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High resolution vibration-rotation emission spectroscopy of BaH
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The high resolution infrared emission spectrum of barium monohydride was
recorded. The fundamental and two hot band transitions were measured for the
main isotopic species **BaH, and the fundamental band was measured for the
minor isotopic species '*’BaH, **BaH, and '*BaH. Improved Dunham constants
were determined for all four isotopomers. The sensitivity of the infrared emission
technique was demonstrated by the improved accuracy of the Dunham
constants.

1. Introduction

The rovibrational transitions of barium monohydride (BaH) have not been
studied extensively, unlike the electronic transitions involving the X 2Z* ground state.
BaH is a free radical which can be produced by the reaction of barium metal and
hydrogen at high temperatures.

BaH was first investigated by Fredrickson and Watson in 1932 [1] in the red region
of the spectrum where the E’I1 — X?X electronic transition was studied. Since that
time there have been many additional experimental studies [e.g. 2,3] and one ab initio
calculation [4] of the electronic spectra. In 1988, Magg, Birk and Jones recorded the
vibration-rotation spectrum of BaH [5]. In their study, the BaH radical was generated
using a tube furnace, and an absorption spectrum was recorded using a tunable diode
laser system. This work was the first to measure the transitions of isotopic species
other than the most abundant '**BaH (72%). The main disadvantage of the diode
laser technique is the limited operating range, resulting in small data sets.

We have found that Fourier transform emission spectroscopy is an excellent
technique for measuring the spectra of high temperature molecules. This emission
technique has a wider spectral coverage and is more precise and accurate than diode
laser absorption spectroscopy, because of the use of a Fourier transform spectro-
meter. Unfortunately, Fourier transform emission spectroscopy is less sensitive than
diode laser absorption spectroscopy but it is, nevertheless, more sensitive than tradi-
tional infrared absorption spectroscopy.

2. Experimental

Barium hydride was produced in the gas phase using a tube furnace system. A 1 m
stainless steel tube was heated by eight clamshell heaters. The barium metal was
placed on a stainless steel wire gauze pad in the centre of the heating region to ensure
that the metal remained in this region when in the liquid state. The temperature of the
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tube was measured by a chromel-alumel thermocouple inserted between the tube and
the heaters.

To prepare for the experiment, the barium metal was heated under vacuum to
650 °C to remove gases from the furnace. To record the spectrum, the barium metal
was then heated under a vacuum to 700 °C. The pumping port was closed and heating
was continued to 900 °C. Hydrogen at 20 Torr was added through the gas inlet to the
tube furnace and the heating was continued to 1000 °C. Both the pumping port and
the gas inlet were closed while the spectrum was recorded. It was found that the
hydrogen gas must be added at a temperature much higher than the melting point of
barium (725°C) because a compound, probably barium dihydride, forms rapidly
when the hydrogen is added at lower temperatures. At higher temperatures, the
barium dihydride decomposes and the pressure of hydrogen rises rapidly in the tube
furnace. Rather than trying to control the pressure in the furnace by pumping away
the excess hydrogen, it was easier to add the hydrogen above 900 °C and avoid the
formation of the dihydride.

At 1030°C, the spectrum of the hot barium monohydride was recorded in emis-
sion using a Bruker IFS 120 HR Fourier transform spectrometer. A liquid nitrogen
cooled HgCdTe detector and a KBr beamsplitter were used. The unapodized resolu-
tion was 0-005cm ' over a spectral range of 900-1700cm~'. The upper wavelength
limit was set by a red pass optical filter, and the lower wavelength was set by the CaF,
windows and the detector response. One hundred scans were taken over 4h and
co-added.

A calibration spectrum was recorded under the same experimental conditions as
the BaH spectrum. When the BaH spectrum was completed, D, O was added to the
cell and a calibration spectrum was measured, in absorption, using a globar source.
The D, O reacted quickly with the contents of the tube furnace, so a slow flow of D,O
was passed into the tube while the spectrum was recorded. Twenty-five scans were
taken over 40 min and co-added.

3. Results

The ground state rovibrational transitions for the four most abundant isotopom-
ers of barium hydride, **BaH, *’"BaH, '**BaH and '**BaH, with natural abundances,
71-7%, 11:2%, 7-9% and 6-6%, respectively, were recorded in emission. The rovibra-
tional transitions for each isotopic species of BaH appear as doublets, because of the
coupling of the unpaired electron spin to the total rotational angular momentum. The
doublet pattern and the set of peaks for each isotopic species of BaH are shown in the
R(11) fundamental transition (figure 1).

The line positions were measured using PC-Decomp, a program developed by J.
Brault of the National Solar Observatory at Kitt Peak. The peaks were fitted to Voigt
lineshape functions to determine the line positions. These are reported for each
isotopic species with observed minus calculated values from the fit to Dunham
parameters, in parentheses, in tables 1-4.

The calibration spectrum of D,O was observed at the same temperature as BaH,
but in absorption. The line positions were measured using PC-Decomp, and the
resulting values were compared with the wavenumber standards produced by Camy-
Peyret et al. [6]. No systematic deviation was found in the measured line positions and
the residuals were found to be within reasonable limits, so no calibration of the data
was needed.
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Figure 1. A portion of the vibration—rotation emission spectrum of BaH. The R(11) tran-
sition of the fundamental band is shown.

