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The A 2 P–X 2 S 1 Dv 5 0 sequence of BeD was observed in the 19 500 –20 800 cm21 spectral region using a Fourier
transform spectrometer. The emission spectrum was excited in a Be hollow cathode discharge lamp with a He/D2 gas mixture.
The observed lines were assigned to the 0 – 0 to 6 – 6 bands. The Dv 5 21 sequence was too weak to be seen in our Fourier
transform spectra. We therefore used a previously recorded but unpublished arc emission spectrum to identify the 0 –1 to 5– 6
Dv 5 21 bands. Consequently, all of the diagonal bands could be linked together and the vibrational intervals determined.
The Dv 5 0 and Dv 5 21 data were fitted together in a global fit and effective constants derived. Using the information
available from the study of the C 2 S 1 –X 2 S 1 system [R. Colin, C. Drèze, and M. Steinhauer, Can. J. Phys. 61, 641 (1983)],
the v 5 8 –12 vibrational levels of the ground state were added in a Dunham fit. A set of Dunham Y constants was determined
for the X 2 S 1 state along with traditional equilibrium parameters for the A 2 P excited state. The equilibrium bond lengths were
found to be 1.341742(5) Å for the ground state and 1.33309(4) Å for the excited state. A reanalysis of the previously published
A 2 P–X 2 S 1 0–0 to 3–3 Dv 5 0 bands of BeT [D. De Greef and R. Colin, J. Mol. Spectrosc. 53, 455– 465 (1974)] was also
performed. © 1998 Academic Press
I. INTRODUCTION

We have recently reanalyzed the A 2 P–X 2 S 1 spectrum of
BeH (1) and were able to link all of the bound ground state
vibrational levels from v0 5 0 –10. At the same time, we
recorded new Fourier transform emission spectra of BeD using
the same hollow cathode source. Since BeH, BeD, and BeT are
relatively light molecules, they can be used to study the breakdown of the Born–Oppenheimer approximation and to benchmark open-shell ab initio calculations (1–3).
In our recent BeH paper (1) we have reviewed the literature
for BeH, BeD, and BeT, so we will make only a few specific
comments about BeD and BeT. The first BeD spectra were
recorded by Koontz (4) using an arc source. Only the A 2 P–
X 2 S 1 transition was studied and these measurements were
improved and extended to other systems by Colin and coworkers using a King furnace (5–7). For the A 2 P–X 2 S 1 transition,
data are available for BeD for only the 0 – 0, 1–1, and 2–2
bands (4 –5), while the 0 – 0, 1–1, 2–2, and 3–3 bands are
known (2) for BeT. The A 2 P–X 2 S 1 system of BeT was
recorded, for safety reasons, with a hollow cathode source (2).
Very recently the A 2 P–X 2 S 1 system of BeD was identified in
emission from a tokamak plasma (8).
For BeD, we recorded the 0 – 0 to 6 – 6 vibrational bands of

the A 2 P–X 2 S 1 system and linked them together using the 0 –1
to 5– 6 bands recorded with an arc source. The off-diagonal
bands of the A–X system are very weak, with Franck–Condon
factors of about 0.002, and could not be studied by Fourier
transform emission spectroscopy (1). We, therefore, had to use
unpublished data from an arc source recorded with a 2-m
spectrograph (9).
There is additional information available for the ground state
for v0 5 8 –12 from the C 2 S 1 –X 2 S 1 transition (9). The weak
C 2 S 1 –X 2 S 1 transition can only be seen in emission with a
bright arc source. Unfortunately, we could not directly bridge
the gap between v0 5 6 and 8, but we did include ground state
rotational and vibrational combination differences for the v0 5
8 –12 levels of BeD in a fit using Dunham Y’s (10). For BeH
we were more fortunate and could link all of the bound ground
state vibrational levels together (1). The old BeT data (2) have
also been recalibrated and refitted using the same Hamiltonian
matrices as used for BeH and BeD.
In this paper we report new line positions and spectroscopic
constants for BeD and BeT that we intend to use in the future
for an A 2 P–C 2 S 1 deperturbation analysis and for a more
detailed study of the breakdown of the Born–Oppenheimer
approximation.
II. EXPERIMENTAL DETAILS
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Two kinds of spectra have been used for the analysis of the
A 2 P–X 2 S 1 system of BeD. The Dv 5 0 sequence was excited
in a Be hollow cathode discharge and recorded using a Fourier
transform spectrometer. Attempts to excite the Dv 5 21
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FIG. 1. An overview of the A 2 P–X 2 S 1 (Dv 5 0) FT emission spectrum of BeD. Some weak impurity lines belonging to the A 2 P–X 2 S 1 0–0 band of
BeH can be observed to lower wavenumbers at 19 750 cm21.

sequence in the hollow cathode source were unsuccessful.
Consequently, we have used a previously recorded, but unpublished, arc emission spectrum (9) of the Dv 5 21 sequence to
link the new FTS bands together. A separate description of the
two experimental procedures is given below.

