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Theoretical study of the absorption spectra of the lithium dimer
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For the lithium dimer we calculate cross sections for absorption of radiation from the vibrational-rotational
levels of the ground '3 electronic state to the vibrational levels and continua of the exditél,; and
B 111, electronic states. Theoretical and experimental data are used to characterize the molecular properties
taking advantage of knowledge recently obtained from photoassociation spectroscopy and ultra-cold atom
collision studies. The quantum-mechanical calculations are carried out for temperatures in the range from 1000
to 2000 K and are compared with previous calculations and measurements where available.
[S1050-2947@9)01109-9

PACS numbgs): 33.20-t, 34.20.Mq, 52.25.Rv

I. INTRODUCTION II. QUANTUM THEORY OF ABSORPTION

In the quantum-mechanical formulation an absorption
The absorption spectra of pure alkali-metal vapors at temeross section from a vibration-rotation state of the lower
peratures of the order 1000 K can be a rich source of inforelectronic state\(”,J”,A") to the vibration-rotation state of
mation on molecular potentials and properties. Achieving dhe upper electronic state(,J",A") is
high vapor pressure of lithium in experiments requires higher
temperatures than the other alkali-metal atoms, but there are 83

RN a- v
some data from heat pipe overis-3] and from a specialized Tlyan(v)= WK by yarlD(R)| by raa )P
apparatusg4]. In addition to the atomic lines the spectra ex-
hibit gross molecular features attributable to transitions be- Sjﬁ
tween bound levels of the ground electronic state and levels Xg(v— vij)m, (D)

of the excited singlet states and weaker features arising from
analogous triplet transitions.

Theoretically, the envelope of the alkali-metal molecularwhere g(v—v;;) is a line-shape function of dimension
absqrptlon spectra can be quantlf[atlv_ely reproduced using-1 Sjﬁ is the Hol-London factor, and/ijE|EvryAr
semlclass_lcal modelf5—-9] and rovibrational structur¢7] —E,nyy| is the transition frequench20,21). In this study,
and contlnua[lo] can _be reproduced from quantum- g(v—v;) is approximated by Nv, with Av the bin size.
mechanical models. In this paper we calculate quantum me=q 5 hound-free transition, the absorption cross section from
chanically absorption spectra for thé ‘S -A '%; and g hound level of the lower electronic state””A") to a
X 125-8 1, transitions in L. Although both semiclassi- continuum level of the upper electronic statg J'A’) can
cal and quantum-mechanical calculations have been pebe written as
formed and comparel?,11] previously for these transitions
of Li,, recent improvements in the molecular data prompt the

!A!
i IRTAN 8’7731/ A"
present comprehensive study. GEVN o D(R L ARA
From photoassociation spectroscopy and cold collision vy = =3 K b DRI ey 2J'+1°
studies performed in the last few years as well as recent (2)

theoretical work there have been significant critical tests of

and improvements to the molecular potentidi2—14, par-  \yhere the continuum wave functiap,. 5y, is energy nor-
ticularly at long rang¢15-17, and transition dipole moment mgajized. Free-bound or free-free transitions are not consid-
data[15] available for Lp, as well as to the value of the ered since the temperatures studied here are not high enough
lifetime of the Li 2p state[18,19. This paper presents cal- for these types of transitions to be important within the sin-
culations of the spectra over the full range of wavelengthgjlet manifold.

where absorption in th& 'Y -A 'S 1 and X '3 -B 11, The radial wave function can be obtained from the Sehro
bands is possible. We calculate the satellite feature profiles alinger equation for the relative motion of the nuclei

various temperatures, identify and explore the influence of
guasibound states and the contributions of bound-bound ver-

