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Calculations are presented for H3 using two potential energy surfaces, one ab initio, the other spectroscopically
determined, both of which include allowance for the adiabatic correction to the Born—Oppenheimer potential. Systemati-
cally labeled energy levels for Hi are presented and the spectra calculated for a number of temperatures. Assignments
are given for 105 or about 85% of the published unassigned H3 infrared transitions. Forty previously assigned transitions

are relabeled or reassigned. Calculations for higher J levels are discussed.

I. INTRODUCTION

The H3 molecular ion, the electronically simplest polya-
tomic molecule, is a fundamental molecule in many areas
of science. It isthought to be a key moleculein the chemical
reactions of the interstellar medium, it is a major cation in
hydrogen plasmas, and it plays an important role in ion—
molecule reaction schemes involving hydrogen. Moreover,
due to its simplicity, it can be considered a benchmark for
ab initio molecular theory.

Because of its importance, H3 has been the subject of
extensive studies, both experimental and theoretical. Details
on this can be found in a number of recent reviews (1-5).

Even if H isavery simple and symmetric molecule, the
task of assigning its vibration—rotation spectrum is not at
all simple. In fact Hi is a light molecule with large vibra-
tion—rotation interactions and conventional effective Hamil-
tonians give poor representations of its energy levels. Thus
predictions of its spectrum are difficult to make and the
assignment of lines, even from the first detection of itsfunda-
mental band (6), has only been possible with the help of
extensive ab initio calculations.

Even with the improving quality of the analysis of the
H3 spectrum a number of lines were left unassigned; see Xu
et al. (7) and Bawendi et al. (8).

Recently there has been a great effort in producing an
effective potential energy surface for H3 accurate enough to
predict its spectrum with close to experimental precision.
These efforts have used both ab initio electronic structure
theory (9, 10) and potentials derived from detailed fits to
spectroscopic data (11—15). In particular the most recent fit,
by Dinelli et al. (15) is close to the intrinsic accuracy of the
experimental data (16).
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Of the 229 published unassigned lines (7, 8), 85 have
aready been assigned by Majewski et al. (14), using their
effective potential. In this paper we make use of the greatly
improved potential energy surfaces, both ab initio and spec-
troscopic, to attempt an assignment of all the published lines
of Hi that were left unassigned by previous work.

Il. CALCULATIONS

In order to be able to assign Hj transitions we need to
calculate al the energy levels and to predict the whole spec-
trum. The energy levels have been calculated using two
different program suites: TRIATOM (17) and DVR3D (18).
In both cases scattering coordinates were used. Both methods
aso solve the rotation—vibration problem in two steps by
first diagonalizing an effective vibrational problem and then
using the lower solutions of this problem to solve the full
problem (19).

The TRIATOM calculations closely paraleled calcula-
tions used for previous spectroscopic studies of Hi (10, 15).
In these calculations Morse oscillator-like functions were
used to represent stretching motions in both radial coordi-
nates. We selected the lowest 800 energy solutions from a
1200 dimension secular problem for the first step and used
the lowest 600 X (J + 1) solutions to solve the full rovibra-
tional problem. For more details see Dinélli et al. (15).

Using TRIATOM, we caculated the energy levels of Hji
using two different potential energy surfaces:. the effective spec-
troscopic surface obtained by afit to the experimental data by
Dindli et al. (15) (henceforth called the DPT potentid) and an
ab initio Born—Oppenheimer surface due to Rohse et al. (9)
augmented by the ab initio non-Born—Oppenheimer adiabatic
corrections of Dindlli et al. (10) (henceforth called ab initio).
Because the basis functions used for the TRIATOM cdcula
tions are not reliable for linear H geometries, calculations
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using TRIATOM were redtricted to energy levels up to 9000
cm™* above the vibrational ground state and to rotationally
excited states with J < 9.

The DVR3D calculations were explicitly designed to
probe geometries above linearity (20). For this reason the
discrete variable representation (DVR) grid in the radia co-
ordinate that probes linear geometries was based on the less
efficient spherical oscillator functions. In the first *‘vibra
tiona’’ step the lowest 700 energy solutions were selected
from a 3000 dimension secular problem, and the lowest 500
X (J + 1) solutions were used to solve the full rovibrational
problem. These calculations are considerably more computa-
tionally expensive than the TRIATOM ones, and there is
some evidence, discussed below, that the high lying rota-
tional states were not fully converged with this basis set.

Cdculaions were performed for energies up to 15 000 cm™
and J up to 20 (20, 21). DVR3D cadculations were only at-
tempted for the more accurate DPT potentia. For more details
of the DVRS3D cdculations see Nede et al. (20).

