole mo-
ment which varies with the nuclear separationR. The sub-
script a denotes the initial state andb the final state. The
functionsgv,J and gE,J are, respectively, the bound and en-
ergy normalized free wave functions determined from the
radial Schrödinger equation

PHYSICAL REVIEW A 71, 052710s2005d

1050-2947/2005/71s5d/052710s6d/$23.00 ©2005 The American Physical Society052710-1



d2gsRd
dR2 +

2m

"2 FE − VsRd −
"2JsJ + 1d

2mR2 GgsRd = 0. s5d

The bound energyEa
v,J and free energiesEa andEb are mea-

sured from the dissociation limit of the excited states and the
ground state, respectively. The photon frequencyn is deter-
mined by the relationhn=Ea−Eb+hn0, where n0 is the
atomic line frequency. In writing Eqs.s3d and s4d, we may
replace the sum of the matrix elements in whichJ changes
by ±1 by matrix elements in whichJ does not change.

The sum of Eqs.s1d and s2d is the total photon emission
rate. In the limit of high densities, the bound levels of the
A2P state are in thermal equilibrium andgsv ,Jd is given by

gsv,Jd = s2J + 1dexps− Ea
v,J/kTd. s6d

In the limit of low densities, no bound states are populated
and only free-free transitions contribute to the emission spec-
trum.

For absorption, we consider free-bound and free-free tran-
sitions from the groundX2S electronic state to the excited
A2P and B2S states. The absorption coefficient for free-
bound transitions is given byf13–15g

an
f−bsb → ad = vnLinHe

16p3n

3hc

1

QT

p

"
expfhsn − n0d/kTgGbf,

s7d

and for free-free transitions byf13–15g

an
f−fsb → ad = vnLinHe

16p3n

3hc

1

QT

p

"3 expfhsn − n0d/kTgG f f .

s8d

In Eqs.s1d, s2d, s7d, ands8d, the emission and absorption
coefficients are given in terms of the number of photons in a
frequency intervaldn. The photon energies emitted or ab-
sorbed are obtained by multiplyingkn or an by hn. The co-
efficients per unit wavelength are obtained by multiplying by
n2/c.

III. POTENTIALS AND DIPOLE MOMENTS

The potential energy surfaces were constructed to reflect
recent calculations. For short and intermediate internuclear
distancesR, the energy points were taken from Ref.f16g for
3.0øRø8.0, Ref.f17g for 9.0øRø19.0 and Ref.f18g for
R=20.0 for theX2S state, from Ref.f18g for 2.0øRø2.75
and Ref.f19g for 3.0øRø20.0 for theA2P state, and from
Ref. f20g for R=2.0 and Ref.f18g for 3.0øRø20.0 for the
B2S state. At largeR, the potential energies vary as −C6/R6.
The theoretical values ofC6 of 22.51 for theX2S statef21g
28.27 for theA2P statef22g and 50.69 for theB2S statef22g
were adopted. For each potential energy curve, the data in
different segments were smoothly connected with a cubic
spline procedure. The potential energy curves are shown in
Fig. 1, along with the difference potentialsVA2PsRd
−VX2SsRd and VB2SsRd−VX2SsRd. In Fig. 2, we present the
energy separations as wavelengthsl obtained with the clas-
sical assumption that the emission occurs through vertical
transitions as the particles move along the potential energy
curves. The vibrational energy levels of theA2P state are
listed in Table I. Values of the difference of energy of the
v=0 and 1 vibrational levels of theA2P state have been
derived from spectroscopic experimentsf23g. The measured
values are 289.9s4d cm−1 and 290.0s3d cm−1, obtained by
differencing twoA2P-D2D transitions. From Table I, we ob-

FIG. 1. sad Adopted potentialsVsRd in atomic units for theX2S,
A2P, and B2S states.sbd Difference potentialsVA2PsRd−VX2SsRd
andVB2SsRd−VX2SsRd in atomic units.

FIG. 2. Wavelengths converted from difference potentials for
A2P-X2S andB2S-X2S transitions.

TABLE I. Vibrational energy levels of theA2P state of the LiHe molecule.

v 0 1 2 3 4 5 6

Ev,J=0 scm−1d −837.7 −549.3 −327.7 −168.2 −67.11 −15.69 −0.9170
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tain 288.4 cm−1. An earlier calculation by Jungen and Staem-
mler f8g yielded 260 cm−1.

The adopted dipole moment curvesf24g are shown in Fig.
3.

IV. CALCULATIONS

The radial equations5d was solved using the Numerov
method. The integrands of the free-free matrix elements os-
cillate at large internuclear distances and the integrals fail to
converge. They can be transformed by the equation

DsRd = hDsRd − Ds`dj + Ds`d. s9d

The matrix element ofhDsRd−Ds`dj converges because the
operator tends to zero at largeR. The matrix element of the
constantDs`d may be written in the formf10g

Ds`dkgb
Eb,Juga

Ea,Jl = Ds`dkgb
Eb,JuDVuga

Ea,Jl/sEa − Ebd,

s10d

where DV=VasRd−VbsRd is the difference potential. The
right-hand side ofs9d is convergent sinceDV→0 for R
→`.

