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Beginning in the 1930s, G. H. Dieke and his students carried out an extensive program
of measuring the optical spectrum of molecular hydrogen and its isotopes. Parts of the
work were published but the project was interrupted by Dieke’s death in 1963, with much
of the latest and most accurate work unpublished. This paper gives the 27 488 lines of
molecular deuterium, measured by Dieke, arranges the 8243 assigned lines into band
systems, and derives rotational-vibrational energy levels for over 50 electronic states. It
also derives energy levels from published vacuum ultraviolet spectra of D,.
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1. Introduction
Among the many spectroscopic accomplishments of G.
H. Dieke, an extensive body of work on hydrogen and its
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isotopes (H, D, and T) stands out. Beginning in the 1930s,
Dieke and his co-workers published well over a dozen papers
giving measurements of spectra and their interpreta-
tions.' 12 A review in 1958 presented energy levels of the H,
isotope and summarized progress on the systematic mea-
surement of the spectra of all six isotopic species (H,, D5, T,
HD, HT, and DT).! Unfortunately, this project was inter-
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rupted in 1965 by Dieke’s death, with much work unfinished
and little of it published. The major exception is a book giv-
ing the latest measurements on the H, isotope, The Hydro-
gen Molecule Wavelength Tables of G. H. Dieke, edited by H.
M. Crosswhite and published in 1972.

The present paper presents data on the D, isotope. Six
papers published by Dieke in the 1930s present measure-
menis and interpretations of several band systems.>~® More
recent publications present infrared data®!! and measure-
ments on one of the singlet systems.'? An unpublished work-
ing list of 27 488 measured lines with 8243 assignments had
been compiled from the latest work. This list forms the basis
of the preseul review. From it, we have assembled tables of
lines for all assigned band systems, including several never
published before. From these measured lines, we derive a
table of energy levels. Energy levels are presented rather
than molecular constants because for hydrogen and its iso-
topes relatively few rotational levels are populated and per-
turbations between electronic states are large; it would re-
quirc nearly as 1any constants as lines 1o accurately
reproduce most of the data. In addition, we collect published
energy levels for those excited singlets which have been mea-
sured by vacuum ultraviolet spectroscopy'>'® and make
comparisons to the present energy levels wherever possible.
We also make comparisons to those few ab initio calculations
with accuracy approaching that of experiment.’%-?2

Four developments since 1958 have made major im-
provements in our knowledge of the D, energy levels. First,
there was the recognition”-*' that several of the ‘X ;* poten-
tial curves possess double minima due to avoided crossings
between the one-electron electron excited states with '3 ;¥
symmetry and the ionic state, also of '3 ;¥ symmetry, which
dissociates to H* + H™ and is sometimes described by the

configuration (2po, >. Levels which lie within these poten-
tial wells explain many previously observed but uninterpret-
ed band fragments.® Second, careful vacuum ultraviolet
measurements of the Lyman bands'>'* determined the abso-
lute energies of the B '3 ;* state with respect to the ground
state to an accuracy of about 0.1 cm ™, close to the relative
accuracy (~0.05 cm™") of the spectroscopic measurements
in the visible spectrum. Third, direct experimental determin-
ation of the triplet energy levels with respect to the singlets
was made for the first time by anticrossing spectrosco-
py.>2735 And fourth, the relative energies of the two noninter-
combining sets of triplets (gerade and ungerade) were deter-
mined by infrared'™"* and anticrossing®* spectroscopy.

2. Notation

Several different notations have been in common usc for
the electronic states of hydrogen. The most economical is
that of Dieke in which, for example, (so)> ;" states are de-
noted by upper case letter “A” for singlets and by lower case
“a” for triplets. A { pol2 [ state is indicated by B or b, a
(pm)1, state by C or ¢, a {do)Z ;* state by D or g, etc., with
the principal quantum number of the excited electron in-
cluded as a prefix. The traditional system®” uses letter names
followed by a symmetry designation with the ground state
being X '3 ¥, the first excited singlet being B ' ', etc. The
united atom orbital of the outermost electron is a useful de-
scriptor, so we sometimes include it with the symmetry des-
ignation, e.g., B(2p) 1Y ;-. These notations are related to
each other in Fig. 1.

ns'zd np'zd np'my, nd'zi nd'ng nd'ag

nA nB nc no nE n¥

ns3sd npPzd npny nd3zd ndmy ndag

na nb nc nd ne nf

Fi1G. 1. Diagram of band systems observed in emission by Dieke and co-workers. The relationship between
Dieke’s notation for the electronic states and the traditional notation is also shown.
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3. Dieke’s Measurements

Appendix C contains the 27 488 measured line posi-
tions and intensities of the D, spectrum which had been col-
lected on a magnetic tape at the time of Dieke’s death. They
span therange from 32 383.24 t0 8388.97 cm™*. Appendix C
also contains the infrared lines and intensities from Gloer-
sen’s thesis,'® which span the range 6071.33-3597.70 cm— 1.

The apparatus and general experimental conditions are
described by Ref. 1. Details are available from one of the
authors (HMC).

“The main spectrograph used was a 21-ft. Paschen with
a 1200-groove/mm grating having a first-order dispersion of
1.25 A/mm and a resolution limit of about 0.1 cm™!. In
most exposures the widths of the lines themselves limited the
allainable accuracy, which was a few hundredtlis of acm ™',
This spectrograph was used in the second order below 5000
A and in the first order between 5000 and 9000 A. Above
this, to the photographic limit near 12000 A, exposures were
taken on a 21-ft. Wadsworth spectrograph. With this spec-
trograph the limiting resolution was approximately 0.2
cm™!, with a corresponding deterioration in accuracy.
These photographic wavelength measurements were cali-
brated by lines from an iron—-neon hollow-cathode discharge
tube. Small residual corrections for individual plates were
made when called for by comparison with D, interferomet-
ric measurements.”"

For the infrared measurements, Gloersen used a vacu-
um Ebert spectrograph with a focal length of 2 m, capable of
resolving power of 700 000. Resolution, however, was limit-
ed by the widths of the lines. Wave number errors in this
region should not exceed a few times 0.01 cm™L.

Measurement conditions included (1) a low-tempera-
ture {77 K), low-pressure (0.1-0.2 Torr)-electrodeless dis-
charge of low to medium power for minimum line broaden-
ing; -(2) a high-power microwave discharge at 1 Torr for
maximum light intensity; and (3) a high-power electrodeless
discharge with 80-200 Torr of helium to suppress high vi-
brational quantum states.

Most of Dieke’s assignments remain unchanged, but
obvious errors have been corrected, about 50 obvious reas-
signments have been made, and of 200 tentative assignments
by Dieke, about 100 have been confirmed and 100 have been
dropped.

Column 1 of Appendix C gives the muitiplicity and
symmetry. All lines are assigned to either a singlet-to-singlet
or a triplet-to-triplet transition, indicated, respectively, by S
or T. The reflection (Kronig) symmetry of the upper level is
givennextas + or — . Then, the nuclear inversion symme-
try is given by o or p, where ortho levels have total nuclear
spin, Iy = I, + I, = 0 or 2, and para levels have I = 1. Ta-
ble 1 summarizes the relationships among these symmetry
designations.

Column 2 gives the electronic state assignments, with
the upper level listed on the left. We use Dieke’s notation,
except that no lowercase letters are printed, so singlets and
triplets are distinguished in column 1. Several state notations
deviate from Dieke’s: his ZA and 2K states have been reas-

Table 1. Relationship of the symmetry of the nuclear spin
wavefunction {ortho-para) 1o the rotational quantum number
N and the symmetries of the clecironic wavefunction
{inversion a1 the center of symmetry g-u. and refiection in a

plane through the nuclei ).

