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Fourier transform emission spectroscopy of the
b°I,~a3X} transition of He,
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The 0-0 and 1-1 bands of the b°I1,-a*L;} transition of He, were observed
near 4700cm™'. The He, molecule was detected in emission from a hollow
cathode discharge through 4torr of He gas with a high-resolution Fourier
transform spectrometer. A complete set of fine structure constants, including
A-doubling parameters for the b >T1 o State, were determined.

1. Introduction

The He, molecule was the first Rydberg molecule to be discovered [1, 2]. Since
1913 many measurements have been made on He, and other rare gas dimers (e.g.
[3-7]). The additional Rydberg molecules RgH (Rg = He [8], Ne [9], Ar [10], Kr
[11] and Xe [12]), H, [13, 14] and NH, [15] have also been discovered.

Among the more recent investigations of the He, spectra are the papers of
D. Ginter, M. Ginter and co-workers [16-21]. Several groups have observed
absorption or laser excitation spectra from the metastable a’L} state of He, [5,
22-28]. The fine structure of v = 0 of the a %} is known very accurately from radio
frequency measurements in a molecular beam [29-31]. The optogalvanic spectrum
of the f *A,~b *T1, transition has also been detected [32].

Gellene and Porter studied the rare gas dimers He,, Ne, and Ar, by the neu-
tralized ion beam method [33]. There have also been many theoretical calculations
[34-38] of the excited state potential curves of He,, including some which combine
scattering data [39] with ab initio theory [40-42].

In the infrared region, Herzberg and Jungen [43] have analysed the 4f-3d
Rydberg complex of He, while Solka et al. [44] observed the B‘ﬂs—A '3* tran-
sition. The b°TI,-a’L; transition near 4800cm ' was detected by Hepner and
Herman in 1956 [45] and by Gloersen and Dieke in 1965 [46]. We report here new
observations of the 0-0 and 1-1 bands of the b>T1,~a*%, transition of He,. These
Doppler-limited measurements, combined with the previous radio frequency mea-
surements [29-31] provide a very precise set of molecular constants for both the
a’%; and b>TI, states. Although the b3T1, and a3%; states are well known, full
resolution of the triplet splittings required intermodulated optogalvanic experiments
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[32] or radio frequency measurements [29-31] or, in our work, infrared observa-
tions.

2. Experimental details

The emission spectrum of He, was excited in an Ni hollow cathode discharge
operated at 280 mA. A flow of He gas at 4 torr pressure was maintained through the
hollow cathode. The emission from the discharge was observed with the Fourier
transform spectrometer associated with the National Solar Observatory at Kitt
Peak. The 1850-5500cm ' interval was covered by an InSb detector with a Ge
filter. Ten scans were co-added in 1-3hours of integration with an unapodized
resolution of 0-0l cm ™1,

The spectrum was calibraied with an absolute accuracy of about +0-002cm ™!
by detection of emission from He atomic lines. A comparison of several He atomic
lines in our spectrum with the corresponding lines in another spectrum containing
both He and Ar provided the calibration of our wavenumber scale. The precision of
our measurements is about +0-001 cm ! for the strongest lines of the 0-0 band of
He, . This precision is consistent with the observed linewidth (0-03 cm ™ !) and signal-
to-noise ratio (& 25) for the strongest lines.

3. Results and discussion

The interferograms were transformed by G. Ladd to provide the spectrum. The
spectrum contained He atomic lines, the B'IT-A 'L transition (0-0 and 1-1
bands) of He, [44], some of the 4f~3d Rydberg complex He, lines previously
observed by Herzberg and Jungen [43], as well as the 0-0 and 1-1 bands of the
b*M,~a’%; transition. The B'TI-A 'L line positions agree with previous obser-
vations [44] (+0-003c¢m ') and our Ge filter eliminates most of the 4/~3d complex
of He,. One of the strongest lines, P(5), of the 0-0 band of the b’II;-a L tran-
sition is displayed in the figure.

