
The Low-Lying States of He2

C. Focsa,1 P. F. Bernath,2 and R. Colin

Laboratoire de Chimie Physique Mole´culaire, Universite´ Libre de Bruxelles, C.P. 160/09, 50 av. F. D. Roosevelt, 1050 Brussels, Belgium

Received April 21, 1998

The near-infrared emission spectrum of He2, excited in a Be hollow cathode discharge, has been recorded at high resolution
using a Fourier transform spectrometer. Thec3Sg

1–a3Su
1 (0–0, 1–1, 2–2, 1–0, and 2–1) andC1Sg

1–A1Su
1 (0–0 and 1–1)

transitions have been observed in the 9000–15 000 cm21 spectral region.
A global analysis of the six lowest excited states of He2 (c3Sg

1, b3Pg, a3Su
1, C1Sg

1, B1Pg, andA1Su
1 ) was carried out

by combining our measurements with previously reported infrared data for theb3Pg–a3Su
1 system [S. A. Rogerset al., Mol.

Phys.63, 901 (1988)] and with laser measurements for theB1Pg–A1Su
1 transition [H. Solkaet al., Mol. Phys.60, 1179

(1987)]. To account for the fine structure in thea3Su
1 state, high precision r.f. measurements were included in the global fit.

A consistent set of improved molecular constants was derived for thec3Sg
1 (v 5 0, 1, and 2),b3Pg (v 5 0 and 1),a3Su

1

(v 5 0, 1, and 2),C1Sg
1 (v 5 0 and 1),B1Pg (v 5 0 and 1), andA1Su

1 (v 5 0 and 1) levels. A study of the vibrational
dependence of these constants was also performed, leading to the equilibrium parameters for the six electronic states.© 1998

Academic Press

I. INTRODUCTION

He2 is a favorite molecule for both experimentalists and
theoreticians. The ground state potential of He2 is very shallow
and all of the excited states are Rydberg states. He2 was the
first excimer (excited dimer) to be discovered and is an exam-
ple of a Rydberg molecule.

More than 60 electronic states are known for He2 mainly
through the extensive classical grating measurements of Ginter
and co-workers (1–9). In more recent years, theb3Pg–a3Su

1

transition (10) and the 4f–3d Rydberg transition (11) have been
measured by infrared Fourier transform emission spectroscopy.
Laser measurements have been made for theB1Pg–A1Su

1

(12), c3Sg
1–a3Su

1 (13–15), and f 3Du–b3Pg (16) systems in
the infrared and visible region. In a unique infrared emission
experiment using a 6.5-MeV proton beam to excite a dense,
cold sample of He gas, Brookset al. (17) detected highly
excited vibrational levels of thea3Su

1 andb3Pg states.
Highly precise radio frequency (r.f.) measurements of the

He2 fine structure transitions have been carried out. The older
work for the metastablea3Su

1 statev 5 0, N 5 1, 3, and 5
(18–20) used the molecular beam magnetic resonance method
while the more recent measurements used the r.f. laser double
resonance technique (13–15). Bjerre and co-workers (13–15)
use predissociativec3Sg

1–a3Su
1 transitions of He2 in a fast

neutral beam to monitor r.f. absorption. In this way r.f. mea-

surements were extended to higher rotational and vibrational
levels of thea3Su

1 state.
As might be expected for a molecule with only four elec-

trons, He2 has been a frequent theoretical target (21–25). The
very existence of a ground state van der Waals dimer has been
a matter of some dispute for many years. The experimental
molecular beam work of Luoet al. (26) demonstrated that
ground state He2 can be made in a molecular beam. He2

diffraction from a transmission grating (27) and transmission
through a set of nanoscale sieves (28) support this conclusion.
The very weakly attractive He2 potential supports one vibra-
tion–rotation level. The properties of the excited states of He2

have also been calculated, most notably by Yarkony (23).
In the course of some Fourier transform emission measure-

ments of a Be hollow cathode filled with He gas, we inadver-
tently recorded the near-infrared bands of He2. At the same
time, P. Rosmus was completing anab initio calculation of the
fine structure of thea3Su

1 state (29). Rosmus (29) pointed out
to us that the previous estimate (10) of l, the spin–spin con-
stant, forv 5 1 of thea3Su

1 state was somewhat dubious. At
the same time, N. Bjerre (30) communicated to us some un-
published r.f. measurements of the spin splittings forv 5 1 and
v 5 2 of thea3Su

1 state. It seemed therefore useful to combine
the new Fourier transform observations with all of the r.f. data
and to include the publishedb3Pg–a3Su

1 (10) and B1Pg–
A1Su

1 (11) lines in a global analysis.