A list of the energy levels obtained with the three calcula-
tions is reported in Table 1.

I11. ASSIGNMENTS

I11.1. Energy Level Labeling

To assign the measured lines we need to assign quantum
numbers to the calculated energy levels. Thisis by no means
a trivial procedure. In particular, we rapidly found that if
we relied only on observed transitions and propensity rules,
it was easy both to label different energy states with the
same guantum numbers and to omit some rovibrational la-
bels altogether. We therefore attempted a systematic labeling
of al the low-lying energy levels of H3 in conjunction with
analyzing the observed transitions.

This analysis led us to change some of the labels pre-
viously assigned to particular energy states. This of course
has the effect of reassigning the quantum numbers associated
to transitions involving these particular energy levels. We
will refer to this as relabeling transitions to distinguish it
from the altogether more fundamental process of reassigning
a transition to different energy states. The labeling of the
rovibrational states was made in accordance with the conven-
tion of Xu et al. (7).

The H3 molecule has an equilateral triangle structure and
has D4, symmetry. Its vibrational modes are the symmetric
“‘breathing’’ mode v, and the degenerate bending v,. States
which include v, quanta of the v, mode have an additional
vibrational angular momentum quantum number I, with val-
ues given by |l,] = vy, (1, — 2), . . . . So for the levels
with nonzero values of |,, the rotational quantum numbers
will be the total angular momentum J, the projection of J
onto the symmetry axisG = |K — I,|, and the |U| = |I,]
guantum numbers. The sign of U is + or — for the upper
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and lower levels of the |-doublet, respectively, with the sign
being taken as positive when there is only one level. For
levels with v, = 0 or |, = O the rotational quantum numbers
will be J, G = K, and U = 0. We note that the only rigorous
rovibrational quantum numbers are J and symmetry labels
determined by whether G + v, is even or odd and whether
G is divisible by 3. For a full discussion of symmetry and
guantum numbers in this system see Watson (22).

The labeling of al the calculated energy levelsis not an
easy task, since the program suites used give only rigorous
quantum numbers. Indeed, because of our use of scattering
coordinates, we even lose the distinction between ortho and
para states which depends on whether G is divisible by 3.
Our programs give no indication about the other vibrational
or rotational quantum numbers. A further complication is
that for high energies the vibrational states start to interact
heavily and the eigenfunctions are a mixture of basis states
with different values of the quantum numbers. In some cases
this mixing is so complete that the usual approximate quan-
tum numbers cease to have meaning. This behavior is partic-
ularly marked for vibrational states differing only in I.

In our attempt to label the energy levelswe used asaguide
the energy patterns of the level themselves, the previoudy
assigned energy levels (14), and the selection rules for the
dipole transitions. Further help came from comparing our
energy levels with those calculated by Watson (23). His
program cal cul ates expectation values of thev,, v,, G, and U
quantum numbers for each vibration—rotation eigenfunction.
This comparison proved invaluable but also showed that for
many levels belonging to high vibrational states the applica
tion of these quantum numbers must be treated with caution.

The result of our labeling is shown in Table 1. For reasons
given above, the labels ascribed to many of the higher levels
considered are not unique and alternative labeling schemes
are possible. However, the labels we propose are consistent
and satisfactory. It is worth adding, however, that the rota-
tional quantum numbers G and U are not well determined
for many of the higher levels listed with J = 4—8, and that
there is probably little point in trying to assign further levels
in this fashion.

111.2. Assignment of the Transitions

Neale et al. (20) used the energy levels and wavefunctions
computed by the DVR3D calculation and the DPT potential
and the ab initio dipole surfaces of Rohse et al. (9) to calcu-
late transition frequencies and transition probabilities for
H3. Their dataset, which is available electronically,? contains
some 3 million transitions.

