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Abstract

Over a thousand spectral lines in the photoexcitation spectrum of molecular deuterium (D2) to np 'S and 'TI
Rydberg levels (n > 4) were measured for rotational levels N’ = 1 — 6 in the 117000 — 137000 cm ™" spectral range
by two different types of experiments at two synchrotron radiation sources: a vacuum ultraviolet (VUV) Fourier-
transform (FT) spectrometer at SOLEIL, Paris and a 10m-normal-incidence monochromator (NIM) at BESSY 1II,
Berlin. The experimental energies, the absorption cross sections, Einstein A-coefficients, and line widths are compared
with ab initio multi-channel quantum defect (MQDT) calculations for these levels. More than 350 R(0) or P(2) lines
were assigned, some 280 R(1) or P(3) lines, some 270 R(2) or P(4) lines, over 100 R(3) or P(5) lines, over 90 R(4)
lines, and 24 R(5) lines to extract information on the N’ =1 — 6 excited levels. Transition energies were determined
up to excitation energies of 137000 cm ™! above the ground state, thereby extending earlier work by various authors
and considerably improving the spectral accuracy (< 0.1 cmfl), leading to several reassignments. The absorption
and the dissociation, ionization and fluorescence excitation cross sections from the NIM experiment are measured
on absolute scale and are used to calibrate intensities in the VUV-FT spectra. The overall agreement between
experiment and first principles calculations, without adjustable parameters, is excellent in view of the multi-state
interferences treated within the MQDT-framework: For the low N’ values the averaged deviations between those
observed in the FT=SOLEIL spectra and those calculated with MQDT are ~ 0.1 cm ™! with a spread of ~ 0.5 cm™*.
The line intensities in terms of Einstein coefficients are well represented in the MQDT-framework, as are the level
widths representing the lifetimes associated with the sum of the three decay channels. These line intensities follow, in
general, the 1/n> scaling behavior as characteristic in Rydberg series, but deviations occur and those are explained by
MQDT. The decay dynamics of the excited N Rydberg levels is analyzed on the basis of the measured quantum yields
for ionization, dissociation and fluorescence observed in the NIM experiment in terms of absolute cross sections for
the distinctive channels. In particular in the n = 4 manifolds dissociation is found to play a major role, where in the
n = 5 manifolds the behavior is most erratic due to strong competition between decay channels. At n = 6, ionization
takes over as the dominant channel. Despite the excellent agreement between observations and the outcome of the
MQDT calculations for both level energies and dynamics, some pronounced deviations are found as in the splitting
of the 5pm,v = 4 — 6, N' = 1 levels. The shortcomings of the MQDT calculations are ascribed to the treatment of
the excited states in terms of a 1snp single electron configuration, therewith neglecting possible interferences with
1snf or 2s core excited states. Some 27 lines remained unassigned; in view of their observation in fluorescence it is
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1. Introduction

The dipole-allowed electronic absorption spectrum
of molecular hydrogen and its isotopomers covers the
vacuum ultraviolet wavelength range, with an onset
at 115 nm and ranging to 70 nm. This strong ab-
sorption spectrum of the smallest neutral molecule
has been investigated in many studies over the past
century, starting with the pivotal work of Lyman [1]
and Werner [2], after whom the lowest lying excita-
tions to the 2po and 2p7 states were named. Broader
overview studies of the hydrogen molecule extend-
ing into the dissociation, ionization and ion-pair con-
tinuum were performed by Herzberg and Jungen [3],
by Chupka and coworkers [4, 5], and by Guyon and
coworkers [6, 7, 8]. FEarly studies on the Lyman
and Werner bands, specifically focusing on the deu-
terium (Dq) isotopomer, and using classical grating-
based spectroscopic techniques, were performed by
Herzberg and co-workers [9, 10]. Later, laser-based
studies of these lowest lying Dy absorption bands
were performed using tunable laser sources in the vac-
uum ultraviolet [11, 12]. A review of the spectroscopy
of Dy by Freund et al. [13] provides an overview of the
results from classical spectroscopy, but it lacks the
information of laser-based work and the synchrotron
studies.

In recent years the availability of powerful
synchrotron-based vacuum ultraviolet sources has
made it possible to investigate the absorption and
excitation spectra of molecular hydrogen and its iso-
topomers in much detail, while covering the entire
wavelength range of the dipole-allowed spectrum.
Such studies have been reported using the versatile
BESSY II setup for the spectroscopy and decay dy-
namics of Hy [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25] and-some investigations on Do [26, 27|, while the
SOLEIL setup was used for high-resolution absorp-
tion spectroscopic studies for Hy [28], for HD [29, 30],
and for D, [31, 32, 33].

The present study provides an exhaustive overview
study on the dipole allowed spectrum of Ds, excit-
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ing the npo 'Y+ and npr 'L} Rydberg series. The
spectra cover energy space between the second dis-
sociation threshold D(n = 2)+D(n = 1) at 119029
em™! and the third dissociation threshold D(n =
3)+D(n = 1) at 134266 cm™!, with the ionization
threshold lying in between at 124745 cm™!. The
experiments combine the advantageous features of
both synchrotron-based instruments: high resolu-
tion and versatility for investigating decay dynam-
ics. Some of the information, concerning the npm 11,
states [34, 26] and the npa !XT N’ = 0 levels of
D5 [27, 33] were published before. Those sets of levels
are subject to II—II or ¥ =3 vibronic interaction but
not to rotational coupling. In contrast, the N’ > 1
levels in np 13 and I series, investigated here, are
subject to rotational coupling and to vibronic cou-
pling as well.

This study concerns the N’ = 1 — 6 levels of both
Rydberg series npm and npo. More than a thou-
sand spectral lines, experimentally observed by both
or by either one of the instruments, are reported in
the form of extensive Tables including accurate line
positions, widths, intensities, and decay rates for flu-
orescence, dissociation and ionization. Parts of the
absorption spectrum had been assigned in an earlier
study of Takezawa and Tanaka [35], while a decade
before an investigation was reported by Monfils [36].
A comparison is made between the present results
and those observed previously, and in particular the
reassignments from a comparison with Ref. [35] will
be listed.

As was recognized by Herzberg [37] the spectrum
of molecular hydrogen does not exhibit the charac-
teristic features of a molecular band spectrum, in-
troducing a complexity which makes the line iden-
tification in terms of R, Q and P branches and ro-
tational quantum numbers more difficult than for
heavier molecular species. The rotational and vi-
brational energy splittings are so large that various
bands of electronic absorption systems become mu-
tually intertwined, such that inspection of the spec-
trum does not reveal recognizable patterns of quan-
tum states in a band. It is a 'many-line’ spectrum
instead of a band spectrum. Moreover, due to the
low mass of the hydrogen atoms, deviations from the
Born-Oppenheimer approximation, leading to non-



adiabatic interactions, become most prominent in the
hydrogen molecule. For these reasons, line assign-
ments in the spectra of Hy, HD and D5 are difficult.
All this holds, a fortiori, for the regions in the spec-
trum where intensity borrowing between interfering
states prevails. This prohibits the observed inten-
sities to be used as a guiding principle. As a con-
sequence the assignment of spectral lines very much
depends on the theoretical description of the spec-
trum, and the present work involves such a theoret-
ical approach to assign the wealth of experimental
data obtained.

For the lowest lying electronically excited states
of molecular hydrogen computational methods have
been developed, based on closed-coupling calcula-
tions taking into account non-adiabatic interactions
comprising the set states of 2po ¥} and 2pr 11,
symmetry. This has led to a very good approxima-
tion of the experimental spectrum of the Lyman and
Werner bands in the Ho molecule yielding agreement
at the level of 0.15 cm ™!, although the methods used
were not fully ab initio and some adaptation of the
potential energy curves was invoked for matching the
experimental data [38, 39]. Based on this framework
the large sets of spectral lines in the atlases of the
Lyman bands [40] and the Werner bands [41] could
be assigned and reproduced.

For the case of Dy these methods were applied to
describe the electron-excited emission spectrum [42].
Similar closed-coupling calculations were applied to
assign the emission spectra in discharges of deuterium
originating from the 3pm D'II, and 4pr DI, ex-
cited states [43] as well as the 3po B'S} state [44].
The most accurate and extensive experimental study
of the D5 dipole allowed absorption spectrum, prob-
ing states below its H(n = 2)+H(n = 1) dissociation
limit, -was performed with the vacuum-ultraviolet
(VUV) Fourier-transform (FT) spectrometer at the
SOLEIL synchrotron [32], which is more precise than
an older extensive study performed via classical ab-
sorption based on a spectrograph of 10m length [10].
For a limited wavelength range, covering the B1¥;-
X'Sf (v/,0) bands for v/ = 9 — 11 and the C'IT,-
X'ST (0,0) bands, extreme ultraviolet laser-based
excitation was combined with collimated molecular
beams to record spectra of the highest resolution and

accuracy obtained for Dy [12].

Whereas the coupled-equations calculations are re-
liable and precise for the lowest excited electronic
states (B'X, C'IL, and B'X), this is less true for
higher ones [45]. A detailed comparison‘of the spec-
troscopic properties of Dy and Hy miust necessarily
involve the study of non-adiabatic coupling of the
electronic and nuclear degrees of freedom, a type of
coupling which is strongly dependent on the nuclear
mass. Multichannel quantum defect theory (MQDT)
is currently the only approach yielding an accurate
description for the np,n > 4 levels in molecular hy-
drogen. Specific molecular MQDT methods were de-
veloped in connection to the analysis of molecular
hydrogen spectra over the years [3, 46, 47, 48, 49].
The calculations are based on quantum-mechanical
clamped-nuclei potential energy curves and dipole
transition moments available for the lowest Rydberg
members of the npo and npw series, which are also
fully ab initio [50, 51, 52]. An important aspect of
MQDT is that it not only yields values for level ener-
gies, but that it is superior in providing the dynamics
of the excited states, which may undergo radiative,
dissociative and ionization decay at the same time.
In such conditions MQDT provides a full description
of competing decay processes [47, 19, 18].

The present investigation aims at applying this
framework of MQDT for the analysis of experimen-
tally observed absorption spectra of Dy probing ex-
cited states of npo 'S} and npm I} symmetry form-
ing Rydberg series converging to the first ionization
limit of the molecule, and beyond into the autoion-
ization continuum. The experimental spectrum of
D5 is investigated through a combined study with a
Fourier-transform (FT) setup at SOLEIL and with a
10m-normal-incidence monochromator (NIM) exper-
iment at BESSY II. Whereas the FT measurements
are superior by the very high energy resolution, the
NIM experiment enables absolute measurements of
the line intensities and furthermore to determine the
absolute cross sections of the various decay channels:
fluorescence, dissociation and ionization. Observed
level energies, autoionization widths and the absorp-
tion intensities of the lines are then compared with re-
sults from ab initio calculations in the MQDT frame-
work.



The manuscript is organized as follows. In the pro-
ceeding sections some details of the experimental pro-
cedures are discussed (section 2) and a description of
the multi-channel quantum defect (MQDT) theoret-
ical model (in section 3) that was used to assign the
spectra. Since the MQDT methods calculates all ex-
cited state levels of a common symmetry, hence for a
single angular momentum N’, the data are presented
in six different sections, each pertaining to this quan-
tum number N’ = 1 — 6. Thereafter the study ends
with a discussion and conclusion (section 10), also
including a comparison with previous work.

2. Experimental

The absorption spectrum of Dy was recorded using
the FT spectrometer installed on the DESIRS beam-
line at the SOLEIL synchrotron radiation source [53,
54]. The continuum background provided by the un-
dulator corresponds to a bell-shaped curve of approx-
imately 7000 cm~! width. The spectrum extending
from 117000 to 137000 cm~' was therefore parti-
tioned into four overlapping sections: in one of these
(E < 120000 cm™1!), a molecular jet €xpansion is
used, in the three others a low pressure cell at low
temperature. The FT spectrometer possesses its own
internal calibration derived from the spatial step-size
of the interferometer, which'is controlled by a fre-
quency stabilized He-Ne laser. Nevertheless small
alignment errors may induce errors in the calibration
that may vary from one recording to another. De
Lange et al. [32] introduced calibration corrections
for the different energy intervals under investigation,
which account for-the small deviations in the travel
of the moving mirror. These corrections were extrap-
olated to higher energies. This procedure induces
a residual error which increases from 0.02 to 0.035
cm ! as the energy increases [34]. The noise level
observed in the FT spectra contains a periodic com-
ponent linked to the spectral resolution and the sinc
apparatus function, which imprints an additional un-
certainty on the positions of weak spectral lines. The
total uncertainty of the line positions is estimated
by taking the sum of the uncertainty of the calibra-
tion and three times the uncertainty of the Gaussian

fit for each line. For the weakest transitions an ex-
tra contribution is added, accounting for the effect of
the periodic noise (see also [53, 34]). The resulting
uncertainty of the frequency scale of the FT spec-
tra corresponds to a few 0.01 cm™!. The continuum
background has been fitted by a Gaussian and the
Beer-Lambert law was applied to obtain a signal pro-
portional to the absorption cross section. A section
of this quantity is plotted in-Fig. 1(f). The main
problems encountered in applying the Beer-Lambert
law are: the zero of the signal is not precisely de-
fined, and the medium is optically thick for the more
intense lines.

The second experiment was performed on the 10m-
normal-incidence monochromator (NIM) at BESSY
II. The experimental setup has been described in de-
tail in numerous publications (see in particular [55,
18, 14]). Briefly, the VUV photons coming from the
undulator beamline U125/2-10m-NIM of BESSY II
are dispersed by a 10 m-normal-incidence monochro-
mator equipped with a 4800-lines/mm grating giving
a spectral resolution of 1-2 em~! (0.001 nm) in first
order; this value represents the convolution of the
apparatus function with the Doppler width at room
temperature. The uncertainty of the scan linearity
(= 1 ecm™!) is the main source of error in the fre-
quency measurement.

For the BESSY NIM spectra the absorption col-
umn densities in a differentially pumped windowless
gas cell are well defined, with an absorption path
length of 39 mm, gas pressures at typical values of
13.3 or 26.7 mbar, while the experiments were per-
formed at room temperature. Thus they allow for
a measurement of absolute absorption cross sections,
and henceforth enable derivation of absolute inten-
sities of spectral lines. Experimental Einstein coef-
ficients A were extracted from the area of the lines
obtained from the Gaussian fits using the relation:

1 2N' +1
/wa ~ Srwlc /Wn]\w (1)
with N” = N 41 for an R(N”) line and N’ = N" -1
for a P(N") line. Here o is the measured absorption
cross section which is integrated over the profile of a
given line, w is the incident photon energy (in cm™1!),
and n~ is the fraction of molecules in the rotational

Ay 11=0,N",N"
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Figure 1: (Color online) A section of the Dy absorption and
photoexcitation spectra recorded at BESSY II for (a)-(e) and
at SOLEIL for (f): (a) (black) absorption spectrum, ogps; (b)
(blue online) dissociation spectrum, o4;ss; (c) (red online) ion-
ization spectrum, ojon; (d) (violet online) fluorescence signal
determined indirectly via Eq. (2). (e) (green online) fluores-
cence spectrum from direct recording. (f) the D2 absorption
spectrum recorded with FT-VUV, showing the much higher
resolution of that method. The vertical line guides the eyes
along a single spectral line appearing with different intensities
in the various excitation spectra.

state N’ of the vibrational ground state at 300 K :
0.18 for N” =0, 0.20 for N” =1, 0.38 for N" = 2,
0.11 for N” = 3, 0.10 for N” = 4, 0.006 for N” =5,
and 0.001 for N” = 6.

The BESSY setup enables simultaneous recording
of excitation spectra for photoionization; photodisso-
ciation and visible molecular fluorescence [18], which
is graphically illustrated in Fig. 1o The Lyman-a
fluorescence emitted from the D(n = 2) fragments
and visible fluorescence (380-700 nm) enables the de-
tection of dissociation and molecular fluorescence re-
spectively. A small dc-electric field is used to col-
lect the photoions and to-allow fluorescence from the
D(2s) atoms [56]. The photoionization and photodis-
sociation spectra were intensity calibrated on the ba-
sis of absorption peaks that are known to be fully
ionized or fully dissociated. In order to cross-check
the various calibrations the absorption cross section
was recalculated as the sum of the dissociation and
ionization cross sections. The only lines for which
the absorption cross section could not be reproduced
correctly in this way are transitions leading to molec-
ular fluorescence. For these lines, the experimental
fluorescence cross section ogyu, has been determined
subsequently from the difference spectrum obtained
by subtracting the sum of the dissociation and ioniza-
tion cross sections oqiss and oo, from the absorption
cross section o,ps, displayed in Fig. 1(d), via:

Ofluo = Tabs — Odiss — Tion

(2)
The recorded visible fluorescence excitation spec-
trum, shown in Fig. 1(e), does not provide this in-
formation because this visible fluorescence populates
a number of excited levels of g-symmetry, such as
the EF'S} or GK'S] states, and does not repre-
sent the main fluorescence decay process resulting
in the emission of VUV photons. The energy re-
gion investigated falls below the threshold for ion-
pair formation (~ 139500 cm™1!), hence this decay
channel may be neglected and does not contribute to
Eq. (2) [57, 58, 59, 60]. Figure 1(a-e) displays a sec-
tion of the experimental spectra obtained using the
BESSY NIM setup. Note how a given line may ap-
pear with very different intensities in the different de-
tection channels. It is this information which allows
the decay dynamics to be quantified. The methods to



quantitatively unravel the competing decay channels
of fluorescence, dissociation and ionization, in con-
nection to the total absorption cross section, have
been described previously in more detail [18].

Since the absorption measurements with the VUV-
FT setup at SOLEIL were recorded from a quasi-
static outflow of Do gas out of a windowless cell, the
intensities are not measured on an absolute scale of
column density. However, by comparison with the
NIM values, it was possible to calibrate the intensi-
ties in the FT spectra. A preliminary estimation of
cross sections in the FT-SOLEIL spectra had been
made previously for the R(0) and R(1) lines probing
the 3pr DI, state [61]. In the presently performed
reanalysis the different temperatures of recordings at
BESSY (room temperature) and VUV-FT (liquid ni-
trogen cooled cell yielding effective quasi-static gas
flow temperatures of 100 - 150 K) were accounted
for. The effective temperatures in the VUV-FT spec-
tra were verified from the observed Doppler widths:
0.5040.05 cm~! and 0.40£0.05 cm~!. For a number
of Q(N"), R(N") and P(N") lines observed both in
BESSY and VUV-FT spectra, the statistical mean
values of the product Any~ was derived-and com-
pared. From these comparisons the relative popu-
lations of the ny~ ground state levels were derived
adopting theoretical values for the Einstein coeffi-
cients A, which were found to agree with the val-
ues from BESSY spectra, and assuming a Boltzmann
partition for ny~. This procedure allows for deduc-
ing line intensities from the FT-spectra with an un-
certainty estimated to be at least 30%.