The line positions of the b>I-a>%; transition were measured with a data
reduction program called DECOMP, which was developed at Kitt Peak. To find
the line positions, a Voigt lineshape function was fitted to the He, lines in a
nonlinear least-squares procedure. The line positions for the 0-0 and 1-1 bands are
provided in tables 1 and 2.

He2
bng-a’sy P(5)
0-0 F,

—~

T T T T T
4686.0 cm™1 4687.0 4688.0
The P(N = 5) line of the 0-0 band b’ -a*%L; transition of He,. The F, (F,, F) spin-
component has J” = 6(5, 4).
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The b*M1~a*L transition of He, 905

The b 31"[9 and a3Z] states obey Hund’s case (b) coupling so each rotational line
is a triplet (figure). The three spin components F,, F, and F; with J =N+ 1, N
and N — 1, respectively, result in the nine strong branches P,, P,, P5, @y, Q,, Q3,
R, R, and R4, listed in tables 1 and 2. Nuclear spin statistics have eliminated all of
the even N rotational states (+ parity) in the a 3L state and half of the A-doubling
components in the b>T1, state (— parity).

The line positions of tables 1 and 2 were reduced to molecular constants through
the use of the customary effective N2 hamiltonian for 3% and 311 states [47]. Explicit
matrix elements are provided in our paper on the 4 3[1-X 3X "~ transition of NH
[48]. Note that table VIII of the NH paper contains the matrix elements for a X~
state. The matrix elements for a 3T state are identical except that e is replaced by f,
and f'is replaced by e. Thus for *Z*(*Z ), the F, levels have e(f) symmetry while F,
and F have f(e) symmetry.

For the 0-0 band the lines of table 1 were combined with the fine structure
intervals for N = 1, 3 and 5 for v = 0 of the a3, state obtained by radio frequency
spectroscopy of a molecular beam of He, [29-31] in a simultaneous nonlinear
least-squares fit. The fine structure intervals for v =1 of the a*X) state are not
available so only the infrared lines of table 2 were fitted. The resulting molecular
constants for v = 0 and 1 of the a*Z; state are provided in table 3 while the b>I1,
constants are in table 4. It was not possible to simultaneously determine Ay, and y in
the b 3I'Ig state so Ap, was constrained to zero in the final fit.

The molecular constants of tables 3 and 4 are in reasonable agreement with
previous determinations if differences in the hamiltonians are taken into account.
For the b°’Tl, state, Kawakita et al. [32] find 4, = —0-225cm ™', A(=24) =
0102cm™!, 1, (=—-0/2) = —0-149cm ! and y = —0-0003cm !, compared to
A= —0227, 2=00554, 0 = 0-290 and y = —0-0002cm ™! (table 4). The A and y
parameters of the a3X; state are essentially the same as the very precise previous
determinations [29-31] since the radio frequency data were included in our fit. For
the b°Il, state we were able to determine a complete set of A-doubling parameters
(table 4).

The effective hamiltonian parameters of tables 3 and 4 can be interpreted in
terms of the electronic properties of He,. An ab initio quantum chemical calculation
for the a®L; state [49] predicts a first order spin—spin constant of —0-04089cm ™!,
in reasonable agreement with the observed value of —0-03666 (table 3). This calcu-
lation suggests that second order spin—orbit contributions to 4, which dominate for
most molecules with 3% states, are small for He, .

Table 3. Spectroscopic constants (in cm ™) for the a >°Z state of He, 1.

Constant v=0 v=1

B, 7-589199(26) 7-34875(10)
10* x D, 5-6228(28) 5-6557(79)
108 x H, 3-47(10) 2-88(18)
102 x L, —6-1(11) —
10?2 x 4, —3-6664333(84) —6:64(27)
10° x Ap, 6-5852(46) —
105 x v, —8:0751(38) —
10% x yp, 2-02(15) —

+ The numbers in parentheses refer to one standard deviation in the last digits.
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Table 4. Spectroscopic constants (in cm™?) for the b I, state of He, 1.

