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We report on the determination of a high quakdy initio potential energy surfad®ES and dipole
moment function for water. This PES is empirically adjusted to improve the agreement between the
computed line positions and those from therAN 92 data base witd<5 for H,%0. The changes

in the PES are small, nonetheless including an estimate of(ocasgen k) electron correlation
greatly improves the agreement with the experiment. Using this adjusted PES, we can match 30 092
of the 30 117 transitions in th&TRAN 96 data base for k0 with theoretical lines. The 10, 25, 50,

75, and 90 percentiles of the difference between the calculated and tabulated line positions are
—0.11, —0.04, —0.01, 0.02, and 0.07 cnf. Nonadiabatic effects are not explicitly included.
About 3% of the tabulated line positions appear to be incorrect. Similar agreement using this
adjusted PES is obtained for thé& and'®0 isotopes. For HEO, the agreement is not as good,

with a root-mean-square error of 0.25 chfor lines with J<5. This error is reduced to 0.02

cm ! by including a small asymmetric correction to the PES, which is parameterized by
simultaneously fitting to HEPO and D,'%0 data. Scaling this correction by mass factors yields good
results for O and HTO. The intensities summed over vibrational bands are usually in good
agreement between the calculations and the tabulated results, but individual line strengths can differ
greatly. A high-temperature list consisting of 307 721 352 lines is generated,f6®Hising our

PES and dipole moment function. ®997 American Institute of Physics.

[S0021-96087)03810-3

I. INTRODUCTION Theoretical spectra have been generated for astrophysical ap-
o plications, but the existing spectd are not sufficiently
The rovibrational spectrum for the ground state of watercompjete and accurate. In the present work we present results

is of considerable interest for a number of applications ¢ are of much higher accuracy and completeness than pre-
These areas include astronomy and astrophysics, studies '\rﬁ'ously reported

volving the atmospheres of planets, and simulations involv- Significant progress has been made in algorithms for

ing combustion. Consequently, there Is a large amount Oéomputing the rotational—vibrational energy levels and in-

experimental data. The consumers of the water spectra "nsities of triatomic molecules. Thus, this aspect of the

quire line positions and line intensities at particular tempera- . : :
. . " e roblem is largely solved. The calculations require both an
tures over a wide range of intensities. In principle, much o : .
O . . : . accurate potential energy surfa@ES and a dipole moment
this information can be obtained from experiment, but in o . . -

. e e L surface (DMS). Ab initio calculations provide an efficient
practice this is difficult because it is necessary to properly ethod for determining the DMS. However. very hiah qual
assign all of the transitions in order to model the temperaturgn ) ired for th F?ES b : i  Very ? d dict
dependence. Also, weak transitions are difficult to measur IS required for the ecause 1t IS hecessary 1o predic

e rotational—vibrational energy levels to very high accu-

under terrestrial conditions. For astrophysical applications irf h o While th o
particular, the existing data bases are inadequate. On our sUcY- 0 better than 0.1 cn. While the accuracy adb initio

there are about 50 lines/cthin the sunspot spectrufmand calculations has improved dramatically in recent yéatse

experimental data bases only allow the assignment of a han§!TOrs in the best polyatomic potential energy surfaces are

ful of lines to water, even though many more water lines arestill two to three orders of magnitude larger than this. Bench-
present. In cooler stars with surface temperatures in the ranggark calculations have shown that the convergence with ba-
2000—4000 K, there can be a high concentration of molecuSiS Set expansion is slow. In addition, effects often neglected,
lar species in their atmospheres. Consequently, the spectra $#Ch as core correlatiofpxygen 1) shifts the harmonic
these stars are very complex, being dominated by manyequencies significant§. Hence, while the errors in the
overlapping molecular bands containing typically*i@’ computed potential energy surfaces should be systematic, it
lines each. For oxygen rich stars, water can be a majowill be necessary to use experimental data to refine amy
absorbef, and the large number of very weak lines can be arinitio potential in order to achieve spectroscopic accuracy.
important factor governing the predicted size of the stellaiCurrently the best available PE’SS' for H,°0 are based on
atmosphered.In contrast to the experimental situation, the- optimization of model potential parameters via a least
oretical calculations of the opacity are more straightforwardsquares fit to measured rotational—vibrational levels with es-
in that a complete and consistent data set can be generatextntially no input fromab initio calculations. In contrast, by
The challenge is to obtain sufficient accuracy in the datastarting from theab initio potential and then making small
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corrections to it, we can obtain higher accuracy with feweradditional augmentation is unnecessary. In short, we will call
parameters. It appears that this is possible only wheralthe these basis sets TZ, QZ, 5Z, or 6Z. The number of contracted
initio potential is of sufficiently high quality. In addition to functions in the calculations were 1%), QZ(132),
fitting the existing experimental data better than a completel$7(218), and 64322).
empirical PES, it is expected that our PES will give a much  To study the effect of the d correlation, the cc-pvVQZ
more reliable extrapolation to regions not sampled by lowset is modified. The seven innes functions are contracted
temperature experimental data. to two functions using the coefficients from the cc-pvVQZ
In this work we reportab initio calculations for water basis set. The outer five functions are uncontracted as are
that are significantly more accurate and extensive than prehe sixp functions. Two tightd andf functions are added to
vious work**?~*®We will present a fit to theb initio ener-  the (3d 2f 1g) polarization set given by Dunning. The ex-
gies and dipole moment. We optimize selected parameters isonents of the added functions are 10.962 and 31.83 for the
the fit of the PES to improve the agreement with the ob-d functions and 8.274 and 25.68 for tliefunctions. The
served rovibrational transitions. We show that the differ-basis set is augmented with a diffusep, andd on oxygen
ences in the parameters from tab initio fit are small and and ans andp on hydrogen using the aug-cc-pVQZ expo-
the changes in the PES are consistent with the changes exents. This core basis set, developed to treat both core and
pected with improvements in the calculations. This PES angalence correlation, is of the form (4Bp 5d 4f 1g)/
DMS are used to generate a high-temperatd@0 K) line  [7s 6p 5d 4f 1g], and is designated CQZ. For calibration, a
list for water. cc-pV5Z core sefC52) is derived in a similar manner. The
The rovibrational energy levels are obtained from varia-outer six s functions are uncontracted as are the eight
tional calculations using an exact kinetic energy operator anglinctions. The basis set is augmented with the diffuse func-
analytic basis functions and do not explicitly include nona-tions used for the valence basis set and with two tight,
diabatic corrections. The experimental data used for adjustand g polarization functions; the exponents ade (14.7,
ing the PES is taken primarily from theITRAN 92 data  36.74, f (10.04, 25.], andg (8.38, 20.94.

base:” However, comparisons are also made to HERAN The orbitals are optimized using the complete active
96 data basé® which became available during the course ofspace self-consistent-fielCASSCH approach. All of the
this work. calculations are performed i@s symmetry with sixa’ and

This paper is organized as follows: in Sec. Il we discusswo a” orbitals and eight electrons active. This active space
our ab initio methods, in Sec. Il we give the fit to the PES, gives a balanced description for all geometries. More exten-
followed by the fit to the DMS in Sec. IV. In Sec. V we give sjve correlation is included using the multireference
our methods for determining the rovibrational energy levelsconfiguration-interactiofMRCI) approach. All configura-
This is followed by the description of the empirical modifi- tions in the CASSCF wave function are used as references in
cations to the PES in Sec. VI, a discussion of the reSU|t$he MRCI calculations. The same reference space is used
obtained on that PES in Sec. VII, our results for the differentvvhen the & correlation is treated. The effect of h|gher exci-
isotopes in Sec. VIII, and then a comparison of the empiricatations is accounted for using the multireference analog of
PES and the expected errors in thie initio results in Sec. the Davidson correction(denoted +Q). The internal
IX. Finally, we give our conclusions in Sec. X. contractio’? (IC) is utilized to keep the calculations man-

ageable. The dipole moment was calculated as an expecta-
tion value.
In Table | we investigate the convergence with respect to

The basis sets employed are the correlation consisteihe level of correlation in the TZ-based basis set. The differ-
polarized valence basis sets of Dunning and co-workers. ence between the ICMREIQ and MRCH-Q results shows
These basis sets have been optimized to obtain the atomibat the internal contraction error is small, but increases with
correlation energy. The incremental energy lowerings werghe excitation energy. Expanding the active space has only a
found to fall into distinct group$® providing a criteria for small effect on the ICMRCGHQ results. Previous
obtaining systematic convergence to the complete basis sebmparisons have shown that the ICMRCI and MRCI re-
limit. The PES that is reported utilizes the cc-pV5Z basis sesbults converge as the active space is expanded. This suggests
augmented with a diffuse, p, andd on oxygen and ais  there is a cancellation of errors, as the difference between the
andp on hydrogen. The exponents for the diffuse functionsICMRCI+Q results is small for the€62) and (84) active
are taken from the augmentddug correlation consistent spaces. These calculations suggest that the error introduced
sets. The oxygen basis set is of the formby evaluating the dipole moment as an expectation value
(15s9p 5d 3f 2g 1h)/[7s 6p 5d 3f 2g 1h] and the hydro- rather than an energy derivative is small. Note, however, that
gen basis is of the form (@5p 3d2f 1g)/ the dipole moment calculated in this way does not include
[6s 5p 3d 2f 1g]. Calibration calculations utilize the cc- the effect of the Davidson correction.
pVTZ, cc-pVQZ, and the cc-pVE? basis sets. The cc- In Table Il we report the core correlation contribution
pVTZ and cc-pVQZ sets are augmented in the same manngetermined at various levels of theory. The correction
as the cc-pV5Z set using the corresponding augmented sefV°°' is defined as the difference of the energies from a
The cc-pV6Z basis set is not augmented because of the comalence only and core and valence electron calculation. For
putational expense and previous wdrkn N, indicates that these calculations, we use the averaged coupled pair func-

Il. AB INITIO METHODS
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TABLE I. Convergence of potential with correlation treatment. The zero of energy is=at,=0.9587,
6=104.3850. Bond lengths in A, angle in degrees, and energies irt.cm

Geometry
ICMRCI+Q MRCI+Q ICMRCI+Q ICMRCI+Q ICMRCI+Q

[4 ry ry (6,22 (6,22 CCcsOT) (7,32 (8,92 9,92
160 09 1.0 10 804.62 10826.05 10 786.38 10 805.79 10 801.38 10 803.86
170 09 1.0 12 251.49 12 232.38 12 255.85
180 09 1.0 12 770.96 12 751.59 12 770.26
140 09 1.0 6383.97 6370.16 6380.11
120 09 1.0 2406.71 241521 2399.63 2403.65 2407.77
100 09 1.0 1328.26 1327.45 1329.79

80 09 1.0 4913.93 4904.25 4917.86 4920.47 4912.12 4911.92

60 09 1.0 14 769.42 14748.22 14774.16 14 799.00
50 09 1.0 23 204.09 23175.62 23208.63 23214.09
40 09 10 36 553.09 36 560.36 36 558.54

@The pair specifies the number of active orbitals in each symmetry.

tional (ACPP) method* or the coupled—cluster singles and CCSD(T) method to determind V" gives a core contribu-
doubles(CCSD approacf including a perturbational esti- tion that is slightly smaller than the ACPF results. This is
mate of the triple excitatioR$[CCSI(T)]. This is because it consistent with previous results for other systems where the
is necessary to use a size extensive method when differe®MiCPF core contribution is larger than the CQ3Dresult.
numbers of electrons are correlatéd’ Employing the AV s insensitive to improvements in the basis set: the

TABLE II. Core contribution. Core contribution computed as energy differerfealénce—E(core. CCSIO(T)
energy values reported to give indication of relative energies. The zero of energyris=83=0.9587,
#=104.3850. Bond lengths in A, angle in degrees, and energies irt.cm