II. EXPERIMENTAL DETAILS

The near-infrared emission spectrum of He2 was excited in
a Be hollow cathode discharge operated at a current of 600 mA
with a static sample of 30 Torr of He. The spectrum of He2 was
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inadvertently recorded during a search for BeN. The first He2

spectra were recorded at lower pressures but, as noted by
previous workers, the He2 emission increases strongly with
pressure. The emission from the discharge was recorded with a
Bruker IFS 120 HR Fourier transform spectrometer. The
9000–15 000 cm21 range was isolated by using a Si photo-
diode detector and a RG 715 red-pass filter. A total of 100
scans was co-added in 1 h of observation at an instrumental
resolution of 0.1 cm21. Higher resolution spectra were not
recorded because the uncooled cathode (necessary to vaporize
Be) had a temperature of perhaps 1500 K. The resulting Dopp-
ler widths of the He2 lines were about 0.1 cm21.

Much to our surprise the spectrum contained many strong Ar
atomic lines, presumably originating from an Ar impurity in the
He gas. Seventeen Ar atomic lines were utilized in the calibration
of the spectrum, using the very accurate line positions reported by
Norlen (31). The wavenumber scale was calibrated with an esti-
mated absolute accuracy of60.002 cm21. The line positions were
measured by fitting Voigt lineshape functions to the He2 lines in
a nonlinear, least-squares procedure. The precision of our mea-
surements is estimated to about60.003 cm21 for the unblended
lines of theC1Sg

1–A1Su
1 transition, consistent with the observed

linewidth (FWHM ' 0.11 cm21) and signal-to-noise ratio (;35
for the strongest 0–0 lines). The signal-to-noise ratio was higher
for the c3Sg

1–a3Su
1 transition (up to 100 for the strongest 0–0

band lines) but the precision of these lines was estimated at only
60.005 cm21 because of the unresolved triplet fine structure.

III. ANALYSIS

A. Observed Bands

The c3Sg
1–a3Su

1 and C1Sg
1–A1Su

1 transitions were ob-
served as well as some lines belonging to thed3Su

1–c3Sg
1

(0–0, 1–1, 2–2),f 3Su
1–c3Sg

1 (0–0, 1–1, 2–2),f 3Pu–c3Sg
1

(0–0, 1–1, 2–2), andf 3Du–c3Sg
1 (0–0) systems. These latter

transitions are not included in the current analysis. BothDv 5
0 (0–0, 1–1, and 2–2) andDv 5 11 (1–0 and 2–1) bands were
observed for thec3Sg

1–a3Su
1 transition, while onlyDv 5 0

(0–0 and 1–1) bands were found for theC1Sg
1–A1Su

1 tran-
sition. The assigned lines are listed in Table 1 and Table 2, for
the c3Sg

1–a3Su
1 and C1Sg

1–A1Su
1 systems, respectively.

Note that since the4He nucleus has a spin of zero, alternate
lines are missing. All of the evenN rotational levels of the
lowera3Su

1 andA1Su
1 states are eliminated, as well as the odd

N levels of the upperc3Sg
1 andC1Sg

1 states. Compared with
Ginter’s previous results (1) on these systems, we were able to
follow the P andR branches to higherN for the strongDv 5
0 bands, but we have a few less lines for theDv 5 11 bands.
Some molecular lines are overlapped by atomic lines and are
not reported in Tables 1 and 2. No triplet fine structure split-
tings were resolved in any of thec3Sg

1–a3Su
1 lines.

