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ABSTRACT

Wavenumbers and assignments are reported for lines of the 2v, vibrational band of the Hy molecular ion,
observed in the range 4500-5100 cm ! as pressure-enhanced emission lines from a hollow-cathode electrical
discharge through molecular hydrogen. The assignments are based on ab initio calculations, previously tested
for the v, fundamental and for difference bands, and here extended up to angular momentum states with
J = 12. Calculated Einstein A4;; coefficients of the lines are presented and imply a rotational temperature of
about 1800 + 200 K in the laboratory spectrum, which is probably due to emission by excited H3 formed in
the exothermic reaction Hf + H, —» Hi + H. The Hi 2v, band has recently been identified in emission from
the auroral “hot spots™ of Jupiter, and the present more extensive data will assist in further astronomical

searches for this ion.

Subject headings: infrared: spectra — laboratory spectra — line identifications — planets: Jupiter —

planets: spectra

I. INTRODUCTION

The HS molecular ion is of great importance in the physics
and chemistry of plasmas consisting predominantly of hydro-
gen (Oka 1983), and therefore plays an important role in inter-
stellar ion-molecule reaction schemes (Herbst and Klemperer
1973; Watson 1976). The first spectroscopic observation of the
Hi ion was the detection by Oka (1980) of the v, infrared
fundamental in the absorption spectrum of hydrogen gas in an
electrical discharge. This identification was greatly assisted by
the ab initio calculations of Carney and Porter (1974, 1976,
1980). Subsequently, extensive infrared absorption spectra of
the deuterium isotopomers of H3 have also been observed, as
well as microwave transitions of H,D*; detailed references
through 1986 are given by Majewski et al. (1987).

The infrared emission spectrum of Hy was first observed
using a specially constructed hollow-cathode electrical dis-
charge cell (Majewski et al. 1987), which allowed stable oper-
ation with a high current density and a wide range of pressures
in a small volume of gas. The emission lines of Hy were dis-
criminated from the many infrared transitions between excited
states of the parent H, molecule (Crosswhite 1972) by means of
the pressure dependence of the intensities, with higher pres-
sures favoring the production of HS through the reaction

Hf +H,-H +H. (1)
The lines of neutral H;, previously identified in the difference
between the cathode and anode glows of a hollow-cathode
discharge cell (Dabrowski and Herzberg 1980; Herzberg and
Watson 1980; Herzberg et al. 1981; Herzberg et al. 1982) are
also observed to be enhanced at higher pressures in this cell
{Majewski and Watson 1987). They are thought to be formed
in hollow-cathode discharges mainly by the dissociative
recombination of Hi with electrons (Miderski and Gellene
1988), HY + e~ — H; + H,.
Here we report the laboratory observation of the 2v, band of

the H ion in emission in the 2 ym region from the same cell.
This laboratory spectrum was of great assistance in the recent
assignment of this band in the auroral emission spectrum of
Jupiter (Drossart et al. 1989). In the present communication we
report a more extensive set of line wavenumbers and assign-
ments than those observed from Jupiter. These measurements
should assist in other astronomical searches for the HY ion.

. OBSERVED SPECTRA AND ASSIGNMENTS

At the time (early 1985) of the original observations of the v,
band (Majewski et al. 1987) with this cell, spectra were also
recorded in the wavenumber region of the 2v, band, because
the Einstein 4, coefficient of this band was predicted to be
about 1.4 times that of the fundamental (Carney and Porter
1976). The experimental conditions were similar to those
employed for the fundamental (Majewski et al. 1987), and
emission spectra were recorded at pressures of about 10 and 50
torr. The lines were calibrated against known lines of H, and
have an absolute accuracy of about 0.01 cm ! when they are
free from overlapping by H, lines. A number of pressure-
enhanced lines were observed in the predicted region, 4500—
5200 cm ~ 1. For example, Figure 1 shows one strong and two
weaker pressure-enhanced lines near 4640 cm ™1, together with
the more numerous lines ascribed to neutral H,. At that time
no progress was made in assigning the lines, and the possibility
existed that they might be due to neutral H;. However, the
experimental determination of the ionization potential of H,
by Helm (1986, 1988) made it possible to improve the predic-
tions of the higher Rydberg states of H;, and this showed that
it is unlikely that the band centers of any Rydberg-Rydberg
transitions of neutral H; lie in this wavenumber region. This
suggested that the observed lines must indeed belong to H7 .
The major difficulty in making assignments was found to be
the very high rotational temperature of the Hj in this cell,
which meant that the strongest lines were difficult to predict by
extrapolation from existing data.
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FiG. 1.—Emission spectra recorded with pressures of 10 and 50 torr of H,
in the discharge cell. The three clear pressure-enhanced lines can be assigned to
the indicated transitions of H . The line at 4638.338 cm ™! was observed in the
Jupiter spectrum. The failure to observe the other two lines on Jupiter may be
partly due to interference by CH , absorption.