Geometry
CCSsOT) CorgCCSOT)) CorgICACPH CordCCSOT))
0 ry ry CcQz CQz CQz C5z
60.00 0.80 0.90 26 391.79 68.175 69.883
80.00 0.80 0.90 14110.82 78.638 81.515
100.00 0.80 0.90 9080.65 92.059 96.277
104.52 0.80 0.90 8721.73 95.851 100.350 97.188
110.00 0.80 0.90 8610.83 100.860 105.673
120.00 0.80 0.90 9198.06 111.120 116.409
140.00 0.80 0.90 12 427.97 134.955 140.685
160.00 0.80 0.90 16 190.11 157.515 163.089
160.00 0.80 0.80 22 080.52 202.353 209.172
170.00 0.80 0.80 23210.10 208.685 215.965
140.00 0.80 0.80 18 623.71 181.955 189.418 184.694
104.52 0.90 1.00 1185.30 9.418 9.925
90.00 0.90 1.00 2433.54 —1.953 —-2.792
70.00 0.90 1.00 8914.86 —13.234 —15.866
110.00 0.90 1.00 1339.51 14.595 15.576
170.00 0.90 1.10 16 071.70 63.110 63.643
160.00 0.90 1.10 14501.91 52.836 53.842 53.675
140.00 0.90 1.10 9771.17 24.539 25.874
120.00 0.90 1.10 5490.24 —1.517 —1.244 —1.481
110.00 0.90 1.10 4290.82 —12.045 —12.622
104.52 0.90 1.10 4014.93 —17.073 —18.157
100.00 0.90 1.10 4018.60 —20.841 —22.356 —21.086
60.00 0.90 0.95 15 468.74 -1.870 —4.150
80.00 0.90 0.95 4992.74 8.478 7.686
100.00 0.90 0.95 1028.03 22.195 23.181
104.52 0.90 0.95 851.66 26.109 27.478
110.00 0.90 0.95 940.98 31.299 33.114
120.00 0.90 0.95 1846.92 42.045 44.567
140.00 0.90 0.95 5610.47 67.655 70.956
160.00 0.90 0.95 9816.55 93.180 96.281
170.00 0.90 0.95 11 185.57 101.716 104.571
175.00 0.90 0.95 11551.74 104.038 106.810
180.00 0.90 0.95 11 676.04 104.830 114.226
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TABLE lll. Convergence with basis set expansion. The zero of energy is agt 771 points using the 5Z basis set. For the points below
r1=1,=0.9587, §=104.3850. Bond lengths in A, angle in degrees, and 40 000 cm?, the core contribution was also determined us-
energies In em - ing the CQZ basis. The geometries, energies, and dipole mo-

Geometry Basis set ments are available from E-PAPSThe grid employed is
sufficiently dense to accurately define the PES to 35 000—

bonorn 12 Qz 52 6z  Bxrapolated 40000 cnil. There are 285 points above 40 000 ¢
180 0.9 1.0 12770.11 12635.18 12572.19 12517.0 which are useful in helping define the high-energy portions

170 0.9 1.0 12250.68 12121.27 12061.22 12030.69 11999.1 of the surface, but the density of points is not sufficient to

160 0.9 1.0 10803.90 1068961 10637.12 1061147 10587.0 accurately specify the surface in this energy range. It should
140 0.9 1.0 638355 6307.45 6273.21 6245.2 h h ol dthe | ; ;
120 09 1.0 240655 235552 2337.79 233172 23286 D€ noted that we have followed the lowest energy surface o

100 0.9 1.0 1328.17 1301.46 1302.07 A’ symmetry. Thus, for the linear geometries we switch

80 0.9 1.0 4913.60 4905.81 4914.04 4915.44 4915.7 from thelS, ™ to thelll states as increases.
60 0.9 1.0 14768.43 14753.11 14751.53 14 749.67
50 0.9 1.0 23202.55 23174.87 23161.03 23155.23 23151.0

40 09 1.0 36550.67 36503.41 36472.92 364175 ||| ANALYTIC REPRESENTATION OF THE PES

The most popular analytic representation of the PES for
H,O is the power series in the Morse transformed OH bond

C5Z basis set gives nearly the same contribution as the CQ ngths a%g thert]:osme of the HSH angle that \;vas |ntrofduced
basis set. This suggests that we are slightly overestimatingy Jenser- In the present work we use an alternate form,
the core contribution in this work. more similar to the many body expansion popularized by

In Table Il we show the results of a basis set conver-Murrell and co-workers* We do this for several reasons.
gence study. The energies have not been corrected for basite first is that the Jensen form is not capable of dissociating
set superposition errdBSSB. It is not clear how to correct properly—even when only one bond length goes to infinity,
for BSSE in the present situation. The basis set effect ishe potential depends on the HOH angle. This is not to say
largest for the near-linear points, which is expected based othat the present potential properly accounts for the complex
symmetry arguments. If we assume that the energies comrossings and avoided crossings in the asymptotic liffits,
verge logarithmically with improvement in the basis set, therbut it does become isotropic as any atom is pulled away.
we can extrapolate to the basis set liffiand we include the This improves the agreement with tla initio energies of
extrapolated values in Table Ill. The extrapolations use thehe H+OH geometries, which are given small weights in the
three largest basis sets given for each geometry. Note théitting procedure. The second reason is that the representa-
extrapolation is not possible at all geometries—sometimesion of the potential for short HH distances is not reasonable.
the energy oscillates. Other extrapolation formulas €Xist, This can also be improved by adding a post-hoc correction
and using them as well gives some idea of the reliability ofterm?2® The final reason for preferring a different form is our
the extrapolations. This indicates an uncertainty of severalifficulty in obtaining a globally reasonable fit using the
cm™ L. Itis interesting to compare the results of the two-pointJensen expansion. In order to obtain small fitting errors, it
extrapolation formul® using the QZ and 5Z data to the re- was necessary to use a large number of terms, and the
sults from the exponential extrapolation. The two-point for-higher-order terms did not extrapolate very well, giving rise
mula gives the extrapolated energy as the 5Z energy plu® spurious minima outside the region where data were
0.812 times the difference between the 5Z and QZ energiepresent. Note the fit to the 5Z ICMRER energies used in
Computing the average ratio of the difference between th@®ef. 37 was a preliminary one using the Jensen expansion,
extrapolated and 5Z energies to the difference between thand also included a fit to a preliminary estimate of the effects
5Z and CQZ ACPF energies yields the fraction 0.87, whichof core correlation.
is close to the predicted value. The form finally adopted is

The ICMRCI and CCSI) calculations were performed 57 _\a a b
with MoLPRO-94(Ref. 30 and the uncontracted MRCI calcu- VPN r2, 0)=VA(r) +VA(r2) +VA(T)
lations were performed witiwoLecuLe/swepen®! All cal- +VC(rq,ry,0), D
Sg?ggpfhwceeritce?_rmd outon a Cray C90 at the NASA Ameswhere ther; are the OH bond lengthg), is the HOH angle,

The geometries are specified by the two O—H bond V3(r)=D{exd —2a(r—rg)]—-2exg—a(r—rgp]}, (2
lengths and the angle between them. The majority of the by
points computed correspond to a grid witk0.7, 0.8, 0.9, VA(r)=A exp(—br), @)
0.95,1.0,1.1,1.2,1.3, 1.5, and 1.7 A afig 30°, 40°, 60°, r,,, the HH distance, and
80°, 100°, 120°, 140°, 160°, 170°, and 180°. In addition, a 2 5
number of points were added to characterize other regions of VE=Cooot exp{ = AL(ra—re) "+ (rz=re)°l}
the surface. This includes points needed to determine a quar-

tic representation, points describing-®, and OH+H, and X%E Cijkl (ri=re)/re[(ra=re)rel
additional cuts within the grid.
The energy and dipole moment function were computed X [cog 6) — cog 6,) . (4
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FIG. 1. Fitting errors o> as a function of theb initio potential energy. FIG. 2. TheV®% energy as a function of thab initio potential energy.

The parameterB, a, ro, A, b, and thec;;c were determined This bias is included because the density of low-energy
by performing an unequally weighted least squares fit to theoints is greater and the energies have finite precision. It
ab initio data(ICMRCI+Q energieg the parameteg was  would not be valuable to try to represent noise in the low-
fixed at 21;2 to give fast enough dampin@least squares energy points at the expense of higher-energy points. Linear
optimization of this variable as well favored a much smallerand near linear points where the electronic wave function
valug, andr, and 6, were fixed at preliminary estimates of changes character froh to T were not included in the fit.
the equilibrium geometry. The function& andV® are not In Figs. 1-3 we show various aspects of the fit. In Fig. 1,
meant to represent accurately the asymptotic OH and Hhwve plot the fitting error versus the data fal initio energies
potential curves. Initial trials used a bound HH potentialup to 30000 cm?, the highest energies whesgis close to
curve instead o¥/°, but good results were not obtained. 1. The first point with an error greater than 1 choccurs at

An important question is how accurately we should at-about 15000 cm?, and the maximum error is less than 1.7
tempt to fit theab initio points. In principle one should fit cm™!. Of the 355 points in Fig. 1, 165 have errors less than
them exactly, but this is not achievable in practice. A more0.1 cmi . In Fig. 2, we plot the fitted versus thab initio
pragmatic approach is to fit the energies to within their indi-energies forb initio energies up to 60 000 cm. (There is
vidual errors, which are fairly substantial although quite sys-one point withab initio energy 59 873 cm'® corresponding
tematic. However, we have found it valuable to fit the pointsto O + H, which is off scale). The fit behaves quite well up
as well as possible and then empirically adjust the PES byo these high energies. The points that deviate most are for
matching experimental line positions; see Sec. VI below. WeH+OH geometriegnonbonded OH distance at least twice
have found that better fits to theb initio data give rise to the equilibrium OH distange These geometries have ener-
better fits to the experiment when varying a given number of
parameters. Thus, we ended up using in @yi +j<8, and
k<14—(i+]) for a total of 245¢;;,, after taking account
of symmetry. AFORTRAN subprogram to evaluate this fit can 180
be obtained from E-PAP%.

Since the range of energies spanned by dheinitio
calculations is large, it is necessary to unequally weight the ol
points in the fitting procedure to obtain a satisfactory fit. The
weighting scheme finally used wag=s;/E;" with

5= {tanf — a(V,~ V'°P)]

160

120 +

theta

100 +

+1.002 002 00R2.002 002 002, (5 or
EY=max10 000cm %,V;), (6) 1 -
i — —4 top— =1 i or v
with @=6Xx10"" cm, V°®*=35 000 cm -, andV; is the en- T > e &
ergy in cm ! of pointi above the minimum. The switch ol T S e A

1.1
goes from 1, for points with energies much bel®, to "o
. . . P
0.001, for points with energies much aboveP. The factor FIG. 3. Grid placement and contours féPZ for symmetric HO. The con-

w R .
Ei" is present t? encourage t_he mm"m|zat'0n of the relff‘t'VQOur values are at increments of 2500 ¢hand the symbols correspond to
error of the points, with a bias against low-energy points.he ab initio points.
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gies above 39 000 cnt. In Fig. 3, we show a contour plot
of the fitted PES for symmetric geometries, along with points
showing theab initio grid. It would be hard to fit much
higher in energy without additional points particularly at 00 N
smallr; and small angle.

To include core correlation, we fit the difference in en-
ergies between the CQZ calculations with and without cor-
relating the cordrelative to their minimumys These calcu-
lations used the ACPF energies. This yields the correction
AV which is represented by E¢) with i +j + k<86, for

0.025

0.015 |-

0.01 [

Dipole Moment Error (a.u.}

a total of 50 c;j,, after taking account of symmetry. The 0005 | . . o]
parameters can be obtained from E-PAP® total of 371 TR SR
points were included in the fit, and the points used the same . I I NI N A f‘h
weights as when fittingy>2. For V°% up to 30 000 crm?, the 0 5000 0000 fsoo 20000 25000 30000

maximum error of the fit is 2.0 cit, and this occurs at
28523 cm®. The lowest energy with error greater than 1 FIG. 4. Fitting errors of DMS as a function of tiad initio potential energy.
cm ! occurs at 23 108 cimt. Of the 336 points with ener-
gies below 30000 cmt, 164 have errors less than 0.1
cm L. with q° a zero-order term ang® a correction. We take

As an estimate of the effect of a'further basis set im- qo(rl.r2,0)=A(rl_b+r§b)
provement, we also computed the difference between the
CQZ valence and 5Z calculations. This gives the correction X[co+cyPa(cosh)+c,Py(cosd)], (9)
AVP3S which is fit the same way asV°"® The parameters
can be obtained from E-PAPS.For V5% up to 30 000
cm 1, the maximum error of the fit is 1.6 cm, and this
occurs at 18 020 cit. The lowest energy with error greater
than 1 cm* occurs at 15 130 cm'. Of the 336 points with
energies below 30 000 cm, 160 have errors less than 0.2
cm L. Previous work has suggested that scaing’®sis an

whereP, is a Legendre polynomial, angf is given by the
same expansion as used 7 in Eq. (4). The parameters in
q° were determined by approximately fitting the point
charges determined by inverting E) for symmetric ge-
ometries. The parameters gf were determined by a least
squares fit using the functions with j + k<<6. A FORTRAN

i ) - : ) subprogram to evaluate the DMS is available from
effective procedure for including basis set correctiths. E-PAPS% The same weights were used as in fitting the PES.

On average, th_e magmtude_of the core con_tr|but|on Sh Fig. 4 we show the magnitude of the difference between
about twice the basis set correction. Both corrections have e fitted and computed DMS fab initio energies up to

geometry dependence and the shifts can be positive or N€987H 000 cml. The errors are usually quite small.
tive. The basis set correction is largest for the linear points

and lowers the relative energies. The core correction varies

from —200 to 300 cm!. The magnitude is larger for the V. ROVIBRATIONAL CALCULATIONS

linear and small angle geometries and the magnitude in-  Transition intensities and energies were computed for a

creases aspy decreases. given PES and DMS using the procedures described in Ref.
39, with some improvements, which are described in the
IV. ANALYTIC REPRESENTATION OF THE DMS Appendix. Specific details are as follows. Fop'fD, we

used two different parameter sets. The fisstt A was used

To represent the DMS we follow the procedure of Ref'in the optimization of the PES, and was b 5. The second

39 and write (set B was used to generate a high-temperature line list, and
m(r1,r2,0)=q(ry,rz,0)(Xy, —Xo) usedJ up to 55. Where the parameter set differs in the dis-
cussion below, the values for set B are given in parentheses.

