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Fourier transform emission spectra of@ vapor were recorded at a temperature of 1500 °C in the
wavenumber range 380—1880 ¢t 15346 lines were measured, of which the majority were
identified as belonging to . The spectrum was analyzed using variational nuclear motion
calculations based on spectroscopically determined potential-energy surfaces. Initial assignments
were made using a potential surface obtained by fitting a high accakaijtio potential. The new
assignments were used to refine the potential surface, resulting in additional assignments. A total of
6400 DO transitions were assigned and 2144 neyDlenergy levels were obtained. Transitions
involving the 4v, and 5v, bending states, with band origins of 4589.38(Q.02) and 5679.6

(+0.1) cm !, respectively, were assigned for the first time. 2004 American Institute of Physics.

[DOI: 10.1063/1.1630032

I. INTRODUCTION pare with HO to obtain insight into the failure of the Born—
Oppenheimer approximation.

The spectrum of water is perhaps the single most impor- |n this work we report on a new hot emission spectrum
tant spectrum of any moleculelt is also one of the most of D,O in a region that covers both the high wavenumber
difficult to interpret. This is particularly true of the spectrum part of the pure rotational spectrum and the bending funda-
of hot water, which is both dense and irregular. mental. To analyze this spectrum, we have constructed a

The challenge of assigning water spectra has led to thaew, spectroscopically determined effective potential energy
use of methods based on the variational solution of thesurface for BO. This surface was refined using data from
nuclear motion problerfi;* which have replaced traditional our initial assignments, allowing further assignments to be
methods based on perturbation theory. Methods based anade.
perturbation theory parameterize the effective Hamiltonian in
order to interpret and fit spectra. These Hamiltonians ardl. EXPERIMENT
generally not transferable, even between isotopomers of the

me molecule. Conversely variational methods relv on solv The hot DO emission spectra were recorded at the Uni-
same molecule. Lonversely varational methods rely on so versity of Waterloo with a Bruker IFS 120 HR Fourier trans-

i_ng the nuclear motion problem using high. accuracy pOtenTorm spectrometer. The spectrometer was operated with a
tial energy surfaces. for. the system..Wlthln the Born—y g, beamsplitter and either a Si:B or a HgCdTe detector.
Oppenheimer approximation the potential energy surface of'he spectra reported here in the 350—2200 Emegion
a molecule is unchanged by isotopic substitution and varia\—,\,ere recorded in three pieces. The 350— 750 traection
tional methods have been used to fit the spectra of severgkeq 3 liquid He-cooled Si:B detector and a cold longwave
Isotopomers S'muna”?%ﬂ)@- _ pass filter at 750 cm'. Lines of adequate signal-to-noise
A number of studieS™ have demonstrated the impor- ratio were measured from 380 to 748 chwith this filter. A
tance of both adiabatic and nonadiabatic corrections to thgeparate cold bandpass filter was used to cover the
Born—Oppenheimer approximation for water. This means;5g—1300 cm? region (773-1200 cm* for measured
that a full understanding of the water problem requires gines). The 1200-2200 cimt region (1200—1878 cit for
detailed treatment of these non-Born—Oppenheimer effectgneasured lingawas recorded with a HgCdTe detector and an
Since the HDO system contains extra, symmetry-breakingincooled 2200 cm' longwave pass filter. Note that there is
terms not present in 40,% D,0 is the best system to com- a gap in the spectrum between 748 and 773 tivecause of
a small gap between the bandpasses of the two filters used
aElectronic address: j.tennyson@ucl.ac.uk with the Si:B detector. The resolution was set to 0.0Lém
YElectronic address: bernath@uwaterloo.ca for all regions.
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with high K, or with significant bending excitation particu-
larly difficult to assign and to fit. Transitions between these
states are very prominent in the spectra of high temperature
water vapor.

Polyanskyet al? showed that variational nuclear motion
calculations based on the use of a high accuracy potential
energy surface could be used to analyze spectra which could
not be assigned using traditional methods based on perturba-
tion theory. We adopt the variational approach for oyOD
work presented here.