We used this dataset to calculate absorption spectra at

2The entire linelist is available via either our group World Wide Web
page on http://jonny.phys.ucl.ac.uk/home.html or anonymous ftp from
jonny.phys.ucl.ac.uk (128.40.6.12) by looking in directory pub/astrodata/
h3+. See Neale et al. (20) for details of how to use this data.
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TABLE 1
Calculated and Observed Energy Levels, in cm™, for H3 Relative to Its J = 0 Ground State, where n Is the Number of Combination
Differences Used to Generate the Tabulated Experimental Energy Level (the Error (1o), in cm™, Is Given when n > 1)
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2Fixed at their ab initio values.
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TABLE 1—Continued
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03 9 12 3 $192.859  8491.15 - - - 01' 11 7 =1 6645.114 - - - - -
02 9 5 —2 8500074 8300022 - - - 01t i1 8 1 6710.509 - —~ 6710444  —0.065 - 1
20 9 8 0 8548195 8347.915 - - 10° 11 9 0 6765.863 - - 6765462  —0.401 - 1
g6 1 8564.792  8564.713 3564.706  —0.086 0.001 2 o1t 11 6 -1 6889.164 - _ Z — -
022 9 1 -2 8575423 8575373 - - - o1t 115 -1 6999.329 - - - -
02 9 4 2 &)18660 8618638 - _ - 8%1 ﬂ 1’73 % 782;722 - — 7008724 —0.072 0.001 2
03 9 10 L ;8 - - - : 7048.76: - - - - -
092 9 9 2 - _ _ 10‘]’ 11 8 0 714 ()01 - - - — —
9 4 - 7 707.362 - = = o 14—l 7 - - -
022 9 3 2 762,085 762,428 - - - o1 3 -l - - -
n 9 3 -1 8765.332  8765.543 - - ~ 01' 11 6 1 - - - 1
ino9 5 1 87800047  S7S0.011  S780.407 - = - ol 12—l - - =
2000 9 7 0 8835.228 8831.993  8831.813 - - - L7 11 7 0 - - - - -
022 9 1 2 S8T2I38 8872109  8872.463 - = = or- 1 -1 - - e — -
022 9 2 2 8873.361 8873.347 8873.628 - - - o' 110 —1 - - 27368 0.008 0.004 2
111 9 2 ] 8924.623  8924.597  R8925.019 - - — 02" 11 11 4 //I 56. 8’33 - - z4§5.154 —1.679 0.001 2
022 9 0 2 8940.060 8940.057  8940.619 - - - o 1 B 1 TAT2T8 - —  TAT2757 0 0001 2
into9 1 -1 8951.557 8951.904 - - - ot 160 7592.384 - - - . =
02 9 10 1 8956.632 8959.018 - - - ol o1 4 1 = - - - -
mn 9 0 1 8958.758 8959.791 - - - 022 112 2 - - - - —
i 9 4 1 9014.703 . 9014.881 — — w150 - - — — -
03* 9 11 3 9042.197 9041, 7/3 9042.355 9041265  —0.932 0.001 2 orr 131 - - —0.045 0.001 2
200 9 6 0 9051.018 9050921  9850. szn - - orr 11 1 «846 677 - - - -
0389 9 | 9108.377  9109.461 2 - - - o' 112 1 7882.816 - - - - -
903 I 9161.891  9164.839 9164 - - - 110 ] 8565.017 - - - - -
meo9 I 9180.995  9180.961  9181.137 - - - N 8895.546 - - - -
11 9 1 1 9217.952  9247.934  9248.185 - 0 19 19 _ _ _
39 7 1 9376.144  9377.668  9377.782  9376.233 0.039 0.001 2 88‘. }; ﬁ 8 3408. ;§? _ _ - _ _
200 9 4 0 9460.589  9460.543  9460.208 — - - o' 15 10 0 ; - B _ - -
1229 11 2 9714709 9713.852  9714.259 - - - 0 12 9 o _ B - - -
00° 10 10 0 2451609 - - - — - 00° 128 0 4 - _ - _
00° 10 9 0 2856729 - —  2856.698  —0.032 0.001 5 00° 12 7 0 5189.271 - - - - -
00° 10 8 0 3196.903 - —  3196.913 0.009 - 1 01 12 13 1 5400.537 = - - - -
00° 10 7 0 4 - - ~0.019 0.004 1 00° 12 6 0 6.244 = = - - -
00° 10 6 0 : - - —0.014 0.009 5 00° 12 50 - - - - -
00° 10 5 0 3926171 - - 0.017 0.001 3 00° 12 4 0 - - - - -
00° 10 4 0 4086.428 - 1086412 —0.016 0.005 3 00 123 0 - - - - -
00° 10 3 0 4 - — 4215210 —0.029 0.004 4 o 12 2 0 - - - - -
00° 10 2 0 4296.6: - - - - - 00° 12 | 0 - - - - -
00° 10 1 0 4348363 . — 4348423 0.060 0.004 2 o' 12 12 1 = - = - -
o1t 10 11 1 4539.952 - — 4339.256  —0.696 - 1 o' 12 1 -1 - - - - -
o1 10 10 1 5026.236 - - - - - 0112 1l | - - - - -
01t 19 1 53 — 5198195  —0.268 0.001 3 w o212 o - - - - -
0 109 1 - 55402 —0.129 0.002 3 012 100 ! - - = - -
ot 108~ - - 5555.435 —0.068 - 1 ot o120 10 L - - - - -
w0 1w w0 - - - - - o129 1L = — 693662 —0.742 -
o' 10 8 1 - — 5827725 —0.004 0.001 3 1w 12 0 - - - - -
o100 7 -1 - —  5R42.700  —0.082 0.005 3 o 128 1 - - — - -
0w 9 0 - - - - — ot 129 i = — 7304.882 —0.331 1
01! 10 6 -1 - —  6087.491  —0.055 0.013 3 o' 12 6 -1 7607.610 - — 7607571 —0.039 0.002 3
0t 17 1 - — 6145206 20 0.003 2 [N PR 1 7632.617 = - = -
01t 1o 5 -1 - 626730 —0.059 0.011 2 10 1290 7749.316 - - - - -
JR T I G| - - - 01 A4 7955.112 - - - - -
ot 10 4 1 6401.110 - — 6401093 —0.017 0.005 2 02> 12 14 2 8113.476 - - - - -
01" 10 6 1 6412.298 —  6412.266  —0.032 0.002 3 01! 12 6 1 8149.590 - - - - -
o1 3 1 3 - —  6539.914  —0.003 0.004 3 01l 12 2 -1 8151.448 - - - - -
10° 10 7 0 6579.774 - - - - - 0° 127 0 8238.008 = - = - -
o1t 10 2 -1 6612.443 - - - - — 020 12 10 0 s478. wz - - - - -
01" 10 5 1 6628.627 - — 6628.605  —0.022 0011 2 01t 12 A 1 8506.777 N . - - -
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in most cases a reassgnment was possible. The list of these
reassgnments appears in Table 2.