Constant v=0 v=1

T,, 4768-14536(20) 4734-82379(107)

B, 7-323494(28) 7-100566(101)
10* x D, 5-2618(32) 5-2592(80)
1028 x H, 3-27(12) 2:720(19)
1012 x L, —5-9(14) —

A, —0-22694(43) —0-2217(26)
107 x 4, 5-545(23) 1-94(30)
10* x y, —2-20(18) —
10* x p, 4-04(33) 7-74(88)
10?2 x g, —2:54016(77) —2-4705(22)
10° x gqp, 5-:296(71) 4-84(12)
10'° x gy, —7-8(14) —

o, 0-29042(25) 0-2886(10)

1 The numbers in parentheses refer to one standard deviation in the last digits.

For the b°Tl, state, the A-doubling is caused primarily by interaction with the
nearest °%) state (‘unique perturber’ interaction [50]). The ¢ %, (3po) state lies
about 6120cm ™" above the b°TI (2pn). As suggested by Ginter [18], this pair of
states is an example of “accidental pure precession’ [51]. In the case of normal pure
precession, there are | + 1 diatomic electronic states which arise from a given set of
degenerate nl atomic orbitals. The b and c¢ states of He, cannot have a normal pure
precession relationship because they correlate to different principal atomic quantum
numbers in the united atom limit. However, the b and ¢ states (like the B 11 , and
C'E, states) have nearly the same effective principal quantum number,
n* = n — § ~ 2, because they are separated by only 6120cm ~! [18].

The pure precession expressions for the A-doubling parameters of a *TT state
interacting with a *X " state are [47, 52]:

4B?
g=——-—= —0035cm 1,
Eq— E;
44B
p=——""=00011cm !
Eqp—Es
and
2
0(2):’4—= —84 x 107 °cm 1,
EH_E):

where | = 1 is assumed. There is reasonable agreement with the values in table 4 for
g (= —0025cm ') and p (=0-0004 cm ~'). The experimental value of 0 = ¢') 4 0?
[47] is found to be much larger (0-29 cm ™ ') than p or g. Of the components of o, the
second order spin-spin contribution, o® is negligible in comparison with the first
order spin-spin contribution, o'. Since 0¥ = —41® [52] and A= iV + i
[47] = 0-:055cm ™!, the second order spin—orbit contribution, A%, to the spin-spin
constant is also negligible in comparison to the first order (‘true’) spin—-spin contri-
bution, AY. However, the spin-rotation relationship p = —2y® [52] predicts
y# = 21 x10"* in excellent agreement with y=7y" 4y = _2.3 x
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10 *cm™ . The second order spin—orbit contribution, y®, to y is (as usual) much
larger than the true spin-rotation constant, 'V,

In a paper on the fine structure of the ¢ *I1, state of H,, Fontana [53] pointed
out the similarity between the b *I1, state of He, and the ¢ °T1, state of H, because
both states correlate to 2px in the united atom limit for the Rydberg electron. In the
united atom limit, Fontana [53] finds 4, = —4,,, in the notation of Mizushima
[32, 54] or 4 = 0/4, in the notation of Brown et al. [47]. From table 4, o/4 is
0-073cm ™', in reasonable agreement with A = 0-055cm .

In conclusion, the observation of the b*I1~a>%, infrared emission spectrum of
He, has resulted in a set of accurate molecular constants. The interpretation of these
effective molecular constants provides some insight into the electronic structure of
the He, Rydberg molecule.

The National Solar Observatory is operated by the Association of Universities
for Research in Astronomy, Inc., under contract with the National Science Founda-

tion. This research was supported by the Air Force Astronautics Laboratory
(F 04611-87-K-0020).
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