Large sets of data have been recorded in both ex-
periments which are complementary to each other.
The FT-VUV experiment provides a much higher res-
olution due to the Fourier-transform technique, but
the sensitivity is not as high in view of the fact that
(i) the measurements are not background free, and
(ii) the eontinuum exhibits a periodic noise charac-
ter associated with the Fourier-transforms produced
from the measured interferograms. The NIM-BESSY
experiments combine the advantage of a better sensi-
tivity with the advantage of the action spectroscopies
delivering information in the competing decay pro-
cesses.

Figure 2 presents a detailed portion of the

recorded spectrum illustrating further its character-
istics. Clearly is shown that the FT-VUV spectrum
exhibits a higher resolution; the Q(2) 7pm,v = 8
line near 133338 cm™! appears as a sharp spike
whereas in the NIM spectrum it is much broader.
The R(1) 6po,v = 9 transition near 133362 cm~!
affords an example of an intrinsically broad transi-
tion with I' = 2.4 + 0.3 cm ™', which is only moder-
ately further broadened in the NIM spectrum. R(2)
6po,v = 9 near 133284 cm~! on the other hand is
an example of a ‘complex’ resonance with a high-n
fine structure due to its mixing with the np4,v = 6
series for 54 < n < 65. The central peak has I' < 0.3
cm~!. The fine structure appears resolved in the FT
spectrum but coalesces into an (apparently) broad
peak in the NIM spectrum. This part of the spec-
trum also illustrates that the ionization channel is
much stronger than the dissociation channel, which
is a general trend found in the present study.

The data will be presented in different sections fol-
lowing, each focusing on one of the states of rotational
quantum number N'. Information from R(N’ — 1)
and P(N’ + 1) lines, probing the same excited lev-
els N’, will be connected in the analysis. Assign-
ments of the lines are based on the theoretical frame-
work of MQDT, presented in the next section, and
on combination differences Ay~ nv42 in the ground
states that probe the same excited level N = N” +1.
The combination differences, Ags = 179.067 cm™!,
Al,g = 297.534 cm_l, A274 = 414.649 cm_l, and
Ass = 529.900 cm™!, are derived from the highly
accurate calculations for the ground state of Dy [62],
the lowest three of which were experimentally veri-
fied in the highly accurate study of the Lyman and
Werner bands [32].

3. Theoretical approach

The singlet np Rydberg levels of Ds, like those of
Hs, correspond to a npo and a npm molecular or-
bital, yielding for each n a 13} and a I molecular
state (right side of Fig. 3). Built on the I, compo-
nent, rotational levels N’ of total parity —(—1)N/ -
so-called d—symmetry levels - arise, whereas the 13}
and I} components produce pairs of levels of total
parity +(—1)~" - so called c— symmetry levels. The
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Figure 2: (Color online) Part of the spectrum in range 133270 — 133370 cm ™! showing some characteristics as discussed in
the main text. Full lines display absorption (black), ionization (red) and dissociation (blue), all from the NIM setup. The FT
absorption spectrum is displayed by the grey full line. The points with drop lines correspond to calculated lines.

labels ¢ and d coincide in our case with the commonly
used designations e and f [63] which had been utilized
in Ref. [35]. Watson[64] re-introduced the historical
¢/d symmetry classification scheme for linear Hund’s
case (b) and (d) molecules, showing that it is related
to a residual plane of symmetry normal to the axis
of rotation which remains defined even when Coriolis
forces dominate. Indeed, in the present situation the
c— levels correspond to the po and pm orbital compo-
nents which lie in the plane of rotation and become
mixed by it, see just below, whereas the d— levels
correspond to the pmr component oriented perpendic-
ular to the plane. The ¢/d parity classification thus
provides immediate insight as to why d— type levels
are subject only to very weak rovibronic interactions
in diatomic hydrogen, in sharp contrast with the c—

type levels which carry most of the decay dynamics.

As the Rydberg series evolve towards higher n, the
two c¢ level series interact more and more strongly.
As recognized in [3], the two series converge towards
two distinct rotational levels of the molecular ion,
NT = N'"—1and Nt = N’ + 1 respectively. As a
result a transformation of the level pattern occurs,
whereby the electronic 'II, - X splitting domi-
nating the low-n Rydberg structure is replaced by
the rotational (N*T = N’ +1) — (Nt = N’ —1)
splitting dominating the level structure for high n
(left side of Fig. 3). This latter situation no longer
corresponds to the assumption underlying the Born-
Oppenheimer approximation, but instead to its in-
verse, as now the nuclear (rotational) motion is fast
compared to the motion of the distant slowly moving



high-n Rydberg electron. Figure 3 is a schematic di-
agram representing the correlation between the two
limiting situations. The observation of these series
for Hy in Ref. [3] led Fano to write his seminal paper
on molecular frame transformations and their use in
multichannel quantum defect theory [65].

opr

Figure 3: (Color online) Correlation of rotational levels be-
tween DJ and D2 (adapted from Fig. 6/of Ref. [3]). At the
left are the rotational levels of Dg‘, in the center those result-
ing from them in Dy by the addition of an mp electron with
high n (case (d)), and at the right those corresponding to low
n (case (b)). Full lines (red): ¢—symmetry levels with total

parity +(71)N/; Broken lines (blue): d—symmetry levels with
total parity f(fl)N,.

The transition between the two coupling regimes,
termed Hund’s coupling case (b) and Hund’s coupling
case (d), respectively, takes place when the two ener-
gies are about equal; this happens for n &~ 10 in Do
when N’ = 2. In addition to the transformation from
one coupling case to another, local perturbations be-
tween the two series occur, namely when for given N’
a level corresponding to N* = N’ + 1 with lower n
falls amongst the higher-n levels converging toward
the lower limit NT = N’ — 1. When the higher-n
manifold is very dense, just below the NT = N’ — 1
threshold, a cluster of perturbed levels arises - a ‘com-
plex’ resonance pattern - whereas above the threshold

the lower-n level lies in the true ionization continuum
and is broadened by rotational autoionization.

The situations just described are ideally suited for
a unified description in terms of multichannel quan-
tum defect theory combined with a frame transfor-
mation [65]. The theoretical formalism has two key
elements. First, multichannel quantum defect theory
is an extension of the scattering theory as applied to
ion-electron collisions into the-discrete range, where
bound or quasi-bound Rydberg states are present
[66]. The unifying key element is the quantum de-
fect u - in a multichannel situation a matrix - which
in the discrete range provides the Rydberg energies
—R/(n—p)? for the Rydberg levels n, whereas in the
adjoining ionization continuum the quantity mu adds
to the Coulomb phase as a system-specific scatter-
ing phase shift. The quantum defect generally varies
slowly with the excitation energy, so that extrapo-
lation methods may be used to infer scattering dy-
namics from bound level measurements or vice versa.
This is why, for instance, rotational autoionization
can be predicted on the basis of bound state quantum
defects. The second element is the frame transforma-
tion which describes the uncoupling of the Rydberg
electron from the molecular frame as it roams farther
and farther away from the residual ion. In many situ-
ations the transformation is analytically known - for
instance in terms of vector coupling coefficients in the
case of the rotation-electron coupling discussed here,
and thereby the number of unknown parameters in
a given problem may be reduced substantially. The
latter aspect adds considerably to the power of the
method.

These concepts have been developed and applied
extensively in Refs. [46, 67] where the formalism is
described in detail. Review papers have also been
published [48, 68]. Refs. [21, 22, 69] provide the
tools necessary for calculations of absolute absorption
and photoionization cross sections. In those papers
vibration-electron coupling was included in addition
to the rotation-electron coupling, with the result that
nearly all of the dipole-allowed absorption spectrum
of Hy became accessible to a quantitative theoretical
interpretation. In Refs. [21, 22, 69], as in more re-
cent papers [26], the quantum defect functions pa (R)
and electronic absorption transition moments dj (R)



for £ = 1 channels have been extracted from state-of-
the-art first-principles computations [50, 51, 52] with-
out any adjustment, so that the theoretical formalism
used has ab initio character. This is also true for the
present application to the c-symmetry levels in Ds.

As was done in the early papers, the present cal-
culations include only ¢ = 1 channels associated with
the rovibrational levels of the Xt 2% ground state
of D;‘, and they also disregard electron and nuclear
spins as well as dissociation processes. This approach
corresponds to a streamlined version of the avail-
able MQDT theoretical machinery, adapted to the
initial analysis of the large data set at hand. Since
the 1970’s molecular MQDT has been extended both
conceptually and technically, to allow for additional
partial wave components ¢ > 1 of the excited Ryd-
berg electron [70], to include electronically excited ion
core channels [71], and to account for hyperfine inter-
actions, as was done for the case of Hy [72, 73] and
Do [74, 75]. Molecular dissociation processes have
been incorporated in the MQDT formalism, allow-
ing partial ionization and dissociation cross sections
to be evaluated in a framework equivalent to a re-
active scattering scenario [49], and where it is also
possible to allow for electronically excited ion core
states [76]. These refinements are not included in the
present analysis but are left to a forthcoming paper
dealing with the interpretation of the finer details of
the data set obtained here.

The Rydberg np absorption spectra of diatomic hy-
drogen display striking examples of propensity rules.
One example concerns the rotational line intensities
within each pair of interacting c—symmetry np series.
Experimentally it-is observed that the transition of
the two coupled series from Hund’s case (b) toward
case (d) not.only corresponds to a rearrangement of
the Rydberg state level energies, but is also accom-
panied by a profound modification of the rotational
line intensities. As n increases along the series, each
quadruplet of R— and P—transitions converging to-
wards the Nt = N’ —1 and N* = N’ + 1 lim-
its respectively, is effectively reduced to a doublet.
It turns out that the R—transition belonging to the
NT = N’ — 1 series and the P—transition belonging
to the NT = N’+1 series are strong, whereas the two

other series become very weak and essentially vanish.
In other words, only transitions to case (d) levels cor-
responding to NT = N’ have appreciable intensity.
It will be seen in the result sections below that this
propensity rule is naturally accounted for by MQDT
when the parameters derived from the ab initio com-
putations of Refs. [50, 51, 52] are used. The physi-
cal explanation for this striking phenomenon derives
from the fact that the electronic transition at hand
corresponds in a good approximation to an atomic
s — p transition. As the angular momentum of the
photon provides the angular momentum of the ex-
cited or outgoing final state electron, the nuclei do
not move during the process, and hence N*T = N".
This propensity rule may be viewed as a rotational
analog of the Franck-Condon principle. Formally it

arises via the 6-5 symbol
N+ N/I 6”
S
which governs the Hund’s case (b) to (d) absorption
transition in the united-atom limit [77, 78], and which
in order not to vanish requires N* = N” when ¢’ =
0. In the Rydberg spectrum the selection rule implied
by Eq. (3) is reduced to the status of a propensity
rule because the united-atom approximation is not
exact in the molecule, and also because interchannel
couplings are active which prevent a pure case (d)
situation to occur [65].

Vibrational autoionization in diatomic hydrogen
provides another example of a propensity rule. This
process involves the conversion of vibrational energy
of the ion core into electronic energy, which enables
the initially bound Rydberg electron to depart in the
continuum. This vibronic process is governed by the
R—dependence of the quantum defect via a vibra-
tional integral of the type (v?|M(R)|vZ->, where v; is
the vibrational quantum number of the quasibound
Rydberg level and v} is the final vibrational state of
the ion core left behind by the escaping electron. To
the extent that the vibrational motion is harmonic
and the quantum defect varies linearly with R, the
selection rule Avt = v}r — v; = —1 must be obeyed
[3]. Again, this rule is not strict because the assump-
tions underlying it are only approximately valid in

(3)



the real molecule. Table 1 summarizes the propen-
sity rules which apply to the rovibronic predissocia-
tion, autoionization and fluorescence decay processes
discussed here. Also given are approximate quan-
tum number dependences expected for these pro-
cesses inasmuch as they can be fomulated. We stress
again that these rules provide overall estimates, but
do in no way account for the complex details of the
channel interactions present in the Rydberg series.

The systematic study of the absorption spectra of
H, and D5 provides a unique opportunity to study
isotope effects in strongly coupled multichannel sys-
tems that are electronically identical, but whose nu-
clear masses differ by a factor of two. Some facets
of the mass effects that occur in the d—symmetry
Rydberg series have been discussed in Ref. [26].
The previous applications of MQDT to c—symmetry
levels of Hy and here to Dy, demonstrate that the
MQDT approach successfully accounts for the vast
mass difference between the two isotopomers, from
low n—values up into the ionization continuum. In
the calculations this is achieved simply (i) by using
the calculated values for Hj /DJ rovibrational ioniza-
tion levels v+ N7T - the rovibrational ion thresholds -
and calculating the associated wave functions, with
the appropriate nuclear reduced mass in each case,
and (ii) by using the appropriate mass-corrected Ry-
dberg constant R s in the multichannel calculations
for each isotopomer. As our results discussed below
will show, these changes-account for the great di-
versity of mass-effects as they occur throughout the
Rydberg spectrum.

For instance inthe c—symmetry levels rotational-
electronic predissociation at low n proceeds with
rates that are proportional to the square of the in-
verse of the reduced mass, i.e. oc M 2. This mass-
dependent scaling law for predissociation was de-
rived ‘and measured in the early work in the hydro-
gen molecule [79, 80]; this mass-scaling was further
experimentally verified in accurate measurements of
predissociation widths for a series of vibrational lev-
els pertaining to the DI, state in H,, Dy and
HD [30]. On the other hand, rotational autoioniza-
tion processes that occur at high n have no mass
dependence at all, but instead are proportional to
the squared difference, (ppo — fipr)?, of the spatial

components the molecule-fixed quantum defects [3].
The mass-dependences of vibronic interactions ap-
pear via a different mechanism. At low n, where
the Born-Oppenheimer picture constitutes the nat-
ural zero-order approximation, vibronic‘interactions
are mediated by matrix elements that scale as M —3/4
[26], whereas in the inverse limit the preferred Avt =
—1 vibrational autoionization processes proceed with
rates o« M~'/2 [26]. These limiting dependences
are further modified by multichannel effects and the
very way the Rydberg series are arranged. As al-
ready mentioned above; for vibrational autoioniza-
tion to occur, a given level nv must lie higher than
the threshold v+ =w — 1. The ionization thresholds
are spaced more closely in the heavier isotope - ap-
proximately by a factor v/2 in Dy as compared to Ha.
Therefore the first level of a series that can autoion-
ize via the preferred Avt = —1 process has a higher
n value in D5 than in Hy. This ‘visibility’ criterion
- namely the energetics allowing or not allowing au-
toionization to occur [68] - further reduces the vibra-
tional autoionization rate, beyond the M ~'/2 scaling
rule mentioned above. The approximate mass de-
pendences expected for the rovibronic predissociation
and autoionization processes are collected in Table 1.

4. Results for N’ = 1 levels

More than 200 R(0) lines and nearly 100 P(2) lines
of np (n > 4) character were recorded and their tran-
sition frequencies measured on the VUV-FT spectra.
Most of the R(0) and P(2) lines observed in the NIM
BESSY spectra are found in the FT SOLEIL spec-
trum as well. However, due to the higher temperature
(room temperature) of the gas used at BESSY and
as a result of the higher sensitivity, an additional 33
P(2) lines and 36 R(0) lines were found in the NIM
BESSY measurements. The assignments were made
on the basis of the MQDT calculations, added by ver-
ification via the combination differences. The results
for all transitions probing N’ = 1 levels, including all
experimental and theoretical information on level en-
ergies, widths, line strengths, and competitive decay
channels, are collected in Table 2.
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4.1. Level energies N' =1

The internal consistency of measurements of R(0)
and P(2) lines, restricted to the observations at
FT-SOLEIL, was tested by evaluating the combina-
tion difference of pairs yielding an averaged value of
179.06340.010 cm ™! in agreement with the accurate
value for the ground state splitting [62].

Further, a comparison can be made with the results
of the MQDT-calculation, which is the essential ba-
sis for assigning the transitions. For the more than
200 lines measured on the FT spectra, a difference
in transition frequencies (obs.-calc.) was determined
yielding an average value of —0.09 cm~! and a spread
of 0.25 cm~'. Such a deviation can be seen as good
agreement in view of the fact that calculations are
fully ab initio and that the relative accuracy on the
transition frequencies is Av/v < 2 x 1075, but is
somewhat larger than the mean estimated absolute
measurement uncertainties of 0.05 cm™!.

In some special cases, the observed level energies or
transition frequencies differ even more from theval-
ues calculated by MQDT, as is illustrated in Fig. 4.
The 5pmr,v = 4—6 levels (for N’ = 1) are observed as
doublet lines with the calculated value being in the
middle of the two observed lines. A similar feature
of split lines had been observed previously in the Hy
spectrum, also in the 5pr manifold [23]. This situa-
tion is probably due to the coupling with the lsnf
configurations not taken into account here [70]. Even
larger discrepancies are observed for 4pm, v = 13— 14,
4dpo,v = 14, 6po,v.= 10 and 6pw,v = 10. These
levels are located at high energies and explore large
internuclear distances;at such large values of R > 5
ag, the lsnp configurations interact with the 2snp
configurations and specially the B"!$} 4po state be-
comes 252p B!} the B”B forming a double-well po-
tential [81, 82, 83, 84, 14]; the approximation of np
isolated configurations is, again, not valid anymore.