Having established atypical trend for each observed vibra-
tional band, we rechecked all the new assignments with
this method. An important further check was then made by
calculating the combination differences of all the assigned
transitions and checking any that did not match. This proce-
dure eliminated a great number of ambiguities. The new
assignments appear in Table 3.

In both Table 2 and Table 3 intensities of the transitions
are given for absorption at 1000 K. This figure is given
simply as a guide. The experiments and our calculations
cover a wide range of temperatures and the transitions ob-
served involve levels spanning a wide range of energies.
This leads to spectra which are strongly temperature depen-
dent but it is not possible or useful to try and represent all
temperatures here. Furthermore, because the experimental
work on H3 is performed under discharge conditions, it is
unlikely that any of the observations are recorded in condi-
tions that really correspond to thermodynamic equilibrium.

wri J G U EBpr Elpr Fainitio Fep  Fup—EBpy  Error  n
0227 22 T462.307 7462304 T462.660 7462312 0.003 - 1
20° 7 T 0 7199.698 7499.496  7499.429 - - -
0227 0 2 7504964 7501.956  7305.230 7501.899  —0.065 0.001 2
0227 1 2 7529120 7529.106  7529.502 - — -
73 —1 0 7595.889  7505.880 7596305 7595.823  —0.066 0.001 2
174 1 7618558 7618.539  7618.838 - - -
172 o1 7667411 7667.400  7667.740 - -
utoo7 1 -1 97I6.672 TTL6.666  7716.987 - - -
72 1 7733609 7733.602  7733.918 - - -
7 3 1 7743136 7743.096  7743.218 - - -
20° 7 6 0 7797.011 ¢ 7796.957 - - -
o700 1 T7865.957 9 7866.219 - - -
Y7 L1 7931167 7931163 7931475 - - -
03 7 10 3 7991974  7991.87L 7992342 - - -
200 7 5 0 8003.376 8003.327  8003.150 - - -
038 7 8 1 8015872 8016491 8016.876 - - -
20° 7 4 0 8176386 S176.357  8176.136 - - -
03" 7 6 1 8301217 8302012  8302.359 - - -
2000 7 3 0 8306.220  8306.197  8305.957 - - -
031 7 7 1 8398.904 8399.085 8399.507 - - -
20° 72 0 8402136 8402122 8401.872 - - -
03 7 9 3 576 $431.251 - - -
200 7 10 572 8457.315 - - -
200 7 0 0 8475.715 - - -
03t 7 5 -1 8610.931 - - -
(15'1 g 2 1 8670.661 - - -
: -1 92.278 - - -
03 7 6 3 964 - ~ —
03 7 8 3 8791.357  8790.635  —0.076 0.004 2
03" 7T 4t 8866.067 - - -
[ A 8884.758 — - -
0375 8986.563  8986.260 0.185 0.002 2
030 7 2 -1 9019.308 9019.844 - - -
03* 7 5 3 9045.023 9015.453 - - -
03 7 7 3 9059.096 9059.570 - - -
03" 7 0 1 9074.638 9075.144 - - -
03" 7 31 9139.687 9130.630 9I39.680 9139.422  —0.265 0.001 2
03" 7 1 ~1 9158549 9158520 9159106 9158.443  —0.106 0.001 2
03 7 3 -3 9364745  9364.760  9365.13] - - -
031 7 1 1 9138718 9438.674  9438.919 - - -
03* 7 3 3 9558.278 0558207  9558.310 - - -
03 7 L =3 9560.900 9560.809  9561.208 - - -
03 7 1 3 9618427 - - - - -
122 7 6 0 966L.051 - 9661.269 0.218 0.003 2
122 7T 8 2 9743.576 - - - - -
12007 40 YT87.580 - - - - -
227 6 2 9794.386 - - - - -
227 4 -2 9846213 - - - - -
227 4 2 9912230 - - - - ~
12070 0 9979.117 - —  9981.081 L.964 0.003 2
12907 2 0 10008.072 - - - - -
00° 8 8 0 1647.264  1647.251 1647.263  —0.001 0.019 6
00° 8 7 0 1972795 1972.792 1972794 —0.001 0010 7
00° 8 6 0 2242196 2242.192 2242.192  —0.004 0.013 6