FIG. 2.
to BeH.

The Be hollow cathode used to excite the A2P–X2S1 (Dv 5 0)
sequence was operated at currents of ;700 mA with a nonflowing
mixture of He (80%) and D2 (20%) at a pressure of 8 Torr. The
optimal experimental conditions were obtained when the discharge had an intense blue color. The emission from the discharge

An expanded portion of the A 2 P–X 2 S 1 Dv 5 0 sequence of BeD displaying several R lines of the 0 – 0 to 6 – 6 bands. The unmarked lines belong
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TABLE 1
Observed Line Positions (in cm21) for the A2P–X2S1 Dvv 5 0
and Dvv 5 21 Sequences of BeD

Note. “Observed 2 calculated” differences are reported in parentheses, in units of the last quoted digit (see
text).

was recorded with a Bruker IFS 120 HR Fourier transform spectrometer. An Si photodiode detector and a band-pass filter were
used to isolate the 18 000–22 500 cm21 spectral region. A total of
25 scans were coadded in about 15 min 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 about 1500 K. The resulting
Doppler widths of the BeD lines were about 0.2 cm21. The
wavelength scale was calibrated against BeH molecular lines
present in the spectrum as an impurity. The BeH spectrum (1) had
been previously calibrated using Ne atomic lines (11). The estimated absolute accuracy of the wavenumber scale is 60.003

Copyright © 1998 by Academic Press

A 2 P–X 2 S 1 TRANSITION OF BeD

351

TABLE 1—Continued

cm21. The line positions were measured by fitting Voigt lineshape
functions to the experimental lines in a nonlinear, least-squares
procedure. The precision of our measurements is estimated to
about 60.01 cm21 for unblended lines. The doublet fine-structure
splitting of the molecular lines could be measured at low N values
(up to N ; 10).
The experimental setup used to record the A 2 P–X 2 S 1
(Dv 5 21) sequence was previously described in detail by
Colin et al. (9) in their study of the C 2 S 1 –X 2 S 1 system and
only a brief description will be given here. A conventional arc

source with Be electrodes was used to excite the spectrum. The
arc was operated at 190 V, 9 A dc current, with a 1:5 mixture
of H2 and Ar at a total pressure of a few Torr. The emission
spectra were photographed in the second order of a 2-m
Czerny–Turner grating spectrograph, using Kodak I–F plates
and 50-mm slits. The emission spectrum of an iron hollow
cathode was used for wavelength calibration. The absolute
error in the line positions is estimated to be 0.2 cm21 and the
uncertainty in the relative line positions is better than 0.1 cm21
for strong unblended lines.
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TABLE 1—Continued

III. ANALYSIS

1. Description of the Observed Bands
The emission spectrum of the Dv 5 0 sequence of BeD was
observed in the 19 500 –20 750 cm21 region. An overview of
the Fourier transform spectrum is displayed in Fig. 1. In
addition to the BeD rotational lines, BeH lines belonging to the
same sequence were observed in the spectrum. Some of these
lines are clearly visible on the lower wavenumber side at

19 750 cm21 (see Fig. 1). The presence of the BeH lines, due
to H-containing impurities in the discharge, was very useful for
the calibration of the wavenumber scale.
The A 2 P–X 2 S 1 0–0 to 6 – 6 bands of BeD were identified
in our FT spectrum. The 3–3, 4 – 4, 5–5, and 6 – 6 bands were
observed for the first time. All the observed bands have P, Q,
and R branches, with a doublet fine-structure splitting resolved
at low N values (up to N 5 10) as appropriate for a Hund’s
case (b) 2P–2S1 transition. An expanded portion of the spec-
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TABLE 1—Continued