The discrepancies between observed and calculated
values for the 'II;7, N’ = 1 ortho levels may be com-
pared to the discrepancies observed in the T, N’ =
1 para levels, previously reported [34, 26] (see Fig. 4
left panel). The latter are sensitive to vibronic in-
teractions only while the former are sensitive to both
vibronic and rotational interactions. The right panel
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Figure 4: (color online) Graphical representation of the devi-
ations between observed N’ = 1 level energies (as obtained
via R(0) transitions) and MQDT-calculated values, for npm,v
(left) and for npo, v (right), represented by (black) square data
points. For the npm T levels a comparison is made with the
opposite parity A-doublet components npm I, as measured
in Q(1) transitions, represented by (red) circular data points.
For the npalEi N’ = 1 levels a comparison is made with
N’ = 0 levels, as measured in P(1) transitions, represented by
(blue) triangular data points.



of Fig. 4 shows a comparison with the deviations be-
tween observation and calculation for the N/ = 1
levels and the deviations for N’ = 0, observed in
P(1) lines [27, 33]. In some examples the compar-
isons show that the deviations from theory are inde-
pendent of rotational quantum number, holding both
for N/ = 0 and 1. This is the case for the deviation
resonance in 4po (at v = 13), and the onset of de-
viation at high v quantum number in 5po and 6po.
The origin of the discrepancies lies outside the np
configuration treatment.

In the examples of the npw vibrational series dis-
played in Fig. 4 a comparison is made between A-
doublet levels of the same N’ = 1 levels. In the 4pw
vibrational series the deviation resonance is found in
both A-components, although shifted by two vibra-
tional quanta (from v = 12 to v = 14). In contrast,
for the 5pm levels the splitting is observed only for
the TI} component. Similarly, the onset of devia-
tion for 6pm at high v is only observed for the TI}
component.

For the lines observed in the NIM spectra only,
the deviations between observed and calculation re-
main within the order of the calibration uncertainty
of 1 ecm™! (Table 2). Takezawa and Tanaka [35] had
published a set of energy values for N’ 1 levels,
that were mostly consistent with the 'quoted uncer-
tainty of 0.6 cm™!, although for somelevels the as-
signments had to be changed based on the present
MQDT-calculations.

4.2. Widths of N' =1 levels

The natural decay widths of the upper levels of
the R(0) and P(2) transitions observed in the FT-
SOLEIL spectra have been determined from the ob-
served widths of the lines through a deconvolution
procedure (see [34] for details). Values and uncer-
tainties are listed in Table 2 and compared with the
ionizations widths as calculated from MQDT. This
comparison on the line widths is further illustrated
in Fig. 5 for the np0 series and in Fig. 6 for the
np2 series. In the figures also a comparison is made
with results from Hy [21]. Only above the ionization
threshold were line broadening phenomena clearly
observed. A comparison is made with the calcu-
lated ionization widths in the entire range below the
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third dissociation limit, covering the observational
window of the present study. The dissociation to
D(n = 1)+D(n = 3) opens above 134266 cm .

No level (np with n > 4) located below the ion-
ization limit presents a measurable natural width;
the determined width is less than the uncertainty of
the measurement, which therefore provides an up-
per limit for the natural width: No broadening was
found in the levels associated with 4po. The disso-
ciation widths in the 4po /levels in Dy are found to
be less than 0.15 cm ™!, in sharp contrast to the val-
ues obtained for Hy {14]; where the 4po dissociation
widths were found to be-around 1 or 2 cm™'. This
is somewhat surprising since for the 3pm D'II,, vibra-
tional levels rather strong predissociation broadening
was found for all three isotopes Hy [85, 28, 86], HD
and Dy [31], results of which are represented by a
mass-scaling law [30].

The largest widths for Hy had been found for n = 8
[21, 22], whereas the largest widths in Dy occur at
n =10 (see Figs. 5 and 6). This may be attributed
to the relative location of the ionic level v+, NT =0
with respect to the excited states in the neutral,
falling in between 8p0 and 9p0,v’ = vT — 1 levels
for Hy and in between the 10p0 and 11p0 levels for
Do, written in Hund’s coupling case (d). This phe-
nomenon is entirely due to the location of the ioniza-
tion potential and governed by the propensity rule
for strong ionization as discussed in the theoretical
Section. It underlines that the decay and line broad-
ening is mainly associated with ionization.

Overall, the widths of np0 levels exceed that of np2
levels, as is illustrated by comparing Figs. 5 and 6.
Even if for n = 10 the coupling case (b) is no longer
applicable, the transition to coupling case (d) is not
yet completed and the vibronic coupling for the npo
levels is far stronger than for the nprm levels. This
remains partly in effect for the np0 and np2 levels at
moderate n values, too. On the other hand, more np0
levels could be observed than np2 levels, because in
coupling case (d), the np2 levels can only be detected
through P(2) lines, and those tend to become weaker
in the transition to Hund’s case (d) as discussed in the
theoretical section. Far fewer P(2) lines were detected
than R(0) lines, even on the NIM spectra.

In Figs. 5 and 6 the calculated values for Hy are
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displayed alongside with results for Dy. For both iso-
topomers, the values for the widths are somewhat er-
ratic, indicating that ionization depends strongly on
local perturbations. Generally, the ionization widths
for Hy are broader than those for Do, in line with the
rules given for vibrational autoionization in Table 1.

Values for the line widths are more difficult to ex-
tract from the NIM spectra as the resolution is lower,
and lines are more often blended within the line pro-
file. The values of the line widths measured in the
NIM spectra agree with those obtained from the FT
spectrum (see Figs. 5 and 6), insofar they exceed the
instrument width. They also agree with the calcu-
lated ones except for one case: the 9po,v =3, N' =1
level. For this resonance, the measured width corre-
sponds to the envelope of a complex resonance: the
9po,v = 3, N’ = 1 level interacts with the Rydberg
np2,v = 2, N' = 1 series, for n around 65. This ap-
parent width of 6.8 £ 1.0 cm™! can be compared to
the calculated envelope width of 6.3 cm™!.

4.3. Line intensities for N' = 1 levels

The absolute intensities of some 350 R(0) or P(2)
lines were measured, extending over more than two
orders of magnitude as is graphically «displayed in
Fig. 7a. The calculations cover more than 400 pairs
of R(0) and P(2) lines to be compared with the mea-
sured values. Figure 7b displaysa histogram of ratios
of measured values A,,eas Over calculated values Acac,
defined as pa = Ameas/Acale, for the R(0) and P(2)
lines. The result shows a fair agreement with values
pa = 1.1 for R(0) and p4 = 1.2 for P(2), respectively,
with a FWHM of 0.7 As noted previously [26, 33],
the uncertainty of the A, values can be estimated
at 10 to 20%, depending on the importance of the
influence of the dissociation continuum. For a large
majority of the observed lines, the value of py = 1
(with'a 20% uncertainty) is compatible within the er-
rors bars to these ratios. Nevertheless in some cases
a clear disagreement is found.

There are a few cases for which the ratiois p4 < 1:
the R(0) and P(2) lines exciting 5pm,v = 4,5 and
6 levels with N’ = 1. In section 4.1, it was noted
that these lines are split. Clearly, an unknown state
strongly interacts with the 5pm state causing the line
strengths and emission probabilities of the 5pr levels
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to be shared with the interacting levels. The sums of
the measured line strengths agree with the calculated
ones, demonstrating that this is a case of intensity
borrowing to a perturber state. The unknown per-
turber state does not belong to the np configuration
because it is absent in the calculations; it probably
belongs to the nf configuration. ~The 4pm,v = 15,
R(0) line presents also a ratioipsa < 1. This line
is measured in the dissociation excitation spectrum
only, and cannot be extracted in the other spectra
being blended. Thus, the measured value is only a
partial one and corresponds mainly to the dissocia-
tion cross section.

In a number of cases p4 > 1 is found. This may be
due simply to an artifact of line blending, but some
examples appear to have a physical cause pointing
at shortcomings in the theoretical framework, based
on an isolated np configuration. The 14p0,v = 2,
R(0) line; located at 127280 cm™!, and appearing
as isolated in the spectrum, has py = 3.9 £ 0.7,
while the corresponding P(2) line exhibits a ratio of
pa = 1+ 1. Also the 8pm,v = 1, P(2) line, with-
out any coincidence predicted and exhibiting a ra-
tio of pg = 1.7 £ 0.2, is far off from the MQDT-
prediction. Possibly, these lines are blended with ex-
tra lines which do not belong to the np configuration
but to an nf configuration. The situation is similar
to that of the 9pm,v = 2, Q(1), 1dpm, v = 4, Q(1) and
11pm,v = 0 Q(3) lines as previously reported [26].

The 4po,v = 9 and 11 R(0) and P(2) lines are
twice more intense than predicted. In this exam-
ple the corresponding excited levels are dissociated.
To calculate their energies, the position of the quasi-
continuum levels must be varied in order to maximize
their distances from the 4po level [18]. Using this
procedure, the resulting accuracy of the energies is
rather good but the uncertainty of the intensities is
rather large [87]. For the 5po levels, the measured
intensities are too high by 30 to 40% in comparison
with the calculations. These levels are strongly cou-
pled to those of 4po character, which are not well
reproduced in the calculations.

The results of the line intensities for the npo and
np0,v = 0 — 7 R(0) and P(2) lines are collected in
Fig. 8 and those for the transitions to the npm and
np2,v = 0 — 6 levels in Fig. 9. In the special case of
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the 9po, v = 3 lines, the calculated values correspond
to the sum over the complex resonance. Altogether
intensities are listed for 221 R(0) and 134 P(2) lines.
For 126 of these lines the intensities were measured
on both the NIM and the FT spectra and may be
compared with each other within the ‘error bars (see
Figs. 8 and 9). For 51 R(0) and 26 P(2) lines, the
FT values are the only ones because either the lines
are located at low energy (below the limit of the NIM
recordings) or they were resolved at the higher reso-
lution of the FT and not in the NIM spectra. For 16
R(0) and 1 P(2) lines, the intensity values from the
FT have lower uncertainties than the NIM values due
to the better resolution; these intensities are listed in
Table 2. Altogether 67 R(0) and 27 P(2) line inten-
sities could be added to the NIM values due to this
procedure. In all cases, the lines for which the calcu-
lations gave weak intensities were not observed in the
spectrum: All the lines with reasonable calculated A
values were seen in the spectrum, but many of them
could not be quantitatively evaluated because they
were not resolved.

4.4. Decay dynamics N' =1 levels

Below the ionization threshold, lying at 124745
cm™!, the only open de-excitation channels are flu-
orescence and dissociation. Fluorescence was ob-
served from all these levels except from 3pm DL}
levels [31, 87]; fluorescence was observed even from
the 4po B"'¥F v = 5 level which was not the case
for Hy [14]. The dissociation yields of these levels
vary from 21% (for the 5pm,v = 2 level) to 91%
(for the 4po,v = 5 level). The dissociation of the
4po,v = 5, N’ = 1 level must therefore be quite slow,
much slower than the dissociation observed for the
corresponding level of Hy. and in fact slower by more
than the factor of 4 predicted by the approximate iso-
tope rules (cf. Table 1). The measured fluorescence
yield is (9£4)%; the fluorescence lifetime of this state
can be estimated from Hy measurements [85] at 7 ns
corresponding to a fluorescence width of 7 x 1074
ecm~!. The dissociation width can then be estimated
at about 1072 cm™!, consistent with the observed
width in the FT spectrum (< 0.15 em™!) [33] but
quite different from the value of (2.5 4+ 0.2) cm™!
measured for Hy [14]. For the 10p0,v 0 level,
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the fluorescence width can be estimated at 5 x 107>
em ™! according to the 1/n? scaling law of the fluo-
rescence lifetimes. The value of its dissociation width
can be deduced from the dissociation yield of 23%,
and is 1 x 107° ¢cm™', which is a very small value.
This type of experiment, as performed in the versatile
spectrometer at BESSY, demonstrates its sensitivity
for monitoring the various decay processes.

Even above the ionization threshold several levels
are observed in the fluorescence excitation spectrum.
In Hy, three N’ = 1 I} levels had been observed to
fluoresce: the 4pm D''II,,v = 5 and 9, and the 5pw
DI}, v = 3 levels [18]. In Da, the fluorescing levels
are far more numerous, not only due to the higher
density of vibrational levels but also other electronic
states are observed to fluoresce: 6pm and 5po. For
5po this is particularly unexpected as no state of npo
character above the ionization threshold had be seen
to fluoresce in Hy [18]. All the levels observed here in
the fluorescence excitation spectrum are observed in
the FT spectrum, in absorption, and exhibit a width
smaller than 0.15 cm™!, which is the limit of the FT
measurement; all of them need a |Av > 2| change to
ionize, in view of their energy with respect to thresh-
old, and have calculated ionization widths lying in
the range of 1073 cm™!, except for the 6pm,v = 2
level with an ionization width of 4x 10~ 2 cm™1.

Figure 10 displays the competing decay behavior
of the npm I} and npo 'S} levels with 4 < n < 6.
The general trend is primarily dissociation at n = 4,
going through a transition regime at n =5, ton =6
where ionization becomes fully dominant. Above the
ionization threshold, ionization may compete with
dissociation. _Dissociation is very efficient indeed
for the DL} levels [31, 87] but also for the 4po
B v >'5 levels, to the extent that none of them
were seen in the ionization excitation spectrum, ex-
cept the for the 4po,v = 14 level. Their calculated
ionization widths are very small, much smaller than
the estimated dissociation width at 1072 cm™!, ex-
cept for the 4po, v = 10 level located at 128 889 cm !
for which an ionization width of 1.1 x 1072 cm™!
was calculated. However, a suspected weak ioniza-
tion from the 4po,v = 10 level cannot be proven:
the R(0) line is blended with many other lines and
no relevant information can be extracted from it; the
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Figure 10: (Color online) Competition between decay chan-
nels with measured yield values plotted for the N’ = 1, 4po,
5po, 6po and 4pm, 5pm and 6pm levels of Dg, as function of
the excited-state vibrational quantum number v. Dissociation:
blue squares; fluorescence: green triangles; and ionization: red
circles.



P(2) line is blended, too, with a line connected with
a fully ionized level. The 4pw, bpm, 6pm and Gpo
levels (including the 5pm doubled lines) were seen in
the dissociation spectrum, as was also the case for
Hy [23, 24, 25, 16]. On the contrary, the 8po,v = 4
level, which ionizes very rapidly in Hy with a mea-
sured width of 20 cm~! [4, 21] was seen in the disso-
ciation excitation spectrum of Dy with a dissociation
yield of (16 £+ 4)%; its calculated ionization width is
1072 em ™!, much smaller than 20 cm™!. This level is
located in Dy by 4.1 cm ™! higher than the 4po, v = 10
level; their coupling induces an abnormal dissociation
width to the 8po,v = 4 level and an abnormal ion-
ization width to the 4po, v = 10 one.

5. Results for N/ = 2 levels

The experimental results on level energies, widths
and line intensities for excitation to the N/ = 2 ex-
cited levels are listed in Table 3, alongside with values
derived from the MQDT calculations.

5.1. Level energies N' = 2

The FT spectra cover 174 R(1) lines and 20 P(3)
lines in the 117000 — 135500 cm~! spectral range.
Out of these, 19 R(1) and P(3) lines have a common
upper level so that the energies of 175 levels have
been determined. The combination difference A3 is
satisfied in all cases to within the accuracy of the
present experiments. At the low temperature used in
the FT experiment, there are twice less molecules in
the N” = 3 level than in the N” = 1 level, with the
result that the P(3) transitions are correspondingly
weaker and their accuracy lower. Results are listed
in Table 3.

In the NIM spectra, 164 R(1) and 83 P(3) lines
were measured in the range of 123 500—137 000 cm ™*.
Of these 122 R(1) and 7 P(3) lines were seen on both
the NIM and FT spectra. Their energies were found
to agree within the larger NIM uncertainty of 1 cm™?!.
Due to the higher sensitivity and to the use of the dy-
namics investigated in parallel, 57 new levels could be
measured on the NIM spectra: 6 of them by both the
R(1) and P(3) lines, 33 by R(1) lines only and 18 by
the P(3) lines. Of the 233 N’ = 2 (+) para np lev-
els with n > 4 in Dy, Takezawa and Tanaka [35] had
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published the energy values of 54 levels, within an un-
certainty of 0.6 cm™1!; for these levels the assignments
were changed based on the MQDT-calculations.

The observed transition frequencies in the E'T spec-
tra can be compared with calculated ‘values from
the MQDT yielding discrepancies obs.-cale. with
an average of —0.100 £ 0.015 cm™* and a spread
of 0.42 cm™'. Such values reflect the quality of
the calculations despite the presence of some large
discrepancies, as it had been observed previously,
for the Q(N) and R(0) lines [34, 26] correspond-
ing to the 4po or 4pm levels. For the 4pm,v = 11
level, two R(1) lines were observed at 132228.62
and 132222.02 cm™!, both corresponding to levels
which are subject to strong predissociation, while
one P(3) line was observed corresponding to the first
R(1) line. Additional lines had been observed pre-
viously in Hy [25] and in Ds [34, 26]. This is also
the case for the 5po,v = 10 R(1) line calculated
at 132384.54 cm~! and for which two lines are ob-
served at 132380.78 £ 0.09 and 132388.61 + 0.11
cm~!. Large discrepancies were also noted for the
4dpo,v = 13 and 4pm,v = 13 levels. All these levels
have n = 4 and high v values, exploring large in-
ternuclear distances where the configurations defined
at short distances are not valid anymore; the 1snp
configuration may be mixed with 1snf or/and 2snp
configurations, not taken into account in the MQDT
calculations.

For the 57 levels measured on the NIM spectra
only, the energy discrepancies obs.-calc. are less than
the experimental uncertainty of 1 cm™!, except for
two of them: the 40p3,v = 2 and the 15pl,v = 6
levels, for which the experimental uncertainties may
be underestimated because these lines have very low
intensities.

5.2. Line widths N' = 2

Natural line widths were determined from the
observed spectra via deconvolution of the Doppler
width and apparatus function resulting in values as
listed in Table 3 and graphically displayed in Fig. 11
for the npl and np3,v = 1 to 5 levels. Values ob-
tained from both spectra are in agreement, with those
obtained from the FT spectra being generally more
precise than those from the NIM-BESSY spectra.
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Figure 11: (Color online) Calculated and measured widths of
the npl (left) and np3,v =1 to 5, N’ = 2 levels (right). Open
(blue) connected squares: calculated MQDT values; (grey)
diamonds: experimental FT values for the R(1) lines; (pur-
ple) stars: experimental F'T values for the P(3) lines; (black)
squares: experimental NIM values from the R(1) lines. For
comparison the MQDT calculated values for the N/ = 1 levels
are shown as open (grey) connected triangles.
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The levels under study with n > 4, N’ = 2 ex-
hibit small dissociation widths if any. The natu-
ral widths observed (> 0.15 cm™!) are mainly due
to ionization, so that the experimental widths can
be compared with calculated autoionization widths.
Good agreement was found for all levels except for the
9pl,v = 2 level, with a measured width of 2.0 + 0.6
cm~! on the NIM spectra and a calculated width of
0.02 ecm~!. However, this is-explained by the fact
that the 9pl,v = 2 level is a part of a complex reso-
nance interfering with the Rydberg np3,v = 1 series
with n ~ 120 — 130.