several temperatures appropriate to the conditions under
which the various experiments recorded H3 spectra. A first
attempt to assign the Hj transitions was made by simply
taking the measured line frequency and checking if, in a 1
cm™* frequency interval around the line, a strong enough
predicted transition was present. Although in nearly all cases
our predictions lay very close to the observed transitions,
this procedure is questionable and can lead to ambiguities.
In particular, on occasion there is more than a single choice
for a single line, several experimental lines are close in
frequency or several predicted lines are close in intensity.
This procedure could thus easily generate misassignments.
A further assgnment criterion was clearly needed to reduce
the chance of errors. From previous work (10, 24) we knew
that, using the ab initio potential including adiabatic correc-
tions, it was possible to predict the Hi energy levels with vy
— Ve residuals dmost constant within each vibrational band.
We therefore analyzed the behavior of the v, — v Obtained
using the TRIATOM calculations and the ab initio potential.
First we checked the behavior of vy — veac fOr the transitions
which had aready been assigned; this allowed us to determine
atypica trend for each vibrational band. During this procedure
anumber of deviations from the average trend were noted, and

TABLE 2

Relabeled and Reassigned Transitions for H, where Intensity,

I, Is Given for Absorption at 1000 K in Units cm~*/mol cm

-2

Obs/em~! Calc/em™! wwh J/ G U wvwh J° & U I

2028.198  2028.461 03! 5 1 1022 5 1 2 .644B-23
2134.241 2134.260 02 7 6 0 o1t 7 6 1 .620E-21
2134.607  2134.268 122 4 -6 2 022 5 3 -2 .107E-21
2324.698 2324.678 01* 10 -3 -1 00° 10 -3 0 .347E-20
2341.498 2341.734 01 10 -9 -1 00° 10 -9 0 .531E-20
2766.032  2766.150 nu 78 1 01 6 5 —1 .319E-20
2844.521 2844.476 1' 6 4 -1 10 5 4 0 .946E-21
2851.518  2851.575 02° 9 8§ 0 01! 8 8 1 .220E-20
2864.369  2864.326 1t 5 2 1 10° 4 2 0 .256BE-20
2041.187  2941.266 1 8 -9 10t 7 6 1 .183E-20
2079.786  2979.672 02 7 3 -2 10° 6 —6 0 .105E-20
2984.258  2084.276 115 6 1 01 4 -3 -1 _107E-19
2990.280  2989.849 120 5 3 0 022 4 0 -2 .290E-21
3000.105  3000.316 1t 9 9 1 01! 8 —6 -1 .326E-21
3002.355  3002.192 03t 7 5 102 6 5 0 .913E-22
3003.250  3002.938 m 9 8 -1 1w 8 8 0 .873E-21
3005.898  3005.861 1t o110 1 10° 10 10 0 .679E-21
3023.904  3023.050 02° 10 7 0 01! 9 7 —1 439E-21
3023.674 3023.847 m 73 110 6 -3 0 .645E-21
3065.574 3065.571 022 6 2 2 01t 5 2 1 .664E-20
3065.767  3065.785 1 6 4 -1 o1t 5 1 1 .507E-20
3078.881 3078.861 01* 10 -3 -1 00° 9 3 0 .125E-20
3093.664  3093.701 m s 7 -1 10° 7 7 0 .638E-21
3096.662  3096.687 022 7 3 -2 01 6 -3 -1 .219E-20
3103.868  3103.893 022 7 0 2 01' 6 0 1 .231E-20
3167.598  3167.823 o' 10 -9 -1 00° 9 9 0 .108E-18
3179.109  3179.127 17 6 101" 6 -3 -1 .311E-20
3194.792 3194.819 7 3 -1 o1t 6 0 1 215E-20
3201.662  3201.672 022 7 5 2 01' 6 5 1 .312E-20
3241.009  3241.048 03 7 8 3 022 6 8 2 813E-22
3247.685  3247.707 1 8 5 oot 7T 2 1 .147E-20
3247.800  3247.905 7 4 -1 01t 6 1 -1 .978E-21
3249.699  3249.646 1 5 2 -1 01' 4 1 1 215E-25
3249.788  3249.777 022 8 -3 2 ot 7 3 1 .223E-20
3266.011 3266.006 022 8 5 2 01 7 5 1 .245E-20
3269.492 3269.521 01t 9 2 -1 00° 8 4 0 .253E-21
3292.512 3292.565 1t 8 5 —1 01! 7 2 -1 .148E-20
3423.809  3423.891 01t 10 -9 1000 9 9 0 .308E-19
4553.340  4553.418 03 4 6 -3 01' 4 -3 1 .293E-20
4557.731  4557.752 022 6 2 2 000 7 1 0 .380E-20
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TABLE 3
Newly Assigned Transitions for H7, Where the Observed Data Are Taken from Bawendi et al. (8) and Xu et al. (7)