+0(rz,r1,0)(xn,—Xo), (") The internal coordinates for symmetric isotopes were the

whereq is a point charge ang,, X, are position vectors of Radau hyperspherical coordinates, and the coupling

. . : . scheme was used for the angle. For asymmetric isotopes,
the atoms in a conveniently oriented coordinate system. Th g Y P

functionq is a scalar and is independent of the definition of _adau_co_or_dmates were used. Since, in the present worl§, a
' . : triatomic is involved whereas the development in Ref. 39 is

the body fixed coordinate axes. It can be expanded using thf%r tetratomics) ;=0 andk= 0 in thellk coupling scheme

same type of functions as the pot.ential, and the.DM.S WiIIThe body fram?a axis was aligned with one of the Radr;tu

t;asrgg,: To ?r?tearc\r/lz(;ltgi;gi\lgf d trhqt\l/iengéesyt/rr]r; m dﬁgtl)ﬁewrlrfz- vectors. Optimized st_retching and ro_tation—bending_ basis

ment computed as an expectazti.on value from the |C|\/|RC‘.unCtlons were determined by performing a self-consistent-

wave function using the 5Z basis ield (SCH calpulatlon on the lowest level for ead®S The

We represent b ' exact numerical parameters for stretches were chosen

P y automatically’® using the criteria 10° for solving the one-

q(r,r2,0)=q°%r,,r5,0)+9q%(ry,r,,0), (8)  dimensional Schidinger equations with a cutoff of 0(@.35
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4624 H. Partridge and D. W. Schwenke: Potential energy surface for water

E,, and 10 © for determining the optimized quadrature rules.leads to a modification of the PES. In addition, there are
For J=35, this cutoff was reduced to &3, because the nonadiabatic effects, which can lead to more complicated
centrifugal potential was large enough to push the highechanges in our equations. Finally, there can be experimental
symmetric stretch levels into the continuum. errors. We will attempt to include these effects empirically
For JPS=0++, H,?0, this resulted in 280) con- by modifying the PES and generating a new PES called
tracted functions, 9441) primitive functions, and an 183) V™, which is written in the form
point quadrature for the hyperradius, and 18 contracted
functions, 30 primitive functions, and a 14/2 point quadra- ~ V*™P=C V®4(ry,r;,0)+ AV (ry,r,,0)
ture for the hyperanglésymmetry allows us to use half of basisy \ /basi res
the quadrature points for the hyperanglEor the bend, we FOERVEERIL 1, )+ AV r2,0), (10
use associated Legendre functidhg, with <45 and, when yith Av'est represented by Eq4). The free parameters in
expanding the PES in terms of Legendre polynomials, wehis expression are®?, ¢ ¢ and thecijy in AVrest |t
used 91 functions and a 91 point Gauss—Legendre quadrghould be noted that using a function of the form of Eid)
ture. Contracted functions up to the energy cutoff ofcan only make up for some deficiencies in the fit to the
0.170.24 E, were determined. FodPS=0++, this re-  original 5Z data. Errors produced by using fitting functions
sulted in 2025) contracted functions. In the final coupling of the wrong form cannot be corrected. Errors that are due to
step, all functions with sums of SCF energies less thamonoptimum weighting of the points can be corrected to a
0.3(0.39E;, above the minimum energy were used, unlesscertain degree. That is, in this step, regions of the PES of
this number was greater than 500800, in which case only  which the eigenvalues are not sensitive will be deempha-
the lowest 50007500 functions were used.This happens sjzed.
for J=4.) In the final diagonalization step, we explicitly We determine the parameters W™ by comparing to
exploit the symmetry decoupling due to the indistinguish-the experimental data in theITRAN 92 data basé’ Since
ability of the H atoms. This matrix was diagonalized usingsome of the corrections to the PES are mass dependent, we
the routinedSYEvV from LAF’ACK.41 We determined all eigen- On|y consider the IZ-F-GO isotope of water. We consider other
values and eigenvectors in the energy range 0 tO3  isotopes in Sec. VIIl. One problem with making this com-
En. Parameter sets similar in quality to set A were used foparison is associating the theoretical lines with the appropri-
calculations for the other isotopes. ate experimental lines. Although most of the lines have
The dipole matrix elements required for the determinaquantum number assignments, the assignments are not al-
tion of the intensities were computed using the techniquegyays correct. In the present work, we take the assignment to
described in Ref. 39. Specific numerical details are as folconsist of the rigid rotator quantum numb€rdK,K. and
lows: we expanded the angular dependence of the DMS ushe internal energy for the initial and final level. Further-
ing Py, with <26 and used 28 point Gauss—Legendremore, some theoretical levels have appreciable resonance
quadrature to determine the expansion efficients and usedrixing, so a meaningful set of labels cannot be givere-
20 point optimized quadrature for the hyperradius and a 15/3umably this is also the case for the experimental l@vels
point quadrature for the hyperangle. The use of a DMS thaBecause we uséK,K. and internal energy to assign transi-
transforms as a vector obviates the need for specialons, resonances that do not involg and K. will not
quadrature¥ over the angle. cause any difficulty. Alternatively, one can compare line po-
All rovibrational calculations were carried out on an sitions and intensities to try and find the best match. In prac-
IBM RS-6000/590 work station equipped with 512 Mbyte of tice, we minimized (»®¥°— »®®)/cm™ ]2+ [InI¢91®%]2 to
memory. associate lines, but this procedure is not perfect. There are
All calculations use the nuclear masses 1836.152 697%nstances where there are two closely spaced peaks with 3:1
3670.483 031, and 5496.921 6 for the hydrogen isotopes intensity ratios where this procedure associates the strong
and 29 148.946 42, 30 979.521 28, and 32 8104621§ﬁ)r peak with the weak peaKand leaves the other one un-
the oxygen isotopes, and used atomic units. To convert tghatched when the intensities differ greatly between experi-
cm™ ! units, we divided by 4.556 33510 °. To convert be-  ment and theorythe 3:1 factor comes from the nuclear spin
tween A anda,, we used the factor 0.529 177 249. statistic. Thus, when using this method we also require that
the assignments match between theory and experiment. We
hope that there are enough properly assigned lines to out-
weigh any improperly assigned lines in the least-squares pro-
Using the PES/> to predict line positions does not give cedure. A problem with this procedure is that it excludes
perfect agreement with the experiment for a variety of reahigh-lying rovibrational levels that are not well described by
sons, besides the fact that the fit does not perfectly represeatsingle basis function. More sophisticated pattern matching
theab initio data. Theab initio data are not exact because thetechniques would be desirable.
one-electron basis is not complete, the core electrons are not Another problem of more practical concern is which
correlated, and a full Cl is not used. In addition, we havelines to try to match, or whether to match actual energy
neglected corrections like relativity, mass polarization, radialevels. In the present work we use lines, the motivation being
tive, and diagonal adiabatic modifications to the Born-that these are the directly measurable quantities. The cheap-
Oppenheimer approximation. Including all these correction®st procedure would be to just look at théORlines, but

VI. EMPIRICAL CORRECTIONS TO THE PES
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H. Partridge and D. W. Schwenke: Potential energy surface for water 4625

these lines are not that sensitive to the rotational energy lev- | -
els. Matching all the lines is much more expensive and, fur- .
thermore, weights the rotational energy levels more than the o3}
vibrational energy levels, since for high only rotational
transitions are included in the database. In the present work,  °2r
we include all lines withJ<5 in our optimization. For larger

J, the number of vibrational transitions decreases. We will
see that the potential we obtain does well for the rotational
energies for highed.

When performing least-squares optimization of potential
parameters, the routineaDerR from MINPACK (Ref. 44 was
used. To facilitate the optimization, the basis functions used  *2r
to expand the wave functions were the low-lying eigenfunc- . .
tions of the starting PES. The derivatives of the transition ~ “’o 2 o w0 oo oo a0 rsmo seom0 000 2000
energies with respect to the parameters requiredMDER
were computed using the Hellman—Feynman theorem for the FiG. 5. Errors in line positions as a function of frequency Jet5.
individual eigenvalues. The most time consuming step of the
optimization was the determination of the eigenvectors of the

starting PES. If enough eigenfunctions are used, it is neces- | how little d q hev h
sary to determine them only once. It appears that very accy:- any ¢ u.sters Show lttle depen ence they have very
ittle vertical width. Others show fairly large scatter. The

rate eigenvalues are required for the optimization process. tor i the t it g but th
Using poorly converged eigenvalues does not merely givéCa er increases as ne transition energy increases, but the
rouping of the clusters about the zero line does not change

the wrong PES, it causes the final errors to be larger. Thid' ificantly. We attribute thi tter t -
apparently occurs because of the large amount of data conpgniicantly. Ve attribute this scatter to errors n HigrAN

pared to the flexibility allowed by our parameters. dataTEas;e, se(; Sec. V. ibrational . h
The optimization was carried out in two steps. First, a e fact that many vibrational transitions have errors

preliminary fit with c52=1, c®= cb2i= 0, andA V™ using that weakly depend od is very important for extrapolating

. . . : 5Z__ core_ ~basis_
i+j+k=2 was carried out using the(® lines, with line to higherJ. In earlier fits usinge>=1, c™=c™*=0, we

associations made by matching assignments. For all trans‘?—Ould not achieve this flat error. Varying these three param-
tions up to 14 400 cmt, using theab initio PES (2, the eters greatly improved the results. The final values of the

root mean squaréms) error was 6.91 cm!, and after the Sga'.‘”g parameters were>“=0.999 678'Ccore:_1'§3_’5' and
optimization, the rms error was 0.081 cfn c’®"%= —0.159. It can be seen that the most significant effect

In the final optimization, the line association was made'® from the core correction.

by matching peak heights and peak positions, as describefd Son:r we havdt-:_‘ffnotlexpl?citlly(;nclgded n(I)nagiabati_c elf-
above, with the theoretical calculations using the initially ects. These are difficult to include rigorously. One simple

optimized PES. The data in the least squares fit were not®Y promoted® to include nonadiabaticity is to use the

equally weighted—each transition had an acceptable errcﬁ"tomic rather than nuclear masses. In the early stages of this
associated  with it. These were taken to bework, we carried out optimizations using both the atomic and

max(0.1cni L, err), where err is an estimate of the error in nuclear masses, and in all cases the quality of the fits was not
the theoretical calculations due to incomplete convergence ) gnn‘lce}ntly different. ;hu;; in the fltnal stagest we OTLy used
the rovibrational wave functions with respect to adding more € nuclear masses. Another way 1o parameterize the nona-

basis functions. In addition, the weight for a few points Wasg!abat'c_ efflectsblls t(_) r;:oceled as f(IJIIIO\?\SS_;fgr a one-
set to near zero if there was a large 1 cm-?) difference imensional problem in the electronically adiabatic represen-

between theory and experiment. A total of 5493 lines haQtation where there are two coupled electronic states, we must

nonzero weights, and transitions up to 20 519 ¢mvere solve
included in the optimizatior(most transitions were below H H f f
17 000 cm'Y). The final rms error for the 5237 points with ( 1 12)( 1) = ( 1), (12
weights equal to 1/0.1 cit was 0.044 cml. In this fit, a f2 f2

total of 21 parameters were varied: three scaling the variou,
computed functions and 18 iAV™S! which included the

+ay
ot
N
"

s

++

Error {(1/cm)

H21 H22

Wheref; are the vibrational functions for the two states,

functions I<i+j+k=<3, andk=1, i+ +k=<4. More bend- a2 52

ing functions were included because there were larger errors  Hii=— 20 o2 +Vi(r), 12

in the bending transitions. The parameters\f6¥P are avail-

able from E-PAPS? V; the PES for state (including diagonal corrections to the

The error as a function of the transition energy for theBorn—Oppenheimer approximatipn
final fit is shown in Fig. 5. Figure 5 shows a series of clus-
ters. Each cluster corresponds to a vibrational band, and —EG 9 (13)
within each cluster are the different rotational transitions. 12 T2
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4626 H. Partridge and D. W. Schwenke: Potential energy surface for water

where G, is a nonadiabatic coupling matrix element, the  Another complication arises due to coupling between

derivative acting to the right, and electronic and nuclear angular momentum. This will lead to
5o corrections to the rotational kinetic energy, and the deriva-
Hy=— —G, (14)  tion of Ref. 46 shows terms scaling &% Although the trend
ar '

is for the errors to increase with, the increase is not dra-

with the derivative acting to the left. Since we are primarily matic, so these terms are apparently small.
interested inf,, we can write the formal solution as

[Hy;—Hi(Hpo— E) Hoy]f=Efy, (15 VII. DISCUSSION OF THE RESULTS OBTAINED FOR

. . . H,1%0 FOR THE EMPIRICAL PES.
thus, the nonadiabatic correction takes the form 2