2 2
sus bound-free transitions, calculate partition functions, and d“¢(R) 2p _2'““ _‘J(‘Hl)_A _
e cak ! uncH +| 5 E-—5V(R) $(R)=0,
calculate lifetimes for theA '3 and B 11, rovibrational dR? h%  A? R?
levels. 3
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whereV(R) is the rotationless potential energy for the elec- 30
tronic stateu = 6394.7 is the reduced mass of thd atoms,
andE is for bound states the eigenvalbg;, measured with o5 [
respect to the dissociation limit associated with the wave
function ¢(R) = ¢, 34 (R). Similarly, for continuum state§ —~
is the relative kinetic energy of the colliding atoris;, §E 20|
associated with the energy-normalized wave funcygm) ©
= ¢EJA(R) . :

The total absorption cross section at frequemcgan be e 15T
obtained by averaging over initial vibration-rotation levels 5
(v",J",A") with a relevant weighting factor and summing g 10l 1
over all possible bound-bound and bound-free transitions g
with frequencies between and v+ A v [7] yielding o

5 - .
o(n=2Y X oliNep(23+1)
RINDVAV 0 ‘ ‘ ‘ ‘
0 5 10 15 20 25
Xexd —(Det Eyrgran)/KT] internuclear distance (units of a;)
+ > de/a\i:,j://\\:’wy,(z\]"ju 1) FIG. 1. Adopted potentials for the %5, A 'X [, andB I,
33 electronic states.

Xexd — (De+Eynynpn)/KT]|, (4 smoothly connect to the innermost RKR points. The result-
ing X 12;“ potential yields ans-wave scattering length of
33.6 ag, in excellent agreement with the accepf2é] value
of 33+=2 and a sensitive test of the assembled data.

For the excited\'> | state the RKR potential of Reff17]
was adopted and smoothly connected at alfoutl40a, to
the long-range form

wherewj» is a statistical factor due to nuclear spin with the
values[1/(21+1)]=2 for evenJ and [(I1+1)/(21+1)]

=2 for odd J, for “Li, with I =3. With the zero of energy
taken to be the potential minimum, the partition functi®n
of the lower state with dissociation enerBy, is

le E (1)‘]//(2\]”—’_ l)eXF{—(De—I— Ev”J”A”)/kT]l (5) V(R)— %_ %_ % (7)
\]”V”

assuming thermodynamic equilibrium. The resulting cross
sections can be used to model the dimer absorption spectrawith coefficientsC;=—11.000226 andC¢=2075.05 from

the quasistatic limit. Ref. [26] and Cg=2.705<10° from Ref. [15]. For R
<3.78 a, the data were connected to the short range form
IIl. MOLECULAR DATA aexp(—bR). The dissociation energy for the 12: state is

) N . determined to be 9352.194 crhin our calculation, in good
The adopted molecular potentials of the'S ", A ', agreement with the experimental valud29] of

and B'I1, states are shown in Fig. 1. The groudd3;  9352.5(6) cm! given in Ref.[30].

state potential was constructed using the approach of Ref. The potential for theB'I1,, state has a hump with maxi-
[22]. We adopted the recommendE2B] potential obtained mum atR~11a, and various determinations of the hump
by Barakatet al.[24], who applied the Rydberg-Klein-Rees |ocation and height have been summarized in R&ft] and
(RKR) method to measured energies. The data were corf30]. We adopted the IPAinverted perturbation approach

nected smoothly to the long-range form potentials from Hessel and VidfB2] for R<9.35 a, and
the ab initio potential of Schmidt-Minket al. [30] for 10.5
~ GCs Cg Cyo <R<30 a, with one additional point aR=11.2 a, fixing
VIR)=——— —— —5 T VexdR), (6) - : ~ e
R RS 10 the barrier maximum energy at 512 thabove dissocia-