Two advances in 1988 have now led to the assignment of
these lines. The first was the advent of high-quality predictions
of the rotational levels of the 2v, state (Miller and Tennyson
19884). These employ the ab initio potential energy surface of
Meyer, Botschwina, and Burton {1986). Similar calculations for
the v, band have been found to give excellent agreement with
experiment (Miller and Tennyson 1988b).! Calculations of the
transition wavenumbers and line strengths for the difference
bands have been presented elsewhere (Miller and Tennyson
1989). The second advance was the observation of the differ-
ence band 2v,—v, in the same wavenumber region as the v,
fundamental (Bawendi et al. 1988; Xu ez al. 1989). A com-
bination of information from these two sources made it pos-
sible to assign many of the lower J transitions of the 2v, band.
These lines turned out to be relatively weak. For the present
work ab initio calculations to higher values of J < 12 have
been carried out and make it possible to assigh many more
lines in the observed spectrum. The observed and ab initio
wavenumbers of the lines of the 2v, band, together with their
estimated relative intensities and ab initio Einstein 4, coeffi-
cients, are presented in Table 1. The laboratory spectrum is to
some extent incomplete because of interference by the many
lines of H, in this region, which can easily mask some of the
lines of H3 . This problem becomes worse at the higher wave-
number end of the spectrum where the density of H, lines is
greater. Because of the background of H, lines, it is also diffi-
cult to measure the relative intensities of the Hy lines quanti-
tatively, but the qualitative estimates in Table 1 could be fitted
using the ab initio Einstein A4, coefficients to give an approx-
imate rotational temperature of T,, = 1800 + 200 K for the
2v, band in this cell. (In this fit, the anomalously strong line at
4861.849 cm ™' was omitted.) The possible deviation from the
equilibrium ortho/para ratio was found to be insignificant.

The comparison between the observed and ab initio wave-
numbers in Table 1 again shows excellent agreement. Fitting
the differences on the assumption of a constant shift gives the
offset v o — Veue = (0.403 + 0.045) cm ™! with a standard devi-

! Note that, in the paper of Miller and Tennyson (1988b), the first member
of eq. (2) for the A, coefficients should be divided by (2J, + 1) = (2J' + 1). The
numerical values of 4, quoted in their Tables 1 and 2 should also be divided
by 2J" + 1).
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ation of 0.315 cm ™! in the fit. For the v, fundamental (Miller
and Tennyson 1988b), the offset is (0.187 4 0.020) cm ™! with a
standard deviation of 0.154 cm ™! in the fit, showing a consis-
tent trend. These results testify to the excellence of the potential
of Meyer, Botchwina, and Burton (1986) and to the accuracy of
the vibration-rotation calculations.

The assignments were monitored by fits to an effective
Hamiltonian (Watson 1984) using either polynomial or Padé-
function (Watson et al. 1984; Majewski et al. 1987) representa-
tions of the centrifugal corrections. The 2v, state has two
vibrational substates with |I,| =0 (4}) and 2 (E’). These are
well separated, with predicted term values of 4777.31 and
4997.68 cm ™!, respectively (Miller and Tennyson 1988a), but
they are coupled by rotational /-type doubling matrix ele-
ments, which are quite large for the higher J levels of this
molecule. Thus the energy levels must be calculated as eigen-
values of an effective Hamiltonian matrix containing both sub-
states. In the 2v, band, transitions from the |l,|=2
component only are allowed as a perpendicular band E'-4) at
low J, but the character of the states becomes increasingly
mixed at higher J.

Effective Hamiltonian fits of either the observed or the ab
initio wavenumbers were generally rather unsatisfactory. In
order to obtain even a moderately reasonable fit (to better
than, say, 0.2 cm ~ '), it was necessary either to include a large
number of centrifugal terms or to omit several of the lines. In
either case, these effective Hamiltonians have little predictive
power. It was therefore decided not to include the results of
such fits until a more effective model can be devised.