(of11or |F| af11ar), whereF is a nonlocal function depend- Using the final PES/®™, we have performed calcula-
ing on the eigenvalue. If we assurRds a constant, then this tions up toJ=55 in order to generate a high temperature line
is a correction to the kinetic energy. Thus we tried to includdlist. This produced 307 721 352 lines. To obtain this line list,
nonadiabatic effects by introducing three scaling parametersontact the autho® We now compare these results to the
for the kinetic energy operators, but we did not obtain sig-completeHITRAN 96 database. To associate the theoretical
nificantly different results. We believe that this is not be-and tabulated lines, we used the following procedure. This
cause nonadiabatic effects are small or that this is not a goddvolves several steps because of different ambiguities in the
way to include nonadiabatic effects, but rather that we alline assignments. We only used the 289 806 theoretical lines
ready have included some nonadiabaticity. This can be unwith intensities greater than 16° cm/molecule at 296 K in
derstood by noting that we could have just as well used athe automated matching procedure.
electronically diabatic basis. In that casé,, would include In the theoretical results, there are two nearly degenerate
potential coupling but no derivative coupling, and the nonadevels that both have the dominant configuration
diabatic correction would just change the PES. One confor010 13,,. These levels differ in energy by only 0.02
mation of this notion is the fact that when fewer parameterem™?, and transitions into either level have about the same
were used iM\V™s! scaling the kinetic energy operators did intensity, which is about half the intensity of the single lines
improve the results. However this change, as well as theontained in the database. Thus, before matching the lines,
kinetic energy scaling, should in principle be different for we replaced the pair of lines with a single one using the
each rovibrational levél’ Thus, by using a single PES or average position and the sum of the intensities.
single set of kinetic energy scaling parameters, we can only In the first step of the matching, for each line in the
hope to mimic the nonadiabatic effect on the average. Ilatabase, we searched the theoretical lines for a transition
should be noted that in our calculations, scaling the kinetiavith the same assignments for the initial and final levels.
energy operators is not equivalent to changing the masséehis used a 30 cm* window. Once a theoretical line was
because there are three scaling parameters and only twoatched with a line from the database, it was taken out of the
unigue masses, and the masses also enter in the definition jpbol of available lines. In the second matching step, we al-
the internal coordinates. low for resonant mixing between the rotational and vibra-
One other observation on the nuclear versus atomic magmnal quantum numbers of the final level. Thus, we proceed
question is as follows: For water, the choice of the mass o&s before except we ignoke, andK. of the final level, and
oxygen is not criticaf’ Suppose we scale the atomic coor- we use a 2 cm® window. Next we do the same, but allow
dinates by the factos?, then the resulting Schdinger for resonant mixing only in the initial level. There are a
equation will involve the scaled masses/s, wherem; is  number of lines in the database that appear to have missas-
the mass of atom. To evaluate the PES, one would have tosigned vibrational energies. We match these next by pro-
unscale the coordinates. Now one could introduce an empiriceeding as in the first step except we ignore the internal
cal correction to the PES that would exactly cancel this scalenergy when matching assignments and only accept a match
ing, thus scaling the coordinates everywhere, except in thé the intensities agree within a factor of 10. There are a
PES, represents a change to the PES. If we $akebe equal number of unassigned lines in the database, and we match
to the ratio of the hydrogen nuclear-to-atomic mass, and ththem by minimizing[ (@~ w®®)/cm1]%+ [ In13F| &*P)2,
results are not sensitive to the difference between the oxygem many cases, the match of the unassigned lines was very
atomic mass and times the oxygen nuclear mass, then theclear. In the final automated step, we repeated the first step,
computed rovibrational energies from an empirically deter-ut used a 101 cm' window. This was done because there
mined PES will not depend on the choice of mass if theare several lines for which the hundreds digit of the line
empirical correction is sufficiently flexible. We have tried position is in error by one. Then about a dozen lines were
calculations using atomic masses and scaling the coordinatesatched by hand. Mostly this involved extracting a line from
in Ve™ and we find a shift of 0.036 cnt to the zero point the theoretical results with an intensity less than the3{0
energy and a 0.02 cnt change in the fundamentals. Thus, it cm/molecule cutoff, but in a couple of cases additional mis-
appears that the choice of mass is important only if the errorassigned lines were matched. By this means, 30 092 of the
are of this order. Thus, in retrospect, it would have beerB0 117 lines were matched. Of the remaining lines, all but
worthwhile considering trying the atomic masses in the finalone were very weak and so could not be unambiguously
fit. matched. The other line was sufficiently distant from theo-
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TABLE IV. Comparison betweemiTRAN 96 and results fronVe™P by vibrational bands. Frequencies are in
cm™! and intensity in cm/molecule.

Line positions Intensitiés
Error percentiles

No. No. Max. abs. Summed Summed Max.

Band Lines Outliners 25% 50% 75% error HITRAN ratio ratio
010 010 752 23 -0.01 0.00 0.00 0.71 2.22(20° 1.02 2.10)
000 000 1728 26 -0.01 0.00 0.01 0.80 5.2417) 1.01 4.22)
020 020 129 3 0.00 0.00 0.00 0.02 1.6123 1.10 1.70)
010 000 1770 20 -0.01 0.01 0.02 0.76 1.06(17) 1.08 4.14)
020 010 726 17 —-0.05 -0.04 -0.03 0.45 9.71(21) 0.98 4.90)
100 010 402 2 -0.04 -0.04 -0.04 0.06 1.82¢22) 0.83 2.72)
030 020 121 1 —-0.01 0.00 0.00 0.02 5.12(24) 1.25 1.70)
001 010 365 3 0.00 0.01 0.02 0.05 2.6312) 0.95 4.30)
020 000 1126 47 -0.03 -0.01 0.00 4.64 7.5H 20 1.18 7.72)
030 010 314 14 —-0.05 -0.04 -0.03 0.88 7.28(23) 1.19 2.10)
100 000 1301 27 -0.04 -0.03 -0.02 0.43 4.95¢ 19) 1.28 6.62)
001 000 1546 34 0.01 0.03 0.04 0.26 7.20(8 1.16 8.60)
110 010 370 1 -0.01 0.01 0.02 0.07 2.13(22 1.18 1.60)
011 010 521 6 —0.07 —-0.06 —-0.06 0.09 2.90(21) 1.27 1.40)
030 000 665 18 -0.16 -0.02 -0.01 46.48 4.02¢22) 1.60 2.13)
110 000 997 8 —-0.02 0.01 0.03 62.24 4.18(20) 1.10 3.85)
011 000 1297 9 —-0.05 -0.04 -0.04 25.65 8.00¢ 19 1.13 2.92)
021 010 285 14 0.03 0.06 0.08 0.80 6.582) 1.06 7.80)
040 000 215 9 —-0.04 -0.02 0.01 34.16 1.7% 23 1.18 2.24)
021 000 958 52 -0.03 -0.01 0.03 70.49 3.8%20) 1.03 9.13)
120 000 613 32 —-0.05 -0.03 -0.01 19.96 2.46( 21) 1.09 6.67)
200 000 988 33 -0.06 -0.01 0.01 23.58 6.1 20) 1.35 7.@5)
101 000 1325 63 —-0.02 0.00 0.02 100.14 5.63(19) 0.94 2.55)
002 000 886 43 0.02 0.06 0.08 14.77 3.6%1) 1.28 2.74)
130 000 263 10 -0.01 0.01 0.04 1.50 4.42(22) 1.14 2.12)
031 000 330 1 0.04 0.06 0.08 91.94 1.281) 0.38 3.83)
111 000 596 6 -0.02 0.00 0.01 58.70 3.54(20) 1.33 3.35)
210 000 237 6 0.02 0.05 0.07 17.53 1.4800) 1.18 6.23)
012 000 364 8 -0.04 -0.03 -.03 1.43 7.54¢22) 1.19 1.62)
041 000 163 2 0.04 0.05 0.06 10.10 3.633) 7.17 1.22)
121 000 401 13 -0.10 —-0.08 -0.05 7.04 2.15(21) 1.80 1.12)
220 000 119 2 -0.05 -0.03 -0.02 0.52 1.29¢22) 0.62 1.75)
300 000 736 22 —-0.03 -0.01 0.01 25.41 2.62(21) 0.78 4.94)
201 000 583 9 -0.01 0.01 0.02 12.94 1.76(20) 0.96 3.@3)
003 000 402 6 0.02 0.05 0.06 0.11 1.9 1.14 8.83)
131 000 231 14 0.00 0.01 0.91 100.00 3.7eR) 0.20 3.@6)
211 000 450 18 0.00 0.03 0.05 10.22 1.2@1) 1.31 1.81)
310 000 407 21 -0.07 -0.02 0.03 8.45 8.99¢ 23 1.40 1.14)
013 000 250 23 -0.02 -0.01 0.00 3.81 8.78( 23 0.77 1.72)
221 000 295 17 -0.22 -0.18 -0.12 3.63 1.72¢22) 2.20 5.40)
301 000 659 25 -0.09 -0.05 0.05 15.71 1.28(21) 0.91 2.61)
320 000 253 10 —-0.20 —-0.11 -0.06 2.43 2.03¢23 1.14 5.11)
302 000 160 8 -0.14 -0.09 0.58 18.08 2.25¢23 0.56 1.62)
400 000 390 9 -0.10 -0.04 -0.02 12.81 1.06¢ 22) 0.88 4.52)
231 000 111 1 -0.01 0.01 0.06 14.81 5.76(24) 0.56 7.%1)
311 000 339 17 -0.11 -0.06 0.05 5.93 1.03(22) 1.10 6.90)
312 000 136 9 -0.14 -0.10 0.02 4.86 1.54(23) 0.76 2.%3)
401 000 359 12 -0.16 0.12 1.05 35.42 8.23(23) 0.92 5.41)
402 000 148 7 -0.39 -0.16 0.51 7.77 2.24(23) 0.34 1.14)
321 000 200 3 -0.47 -0.30 -0.13 73.32 4.60¢ 23 1.14 8.52)
500 000 115 4 -0.20 -0.18 -0.02 15.58 3.99¢ 24) 0.74 2.81)
411 000 107 2 —-0.04 0.12 0.66 5.27 2.79(24) 1.37 8.Q0)

&The theoretical intensities are multiplied by the isotope abundance factor 0.997 32.
b2.22—20)=2.22x 10",

retical lines of similar strength to make a match difficult. 28 204 out of the 30 092 matched lines. We measure the
In Table 1V, we give a band-by-band comparison of theerrors in the line positions by giving the 25, 50, and 75

present results and those from the database. In Table IV weercentiles of w®®°—w®® as well as the maximum

only include the bands with at least 100 lines. This included w®¥°— »®". For example, for the 000 000 band, 25% of the
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s . , , , , , , : in the line analysis. However, we cannot rule out the possi-
. , bility of errors in our Hamiltonian which become important

* . 1 at higherJ. Also, recall that we only used<5 when opti-

1 mizing our potential, thus optimizations using higlerould

* reduce the errors at high However, given the presence of

the outliers, it is not clear which lines should be included in

the fit at highJ. Considering the errors as a function Kf

andK. did not reveal further insight into the sources of the

2r 1 errors.