The integration over energy in Eq.s4d was carried out
using the Gauss-Laguerre method with 100 points. We also
ran the code with 200 points and found no difference in the
results. We included values ofJ up to 50 forT=200 K and
up to 200 forT=3000 K.

Shape resonances occur in scattering by theA2P poten-
tial. They were determined by calculations at high energy
resolution. Table II is a list of the values ofJ and the loca-
tions and widthsgr

v,J of the quasibound levels. We used Sim-
pson’s rule with energies selected at closely spaced intervals
to evaluate the resonance contributions to the energy inte-
grals.

V. RESULTS AND DISCUSSIONS

The bound-free emission coefficients1d is a weighted sum
of the emission rates of the individual rovibrational levels of

the A2P state. The spontaneous transition probabilities are
given by

Wn =
64p4n3

3hc3

2p

"
ukgb

Eb,JuDuga
v,Jlu2. s11d

In Fig. 4 we plotWn in atomic units as a function of wave-

FIG. 3. Adopted dipole moment curves for theX2S-A2P and
X2S-B2S transitions.

TABLE II. Resonance energiesEr
v,J and widthsgr

v,J of the qua-
sibound levels of theA2P state.

J v Er
v,J sHartreed gr

v,J sHartreed

2 1 2.14310−7 2.1310−8

6 1 1.34310−5 6.5310−7

9 1 1.04310−5 7.1310−13

10 1 6.56310−5 1.2310−6

11 1 1.19310−4 1.8310−5

13 1 9.15310−5 2.3310−9

14 1 1.94310−4 2.1310−6

15 1 2.91310−4 2.4310−5

16 1 1.23310−4 1.3310−12

17 1 2.90310−4 7.0310−8

18 1 4.50310−4 6.0310−6

19 1 1.82310−4 3.6310−15

20 1 4.21310−4 1.6310−9

21 1 6.57310−4 7.0310−7

22 1 2.84310−4 6.2310−17

22 2 8.81310−4 1.7310−5

23 1 6.07310−4 3.4310−11

24 1 9.31310−4 4.2310−8

25 1 1.25310−3 3.0310−6

26 1 1.55310−3 3.1310−5

FIG. 4. Spontaneous transition probabilitiesWn, Eq. s11d, in
atomic units for vibrational levelsv=0–5 forJ=0 supper paneld, 5
supper middle paneld, 10 slower middle paneld, and 18 slower
paneld.
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length for rotational statesJ=0, 5, 10, and 18 of the vibra-
tional levels v=0 to v=5. The corresponding lifetimes in
seconds are listed in Table III. For high vibrational levels,
they are approaching the limit of the radiative lifetime of the
resonance state of the lithium atom which is 27.2 nsf25g.

In Fig. 5 we present the contributions to the emission
coefficientkn in units of cm−3 s−1 Hz−1 of theA2P state from
the bound-free transitions, assuming that the levels are popu-
lated in thermal equilibrium at temperatures ranging from
200 K to 3000K. The contributions from the resonances
were multiplied bygr

v,J/ sgr
v,J+gi

v,Jd, wheregr
v,J and gi

v,J are
the resonance and radiative decay widthsf11g, but the effect
is negligible. At no temperature and at no frequency is the
quasibound contribution more than a few percent of the total.
The shape ofkn results from a superposition of the spectra in
Fig. 4 weighted by the populations of the rovibrational lev-
els. The sharp increase near the resonance wavelength at
670.8 nm is the contribution from low-lying rotational states
of vibrational levelv=5, illustrated in Fig. 6. A peak in the
spectrum at around 870 nm is apparent at low temperatures
but it tends to smooth out at high temperatures. At the higher
temperatures, there is a plateau region associated with emis-
sion from the attractive region of the potential. The emission
decreases rapidly at long wavelengths because there are no
values of the internuclear distanceR that correspond to
wavelengths beyond 1000 nm, as shown by Fig. 2.

The calculated free-free photon emission rateskn in units
of cm−3 s−1 Hz−1 produced in transitions from theA2P state
to theX2S state are presented in Fig. 7. Weak quantum os-

cillations are found that correspond to transitions from the
attractive region of theA2P potential. There occur rapid in-
creases inkn at wavelengths close to the atomic resonance
wavelength. At some point as we approach the line center the
binary approximation that we have adopted breaks down.
Our calculations are valid only in the wings of the line. Stud-
ies of the profile at line center have been reviewed by Lewis
f26g.

The blue wings arise from theB2S-X2S transitions. Only
free-free transitions occur and the result is a smooth profile
decreasing rapidly with decreasing wavelength except for a
weak satellite feature near 536 nm that is apparent at high
temperatures. The behavior is expected from a consideration
of Fig. 2 which shows that internuclear distances in theB2S
state that correspond to short wavelengths are inaccessible.
The satellite feature is produced by emission from internu-
clear distances at which the two potential energy curves are
parallel f5g. Previous work has located it at 516 nmf20g or
506 nm f7g. There is an indication of the satellite near
530 nm in an experimental spectrum obtained by Lalos and
Hammondf27g.