Figure 11 also shows the calculated values for the
N’ = 1 levels corresponding to np0 and np2 states,
in order to make a comparison between N’ = 2 and
N’ = 1; their variations with n and v are largely
similarwith one major difference: the 9pl,v = 2 level
compared to the 9p0,v = 2 level, where the former
has an individual ionization width of 0.2 cm™! and
the latter a calculated width of 5.4 cm™!', measured
at 5.1+1.5 cm™!; the 9pl level is located in the quasi
continuum of the Rydberg v = 1 levels and the 9p0
level is in the real continuum of the v = 1 levels. The
ionization widths are essentially dominated by the
local perturbations and follow the well-known Av = 1
propensity rule.

The npl Rydberg levels are presented in Fig. 11 up
to n = 25 — 30, whereas for the np3 levels, there are
very few observations beyond n = 20. In the coupling
case (d), the dominant decay of the np3 levels occurs
through the P(3) lines, since in a pure (d) case, the
intensity of the R(1) lines is zero, while the N = 3
levels are twice less populated than the N” = 1 levels.

5.3. Line intensities N' = 2

Among the observed 162 R(1) and 83 P(3) lines on
the NIM spectra, due to blending, the intensities of
135 R(1) lines and 75 P(3) lines could be measured.
The derived values for the Einstein coefficients A,
as introduced in Eq. (1), extend over two orders of
magnitude (1.0 x 105 — 1.6 x 107 s~1).

As for the Einstein A-coefficients the MQDT-
calculations cover more than 420 pairs of R(1) and

P(3) lines to be compared with measured values.
Results from the NIM-BESSY and the FT-SOLEIL
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Figure 12: (Color online) Ratios of Einstein coefficients py =
Ameas/Acalc for the R(1) lines (red sparsely hatched pattern)
and P(3) lines (blue densely hatched pattern).

experiment are compared with results from calcu-
lations in the histogram displayed in Fig. 12. <Af-
ter scaling the intensities in the FT-SOLEIL exper-
iment the intensities of 35 R(1) and 12 P(3) lines
could thus be included. The histogram of the ra-
ti0s pa = Ameas/Acalc can be fitted by a Gaussian
function centered at 1.13 £ 0.02 for the R(1) lines
and 1.24 £0.02 for the P(3) lines with widths around
0.5 cm™!. This demonstrates that the measurements
reproduce the calculated values to within 20%, as
shown in Fig. 12.

While in most cases the experimental and calcu-
lated values are in agreement within the experimen-
tal error bars and an estimated uncertainty of 20%
for the calculations, there are a few exceptions. For
most cases the deviation may be ascribed to blend-
ing of lines, but in some specific cases it is related
to perturbation effects in the molecular structure.
For the 4po,v = 5, N’ = 2 level the exciting R(1)
and P(3) lines are stronger than predicted, with
pa = 1.40 £0.17 and pa = 1.75 £ 0.24 respectively.
The situation is similar for v = 6 and v = 7 levels.

In excitation to the bHpo,v = 10 level two lines
are observed, both in case of R(1) and P(3) with
a fitting combination difference. The summed A
values compare very well with the calculated one:
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pa = 1.01£0.16 for the R(1) lines and p4 = 1.84+0.8
for the P(3) lines. The same holds for excitation
of 4pm,v = 11, where two R(1) lines were observed.
The summed A values yield p4 = 0.96 & 0.14 for the
R(1) lines and for the single P(3) line pg =1.2£0.5.
These examples are similar as those observed for the
S5pm,v = 4 — 6 levels in case of N = 1 (see Fig. 4
and section 4.1). This again ds associated with a
phenomenon beyond the single electron configura-
tion for the Rydberg states. The 6po,v = 10 level
corresponds to a complex resonance, unresolved in
the NIM spectra (but resolved in the FT spectrum).
When summing the calculated values of the compo-
nents one obtains pg = 1.44+0.8 showing rather good
agreement. For the ten other lines, for which ps > 1
is found outside the error limits, the deviations are
mainly<due to line blending.

Results on line intensities of R(1) and P(3) lines
probing N’ = 2 excited states are displayed for the
npl,v =1 to 7 levels in Fig. 13. Similarly the line in-
tensities probing np3,v = 1 to 6 levels are displayed
in Fig. 14. The experimental data are compared with
line intensity values obtained from MQDT, while also
adiabatic values are displayed for comparison, ob-
tained using a 1/n? scaling rule from the 5po and
3pm lines. Overall, the A values of 189 R(1) and 87
P(3) lines could be determined, among them 44 R(1)
and 12 P(3) values from the calibrated FT spectra.

The experimental data show that strong variations
occur (up to two orders of magnitude) with respect
to the smooth adiabatic decrease. These effects, due
to local non-adiabatic perturbations, are well repro-
duced in the MQDT-calculations. Moreover, the A
values of the R(1) lines are larger than the adiabatic
values for the npl levels whereas the opposite holds
for the P(3) lines. Such a behavior is expected for the
change from coupling case (b) to coupling case (d).
The opposite is the case for the np3 levels shown in
Fig. 14.

5.4. Decay dynamics N' = 2

Analysis of the NIM-Bessy spectra reveals quan-
titative information on the decay channels of the
N’ = 2 excited states, with resulting yields plotted in
Fig. 15 and values listed in Table 3. Above the ion-
ization limit, ionization does compete not only with
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Figure 13: (Color online) Einstein coefficients A for the R(1)
lines (left panel) and for the P(3) lines (right panel) for the
transitions probing npl,v = 0 to 7 levels. Left panel: Open
blue squares: calculated value; black squares: measured values
from BESSY (NIM); grey diamonds: measured values from
SOLEIL (FT). Right panel: Open dark red circles: calculated
values; red circles: measured values from BESSY; purple stars:
measured values from SOLEIL. The dotted lines refer to adia-
batic values.

Figure 14: (Color online) Similar as Fig. 13: Einstein coeffi-
cients for the transitions probing np3,v = 0, N’ = 2 levels.
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dissociation but also with fluorescence; many more
of such occurrences were found in D5 than in Hy. In
H,, seven N’/ = 2 levels had been seen to partly flu-
oresce, all with 4pm or 5pm configuration except one:
the 7po,v = 2 level [18].

It appears that the dynamics of the 4po levels is
more varied than in Hs [14], where dissociation was
the only decay channel. As it is observed for the N’ =
1,4po levels, also for N = 2 ionization may compete,
which is the case for the v = 8,10, and 12 levels in
a pronounced manner. For these levels calculated
ionization widths were found to be 0.15,0.11, and
0.036 cm ™!, respectively, contrary to the other 4po, v
levels for which the ionization widths lie in the 1076 —
1073 cm~! range.

For the 4pm levels, again large variations in the var-
ious yields with v are observed, while fluorescence is
stronger, indicating that dissociation must be slower.
For the v = 9,12,13 and 14 levels, the calculated
ionization widths are particularly high: 5.7 x 1072,
2.5 x 1072, 2.2 x 1072 and 0.17 cm™!, respectively.
These values are completely correlated to the® ob-
served high values of the ionization yield. The v = 11
level is seen to be completely dissociated in spite of
a large calculated ionization width, but this level is
split into two components, indicating that this level
may be perturbed outside the single-electron config-
uration which MQDT approach fails to reproduce.
The dissociation of the 4pm levels proceeds through
an indirect coupling: the 4pm levels are coupled to
the predissociated 4po levels through rotational cou-
pling and to the predissociated 3pm levels through
vibrational coupling.” Both the 4po and 3prm levels
are predissociated by the same continuum, namely
3po B'X T, with a possible interference between the
two dissociation channels occurring [88].

For the 5po, N’ = 2 levels, dissociation, fluores-
cence and ionization compete as was observed for the
N’ = 1 levels as well (see Fig. 10). The radiative
lifetime may be estimated from an Hs measurement
at ~ 8 ns [89] giving a radiative width of ~ 7 x 10~*
cm~!. The estimated dissociation widths due to the
direct coupling of the 5po state to the 3po continuum
are of the order of a few 10™° cm™!, far too small
to explain the observed dissociation yields; the dis-
sociation widths must amount to a few 1073 cm™1.
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Figure 15: (Color online) Measured yield values for the decay
channels of the 4po, 5po, 6poc and 4pm, S5pmw, and 6pm levels
of Dy (all N = 2), plotted as functions of the excited-state
vibrational quantum number v. Dissociation: squares (blue);
fluorescence: triangles (green); and ionization: circles (red).



Therefore, dissociation must be due to an indirect
mechanism, most likely via coupling to the 4po dis-
sociated levels. For the v = 10 levels split in two
components, the dynamics is not the same for both
of them; at 132083.9 cm™!, the dissociation yield is
144+ 5 % and at 132088.8 cm™! it is zero. For the
v = 8 level, the calculated ionization width is partic-
ularly small, namely 4 x 1072 em ™!, explaining that
dissociation could compete; even fluorescence was de-
tected but not quantified on the difference spectrum.

For the 5pr, N’ = 2 levels, the three decay chan-
nels compete as it had been observed for the N/ =1
levels, showing that ionization and dissociation are
particularly slow.

For the 6po and 6pm levels located above the ion-
ization threshold, ionization dominates. The values
observed for the dissociation yields are correlated to
the calculated ionization widths. For the levels with
n > 6, the 7pmr,v = 2 is the only one to partly flu-
oresce, and the 9pl,v = 5 level is the only one to
be partly dissociated. It is quite surprising that this
latter level with such a high n value is not rapidly
ionized, since the ionization width of the correspond-
ing N’ = 1 level in Hy being 15 cm~! [28]; here a
value for N’ = 2 of Hy has not been reported. As
mentioned before, this level is involved in a complex
resonance in the quasi continuum of the mpl,v = 4
levels and also mixed with the 5po,v = 8 and the
3pm, v = 15 levels which are predissociated. This ex-
ample shows clearly that the interactions are of the
multichannel type and: not only of the two-channel
type. For all the other levels with n > 7, ionization
is the only detected decay channel.

6. Results for N/ = 3 levels

The experimental results on level energies, widths
and line intensities for excitation to the N/ = 3 ex-
cited levels are listed in Table 4, alongside with values
derived from the MQDT calculations.

6.1. Level energies N' = 3

As many as 134 R(2) lines but only 6 P(4) lines
have been identified in the FT spectrum. This dis-
parity reflects the ground state Boltzmann rotational
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distribution present in the gas samples used in the
FT experiment [27] (150 K and 100 K, respectively).
The fractions of the Dy molecules in the N/ = 4
ground state levels are 1% and 1073, at these tem-
peratures, as compared to 32% and 18%, respectively,
for the N” = 2 levels. Only four couples of R(2)
and P(4) lines having a common upper level have
been observed, and their energy differences agree
with the known ground state difference Ag 4 = 414.65
cm ™! [62].

A systematic comparison of the 136 N’ = 3 level
energies, measured and assigned in the FT spec-
tra from those predicted by the MQDT calculations,
yields: the averaged value for obs.-calc. corresponds
to 0.12 4 0.01 em Y with a spread of 0.58 cm™*.

The differences obs.-calc. are all smaller than 1
cm~! (in absolute values) except for six levels. The
4po, v 11 and the b5pm,v 9 levels present dis-
crepancies between 1 and 2 cm ™! but, for four levels,
the discrepancies lie between 5 and 9 cm™!; they are:
the 4po,v = 13, the 4pm,v = 12 and 13 and the
S5pm,v = 10 levels. All these levels lie above 131000
cm ™!, corresponding to low n and high v values ex-
ploring large internuclear distances. We postulate
that again in this parameter range, the approxima-
tion based on the assumption of an isolated 1snp con-
figuration is not valid anymore.

Some 165 R(2) and 61 P(4) lines have been iden-
tified in the NIM spectra, with 46 pairs of R(2) and
P(4) lines exciting the same N’ = 3 level. Among
these 66 R(2) and 60 P(4) lines (with 45 pairs) were
not seen in the FT spectrum. Due to a higher sensi-
tivity and higher gas temperature, 81 additional level
energies have been determined with the uncertainty
of the NIM measurements (1 cm™!). Only a larger
discrepancy was found for the 5po, v = 11 level (obs.-
cale. = 1.9 em™!) which is located near the dissoci-
ation limit.

Due to increasing rotation, the manifold of N/ =
3 Rydberg levels is more strongly affected by
rotational-electronic non-adiabatic interaction than
the N’ = 1 and 2 manifolds presented above. The
multichannel perturbations are more and more nu-
merous. As a consequence, more ’'complex’ reso-
nances occur, where a relatively low-n Rydberg level
overlaps with a quasi-continuum of high-n levels. For



N’ = 3, the 9p2,v = 2 level lies in the midst of the
np4,v = 1 manifold with n ~ 45. This resonance
appears resolved in the FT spectrum, but remains
unresolved in the NIM spectrum, as is graphically
shown in Fig. 2. Other examples of complex reso-
nances are 7po,v = 6 embedded in np4,v = 4 with
n ~ 35, and 6po, v = 10 embedded in np4,v = 6 with
n = 60.

The assignment of excited levels based on the
MQDT calculations prompted a re-assignment of
several lines previously identified by Takezawa and
Tanaka [35], who had measured the energies of 41
N’ = 3 levels.

6.2. Widths of N’ = 3 levels

The level widths have been determined from the
FT and the NIM spectra using deconvolution proce-
dures. The values for the line widths deduced from
the two sets of spectra, listed in Table 4, are found
in agreement with those of the MQDT-calculations,
except in the special cases of complex resonances
(see, e.g., the 9p2,v = 2, R(2) line for which'the
width measured on the NIM ionization excitation
spectrum corresponds to the envelope of the complex
resonance). Dissociation and fluorescence may be in
competition with ionization. In the case where this
competition may be observed, the natural width is of
the order of 1073 —10~% ¢cm™!, smaller even than the
instrument width of the FT-measurements. Excep-
tions are the 3pm vibration=rotation levels previously
studied in [31, 87]. The only natural widths that can
presently be experimentally accessed for n > 4 are
due to fast ionization:

Figure 16 compares measured widths with the cal-
culated ionization widths for the np2 and np4d,v =1
to 5 levels (v = 0'levels cannot be ionized) and show
very good agreement except for the complex reso-
nance mentioned above. As it was already observed
for the case of N’ = 1—2 (see above), the level widths
do not present smooth variations with n; a sudden in-
crease is found at the v = v — 1 threshold, following
the propensity rule for vibrational autoionization (cf.
Table 1). However, for higher n values, the varia-
tions depend mainly on the local perturbations giv-
ing rise to a quasi oscillating behavior versus n for
the np2,v > 4 levels. The interactions between the
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Figure 16: (Color online) Calculated and measured widths of
transitions to np2 and np4, N’ = 3,v = 1 to 5 levels. Open
blue connected squares: calculated MQDT values; grey dia-
monds: experimental FT values; black squares: experimental
NIM values.



np2 and np4d series are partly responsible for these
variations.

6.3. Line intensities for N' =3

The line intensities for R(2) and P(4) lines have
been deduced from the area of the peaks similarly
as in the above cases for N/ = 1 — 2. For deriving
the intensities in terms of Einstein A coefficients the
Boltzmann populations for N = 2 and 4 levels, have
been accounted for at the prevailing temperatures for
the NIM spectra (300 K) and the FT-spectra (100 K
and 150 K).

The line intensities, in terms of the corresponding
Einstein A coefficients, were calculated for R(2) and
P(4) lines in the 117000 — 137000 cm ™! energy range
and listed in Table 4. The intensities of 154 R(2) and
50 P(4) lines have been extracted from the NIM spec-
tra, while the calibration of the intensity scale in the
FT spectra allowed for the extraction of intensities
of 100 R(2) and 4 P(4) lines, among them 21 R(2)
and 3 P(4) lines at low energy (E < 123500 cm™1),
i.e. below the NIM recording range. At higher ener-
gies, most of the lines were observed in both spectra
and the intensities were found to agree within error
margins, the uncertainties in the F'T spectra being
generally larger than those in the NIM spectra. Due
to the higher resolution, in a few cases, the F'T spec-
tra had a lower uncertainty for lines blended in the
NIM spectra, and allowed to measure the intensity
for 8 additional R(2) lines:

The measured valuesof the Einstein A coefficients,
graphically displayed'in Fig. 17 for the np2 levels and
in Fig. 18 for the np4 levels, cover more than two
orders of magnitude: between 3 x 10* and 1.5 x 107
s~1. A comparison between measured and calculated
values of the A coefficients is presented in Fig. 19 in
the form of a histogram. A distribution of relative
values of pa = Ameas/Acalc 18 centered at 1.06 & 0.03
and a distribution width 0.48. This width is due to
the measurement uncertainties (= 15 to 20%) as well
as to the uncertainties of the calculations (of similar
order). A ratio higher than 1 may be due to blended
lines; in the case of blending between R(2) lines, as in
the case of a complex resonance, the measured value
is compared with the sum of the calculated values of
the complex resonance (see Table 4).
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Figure 17: (Color online) Einstein coefficients A for the R(2)
lines (right panel) and for the P(4) lines (left panel) for tran-
sitions to np2,v = 0 levels. Open blue connected squares:
calculated R(2) values; grey diamonds: measured values from
FT spectrum; black squares: measured R(2) values from NIM
spectra; open connected dark (red) circles: calculated P(4) val-
ues; red circles: measured P(4) NIM values; full purple stars:
measured P(4) FT values. The open stars refer to calculated
values summed over a complex resonance (v = 2 graphs). The
dotted lines refer to adiabatic values.
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Figure18: (Color online) Same as Fig. 17: Einstein coefficients
for transitions to np4,v = 0 to 8 levels.
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Figure 19: (Color online) Ratios of Einstein coefficients p4 =
Ameas/Acalc for the R(2) lines (red sparsely hatched pattern)
and P(4) lines (blue densely hatched pattern).