Electronic wavefunction Rotational quantum number
Refiection at the Refiection in a N
i center of plane through the
symmetry nuclei* even odd

] + ° P

g - P o

u + p [

u - o p

* These + or — symbols are given as superscripts to the state

designations in Appendices AandB. They correspond to the e and f
designations, respectively, of J. M. Brown, J.T. Hougen. K.-
P. Huber, J. W. C. Johns. 1. Kopp, H. Lefebvre-Brion, A. J. Merer.
D. A. Ramsay, J. Rostas, and R. N. Zare, J. Mol. Spectrosc. 55. 500
€1975).

signed as the double-minimum EF state. His 3D and 3K
states have been reassigned as the GK state. These reassign-
ments are discussed in Sec. 6. Several fragmentary 'Z
states are arbitrarily called WW, WX, WY, and WZ. And
lastly, a number of transitions from fragmentary states iden-
tified by Dieke as *IT, are indicated by e-2c.

Column 3 gives the vibrational level assignment, with
the upper state listed first.

Column 4 gives the rotational assignment as P, Q, or R
branch followed by the rotational quantum number N ” of
the lower state.

Column 5 gives the wave number of the line. An aster-
isk indicates a blend, which means two or more unresolved
transitions are assigned to the same wave number. There are
598 double blends, 31 triple blends, and 1 quadruple blend.

Column 6 gives the air wavelength of the line, in units of
A, except for Gloersen’s measurements in the IR (16 470-
27 795 A) which are given as the vacuum wavelength.

Columns 7-10 give intensity values I,—I, as listed by
Dieke. Descriptive notations are given after some intensity
values: R indicates a red shaded line, V a violet shaded line,
D adiffuse line, and B or BB abroad or very broad line, often
with a flat top due to overexposure. There is no reliable re-
cord of the measurement conditions leading to the different
intensity values and the different scales which are used. Sev-
eral comments were made by Dieke and Cunningham,?
however, which apply to Appendix C:

“The intensities given in the tables are of different
kinds, as one consistent system of quantitative intensities for
the whole spectrum is not available.

“The intensity values with three significant figures are
quantitative or semi-quantitative measurements of various
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Table 2. Intensity data used to derive the uniform scale /.
Number | Number
v(em™) A(A) of of Min | Max { (1) o; | Min [ Max
Lines 1; I; I; I I
32383.24-24990.55 3087.123-4000.386 2998 2469 0 10 | 2.66 | 2.50 14 74
24989.79-22212.33 4000.506-4500.744 3198 1833 120 500 212 64 8 98
22211.61-18176.85 4500.892-5499.979 5063 4098 4] 10 | 4.05 | 3.11 10 59
18176.31-15378.01 5500.145-6500.977 4472 2464 101 433 235 67 0 74
1 15377.72-14286.60 6501.035-6997.640 1557 1273 (] 10 543 | 3.23 5 51
14281.67-12496.65 7000.050-7999.943 3375 2687 37 900 305 201 10 74
12495.38-11010.44 8000.754-9079.800 3055 2476 32 895 212 163 13 93
11010.02-10148.92 9080.140-9850.560 1332 930 17 505 113 79 12 104
10148.28-9859.52 9851.188-10139.700 240 213 17 205 73 40 9 80
' 9858.19-8388.97 10141.070-11917.150 1273 1116 25 450 127 77 10 93
6071.33-5001.78 16470.86-19992.900 1011 1010 190 520 318 37 -21 112
4098.39-3597.70 20006.450-27795.500 577 577 100 415 248 33 -37 106

degrees of reliability. The one- and two-digit figures from 0
to 10 are based on rough eye estimates made from the ap-
pearance on the photographic plate and are used where the
more accurate values are not yet available.

“For D, the intensity values are obtained from uncali-
brated plates and are not corrected for the changes of emui-
sion characteristics or the response of the spectrograph with
wavelength. The values in the tables are the Seidel function
S =log(l — T')/T, multiplied by 100 and corrected for dif-
ferent plates by an additive constant to make different expo-
sures roughly compatible. The S values are with good ap-
proximation proportional to the log I values, but the
proportionality constant is not necessarily one and may vary
from plate to plate.

*“The use of three digits should not be taken to imply
high accuracy. In order to obtain weak lines, the plates have
to be hypersensitized and developed to a high, and often
irregular, fog level, conditions not conducive to accurate in-
tensity measurements. With all these shortcomings, how-
ever, these intensity values are vastly superior to the usual
eye estimates, and they were of great help in the analysis.”"”

For Gloersen’s data in the infrared, “intensitics are on
an absolute scale. The antilogarithms of the tabulnted value.
are in units of ergs per second per 100 cm” per stetadinn e
A.n 10

In order to facilitate comparison of infenagic. wiik b
are listed with diflerent scales, we have comislng el o niit

J. Phys, Chem. Rel. Dntn, Vol 14, Ne 1, lusf

intensity scale I5. To construct it, we first selected wave-
length regions over which one of the intensity scales J,-7,
displays no large discontinuities as a function of wavelength,
and contains values for most of the lines. Table 2 gives these
ranges, the chosen intensity column 7;, and some statistics.
The uniform scale I is defined

=30+ (1, — 1)) =, ()
o;

so that almost all /5 values lie between O and 100, with a
mean of 30 and a standard deviation of 15 in cvery wave-
length region. Although this procedurcis not precise, it gives
a convenient and uniform scale. Its muin flaw is that Eq. (1)
does not represent the vurying degrees of skewness in the
different regions. With the lnrge uncertainties in the intensi-
ty data, however. we do not belivve s firore precise analysis is
warranted.

A, Band Systems

Arnagpoest e Lo A ppenddis O pre organized by band
L+ A 1 gl ronde transitions are illus-

synio i Ages

frptaad s 3y

Cperes dhae sadionpd quantum number N7 of

fen both the upper and lower levels as
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Column 3 gives the observed wave number of the P-
branch transition, with an asterisk if the line is blended. Un-
observed lines are indicated by a dash. Lines which do not
exist are left blank.

Column 4 gives the intensity I;. These intensities can-
not be meaningfully compared for different spectral regions
because of the different methods used to measure intensities,
the unknown source condition, and the inevitable errors of
intensity measurements, especially the eye estimates. Within
aband, however, the /5 values generally display the expected
ortho-para 2:1 intensity alternation and a weakening for
higher rotational levels. Occasional I values which break
the trend are often due to blends, assigned or unassigned.
They may also be due to misassignments, but we have not
attempted reassignments based on intensity measurements
alone.

Column 5 gives the difference between the observed
wave number and the wave number calculated from the en-
ergy levels in Appendix B, in units of 0.01 cm ™. There are 4
singlet and 59 triplet lines for which this column is blank.
For these lines, neither the upper nor the lower energy level
can be derived, so no wave number can be calculated.

The remaining columns give comparable information
for the Q branch (if it cxists) and the R branch.

Allsinglet band systems are listed first, then the triplets,
in the same order as in Tables 6a and 6b. For transitions
involving one lambda doubled level, the ( + ) or ( — ) symme-
try is given at the top of each column. If both states are
lambda doubled, the symmetry of the second state is given in
the heading. ’

Although some of these band systems have been pub-
lished before, the lines here extend many of them to higher ¥
and v. For the important and extensive 3d-2c, 3e-2c¢, and 3f-
2c systems, this is the first published report.