In the course of the work, a number of variational
calculations were performed using thevr3D program
suite’® in Radau coordinates. These calculations used a DVR
grid of 29 grid points in each radial coordinate and 40 angu-
lar points, where these grids are based on Morse oscillator-
FIG. 1. D,O emission spectrum between 1045 and 1050%tnDashed like functions® and (associateLegendre polynomials, re-
Iir_les ir_1dicated assigned transitions. A full list of the 52 line assignments isspectively. A final Hamiltonian matrix of dimension 1500
given in EPAPS archiveRef. 17. was used for the vibrational calculations and 8q0+ 1
—p) for the rotational calculations, where the panity: 0 or
1. The masses were set &y=2.013553 u andMg
15.990526 u.
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A KRS-5 window was used on the emission port of the
spectrometer. The water vapor was heated in the center of a _ . )
1 m long, 5 cm diameter alumina tube sealed with cooled In ordgr_to make |n|t|_al assignments, we peg(zrzrye_d afit
KRS-5 windows. The tube was placed inside a furnace anff the empirically determined energy levels of@™""""Fits
heated to 1500°C. A slow flow of fD vapor was main- start%j frc_)m th_e _rgcent h|gh accuracy potential of Polyansky
tained through the cell at a pressure of about 2.5 Torr. Th&! @l7" Thisab initio potential reproduces all the known lev-
thermal emission from the cell was focused into the emissiof$!S ©f DO with a standard deviation of only 0.71 crh
port of the spectrometer with an off-axis parabolic mirror, Heré we neglect the nonadiabatic corrections to the Born—
The signal-to-noise ratio was in excess of 250. The line{?PPenheimer approximation which are, in any case, smaller
were measured with the PC-Decomp program of Brault ande’ D20 than BO. The initial fit used all observed energy
have an estimated absolute accuracy=.001 cm'® for  levelswithJ=0, 2, and 5 lying below 8000 cnt: A total of
strong unblended lines. The spectrum, however, was very14 levels. Morphing the original potential energy sur?iﬁce.
dense with RO as well as HDO and O lines present. The USing 23 constants reproduced the levels used in the fit with
HDO and HO lines were present because of desorption oft Standard deviation of 0.019 cth This fit was used to
trace amounts of water trapped on the inner surface of thgenerate a linelist of all D transitions up td=30 using a
alumina tube. The HDO and @ impurity lines proved use- Preliminary version of the dipole surface of Lynas-Gray
ful in the calibration of the PO spectra. etal®

The three spectra analyzed for this paper were calibrated N computing this linelist, the computational procedure
using our previous measurements on hojOH*? and outlined above was employed except that a reduced radial
HDO%in this region. This means that above 750¢nour ~ 9rid of 21 points was employed to save computer time; this
lines have a wavenumber scale that is in excellent agreeme@s found to give only negligible differences for the energy
with that of TotH>® but the 380—746 cm'* region is on a range considered here. This linelist was used to make the
slightly different scale from Toth. Fortunately, this difference initial assignments of the f transitions by a semi-
is less than 0.001 cit, our estimated absolute accuracy. ~automated procedutewhich predicts transitions to unob-

The complete list of measured transitions are given irserved states and matches them to unassigned lines in the
EPAPS’ archive. This list includes the assignments dis-experimental dataset. Any tentative assignments are checked
cussed below. Figure 1 gives a portion of the spectrum. by generating further transitions using combination differ-
ences.

As the energy levels and associated wavefunctions aris-
ing from these calculations are only assigned rigorous quan-
Transitions due to hot $0'* and HDG** were identi- tum numbers,J, p (parity), ortho/para full assignments

fied in the full linelist of 15346 measured transitions. By were made using the algorithm of Zobet al® that first
comparison with our previous studies on these spétits*  assigns the)=0 vibrational states and then the associated
2094 lines were identified as belonging to HDO and 812rotational levels. This algorithm assumes that rotational lev-
lines as HO. The remaining 11440 lines are analyzed be-els in the(000), (100, (010, and (001) states are already
low. known, and makes predictions for levels in higher vibrational

The spectra of hot water and its isotopomers are difficulistates. For DO many of the highJ levels for these states
to analyze because of, in particular, excitation of the largavere unknown, so we first assigned quantum numbers to
amplitude bending mode, and the coupling between thishese levels, aided by the predicted intensities in the linelist.
mode and molecular rotation. This coupling makes states 2936 lines in the PO spectrum could be assigned trivi-

IIl. LINE ANALYSIS
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TABLE I. Fitted coefficientspil-kk, of the morphing function, see E@®) of TABLE Il. Summary of energy levels determined by the present study.
Ref. 30. Dimensions ara, (74,