Returning now to Table 1V, we see that most bands are
fit very well. The agreement deteriorates at the highest fre-
4t 1 quency transitions, but remains quite good. Some of the in-
, o , , crease in error may be due to incomplete convergence of the
Sy L rovibrational wave-function expansions. Overall, the errors

are small: for all 30 092 lines, 5% hawe¥°— »®® more
FIG. 6. Errors in transition frequency for 020000 band as a function of negative than—0.40 cml, 10% more negative than
final J. There are 1126 points shown. —0.11 cm'!, 25% more negative thar 0.04 cmi'?, the
median error is— 0.008 cm %, 25% have differences greater
than 0.02 cm?, 10% greater than 0.07 cm, and 5%
¥~ »®P are more negative than0.01 cn !, the median  greater than 0.38 cnt.
difference is 0.00 cm!, and 25% of the lines have It would be interesting to compare our computed line
%~ »®P greater than 0.01 cit. We do not find it useful  positions to recent analysis of flame studi&stbut as we do
to quote the rms error, because there are a number of outlier®t have electronic versions of that data, we do not make
for each band, and they distort the rms error. For examplesuch a comparison here.
for this band the maximum error is 0.80 ¢t and we con- Also included in Table IV is a comparison of line inten-
sider 26 of the 1728 lines to be outliers. We determine thesities. Here, we do not include the outliers. We give the
outliers by computing the average absolute deviation fromntensity summed over all lines in the band frenTRAN 96,
the average. Then lines with errors greater than four timeand the ratio of the summed intensity from the calculations
this are considered outliers. Using three times the averag® the summed intensity fromiTRAN. For most bands, there
absolute deviation from the average produces very similais good agreement. Out of the 52 bands, 15 have ratios be-
results because there is usually a big gap between the outlienseen 0.9 and 1.1, and 29 have ratios between 0.8 and 1.2.
and the other lines. We use the average absolute deviatioll but five agree within a factor of 2, with the largest de-
from the average rather than the rms error, because it is morgation being a factor of 7.17 for the 041 000 band. For this
well behaved in the presence of outliéfsAbout 3% of the  band, the theoretical lines are systematically stronger than
lines are outliers. those in the database. The agreement for individual line

Some of the outliers appear to be due to transcriptiorstrengths is not always so good, even for bands where the
errors somewhere in the preparation of the database. For esummed intensity agrees well. We also give in Table IV the
ample, the 101 000 band has four lines with errors very closenaximum of1 %1 and 1#¥1°3 This can be as large as
to 100 cmi !, the 131 000 band has one line with an error6.6x 10’, which occurs for the 120 000 band—here the
very close to 100 cm?, and the 041 000 band has two lines summed intensities agree within 10%. It is likely that there
with errors very close to 10 cnt. The 211 000 band has one are transcription errors in the intensities as well. Missassign-
line with an error very close to 10 cm. Otherwise, the ments of lines may also contribute to the errors.
errors for these bands is usually quite small, thus, it seems It is important to note that many of the intensities in the
very likely that one digit is off by one unit for these lines. HITRAN data base are not obtained from measurement but
Other transcription errors, like transposed digits or errors irrather from approximate theoretical calculations parameter-
the units digit or to the right of the decimal point are lessized by other measurements, thus some disagreement with
obvious. We note that there are many lines with errors veryhe present results is not unexpected. In Fig. 7, we show the
close to 1 cm!. We have tried to see if there were any intensity in absorption for room temperature,’?0 com-
trends with the outliers, and so we plotted their errors forputed using the!TRAN 92 database and the present PES and
many bands as a function of various quantities. A typicaDMS. In generating the spectra, a Gaussian of full width at
example is Fig. 6, where we plot the errors for the 020 00thalf-maximum of 20 cm?® was used for each line. The spec-
band as a function of the final value &ffor the line. We see trum shows a series of peaks separated by deep valleys. The
many points having very small errors, randomly scatterepeaks agree quite well, however, there are greater differences
points with large errors, and then points with errors increasin the valleys. Part of this is because the present results in-
ing at highJd. The outliers only occur fod=9 for this band. clude many more weak lines.

This suggests that in addition to transcription errors, some of It is one thing to obtain accurate line positions, but an-
the outliers are due to missassignments of weak lines havingther to also get accurate rovibrational energies. We have
high J due to inadequacies of the model Hamiltonians used¢ompared the rovibrational energies i+ 20 obtained from

HEE F R

R S
HEE
+

a4
e
e+

Error (1/cm)
T
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TABLE V. Rotational energy levels for %0, J=20 (in cm™?).

10 T T T T T T T

1 Ka Ke exp? PJT® \/emp
0.1 0 20 4048.252 4048.285 4048.35
oo 1 20 4048.252 4048.285 4048.35
1 19 4412.317 4412.335 4412.41
§ 0.001 2 19 4412.317 4412.335 4412.41
E oo 2 18 4738.624 4738.623 4738.70
'E? 3 18 4738.636 4738.634 4738.71
E 105 3 17 5031.77 5031.86
1008 b 4 17 5031.977 5031.968 5032.05
4 16 5292.096 5292.056 5292.16
1el7 5 16 5294.035 5293.995 5294.09
1e-08 5 15 5513.266 5513.146 5513.28
j I i 6 15 5527.046 5526.980 5527.09
et 2000 7000 euloo 8(;00 o0 2000 14600 16000 6 14 5680.64 5680.81
Freauenay (tjem) 7 14 5739.23 5739.15 5739.27
7 13 5811.92 5812.09
FIG. 7. Room temperature intensities fo5*fD. Solid line, present results, 8 13 5047.33 50947.25 5947.35
dashed lineHiTRAN 92 database. ) 12 5966.72 5966.86
9 12 6167.91 6167.68 6167.75
9 11 6170.96 6170.80 6170.87
omp . 10 11 6407.09 6407.12
Ve with those given for the Polyansky—Jensen—Tennyson 10 10 6407 45 6407.49

(PJT) potential? These are given in Table V. The maximum 11 10 6664.14 6664.20 6664.18

difference between experiment and the present work is 0.15 11 9 6664.17 6664.23 6664.21
cm ™1, and we obtain errors smaller than PJT 25 times out of 12 9 6935.42 6935.53 6935.46
the 35 cases where experimental data is available. The root- 12 2 ngg-gg gg?ﬁ?‘l‘ ?Zi?-gg
means-square deviation between theory and experiment is ;5 2 7917 56 791771 7917.59
Tl crh for VE™P. Th ' ' '

0.15 cm = for the PJT PES and 0.07 cmfor V'™ Thus, 14 7 7507.57 7507.77 7507.60
the present PES gives very accurate rovibrational energies 14 6 7507.57 7507.77 7507.60
for high J as well. 15 6 7802.7 7802.9 7802.70
In Table VI we give energy levels up to about 16 000 1° > 7802.7 7802.9 7802.70
cm ! above the zero point energy fd,=0 obtained usin 16 ° 81003 81005 8100.27
o P 9y , 9 16 4 8100.3 8100.5 8100.27
Ve In the second .column we give the difference between ;- 4 8397.6 8397.9 8397.59
the HITRAN 96 energies and those we have calculated. The 17 3 8397.6 8397.9 8397.59
agreement is very good, mostly with errors much smaller 18 3 8691.9 8692.1 8691.84
than 0.1 cm?. The largest error is for the level at 12 139 12 g gg%-z gggg-é gg%-gg
cm-S, which is a m|xtur§ of the 310 anq 112 levels, where ¢ 1 8979.8 8980.0 8979 75
the difference is 0.49 cit. The other rT_nxture of 310 gnd 20 1 9257 408 9257 416 9257.29
112 has an error of only 0.01 ¢m. Thus it may be possible 20 0 9257.408 9257.416 9257.29

that the tabulated energy is wrong. Note also that the bang
labeled 310 000 in Table IV gives very good results. Of the o™ Ref 9-
43 levels where data is available fronTRAN, only five have
errors bigger than 0.1 cni. It is interesting to compare our
prediction of the 050 level, 7542.51 crh with the recent of n, so some high bending levels can be quite pure, e.g., the
experimental value of 7542.320.05 cm®. The agree- 0 11 0 level.
ment is quite good. In Table VII we give some selected dipole matrix ele-
Also included in Table VI is the entropy of mixiAand  ments, which should be useful for users of the PES and DMS
the wave-function decomposition from a natural modalgiven in the present work. The tabulated quantity is the
analysis of each level. The quantum number labels were desquare of the matrix element of the dipole moment, averaged
termined as beforé by node counting, followed by readjust- over initial-state rotational degeneracies and summed over
ment in selected cases. Thus, the labels are not infallibldjnal-state rotational degeneracies. When available, the re-
especially for weakly occupied components. This happensults from theHITRAN 92 database are also given. The agree-
since a single set of functions for all levels is not used. Asment between the calculated aRd’RAN 92 frequencies is
the energy increases, the amount of mixing increases, excepéry good, while the agreement of the matrix elements is less
for certain isolated cases, such as the 0 11 0 level. The mixsatisfying.
ing is usually of two types. There is strong mixing between  As mentioned above, we have carried out calculations of
levels that do not change, + v5, which is well known for  a high-temperature line list for A0 using V™ and the
H,O. There is also stretch—bend mixing between the level®MS of this work. Calculations were carried out fbup to
v1vov3 and v+ 1lyv,—nvg with n=2 for low v, andn=3 55 and a total of 170 625 rovibrational energy levels were
for higherv,. As anharmonicity changes the optimum valuedetermined. The maximum number of roots extracted per
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TABLE VI. Energy levels and wave function components fo§®, J=0.

Energy(cm 1) o—c? Entropy 121 v, V3 Coef 121 vy V3 Coef V3 Coef
Even levels
0.00 0.00 0.01 0 0 0 1.00 1 0 2 0.02 0 0.01
1594.78 —-0.03 0.02 0 1 0 1.00 1 0 0 0.02 2 0.02
3151.63 0.00 0.08 0 2 0 1.00 1 0 0 -—0.08 2 0.02
3657.04 0.01 0.12 1 0 0 1.00 0 2 0 0.06 2 0.06
4666.79 0.00 0.15 0 3 0 0.99 1 1 0 -0.11 2 0.02
5235.03 —-0.05 0.19 1 1 0 0.99 0 3 0 0.10 2 0.06
6134.04 —0.03 0.21 0 4 0 0.99 1 2 0 -014 2 0.02
6775.10 —0.01 0.36 1 2 0 0.98 0 4 0 0.13 0 -0.10
7201.55 —-0.01 0.86 2 0 0 0.93 0 0 2 0.35 0 0.08
7445.12 —0.07 0.78 0 0 2 0.94 2 0 0 —-0.34 4 0.04
7542.51 0.25 0 5 0 0.99 1 3 0 0.16 2 -0.02
8274.05 -0.07 0.51 1 3 0 0.97 2 1 0 -0.18 0 -0.13
8761.66 —0.08 1.01 2 1 0 0.92 0 1 2 0.35 0 0.12
8870.59 0.29 0 6 0 0.98 1 5 0 0.17 2 -0.03
9000.11 0.03 0.84 0 1 2 0.93 2 1 0 -0.35 0 —0.05
9724.40 0.66 1 4 0 0.96 2 2 0 -0.22 0 —-0.15
10 087.15 0.36 0 7 0 0.98 1 5 0 -0.19 0 —0.04
10 284.35 0.02 1.28 2 2 0 0.90 0 2 2 0.35 0 -0.16
10521.77 0.99 0 2 2 0.93 2 2 0 -034 2 —0.08
10 599.68 0.01 1.64 3 0 0 0.75 1 0 2 0.64 4 0.10
10 868.89 0.01 1.63 1 0 2 -0.75 3 0 0 0.64 4 -0.12
11 099.24 1.32 1 5 0 0.88 0 8 0 0.43 0 0.20
11 254.40 1.10 0 8 0 0.90 1 5 0 -042 0 -0.11
11 767.52 1.47 2 3 0 0.89 0 3 2 0.34 0 -021
12 007.92 1.09 0 3 2 0.92 2 3 0 -0.33 2 -0.11
12 139.36 —0.49 1.83 3 1 0 0.73 1 1 2 0.63 2 0.11
12 381.94 1.69 1 6 0 0.71 0 9 0 0.68 0 0.16
12 407.65 0.01 1.84 1 1 2 -0.73 3 1 0 0.64 4 —-0.12
12 533.66 1.68 0 9 0 0.73 1 6 0 -—0.65 0 —0.18
13 205.14 1.57 2 4 0 0.88 0 4 2 0.31 0 -0.25
13453.71 1.17 0 4 2 0.92 2 4 0 -0.30 2 —-0.12
13 640.58 2.43 3 2 0 0.68 2 2 2 0.58 2 0.17
13661.61 1.77 1 7 0 0.85 0 10 0 -0.40 0 0.24
13 828.16 0.12 1.98 2 0 2 0.80 4 0 0 0.49 4 0.29
13857.46 1.08 0 10 0 0.91 1 7 0 0.40 0 -011
13910.79 0.11 2.13 1 2 2 -0.71 3 2 0 0.62 0 —-0.12
14 221.13 0.03 1.88 4 0 0 0.82 2 0 2 -041 4 -0.35
14 537.42 1.22 0 0 4 0.90 2 0 2 —-040 0 0.17
14 579.47 1.71 2 5 0 0.87 1 4 0 0.27 2 0.23
14 819.82 2.52 1 8 0 0.61 1 5 2 —048 2 —-0.41
14 881.86 2.72 1 5 2 0.47 0 5 2 —-042 0 —0.38
15108.15 2.46 3 3 0 0.68 2 3 2 0.59 2 -0.19
15 295.36 0.55 0 11 0 0.97 1 1 0 0.25 0 -0.05
15344.41 0.09 2.26 2 1 2 0.79 4 1 0 0.43 4 0.29
15377.79 2.46 1 3 2 —-0.71 3 3 0 0.56 0 —0.25
15742.79 0.01 212 4 1 0 0.81 2 1 2 -0.39 4 -0.34
15871.18 2.03 2 6 0 0.80 1 9 0 0.49 0 0.24
16 046.92 1.33 0 1 4 0.89 2 1 2 —-040 0 0.17
Odd levels
3755.96 —0.03 0.02 0 0 1 1.00 1 0 3 0.04 3 0.01
5331.22 —-0.05 0.04 0 1 1 1.00 1 1 3 0.04 1 0.02
6871.50 0.02 0.12 0 2 1 0.99 1 0 1 -0.09 3 0.04
7249.86 —0.04 0.22 1 0 1 0.99 0 0 3 0.12 1 0.07
8373.90 —-0.05 0.21 0 3 1 0.99 1 1 1 -013 3 0.04
8807.04 —0.04 0.31 1 1 1 0.98 0 3 1 0.11 3 0.11
9833.63 —0.04 0.28 0 4 1 0.99 1 2 1 -0.16 3 0.04
10 328.67 0.06 0.54 1 2 1 0.97 2 2 1 -0.12 3 0.11
10613.40 —-0.05 0.96 2 0 1 0.92 0 0 3 0.37 1 0.09
11 032.46 —0.05 0.81 0 0 3 0.93 2 0 1 —0.35 5 0.05
11 242.78 0.33 0 5 1 0.98 1 3 1 0.18 3 -0.04
11 813.23 —0.02 0.72 1 3 1 0.96 2 1 1 —-0.21 1 —-0.15
12 151.32 —0.07 1.14 2 1 1 0.91 1 1 3 0.37 1 -013
12 565.01 0.00 0.88 1 1 3 0.93 2 1 1 -0.35 5 0.05
12 586.33 0.37 0 6 1 0.98 1 4 1 0.19 3 -0.05
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TABLE VI. (Continued)