tion. At R=30 a, the data were connected to the long-range

where V. {(R) is the exchange enerd22] and the coeffi- form of Eq.(7) by shifting down the data by 0.3 c¢m from
cients Cg, Cg, and C,y have been calculated in Refs. 10.5<R<30. The values of the coefficients used in Eg.
[15,25-27 and we use atomic units in this section. We were C3=5.500113 andCg=1406.08 from Ref[26] and
adopted the coefficient€s=1393.39, Cg=83425.8, and Cg=4.756x 10* from Ref.[15]. The potential energy data
C10=7.372x 10° from Ref.[26]. The two regions were con- for R<9.35 a, were fixed using thé Il state dissocia-
nected atR=23.88%, yielding a value of 8516.95 cnt  tion energy of 2984.8 cit, which we determined using the
for the dissociation energy of the 'S state, in satisfactory experimental value fofT, of 20436.32 cm* [32], the
agreement with the accepted value of 8516.61 tif23].  atomic asymptotic energy of 14 904.0 thand theX '3 ;
The formaexp(—bR) was used to extrapolate the potential atdissociation energy of 8516.61 crh[23]. Finally, the data
short-range where the constants were determined tm the range 9.35R<10.5 were smoothly connected using
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cubic splines. FolR<4.254 61 a, the data were extrapo-
lated using the short range foraexp(—bR).

Transition dipole moments for th& 'S;-A 'S and
X 13 -B ', transitions are available fromb initio calcu-
lations [33,34,30Q and for X-A transitions from measured
lifetimes of A state leveld35]. For the electronic transition
dipole momentd (R), we adoptedab initio calculations of
Ratcliff, Fish, and Konowalow33] connected aR=35 a,
to the long-range asymptotic form

b
D..(R)=Dy+ <t (8)
The value of the coefficierd, was 3.3175 for botiX-A and
X-B transitions and the coefficienb was 283.07 or
—141.53[15] for, respectively X-A or X-B transitions. For
both transitions, we multiplie®..(R), calculated using the
above coefficients, by a constant such that the vBIYE35)
was identical to the correspondimdp initio value from Ref.
[33] to provide a smooth connection between short and long
range forms foD (R). The X-A dipole moment function that
we adopted is consistent with that derived by Baumgarther
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FIG. 2. Comparison at various temperatures of the partition
functions Z,, calculated using Eq(9) and experimentally deter-
mined spectroscopic constants, curve A, &pd from Eq. (5) and
numerically determined eigenvalues, curves B and C. Inclusion of

al. [35] from experimental measurements. There is no exquasibound states in the calculation &f results in curve C as

perimentally derived dipole moment function for tieB
transition.

IV. RESULTS

Bound and continuum wave functions were calculated us
ing the Numerov method to integrate E§). For theX and

A states, eigenvalues were generally in good agreement wit[tpo
n

the Rydberg-Klein-Rees values used as input to the pote
tials constructed(There is an apparent misprint for the en-
ergy of thev”=9 level of the X'3 state in Ref[24]. We
used 3098.6412 cnt, consistent with Ref[29].) The con-

structedB 1I1, state potential can reproduce the rotationless

IPA energies tabulated by Hessel and Vidal typically to
about 0.1 cm?, with the greatest discrepancy 0.15 ¢t
for the v’'=13 wvalue. Calculated frequencies of
B 'II,-X "2 transitions were also compared with calcula-
tions of Verma, Koch, and Stwallgyg6] and the agreement
was good, within 0.1 cm'. Four quasibound levels of the
B 111, state were found. For the rotationless potential the
calculated eigenvalues are 143.91, 276.7, 391.74,
483.88 cm! above the dissociation limit fov’ =14 tov’
=17.

The calculated term energies of vibration-rotation stated"

in the X 12g state were used to compute partition functions
using Eq.(5). The maximum vibrational and rotational quan-

tum numbers in our calculations are 41 and 123, respec-

tively, for the X '3 state. In the harmonic approximation

for rovibrational energies, the partition function can be cal-
culated using the simple expression
123
2\=ZrZ,~ 2, ww(23"+1)
J'=0
Xexd —hcB.J"(J"+1)/kT]
4
X > exfd —hve(v"+1/2)/KT],

v’'=0

9

I mperature. For the present study covering temperatures be

discussed in the text. Curve D represents the molecular fraction
[NUZ]/[NU]Z, Eq. (10), as a function of temperature.