An instance of major disagreement concerns the
R(2) transition to 4po,v = 12. A similar disagree-
ment has been noted previously for the R(1) transi-
tion to the same upper state and has been interpreted
as being due to shortcomings of the MQDT approach.

Some measured A values are clearly lower than
their calculated counterparts, e.g., the A values for
the 4pm,v = 14 to 17, R(2) absorption lines. How-
ever, the measured values stem from the dissociation
excitation spectrum which is monitored by Lyman-«
photon detection. The respective upper levels are lo-
cated above the D(n = 3)+D(n = 1) dissociation
threshold and are expected to undergo rapid pre-
dissociation. The most probable dissociation chan-
nel is through the B”B continuum which leads to
D(3s) atoms. The D(3s) lifetime is very long (158
ns). During this lifetime, the atoms may collide with
molecules and, being placed in the weak electric field
used for the ion detection, a fraction of the D(3s)
atoms will mix into D(3p) emitting a H,, photon, and
then the D(2s) atoms mix again to D(2p) and emit
a Lyman-a photon in decay to the ground state; it
is this fraction that is detected in the signal channel
for dissociation.

Fig. 17 summarizes the results obtained for the
np2,v = 0 to 8 levels and Fig. 18 for the np4,v = 0 to
6 levels. The calculated values reproduce the strong



erratic variations of the measured A coefficients ver-
sus n (note the log scale). In the figures the values
calculated in the adiabatic approximation are plotted
along with the MQDT calculated values and the ex-
perimental ones. Globally, the A values decrease with
n according to the well-known 1/n3 Rydberg scal-
ing rule following the adiabatic predictions. However,
several strong variations up to two orders of magni-
tude are observed on the global decrease, and are due
to strong local perturbations. It may be seen that,
the MQDT calculated values for the P(4) lines are
systematically lower than the adiabatic ones, which
is expected for the transition from Hund’s coupling
case (b) (in the adiabatic approximation) to the cou-
pling case (d) [3].

6.4. Dynamics for N' = 3

As seen previously for the N’ =1 and 2 levels, the
N’ = 3 levels in Dy present a more diverse dynamical
behavior than in Hy. Predissociation and autoion-
ization occur through nonadiabatic couplings, which
are mass dependent and much slower than in Hy:* On
the contrary, fluorescence, which is basically indepen-
dent of mass, is more often observed to compete in
Dy. Whereas only one Hy N’ = 3 level lying above
the ionization threshold had been observed to flu-
oresce [18], 28 N’ = 3 levels were observed in the
fluorescence excitation spectrum of Dy at the same
detection sensitivity. For nearly half of them, the
signal is very low; the fluorescence rate could not be
determined from the difference spectrum. All these
levels correspond tomp states with n < 6, that can
be ionized with a Av> 2 change; consequently, their
ionization widths are rather low. The measured dis-
sociation, radiative and ionization decay rates are dis-
played in Fig. 20 for the npo and npm,n = 4 to 6
levels.

Dissociation is the main decay channel for the 4po
levels directly coupled to the 3po B’ continuum, and
for the 4pm levels which are coupled to predissoci-
ated levels [88]. The 5po,v =5 and 5pmr,v = 8 levels
exhibit efficient dissociation, attributed to the fact
that these are accidentally coupled to the predisso-
ciated 4po,v = 8 and 4pm,v = 10 nearby levels.
For the 6po and 6pm levels, ionization is the main
decay channel; some fluorescence may survive. For
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Figure 20: (Color online) Measured yield values for the 4po,
5po, 6po, and 4pm, 5pw, and 6pw levels of Dg (all N/ = 3),
plotted as function of the excited-state vibrational quantum
number v. Dissociation: blue squares; fluorescence: green tri-
angles; and ionization: red circles.



higher Rydberg levels, ionization is the only observ-
able decay channel. The fluorescence observed for
the 5pm,v = 11 and 6po, v 11 levels is probably
not molecular but H,, fluorescence, i.e. following dis-
sociation to D(n = 3)+D(n = 1); these levels lie
above the dissociation threshold. Overall, the ob-
served large variations in the decay rates are due to
local perturbations: the 6pm,v = 6 level is contami-
nated by the nearby dissociated 4po,v = 12 level, as
confirmed by the calculated eigenfunctions; this ex-
plains the dissociation rate observed for that level.
The 4pm,v = 11 level is very weakly coupled to the
nearby 10p2,v = 6 level which has a very large ion-
ization width.

7. Results for N/ = 4 levels

The experimental results on level energies, widths
and line intensities for excitation to the N/ = 4 ex-
cited levels are listed in Table 5, alongside with values
derived from the MQDT calculations.

7.1. Level energies for N' = 4

On the FT spectra, 43 R(3) lines but not a single
P(5) line corresponding to n > 4 could be identi-
fied. The relative population of the N = 3 level is
only 1% and 4% at 100 K and 150 K; respectively,
and lower than 1072 for the N” = 5 level. The
assignment of excited levels based on the MQDT-
calculations prompted are-assignment of several lines
previously identified by Takezawa and Tanaka [35],
who had measured the energies of 30 N/ = 4 levels.

The NIM excitation spectra are measured against
a zero (or a small)-background, while the FT-spectra
are measured against a large continuum. This and
the fact that the NIM spectra were recorded for
higher gas temperature, these recordings are favor-
able for the study of weak lines pertaining to higher
rotational quantum number. Altogether, on both
spectra, a total 76 R(3) lines and 28 P(5) lines were
measured in the 123 500 — 133500 cm ! range. Some
24 R(3) and 13 P(5) lines were observed on both spec-
tra.

The comparison of deviations between observed
and calculated values (obs.-calc. listed in Table 5)
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were derived for the two types of measurements,
yielding good agreement and a spread of 0.4 cm~!
(for the FT data) and 1 cm~! (for the NIM data).
From these values, the uncertainty of the calculations

for N’ = 4 levels can be estimated at 0.4 cm~?.

7.2. Widths for N' = 4

Figure 21 displays the widths for the N’ = 4 lev-
els in np3 and np5,v = 1to 5, accompanied by a
comparison with MQDT calculated values. The only
R(3) lines that could-be observed on the FT spec-
tra are narrow lines for which an upper limit of the
width could be derived; except for the 4po, v = 5 R(3)
line exhibiting a width of 0.5 4 0.2 cm~!. This reso-
nance derives its width from dissociation. Generally,
because.the R(3) or P(5) lines are quite faint, they
become observable even in the sensitive NIM exper-
iment-only when they are quite sharp so that their
peak-intensity is high. None of the transitions cal-
culated to have a large width was actually observed,
which constitutes an indirect proof of the validity of
our calculations.

7.3. Intensities for N' = 4

The line intensities have been calculated for nearly
500 pairs of R(3) and P(5) lines in the 117000 —
137000 cm™! energy range. For the NIM spectra,
the intensities of 74 R(3) and 25 P(5) lines could
be measured, and 21 R(3) line intensities were es-
timated from the FT spectra. The measured values,
extending over two orders of magnitude are included
in Table 5, and are graphically displayed in Fig. 22
for the np3,v = 1 to 7 levels and in Fig. 23 for the
npb,v = 1 to 7 levels. In the latter figure, for the
6p5, v = 4 lines, two calculated values are displayed:
the individual values for the R(3) and P(5) lines and
the values summed over the complex resonance.

The ratios p4 = Ameas/Acalc Were derived for the
case of N’ = 4 yielding an average value of p4 = 1.14
with a spread of 0.66. Thus overall, the agreement
is good considering experimental uncertainties. How-
ever, there are a few specific disagreements where the
calculated values lie outside the error margins, i.e.
pa > 1.15. For the R(3) lines reaching the 5po, v = 3,
6pm,v = 4 and 14p3,v = 5, N’ = 4 levels, this is due



np3, v, N'=4 np5, v, N'= 4

v=1 v=1

0 EMD.D{\QUA?E‘D%!D.D.D?D 9900 D/ \'*%ﬂﬂ? oo

51 v=2 ] 5 v=2
E\Z\ ul
F,"\ 4 M \:/ M—D%.D'D ] o4 )X’DD.D oo
5 Oloegeot® VY WAoo logho| 8 boo
g =
% i A v=3 | v=3
oL AR Di:n
g 0 M/ \D/ T(W\jﬂﬂﬂ,? ] @DD ' .D,I:_\D
-9 o
> 51 v=4 ] v=4
Opetry ! D\J Df\ﬂﬂ&‘ji @E’D\wf/ \D-J \D Lo
| v=5 v=5
5]

okt UV J |

10 15 20 25 5 10 15 20 25
n

Figure 21:(Color online) Calculated and measured widths of
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Open blue connected squares: calculated MQDT values; grey
diamonds: FT experimental values; black squares: NIM ex-
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Figure 22: (Color online) Einstein coefficients A for the R(3)
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ues; open blue squares: calculated R(3) values; full red circles:
measured P(5) NIM values; open dark red circles: calculated
P(5) values. Dotted lines: adiabatic values.



to blending with the 16pl,v = 0, R(1), 9pm,v = 3,
Q(4) and 6pm,v = 7, P(3) lines, respectively. For
the complex resonances, 6pm,v = 4 embedded in the
np3,v = 2 Rydberg series and 7p3,v = 6 embedded
in the npb,v = 4 Rydberg series, the measured val-
ues are compared with the calculated ones summed
over the resonance. Nevertheless, a few discrepancies
remain: the 4po,v = 7 and 10 and 5po,v = 6, R(3)
lines, and the 4po,v = 8 and 10, P(5) lines are such
cases for which the uncertainties of the calculated
values are higher than 15%. These transitions in-
volve upper states corresponding to high vibrational
excitation, where the approximation of the isolated
np configuration starts to break down. Similar cases
were found for lower N” values (see above).

Overall, the variations of A are seen to follow
a pattern corresponding to a 1/n® dependence (cf.
the dotted lines shown in Figs. 22 and 23, corre-
sponding to the adiabatic approximation). However,
pronounced deviations from the regular pattern are
found, which may be attributed to strong local per-
turbations. These perturbations reflect the occur-
rence of widespread non-adiabatic interactions. Fur-
ther, the MQDT calculations and /or experimental A
values of the P(5) lines are seen to be systematically
lower than the adiabatic predictions for the np3 lev-
els, and higher for the np5 levels.” As has been dis-
cussed in the above, this is due to the gradual evolu-
tion of the upper levels from Hund’s case (b) towards
Hund’s case (d). This evelution is accounted for by
the multichannel theory (MQDT), but is disregarded
in the adiabatic approximation.

7.4. Decay dynamics for N' = 4

The dynamics ebserved for the N’ = 4 levels is
similar to what is observed for the lower N’ levels
(see above).. For the np levels with n > 6, ioniza-
tion, if energetically possible, is the largely prevailing
de-excitation channel. Dissociation and fluorescence

may compete for lower n values. This is illustrated
in Fig. 24.

8. Results for N/ = 5 levels

The results for N’ = 5 excited levels are collected
in Table 6.
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Figure 23: (Color online) Same as Fig. 22 for R(3) and P(5)
transitions to np5,v = 0 to 7 levels.
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Figure 24: (Color online) Measured yield values for the N/ = 4
4po, 5po, 6po, and 4pm, Spm, 6pm, levels of Da, plotted as
functions of the excited-state vibrational quantum number v.
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8.1. Level energies of N' =5

The relative population of the N” = 4 level is only
1% at 150 K and 1073 at 100K. The only R(4) lines
observed in the FT spectrum lie at low energy below
126000 cm~1. 23 R(4) lines were observed; of which
15 had been reported previously in [35]. Even though
the accuracy of the energy measurement is rather low
for these very weak lines, an improvement of accuracy
is achieved. No disagreements with previous identi-
fications were found within the error bars. 80 R(4)
lines could be assigned in the NIM spectra, among
them 11 observed in the F'T spectrum, and 3 more
previously reported in[35]. A single disagreement is
found for the assignments based on MQDT calcula-
tion: the 4pm,v =8, R(4) line, previously located
at 128860.7 em !, is calculated at 128 849.01 cm™!
and observed at 12885141 cm™'; the previous value
corresponds to the position of the 4po,v = 10, R(1)
line. Altogether from the NIM spectra, 65 new level
energies were measured.

The deviations between experimental and theoret-
ical values (displayed as obs.-calc. in Table 6) yields
an average of 0.43 £ 0.06 cm™! with a spread of 1.6
cm~!. Some levels with low n and high v values show
marked discrepancies however: for the 4po,v = 13
(obs.-calc = 7.8 £ 1.0 cm™!), and 4pm,v = 13 (obs.-
calc. = —24.0 £1.0 cm™1!).

8.2. Widths for N' =5

The transitions observed in the FT spectrum are
too faint to allow for a reliable determination of
widths. All experimental values of level widths are
derived from the NIM measurements. Fig. 25 com-
pares the experimental values with the calculated
ones for the N’ = 5 levels, showing a good overall
agreement.

8.8. Intensities for N' =5

The NIM spectra provide intensities for 79 R(4)
lines, and the FT-spectra for 11 R(4) lines were
estimated. These measured A values extend over
two orders of magnitude. The experimental values
are compared to calculations which were performed
for 200 pairs of R(4) and P(6) lines in the range
117000 — 137000 cm™'. The results are displayed



Widths (FWHM) (cm™)

np4, v, N'=5

np6, v, N'=5

j\DA ﬁ\”\}p

D.!iinﬂﬂ

\D

-é;nj\;

5
n

15 20 25 I5

UL I I
15 20 25
n

10

Figure 25: (Color online) Widths of the np4 and np6,v =1—5
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in Fig. 26. Overall, the measured values and cal-
culated values are found to be in good agreement.
Again, similar as for N/ = 4 a ratio between mea-
sured an calculated values is found at p4 =1.15 with
a spread of 0.5, where the width of the distribution re-
flects mainly the uncertainties of the measurements.
Apart from this trend some pronounced discrepan-
cies between experiment and theory are found. One
of these concerns a value p4 <1: the R(4) 5pm,v = 8
line which is blended with 3 other lines and measure-
ment corresponds to the dissociation channel only,
i.e. on a partial cross section.

In addition cases with'ps > 1 are found. These
are: the 6po,v = 2, 11pd,v = 0, and 4po,v = 7 and
8, R(4) lines. In the first case the upper level is part
of a complex resonance. By assuming the Ac,ic values
over all sublevels of the complex resonance we obtain
a value that agrees to within the experimental uncer-
tainty (15%) with the observed value. In the second
case the observed transition appears isolated in the
spectrum and is observed in the dissociation spec-
trum. Couplings may possibly be invoked here, but
the reason for the discrepancy between experiment
and theory remains unclear at this point. Finally,
the 4po,v = 7 and 8, N’ = 5 are not well reproduced
by MQDT, no doubt for reason of breaking down of
the single electron configuration 1snp.

8.4. Decay dynamics for N' =5

Again, the dynamics observed for the N’ = 5 lev-
els follows the pattern found for lower N’. For the
n > 6, ionization is the preferred de-excitation chan-
nel if energetically allowed, while dissociation and flu-
orescence may compete for lower n values. Results for
the decay dynamics of N/ = 5 levels are illustrated
in Fig. 27.

A few levels located above the ionization threshold
have been observed to fluoresce. This can happen
only when dissociation and ionization themselves are
very slow decay processes with decay times of the or-
der of 1 ns or 0.1 ns. A 6% fluorescence yield has
been observed for the 4po,v = 6, N’ = 5 upper level.
From the various measured yield values for this level
and the corresponding fluorescence lifetime measured
on Hy [89] the dissociation width may be estimated
at 1072 em ™! and the ionization width at 10=* cm 1.
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Figure 26: (Color online) Einstein coefficients A for R(4) tran-
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The MQDT calculated value of the ionization width
is 2 x 107* cm ™! and the dissociation width may be
estimated to be 4 x 1072 em ™! by use of a perturba-
tive approach similar to that in [28]. The'orders of
magnitude are thus consistent.

9. Results for N/ = 6 levels

Results for N/ = 6 are listed in Table 7.

9.1. Level energies forN' =6

The N’ = 6 levels are observed only via R(5) tran-
sitions. In the FT spectra no R(5) lines were de-
tected whereas 23 R(5) lines were observed on the
NIM spectra, none of them having been previously
reported. The deviations between obs.-calc. values
for N’ = 6 lie between —2.7 and +2.4 cm™ 1.

9.2. Widths for N' =6

The R(5) lines are very faint even on the NIM spec-
tra because the relative population of N” = 5 at
room temperature is only 1.4%. Therefore only tran-
sitions with low n (n < 8) and intrinsically high A
are observed. The observed widths agree with the
calculated values in all cases within the error bars.

9.3. Intensities for N' =6

On the NIM spectra, 23 R(5) lines were identified
but only 16 of them allowed intensity measurements
because the 8 others were isolated only in the fluo-
rescence or dissociation channels. Due to the small
value of the relative population of the N” =5 level,
these lines appear only weakly in the spectrum. The
measured A values are spread over one order of mag-
nitude only. All observations correspond to low Ry-
dberg states with n < 8 with a single exception: the
23p5,v = 1, R(5) line located at 125645 cm™1. Its
upper level is strongly mixed with the 8p5,v = 2, the
6p5,v = 3 and 4po,v = 7 levels; this strong mixing
induces an abnormally large A value for this R(5)
transition.

The experimentally determined Einstein A coeffi-
cients have been compared with calculations, which
were performed for nearly 200 R(5) lines in the
117000 — 137000 cm™! energy range. The ratios



N'=5
1g+ 1+
14p0 L, ] 4pren’
1.0 -\i/h—vi .
054 ]
0.0 m._.i., ] ‘
ST TrT T T T T T LI T T T T
. 5po 'z Spre'T;
w . 4
©
T ]
2 ]
E @ |
0.0 ] 4
4177 |1'+| LA DL L | T T T T | L | '1 .
16p0Z, 6prim,
1.0+ - ee oo oo
054 ;; ]
0.0 4 ma as @A
L L L L L L L L
2 4 6 8 10 12 2 4 6 8 10 12
\) \"
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5po, 6po, and 4dpw, 5pm, 6pm, levels of Do (all N’ = 5), plotted
as function of the excited-state vibrational quantum number
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pA are reasonably close to unity with two large ex-
ceptions: the 6po,v = 2 and 5, R(5) lines with
pa = 1.7+0.2 and 2.2 + 0.4, respectively. For these
lines no blending was observed that might easily ex-
plain the discrepancy.