5. Energy Levels

Appendix B presents the energy levels derived from the
band systems in Appendix A. A number of singlet levels
which cannot be derived from Dieke’s measurements are de-
rived from published vacuum uitraviolet (VUV) spectra, !>~
For comparison purposes, dissociation and ionization ener-
gies are listed in Table 3.

Energy levels are given in units of cm ™~ ! with the zero of
energy taken as v =0, ¥ = O of the X '2" " state (1A). Ap-
pendix B first gives the rotational quantum number N and
ortho or para symmetry, and then for each vibrational level
gives the energy followed by the number of lines (#) in Ap-
pendix A which originate or terminate on that level. Levels
available only from VUV measurements are indicated by a
reference to the authors: BH for Bredohl and Herzberg’s
emission measurements,’® DH for Dabrowski and Herz-
berg’s absorption measurements,'® TT for Takezawa and
Tanaka’s absorption measurements,'” and LL for emission
measurements by Tarzilliére, Launay, and Roncin.!® Fine
and hyperfine structures are unresolved optically and so are
omitted from the tables. Dieke' does report resolving the 0.2
cm~! pseudodoublet structure of the 2¢ state, however, and
accurate fine and hyperfine measurements have been made

Table 3. Dissociation and ionization energies of D, in
units of cm™". The X '), v=0, N =0
level is the zero of energy.

D, — D(is} + D(s) 367489 =0.3%0

D, ~ D(1s) + D(2s,2p) 1190304 % 0.4
D, —D(s) + D(Gs,3p,3d) 1342674 + 0454
D, — D(s) + D* 146457.5 + 0.4

D, = DF (X 22}, v=0,N=0) 124746.6 + 0.6°

D— D(25) 82281.339
D~ DE3s) 97518747
p—D* 109708.614

% R. J. LeRoy and M. G. Barwell, 53, 1983 (1975).
¢G. Herzberg, J. Mol. Specirosc. 33, 147 (1970).

€ S. Takezawa and Y. Tanaka, J. Mol. Spectrosc. 54, 379 (1975).

4 J. D. Garcia and J. E. Mack, J. Opt. Soc. Am. 55, 654 (1965).

by molecular beam, double resonance, and anticrossing
methods.

Singlet states are listed with 2" states first, then
p3 .+, pll,, dT,, and d 4,. For the triplets, dZ' ;" states
follow plI, states. The [T 7, T —,A *,andA ~levelsarelisted
separately to distinguish the relatively unperturbed ( — ) lev-
els from the ( -+ ) levels which are strongly perturbed by 3 *
levels. This arrangement has the minor disadvantage that
the two members of each A doublet appear in different lists.

The sequence of operations for deriving the energy lev-
els (Fig. 2) established several levels as intermediate refer-
ence levels and used combination differences to derive the
remaining levels:

Levels of the ground state are taken from Table 5 of
Bredohl and Herzberg’s'® VUV emission measurements of
the Lyman bands (B '2' ;- — X '3 [*} with Herzberg’s cor-
rection to the two bound levels of v — 21 ag reported by Le-
Roy and Barwell.>® These energy levels agree reasonably
well with Stoicheff’s®® Raman measurements for v = 0 and
v=1, with the differences being <0.05 cm™! except for
N =4-6 of v=0, for which the difference reaches 0.14
cm ™, They also agree with Wolniewicz’s nonadiabatic cal-
culations. Any error in the X '3 energy levels affects only
those levels in Appendix B which are derived from VUV
measurements; those derived from Dieke’s data are totally
unaffected.

Levels of the 2B state are taken from four different
sources, three reporting YUV measurements, and Dieke’s

J. Phys. Chem. Ref. Data, Vol. 14, No. 1, 1985
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SINGLETS TRIPLETS
WW, WX
WY, Wz
5E 4f
4E 4e
4D | ANTICROSSINGS (3A-4d) ll4-9)d| ANTICROSSING
34 ANTICROSSINGS(3E -3¢)| 39 | (3e-3) [4-9C
3F 3f 4b
= 3g |ANTICROSSINGS(GK-3d)| 3 (3e—aD 3C
6K 3g | (36 5y
38
(GK-2¢) (3e-s2¢) (3b-2a)
‘_
EF 28 2c 2c m
WILKINSON
Vuv
1A

FiG. 2. Schematic diagram of the sequences by which energy levels were
derived.

present measurements in the near UV, visible, and IR.
Wherever possible, Dieke’s data have been used because of
the better wave number dispersion in that region of the spec-
trum.

Derivation of the 2B excitation energy with respect to
the ground state requires a VUV measurement; that of Wil-
kinson'? is chosen for this reference. The measurement was
made in emission, providing spectra in the lithium fluoride
region of the VUV where good wavelength standards were
available. Because ortho and para levels do not intercom-
bine, we choose two 2B reference levels in this work, v = 2,
N =0 (para) at 92 498.80 cm™* and v = 2, N = 1 (ortho) at
92 517.15 cm™". All other excited levels are given with re-
spect to these two. Levels in v = 2 are chosen because Wil-
kinson’s!® energy intervals between them and the neighbor-
ing v=1 and 3 levels agree best with the more precise
intervals obtained from Dieke’s data. Table 7 shows that this
choice of reference energy is supported by Bredohl and
Herzberg’s' independent data. The remainder of the 2B en-
ergy levels up to v = 10 were derived by combination differ-
ences from Dieke’s measurements, first to determine the
N = 0and 1 levels, and then going up each rotational ladder.

Once the 2B energy levels were determined, it was
straightforward to derive the higher singlet energy levels,
and come back down to the 2C levels (see Fig. 2).

Deriving many of the triplet levels was more difficult
than for the singlets because the triplet band systems are
nearly diagonal, that is, Av is near 0. This is because both the
lower and upper triplct statcs arc Rydberg, whercas the 2B
state is largely ionic and so has a potential curve which
differs greatly from the Rydberg upper singlet states. {In ad-
dition there are two groups of triplet states with very few
transitions between them. It was only in 1957 that Gloer-
sen'®found infrared transitions linking the two sets. An anti-
crossing now provides a further link.?9)

A number of singlet-triplet anticrossings are available
to determine the energy of a triplet level as an intermediate
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reference. We chose one to provide the reference triplet level,
but as we sec in Sec. 7, the others confirm the validity of this
choice. Thus, the 3", v =1, N=1—-3e",v=1,N=1
anticrossing locates the 3¢, v = 1, N = 1 ortho triplet level
with respect to the singlets, and from that level and one opti-
cal transition, the 2¢ ™, v = 1, N = 2 ortho level was located.
The remaining levels of the 2¢ state were then derived by
using combination differences and the one assumption that
lambda doubling is negligible for v = 1, N = 1 of the 2c state.
Higher triplet levels of this one set were straightforward to
derive. Infrared transitions then located v = 0, 1, and 2 of the
3bstate and from them levels of the 2a state were derived and
then levels of the b and c states (see Fig. 2).

Predissociation is apparent in a number of cases above
1190304 cm™!, the dissociation energy to
D(ls) + D{2s, 2p). Most levels of + symmetry predissociate
before they can radiate whereas — states do not predisso-
ciate. The only -+ states above this limit which do radiate
are those with principal quantum number of 4 or higher
where the predissociation rate is slower. The measurements
of Takezawa and Tanaka'” are taken in absorption and so are
not sensitive to predissociation of the upper levels.