which assumes that the term energy can be described by the
first terms of the power series with respect to vibrational and
rotational quantum numbers. Using constants,/c
351.3904 cm?! andB,=0.672566 cm? [32] the parti-

n function from Eq.(9) was calculated and it is compared
with the partition function calculated from E¢5) for the

X '3/ state as a function of temperature in Fig. 2. The an-
harmonicity of the potential for higher vibrational levels ac-
counts for the differences between the two results with in-
creasing temperature. Far>2 the X 12; state supports
quasibound vibrational levels. The expression &g.for Z,

does not specify whether quasibound states are to be in-
cluded or not in the summations. We evaluaigdvith and
without the quasibound levels to ascertain their importance
and the results are shown in Fig. 2. The effect of the addi-
tional levels becomes increasingly significant with higher

een 1000 and 2000 K there is not a significant distinction
betweenz,, Z, and the result with the inclusion of the
asibound states.
The molecular fraction can be calculated using the expres-
sion

[Nui, /INL1?=(Qui,/QF)exp(D/KT), (10

where the atomic partition function Q;; is
2(27m;kT/h?)%? with the electronic partition function for
the atom approximated by the spin degeneracy of 2 for the
temperatures studied in the present work, and the molecular
partition functionQ,, is (27rmy; kT/h?)¥?Z,, with the elec-

tronic partition function for thex 'S state taking the value
1. The molecular fraction Eq10) is plotted in Fig. 2. The
absorption coefficienk(v) can be obtained if the atomic
density is known from
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k(»)=[Ny;,]o(v). (1D 20 '
A. Lifetimes °
*
Lifetimes of the various ro-vibrational levels of the Q.,:.'O . .*
e}
A 1EJ state were measurg@5] and calculated, see for ex- 19 o Mg 4N * o
. [v) ®O
ample, Refs[37,38,23. We calculated spontaneous emis- = 00 p °, ° P
sion transition probabilities and lifetimes of rotational- fj ’%og f|l o
vibrational levels of theA'S,; state in order to test the £ ° S
adopted transition dipole moment. Neglecting change in the £ o O%Q °
rotational quantum number the spontaneous emission rate 18 . o measurements %
from a bound state’ J'A") to a bound state('J'A") is & # calculations
FAT AT AN 64774V3 2
AWV AVIA) = gl byryar DR buryran )P
(12 17 ‘ .
2000 4000 6000

where the electronic state degeneracy is

(2= 8opr0)

term energy (cm™)

FIG. 3. Comparison of our calculated lifetimétiamond$ and

2_ 5O,A’

The total spontaneous emission rate from the upper Ievélt'
(v'J'A") can be obtained by summing over all possible
transitions to bound and continuum states

A(V/J!A/): 2 A(VIJ/A!;VNJ!AH)

v'A"

+2, | de"A(V/I'A "I AT),

A"

where A(v'J'A’;€"J'A") is the spontaneous emission
probability to a continuum energy’ with partial waved'.

The lifetime is

r=1AN'J'A").

Lifetimes of levelsv’J’ of the A '3 state were mea-
sured by Baumgartneet al. [35]. The A '3 state is af-
fected by indirect predissociation via the®s | and 1°I1;
states[39,40. The measured lifetimes,, of vibration-

(13 measured lifetimescircles from Ref.[35]. The error bars indicate

the quoted experimental uncertainty ©2%. The levels given are
ose that were measured, ordered by increasing energy, as listed in
able 1 of Ref[35].

theory by about 0.8 ns or 5%, as demonstrated in Fig. 3. We
investigated whether the' | state might supply an addi-
tional spontaneous decay channel, but the theoretical value
T.,=20128 cm? [30] for this state appears to place its
minimum at around 6000 cnt relative to the minimum of
the A 13 state, apparently ruling this mechanism out. The
reason for the significant downturn of experimental lifetimes
for higher term energies is currently not understood, how-
ever, the overall excellent agreement between our calculated
lifetimes and the measurements gives us confidence in our
molecular data and calculational procedures. We compare
selected examples from the present results with calculations
by Watson[37] and by Sangfelet al. [38] in Table I. The
calculations of Sangfeket al. are larger than ours, probably
because theoretical transition energies were used. A simple
rescaling using experimental energies, as pointed out by
those authors, yields lifetimes in good agreement with the