The line positions for each isotopomer were each fitted to the usual energy level
expression [7]

F,(J) = T, + B.N(N + 1) — DINN + D + HJ[N(N + 1)P,

with terms to include spin-rotation coupling

N +

N

N
+t3 (y + 7o NN + 1)) for J

N+ 1
2

where T, is the vibrational term energy, B,, D,, and H, are the rotational constants,
N is the rotational quantum number, and y and y, are the spin—rotation constants.
The parameters determined for '**BaH are reported in table 5. For the three minor
isotopes, yp was fixed to the value calculated using the isotope relation:

2
u
B = (F)y"

where u and 7y, are the reduced mass and spin-rotation constant for the '*BaH
isotope and p* and y} are the reduced mass and spin-rotation constant for the
isotope. The molecular constants determined for *’BaH, '*BaH, and '“BaH are
reported in table 6.

The line positions for each isotopomer were also fitted to the Dunham energy level
expression [8]

N —

-

(y + yoN(N + 1) for J
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IR emission of BaH 587

Table 6. Molecular constants for observed minor isotopes of BaH (cm™').

Constant YBaH 13$BaH BaH

B, 3-349 845(53)° 3-349991(69) 3-350 245(83)
10° D, 0-11329(34) 0-11307(43) 0-11323(50)
10° H, 3-78(67) 3-47(81) 3-39(83)

Yo 0-19199(52) 0-191 5(63) 0-19328(92)
10 ypo —131° —131° —131°

T, 1139-32108(68) 1139348 15(83) 1139:3778(15)

B, 3-284015(48) 3284 207(64) 3284 482(80)
10° D, 0-11276(29) 0-11282(36) 0-113 18(47)
10°H, 3-45(52) 3-52(62) 3-81(72)

7 0-186 98(50) 0-186 42(63) 0-188 36(95)
10% —13-1° —13-1° —131°

?One standard deviation in parentheses.
®Fixed to values calculated using isotope relationships (see text).

with terms added for spin-rotation coupling [5]

N il .
+ 3 2 vl + HINW + DY ford = N +1
A
N+ 1 , |
B (—;’)Z% @+ HINNV + DY forJ = N—14

L

where v and N are the vibration and rotation quantum numbers, respectively, and Y
are the Dunham coefficients which are related to the molecular constants for the
isotopic species. Since only the fundamental transitions were observed for the three
minor isotopic species, data obtained by Magg et al. [5] for the two hot band
transitions were used in the fit. The Dunham parameters determined for the four
isotopomers are reported in table 7. The complete spectral coverage of the Fourier
transform spectrometer and the improved precision of the line positions result in
Dunham constants for *BaH that are more accurate by a factor of ten than those
reported by Magg et al.

Table 7. Dunham constants for observed BaH isotopomers (cm™').

Coefficient "*BaH BaH 1BaH "$BaH
Yo 11684245123  1168-4437(11)  1168-4747(17)  1168-5046(27)
Yo —1461259(13)  —14-60571(57)  —14-60691(80) — 14-6057(13)
Y 0-027928(23) 0026 946(93) 0-027 04(13) 0026 67(22)
Yo, 3-3824499(34) 3-382612(25) 3-382754(29)  3-383030(69)
Y —0-06568627(61) —0-0656785(60) —0-065690(11) — 0-065704(19)
100y,  —005287(10) —0-05578(95)  —0-0531(20)  —0-0529(42)
10°Y,  —01128891(93) —0-113011(98)  —0-11288(15)  —0-11323(42)
10°Y,, 0-3187(14) 0-303(23) 0-301(29) 0-313(36)
10° Y 3-001(10) 3-23(18) 3-08(28) 3-37(69)
Yor 0-194 512(94) 0-196 19(42) 0-19373(48) 0-19536(78)
100y,  —49746(46) —4:977(35) ~5-027(36) — 4:959(49)
100y,  —0:01299(12) —0-0160(11) —0-0110(13)  —0-0132(18)

“One standard deviation in parentheses.
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Figure 2. A comparison of the D,0O absorption spectrum and the BaH emission spectrum
recorded under similar experimental conditions.

The concentration of BaH in the gas phase in the tube furnace was estimated by
thermodynamic calculations. The equation for the formation of barium monohydride
is shown below:

Ba(l) + $H,(g) = BaH(g),

where the elements are written in their standard states at 1300 K. The free energy of
formation AG? of this reaction is

AG! = AH?! — TAS?
158 kJ/mole — 1300K(5:37 x 10~2kJ/(mole K))

= 88 1kJmol™'
The equilibrium constant K = 2-87 x 10~*, was calculated from the equation
AG! = — RThhK

The thermodynamic data for these calculations were taken from the JANAF Thermo-
chemical Tables [9], and the dissociation energy D = 1-95eV, for BaH, from Huber
and Herzberg [10]. Since the pressure of H, in the tube was known to be 20 Torr, the
partial pressure of BaH was estimated to be 35mTorr.

A sample at 35mTorr in a path length of less than 80 cm gave a spectrum with
signal-to-noise ratio of 25 for the strongest lines. The sensitivity of infrared emission
is demonstrated by comparing the D,O absorption spectrum and the BaH emission
spectrum (figure 2). The D, 0O spectrum was recorded while there were still Ba metal
and hydrogen present at 1030 °C in the furnace. The lack of BaH absorption lines in
the D,0 spectrum demonstrates that a lower concentration of BaH is required to
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produce an emission spectrum than to produce an absorption spectrum for our
experimental conditions. Infrared emission spectroscopy is, therefore, at least a factor
of 10 more sensitive than traditional absorption spectroscopy in this case.

4. Conclusion

The rovibrational infrared emission spectra of the four most abundant isotopic
species of BaH were recorded with a Fourier transform spectrometer. Infrared spectra
of BaH had been observed in the past in absorption using a diode laser spectrometer.
The Fourier transform measurements have wider spectral coverage and greater
accuracy than the diode laser work. Fourier transform emission spectroscopy is a
promising technique for observing rovibrational spectra of high temperature free
radical molecules at long wavelengths.
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