TABLE III. Lifetimes snsd of selected rovibrational levelssv ,Jd
of the A2P state.

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

J=0 59.2 51.5 44.1 37.7 32.4 28.6

J=5 58.8 50.9 43.5 37.0 31.7 27.7

J=10 57.4 49.4 41.8 35.0

J=18 53.0 43.7

FIG. 5. Contributions of bound-free transitions to the total emis-
sion coefficients at temperaturesT=200, 300, 670, 1000, 2000, and
3000 K. Unit gas densities are used;nLi =nHe=1 cm−3.

FIG. 6. Spontaneous transition probabilitiesWn, Eq. s11d, in
atomic units for rovibrational levelssv ,Jd=s5,0d and s5,5d.

FIG. 7. Contributions of free-free transitions to the total emis-
sion coefficients at temperaturesT=200, 300, 670, 1000, 2000, and
3000 K. Unit gas densities are used;nLi =nHe=1 cm−3.
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Semiclassical calculations by Jungen and Staemmlerf8g
over a range of temperatures above 200 K have similar pro-
file shapes to those we obtain with quantum-mechanical cal-
culations. Measurements of the line profile at 670 K at high
pressures have been carried out by Schepset al. f7g and
calculations at high and low pressures in the red wing have
been made by Herman and Sandof10g. In Fig. 8 we give a
comparison with our results. There is broad agreement be-
tween the theoretical low pressure profiles which arise from
the free-free transitions. The differences in detail can be as-
cribed to the adopted interaction potentials. The theoretical
calculations of the high pressure profiles have the same
shape. They both have a plateau at intermediate wavelengths,
increase sharply near the line center and fall off rapidly far in
the red wings. They differ quantitatively in the plateau re-
gion. Agreement between the present theoretical red and blue

wings and experiment is close and it indicates that the binary
approximation is valid to within 20 nm of line center. There
may be a discrepancy at wavelengths longer than 950 nm
where the emission coefficient is becoming very small. Ac-
cording to Schepset al. f7g their data at long wavelengths are
noisy. The long range interactions should be reliablef17g and
we have explored the effects of modifying theX2S potential
in the short range repulsive region. However we were unable
to obtain precise agreement with the measurements.

In Fig. 9, we present the red and blue wings of the line
profiles in the high pressure limit for temperatures between
200 K and 3000 K. The total energy emitted per second in
the red wing at wavelengths longer than 690.8 nm, given by

I1 =E
0

n0−D1

hnkndn, s12d

where D1 corresponds to a wavelength shift of 20 nm red
from the line center, and the total energy emitted per second
in the blue wing at wavelengths shorter than 650.8 nm, given
by

I2 =E
n0+D2

`

hnkndn, s13d

whereD2 corresponds to a wavelength shift of 20 nm blue
from the line center, are listed in Table IV for temperatures

TABLE IV. Total energy emitted per secondsergs cm−3 s−1d de-
fined in Eqs.s12d ands13d for the red and blue wings, respectively.

T sKd Red wing Blue wing

200 4.68310−25 1.46310−29

300 7.59310−26 9.79310−29

670 1.64310−26 8.27310−28

1000 1.22310−26 1.59310−27

2000 9.39310−27 3.51310−27

3000 8.67310−27 4.88310−27

FIG. 8. Comparisons of our calculated emission coefficients
with experimental measurement of Schepset al. f7g and previous
theoretical calculations of Herman and Sandof10g. For the blue
wing, the high and low pressure curves are identical. Unit gas den-
sities are used;nLi =nHe=1 cm−3.

FIG. 9. High pressure emission coefficients at temperaturesT
=200, 300, 670, 1000, 2000, and 3000 K. Unit gas densities are
used;nLi =nHe=1 cm−3.

FIG. 10. Absorption coefficients at temperaturesT=200, 300,
670, 1000, 2000, and 3000 K. Unit gas densities are used;nLi

=nHe=1 cm−3.
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between 200 K and 3000 K.
The absorption coefficients are shown in Fig. 10. They are

similar in shape to the semi-classical calculations of Jungen
and Staemmlerf8g and of Erdmanet al. f9g. There is a sat-
ellite near 536 nm which also appears in the emission spec-
trum but otherwise the absorption coefficients decrease
steadily with separation from the position of the resonance
line. There is an indication of a satellite near 600 nm in the
calculation of Erdmanet al. f9g based on different potential
curves which may have the same origin.

VI. CONCLUSIONS

We have carried out quantum mechanical calculations for
the Li-He emission and absorption spectra at temperatures

from 200 K to 3000 K and wavelengths from
500 nm to 1000 nm. We find a blue satellite near 536 nm for
T=3000 K and a red satellite near 870 nm forT
<200–300 K in the emission spectra, and a blue satellite
near 536 nm forT<2000–3000 K in the absorption spectra.
At 670 K, our emission coefficients are in good agreement
with experiment.
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