Energy levels

ik Fit 1 Fit 2 Origin

Band (cm™1) old New
000 1.000 102 850 556 568 0.999 713 432 113 248
110 0.016 528 126 092 793 0.005 906 277 275 421 000 0.0 280 672
101 —0.038 604 499 979 067 0.005 270 895 774 731 010 1178.379 274 587
200 0.000 103 239 880 118 0.010 440 044 337 925 020 2336.839 164 370
300 0.017 980919486 867  —0.003 934 833 046 072 030 3474.319 174 223
002 0.029 103 947 514 144 0.023 151 795 132 007 040 4589.30 0 246
003 —0.152787734562501  —0.068 609 190 230 470 050 5679.6 0 46
400 0.000 957 453022999  —0.034 315 836 582 797 Totals 718 2144
020 —~0.002697 976892825  —0.000 067 446 145 927
030 —0.010972 966075669  —0.003 341 240 709 580
040 0.014 481 278 198 816 0.005 130 781 073 013
011 0.018 057 920 648 302 0.007 997699941216 V. RESULTS
210 —0.080 781 563 896 829 0.035 442 192 125 220
201 0.024 796 823990 757  —0.072 117 405 091 268 Table 1l summarizes the results of our assignments. It
120 —0.001117123884363  —0.021 038 305902 325 can be seen that a total 2144 new energy levels have been
2 (2) ; *%%0751 87561 ‘;?;?LZ?B %‘é‘; %%%1535373%81‘;%%&;2% determined. The majority of these levels, 1224, have been
012 —0.048 670 652 428 175 0,194 091 262 797 463 confirmed by co_mblnatlon differences and.ca_n_ therefore be
111 —0.134 545 361 634 936 0.082 625 181 895 958 regal’ded as belng secure. However, a Slgnlflcant number,
310 0.202 425869 866 907  —0.205 715 465 546 753 920, were only determined by a single transition. This situa-
301 —0.254 961 040 714 635 0.160218439996 363  tion arises largely from sequences of pure rotational transi-
é g 2 8-8?2 gﬁ ggi Z,Sg fgi 8-8(1)1 gzg ggg zig ggg’ tions within a particular state and was already found in our
103 —0.017 285 541 626 029 previous study of hot 5D.*" In FhIS case these one-transition _
013 0.481637 298654958  assignments have proved reliable and we would expect this

to be the case here.

Table Il gives the band origins for the sequence af@D
bending states. The higher statas; 4 andn=5, have not
ally on the basis of previously measured energy le¥I1&€A  been observed previously. As we did not identify any transi-
similar number of lines were assigned using our linelist, in-tions involving the @, rotational states for these two vibra-
cluding some lines involving théd40) and(050) vibrational tional states, we do not have a direct experimental determi-
states, which had not been observed previously. This led toation of the associated band origins. It is possible, however,
the determination of nearly 2000 new energy levels fg®D  to use our calculated energy levels and the systematic behav-
However, during the course of this analysis it became cleaior of the error in our calculated levels associated with a
that our energy levels, and hence presumably our fitted pgparticular vibrational state to give fairly precise estimates of
tential energy surface, were significantly less reliable forthese band origins. Use of this procedure has been shown to
states with highk, and/or high bending excitation. It was, give good results previoush. Our estimates give 4589.30
therefore, decided to repeat our spectroscopic fitting proce-+0.02) and 5679.6 £0.1) cmi * for the band origins of
dure and to include our newly determined energy levels. the (040) and (050) states, respectively.

The second fit included all the levels used in the first fit. ~ Figure 1 gives an illustrative portion of the spectrum.
In addition, our newly assigned levels and all available levelsAssigned lines are marked and the 52 associated line assign-
with J=10 were added. Furthermore the energy cutoff onments are given as a file in the EPAPS architehere a file
levels was removed. In practice, the highest levels includedjiving all lines plus assignments can also be found.
belonged to the(401) vibrational state, which lies about Rotation—vibration term values were derived for the
13000 cm ! above the ground state. This gave us a set ohewly observed levels of fID by starting from values given
720 energy levels to fit. Our first surface reproduced thisn previous studieé®?® Table Il present a sample of our
larger dataset with a standard deviation of 0.27 ¢nwhich  newly determined term values: those for tt@50) vibra-
is an order of magnitude worse than its behavior for thetional state. There are insufficient transitions to this state to
initial, smaller set. The second fit again started fromdbe give reliable statistical errors for each level. However experi-
initio potential; two extra constants were varied in the mor-mental considerations suggest errorstdd.006 for levels in
phing procedure, giving a total of 25 constarif@ble ). (050). These errors are consistant with the distribution of
With this fit it was possible to reproduce the expanded dat@nergies in those cases for which more than one transition
set with a standard deviation of 0.033 ¢ determines the term value.