trum, displaying several R lines of the 0 – 0 to 6 – 6 bands, is
presented in Fig. 2 (the presence of BeH lines can also be
noticed in this figure as the unmarked lines).
While the A 2 P–X 2 S 1 Dv 5 0 sequence of BeH presents
“extra” heads in all P, Q, and R branches at high N values (1,
12), no such features have been observed in the BeD spectrum
for the assigned lines up to a maximum N value of 56 (in the
0 – 0 band). In common with the BeH spectrum is the presence
of a “vibrational head” or “head-of-heads” for the Q branches

of the Dv 5 0 sequence. The origins of the A 2 P–X 2 S 1 (Dv 5
0) vibrational bands of BeD go initially to higher wavenumbers with T 00 5 20 037.688 cm21, T 11 5 20 054.105 cm21,
T 22 5 20 065.941 cm21, T 33 5 20 073.011 cm21, and T 44
5 20 075.202 cm21, and then they turn back to lower wavenumbers with T 55 5 20 072.601 cm21 and T 66 5
20 065.393 cm21. The vibrational head of BeD is formed at
the 4 – 4 band, instead of the 3–3 band in the case of BeH. As
one can see from the values given above, the origins of the 2–2
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TABLE 1—Continued

to 6 – 6 bands are separated only by a few wavenumbers so that
extensive overlapping of lines occurs. In particular, the 5–5 Q
branch is completely overlapped by the stronger 3–3 and 4 – 4
Q branches, while the 6 – 6 Q branch is completely obscured by
the much stronger 2–2 Q branch. For these reasons we were
not able to identify any 5–5 or 6 – 6 Q lines in the spectrum.
Strong rotational perturbations were observed in the A 2 P–
2 1
X S (Dv 5 0) sequence of BeH (1) due to the interaction
between the A 2 P and the C 2 S 1 states (9). In the case of BeD,
the observed rotational levels of the A 2 P state were not high

enough in energy to reach the C 2 S 1 levels and no perturbations were observed.
To derive the vibrational intervals, the analysis of a previously recorded arc emission spectrum (9) of the A 2 P–X 2 S 1
(Dv 5 21) sequence of BeD was carried out. The 0 –1 to 5– 6
bands were identified in the 18 400 –19 000 cm21 spectral
region. Because of the positive B9 2 B0 difference which is
greater than in the Dv 5 0 sequence, the Dv 5 21 bands form
“classical” P heads. These heads are clearly visible for the 0 –1,
1–2, and 2–3 bands, while for the 3– 4, 4 –5, and 5– 6 bands
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TABLE 2
Effective Constants (in cm21) for the v 5 0 – 6 Vibrational Levels
of the X2S1 Ground State of BeD

Note. All uncertainties are 1s.

they become less prominent as the intensity decreases and
heavy overlaps occur from the stronger Q and R branches of
the lower v bands. It was possible to follow the P lines beyond
the heads for all bands except the 3– 4 band. The Q branches
could also be followed up to relatively high N values, but the
R branches were limited to lower N values because the available spectrum was cut at 19 000 cm21. Since the Q branch was
not observed in the diagonal 5–5 band, the assignment of the
5– 6 Q lines was very useful in determining the L-doubling
parameters for the A 2 P v 5 5 level.
2. Theoretical Model and Least-Squares Treatment
We used the usual effective N̂2 Hamiltonian for 2S and 2P
states (13) to reduce the experimental data to molecular constants. Explicit matrix elements for 2S and 2P states are provided in Refs. (14) and (15). The A 2 P and X 2 S 1 electronic
states of BeD both belong to the Hund’s case (b) coupling case

and this led to strong correlation between the spin–rotation
parameters g9 and g0. No satellite branches were detected so g0
could not be directly determined. We have therefore chosen to
fix the ground state g constant to zero and to vary the corresponding g constant in the upper state. The L-doubling constant p also could not be determined because of the nearly pure
case (b) coupling in the A 2 P state.
The experimental lines were fitted using a nonlinear, leastsquares procedure with each datum weighted with the square of
the reciprocal of the estimated uncertainty. The unblended FTS
lines were assigned a weighting factor of 0.01 cm21, while the
Dv 5 21 data were weighted at 0.05 cm21 for the strongest
lines and 0.1 cm21 for the weaker ones. However, the measurements of the blended lines were very imprecise in the arc
emission spectrum and were heavily deweighted in the fits.
A first step in the least-squares treatment was to perform
band-by-band fits of the Dv 5 0 diagonal bands. In the ground

TABLE 3
Molecular Constants (in cm21) for the v 5 0 – 6 Vibrational Levels of the A2P State of BeDa

Note. All uncertainties are 1s.
a
The fine structure parameters A v , g v , g Dv , g Hv were fixed in the global fit at values determined from the Dv 5 0 separate fits. The
uncertainties reported here are also taken from the Dv 5 0 fits.
b
Fixed at linearly extrapolated values from the v 5 0–3 data.
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TABLE 4
Dunham Constants (in cm21) for the X2S1 Ground State of BeD

Note. All uncertainties are 1s.