rotation levels thought to be unaffected by indirect predissopresent work. The dipole moment function calculated by
ciation taken from Ref[35] and corresponding calculated Watson[37] is in good agreement with that adopted in the
lifetimes 7. are presented in Fig. 3 along with calculated Present study and cannot account for the shorter lifetimes
term energies expressed relative to the potential minimum dpbtained in that study. We present a more extensive tabula-
the A state. The energies are plotted in the order of the valueion of A '3 [ lifetimes in Table Il covering the same values
listed in Table 1 of Ref[35] and correspond to a range of tabulated in Table VII of Ref[38].

values of ¢',J") from (0,15 to (24,25. The agreement be-

Lifetimes for levels of theB II, state have been calcu-

tweenr, and 7, is good within the experimental precision of lated by Uzer, Watson, and Dalgarfil], Uzer and Dal-
+2% [35]. The quasibound levels and continua of thegarno[39], and Sangfelet al.[38] and there appear to be no
X I3 state inside or above the high centrifugal potentialPublished experimental data. In Table Il we compare our

barriers are found to be important in calculating lifetimes of
high J levels. For instance, by including transitions to three

TABLE |. Comparison of calculated lifetimes in ns for ro-

) . iorati Iy +
quasibound levels and the continuum states the calculatefPrational levels of theA °%; state.

lifetime of the A 3 (v'=20J"=50) level changes from
22.7 to 19.3 ns which is close to the measured lifetime of ¥

! J’ Watson[37] Sangfeltet al.[38]  This work

18.66+0.37 ns[35]. The calculated and measured lifetimes 7 15 16.8 19.25 18.55

agree well up to about 4500 c¢rh in agreement with the
findings of Ref.[30]. From approximately 5000 cnt and
higher the experimental lifetimes slightly decrease relative te

9 5 16.9 19.29 18.65
20 8 17.3 19.04
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TABLE 1. Lifetimes in ns for rovibrational levels of tha 3. TABLE 1V. Lifetimes in ns for vibrational-rotational levels of
state calculated as described in the text. the B 111, state calculated as described in the text.
v’ J'=0 J'=9 J'=15 v’ J'=1 J'=9 J'=15
0 17.74 17.77 17.82 0 7.65 7.65 7.66
1 17.87 17.90 17.94 1 7.70 7.71 7.72
2 17.98 18.01 18.06 2 7.76 7.76 7.77
3 18.09 18.12 18.17 3 7.81 7.82 7.83
4 18.20 18.23 18.27 4 7.88 7.89 7.90
5 18.30 18.33 18.37 5 7.94 7.95 7.97
6 18.39 18.42 18.46 6 8.02 8.03 8.04
7 18.48 18.51 18.55 7 8.10 8.10 8.12

calculated lifetimes of selecte 11, levels with available bf contributions to the cross sections on each plot. The bf
calculations for higher values df . The present results lie component contributes mainly to the extreme blue part of the
between the calculations of Uzet al. [41] and those of blue wing and increases in magnitude significantly as the
Sangfeltet al. [38]. The lifetimes calculated by Uzeat al.  temperature increases. It is found that transitions to quasi-
are longer than ours because their transition dipole momeritound and continuum levels of tt& *II, state contribute
function, calculated using a model potential method, issignificantly to the total absorption spectra in the case of
smaller than theab initio dipole moment of Ratcliffetal. X 125—8 1, transitions, apparently because there is less
[33] adopted in the present study. Our results are in goodibrational oscillator strength density in the discrete part of
agreement with those of a later study of Uzer and Dalgarndhe spectrum for th® state compared to th& state. Transi-
[39] in which an empirically adjusted dipole moment func- tions into quasibound states of the'S " or B I, states
tion was used. The dipole moment function calculated byhave been included in the results for the total cross sections
Sangfeltet al,, on the other hand, is in good agreement within Figs. 4—6.