Energy(cm™1) o—c? Entropy 121 v, V3 Coef 12 v, V3 Coef 121 v, V3 Coef
Even levels

13 256.25 0.84 1 4 1 0.95 2 2 1 —-0.24 0 5 1 —-0.15

13 652.46 0.20 1.54 2 2 1 0.88 0 2 3 0.36 3 2 1 -0.19

13 830.84 0.10 1.76 3 0 1 0.79 2 0 3 0.56 2 2 1 0.12
13 835.85 0.51 0 7 1 0.97 1 6 1 -019 3 0 1 0.07
14 066.21 0.02 1.05 0 2 3 0.92 2 2 1 -034 1 0 3 —-0.07

14 318.75 0.06 1.67 1 0 3 0.79 3 0 1 -0.57 0 0 5 0.17
14 648.19 0.97 1 5 1 0.94 2 3 1 0.27 0 4 1 0.18
14 984.72 0.52 0 8 1 0.97 1 7 1 0.21 2 4 1 -0.08
15119.03 0.00 1.80 2 3 1 0.85 0 3 3 0.35 3 1 1 -0.26

15 347.85 0.11 1.93 3 1 1 0.77 1 1 3 0.56 2 3 1 -0.17
15534.83 1.19 0 3 3 0.92 2 3 1 -0.33 3 1 1 0.10
15 832.68 0.08 1.85 1 1 3 0.78 3 1 1 -057 0 1 5 0.16
15969.61 1.37 1 6 1 0.89 0 9 1 0.36 2 4 1 0.24
16 160.69 1.00 0 9 1 0.92 1 6 1 -0.35 2 5 1 —-0.12
16 546.44 1.89 2 4 1 0.84 1 4 3 0.33 3 2 1 -0.30

Difference betweemiTRAN 96 energy and calculated energy in th

JPSwas 1633, and that occurred fédPS=17——. A total  VIII. OTHER ISOTOPES

of 307 721 352 possible transitions are generated by the

computed levels, and the line strengths for each line have

been calculated. In Fig. 8 we show the computed line In this section we consider the other isotopes. Table IX
strengths in absorption for several temperatures. At higlgives low lying vibrational frequencies for seven different
temperature, the dips between the vibrational bands have abkotopically substituted water molecules. The first line gives
most completely filled in. The partition function computed the frequency determined using the PES™, the second
from these energy levels is given in Table VIII. We use using the PES/™Sdescribed below, the third uses ab
statistical weights of 1 and 3 for the different symmetries.inisiq giagonal adiabatic correctidi,and the fourth is the
The partition function may be fit by a power series in teM- oy perimental valu&®-5° First consider the different oxygen

perature using half integral powers, Eii%otopes of HO. The agreement between the results obtained

These calculations were designed to be the best th Ve and th . fi d: th .
could be carried out given the algorithm used and the com'—“'_Slng 'an € expe_nmen IS very good. the maximum
difference is only 0.03 cm'. Thus we use®®™Pto generate

puter hardware available. The high-lying levels are not well™""*=" 17 N } i
converged, but it is expected that this line list will be valu-line lists for >0 and B %0 to compare to the lines in the

able for high-temperature simulations because the poorl{/ITRAN 96 database for these isotopically substituted species.
converged levels will primarily contribute to weak lines that These calculations used parameter set A of Sec. V. In Tables
form an unresolved background to the spectra. X and XI we give the band by band comparison between the

TABLE VII. Selected dipole matrix elements.

Transition Frequencycm™ 1) Matrix Element(Debye)

VqVyV3 VVyV3 Calc. HITRAN Calc. HITRAN
113-0q0

000 000 37.138 37.13708 3.479 3.454

010 000 1634.999 1634.967 10 1.662)? 1.4971-2)

020 000 3196.092 3196.093 00 6.26%) 4.875-5)

100 000 3693.280 3693.293 90 2.52@) 1.756—4)
101000

001 000 3779.530 3779.492 90 5.568) 4.713-3)
10—101

001 001 17.475 1.783

011 001 1595.785 8.0443)

021 001 3140.021 3.3905)

101 001 3510.489 1.0854)
131y

101 100 3586.291 2.5%63)

1.663—-2)=1.663<10 2.
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6 cm ! too low. The 111 and 201 bands that were system-
atically too low for H,'’O are now a little too high. If the
difference was due primarily to a correction to the PES that
scales with the mass of the oxygen atom, then we would
expect the'’O results to be intermediate betwe&® and
180, which is not what we observe. Perhaps some experi-
mental error is involved in these bands. Out of the 6357 lines
for this species, we were able to match all but one with
calculated lines, and the 5, 10, 25, 50, 75, 90, and 95 per-
centile differences between the calculated and tabulated line
positions are—2.98, —0.06, —0.03, 0.00, 0.03, 0.20, and
| 0.43 cml. We estimate that about 3.4% of the lines are
A outliers. The intensities agree pretty well between the com-
25000 30000 puted and tabulated results.
Now return to Table IX and consider HfD, the only
FIG. 8. Spectra of b0 for several temperatures. other water species for which data exists in therAN da-
tabase. Here, the differences between the frequencies from
VeMPand the database are larger — up to 0.26 tnin fact,
calculated and tabulated results. Tables X and XI use th# one considers all 2058 lines in the database With5, the
same format as Table IV, and again we only give results forms difference between the frequencies computed using
bands with at least 100 lines. V™ and theHITRAN 96 database is 0.247 c¢m, which is
The results in Table X for k7O are quite similar to the about a factor of 6 times greater than fos'fO. There is also
results for B°0. Most of the bands are fit very well, with extensive daf4*° for D,%0 and if we generate lines from
the exceptions of the 111 and 201 bands, which differ systhe 180 tabulated energies with<5, the rms error using
tematically by nearly 3/4 cmt. The calculated frequencies V®™Pis 0.182 cm® for the 2133 lines with computed inten-
are too low. These are fairly high-energy transitions and maygities greater than IG° cm/molecule(without including an
be hinting that a mass dependent correction is beginning tsotope abundance facjofTo improve on this, we decom-
be important. Overall, the 5, 10, 25, 50, 75, 90, and 95 perpose the PES into a mass independent part, caif& and
centile differences between the calculated and tabulated line correction, AVAY, divided by the hydrogen masse¢5®
positions are-1.17, —0.75, —0.03, —0.02, 0.02, 0.03, and should represent the Born—Oppenheimer PES plus relativis-
0.04 cmi . About 2.4% of the lines appear to be outliers. tic and any mass independent effective nonadiabatic correc-
There are a total of 3744 lines in the database for this speions, while AVAY should represent the diagonal adiabatic
cies, and we were able to match all the tabulated lines witltorrection to the Born—Oppenheimer PES, mass polarization
calculated lines. The agreement between the calculated amdrrections, and any effective nonadiabatic corrections that
tabulated intensities is usually quite good. scale as the inverse of the mass. Specifically, we write
In Table XI we give the results for J420. Again the
results are very good on the whole, with a few bands sys-
tematically off: the 012 band is about 3 chtoo low, the
031 band is about 4 cnt too low, and the 003 band is about

0.1

0.01

0.001 |

0.0001 +

1e-05

Intensity {km/mol)

1e-06

1607 |

1e-08 |

1e-09

1 L
15000 20000

Frequency (1/cm)

L L
5000 10000

1
VMESEr r,,0)=VBO(r ,r,,0)+ m—AVAd(rl,rz,e)
1

1
+—AVAd(r2,r1,0), (16)
m;

TABLE VIII. Partition function for water.

wherem; is the mass of theth hydrogen isotope in the water

Temperature<) H,'°0 molecule andv®® and AVAY are determined by requiring
5 1.009 678 1 that VMass=\yemP for HglGO, \/Mass= \/emp AVHDO for HD
10 13283622 %0, andv™as=vemP AP0 for D,0, whereA VHPO and
50 12.961 455 AVP20 are corrections added %°™ to match the experi-
S5 23.170 043 ment for these species. We can parameterize these with a

100 85152775 single set of coefficients beca
200 97.413 639 9 use
296 174.578 18 L
500 386.322 23 HDO (1A
750 739.067 20 AV (rlirZ:G)_ mp My AV (rlir216)y (17)
1000 1218.2469
1500 2713.0010 and
2000 5276.1830
2500 9455.0113 1 1
3000 15 949.203 AVD20 _ _ Ad
r lr !0 I o ] I}

3500 25 606.465 (ry,r2,0) mp my [AVErLra,6)
4000 39371.543

+AVAY(r,,r,0)]. (18)
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TABLE IX. Low-lying vibrational levels for various isotopic substitutigim cm™1).

Source H0 H,*0 HD®0 D,*0 D,*0 T,%0 HT*%0
010
vemp 1591.36 1588.31 1403.42 1178.23 1170.01 995.18 1332.40
\/mass 1403.52 1178.41 1170.20 995.33 1332.49
\ZPST 1591.36 1588.31 1403.52 1178.42 1170.18 995.39 1332.52
Expt. 1591.38 1588.28 1403.48 1178.38 1170.18 995.33 1332.48
020
vemp 3144.98 3139.05 2781.75 2336.48 2320.36 1976.25 2639.57
\y/mass 2782.02 2336.84 2320.74 1976.57 2639.79
\ZPST 3144.98 3139.05 2781.95 2336.85 2320.70 1976.66 2639.82
Expt. 3144.98 3139.08 2782.0F 2336.84
100
vemp 3653.12 3649.67 2723.44 2671.33 2660.49 2236.79 2299.46
\y/mass 2723.66 2671.65 2660.79 2237.26 2299.81
VZPST 3653.13 3649.66 2723.53 2671.41 2660.53 2236.88 2299.56
Expt. 3653.12 3649.68 2723.68 2671.65 2237.1% 2299.77
001
vemp 3748.35 3741.60 3707.58 2787.59 2767.37 2366.46 3716.79
\y/mass 3707.48 2787.73 2767.51 2366.61 3716.72
VZPsT 3748.33 3741.59 3707.50 2787.57 2767.31 2366.44 3716.72
Expt. 3748.32 374157 3707.47 2787.72 2366.60) 3716.58

3HITRAN 96 database.
PReference 59.
‘Reference 55.
‘Reference 58.

‘Reference 54.
Reference 53.
9Reference 56.
"Reference 57.

We represented VA9 using Eq.(4) with i +j+k<2, which  when fitting both HD®0O and B,*%0. This suggests that we
resulted in nine parameters. These parameters were optirere using more parameters than warranted by the available
mized by simultaneously fitting the HBD and D'°0 data.  data.

The final rms error for the combined HfD, D,%0 fit was We have used the PES™Sto predict all of the
0.019 cm'!, and the rms error for HFSO was 0.021 cm®  HD'O lines in theHITRAN 96 database, and the band-by-
and 0.017 cm? for D,®0. The results using this potential band results are given in Table XII. Of the 9226 lines in the
for these species are given in Table IX in the row labeleddatabase, we are able to match 9221. The five unmatched
V™Mas$ and the agreement with experiment is much improvedlines are weak and appear to be missassigned, because the
with maximum error of only 0.04 cm'. The parameters for initial and final parities are the same, and so violate dipole
this correction are available from E-PAPSWe initially  selection rules. The results are very good for all bands, and
tried to parameterizd VA9 just using HB®0 lines, but the as before we see a number of outliers: we estimate that 1.9%
correction we obtained did not perform very well for the of the lines are incorrect. Over all bands, the 5, 10, 25, 50,
other hydrogen isotopes. For that fit, the rms error of 0.0195, 90, and 95 percentile differences between the calculated
cm ! was only marginally better than what we obtainedand observed line positions are0.04, —0.03, —0.02, 0.00,

TABLE X. Comparison betweeniTraN 96 and results fromV®™P by vibrational bands for k70. Frequencies
are in cm! and intensity in cm/molecule.