A recent analysis of the 3E™ and 3F~ energy levels by
Quaderelli and Dressler*® was based on preliminary results of
this work. We have examined the two energy levels (3E™,
v =0, N=12and 3E~, v = 3, N = 8) which deviated from
their fit and find lines which produce excellent agreement
with Quadrelli and Dressler’s predictions. Many similar ex-
tensions of these tables should be possible with the data pre-
sented here. Caution is in order, however, as Dieke points
out’: the spectrum is so dense that a line can be found at
almost any predicted position. It is imperative to make use of
redundancies and intensities to confirm assignments.

6.2, States

For many vears. beginning with Richardson’s*! workin
the 1920s, the spectrum of H, (and later D,) contained a
number of bands which could not be explained with singly
excited electron descriptions which worked so well for most
other states. Therefore they were called “doubly excited
states” even though no electron configuration could be as-
signed. Davidson®? first showed in 1961 that the ionic '3
state with a (2po, ) configuration and a H* + H™ dissocia-
tion limit undergoes a series of avoided crossings with the
Rydberg '2 . states and leads to a series of double mini-
mum states. This was demonstrated quantitatively for the
lowest such state EF '3 = by Boye™ in 1968 and by Kolos
and Wolniewicz?® in 1969. The next higher double minimum
state GK '3 was calculated by Glover and Weinhold®® in
1977 and by Wicke®” in 1978. An impressive quantitative
description has been obtained most recently in a series of
papers by Wolniewicz, Dressler, Gallusser, and Qua-
drelli.?® 3! They fit essentially all cxperimental data with the
EF, GK, and the HI1'Y ' states (where HH is the next
higher double minimum state for which the inner minimum
corresponds 10 3A in Dicke's notation).

Bxperimental data for these states of D, come entirely
from work of Dicke and co-workers. Because several nota-
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tions have been used through the years, Table 5 relates them
to the latest and preferred notation. The name EF derives
from the E(2s) '3 + F{2pf’ ‘2 notation of Herzberg.
The name GK derives from the G(3d) 'Z ;* + 3 'K nota-
tion, although it is ironic that none of the levels formerly
assigned to 3 'K are now assigned to the GK state. The nota-
tions X and Y were used in Dieke’s unpublished data and by
Dressler et al.?® when referring to that data.

The levels of several states call for special comment.
Both 3A and 3a have unassigned v = 0 and v = 1 levels; this
is most likely because their levels are highly perturbed.

A number of fragmentary bands were identified by
Dieke, but still defy assignment. We arbitrarily call them
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WW, WX, WY, and WZ. Combination differences prove
that the lower state is 2B and give its vibrational assignment.
The upper states must therefore be '+, 'I,, or '4,, but
since all 'IT, and 'A, states are known in the energy regions
of the observed levels, these states must be '2 ;7. They are
probably levels of the double minimum states for which the
theory is still insufficiently accurate.

Three fragmentary states were reported by Dicke and
Lewis.® Their 3 'K, fragment is the present WY state, al-
though scveral line assignments have been changed. The
3 'K, and 3 'M fragments of Dieke and Lewis® appear to be
spurious; Dieke does not include them in his later unpub-
lished data.

Table 4. Observed anticrossings in D, and the energy level
separations AE (at zero magnetic field) derived from
them. Comparison to the AE values from Appendix B shows
good agreement. All energies are in cm™,

T AE

Electronic E —‘_“—

State v N Sym (AppendixB) Ref. | (AC) | {AppendixB) | A(AE)
PRSI SS T S
GO o e || on | o
com 1y e | o | o
Sm s et w|en| ax |-
ot 15 e namew 2| os| s | oo
okt 0 0 5 hmem %) W] e | oo
e 0 e e | sk | oo
gG(idl)z?: ‘]] ; . :g[’)gggg 34 | 1017 1013 0.04
S M 3 1 b asre %] ose| o | -oos
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Table 5. Comparisons of different notations for the ’L‘; states of D,

Current Dieke & Dieke Dieke & Dressler l Dressler &
Notation | Cunningham!? | (unpublished) Lewis® etal® . Wolniewicz®!
EF0 2A0 100

EF3 2A1 103

EF6 2A2 106

EF7 2K1 107

EF% 2A3 109

EF10 2K3 110

EF11 2K4 111

EF12 2A4 112

EF13 2KS 113 .

EF14 2K6 114 i

EF15 2AS 115

EF16 2K7 ' 116

EF17 2K8 117

EF18 2A6 118

EF19 2K9% 119

EF20 2K10 120

EF21 2A7 121

EF22 2K11 122

EF29 X 129

EF32 X 132

GKO 2K13 200

GK1 3D0 3d '1Zv=0) | 201=GO

GK2 X 202 |

GK3 3D} 3d 'Zv=1) | 203=G}

GK4 Y 204

GKS 3p2 3d 'S(v=2) | 205=G2

GKé X 206

GK7 3D3 3d 'S(v=3) | 207=G3 !

GKS8 X 208

GK9 X 209 _
3A0 HHo
3A1 HH1
3A2 Y HH2
3A3 3D4 HH3
3A4 HH4
WWwW i X '

wX X

wY 31K,

WZ

Spurious 3'M

Spurious 3K,
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Table 6 a. Statistics of differences A between observed emission
lines in Appendix A and calculated values from the energy levels
of Appendix B, in units of 0.01 cm™!. Singlets

NOT-BLENDED BLENDED ALL LINES
SINGLETS
Mean A Mean A ‘ Mean A.
{# Lines| Min A| Max A| = Std. Dev)| # Lines| Min Al Max Al + Std. Dev)|# Lines Min & Max & = Std. Dev.

EF-2B 1264 | =25 26 1.245.6 256 =30 25 1.3+8.6 1520 [ -30 26 1.2+6.2
EF-2C 21 ~10 13 1.3+£48 7 -18 18 0.1x11.3 28 | ~I8 18 1.0+6.8
3A-2B 152 | —18 16 —0.4+4.8 31 -12 19 1.8+£7.0 183 | ~18 19 0.0+5.3
3A-2C 43 | —13 9 -0.3%£5.6 16 -12 9 | ~-1.3%6.0 59 { —13 9 | —0.5x5.7
GK-2B 648 | —19 31 0.05.5 131 -18 29 0.1£74 779 | ~19 31 0.0+5.9
GK-2C 180 | —18 14 —0.2+44 36 -15 13 | =2.3£6.5 216 | ~18 14 | —0.6+4.9
4D-2B 56 | —16 14 0.6+5.6 4 0 31 8.3x15.2 60 | —16 31 1.2+6.7
4D-2C i6 -3 9 3.6x3.7 10 -2 12 51x43 26 -3 12 44240

] WW-2B 2 -2 1 —0.5%2.1 3 -11 16 —-0.3+144 S| -1 16 | ~0.4x10.2
1!‘ Ww-2C 2 -3 4 0.5+4.9 0 - - - 2 -3 4 0.5+4.9
] WX-2B 7 -9 8 0.9x35.3 L] -7 10 0.5x6.9 13 -9 10 0.7x5.9
WwY-2B 5 -2 3 —-0.2+2.0 2 0 4 20x28 7 -2 4 04+£23
| WZ-2B i 18 -2 6 ~0.2x4.1 2 8 13 10.5+35 20 -8 13 09x52
3B-EF ‘ 234 | ~11 17 0.2+34 29 -20 15 | —0.3+84 263 | -~20 17 0.11£4.2
3C-EF ! 149 | —25 20 —0.2+4.9 10 -13 10 0.0£7.4 159 | -25 20 | —0.2+5.0
3E-2B li 608 | ~22 23 0.0+4.8 93 -18 27 0.0£7.8 701 | —22 27 0.0£5.3
3E-2C 217 | -28 19" 0.4x4.8 68 -18 23 14x79 285 | —28 23 0.7+5.7
4E-2B 221 ) =25 19 0.2+5.6 25 -1l 9 | —2.6x58 246 | —25 19 | -0.1x5.7
4E-2C 52 | —-16 17 4.2+6.7 25 -14 23 4.7+8.6 77 | —16 23 44+7.3
5E-2B 8 | ~-10 10 0.5+7.0 0 - - - 8 | —-10 10 0.5+7.0
3F-2B 201 =23 15 —0.7£5.5 23 =24 9 | -54+94 224 | —24 15 -1.2+6.1
3F-2C 189 | —-19 17 -0.8+54 52 -19 18 0.9x8.1 241 | -19 18 | —04x6.1
ALL LINES]| 4293 | -28 31 0.4+5.3 829 -30 31 0.6+8.1 5122 | -30 31 04158
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Table 6b. Statistics of differences A between observed emission
lines in Appendix A and calculated values from the energy levels
of Appendix B. in units of 0.01 em™!. Triplets