B. The a3Su
1, b3Pg, and c3Sg

1 Triplet States

Preliminary fits of the newc3Sg
1–a3Su

1 bands were carried
out ignoring the fine structure in both states. For the final fit the

new FT measurements of thec3Sg
1–a3Su

1 system were
merged with the previous FTIR lines of theb3Pg–a3Su

1 (0–0
and 1–1) transition reported by Rogerset al. (10). Also, all of
the r.f. measurements available in the literature were added to
the global fit, in order to account for the fine structure of the
a3Su

1 state and to refine the constants of theb3Pg state. The
r.f. lines in thea3Su

1 state are forv 5 0, N 5 1, 3 (18); v 5
0, N 5 5 (20); v 5 0, N 5 7, 9, 11 (14); v 5 0, N 5 25, 27,
29 (15); v 5 1, N 5 25, 27;v 5 2, N 5 7, 9, 11 (15); andv
5 2, N 5 19. Some of these data, listed below, have never been
published and were kindly communicated to us by N. Bjerre
(30):

a3Su
1 , v 5 1, N 5 25:

v1 5 841.777MHz; v2 5 973.401 MHz

a3Su
1 , v 5 1, N 5 27:

v1 5 820.326MHz; v2 5 952.743 MHz

a3Su
1 , v 5 2, N 5 19:

v1 5 836.513MHz; v2 5 957.42MHz,

wherev1 refers to theJ 5 N7 J 5 N 1 1 transition, and
v2 to theJ 5 N7 J 5 N 2 1 transition.

In the global fit, each line was weighted according to its
precision: from 0.003 to 0.06 MHz for the r.f. measurements,
0.001 cm21 for strong unblended lines of theb3Pg–a3Su

1 IR
system, and 0.005 cm21 for strong unblended lines of the
c3Sg

1–a3Su
1 transition. In the course of our analysis it was

necessary to reassign some first lines belonging to theb3Pg–
a3Su

1 transition as satellite lines. In theb3Pg–a3Su
1 0–0

band, the 4721.2266-cm21 line was reassigned asOP23(3)
from P3(3), the 4797.0112-cm21 line from R3(1) to QR23(1),
the 4767.9006-cm21 line from Q2(1) to PQ12(1), and the
4767.5639-cm21 line from Q3(1) to PQ13(1). In the b3Pg–
a3Su

1 1–1 band, the 4689.4485-cm21 line was reassigned as
OP23(3) from P3(3), while the 4734.2094-cm21 line corre-
sponds only toQ1(1), because theQ3(1) line cannot exist. The
notation used in specifying the lines isDNDJF9F0 (N0 ), where
F 5 1 for J 5 N 1 1, F 5 2 for J 5 N, andF 5 3 for J 5 N 2
1, as is customary for states with Hund’s case (b) coupling.

The usual effectiveN̂2 Hamiltonian for3S and3P states (32)
was used to reduce the experimental data to molecular con-
stants. Explicit matrix elements for3S and3P states are pro-
vided in Ref. (33). Note that Table VIII of Ref. (33) contains
the matrix elements for a3S2 state. The matrix elements for a
3S1 state are identical, except thate is replaced byf and f is
replaced bye. Because of the extensive amount of high-quality
r.f. data, we needed to use the higher-orderlH andlL constants
for thea3Su

1, v 5 0 level. The matrix elements corresponding
to these parameters were calculated by matrix multiplication
[e.g.,lH 5 2(Dl 1 lD)/2), starting from the matrix elements
listed in Table VIII of Ref. (33)].

The molecular constants derived from the fit are displayed in
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Tables 3–5 for thea3Su
1, b3Pg, and c3Sg

1 states, respec-
tively. The ‘‘observed–calculated’’ differences returned by the
fit for our FT lines are reported in Table 1. Some remarks need
to be made about the results reported in Table 1. Since the fine
structure was not resolved for the reported lines, each line was
included three times in the fit, corresponding to the three
spin–components,F1, F2, andF3. However, in Table 1, only
the observed–calculated values for theF1 lines are reported. In
addition, a few lines exhibit large observed–calculated values,

leading to the conclusion that thec3Sg
1 (v 5 1, N 5 22)

rotational level is perturbed by an unknown level.
In the final fit, thelH andlL constants for thev 5 1 andv