10. Discussion and Conclusion

This study presents the experimental observation
of rovibrational states of Rydberg character in the
D5 molecule in absorption from the ground state
in the energy range above the second dissociation
limit D(n = 2)+D(n ='1). Two different exper-
imental techniques and setups are used, both con-
nected to synchrotron radiation facilities. One is
the Fourier-transform spectrometer in the vacuum ul-
traviolet wavelength range, a unique instrument at-
tached to the DESIRS beamline at the SOLEIL syn-
chrotron, providing high resolution absorption spec-
tra. The other is the BESSY-II 10m normal inci-
dence monochromator, providing excitation spectra
yielding information on dissociation, ionization and
fluorescence alongside with direct absorption provid-
ing absolute cross sections. The paper focuses on
the physical properties of npo 'S} and npr I se-
ries (for n > 4) and for excited rotational states
with N’ = 1 — 6, where previously states of N’ = 0
[27, 33], and npn I, character [34, 26], as well as
the 3pr DI, state [31] had been investigated. Also
the 2pr ClI,, 2po BT states, and the 3po B'1YF
state below the second dissociation limit in Dg [32]
had been studied with the FT-VUV-SOLEIL setup,
in the range where dissociation effectively does not
occur. The present work considerably extends the
knowledge of the 'Y and I excited states of the
D5 molecule beyond what was the early work of Mon-
fils [36] and Takezawa and Tanaka [35]. Specifically
the observations have been extended to higher vi-
brational quantum numbers up close to the D(1s)
+D(n = 4) dissociation limit. Further, the use of the
VUYV Fourier-Transform spectrometer at the SOLEIL
synchrotron facility has enabled the accuracy to be
improved considerably, namely to a few 0.01 cm™!
and the measurements of the natural widths of the
excited levels, down to 1/3 of the Doppler width of
0.15 cm~1!). The use of the BESSY II 10-m normal



incidence monochromator enabled the measurements
of the line intensities, on an absolute scale, not only
for the most intense lines but also for lines with A
values as small as a few 10 s~1. It enables the study
of the dynamics of the levels with evidence of decay
processes slower than 1 ns.

Of the entire data set recorded, covering nearly
2000 lines, a significant fraction was previously as-
signed to npm I, N’ [34, 26] and npo ¥, N’ = 0
[27, 33]. In this study more than a thousand lines
were assigned to npo !X} and npr ' series (for
n > 4) and transition frequencies, natural linewidths,
line intensities, and competing decay channels quan-
titatively addressed, and results tabulated. While the
npo13F N’ = 0 levels do not exhibit IT ~ ¥ inter-
actions for the reason that II states do not support
N’ = 0 levels, the npm 'TI;,, N’ states neither exhibit
II ~ ¥ interactions, in this case for reasons of elec-
tronic symmetry. The presently observed npo '3}
and npr I} states do exhibit the full range of pos-
sible interactions including those of II ~ X nature.
The combination of these studies marks the complete
analysis of the VUV absorption spectrum of the Do
molecule.

The MQDT approach has served as a theoretical
tool for the analysis of the complex Dy absorption
spectra. A great advantage of this MQDT-framework
is that it describes both the level structure of the ex-
cited states as well as their-dynamics in a compre-
hensive formalism.

The overall agreement between observed and cal-
culated excited level positions is very good. For tran-
sitions to the lowest levels N’ = 1 — 3 the averaged
deviations are as low as 0.1 cm™!, with a spread of
the distribution function 0.25 cm™' for N’ =1, 0.42
ecm~! for N’ = 2,and 0.58 cm ™! for N’ = 3. This es-
tablishes an indication for the accuracy of the fully ab
initio MQDT calculations for these highly excited au-
toionizing states in Do: at the level of a few 0.1 cm ™.
For transitions to higher angular momentum states
the deviations are larger, with spread of the distri-
bution function of deviations amounting to 1.6 cm ™!
for N’ =5 and 2.5 ecm™! for N’ = 6. The higher N’
values are probed mainly in the NIM-spectra, hence
at lower accuracy, for the most part explaining the
deviations. It might be possible also that the MQDT
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theory is slightly less accurate. The inaccuracy of the
frame transformation applied in QDT increases with
the splitting of the ion thresholds as well as with the
multipole moments of the ion core. The former scales
with the operator 2BN ™, so that the approach might
become less accurate for higher N’ values [68]. How-
ever, in the case of the MQDT-analysis of the CaF
molecule discrepancies were not observed to increase
with N’ up to 14 [90], although the detailed analysis
based on the formulae given in [68] indicates that the
deviations should be as serious as in Ds.

Larger deviations up to 10 cm™! occur for a num-
ber of lines and are attributed to specific shortcom-
ings of the theory. As stated in the theoretical sec-
tion above, electronic core-excited channels are not
explicitly included in the multichannel calculations,
but only indirectly inasmuch as they contribute to the
core-ground state channels (this is the case because
the Born-Oppenheimer potential curves from which
the quantum defects are extracted do include configu-
ration interaction (CI) contributions that stem from
core-excited electronic states). In addition, ¢ > 1
partial waves have been disregarded. Despite these
in principle rather severe restrictions - and indeed
somewhat surprisingly - only 27 spectral lines remain
unassigned at this stage. These are listed in Table 8.
Based on past experience with Hy [70], we conjecture
that these represent mainly transitions to nf Ryd-
berg levels, but this remains to be verified. The fact
that these lines appear all in fluorescence, demon-
strating the resistance of the excited states to rapid
dissociation and ionization, may be regarded as ev-
idence for this hypothesis. Some of the lines (7 in
total) are however also observed in the dissociation
channel, but here dissociation must be slow, since
the lines do also appear in fluorescence. These unas-
signed lines may in the future be applied as long-lived
stepping stones in multi-step laser excitation, as e.g.
in [91, 92, 93, 94] and in searches for states of ¥~ sym-
metry in the hydrogen molecule [95, 96, 97]. Another
shortcoming of the present theoretical analysis lies in
the implicit exclusion of dissociation processes. Fu-
ture re-analysis shall yield theoretical values for the
various quantum yields listed in the present experi-
mental Tables.

The spectroscopic results can be compared with re-



sults of previous studies, as reported by Monfils [36]
and Takezawa and Tanaka [35], and tabulated by
Freund et al. [13]. It is obvious that the older work,
relying on classical absorption techniques and lack-
ing the theoretical support was less complete and
less accurate. The deviations found in Ref. [35]
mostly fall consistently within the experimental ac-
curacy of £0.6 cm~! claimed in their study. For
several additional lines, mostly leading to Rydberg
levels with n > 7, the discrepancies remain below
+1.6 cm™!, still within fair agreement considering a
possible pressure shift, an effect already mentioned
previously [3, 26]. A few discrepancies were found
that are likely to be misprints: 4pocv = 4, P(2),
8po,v = 0, P(3), 9pm,v = 0, R(2), and 6pm,v = 0,
R(2) lines. For each N’ level some specific misas-
signments were found, in total 53, which are listed
in Table 9. Many of them concern the Rydberg lev-
els for which the coupling case (b) is no longer valid;
the transition from case (b) to (d) as illustrated in
Fig. 3 had not been considered in the earlier studies.
The levels are not pure BO-levels, but due to non-
adiabatic couplings form mixtures of levels. When
labeling the states according to their main configu-
ration the 5po, v + 1, N’ and 6po, v, N’ levels, had to
be interchanged (for N’ =1 — 3):

5po,v = 2 <> 6po,v.=1
opo,v = 3 <> 6po,v = 2
Spo,v =4 <+ 6po,v =3

In Ref. [35], the non-adiabatic couplings were limited
to pairs of levels while a full multichannel study is
necessary. Several reassignments are linked to these
multichannel couplings: for instance, the line previ-
ously assigned to the 9po,v = 0, R(0) line is the
6pm,v.= 1, R(0) line; the line previously assigned
to the 5po,v = 2, R(2) at 123122.6 cm™! is the
8pm,v = 0, R(2) line. Many reassignments are due
to the blending of rotational lines of various vibronic
levels: the reported 10pl,v = 1, R(1) line is in fact
the 3pm,v =9, P(2) line, and many other examples.

The use of the BESSY-NIM instrument enabled
the measurements of the intensities of nearly 1000
lines, on an absolute cross section scale, in the
124000 — 137000 cm™! spectral range; it permit-
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ted also the calibration of the absorption FT spec-
tra on an absolute scale, extending the line intensity
measurement to the 117000 — 124000 cm ™! spectral
range. The experimental data show that strong vari-
ations occur (up to two orders of magnitude) with re-
spect to a smooth adiabatic decrease.” These effects,
due to local non-adiabatic perturbations, are well re-
produced in the MQDT-calculations. The transition,
as n increases, from coupling case (b) to coupling
case (d) is clearly observed. The various histograms
of pa = Ameas/Acalc can be fitted by Gaussian func-
tions centered at 1.2 0.2 with a width (FWHM)
around 0.5. The uncertainty of the Aca. values can
be estimated at 10 to 20%, depending on the im-
portance of the influence of the dissociation contin-
uum. The values of the ratios p 4 are compatible with
unity within the error bars for a very large majority
of the cases, demonstrating agreement with theory.
All the disagreements are discussed and attributed
to the limits of the MQDT treatment with a single
configuration.

Natural line widths were determined from the
observed spectra via deconvolution of the Doppler
width and apparatus function. The natural widths
observed (> 0.15 cm™1!) for the levels under study
(n > 4) are only due to ionization. Even for the
4po levels the broadening due to dissociation could
not be experimentally proven, except for a single
level N’ = 4,4po,v = 5. Hence, the experimental
widths can be compared with calculated autoioniza-
tion widths. Good agreement was found for all lev-
els except for those forming complex resonances for
which the observed width equals the envelope of the
resonances. The largest widths for Hy had been found
for n = 8 [21, 22], whereas the largest widths in Dy
occur at n = 10. This may be attributed to the rela-
tive location of the ionic level v+, NT with respect to
the excited states in the neutral, falling in between
8pNT and 9pN T, (v = vt — 1) levels for Hy and in
between the 10pNT and 11pN T levels for Dy, writ-
ten in Hund’s coupling case (d). This phenomenon is
entirely due to the location of the ionization poten-
tial and governed by the propensity rule for strong
vibrational autoionization (cf. Table 1).

The BESSY-NIM experiment with the simultane-
ous measurements of the absorption spectrum with



the dissociation, ionization and fluorescence excita-
tion spectra allowed the study of the competing de-
cay behavior of the npm I} and npo 13 levels with
4 < n < 6. The general trend is primarily dissoci-
ation at n = 4, going through a transition regime
at n = 5 to n = 6, where ionization becomes fully
dominant. Due to our absolute absorption and par-
tial decay cross section measurements, we were able
to characterize these slow processes in detail despite
the fact that the corresponding natural widths of the
excited states studied here are orders of magnitude
smaller than their experimental spectral broadening,
limited by the Doppler width. So, while the fast dy-
namical processes are sampled in a direct manner via
a linewidth measurement, the slow decay processes
are indirectly quantified form comparison of absolute
line intensities in absorption and emission.

From estimated fluorescence lifetimes, it was pos-
sible to estimate dissociation widths as small as 10~°
cm™!, for example for the 10p0,v = 0, N’ = 1 level,
far below the limits of the FT line width measure-
ments. The 4po levels of Hy present a dissociation
width of around 2 cm ™! [14], but all the 4po levels in
D,, except the aforementioned N’ 4,4po,v = 5
level, exhibit widths smaller than 0.15 cm™!, and
were even found to fluoresce in which case the cor-
responding dissociation width may be estimated at
about 1072 cm~!. Such results on widths strongly
deviate from values corresponding to mass-dependent
scaling laws.

Our analysis of the newly recorded absorption
spectrum of Dy considerably extends the knowledge
on the spectroscopy and -dynamics of highly excited
singlet ungerade states of diatomic deuterium. The
detailed information is laid down in the extensive Ta-
bles accompanying the present text. Beyond their in-
trinsic-value, these data may also become useful for
the analysis of novel experimental developments. In
H, for instance, it has recently become possible to
perform precision measurements of highly excited vi-
brational states in the ground state (v = 11 and 12)
at an accuracy of 0.002 cm™1 [98, 99]. These levels
are populated via the photodissociation of HoS, while
their detection requires a 3-photon scheme leading
to photoionization of the hydrogen molecule into the
singlet ungerade channels. The last step involves ex-
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citation from the FlE;,v = 0 level, which replaces
the X'XF, v = 0 level of ordinary absorption [100].
The planning and success of such experiments, as
well as their analysis, hinge on the quantitative un-
derstanding of the channel structures governing the
ionization step.

In conclusion, a wealth of spectral data in the
vacuum ultraviolet spectrum of the Dy molecule is
presented, listing accurate wavelength positions for
a thousand spectral lines, with line intensities, line
widths and information on competing decay pro-
cesses. The experimental data are compared with
results from fully-ab intio MQDT calculations find-
ing excellent agreement on the various properties of
the spectra, making this study a benchmark in molec-
ular spectroscopy of highly excited states in diatomic
molecules.
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Table 1: Propensity rules, approximate quantum number and mass dependences in predissociation, autoion-

ization and fluorescence processes

predissociation autoionization fluorescence
vibrational rotational ] vibrational  rotational ‘
Rydberg series, n -4 - n=3 n=3 n=3
vibrational sequence, v* - 3 vt 41 - 1%, FCe
rotational sequence, N’ or N* - N'(N'+1)4 1¢ 1 -
propensity rule, v, NT - = Avt = -1 Avt =0 -
- - ANt =0/ |JANT| <20 | [Nt -N"| <"/
selection rule, N’ AN’ =0 AN'=0 AN =0 AN =0 N' — N"=0,+1
reduced mass, M M73/2 M2 M~1/? 1 1

Unless specified otherwise the dependences correspond to the natural width.

a

b

no simple rule.

no dependence (natural width).

¢ Franck-Condon factor (intensity of individual transition).

4 if upper state in case (b).
¢ no dependence.
f if upper state in case (d).
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Table 2: Photoabsorption transitions of D2 involving N’ = 1 upper levels

E

r

state - (em™1y - (em—1) A(RO) (1085~ 1) A(P2) (1085~ 1) ~va (%) v (%) i (%)
¢ c
obs®:b 0-c® calc obs calc obs calc obs ob$ obs obs
4po,v =0 117224.1540.02 -0.58 0.0040.10 1.58 2.140.7¢ 2.58 7.34£2.6¢
4pm, v = 0 118189.8540.02 -0.06 0.0040.10 3.66 3.441.0¢ 1.95
4po,v = 1 118714.4040.03 -0.58 0.0040.11 3.90 5.941.8¢ 6.99 1143¢
4pm, v =1 119775.45+0.02 -0.08 0.0040.10 9.75 8.042.4¢ 4.61 4.1+1.4¢
5po, v = 0 120050.14+0.05 -0.34 0.0040.12 0.49 0.4540.16¢ 0.57
4po,v =2 120138.4540.01 -0.74 0.0040.10 6.22 7.142.1¢ 12.34 18+5¢
S5pr,v =0 120528.2340.05 -0.03 0.0240.11 1.60 1.240.4¢ 1.18 1.0+£0.7¢
apm, v =2 121295.4540.02 -0.06 0.0040.10 15.19 1344¢ 6.03 6.742.1¢
dpo,v =3 121479.6740.03 -0.35 0.004+0.10 3.06 3.9+1.2¢ 8.89 12448
6po, v =0 121513.0640.04 -0.17 0.0040.11 1.02 1.340.4¢ 3.14 3.441.2¢
S5po,v =1 121627.6040.03 -0.67 0.0040.10 5.59 5.641.7¢ 7.74 11+£3¢
6pm,v =0 121812.7540.10 -0.09 0.0440.23 0.73 0.640.3¢ 1.20 1.040.3¢
Spm,v =1 122109.3040.02 -0.12 0.0040.10 4.28 4.441.4¢ 3.01 3.241.1¢
Tpo,v = 0 122425.62+40.07 -0.22 0.0040.14 0.79 0.6640.22¢ 0.70
Tpmw,v =0 122594.13+40.11 -0.08 0.0840.22 0.43 0.4040.18¢ 0.60
dpm,v = 3 122738.9340.03 -0.19 0.1840.11 21.71 1946¢ 0.04
4po,v =4 122779.9240.05 -0.21 0.1240.16 0.28 19.32 2548¢
8po,v = 0 122979.4340.05 -0.03 0.0040.16 0.78 0.740.2¢ 0.77 0.640.4¢
5po,v =2 123008.33+0.07 -0.08 0.154+0.18 0.37 0.640.2¢ 1.65 2.340.9¢
8pm, v =0 123104.9440.05 -0.08 0.044+0.16 0.95 1.240.4¢ 0.01
6po, v =1 123161.7140.03 -0.75 0.0040.10 6.31 6.141.8¢ 8.94 1143¢
9po, v = 0 123370.2040.06 -0.16 0.0040.17 1.22 1.240.4¢ 0.00
6pm,v =1 123391.7340.04 -0.08 0.0040.15 1.58 1.540.5¢ 2.92 3.641.3¢
9pm, v =0 123461.50+0.07 -0.05 0.06 0.69 0.740.4¢
Spr,v =2 123625.69+0.03 -0.10 0.0040.15 6.06 4.440.8 3.98 4.641.5¢ 2145 TTE5
10p0, v = 0 123639.13+0.04 0.00 0.0040.16 0.25 0.2440.08¢ 0.04 2347 TTET
10p2,v =0 123717.20£0.10 0.00 0.040.6 0.01 0.30 0.4+0.1 2349 779
11p0,v = 0 123835.4340.07 0.07 0.0040.19 0.23 0.3140.06 0.00 38+12 62412
11p2,v =0 123906.96 0.03 0.14
dpo,v =5 123970.5140.05 -0.63 0.004+0.15 8.54 8.9+1.1 9.10 12.2+1.6 8944 1144
12p0, v = 0 123980.6041.00 -0.40 0.0£0.6 0.11 0.1940.06 0.54 0.8+0.2 59+16 41+16
Tpo,v =1 123990.5040.04 -0.18 0.0040.15 1.66 1.440.4¢ 0.78 2648 7448
12p2,v = 0 124055.541.0 0.2 0.3040.10 0.07 0.34 0.540.2 38421 62421
13p0, v = 0 124099.3041.00 -0.10 0.640.5 0.21 0.1540.03 0.02
dpm, v = 4 124152.95+0.03 0.00 0.0040:15 13.45 9.841.3 10.32 14.5+2.0 2744 7344
13p2,v =0 124165.2740.05 -0.20 0.0040.20 0.31 0.2340.09¢ 0.00
Tpmw,v =1 124170.9740.05 -0.06 0.00+0.17 0.69 1.0£0.2 1.44 1.9+0.9¢ 3849 6249
14p0,v = 0 124192.17 0.00 0.02
15p0, v = 0 124251.08 0.07 0.05
14p2,v =0 124270.49 0.02 0.10
16p0, v = 0 124315.09 0.00 0.03
15p2,v = 0 124338.82 0.00 0.10
17p0,v = 0 124366.28 0.00 0.02
16p2,v = 0 124395.70 0.00 0.05
18p0,v = 0 124409.60 0.06 0.01
5po,v = 3 124410.89+0.03 -0.02 0.0040.15 1.78 2.940.4 3.36 5.540.7 3746 6346
19p0, v = 0 124438.7+£1.0 -0.2 0.04 0.0540.02 0.01 100+30
17p2,v = 0 124450.38 0.01 0.08
20p0, v = 0 124470.84+1.0 0.0 0.04 0.0740.02 0.00 70430 30430
18p2,v = 0 124488.56 0.00 0.05
21p0, v = 0 124498.33 0.08 0.00
22p0, v = 0 124517.27 0.03 0.01
19p2,v = 0 124526.0+1.0 0.1 0.040.5 0.00 0.06 0.0740.01 100
23p0, v = 0 124538.3+1.0 0.0 0.03 0.0540.01 0.00
8po,v =1 124545.2+1.0 -0.8 0.040.4 0.00 0.22 bl
20p2, v =0 124558.37 0.01 0.00
25p0, v.= 0 124569.86 0.02 0.00
23p2,0 = 0 124625.20 0.03 0.00
31p0,v = 0 124631.33 0.01 0.00
32p0, v =0 124637.71 0.01 0.03
24p2,v = 0 124641.0240.04 -0.02 0.47 0.840.4 0.20
6poy v = 2 124643.8940.03 -0.57 0.0040.20 7.89 7.6+1.1 5.10 5.54+1.6¢ 3246 6846
34p0,v = 0 124650.641.0 0.2 0.03 0.02340.017 0.00
43p0, v = 0 124685.9640.17 0.04 0.00 0.67 1.841.0¢
8pm,v =1 124686.9740.09 -0.02 0.0040.19 0.05 0.0740.03 3.08 5.340.6 3545 6545
44p0,v = 0 124688.741.0 -0.1 0.02 0.32 0.240.2
45p0, v = 0 124691.4+1.0 0.3 0.02 0.16 0.3240.17
6pm, v =2 124902.60+0.04 -0.04 0.04 0.0040.15 4.33 6.240.8 3.62 3.840.7 0+1 1044 9049
9po, v =1 124944.0+1.0 -0.5 2.25 2.2+0.8 0.76 0.7+0.2 0.77 bl 100
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Table 2: Photoabsorption transitions of Dy involving N’ = 1 upper levels (cont’d)
\