T NOT-BLENDED BLENDED ALL LINES
TRIPLETS
Mean A Mean A Mean A
# Lines| Min A] Max Al + Std. Devi| # Lines Min & Max Al & Std. Dev} # Liney Min A Max A * Std. Dev
2a-2c 6 -9 15 2.0+9.1 0 - - - 6 -9 15 2.09.1
3a-2c 32 -7 5 0.2+2.7 8 -8 7 1.4+4.8 40 —-8 7 0.2+3.2 |
3b-2a 732 | =23 26 0.0+3.7 139 | =27 25 0.6+6.4 871 =27 26 0.1x4.2
4b-2a 58 | ~10 21 0.3£5.0 15 -8 9 1.1+4.5 73| 10 21 0.5+4.9 7‘
2¢-2a 4| =23 24 | -2.3%199 4 - - - 4 =231 24 | -232199
3c.2a 547 =21 37 01+39 107 -22 28 —-01+65 654 -22 37 0.1+44
4c-2a 232 | =21 21 —-1.4%44 21 ~15 16 | =0.7£7.35 253 1 =21 21 —1.4%4.7
Sc-2a 96 | —18 18 | ~0.8+4.9 12 i -16 19 2.8+9.8 108 | —18 19 | —0.4=£5.7
6c-2a 33 —13 10 —0.7x4.4 3 —26 14 0.3x22.8 36 —206 14 —0.6x6.9
22 | 9| ol o 00 o - | - - 9| o} o 0£0
8c-2a 4 0 0 0£0 0 - - - 4 0 0 0+0
9c-2a 5 0 0 0x0 0 - - - S Q 0 0x0
3d-2¢ 144 | —-19 22 § —0.1%£55 25 -29 15 | =2.0+9.0 169 | —29 22 | —0.4%6.1
3d-3b | 30 | -26 19 | —0.8x8.8 2 -1 3 1.0+2.8 32 —-26 19 | —0.7+8.5
4d-2c 77| -18 20 0.2x6.5 10 -12 9 | ~0.6x5.6 87 5. —18 20 0.1£64
4d-3b : 12 -7 12 1.8+5.9 0 - - - 12 -7 12 1.8£5.9
5d-2¢ it 11 | 1 0004 2 9 4.5+6.4 13 =1 9 0725
6d-2¢ 4 0 0 0x0 2 0 i 0+0 6 0; 0 0+0
7d-2¢ 4 0 0x0 1 0 0 5 0 0 0x0
8d-2¢ 6 0 0 0x0 o - - - 6 0 0 0x0
9d-2¢ 5 0 0+0 0 - - - 5 0 0 00
3e-2¢ 209 | =21 23 | ~0.1x5.9 49 -32 17 | =2.3%7.7 258 | =32 23 | —0.5£6.3
3e-3b 44 | —11 21 1.0x6.5 2 -1 5 2.0+4.2 46 | —11 21 1.0+6.3
4e-2c 30 -7 7 | -02+40 | 7 -3 8 2.0+4.5 37 -7 8 0.2+4.2
4e-3b 4 -7 16 40122 | 1 -9 -9 -90 S -9 16 141120 !
3f-2¢ 24) -16 23 0.0x4.9 39 -32 17 | ~0.8+9.4 280 | -32 23 —0.1£5.7 .
3f-3b 81 -22] 18 1.5+11.3 0 - - - 8| -22 18 1.5+11.3
4f-2c -] 0 2 0.8=x1.0 4 -10 4 | ~40+6.1 10| —10 4 | —1.1x44
ALL LINES|| 2593 | —-26 37 | —0.1x47 449 -32 28 [ —-0.1x7.2 3042 | —32 37 { —0.1£5.1
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7. Accuracy of the Energy Levels

We now present arguments which lead to a 4 0.05
cm ™! estimate of the one standard deviation uncertainty of
the energy levels in Appendix B, relative to the 2B, v =2,
N =1 and 2 levels. The absolute energies of the 2B, v = 2,
N =1and 2 reference levels are based on vacuum ultraviolet
measurements from the literature, estimated by those auth-
ors to be accurate to about + 0.4 cm ™.

7.1. Ability of the Energy Leveis to Reproduce the
Observed Wave Numbers

An important measure of the quality of the energy lev-
cls in Appendix B is their ability to reproduce the observed
wave numbers of Appendix A. For this comparison we call
the wave number difference between two energy levels the
calculated value and examine the distribution of the ob-
served minus calculated (O-C) values. The spread of the (O~
C) values indicates the precision of the measurements, and
their mean value for any band system indicates the size of a
systematic error in an entire state’s energy levels. These ap-
proximate indicators would not be necessary if a least-
squares*?>~** procedure had been used to derive the energy
levels, but such an approach was unfeasible for this extensive
data set.

The distributions of (O—C) values are given in Tables 6a
and 6b and Figs. 3 and 4. There are 5126 lines assigned as
singlet-to-singlet transitions, 831 of them Llended aud 4295
not blended. For 4 of them neither of the energy levels could
be derived so there are no (O-C) values (each of these 4 lines
involves levels with high rotational quantum numbers). The
values of (O~C) range from - 0.30 to + 0.31 cm™! (the
tables express O-C in units of 0.01 cm ™! which we call 4 ),
but only 24 lie outside the range — 0.22to + 0.22 and 84%
lie between — 0.07 and + 0.07 cm ™. The mean (O-C) for
all singlets is 0.004 + 0.058 cm ™.

There are 3117 lines assigned as triplet-to-triplet transi-
tions, 463 of them blended and 2654 not blended. For 75 of
them, neither of the energy levels could be derived. Of these
75 lines, 31 are the band fragments assigned as e-2c, 6 are
assigned as the 4—4 band of 3f-2¢, and the remainder involve
high rotational quantum numbers. The values of (O—C) for
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FiG. 3. Distributions of the numbers of lines with 4 in the 0.05 cm " inter-
val centered on the value on the horizontal axis {except for the one
value for unblended triplets in the interval marked 30, which corre-
sponds to 4 = 37).

the triplets range from — 0.32to + 0.37 cm ™! with only 20
outside the range — 0.22to + 0.22 cm™ ! and 90% between
—0.07 and +0.07 cm™". The mean (O-C) value for all
triplets is — 0.001 4+ 0.051 cm™ 1.