5 2 vibrational levels of thea3Su
1 state (see Table 3) were

fixed to the values found for thev 5 0 level because of the
smaller amount of r.f. data available for the vibrationally
excited levels. Thegv constant of thev 5 1 b3Pg level was
fixed to the corresponding value for thev 5 0 level (see Table
4). Finally, since only a very limited amount of fine structure

TABLE 1
Observed Line Positions (in cm21) for the c3Sg

1–a3Su
1 Transition of He2

Note.Observed–calculated differences are reported in parentheses in the unit of the last quoted
digit.

a Obscured by an atomic line.
b Perturbation.
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data is available for thec3Sg
1 state (15), the fine structure

parameters for thev 5 0, 1, and 2 vibrational levels of this state
were fixed to the corresponding values of these constants for
the a3Su

1 state (see Table 5).

C. The A1Su
1, B1Pg, and C1Sg

1 Singlet States

Our FT data for theC1Sg
1–A1Su

1 transition were com-
bined with the very accurate laser measurements by Solkaet
al. (12) for the B1Pg–A1Su

1 transition. The two sets of data
were weighted according to their precision, i.e., 0.003 cm21

for our C1Sg
1–A1Su

1 lines and 0.002 cm21 for the B1Pg–
A1Su

1 laser measurements. Both systems include the 0 – 0
and 1–1 bands. Despite our efforts, we were not able to
observe the 1– 0 band of theC1Sg

1–A1Su
1 system, so we

used Ginter’s value of 1790.75 cm21 (1) for the v 5 0 and
v 5 1 vibrational interval in theA1Su

1 state in our fit. We
used the usual simple energy level expressions for the1Su

1

and1Pg states, with theq andqD parameters to account for
the L doubling in theB1Pg state:

F ~ J! 5 BJ~ J 1 1! 2 D @ J~ J 1 1!#2

1 H @ J~ J 1 1!#3 1 L @ J~ J 1 1!#4 [1]

6
d1,L

2
@qJ~ J 1 1! 1 qD @ J~ J 1 1!#2#

TABLE 2
Observed Line Positions (in cm21) for the C1Sg

1–A1Su
1 Transition of He2

Note.Observed–calculated differences are reported in parentheses in the unit of the last quoted
digit.

TABLE 3
Molecular Constants (in cm21) for the a3Su

1 State of He2

Note.All uncertainties are 1s.
a Fixed.

TABLE 4
Molecular Constants (in cm21) for

the b3Pg State of He2

Note.All uncertainties are 1s.
a Fixed.
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The molecular constants derived from the fit for theA1Su
1,

B1Pg, andC1Sg
1 states are listed in Table 6 and the observed–

calculated values for the FT lines are reported in parentheses in
Table 2. In the final fit, theqD parameter for theB1Pg (v 5 1)
level was fixed to the corresponding value in theB1Pg (v 5 0)
level because of the small amount of data available.

IV. DISCUSSION

The main goal of our work is to provide a consistent set of
improved molecular constants for the six lowest excited states
(c3Sg

1, b3Pg, a3Su
1, C1Sg

1, B1Pg, andA1Su
1 ) of He2 based

on modern laser and Fourier transform measurements of the
line positions. The data for the infrared and near-infrared
electronic transitions are augmented with the highly precise r.f.
measurements of the fine structure splitting in thea3Su

1 state.
Our molecular constants forv 5 0, 1, and 2 of thec3Sg

1 state
(Table 5) andv 5 0 and 1 of theC1Sg

1 state (Table 6) are in
good agreement with the previous results but are more than one
order of magnitude more precise. The measurements of Ginter
for thec3Sg

1–a3Su
1 andC1Sg

1–A1Su
1 systems (1), however,

cover more vibrational levels (v 5 0–3 forA1Su
1, v 5 0–4 for

c3Sg
1, and v 5 0–5 for C1Sg

1 ). Substantial improvements,

particularly in the fine structure constants, were also made for
v 5 0, 1, and 2 in thea3Su

1 state. These improvements in the
a3Su

1 constants help to break the correlation with theb3Pg

constants and our global fit thus refines theb3Pg (v 5 0 and
1) parameters.