III. DISCUSSION

Reaction (1) is exothermic by 1.70 eV =~ 13,700 cm ™! (Oka
1983), and the present spectrum is probably the chemilumine-
scence of the H7 produced in this reaction. This would explain
the high vibrational temperature, indicated by the intensity of
the observed vibrational emission, and the high rotational tem-
perature of about 1800 K. Previous evidence of internal excita-
tion of Hi from reaction (1) has been obtained in beam
experiments such as those of Blackley, Vestal, and Futrell
(1977).

The immediate interest of the present spectrum is the recent
identification of 23 lines of this Hi band in the emission spec-
trum observed from an infrared “hot spot” in the southern
auroral region of Jupiter (Drossart et al. 1989). There are two
such hot spots, one in each hemisphere. They are localized
regions from which strong infrared emission of CH,, C,H,,
C,Hg, and other molecules has been observed. A number of
the unidentified lines reported by Trafton, Lester, and Thomp-
son (1989) from both hemispheres of Jupiter agree with lines
observed by Drossart et al. (1989) and in the present work, and
can be assigned to H3. Other lines of Trafton, Lester, and
Thompson (1989) remains unassigned. While the Hi ion was
previously detected in the mass spectrum of the magnetosphere
of Jupiter (Hamilton et al. 1979), and its rle in Jovian chem-
istry has been discussed by a number of authors (e.g., McCon-
nell and Majeed 1987), this was the first spectroscopic evidence
for its presence.

In the Jupiter spectrum the ortho/para ratio for H; departs
significantly from its equilibrium ratio (Drossart et al. 1989).
This observation was interpreted in terms of the production of
H; from H, molecules with a lower rotational temperature, so
that the lower temperature of the H, nuclear spins is frozen
into the H7 produced. In the present experiment the tem-
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TABLE 1
OBSERVED AND CALCULATED LiINES OF THE 2v, BAND oF HY
OBSERVED FirTED
OBSERVED INTENSITY ASSIGNMENT CALCULATED CALCULATED CALCULATED INTENSITY
‘WAVENUMBER (arbitrary ‘WAVENUMBER E i (arbitrary
(cm™1) units) J G U J° K" ofp (cm™Y) (em™Y) s units)
4539.759 ......... 8 4 3 +2 5 0 o 4539.484 5810.346 72 7.5
4557.057*......... 3 4 6 +2 4 3 o 4556.883 5215.387 35 59
4578742 ......... 5 5 6 +2 5 3 o 4578.502 5658.641 52 7.6
4587.373 ......... 7 5 2 +2 6 1 P 4586.619 6326.970 45 19
4607.205 ......... 4 6 6 +2 6 3 o 4606.887 6183.721 58 6.6
4637.992°......... 2 4 2 +2 5 1 p 4637.488 5887.398 55 2.8
4638.338 ......... 17 10 12 +2 9 9 o 4638.688 6668.656 171 217
4641987 ......... 5 7 6 +2 7 3 o 4641.550 6782.988 64 53
4664.303 ......... 5 2 3 +2 3 0 o 4663.949 5180.662 65 6.4
4677285 ......... 3 3 5 +2 3 2 p 4677.032 5104.913 43 3.1
4685.558 ......... 9 9 11 +2 8 8 P 4685.694 6332.426 164 124
4691962 ......... 7 4 5 +2 4 2 P 4691.684 5459.909 60 4.3
4700.139 ......... 2 3 2 +2 4 1 P 4699.645 5532956 56 29
4712.309 ......... 5 5 5 +2 5 2 P 4711.921 5898.647 68 42
4732.053 ......... 14 8 10 +2 7 7 P 4732.158 6033.880 158 137
4735941 ......... 8 6 5 +2 6 2 P 4735.264 6414.529 72 35
4744797 ......... 4 4 1 +2 5 2 P 4744124 5930.849 63 3.1
4756.345 ......... 3 12 13 +2 11 10 P 4756.442 8108.318 133 33
4771641 ......... 5 2 2 +2 3 1 P 4771.097 5265.703 64 3.0
4777228 ......... 34 7 9 +2 6 6 o 47717.123 5772.677 151 28.6
4788.544°......... . 11 12 +2 10 9 o 4788.666 7644.484 132 8.8
4795.018......... 3 2 4 +2 2 1 p 4794.697 5031.976 56 32
4804.406°......... . 3 4 +2 3 1 P 4804.080 5298.686 70 45
4805287 ......... 4 3 1 +2 4 2 P 4804.609 5572.834 78 41
4814521 ......... 8 5 0 -2 6 3 o 4813.846 6390.680 60 52
4816361 ......... 9 4 0 -2 5 3 o 4815.465 5895.604 89 9.2
4818901 ......... 4 4 4 +2 4 1 p 4818.456 5651.768 75 47
4820.616 ......... 15 6 8 +2 5 5 p 4820.503 5549.281 144 142
4823348 ......... 5 10 1 +2 9 8 P 4823.076 7218.733 131 5.6
4839.508 ......... 5 5 4 +2 5 1 p 4839.030 6088.940 75 4.1
4859.209 ......... 13 9 10 +2 8 7 P 4858.897 6831.068 128 6.8
4861849 ......... 42 5 7 +2 4 4 P 4861.606 5363.481 136 13.3
4876.985"......... 7 2 1 -2 3 2 D 4876.231 5304.112 98 4.6
4895520 ......... 12 8 9 +2 7 6 o 4895.237 6481.318 123 15.5
4900393 ......... 22 4 6 +2 3 3 0 4900.138 5215.387 127 229
4907.869° .. ....... . { 1 3 +2 1 0 o] 4907.381 4994314 155 11.1
3 0 -2 4 3 [¢] 4907.827 5566.330 100 10.7
4914.214°......... 3 3 +2 3 0 o 4913.634 5430.347 148 17.6
4930981 ......... 6 5 2 -2 6 5 P 4929.693 6167.744 80 42
4931604 ......... 7 7 8 +2 6 5 P 4931.277 6169.328 118 84
4935969°......... 10 3 5 +2 2 2 P 4935.667 5104.913 114 8.8
4942862 ......... 23 5 3 +2 5 0 o 4941.722 6212.584 125 12.7
4955988 ......... 3 1 1 -2 2 2 P 4955.262 5124.508 147 48
4966.862 ......... 10 6 7 +2 5 4 p 4966.504 5895.176 111 8.6
4968.162°......... - 2 4 +2 1 1 P 4967.871 5031.976 93 5.5
4971.559 ......... 13 2 0 -2 3 3 [ 4970.645 5285.893 141 13.6
5000.506 ......... 13 5 6 +2 4 3 o 5000.138 5658.641 101 16.1
5054.742 ......... 5 4 2 +2 4 1 p 5054.087 5887.398 58 32
5061.864 ......... 4 3 4 +2 2 1 P 5061.407 5298.686 70 4.8
5094.212 ......... 6 2 3 +2 1 0 o 5093.729 5180.662 91 9.8