The distributions of (O-C) values as a function of wave
number are shown in Fig. 4. The precision of the measure-
ments appears to be roughly uniform from the infrared to the
uliraviolet.
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0 3 A A
. A
A A
L] a -
A a AA
0 2 — A A 8 a 4 a A A
. A A AA aa 44 Aaa B A A A A
A AaB AA AC A A A A B8 Aa A
a A AALA AB A A 4 AB AA ] A A A a A
A A B AABAACA CANBE AB AAB AAA B AB BA A BAA
o1} ACAMA CB BEB BDC B AAA DA ACA ncm BB a ABA AC A4 AsB A a - A
. A A A 4 ABABD BGCDEC CCCGBBABEBDCABAFA ABCHUOCR A RA CEACER 4AR AdA ACA 4 A
A& a 4 DHABECFABC GHGXENBC CC DABAADDAABBHID. A ACABBAECCBCBODA AAABABAEAAL A4 AA A A AC a
BC AB & AABBFCFUKGGUEIE I JLUGHIKEDGGEBODDIBBGEC I MGF [F ADAGBEJBEBIBF IFACC GCB EABC
ca8c B <DEDOFKOPL JETSWONTOPPYCGLKKDE EAEDBCEHGSEEFH-K IKGLGFHEHOKAJEBCEFFCCEFAACABBA asnnns a
0 - A O A8 CEUNEHUSPSHLVYZZ22UZYWBHTMHE JODHCDLGFMLLF EUNQELUP INHKKEL IDNGBDIFF EVHEIGBCCA A AAA FAR AA A
8 \ABE Aanxtmswkxzzzuzzuocm.mctzc :wnu!meum AACBAF A S AACA
B ABASB G ey JHUOF CHC! 1 E =61meu JUKHCHIE € AA 8  BABEABBA
BA AA AA Acc BF, KGC ¢ HEF F CF P DGC| FFGMCE sun:ccamu AC 4 AC
8 a BCB CCEDDAGODDABAALE  COA C ACBEHDBCOCGICCBEC  DEFBBAAADEADSS ABA  ACAS € AAA 4
_o l - L3 AABADE BDAD ACESCA A DDA EBDABACCHCCFE BADBB BCACA B AAC CAA ABABS B A AA
. a A ABBBAB ACABBAAABBACA C BA A 8 BB EBC aa B nAnuGCA ABBAS A AABA A A A A
Aa AACCA  CBAA & A& AB ABB A A A BAM A A A A N A A
a a AABB & CA Ada B BA BAA A 4
A A& AmAR AACAB A B AN A LYY A A
-0.2} A 8AAAB AS cs 8 a . A a
. AR B a
a A a
A . L) A A A A A
-~ ~-03} *
- A
[}
© A
~
P TRIPLETS
0.3 .
A A
a a A A A
A a LY A A
0.2+ . a [ AA A A 2 A A
S N [SEYSEYS » N
A 3 A A A A A a Ty a
& AB 8 A A AMABA A8 A . A A
a A B A AAB A AL A B
Ol ACA A a a B B A AACAL ABA A 4 [} AA A AA 4
agsg a [} AA AA BEEDAABA ADAAS A B A CAA 8
aceag AAABA BB A A A CCBCBA BDIFOFEABABAA AAAACE A AEAB & AC A
A ACF c8 0CDGAG A eeu 8
a OE B8 GLMGTECF FKKELCUC JSMBKNKONGMJS GZVZY 22KJICEGCECBEE  C IKDKLG  CBC c A
o] =2 AAFAR EGECHHDCFK I OPRMLNNWLHHQOUZ JR2Z2 2222222 SJGHFHE IMIKDB EJKNGLIEBEBDBKX CAHFDEEAUIB
cD A CAA 1 ISJOKMIMJLEGA IBAFHFDAACDIGMG EBEDBBAD ARA 8
ABGFBA aA 4B Acsnsarur AABEBBBOCFESDEJDCDGAADC  C€CC DAE BCFCE C B A AR
AAAB A AAC A DBA AASAA DA B CHABBC CACFCA BA A BA CCA FC A B 48 an
a 28 B AA A g B8 A A A ABAABB BC ABCAAAA A2 BA B BA A N
-0.1 + A B A A B BAA [3 A A A AL A ABCA A A A AAAA 8 2
N ea 8 a4 AA A A A AL B B BA A
A 8 A [V AA AA A an
A A A 4 B A Ak A a
4 A A ] &
-0.2+ A A LYV Y
° B8 A 3 a
)
A A A A
a
0.3 AR
1 1 | i 1 1 | 1 1 1 It { I { |

WAVENUMBER (UNITS OF 1000 cm~)

FIG. 4. Distributions of the observed minus calculated wave numbers as a function of the wave number. A single value is represented by
the letter A, two overlapping values by B, etc., and 26 or more overlapping values by Z.
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7.2. Anticrossings

Although one anticrossing was used in Sec. 5 to locate
the triplets with respect to the singlets, other anticrossings
were examined to verify that this was a reasonable choice.
We can consider these other anticrossings to be checks on
the relative singlet-triplet energies, and on the relative ener-
gies of the two sets of nonintercombining triplets. They also
serve to indicate the accuracy of several “typical” energy
levels.

Table 4 lists the known anticrossings in D,. The level

called G 'Z, v = 4in the literature has been reassigned® as
H(3s) '2 ; and the levels called G '3, v =0 in the litera-
ture* are now called GK '3 & » v=1.Table4 compares the
zero field separation (AE) of each pair of levels, as derived
from anticrossing measurements, to the separation derived
from Appendix B. The difference of these two values is called
4 {AE ) which is, by definition, zcro for the pair of levels used
to determine the triplet energies. For the other seven singlet—
triplet anticrossings, 4 (AE ) lies between — 0.03 and 0.04,
which confirms the accuracy of the triplets with respect to
the singlets. The one triplet-triplet anticrossing has the larg-
er4 (AE ) value of — 0.05, probably because the i(3d)> I7 i
v =3, N =1 energy level was derived from a single spectral
line measurement, in error presumably by about 0.05 cm™?.

7.3. Comparison to Vacuum Ultraviolet
Measurements of Singlet Energy Levels

Several workers in addition to Wilkinson'® have mea-
sured singlet—singlet spectra of D, in the vacuum ultravio-
let.'*"'® Comparisons of the present energy levels to energy
levels derived from their work provide further checks on the
absolute and relative accuracy of Appendix B. It turns out
that the relative accuracy (and probably also the absolute
accuracy) of the energy levels in Appendix B is as good or
better than that of the levels derived from any of the VUV
experiments.

Tables 7-10 provide comparisons between energy levels
derivable from both Dieke’s measurements and each of the
VUV measurements. No energy levels were derived from
thosc VUY lines which were repuried as blended; these levels
areindicated by an asterisk (*). Energy levels were calculated
from the reported VUV wave numbers and subtracted from
the value in Appendix B. The difference is given for each v
and Vin units of 0.01 cm ™. The average of the differences is

given below each column. Unusually large differences prob-
ably result from misassignments in the VUV spectrum; they
are given in parentheses and have been omitted from the
averaging. The averages for each vibrational level for each
author are themselves averaged and collected in Table 11,
along with their standard deviations.

Wilkiuson’s data'® for the 2B state differ least from
Dieke’s since they were used for reference. Bredohl and
Herzberg’s data’ agree nearly as well in average absolute
energy ( — 0.02 cm™!) and show very little scatter { + 0.04
cm ™). Some of this scatter must even be due to Dieke’s
measurements. This excellent agreement between two en-
tirely independent measurements is another confirmation of
the accuracy which can be expected for Appendix B.