Obs/em~™! Calc/emn™' vy J' G U vy J° G U I Obs/em~! Calc/em™! v J' G U wiy J° G U I

2395.500  2395.488 o1 8 -3 -1 00° 8§ -3 0 .233E-19  2713.789 2713.903 033 4 2 3 022 4 4 2 .756E-22
2403.350  2403.649 122 2 3 2 11 2 -3 1 .119E-21  2713.789 2713.938 120 5 5 0 11t 4 5 1 .186E-21
2405.031 2404.932 022 7 3 -2 10° 7 6 0 .946B-22 2719.437 2719.684 032 2 2 3 02° 2 4 2 .128E-21
2413.314  2413.318 02> 5 1 -2 0! 5 1 1 277E-20  2725.341 2725.438 03t 4 0 1 02° 3 0 0 .433E-21
2416.289  2416.502 211 2 0 10200 1 0 0 451E-22  2733.639 2733.246 022 13 14 2 01' 13 14 1 .123E-21
2419.558  2419.541 ot 7 1 -1 00 7 1 0 487E-19  2734.526  2734.507 02° 6 2 0 01! 5 2 -1 .683E-21
2421.888  2421.877 ot 7 2 -1 00° 7 2 0 487E-19 2735515 2735.836 122 4 2 2 1t 3 2 1 .122E-21
2457.614 2457.605 1 5 5 1 10° 5 5 0 .790BE-21 2742.697 2742.719 02° 7 6 0 o1t 6 —6 1 .415E-20
2457912  2457.933 03t 2 0 1020 1 0 0 .443E-21 2745.307  2745.314 022 6 -3 2 01! 6 -3 —1 .548E-21
2458.850 2458.872 03t 2 1 1 02° 1 1 0 .245E-21 2747.457 2747.474 11t 5 3 -1 10 4 =3 0 .221E-20
2469.235  2469.324 022 6 2 2 10 6 5 0 .739E-22  2771.586 2771.572 020 7 3 0 01! 6 -3 -1 .841E-21
2470.605 2470.625 10° 8 7 0 00° 8 4 0 .420E-20 2795.213 2795.292 03t 5 3 1 02° 4 -3 0 .318E-21
2471.384  2471.394 03" 4 -3 -1 02 3 3 0 .526E-21 2817.349  2817.496 03* 6 3 -3 1t 5 6 1 .241E-21
2477.797  2478.062 033 4 2 3 022 4 2 2 194E-21 2821.518 2821.951 02° 9 9 0 01! 8 -9 1 .481E-20
2483.977 2484.225 120 3 5 0 022 3 2 2 199E-23 2822.730 2822.758 02° 8 5 0 o1t 7 5 —1 .149E-20
2491.905 2491.890 1t 6 —6 1 10° 6 -6 0 .302E-21 2824.754 2824.827 02° 8 4 0 o1t 7 4 -1 .111E-20
2497.349  2497.480 03% 3 4 3 022 3 4 2 .352E-21 2842.191 2842.194 022 6 -3 -2 01! 5 3 1 .190E-20
2498.079  2498.284 03 0 3 3 022 1 3 2 298E-21 2852.155 2852.428 12 3 3 0 022 2 0 2 .481E-21
2509.726  2509.954 211 4 3 -1 20 3 3 0 .663E-22 2853.598 2853.603 022 5 1 -2 o1 4 1 1 .158E-20
2554.474  2554.664 033 4 3 3 022 4 -3 2 .355L-21 2869.535 2869.920 022 8 1 2 01t 8 1 —1 .602E-22
2570.987  2570.999 022 6 0 -2 10° 5 3 0 .509E-22 2869.535 2870.569 02° 10 10 0 o1t 9 10 1 .327E-20
2570.987  2571.056 03% 4 6 -3 022 4 -6 2 348E-21 2893.103 2893.305 1t 10 g8 -1 10° 9 8 0 .297E-21
2577.694  2577.829 03% 2 3 3 022 2 -3 2 573E-21 2895.600 2895.659 022 9 6 2 01! 9 6 -1 .460E-22
2579.828 2579.747 022 3 4 2 01! 3 4 1 .834E-20 2898.614 2898.670 1 8 -6 -1 10° 7 6 0 .113E-20
2579.828 2579.767 022 7 4 2 01 7T 4 1 .385E-21 2934.357 2934.556 03 4 3 3 022 3 3 2 .365E-21
2579.828  2580.035 02° 5 1 0 o1t 4 1 1 .941E-22 2941.187 2941.266 mn 8 -9 1 0t 7 6 1 .183E-20
2590.071 2590.440 022 8 5 2 01! 8 5 1 .302E-21 2950.605 2950.608 022 5 1 -2 o1t 4 1 -1 .877E-20
2590.071 2590.459 122 3 0 2 11t 20 1 .238E-21 2950.605 2950.663 122 6 5 2 11* 5 5 1 .931E-22
2595.880 2595.940 022 9 5 2 o01' 9 5 1 .617E-22 2950.605 2950.703 1n 1 9 -1 10° 10 9 0 .201E-21