5 \ - \ \
state - (em— 1y - (em—1) A(RO) (1085~ 1) A(P2) (1005~ 1) ~va (%) Yg (%) vi (%)
LC c
obs®b 0-c® calc obs calc obs calc obs obs obs obs

9pm,v =1 125035.19 0.18 bl 1.17 bl
S5pm,v =3 125078.93£0.04 -0.19 0.00 0.1340.15 6.74 6.311.2 3.98 4.3+1.7¢ 10£4 61412 29+6
4po,v = 6 125106.114+0.06 -0.53 0.00 0.0840.15 5.94 8.1£1.1 8.95 16+3 87+11 13411 0
10p0,v =1 125212.404+0.14 -0.37 1.35 1.67+0.26 0.77 1.0£0.1 0.06 100
10p2,v =1 125288.61+1.0 -0.8 0.81 1.54+0.6 0.09 0.15+0.04 0.72 1.1+0.2 100
11p0,v =1 125409.3440.11 -0.10 0.73 0.6540.02 0.15 0.31£0.15 0.00 100
11p2,v =1 125467.174+0.05 -0.10 0.26 0.1440.16 0.98 1.240.3 0.00 100
4pm, v 5 125486.43+0.06 -0.04 0.00 0.1840.16 11.88 9.0+1.5 7.06 5.742.6¢ 4947 40+5 11+2
Tpo, v 2 125496.79+0.07 -0.16 0.59 0.6840.20 0.89 0.740.3¢ 2.42 2.8%1.6 100
12p0, v 1 125560.79+0.06 -0.06 0.44 0.4340.18 0.87 0.940.3 0.01 100
12p2, v 1 125627.3+1.0 -0.1 0.44 0.5040.32 0.08 bl 0.62 0.84+0.6 100
13p0,v =1 125674.65+0.04 -0.03 0.13 0.06£0.15 1.29 1.840.3 0.57 1.641.6¢ 100
Tpm,v = 2 125683.18+0.04 0.03 0.03 0.0240.15 0.85 bl 1.64 2.440.4 100
13p2, v 1 125739.16 0.08 0.50 bl
S5po, v 4 125752.07+0.04 -0.07 0.00 0.0040.15 2.04 2.440.5 3.33 4.240.7 3316 1244 5518
14p0, v 1 125768.50+0.05 -0.07 0.04 0.0240.16 0.22 0.16+0.10 0.09 100
15p0, v 1 125826.04+1.0 0.6 0.66 0.140.6 0.14 bl 0.16 100
14p2, v 1 125845.3+1.0 -0.3 0.10 2.0+1.9 0.10 0.184+0.17 0.21 100
16p0, v 1 125891.44+1.0 0.5 0.34 0.20 0.240.4 0.01 100
15p2, v 1 125912.50 0.01 0.25
17p0, v 1 125942.724+0.08 -0.06 0.14 0.0540.18 0.19 0.34£0.16 0.00 100
16p2, v 1 125969.3+1.0 0.4 0.44 0.0£0.4. 0.01 0.21 0.1740.04 100
18p0, v 1 125986.08 0.14 bl 0.04
8po, v 2 126010.92+£0.06 -0.15 0.16 0.04£0.17 0.48 0.6£0.3° 0.94 1.5+0.5 100
19p0, v 1 126017.944+0.08 -0.21 0.12 0.0940.18 0.25 0.340.2¢ 0.97 1.31+0.3 100
17p2, v 1 126025.724+0.07 0.00 0.10 0.00£0.16 0.25 0.2+0.2¢ 0.00
20p0, v 1 126047.57 0.03 0.04
18p2, v 1 126062.444+0.06 -0.08 0.23 0.1740.17 0.12 0.240.2¢ 0.00
21p0, v 1 126074.85 0.07 bl 0.04
22p0, v 1 126091.57+0.06 -0.20 0.14 0.4040.16 0.74 0.840.2 0.59 0.6+0.6 100
19p2, v 1 126098.76+0.04 -0.17 0.01 0.00£0.15 2.40 2.84+0.4 0.86 1.54+0.7 100
6po, v 3 126104.314+0.05 -0.25 0.11 0.09#40.15 3.19 4.1£0.5 2.82 2.241.4¢ 100
23p0, v 1 126115.1940.04 -0.01 0.07 0.00£0.15 0.31 0.440.2¢ 0.02 100
20p2, v 1 126128.10£0.05 -0.09 0.22 0.16+0.16 0.27 0.2240.18 0.23 0.1440.14 100
24p0, v 1 126133.85 0.02 0.08
25p0, v 1 126146.541+0.09 0.04 0.07. 0.01£0.17 0.13 0.140.2¢ 0.00 100
21p2, v 1 126155.0+1.0 0.0 0.15 0.04 bl 0.08 0.0640.06
26p0, v = 1 126161.04 0.06 bl 0.02
4po, v 7 126165.821+0.04 -0.54 0.00 0.00+0.15 6.42 8.1+1.3 9.24 10.4+1.4 85+23 15423 0
27p0, v 1 126171.35+0.06 -0.02 0.07 0.0140.17 0.11 0.240.2¢ 0.00
22p2,v =1 126177.67 0.03 0.05
28p0,v =1 126183.12 0.05 0.07
29p0, v 1 126190.984+0.07 -0.05 0.05 0.0540.20 0.17 0.2540.08 0.50 bl 100
8pm,v =2 126194.72+40.20 0.30 0.00 0.440.6 0.11 0.10£0.05 2.33 3.6+£0.5 100
23p2,v =1 126197.66 0.00 1.03 bl
30p0,v =1 126201.31 0.02 0.00
31p0,v =1 126208.25 0.03 0.03
6pm,v =3 126352.50£0.04 0.03 0.01 0.07£0.15 4.82 3,3i1.3d 4.32 5,0i1,1d 442 22411 74+11
45p2, v 1 126352.79 0.37 0.23
9po, v 2 126450.01+£0.34 -0.24 5.43 5.843.5 1.51 1.14+0.2 0.76 0.84£0.3 100
5pm, v 4 126469.554+0.04 -1.37 0.00 0.0040.15 5.95 5.04+0.9 3.57 bl 21+6 7846
5pm, v 4 126472.294+0.04 1.37 0.00 0.00£0.27 5.95 1.9+0.6 3.57 1.3+0.7 11+9 26+7 63+13
9pm, v 2 126543.5+1.0 -0.8 1.25 1.5+0.4 0.27 0.31+0.06 1.38 1.440.2 100
10p0, v 2 126720.28+0.19 -0.07 3.06 3.240.7 1.01 1.440.3 0.07 100
4pm, v 6 126760.64+0.05 -0.09 0.00 0.00£0.15 10.05 8.8+1.3 5.27 5.5£1.0 72411 19+4 9+1
10p2, v 2 126796.2+1.0 -0.1 1.21 1.04+0.5 0.26 0.4240.07 0.82 1.34+0.7 100
Tpo, v 3 126900.85+0.06 -0.19 0.24 0.1240.16 0.34 0.540.2¢ 1.20 1.240.6 100
11p0, v 2 126930.8240.05 0.01 1.17 1.30+0.16 2.67 2.74£0.4 0.58 bl 100
11p2, v 2 126993.0£1.0 0.1 1.66 3.44+1.4 0.09 bl 1.82 2.6+0.5 100
5po, v 5 127020.48+0.04 -0.08 0.00 0.00£0.16 0.84 1.44+0.2 1.97 3.3£1.2 50%5 0 505
12p0, v 2 127071.68+0.13 -0.17 0.92 1.31£0.19 1.17 1.14+0.3 0.01 100
Tpw, v 3 127130.154+0.07 0.06 0.10 0.04+0.16 2.04 2.140.8¢ 1.47 1.940.5 100
12p2, v 2 127135.44+1.0 0.0 1.53 0.940.6 0.04 bl 1.91 2.34+0.5 100
4dpo, v 8 127150.154+0.04 -0.64 0.00 0.0440.15 4.18 6.04+0.9 6.98 10.6+1.8 94+6 6+6 0
13p0, v 2 127188.124+0.06 -0.05 0.38 0.3940.16 0.46 0.52+40.10 0.02 100
13p2, v 2 127246.92 0.06 0.54 bl
14p0, v 2 127280.344+0.05 -0.05 0.09 0.01£0.15 0.38 0.540.2¢ 0.12 0.1240.16 100
14p2, v 2 127334.11 0.21 bl 0.30
15p0, v = 2 127356.48+0.09 -0.05 0.10 0.1240.20 0.17 0.240.2¢ 0.27 0.3+0.1 100
6po,v =4 127392.9240.04 -0.52 0.06 0.00£0.15 3.16 3.240.7 4.87 5.940.9 100
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Table 2: Photoabsorption transitions of Dy involving N’ = 1 upper levels (cont’d)
\ \ \
. —1 -1 6,—1 6,—1
state — (em™h — (em™h A(RO) (1065—1) A(P2) (106s—1) va (%) vt (%) v (%)
c ¢
obs®:b o-c® calc obs calc obs calc obs obs obs obs
2 127401.89 0.00 0.17
2 127421.88 0.20 0.13
2 127455.141.0 0.8 0.34 0.13 0.240.2 0.04
2 127476.94 0.17 0.01 100
2 127497.79+0.05 -0.08 0.07 0.0040.16 0.15 0.240.2¢ 0.08
3 127516.43+0.04 -0.25 0.11 0.05+0.15 2.16 2.040.3 1.32 1.240.9 100
2 127531.4940.04 -0.09 0.37 0.1840.15 2.97 2.840.4 1.34 1.34£1.0 100
2 127537.4240.06 -0.03 0.24 0.16+0.16 0.44 0.540.3¢ 1.27 1.0+£0.5 100
2 127559.69+0.05 -0.08 0.34 0.1440.16 0.57 0.940.4¢ 0.06
2 127573.39 0.14 bl 0.47 bl
2 127586.7140.08 -0.05 08 0.1440.22 0.23 0.25+0.06 0.02 100
2 127604.29+40.10 -0.02 55 0.4240.21 0.27 0.240.2¢ 0.09
2 127611.79 0.02 0.18
2 127636.87+0.08 0.05 0.34 0.3440.22 0.26 0.3840.09 0.15 100
3 127641.48+0.05 0.03 0.12 0.1740.17 0.63 0.6540.14 3.18 bl 100
4 127738.6640.06 0.01 0.00 0.00£0.16 6.34 6.6+0.8 4.84 6.6+2.2 1342 2246 6549
5 127799.26+0.04 -4.37 0.00 0.00£0.15 4.16 2.840.6 2.05 1.6+0.3 1844 42+8 3948
5 127805.55+0.04 1.92 0.00 0.00£0.15 4.16 1.4+0.4 2.05 0.940.4 2448 41412 35+21
2 127887.56 0.06 0.01
2 127888.44 0.08 0.02
2 127889.26 0.10 0.03
2 127890.05 0.11 0.04
3 127891.941.0 1.2 0.12 1.140.24 0.05 0.26:+0.10¢ 100
2 127891.50 0.11 0.06
2 127892.19 0.10 0.06
2 127892.85 0.08 0.05
2 127893.50 0.07 0.05
7 127973.7240.05 -0.07 0.00 0.0940.15 8.57 7.741.0 2.38 2.040.6 9342 T+2 0+2
3 127990.0140.19 -0.47 2.04 1.1640.64 0.42 0.340.3¢ 1.52 1.440.3 100
9 128049.71+0.04 -0.49 0.00 0.0340.15 0.55 1.340.2 4.69 7.240.9 94412 6+12 0
3 128160.441.0 -1.2 4.43 3.60+0.14 0.68 0.740.2 0.01 100
6 128232.1840.04 -0.19 0.33 0.304+0.15 3.47 3.51+0.6 1.81 3.1+£0.4 100
3 128239.36+0.09 -0.17 0.77 0:91+0.20 0.39 0.640.1 5.14 6.4+0.8 100
4 128285.61+0.08 0.13 0.88 0.68+0.16 0.45 0.5+0.3¢ 1.40 bl 100
3 128371.74+0.12 0.15 3.02 3.0320.39 1.76 1.6+0.2 0.10 100
3 128436.341.0 0.0 2.83 3.440.8 0.00 1.48 1.340.3 100
4 128513.53+0.06 0.00 0.57 0.66+0.16 3.74 3.040.6 0.96 1.440.4 100
3 128523.65 0.04 0.50 bl
3 128579.31 0.00 0.92 bl
3 128636.62+0.07 -0.03 0.64 0.634+0.17 0.58 0.6+0.3¢ 0.04
3 128691.14 0.02 0.46 bl
5 128699.68+0.05 -0:68 0.05 0.00£0.16 2.83 3.740.7 5.33 5.241.1 100
3 128729.12+0.06 -0.04 0.17 0.20£0.16 0.47 0.740.2 0.12 100
3 128778.69 0.04 0.13
3 128804.61+0.05 -0.09 0.08 0.0740.16 0.35 0.4+0.2¢ 0.19 100
3 128846.48 0.01 0.01
3 128866.81+0.06 -0.15 0.24 0.2540.16 0.61 0.740.3¢ 0.03 100
4po,v = 10 128888.5240.04 -0.44 0.01 0.0940.15 1.06 1.740.6¢ 1.47 2.140.5 100
4 128893.17+0.15 0.09 0.01 0.0040.22 2.94 2.4+1.0° 3.34 1.942.1° 20410 80410
17p0, v = 3 128906.03+0.06 -0.02 0.56 0.7140.17 2.06 2.140.3 0.43 bl 100
16p2, v = 3 128928.5940.09 0.05 1.34 1.0440.28 0.60 0.840.3 1.15 1.640.4 100
18p0, v = 3 128946.764:0.05 -0.02 0.20 0.08+0.16 0.44 0.440.1 0.02 100
17p2, v = 3 128972.4540.17 -0.04 1.44 2.0040.07 0.44 0.4+0.3¢ 0.28 100
19p0, v = 3 128984:2340.09 -0.09 0.06 0.004£0.19 0.13 0.12+40.20° 0.21
20p0, v = 3 129007.2740.07 0.02 0.69 0.66+£0.17 0.66 0.940.3 0.03 100
3 129019.29 0.10 0.03
4 129025.39+0.04 0.32 0.10 0.0540.15 2.56 2.840.4 4.64 5.241.3 100
3 129036.13 0.01 0.15
6 129050.96+0.03 -1.34 0.15 0.004£0.15 6.99 4.74+0.6% 2.69 4.241.2¢ 2+1 9841
3 129051.18+0.05 -0.06 0.84 0.7240.15 1.33 2.39
6 129055.00+0.04 2.70 0.15 0.00£0.15 6.99 8.34+1.5 2.69 1.741.8°¢
22p0, v = 3 129060.00 0.03 0.03
23p0, v = 3 129075.66 0.11 bl 0.05
20p2, v = 3 129084.23 0.00 0.22
6pm,v =5 129088.58+0.05 0.02 0.03 0.0740.16 0.26 0.440.2¢ 0.01
24p0, v = 3 129095.441.0 1.0 0.07 0.0+0.8 0.10 0.1140.05 0.00 100
25p0, v = 3 129106.23 0.04 0.13
21p2,v = 3 129112.00 0.01 0.12
26p0, v = 3 129121.92 0.07 0.00
22p2,v = 3 129130.55 0.02 0.12
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Table 2: Photoabsorption transitions of Dy involving N’ = 1 upper levels (cont’d)
\ \
state — (em™ 1 — (em™ 1) A(RO) (1085~ 1) A(P2) (1085 1) (%) (%) . (%)
) hc he Ta 1 T
obs®:b 0-c? calc obs calc obs calc obs obs obs obs
27p0,v = 3 129135.54 0.03 0.06
4pm, v 8 129137.8640.05 -0.09 0.00 0.0940.16 3.86 3.54+1.2¢ 2.53 3.540.6 15+3 84+9 844
9po,v = 4 129246.05 0.00 0.00
5po,v =T 129370.61+0.04 -0.31 0.17 0.15+0.15 2.31 2.740.5 1.98 2.940.7 1.0£0.3 99.040.3
9pm, v =4 129376.5240.09 0.70 1.93 1.9740.22 0.02 3.65 4.1+1.5 100
10p0,v =4 129528.69 0.13 bl 0.01
7po, v =5 129586.30+0.07 0.21 2.08 2.04+0.19 2.16 2.040.3 0.36 0.4540.12 100
10p2,v = 4 129637.9+1.0 1.0 4.77 4.44+1.0 0.00 2.11 2.240:5 100
4po, v 11 129671.64+0.04 0.29 0.00 0.1440.15 1.08 2.440.3 1.99 4.64+0.6 100
11p0,v = 4 129755.16+0.29 0.07 4.30 4.5+1.5 1.42 1.34+0.4 0.04 100
11p2, v 4 129818.71 0.07 1.14 bl
Tpm,v =5 129842.18+0.04 0.00 0.06 0.0840.15 3.11 3.3£0.5 0.74 0.9+0.2 100
12p0,v = 4 129906.52+0.25 0.47 2.81 2.24+1.1 0.47 0.584+0.11 0.02 100
6po,v =6 129945.43+0.04 -0.84 0.02 0.0440.15 2.39 2.940.5 4.69 6.1£1.9 100
12p2,v =4 129962.41 0.08 1.84 bl
13p0, v = 4 130023.26+0.09 -0.08 1.08 1.2040.25 0.64 0.67+0.09 0.02 100
13p2,v = 4 130072.75 0.00 0.40
14p0, v = 4 130116.16+0.06 -0.09 0.28 0.25+0.17 0.45 0.5940.15 0.13 100
14p2,v = 4 130157.54 0.07 0.00
15p0, v = 4 130191.194+0.05 -0.05 0.09 0.0740.15 0.72 0.840.3¢ 0.07 100
8po, v 5 130205.184+0.05 -0.18 0.16 0.1640.16 1.92 2.240.7¢ 1.27 1.61+0.2 100
4pm, v 9 130226.944+0.05 -0.21 0.01 0.00£0.15 8.37 8.1+1.4 3.86 5.1£0.9 40+6 11+4 4947
16p0, v 4 130240.08+0.14 0.20 2.08 2.3740.35 1.11 0.940.1 0.56 0.440.2 100
15p2, v 4 130256.7+1.0 0.1 0.90 0.00£0.13 0.01 0.75 1.0+0.8 100
S5pm, v 7 130280.09+0.04 0.19 0.01 0.00£0.15 2.95 2.840.9¢ 1.55 bl
17p0, v = 4 130290.3540.09 0.03 1.27 0.9540.27 0.38 0.46+0.10 0.06 100
16p2,v = 4 130311.641.0 0.8 1.58 1.5940.07 0.05 0.46 0.940.4 100
18p0, v = 4 130333.30+0.06 -0.03 0.33 0.31+0.16 0.61 bl 0.17 100
6pm, v =6 130343.60+0.04 -0.10 0.02 0.0240.15 1.18 1.1+0.2 1.95 2.240.5 100
17p2,v = 4 130354.46 0.03 0.05
8pm,v =75 130359.0+0.8 -0.24 1.10 2.74+2.3 0.00 0.77 0.71£0.09 100
19p0, v = 4 130371.15+0.07 -0.16 0.04 0.05%0.17 0.09 0.1340.05 0.04 100
4po,v = 12 130385.40+0.06 0.05 0.00 0.0440.16 0.22 0.3540.08 0.34 100
20p0, 4 130393.8+1.0 -0.3 1.23 0.54+1.4 0.12 0.240.4 0.12 100
18p2, 4 130404.89 0.02 0.23
21p0, 4 130422.80+0.15 -0.01 0.42 0.540.3 0.15 0.1340.09 0.00 100
19p2, 4 130436.02 0.01 0.19
22p0, 4 130446.76+0.13 -0.24 0.03 0.0040.25 0.10 bl 0.04
5po, v =8 130457.93+0.04 -0.55 0.00 0.00+0.15 2.00 3.940.6 6.30 10.3+1.5 79+13 21+13
23p0, 4 130461.91+0.24 0.04 0.89 1.34+0.8 0.16 0.1+£0.3 0.16 100
20p2, 4 130469.63 0.01 0.16
24p0, 4 130481.51+0.17 -0.03 0.19 0.6440.34 0.11 0.1140.02 0.00 100
21p2, 4 130491.54 0.02 0.10
25p0, 4 130498.38+0.09 -0.10 0.04 0.340.2 0.06 0.06
26p0, 4 130508.84+0.16 -0.06 0.33 0.254+0.33 0.07 0.140.2¢ 0.00
22p2, 4 130515.63 0.00 0.08
27p0, 4 130522.54+0.08 0.04 0.02 0.06+0.18 0.06 0.1140.17¢ 0.03
28p0, 4 130530.78+0.08 -0.07 0.31 0.00+0.19 0.04 0.04+0.17° 0.00
23p2, 4 130535.90 0.01 0.05
29p0, 4 130541.98+0.16 -0.22 0.02 0.31+0.34 0.05 0.05+0.18¢ 0.02
30p0, 4 130548.84 0.02 0.00
24p2, 4 130552.97 0.02 0.02
31p0, 7 4 130558.45 0.05 0.02
32p0, 4 130563.80 0.00 0.01
25p2, 4 130567.01£0.08 -0.14 0.14 0.0540.28 0.06 0.0740.19¢ 0.00
33p0, 4 130571.88+0.09 -0.07 0.01 0.4140.28 0.06 0.01
34p0, v =4 130576.27 0.01 0.07
26p2, v = 4 130578.28+0.06 -0.16 0.01 0.00£0.17 0.19 0.1940.06 0.05 100
35p0, v = 4 130582.9640.07 -0.01 0.02 0.00+0.18 0.13 0.09+0.06 0.01 100
9po, v 5 130586.48+0.05 -0.12 0.11 0.2140.16 0.19 0.4310.07‘1 0.32 0,64:&0.10‘1 100
36p0, v 4 130586.61 0.19 0.31
37p0, v = 4 130591.8940.08 -0.07 0.09 0.00£0.19 0.12 0.07£0.05 0.02 100
38p0, v = 4 130595.64+0.15 -0.04 0.28 0.87+0.36 0.17 0.1840.06 0.13 100
39p0, v = 4 130599.96 0.05 0.00
40p0, v = 4 130603.641.0 0.3 0.12 0.0+0.4 0.08 0.060.02 0.01 100
41p0, v 4 130606.4+1.0 0.4 0.33 1.34+0.9 0.08 0.1240.04 0.11 100
28p2, v 4 130607.33 0.00 0.06
45p2, v 4 130692.78 0.01 0.00
46p2, v 4 130695.11 0.02 0.01
47p2, v 4 130697.18 0.12 0.15
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Table 2: Photoabsorption transitions of Dy involving N’ = 1 upper levels (cont’d)
—1 —1 6.,—1 6.,—1 9 S (9
state — (em™h — (em™h A(RO) (10%s—1) A(P2) (1085~ 1) va (%) vy (%) vi (%)
c c
obs® o-c® calc obs calc obs calc obs obs obs obs
v=5 130697.82+0.08 -0.30 0.14 0.0840.18 0.64 1.2+0.24 0.90 bl 100
v=4 130699.53 0.04 0.06
v=4 130701.41 0.01 0.01
50p2, v = 4 130703.22 0.00 0.01
7po,v = 6 130792.95 0.07 0.37 100
10p0, v = 5 130885.44+1.0 0.7 9.26 8.84+0.5 1.48 1.240.3 0.32 100
10p2,v =5 130956.14+1.0 0.2 4.78 4.240.8 0.18 bl 1.18 1.3£0.3 100
13 131064.25+0.05 4.08 0.00 0.12+0.15 0.82 1.440.3 1.08 1.840.2 88417 12417
5 131076.80 0.72 th 0.02 100
6 131099.1040.04 -0.15 0.12 0.2340.15 4.54 4.740.7 0.02 1348 87+8
5 131137.24+1.0 0.4 0.80 0.0+0.8 0.18 bl 0.81 0.66+0.22 100
7 131147.5+1.0 -0.3 5.76 5.24£0.6 0.18 bl 5.51 5.640.7 100
5 131231.03+0.25 -0.25 3.91 2.6£1.1 0.74 1.1+0.4 0.03 100
10 131274.45+0.04 0.05 0.00 0.0840.15 4.22 4.6+0.8 2.30 3.8+1.2 1444 24+12 62412
5 131283.37 0.01 0.63 tb
5 131348.97+0.28 -0.01 1.12 1.740.9 0.48 0.3940.10 0.04 100
5 131390.32 0.05 0.16
8 131420.92+40.04 -0.20 0.07 0.21+0.15 2.44 3.241.0¢ 0.02
14p0, v = 5 131441.97 0.01 0.10
14p2,v = 5 131447.7540.07 0.00 0.40 0.3340.16 2.24 2.540.4 0.17 100
5po, v =9 131472.75+0.10 -0.07 0.30 0.0940.22 0.18 0.240.2¢ 3.90 5.541.1 100
8po, v = 6 131501.174£0.21 1.09 4.16 4.04+0.6 1.36 1.54+0.5 2.35 2.840.5 100
15p0, v = 5 131518.30+£0.06 -0.10 0.10 0.00+0.16 0.22 0.240.2¢ 0.28 bl
6pm,v =7 131553.71£0.06 -0.25 0.19 0.2340.16 1.57 1.740.3 1.32 1.1+1.0 100
16p0, v =5 131562.03 0.18 0.81 tb
15p2,v =5 131581.38 0.03 0.35 bl
8pm,v =6 131613.58+0.13 0.03 1.23 1.640.4 0.72 0.6:£0.2 0.08 100
17p0, v = 5 131622.24+1.0 -0.3 0.56 0.0+1.7 0.07 0.91 1.241.3 100
16p2,v =5 131635.13 0.00 0.59 bl
18p0, v = 5 131662.1+1.0 1.3 0.71 0.20 bl 0.00
17p2,v =5 131680.71 0.02 0.34
dpo, v = 14 131687.44+0.05 1.75 0.03 0.0140.15 0.93 1.340.2 1.89 2.540.3 46411 54411
19p0,v = 5 131698.24+1.0 0.2 0.08 0.0+0.3 0.14 0.340.2 0.04 100
20p0, v = 5 131718.60 0.09 0.12
18p2,v =5 131730.56 0.05 0.14
21p0, v = 5 131748.99 0.12 0.00
19p2,v =5 131760.10 0.00 0.14
22p0, v = 5 131773.81 0.10 0.02
23p0, v = 5 131786.02 0.01 0.04
20p2,v = 5 131795.30 0.07 0.06
24p0,v =5 131807.43 0.03 0.01
21p2,v =5 131813.92 0.07 0.00
25p0, v = 5 131825.13+0.07 -0.06 003 0.09 0.140.2¢ 0.02
9po, v = 6 131828.00+£0.10 -0.36 0.02 0.0040.20 0.14 0.240.3¢ 0.16
26p0, v = 5 131837.66-£0.09 0.04 0.23 0.0940.19 0.21 0.2+0.3 0.03 100
22p2,v = 5 131844.25 0.08 0.27
27p0, v = 5 131849.47 0.09 0.00
28p0, v = 5 131858.54+1.0 0.1 0.62 0.14 0.2640.09 0.05 100
9pm,v =6 131948.88-0.06 -0.67 0.09 0.3140.17 0.71 0.940.2 0.05 100
Tpo,v =T 131982.54+1.0 -1.6 0.09 0.03 0.99 0.940.4 100
10p0, v = 6 132136.11 0.59 tb 0.07 100
10p2,v = 6 132214.5140:12 -0.46 1.54 1.6+0.2 1.01 1.340.4 0.16 100
6po, v =8 132248.2240.24 0.11 2.99 2.740.9 1.09 bl 217 2.640.9 100
dpm,v =11 132257.99+0.04 -0.43 0.01 0.01£0.15 3.31 2.740.6 1.17 1.540.4 5612 22412 22410
Tpm, v =7 132323.00+0.08 0.18 1.31 1.640.2 1.75 1.3+0.3 0.87 1.240.8 100
6 132345.02 0.16 0.51 th
6 132404.74+1.0 -0.6 6.88 0.19 0.41 th 100
10 132412.84:£0.09 0.53 1.01 1.040.2 1.90 2.4:40.4 4.45 4.3£0.8 100
12p0,v = 6 132495.6+1.0 0.6 5.54 4.2£1.5 0.47 0.5£0.2 0.00 100
5pm, v =9 132537.38+0.07 0.16 0.24 0.40+0.16 1.96 1.840.5 2.12 2.040.4 100
12p2, v =6 132544.24 0.00 0.04
13p0, v = 6 132611.62 0.04 0.27
8po,v =T 132634.9740.05 -0.63 0.14 0.1040.15 1.15 1.340.2 0.21 100
13p2,v = 6 132681.32+0.36 0.87 4.83 6.9+2.7 0.94 bl 1.23 1.340.4 100
6pm, v =8 132705.49+0.05 -0.45 0.14 0.04+0.15 1.46 1.440.2 1.23 1.842.1 1446 86+6
14p0, v = 6 132712.36 0.04 0.19
14p2,v =6 132756.59 0.29 th 0.70 b
15p0, v = 6 132785.82+£0.08 -0.08 0.13 0.2240.18 0.24 0.2340.08 0.13
Spm, v =7 132822.72+0.36 1.00 4.15 4.5£1.0 0.67 1.1+0.4 0.01 100
16p0, v = 6 132831.94+1.0 0.3 1.56 2.1£1.1 0.09 1.08 1.340.5 100
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Table 2: Photoabsorption transitions of Do involving N’ = 1 upper levels (cont’d)