The new fit was found to perform much better for the Table Il also gives the differences, observed—calculated,
high K, and highv, states. In particular, using the energy for the two fits. It should be noted that most of these energy
levels generated in this fit allowed us to increase by aboulevels were not used in the fits and therefore these differ-
50% the number of energy levels assigned to (00 vi- ences reflect the reliability of our predictions. It can be seen
brational state and double those associated with(5€)  that Fit 2 gives a significant improvement over Fit 1 for
state. The constants used to determine the two fitted poterssentially all levels, leading to both a significant reduction
tials are given in Table I. in the magnitude of the residuals and to a smoother
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TABLE lIl. Energy levels, in cm?, for the (050) vibrational state of BO. The spectroscopically determined potential energy sur-
ObsCalc face also implicitly contains the non-Born—Oppenheimer,
adiabatic correction surface. By determining accurate sur-
J Ka Ke Energy Fit 1 Fit 2 faces for both HO and B0, it should be possible to extract
4 1 3 5834.1812  —0.905 —0.222 a spectroscopic estimate of the symmetric adiabatic correc-
5 1 5 5856.9679  —0.873 —-0.207 tion surface, and indeed such a procedure has been used
5 1 4 5900.2086  —0.910 —-0.211 successfully for the Kl systent> The value of the adiabatic
5 2 4 5938.5413  —0751  -0.168 correction surface for water remains uncertain since a num-
6 0 6 5914.7093 —0.908 ~0211 ber of calculations®°have shown that it depends strongly
6 1 6 5918.6908  —0.870 —-0.199 ot
6 1 5 5978.0939  —0.921 ~0.210 on the level of theory used to determine it. The present spec-
6 2 5 6009.7010  —0.757 —0.160 tra of D,O and the resulting potential energy surfaces pro-
6 2 4 6028.0580  —0.767 -0.121 vide an important step in this direction.
7 0 7 5987.5537  —0.888 -0.192
7 1 7 5990.0013 —0.868 —-0.191 ACKNOWLEDGMENTS
7 2 6 6091.8586  —0.760 —0.150
7 3 5 6194.9988  —0.591 -0.102 The authors thank A. Rudolph for assistance with the
8 0 8 6069.2830  —0.878 —0.184 measurements. This work was supported by the Natural Sci-
8 1 7 6166.1788 ~ —0.912  -0.192 ences and Engineering Research Council of Canada
9 0 9 6159.9786  —0.863 —-0.168 .
9 1 5 6160.8537  —0.852 — 0.165 (NSERQ, the NASA Laboratory Astrophysics Program, The
9 1 8 62747531  —0.872 0157 Royal Society, INTAS, the UK Engineering and Physical
9 2 8 6287.8688  —0.770 —-0.138 Science Research Council and the Russian Fund for Funda-
9 2 7 6347.2161  —0.896 —-0.158 mental Studies.
10 0 10 6259.7011  —0.849 —-0.152
10 1 10 6260.2192 —0.841 —0.149 1P, F. Bernath, Phys. Chem. Chem. Ph4s1501(2002.
10 1 9 63922119  —0.845 —0.139 20. L. Polyansky, N. F. Zobov, S. Viti, J. Tennyson, P. F. Bernath, and L.
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11 1 11 6368.8057 —0.828 —0.132 40. L. Polyansky, J. Tennyson, and N. F. Zobov, Spectrochim. Acta, Part A
11 2 10 6524.2127  —0.800 —-0.153 55, 659 (1999.
12 0 12 6486.4035 -0.817 -0.114 5V. G. Tyuterev, S. A. Tashkun, P. Jensen, A. Barbe, and T. Cours, J. Mol.
12 1 11 6653.2301  —0.787 -0.101 Spectrosc198 57 (1999.
12 2 10 6772.0662 —0.897 —0.128 6V. G. Tyuterev, S. A. Tashkun, and D. W. Schwenke, Chem. Phys. Lett.
12 3 9 6853.5238  —0.742 0.022 7348» 223(2002).
13 0 13 6613.5053 —0.727 ~0.020 8D. W. Schwenke, J. Phys. Chem.185, 2352 (200J.
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16 0 16 7049.3390  —0.754 —0.034 J. Tennyson, J. Mol. Spectrost01, 28 (2001).
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