2597.702 2597.802 01' 10 -9 1 00° 10 -9 0 .294E-20 2958.899 2958.715 1t 6 2 1 10° 5 2 0 .185E-20
2605.062 2605.058 01! 6 4 1 00° 6 4 0 .129E-19 2965.791 2965.656 1t 2 2 1 o1t 2 1 1 .481E-21
2617.809 2617.897 03% 5 6 3 022 5 6 2 249E-21 2976.080 2976.226 022 9 7 -2 o' 8 7 1 .134E-20
2621.514 2621.515 02° 5 4 0 01t 4 4 1 .539E-20 2977.488 2977.624 03t 7 1 1 020 6 1 0 .844E-22
2623.274 2623.529 03t 7 3 1022 6 -3 -2 .553B-22 2979.325 2979.362 022 7 4 -2 o 6 4 -1 478E-21
2626.289 2626.228 o1t 9 7 1 00° 9 7 0 .217E-20 2979.507 2979.499 o1 7 1 -1 00 6 1 0 .220E-20
2630.492 2630.525 03* 6 8 3 022 6 8 2 .254E-21 2984.082  2984.073 01t 7 2 -1 00 6 2 0 .976E-20
2630.814  2630.825 01! 10 8 1 00° 10 8 0 .100E-20 2993.467 2993.495 8 8 1 o1t 7 5 1 .141E-20
2640.172  2640.243 022 8 8 2 018 8 8 1 .164E-20 2998.339 2998.318 02° 6 2 0 0' 5 4 -1 .104E-20
2648.105  2648.405 1223 3 2 1t 2 -3 1 .507E-22 3022.332 3022.103 120 7 6 0 11' 6 —6 1 .115E-21
2650.561 2651.041 033 3 0 3 022 4 -6 2 177E-21 3022.416 3022.430 022 6 1 2 01! 5 1 1 .192E-20
2650.954 2651.120 022 9 9 2 01! 9 9 1 .941E-21 3028.539 3028.603 022 9 6 -2 o1t 8 -6 1 .945E-21
2653.290  2653.380 03t 7 -1 022 7 7 2 .785E-22 3052.071  '3052.225 03% 6 1 3022 5 1 2 175E-21
2653.692  2653.899 022 5 1 2 01! 5 1 -1 .775E-21 3052.071 3052.524 03 6 2 -3 022 5 4 2 .901E-22
2653.885 2653.973 211 6 7 1200 5 5 0 .514E-22 3059.381 3059.458 01t 10 5 -1 00° 9 5 0 .371E-20
2660.638 2660.646 1 4 5 1 o1t 4 2 -1 .674E-21 3061.287 3061.184 01t 11 2 -1 00° 10 2 0 .107E-21
2664.213  2664.460 03 2 2 3 022 1 2 2 .286E-21 3061.287 3061.381 03* 5 6 3 022 4 -6 2 799E-22
2666.142  2666.326 03! 8 6 -1 02° 7 6 0 .119E-21 3063.273 3063.210 01 12 -6 -1 00° 11 6 0 .570E-21
2666.142  2666.335 01! 11 8 1 00° 11 8 0 .141E-21 3063.273 3063.277 1t 4 2 1 o0o1* 5 5 1 .528E-22
2666.499  2666.560 022 9 10 2 o' 9 10 1 .129E-20 3067.730 3067.736 022 5 2 2 01! 4 2 -1 .157E-20
2672.862  2672.964 122 4 1 -2 11 3 1 -1 .170E-21 3101.391 3101.394 022 6 -3 2 01! 5 3 1 .540E-20
2673.229  2673.381 03 3 33 022 2 -3 2 .225E-21 3120.826 3120.699 16 5 -1 o01' 7 8 1 .198E-21
2680.330 2680.450 03% 5 2 -3 022 4 2 —2 .530E-22 3182.593 3182.272 1t 6 5 1 o1t 5 2 -1 .169E-20
2680.485 2680.699 022 10 11 2 01! 10 11 1 .779E-21 3203.095 3203.142 1 5 4 1 01t 4 1 -1 .7T92E-21
2699.334  2699.413 00° 11 0 0 02° 10 10 0 .462E-22 3206.893 3206.560 11" 6 4 -1 01" 5 1 -1 .164E-21
2700.573 2700.460 03t 9 7 1 020 8 7 0 .759E-22 3206.893 3206.952 01! 14 8 1 00° 13 8 0 .562E-22
2704.382  2704.443 03! 4 2 02 3 2 0 .359E-21 3209.071 3209.729 01' 12 -9 -1 00 11 9 0 .7T79E-23
2708.432 2708.175 03 9 11 3022 9 11 2 .972E-22 3240.382  3240.434 022 9 6 -2 01' 8§ —6 —1 .324E-20
2708.778 2708.846 03 6 1 -1 022 6 7 2 .553E-22 3269.492  3269.521 01 9 2 -1 00° 8 4 0 .253E-21
2709.405 2709.414 022 5 1 2100 4 4 0 .393E-21 3293.783 3293.920 1t 10 -6 1 10° 9 6 0 .290E-21