The excitedc3Sg
1 state is influenced by both global and

local perturbations. Hazellet al. (15) discuss the strong inter-
action ofv 5 2 of thec3Sg

1 state withv 5 6 of theb3Pg state.
This interaction results in peculiar spin splittings in thec3Sg

1

v 5 2 level as well as perturbed line positions. In our mea-
surements we find thatv 5 1, N 5 22 of thec3Sg

1 state is also
perturbed, probably byv 5 5 of theb3Pg state. The effect of
c ; b interactions can also be seen in the erratic vibrational
dependence of the effectiveH andL constants.

Improved equilibrium vibrational and rotational constants
were derived by combining the new constants of Tables 3–6
with the more extensive (but less accurate) previous constants
of Ginter and co-workers (2, 3, 6). For thea3Su

1 state, ourv 5
0–2 data were extended tov 5 5 using Ref. (6) and equilib-
rium constants were derived (Table 7). A similar fit (v 5 0–5)
was carried out for theA1Su

1 state but in this case we were
unable to determine any new vibrational intervals so we simply
reproduce Ginter’s vibrational constants (6) in Table 7. The
b3Pg and B1Pg v 5 0, 1 constants (Tables 4 and 6) were
augmented by Ginter’sv 5 2 and 3 constants (2, 3). For the
b3Pg v 5 2 and 3 constants we used the averages of theb3Pg

1

andb3Pg
2 values listed in Table IV of Ref. (3) (note that the

DG3/2 andDG5/2 values for theb3Pg
2 component are errone-

ous, the values we assumed areDG3/2 5 1628.426 0.05 cm21

andDG5/2 5 1557.666 0.05 cm21). For theB1Pg v 5 2 level
we similarly used the averaged values from Ref. (2), while for
thev 5 3 level only theB1Pg

2 constants are available and they
were accordingly deweighted in the fit. Thec3Sg

1 state shows
the effects of perturbations by theb3Pg state so that although
data are available up tov 5 5 (1, 13), we choose to make an
exact fit of our new data. In this case the errors in Table 7 are
not true statistical uncertainties but were estimated by the
propagation of errors. For theC1Sg

1 we report aDG1/2 value
and an exact fit for the equilibrium rotational constants using

TABLE 5
Molecular Constants (in cm21) for the c3Sg

1 State of He2

Note.All uncertainties are 1s.
a Fixed, see text.

TABLE 6
Molecular Constants (in cm21) for the A1Su

1, B1Pg, and C1Sg
1 Singlet States of He2

Note.All uncertainties are 1s.
a Fixed to the value from Ref. (1).
b Fixed.
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the data of Table 6. NewRe values were then calculated from
Be and are also reported in Table 7.
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27. W. Schöllkopf and J. P. Toennies,J. Chem. Phys.104, 1155–1158

(1996).
28. F. Luo, C. F. Giese, and W. R. Gentry,J. Chem. Phys.104, 1151–1154

(1993).
29. P. Rosmus, private communication.
30. N. Bjerre, private communication.
31. G. Norlen,Physica Scripta8, 249–268 (1973).
32. J. M. Brown, E. A. Colbourn, J. K. G. Watson, and F. D. Wayne,J. Mol.

Spectrosc.74, 294–318 (1979).
33. C. R. Brazier, R. S. Ram, and P. F. Bernath,J. Mol. Spectrosc.120,

381–402 (1986).

TABLE 7
Equilibrium Constants (in cm21 Unless Specified) for the a3Su

1, A1Su
1, b3Pg, B1Pg, c3Sg

1,
and C1Sg

1 States of He2

Note.All uncertainties are 1s.
a G~v ! 5 ve~v 1

1

2
! 2 vexe~v 1

1

2
!2 1 veye~v 1

1

2
!3 1 veze~v 1

1

2
!4.

b B~v ! 5 Be 2 ae~v 1
1

2
! 1 g1e~v 1

1

2
!2 1 g2e~v 1

1

2
!3.

c From Ref. (6).
d DG1/2 value.
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