Line positions Intensitiés

Error percentiles

Downloaded-25-Nov-2009-t0-143.232.215.59.=-Redistribution-subject-to-~AlP-license-or-copyright;~see-http://jcp.aip.org/jcp/copyright.jsp

No. No. Max. abs. Summed Summed Max.
Band Lines Outliers 25% 50% 75% error HITRAN ratio ratio
000 000 622 12 0.00 0.00 0.01 0.30 1.940° 1.04 1.2
010010 117 5 0.00 0.00 0.00 0.04 7.844) 1.04 1.1
010 000 872 23 0.01 0.02 0.03 0.59 3.9800) 1.09 15
020010 210 2 -0.04 -0.04 -0.03 0.06 3.54¢24) 1.01 1.3
020 000 247 3 -0.02 -0.01 0.00 0.06 2.40(23) 1.30 1.8
100 000 387 5 -0.03 -0.02 -0.02 0.06 1.70¢22) 1.33 59.
001 000 529 16 0.02 0.03 0.04 0.14 2.5221) 1.25 1.4
111 000 226 5 -0.72 -0.64 -0.57 20.75 1.77¢ 23 0.98 2.1
201 000 173 10 -0.78 —-0.74 -0.67 2.00 7.33¢24) 0.79 2.7

The theoretical intensities are multiplied by the isotope abundance factor31199.
b1.94(—20)=1.94x 10" %
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TABLE XI. Comparison betweeRITRAN 96 and results from/®™ by vibrational bands for K%0. Frequencies
are in cm! and intensity in cm/molecule.

Line positions Intensitiés
Error percentiles

No. No. Max. abs. Summed Summed Max.

Band Lines Outliers 25% 50% 75% error HITRAN ratio ratio
000000 766 25 0.00 0.00 0.01 0.14 1.67(9)° 0.99 1.3
010010 202 9 0.00 0.00 0.00 0.14 4.6123) 0.99 11
010000 968 34 0.01 0.02 0.03 9.36 2.1500 1.06 2.7
020010 262 3 -0.04 -0.03 -0.03 0.06 1.98¢ 23 0.97 25
020000 388 12 -0.01 -0.01 0.00 1.19 1.32(22) 1.26 1.8

100000 553 3 -0.03 -0.02 -0.01 0.10 9.47¢ 22 1.27 220
001000 711 24 0.02 0.03 0.04 0.39 1.390 1.18 1.3
011010 101 3 -0.07 -0.06 -0.06 0.07 5.19( 24) 1.29 1.4
110000 443 16 0.03 0.05 0.07 6.16 5.643) 1.23 3.0
011000 734 39 -0.04 -0.04 -0.03 9.58 1.48¢21) 1.23 3.1

031 000 102 3 —-3.75 -—-365 -3.43 17.41 1.59¢ 24) 0.27 26
111000 335 7 0.19 0.34 0.45 22.04 9.6613) 0.95 5.9
012 000 152 4 -3.05 -296 -2.79 17.07 2.80¢ 24) 0.57 9.0
121 000 140 3 0.43 0.50 0.61 20.60 3.8®49) 1.71 2.9

201000 279 21 0.08 0.18 0.34 5.03 4.6643) 0.75 3200
003 000 147 6 -6.10 -597 -571 13.37 4.48(24) 0.90 1.7

®The theoretical intensities are multiplied by the isotope abundance factorx1997.
b1.07(-19)=1.07x10"%.

0.01, 0.03, and 0.04 cnt. The ratios of the summed inten- Recently Zobovet al®’ have computed the diagonal

sities are in very good agreement, except for the last twadiabatic correction for water usiradp initio wave functions.

bands, where the ratio is close to three. They find that the correction due to oxygen motion is very
Returning again to Table IX, we give our predictions for small, which is what we observed. We have added the dif-

three other isotopically substituted water molecules. CoMsgrence hetween their correction for a given isotopically sub-

paring the usn?agvemp and V™ with experimental results, gy e species and their correction o5 to V™ and

we see tha greatly improves the results for all cases computed the frequencies that are labal&85Tin Table IX.

exceptry for HTO, whereV™%is only a slight improve- . . . . .
ment. The largest errors remaining are farof T,0 (0.11 We see thgt the results obtalpetrjnausimg thIS. ad|abat.|c cgrrec
tion sometimes agree well witi™*>5 sometimes going in

cm 1) and v, of HTO (0.14 cm ). The experimental data =s :
for these fundamentals is rather Gftand may be subject to the correct direction but not far enough, and sometimes go-
larger errors. However, for both these molecules, the othelfd in the wrong direction. It is not clear if this is due to the
stretching frequency is also given, and it agrees well with theé@pproximate electronic wave functions used in &9.or to
more modern results quoted in Table IX, so the discrepanciefe neglect of other factors, such as mass polarization, which
may be real. are included when we empirically determine the correction.

TABLE XII. Comparison betweeriTraN 96 and results from/™@Sby vibrational bands for HEO. Frequen-
cies are in cm? and intensity in cm/molecule.

Line positions Intensitiés
Error percentiles
No. No. Max. abs. Summed Summed Max.
Band Lines Outliers 25% 50% 75% error HITRAN ratio ratio

000000 1382 44 —0.02 0.00 0.00 1.54 1.1%(20° 1.02 6.1+1)

010000 1653 11 0.01 0.02 0.03 0.27 2.8201) 1.05 1.3+2)
001000 1333 31 —0.03 -0.02 0.00 0.29 6.33( 22 1.04 3.1+4)
020000 953 25 —-0.02 -0.01 0.00 0.35 8.42( 23 1.02 2.8+3
100000 1646 39 —0.01 0.01 0.02 7.59 1.42(21) 1.05 1.6+1)
011000 860 5 —-0.02 -0.01 0.01 4.59 6.42( 23 1.01 9.4+1)
030000 602 8 -0.04 -0.02 -0.01 14.87 3.50¢ 23 1.00 7.Q+1)
110000 576 9 —-0.02 -0.01 0.00 0.64 3.66( 23 3.03 6.7+0)
002000 216 3 —-0.04 -0.02 0.00 35.96 1.58{23) 2.69 3.3+0)

The theoretical intensities are multiplied by the isotope abundance factor21992.
b1.07(— 20)=1.07x 10" %.
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TABLE XIIl. Differences between various PESs and®+AV®®  The PJT2 PES also includes the Choi and Li§kbrrection
basis H H =1
+0.87AV™ Energies in cm”. for small HH distances. The number of unique linear param-
Range No. points VEO  Ve™  pJT  PJT2 W eters for e_ach potentiz_;tl is 26 for PJT, 27 for PJT2, and 47_for
W. Thus, it appears likely that the PJT and PJT2 potentials

0-500 36 83£ g-g i'g g-i 12'?1 require more terms to approach the true PES, and when more
. . . . . H p
500-1000 16 64 85 32 78 10 termsare added, the results will get closeWt8*. However,

108 129 78 151 173 a fully empirical PES will probably never get the very high
1000-5000 47 140 136 120 146 188 portions of the PES correct. It is also interesting to note that
308 275 405 373 386 the maximum differences in the surfaces are significantly
5000-10 000 47 255 247 604 626 313 |grger than the differences in the computed transition fre-
56.8 46.8 191.6 179.7  55.2 . i : o
10 000—15 000 60 326 294 1251 1331 57 duencies. This sugg'est's that the unigueness of an emplrlcal
777 587 3856 4288 1668 Potential would require information about the true functional
15 000—20 000 45 443 402 2904 309.0 111.7 form of the potential, otherwise the potential can only hope
90.2 648 6758 7226 4644 to do well for regions of the PES that have the greatest in-
20 000-25 000 55 112%-3 88‘43-2 1822266 18%%0 122*161-4 fluence on the fitted energy levels.
25 00030 000 49 500 428 12635 13581 o066 Ve cancompar®©™to our most reliableb initio data,
1193 841 36565 36901 30103 Whichis given in Table Ill. Adding the core correction to the
extrapolated energies yields a maximum difference of 30
ZF"St row is root mean square error. cm 1, which occurs at 170°, which is a great improvement
Second row is maximum error. over the 151 cri® error produced by just using the 5Z PES.
In all casesV®™is in closer agreement with our best esti-
mate than the 5Z energy. The rms difference drops from 94
to 17 cm * from going from 5Z, which was the starting point
in our optimization, tovV®™". Thus, the changes made to the
We have seen that it is possible to modify thie initio @b initio data are consistent with the expected errors in the
PES and reduce the errors in the line positions by two ordergalculations.
of magnitude. The next issue is how much of a change in the In Table XIV we give the equilibrium geometries, har-
PES was required and whether the change is consistent witRonic, and fundamental frequencies for the potentials gener-
the expected errors of thab initio results. Another issue of ated in the present work as well as the empirical PJT, PJT2,
interest is the difference between the fully empirical PBS  and W potentials. The results used the PES from the present
and the present PES. work and W PES use nuclear masses, while the PJT and
In Table XIll we compare the potentialg8°, Ve™ PJT2 PESs both use atomic masses. Changing to the nuclear
PJIT? PJT2 and W (Refs. 11 and 60with the ab initio mass raises the stretching levels by about I trand the
data. We do not consider the PES of Ref. 61, for those workbending level by about 0.4 cm. By construction,ve™,
ers apparently did not converge their vibrational wave funcPJT, PJT2, and W agree very well with the fundamentals, but
tions sufficiently well to obtain meaningful results. In Table PJT and PJT2 have fairly large differences in other quanti-
XIIl we give statistics on the difference between a particularties, as compared °™" and W. For example, the harmonic
PES and our best estimate of the Born—Oppenheimer PESsymmetric stretch frequency differs by 4 thmbetween
namely 52+ AV 0.87AVP 2 The points selected are V™" and PJT2.
those used to generat¢®Z. First considerVE® and Ve™, In Table XV we give the quartic derivatives of the po-
Below 5000 cm?, VB and Ve™ give comparable differ- tentials determined in the present work evaluated at their
ences. Above 10 000 cm, VB gradually gets worse. Pre- respective equilibrium geometries. The differences among
sumably the reason for this is that the adiabatic correctionthe potentials are not that great. This again shows that the
which was determined using only low-lying energy levels,empirical modifications to the PES needed to improve the
becomes less accurate and overestimates the effect as thgreement with the experimental data are small.
energies increase. Now consider the three fully empirical
PES. .Below_ 5000 cml,. PJT is Fhe_ pest, while for higher X. CONCLUSIONS
energies W is better. It is often significantly better. The com-
parison given in Table XIII makes no real distinction be- We have presented a new PES and DMS fgOhbb-
tween the PJT and PJT2 potentials. Now compare the fullyained from high-qualityab initio electronic structure calcu-
empirical PES tov®™. Below 1000 cm?, PJT does better lations at a large number of geometries. The PES was then
than VE™, but is probably not significantly different given empirically modified to match experimental line positions for
the uncertainties in thab initio calculations. Below 10 000 H,°0. The empirical PES was call&$™". Having accurate
cm 1, W andVe™ are close. At higher energieg®™is in  fits to theab initio data and separately including core corre-
significantly better agreement with tlaé initio data than the lation were critically important to obtain the level of agree-
fully empirical potentials. ment with the experiment that is reported here; 66% of the
It should be noted that all three fully empirical potentials experimental lines are matched with errors of less than 0.05
are very similar in that they use the JenSdnnctional form.  cm™L. It appears that about 3% in the lines in #1ERAN 96

IX. COMPARING THE AB INITIO RESULTS AND
EMPIRICAL PES
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TABLE XIV. Equilibrium geometries, harmonic frequencies, and fundamental frequencies,é® Hising
various potentials.