In particular, the effective vibrational and rotational tempera-
tures differ in most cases.

I11.3. High J Transitions

Although the magjority of experimental dataisfor J values
lessthan 10, there is dataextending asfar J = 15. Transitions

with these higher J values are harder to treat for a number
of reasons.

The DPT potential is the result of afit of observed transi-
tions with J values up to 9 and belonging to vibrationa
states up to 3v,, and its extrapolation properties are not
known. On the other hand, it is thought that the ab initio
potential, which is expressed using the same functional form
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of the DPT potential, shows systematic deviations from the
experimental energy levels with increasing values of J due
to nonadiabatic effects not included in the effective potential
(24). 1t is possible that the fit used to construct the DPT
effective potential energy surface in some way compensates
for these nonadiabatic effects, although these should not be
fully reproducible with a smple potential.

Furthermore, the influence of linear geometries for the
higher rotational levels cannot be neglected. Our DVR3D
calculations are designed to account for this, but these calcu-
lations proved difficult and the convergence is uncertain
(20). Indeed, comparisons with the calculations of Watson
(11) show anumber of cases where our DVR3D calculations
predict energy levels systematically higher than Watson’s.
These calculations, which generally agree well for J < 9,
were performed using different potentials and different rovi-
brational procedures, but one explanation for this behavior
is that our DVR3D calculations are not well converged.

For the above reasons, we do not attempt to give definite
assignments or reassignments to the transitions with high J.

1IV. SUMMARY AND CONCLUSION

We have undertaken a systematic reanaysis of the ob-
served transitions of H3 using first principles nuclear motion
calculations and two potential energy surfaces, both of which
alow for adiabatic correction to the Born—Oppenheimer ap-
proximation. By combining results obtained using a high
quality ab initio potential, less accurate but showing system-
atic errors, with those from a spectroscopically determined
potential, we have been able to assign about 85% of the
previously unassigned Hj transitions. At the same time we
have found it necessary to reassign a few transitions.

Thisreanalysisisless completefor higher rotational levels
of the system. Nonadiabatic corrections to Born—Oppenhei-
mer plus adiabatic potentials become increasingly important
for these states. We are currently working on methods of
including these corrections in our calculations.

ET AL.
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