X 2 S 1 electronic state it was possible to determine the rotational constants B, D, H, and L except for v 5 6 where limited
data gave only B, D, and H. A similar set of rotational
parameters was required for the A 2 P state along with the
L-doubling series q, q D , and q H as well as for the spin– orbit
coupling constant A and the spin–rotation constants g , g D , and
g H (16). As no Q lines were observed for the 5–5 and 6 – 6
bands, the q and q D parameters for the A 2 P v 5 5 and v 5
6 levels were fixed in the 5–5 and 6 – 6 fits at values obtained
by linearly extrapolating the v 5 0 –3 values.
The second step of the analysis was to perform a global fit
of all the observed bands (0 – 0 to 6 – 6 in the Dv 5 0 sequence
and 0 –1 to 5– 6 in the Dv 5 21 sequence). The values derived
from the band-by-band fits of the Dv 5 0 diagonal bands were
used as a starting point for the constants in the global fit.
Because no fine-structure splitting could be observed on the
lower resolution Dv 5 21 spectrum, we decided to fix the
fine-structure constants A v , g v , g Dv , and g Hv in the global fit
at values determined from the Dv 5 0 separate fits. However,
the Dv 5 21 bands gave useful information for determining
the L-doubling parameters q and q D in the A 2 P v 5 5 level.
Through the observation of the 5– 6 Q branch, these parameters
varied freely in the global fit, in contrast to the 5–5 fit where
they were kept fixed. No experimental L-doubling information
was available for the A 2 P v 5 6 level, so the q and q D
constants in the global fit had to be kept fixed at extrapolated
values.
The assigned lines of the A 2 P–X 2 S 1 Dv 5 0 and Dv 5
21 sequences of BeD are listed in Table 1.The “observed 2
calculated” differences returned by the global fit are presented
in parentheses, in the units of the last quoted digit. Note that the
lines with unresolved fine structure were included twice in the
fit, corresponding to the two parities (e/f ) of a given lower
rotational level N. For these lines, we have arbitrarily chosen
to report only the “observed 2 calculated” differences for the
e parity in the lower state. The molecular constants derived
from the global fit (except for the A v , g v , g Dv , and g Hv
constants, which are derived from the band-by-band Dv 5 0

fits; see above) are listed in Tables 2 and 3, for the X 2 S 1 and
the A 2 P states, respectively.
III. DISCUSSION

Since we have arbitrarily set the spin–rotation constant g0 to
zero in the ground state, the excited state constant g9 is, in fact,
the difference g9 2 g0. In this respect, the A 2 P–X 2 S 1 transition is like a 2S–2S transition. It is possible to estimate a value
of g0 5 1(1) 3 1023 cm21 for the ground state using Curl’s
relationship (17, 18), g 5 2BDg, and the small anisotropy of
the g tensor of matrix-isolated BeD (19). A crude estimate
based on a pure precession relationship (20) between the
ground state and the A 2 P state gives a similar value of g0 5
2 3 1023 cm21.
1. Vibrational Analysis
The previous absorption study of the A 2 P–X 2 S 1 system of
BeD by Horne and Colin (5) provided spectroscopic information on the v 5 0, 1, and 2 vibrational levels of the X 2 S 1

TABLE 5
Main Equilibrium Constants (in cm21)
of the A2P State of BeDa,b

Note. All uncertainties are 1s.
a
G v 5 v e (v 1 1/ 2) 2 v e x e (v 1 1/ 2) 2 1 v e y e (v 1 1/ 2) 3
1 v e z 1e (v 1 1/ 2) 4 1 v e z 2e (v 1 1/ 2) 5 .
b
B v 5 B e 2 a e (v 1 1/ 2) 1 g 1e (v 1 1/ 2) 2 1 g 2e (v 1
1/ 2) 3 1 g 3e (v 1 1/ 2) 4 .
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TABLE 6
Effective Constants (in cm21) for the A2P–X2S1 (0 – 0, 1–1, 2–2, and 3–3)
Transition of BeTa