Bredohl and Herzberg’s data’ for the 2C state shows
slightly larger absolute and relative differences than for the
2B state. This can be attributed to the difference in spectral
regions of the two transitions; the 2B emission spectrum lies
in the 60 000-90 000 cm ™' region whereas the 2C emission
spectrum lies in the 80 000~98 000 cm ™! region where the
wave number dispersion 1s not as high and the wavelength
reference lines are presumably known less accurately.

The measurements of Dabrowski and Herzberg,'¢ Ta-
kezawa and Tanaka,'” and Monfils'* are all in absorption
from v” =0, not in emission as are Bredohl and Herz-
berg’s.”® They can be expected, therefore, to be somewhat
less accurate because they lie further into the VUV. Further-
more only one or twa lines are available to determine each
energy level, not as many as the 26 emission lines available
for some energy levels of the 2B state. For three electronic
states, Dabrowski and Herzberg’s levels!6 are low by about
0.3 cm™", Takezawa and Tanaka’s'” are low by about 0.12
cm ™', and Monfils’s'* are low by about 1.2 cm™".

With the accuracy estimates of Table 11 as a guide, we
use levels from Bredohl and Herzberg in Appendix B, for
those levels not derivable from Dieke’s measurements. Da-
browski and Herzberg’s levels were used when neither
Dieke’s nor Bredohl and Herzberg’s provided the informa-
tion. For the #B and rC states with n>4, Takezawa and
Tanaka’s measurements are more extensive and more accu-
rate than those of Monfils and so were used in Appendix B.
The data from these VUV measurements are given without
correction in Appendix B. The user might obtain more accu-
rate information by adding 0.30 cm ™! to Dabrowski and
Herzherg’s values and 0.12 em ~! to Takezawa and Tanaka’s
values.
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Table 7.

averages is given in Table 11.
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Differences between the present energy levels of the B(2p)'XY state and previous literature values, expressed as
the present value minus the literature value, in units of 0.0} cm™'. BH stands for Bredohl and Herzberg, DH for
Dabrowski and Herzberg, W for Wilkinson, TT for Tzkezawa and Tanaka, and (in Tables 8 and 10) M for
Monfils. The average difference for each vibration is given at the bottom of each column, and the average of

J. Phys. Chem. Ref. Data, Vol. 14, No. 1, 1985

2B ve=0 v=1 v=2 v=3 v=4
N BH W TT (BH W TT BH W TT|BH W /|BH W
0 4 * 3 -1 o1 1 -3 13 -2 21
1 3 -4 21 2 I (3600) | ~2 3 =5 -1 9| -6 9
2 5 =12 5 =5 l -2 1 3| -3 13
3 1 -13 -2 I =2 -16 -2 6| =7 (44)
4 4 -18 4 1 7 5 -9 4 -3 9
5 5 ~11 7 4 3 7 1 4| -6 7
AV-BH | 4 3 1 -2 -5
AV-W -12 0 0 7 12
AV-TT 21 -5
2B v=35 v=b y=17 v=8 v=9 y=10
!
N BH DH |BH DH|BH DH | BH DH BH DH | BH DH
0 2 44 -3 29 1 - -6 24 —4 24 -14 13
1 -4 22 | -5 29 | -3 27 -1 35 -7 36 -8 24
2 1 1 -1 20 0 14 =5 15 =7 28 =10 27
3 0 23 -2 21 -3 57 0 15 —6 29 —11 3]
4 -4 16 | -2 23 | -7 43 [ -11 15 | -5 27 |-12 25
5 7 52 0 41 -2 49 3 14 -8 33 -9 23
AV-BH 0 -2 -2 =3 —6 ~11
AV-DH 26 27 38 20 30 24
|
Table 8. Comparison of the present energy levels of the B'(3p)'z}
state to previous literature values {present—previous) in
units of 0.01 cm™".
3B v=0 v=] v=2 v=3 V=i ve=S5 v=6
N DH M|DH M |[DH M {DH M |DH M |DH M |DH M
0 20 83| 4 93 8 106 | - 156 | 51 10 7158 | - 187
1 32 205( 12 142 1 69 | 56 80 | 64 132 | 65 146 | 41 70
2 19 29| 8 109 | 14 105 | 34 124 | 59 191 | 28 149 | 50 44
3 7 34| 18 55 14 148 | 29 38 | 68 156 | 24 88 { 47 202
4 42 59| 31 124 8 (372) | 32 69 | - 144 [ 23 76
b 46 188 | 21 81 18 (654) | 28 144 | 66 (279} | 45 64
6 27 161 21 53 | 22 {1038) | 42 {(344)
7 14| 27 40
8 3 (300
AV-DH | 28 18 12 37 62 34 A6
AV-M 86 87 107 102 127 I 18




ELECTRONIC SPECTRUM AND ENERGY LEVELS OF DEUTERIUM 249

Table 9. Comparison of the present energy levels of the
C(2p)*11, state to previous values (present—
previous) in units of 0.01 cm™..

ct yv=0 V=] vm) vm3 ved
N BH DH (BH DH|(BH DH | BH DH | BH DH
1 -20 10 -4 * -12 39 =12 11 -8 .
2 -8 14 -3 * -5 22 -1 21 1 41
3 ~14 26 0 38 -16 17 -16 13 =11 4]
4 =11 35 3 42 -8 36 -14 24 -10 b
5 -25 35 -9 35 -12 32
6 36 -2 hd
AV-BH | ~16 -3 =11 ~H -7
AV-DH 26 37 29 17 t 4]
plog v=0 vl v=2 ve3 v=4
N BH DH TT |(BH DH TT|(BH DH TT | BH DH | BH DH
1 -6 20 8 -3 32 4] -9 29 18 | -1 b -12 .
2 -16 12 13 -6 30 35 | -14 38 23 | ~11 * -20 *
3 —46 37 -1 13 -3 27 -9 18 -8 4
4 -13 36 -8 27 -9 24 —-14 20 | =10 (142)
5 =25 36 9 39 -7 * 1 22 -8 3
6 -18 34 37 3 37 2 -12
7 (=73) (57 46
AV-BH =21 -2 -7 -7 -12
AV-DH 29 30 31 20 17
AV-TT . 11 38 21
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Table 10. Comparison of the present energy levels of the
D(3p) 11, state to previous literature values
(present—previous) in units of 0.0] cm™".

act v=Q | ve=] | y=2 v—S—l
N M M M M

1 56 212 236 220
2 74 216 50 68
3 202 197 183 226
4 104 157 154
5 157

AV-M | 119 : 208 157 167

| 1
3C™ ve( ve=] v=2 v=3 [ v=4
N M T M TT | M TT M M

99 ~47 | 131 -8 | 26% 21 164 158

1
2 126 26106 -2 | 119 30 90 24
3 =11 103 146 (388) | 206
4 ~24 140 140 100 130
S (318) 128 3
6 (254) 175 =1
17 Q0
8 (365)
AV-M 48 131 164 118 130
AV-TT =11 -5 26

Table 11. Summary of average values from Tables 7-10, of
the difference between present energy levels (Appendix B)and
those derived from vacuum ultraviolet measurements, in units
of 0.01 cm™, and the standard deviation.

State w BH DH T M
2B 1+9 —2x4 | 28+6 8+18
3B 34x17 10615
2C ~10+6 | 28=%8 23x14
3C 3+20 | 138x44
1

7.4. Ab initio Calculations

Most ab initio computations of D, energy levels are far
less accurate than experimental measurements. Several com-
putations, however, consider nonadiabatic and relativistic
effects and so are capable of experimental accuracy.