that adopted in the present work. As those authors pointed Theoretical quantum-mechanical calculations for absorp-
out, and as our results illustrate, the utilization in their cal-tion cross sections from thé 13 state to theA 12: state
culation of calculated excitation energies which were largepver the spectral range 600—950 nm were carried out by Lam
than experimental energies yielded lifetimes that were tot al.[7] using a constant dipole moment of 6.58 D at 1020
short. In Table IV we present a more extensive tabulation ok, for which bf transitions are not significant. Our calcula-
B 1, lifetimes covering the same values tabulated in Tablejons in Fig. 4 are about a factor of 10 less than the result

VIl of Ref. [38]. shown in Fig. 5 of Ref[7], but agree well both in overall
shape and in details of finer structures. We repeated the cal-
B. Absorption cross sections culations using the constant dipole moment of R&i. for
Absorption spectra arising from molecular singlet transi- 10 : : : : :

tions at the far wings of the atomig2ine at 671 nm consist
of a blue wing due toX ' -B 'II, transitions and a red
wing due to X 'S -A 'Y [ transitions. Calculations for 8l
bound-boundbb) and bound-fregbf) absorption cross sec-

tions were carried out separately using E4) with Av <

=8 cm L. The results for the totalthe sum of bb and bf "*.’o 6L ]
absorption cross sections at temperatures of 1000, 1500, and 2 500
2033 K are given in Figs. 4—6. The ratio of the peak cross 5

sections of the X 'X;-B'Il, wing to those of 5 | 1
X ';-A'3 ] wing are higher at lower temperatures. As e

temperature increases, absorption spectra spread out from the §

peak spectral regions and there emerges near 900 nm a sat- s | ]

ellite feature arising from the minimun{42] in the
X '3,-A '3 difference potential and the maximum of the
transition dipole moment functidm3,33. We also show the

0 il 1 1 1
400 500 600 700 800 900 1000
TABLE lll. Comparison of calculated lifetimes in ns for rovi- wavelength (nm)

brational levels of the 11, state. _ _ e
FIG. 4. Total absorption cross sections frmﬁzg —A *% | and

v’ J'  Uzeretal.[41] Sangfeltetal.[38] This work X 12;-8 1, transitions including bound to bound and bound to
free transitions at a temperature of 1000 K. The satellite feature
0 15 8.3 6.83 7.66 near 900 nm does not appear at this temperature and bound-free
5 9 8.5 7.20 7.95 absorption(dotted curvgis insignificant. The inset presents a mag-
nified view of the bound-free contribution.
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FIG. 5. Total absorption cross sections frot ;A '3 and FIG. 6. Total absorption cross sections fraitS ; —A '3 and

X '3 +—B I, transitions including bound to bound and bound to X = -B ', transitions including bound to bound and bound to
free transitions at a temperature of 1500 K. As the temperaturéree transitions at a temperature of 2033 K. At this temperature the
increases, the absorption spectra are distributed over a wider spegatellite feature near 900 nm is now prominent and bound-free ab-
tral range and the ratio of the peak cross sections betweesorption (dotted curve contributes significantly at 450 nm. The

X '3:-B I, and X 'S7-A 'S bands decreases. The satellite inset presents a magnified view of the bound-free contribution.
feature near 900 nm and bound-free absorpfawited curve are

noticeable at this temperature. The inset presents a magnified vie@? investigation of molecular triplet statg4] and did not
of the bound-free contribution. explore the satellite feature at 900 nm. While our results
cannot be directly compared with those calculated over the

) ) ) range 450—750 nm by Millg11], we do, however, find ex-
both classical and quantum-mechanical cross sections and|ient qualitative agreement.

although these two results agreed with each other, they were
also a factor of 10 less than the result shown in Fig. 5 of Ref.
[7]. Thus it appears to us that there may be a mislabeling of ACKNOWLEDGMENTS
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