Note. All uncertainties are 1s.
a
The A parameter in the A 2 P (v 5 0–3) state was fixed at 2.15 cm21 (see text).

ground state. In the present work, we extend the knowledge of
the vibrational levels of the ground state to the v 5 3–6 levels.
There is also additional information available for the X 2 S 1
v 5 8–12 vibrational levels from the study of the C 2 S 1 –
X 2 S 1 transition (0 – 8 to 0 –12 bands) of BeD (9). Unfortunately, we could not directly link the v 5 0–6 levels observed
in this work with the v 5 8–12 levels, as we did recently for
the BeH ground state (1). However, the experimental data for
the v 5 8 –12 levels of the ground state can be used via the
combination differences in a fit to Dunham Y’s (10). Because
the C 2 S 1 v 5 0 level is massively perturbed, only the ground
state combination differences were introduced into our fit. In
addition to the usual rotational differences, all the possible
differences between P lines and R lines with the same N0, N9,
and v9 but different v0 were added to the fit in order to obtain
the X 2 S 1 vibrational intervals. In this way, the vibrational
energy levels for v 5 0–6 and 8 –12 of the ground state were
fitted together. The ground state rovibrational energies were
represented by the conventional double Dunham expansion
(10),
E X~v0, N0! 5

O Y 0 ~v0 1 ! @N0~N0 1 1!# ,
l,m

1 l
2

m

[1]

deviation of 1.6 of this fit was somewhat higher than the value
of about 1 obtained in the v 5 0–6 fit described above.
The Dunham constants of Table 4 are a relatively poor
representation of the energy levels of BeD. The traditional
constants form a badly convergent series with strong correlation between the parameters. It is, therefore, necessary to carry
many extra significant figures in Table 4 and many of the terms
(even v e ) in the expansion have lost much of their physical
meaning. Nevertheless, the Y’s of Table 4 do reproduce the
experimental data in an empirical manner. In future work, we
plan to explore the fitting of the BeH and BeD data using
alternate energy level expressions (21) as well as the direct
fitting to a potential energy curve that includes Born–Oppenheimer breakdown terms (22).
The A 2 P excited state vibrational and rotational constants
from Table 3 were fitted with the traditional expressions to
obtain the equilibrium constants listed in Table 5. The equilibrium bond length for the A 2 P state was calculated to be
1.33309(4) Å compared to 1.341742(5) Å for the ground state,
calculated from Y 01 (Table 4).
2. BeT Revisited

l,m

and the upper A P levels were represented by the P matrix
discussed above. The A 2 P constants were kept fixed at the
values listed in Table 3. The values of the Y 0l,m parameters
obtained for the X 2 S 1 ground state of BeD are listed in Table
4. However, it should be noted that the normalized standard
2

2

The A 2 P–X 2 S 1 0–0, 1–1, 2–2, and 3–3 bands of BeT
were recorded in emission by De Greef and Colin (2) using a
Be hollow cathode discharge lamp and a 2-m Czerny–Turner
spectrograph. They calibrated the wavelength scale using BeH
lines present in the spectrum as an impurity and the absolute
accuracy of the line positions was estimated to be 60.07 cm21.
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We therefore decided to use the opportunity offered by our
FTS study of the A 2 P–X 2 S 1 system of BeH and BeD to
recalibrate the A 2 P–X 2 S 1 (Dv 5 0) spectrum of BeT. Another reason for our reanalysis was to use the matrix-based
fitting model described in the previous section, ensuring a
consistent treatment of the data for the three isotopomers. The
BeT line positions reported by De Greef and Colin (2) were
adjusted by adding 0.02 cm21, on the basis of the new FTS
measurements of BeH (1). The recalibrated rotational lines of
the A 2 P–X 2 S 1 0–0 to 3–3 diagonal bands of BeT were fitted
band-by-band using the theoretical model and the least-squares
treatment described above for BeD. The effective parameters
derived from the fits are listed in Table 6. Note that the A
constant was fixed for all the studied levels (v 5 0–3) of the
upper A 2 P state at 2.15 cm21, which is a typical value for BeH
and BeD.
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