Vo VEZpAvere o vBO vemp PJT PJT2 we
re(A) 095865 095769  0.95771 095784 095763 095792 0958
Oe 104.348 104.481 104.479 104.508 104.510 104.500 104.493

wscm ) 3830.70 3838.14 3834.62 3833.79 3830.83 3830.38 3833.44
wp(cm™t)  1653.10 1652.42 1650.16 1649.50 1650.16 1649.59 1649.03
wacm ) 3940.48 3948.34 3945.78 3945.36 3942.13 3940.96 3945.13
vedem 1) 3653.73 3660.99 3657.56 3657.04 3657.09 3657.13 3656.88
vp(cm 1) 1598.40 1597.60 1595.36 1594.78 1594.68 1594.66 1594.54
vaem 1) 3750.93 3758.64 3756.36 3755.95 3755.84 3755.83 3755.77
zpegem™t)  4636.16 4642.92 4639.27 4638.39 4636.87 4634.76 4637.97

3PES from Ref. 9, using atomic masses.
PPES from Ref. 10, using atomic masses.
°PES from Ref. 11, using nuclear masses.

database are either wrong or missassigh&t® extrapolates There are some signs that the present PES is not perfect.
to highJ well in spite of the fact that in the optimization only The core correlation correction is scaled by 1.635 while cali-
low J (<5) were used. bration calculations indicate that the correct scaling factor

Ve™ s decomposed into a mass-independent part and ghould be less than one, the level of agreement without ex-
mass-dependent correction, which is determined by fittingliCitly including nonadiabatic effects is perhaps a bit too
simultaneously data for H8O and D,'°0. This mass depen- good, and the errors do increase withalthough that issue is
dent correction also gives good results fop'®» and clouded by apparent errors in the experimental database. Just
HT®0. No mass correction appears to be required for théecause we fit a substantial fraction of the experimental data
different oxygen isotopes. well does not guarantee that the PES is correct. Thus, further

No nonadiabatic effects are explicitly included in the work, both experimental and theoretical, on this problem is
present work. The small errors obtained in the present workvarranted.
probably indicate that nonadiabatic effects are small. The The mass-dependent PES described in this work has
present calculations use the nuclear rather than the atomieen used to generate a high-temperature opacity database
mass in the rovibrational calculations. It is shown that forfor H,'%0, H,'%0, H,'’0, and HB0. This data is available
low-lying levels, to within 0.02 cm® changing from one from the authors upon requést.
mass to the other is equivalent to scaling the coordinates in
the potential. Thus, if nonadiabatic effects can be accounteGCKNOWLEDGMENTS
for by changing to the atomic masses, they are on the order This work is partially supported by the Ames Director’s
of 0.02 cm . Discretionary Fund and the NASA Astrophysics Theory Pro-

TABLE XV. Derivatives of various potentials evaluated at their equilibrium geometries. Energy in mdyne and
bond lengths in A.

ry r, 0 VSZ V52+ A\/core \Vemp

0 0 2 7.070 686 3¢ 1)? 7.049 310 7¢ 1) 7.026 577 7¢ 1)
0 0 3 —7.064 267 3¢ 1) —7.086 985 3(-1) —7.049 966 3¢ 1)
0 0 4 —7.6733324¢1) —7.656 649 0¢1) —7.584 447 0¢1)
0 1 1 2.590 477 3¢ 1) 2.5884328¢1) 2.582 489 8¢ 1)
0 1 2 —3.165 163 1¢1) —3.148 878 6( 1) —3.183616 0¢1)
0 1 3 7.190 163 9¢ 1) 7.176 189 9¢1) 7.201 990 3¢1)
0 2 0 8.442 539 +-0) 8.475 828 5+0) 8.459 850 0+0)
0 2 1 —1.062 230 0¢-1) —1.014 980 7¢1) —1.068 399 1¢1)
0 2 2 —3.549 439 1¢ 1) —3.457 226 2(-1) —3.1778742¢1)
0 3 0 —5.863 753 4+1) —5.890 500 §+1) —5.876 051 2+1)
0 3 1 —1.501 760 (+0) —1.502 595 0+0) —1.497 812 9+0)
0 4 0 3.642 467 @+2) 3.661 714 4+2) 3.654 764 5+2)
1 1 0 —1.009 889 1(-1) —1.006 775 3¢ 1) —1.034 810 6¢ 1)
1 1 1 —5.169 086 1{ 1) —5.143763 1(-1) —5.156 029 7(-1)
1 1 2 6.745 484 6( 1) 6.786 138 2(- 1) 6.859 168 5¢ 1)
1 2 0 —7.179 685 2(¢-2) —7.222 075 6(2) —6.934 259 2(-2)
1 2 1 3.2396289( 1) 3.217 049 4¢1) 3.541 147 4¢1)
1 3 0 —6.858 435 8(-1) —7.097 695 3¢-1) —6.665 494 0¢-1)
2 2 0 5.155 454 7¢ 1) 4972972 9¢1) 4.416 614 4¢1)

47.0706863¢ 1)=7.070686% 10 1.
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gram. The authors would also like to thank Duane Carborfunction for the hyperangje we have {=161A, and
for his support and encouragement of this work and Richarde=403. Because is large, it is advantageous to write
Wattson for useful discussions, and for giving us a copy of

i i . : r(n+1)¢ Y2
his PES parameters, Richard Freedman for supplying us with N =| —————
a copy of thedITRAN database, Nick Handy for comments on [(a+n+1)
the manuscript, and Jonathan Tennyson for comments on the T(a+1)(n+1)]Y ¢ 12
manuscript and supplying us with a copy of the PJT2 PES = F(atn+1) Z[F(aJrl) , (AB6)

prior to publication. Theab initio calculations were carried
out using a grant of computer time from the Numerical Aero-and include the first factor in the polynomials and the square
nautics Simulation Facility at the NASA Ames Researchof the second factor in the quadrature weights. To deal with

Center. the large numbers produced by using largeone can use
logarithms for intermediate quantities and then exponentiate
the result.

APPENDIX These basis functions are reasonably efficient—using a

single function gives an energy within 92 chof the con-

The differences from the algorithm of Ref. 39 are asyerged result for the ground vibrational level. Also the re-
follows. We now use analytic basis functions to describe thejts are very stable when using large numbers of basis func-
stretching degrees of freedom. For the hyperragiuahich  tjons. It should be noted that all inverse powerspotip to
transforms as the symmetric stretch, the SCF equation takes give rise to finite matrix elements and can be evaluated

the forn?® exactly by quadrature. This basis is similar to that introduced
72 g2 by Kauppi®® except thaix=¢/p and a=1/2 were used.
T 20 dp? Yn(p) + V3 p) hn(p) =Enthn(p), (A1) When determining the optimized quadrature weights and
node§* for the contracted functions, we made two changes.
with p having the domairf0,~]. We will expand ¢, in  First, the weight function was taken to be the sum of the
terms of the primitive basis squares of all the contractedfunctions, divided by?. Sec-
bl p) = Nox@exp( — x/2)L @ (x), (A2) ond, rather than using matrix elements of powerp ofp, to

generate the quadrature nodes, we used matrix elements of
with x=¢p, & and a parametersN, a normalization con- powers ofp—p,, with p, an adjustable parameter. We then
stant, and_g“) a generalized Laguerre polynomfalThese varied po t0 minimize the root-mean-square size of the ma-
polynomials are orthogonal with respect to the weight func-rix elements of the powers. These changes were necessary to
tion x“exp(—x) on the interval[0,<]. In the absence of give numerical stability to the determination of the quadra-
round-off error, the kinetic energy matrix elements are giverture nodes when large numbers of points were desired for a

exactly by quadrature: large number of contracted functions.
252 N For the hyperanglg, which transforms like the asym-
Tom = NNy S WL (=) + 2% L@ (x)] metric stretch, the SCF equation takes the frm
M =1
h? d?
o SCF —
X[Liﬁ)(xi)(a_xi)—"2XiL$ﬁ)/(Xi)]i (A3) 21 dXZ Un(X) +V=(X) Un(x) = Enthn(x), (A7)

wherew; and x; are the Gaussian quadrature weights andvith y having the domain 0,7/2]. Coupling terms in the
nodes for the weight functionx® 2exp(—x) and full kinetic energy require the evaluation of the operators
N>max{,n’)+2. The potential matrix elements are also sin 2y and cos?y, which gives rise to singularities at 0 and
evaluated by Gaussian quadrature. The quadrature weights2.

and nodes can be computed using, e.g., the routines from In this case, we make the transformation

Ref. 49. TheL},“) and L{®" can be easily computed from X=C0S %, (A8)
recursion relations.
The final ingredients in our basis are the parameters and use as primitive basis functions
and g We determine them by matf:hing the po_sition a_md ¢n(X)=Nn(l—X)“/2+1/4(1+X)BIZHMP(na’B)(X), (A9)
relative curvature otp, to the harmonic wave function. This
results in the relations whereN,, is a normalization constanty and 8 are param-
eters, andDEf”'B) is a Jacobi polynomid® These polynomials
{=2pepolh, (A4 are orthogonal with respect to the weight function
and (1-x)%(1+x)# on[—1,1]. The extra factors of 1/4 in Eq.
(A9) come from the Jacobian determinant. Then, in the ab-

@={pe, (A5) sence of round-off error, the kinetic energy matrix elements
with » the harmonic frequency ang, the equilibrium bond can be computed exactly by quadrature, i.e.,
length. For HO, on the first SCF iteration fatPS=0+ + 52 N
(at t_h_ls pomt in the iterations the_bendlng angle is fixed at its T, = _NnNn’E WiDﬁ“'B)(xi)DL‘f'B)(Xi), (A10)
equilibrium value and the PES is averaged over the lowest 2 i=1
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where o8
D) =P ([ (a+ B(1+x) = (B+ (1-X)]

—2(1—x?)P @A) (x), (A11)

Fye

02 +F
w; andx; are the Gaussian quadrature weights and nodes for
the  weight function (Ex)* }(1+x)#! and
N>maxp,n")+2. If

0145 -

01 F T

<cos® B,— < cos G,
L
t
L
"

P
vSCF(X)=(1+x)*5(1—x)*VZO viX|, (A12)

P
005 *

then providedS< 8 and y< «, the potential matrix elements
will be given exactly by the Gaussian quadrature from the % n 2 m 20 50 )
weight function (1x)*~"(1+x)#~°. Since 2 co5y=1+x e
and 2 sift y=1-x, the singular operators in the kinetic en- g, o Sorted(cog 6,—(cos 6,)2)"2 for rotation-bending functions for
ergy coupling can also be evaluated exactly whepg>1. JPS=10+ +.

To determinex and B, we proceed as before and match

¢ to the harmonic oscillator wave function. This produces

L In the present work, we performed the diagonalization in

B=(1+c0S ) pwld— 3 (A13)  two steps: first we coupled all functions with a given and
then we coupled only those functions with energies below a
cutoff energy. In the present application, the first diagonal-

a=[B(1—cos ) —Cos X.]/(1+cos %), (Al4) ization step is not really necessary sir@eis not even re-

where y, is the equilibrium value ofy. On the first SCF motely a good quantum number and essentially all functions
from each() were used.

iteration, (at this point the other coordinates are fixed at their . . . .
To assign approximate rotation—bending guantum num-

equilibrium valueg we havea= B8=51, and approximating ) o :

o by ¢ yields an energy within 1.5 cit of the converged bers, the expectation value of the deviation of 8pfrom its
result. Thus, this is a very efficient basis set average value was computed and then sorted into ascending
One could also use a linear transformationyoinstead order. An exa_lmple of this is given in Fig. 9 for
of Eq. (A8) to give a function having the domajn-1,1]. JPS: 10+_+. Figure 9 shows a stair step structure, and the

However in that case, matrix elements of €y and first step is forv,=0, the second fow,=1, etc. For low
cos 2 y would not be given exactly by quadrature. v, and low to m_oderaté, there is very little mixing_between
end and rotation, so clear steps appear. For higheand

When computing the optimized quadrature nodes, the' X o :
igh J, there is more mixing and the step structure disap-

weight function is taken to be the sum of the square of all th )
contractedy functions, divided by cdsy sir? y and powers pears. Nonetheless, we use a procedure based on this for all
' Specifically, after the sort, the firaf.; > functions

of x were used to generate the quadrature. Thus, all functionérings”;' ned & bending quantum number of zero. etc. where
of the form of Eq.(AL2) with 5=y=1 andp=n,—1, with norSis tr?e number of ri%ig rotator functions of the ,partié:ular
n, the total number of quadrature pointse., 14 for ro X ,
JPS=0++), will be integrated exactly. JPSof interest. Then for each,, the rotational levels were

. labeled by the rigid rotator quantum numbers, and the par-

Since the body frame axis was aligned along one of the i )
Radau vectors, the primitive rotation—bending functions aricular choices were made by ordering both by energy.
To assign approximate quantum numbers for the rovi-

not symmetric with respect to exchanging the two H atoms,

However, the converged functions obtained by diagonalizingrational levels, we simply determined the eigenvector com-
the rotation—bending part of the Hamiltonian either have thdonent of largest magnitude. Then the symmetric stretch
full symmetry, or are linear combinations of degenerateduantum number was the number of nodes in the hyperradius
functions that have the full symmetry. This diagonalization isPaSis function of this component, the asymmetric stretching
part of the SCF procedure. To determine the symmetry angu@ntum number was the number of nodes in the hyperangle
to unmix the degenerate levels, we proceeded as follows: WRaSiS function of this component, and the rotation—bending
evaluated the functions and the permutation operator actingu@ntum numbers were taken from the assigned values of the
on the functions at 100 randomly chosen configurations, anfPt@tion—bending function of this component.
then we applied the techniques described in Ref. 39 to pro-
duce functions of pu_re symmetry. This is an 'neXpen_S'\_/elL. Wallace, P. Bernath, W. Livingston, K. Hinkle, J. Busler, B. Guo, and
step. Only those functions whose root-mean-square deviationk. zhang, Scienc®68 1155(1995.
from the average of the symmetry eigenvalue was less thaAT. Tsuji, Annu. Rev. Astron. Astrophy®4, 89 (1986.
0.01 were deemed pure enough to use in subsequent steps 4. G. Jogensen, ifMolecules in the Stellar Environmeredited by U. G.

: . . . trgensen(Springer-Verlag, Berlin, 1994p 29.
the calculation. This reducgd the effective value of the en-4U,%. Jb;anze'ngand P. J%nsen,'l MZL pSpectrtbﬁd, 219(1993.
ergy cutoff parameter for high. 5S. Miller, J. Tennyson, H. R. A. Jones, and A. J. Longmoreylsiecules

and
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