* Jupiter measurement.
* Shoulder on an H, line.
¢ Apparently coincident with an H, line.

perature of the H, is above room temperature, and so the
ortho/para ratio of the H, should differ by less than 1% from
its high-temperature limiting value of 3/1. For the H; produc-
ed, the departure from the high-temperature limiting ortho/
para ratio of 1/1 should then not be significant to the present
accuracy, and this agrees with the observations.

The Jupiter results are the first observation of extraterres-
trial Hy. Attempts to observe the v, fundamental band in
absorption in the interstellar medium have so far been unsuc-
cesful (Oka 1981; Geballe and Oka 1989). The Jupiter work

suggests that the emission spectrum of the 2v, band should
also be considered as a possible means of detecting interstellar
Hj, and the laboratory wavenumbers reported here should
assist in astronomical searches.

The emission lines of neutral H; in the present cell are gener-
ally stronger than those of H3, presumably because the very
much larger A4, coefficients (King and Morokuma 1979) more
than compensate for the much smaller populations. With the
presence of Hy established on Jupiter, it would be of great
interest to search for the Rydberg-Rydberg spectrum of neutral
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H; produced by the electronic recombination of HY or HZ.
Among the well-established bands of H; (Dabrowski and
Herzberg 1980; Herzberg and Watson 1980; Herzberg et al.
1981; Herzberg et al. 1982), the best suited for such observa-
tions is probably the 3d-3p 2E’ band (Herzberg et al. 1982)
with lines in the range 3900-4500 cm ~!. This band has strong
lines at 4002.48 cm ™! and 4017.71 cm ™~ !, which could be used
for an initial search.
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