Kolos and Wolniewicz'® calculated the adiabatic (diag-
onal} corrections to the Born—Oppenheimer potential of the
2B state, and estimated that the relativistic and nonadiabatic

J. Phys. Chem. Ref. Data, Vol. 14, No. 1, 1985

corrections to T, would be less than 1 cm ™', Their result,
T, =90 634.9 cm™' lies 1.3 cm ™! above our value in Ap-
pendix B, and 1.1 cm ™! above Wilkinson’s value.!? (Our 2B,
v=0, N=0 value differs from Wilkinson’s because we
choose his v = 2 value as reference and derive v = 0 from the
present spectra.} This comparison serves as another test of
Wilkinson’s VUV data. Kolos and Wolniewicz concluded
that although the discrepancy is meaningful, the calculation
and experiment agree within 1 cm™%.

Kolos and Rychlewski® calculated the Born—-Oppen-
heimer energy of the 2a state, with adiabatic corrections, and
estimated the nonadiabatic and relativistic corrections. They
obtained T = 95 348.6 cm ™, in agreement with the Ap-
pendix B value of 95 348.22 cm™".

More recently, Bishop and Cheung?' directly calculat-
ed the full 2a nonadiabatic wave function for H;, with rela-
tivistic and radiative corrections {but they did not report the
calculations for D,). Their result for T’ of H, differs from
the Kolos and Rychlewski H, result? by only 1.5 cm ™', and
the experimental value lies beween these two calculations.
This agreement for H, suggests that the corresponding D,
calculation would be comparably close to the Appendix B
value.

The ~1 cm™! agreement between calculations of 7",
for the 2B and 2a states with the values forv =0, N=01in
Appendix B strengthens our confidence in the overall accu-
racy of Appendix B. It verifies that the VUV measurements
are more accurate than 1 cm ™! and that the accumulated
errors in deriving energy levels by the sequence in Fig. 2 are
not excessive.

8. Future Work

The set of energy levels in Appendix B is the most exten-
sive and accurate now available for D,. It can be used to test
ab initio and multichannel quantum defect theory*® calcula-
tions, to derive molecular constants, to analyze perturba-
tions, and to examine breakdown of the Born—-Oppenheimer
approximation.

Additional energy levels with higher principal quantum
number may soon be determined by multiphoton spectros-
copy from the ground state***” and trom molecular beams of
the metastable 2c state.*® These methods may also extend
vibrational and rotational series and fill in gapssuchasy =0
and v — 1 of the 3A and 3a states.

A first study has been reported of extension to higher
angular momentum states. By means of Fourier transform
infrared spectroscopy, Herzberg and Jungen®® recently ob-
served the 5g—4f transition. Many of the lines in their related
4f-3d spectrum of H, appear as unassigned lines in Dieke’s
measurements,” so we can expect that Appendix C of this
work could be used to confirm similar measurements on D,.
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Appendix A. Band Systems of D, Observed in Emission by Dieke

Singlets

J. Phys. Chem. Ref. Data, Vol. 14, No. 1, 1985

Triplets

28=2C virererrreeeirertirieerseneerire e sarscseesstsese e ee s sseassstessnanses 32D

3a-2¢ 325
3b-2a 326
4b-2a 335
2c-2a 336
3c-2a 336
4c-2a.... 343
S5c-2a 346
6c-2a 347
Tc-2a.... 348
8c-2a.... 348
9c-2a 348
3d-2¢ 348
3d-3b.... 350
4d-2c.... 350
4d-3b.... 352
5d-2c.... 352
6d-2c.... 352
7d-2c.... 352
Rd-2c.... ... 352

3e-2c
3e-3b....
4e-2c
4e-3b
ne-2c....
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EF-2C* EF 'z} - C(2p) '
N" SYM P-BRANCH IS 0O-C SYM Q-BRANCH 15 ©0-C SYM R-BRANCH 15 O-C
2C+ 2c- 2C+
29~ O BAND
1 o -— P -—- 0 -—-
2 P — 0 -— p -—
a o -—- P 14132.13 17 -1 O 14167.65* 32 -2
4 P -—- 0 14047.34* 17 -5 P 14097.41 29 5
5 fa] -_—— P 13948 .64 i5 3 s} -
29- 1 BAND
1t 0 12572.34 25 ~3 P 12581.00 28 3 0O 12597.95 28 1
2 P 12521.05* 47 18 O 12539.07 33 -2 P 12564.88* 55 -4
3 0 12448.75 36 4 P 12477.34 32 O 0 12512.70 38 6
4 P 12357.02 20 3 0 12397.08 40 -1 P 12446.82 45 5
5 0 12247.08% 67 7 P 12303.82 233 2 o -
29- 2 BAND
1 0 10979.80 189 1 P 10988.22* 54 -18 O -——-
2 P --- 0 10948.84 13 P e
3 © 10861.74 24 -1 P - o -—-
29- 3 BAND
1 o - P 9462.54 25 7 0 -—-
2 P 9406.87 52 -2 O - P 9450.889 20 -5
3 o - p -—- 0 9406.00* 34 5
32- 3 BAND
1 o -—- P -—- 0 10702.17 24 -10

J. Phys. Chem. Ref. Data, Vol. 14, No. 1, 1985



271

ELECTRONIC SPECTRUM AND ENERGY LEVELS OF DEUTERIUM

ot
ve
9T
91

NN r@

z- vs

(] ST

2-0 SI

- v~ 4T
€T 6,081 b 62
4187 108 8-
L6° 5008} '
*S8° LL6L)
anvg 6 -¢
-— vi-
-— - O
65 60881}
anvg 8 -2
- z-  6E
- E-  P¥
-—- b a4
ov €996} o o€
Sv° 6T961 4 sz
60° 96564
anva L -2
- o St
- ) Sl
*G8° 86V0T
§9°6910T
anva 9 -z
-— or O
-—- L S€
- o+ s€
- v SE
- - sz
-— &~ &zC
anva s -2
HONVY8-d o0-0 SI

1z, [do)d — %, COH

panuiuo)

[53 2a=15{-74 3
€9 °0E6LI
Ev 9T6LI
v8 LEBLL

PG 9€ELBI
LE ZELS)

*9} 96564
[4: a4 =1=1-18
Ll "0GG6}
EV 8¥S64
6E G556

CC SBEOT
¢C ¥8EOT

00 '8ZZIZ
*LO ' VETIT
*LO VETIT
9L PETIT
L9°'GETITZ
8T vvTiT

HONVd8-~-d

aoa0Da
Oranm<

aoaoa
OrNOw

ooa0ao0Q
OraOTnY

acooon
Oramvw

aoco0aon
O-NmMOTIDY

W

AS uN

q4eve

(4
- L}

L-
- £V

o] Ev

€- GE

8- ve
9- (14
€- LT

o1 92
S~ oS

2-0 &I

*£6°06222
st 6Lzee

89 tvOLET
8y v LOET
v0 EYOEZ

96 SEOYT
09 LOOVvZ
TG 8L6ET
L9 LYGET

82 vS6¥T
oG 8ee6ve
vL°006¢vC
G oL8rT

E6°Z68SCT
L 89867
LE TYBST
z8°748ST

HONVHE-d

anva €
z-

[
Z-

anNve ¢

m-0

anva
Vl
84—
ml
M|
Pl

anve o

2-0

1 4]
oz

-C
EC

144

LT

£€
(3]
144
6v

99

-Z

S1

60°880CC
*88° 96022
67 °660TC
61" yOoLee
98'€ELice

8V °9L6ZC

£€8°6862C

91 "08BET
60°L88ET
19°Z68ET
St tQ6EZ

bLTLOLPT
98 96LVC
€T °908vC