. L | |
state — (em™ 1) — (em™ 1) A(RO) (1085~ 1) A(P2) (1085~ 1) ~va (%) vp (%) i (%)
hc hc
obs®b 0-c% calc obs calc obs calc obs obs obs obs
15p2,v = 6 132848.12 0.07 0.18
17p0, v = 6 132881.94 0.17 tb 0.11
16p2,v = 6 132900.30 0.05 0.16
18p0, v = 6 132928.2240.49 0.63 1.56 4.043.0 0.50 0.540.1 0.00 100
17p2,v = 6 132944.34 0.00 0.19
=6 132965.57 0.12 0.03
=7 132978.68 0.00 0.02
=8 132994.23 0.17 0.03
=6 132998.84 0.01 0.16
6 133016.97 0.13 0.02
19p2,v = 6 133027.29 0.00 0.14
22p0, v = 6 133041.45 0.10 0.01
20p2,v = 6 133052.46 0.00 0.04
23p0, v = 6 133062.83 0.08 0.04
24p0,v = 6 133073.17 0.01 0.02
21p2,v =6 133079.3640.07 -0.25 0.04 0.0040.20 0.23 0.1440.05 0.00
25p0, v = 6 133088.8440.26 0.06 0.79 1.440.4 0.22 0.2940.08 0.24
26p0, v = 6 133092.8840.08 -0.08 0.13 0.004+0.17 0.11 bl 0.01
9pm,v =7 133175.104+0.06 -0.45 0.08 0.0240.16 0.25 bl 0.47
v =12 133183.4840.04 -5.82 0.00 0.004+0.15 1.65 1.840.3 1.31 1.440.4 69+13 12416 1946
11 133244.24 0.01 0.13
9 133395.2140.15 1.39 3.68 3.140.4 4.24 3.6+0.5 2.08 2.040.3 100
7 133431.17 0.04 1.77 tb
8 133478.6140.05 -0.18 0.22 0.10£0.15 0.66 0.54+0.1 1.75 2.340.4 100
11p0, v = 7 133545.62 0.51 0.27
5pm, v = 10 133576.9340.04 0.29 0.03 0.00+0.15 1.43 1.340.4 1.11 1.940.4 2447 767
11p2,v =7 133610.09 0.09 0.43 tb
12p0, v = 7 133695.43 0.11 0.02
12p2,v =7 133738.0740.07 -1.43 0.93 0.8440.17 0.61 0.54+0.1 0.01 100
8po, v =8 133788.3+1.0 1.0 2.08 2.542.4 0.79 0.6+0.4 0.53 0.8+0.2 100
6pm,v =9 133801.9340.06 -1.05 0.09 0.1940.16 0.80 1.240.2 1.20 1.640.4 100
13p0, v = 7 133830.06 0.49 tb 0.12 100
13p2,v =7 133875.60 0.13 0.82 tb
14p0, v = 7 133919.7540.31 -0.20 1.41 1.940.5 0.39 bl 0.02
14p2,v = 7 133958.92 0.23 0.22
8pm, v =8 133976.1740.06 -0.69 0.37 0.38+0.16 0.55 0.440.1 0.58 bl 100
15p0, v = 7 133995.74 0.10 0.05
5po, v = 12 134004.12 0.06 0.34
dpm,v = 13 134053.5740.04 -3.53 0.08 0.00+0.15 1.17 1.240.4 0.52 0.4240.07 69+13 12416 1946
9pm, v = 8 134322.1+1.0 -2.30 0.26 0.940.6 0.81 0.940.2 0.13
Jv = 134399.1740,08 -1.96 0.63 0.76+0.17 1.07 bl 2.34 1.840.3 58+12 42412
134555.2440.07 0.23 0.58 0.5540.17 1.61 1.840.3 1.70 1.340.3 441 96+1
134819.741.0 -0.9 0.89 0.6+0.5 0.24 bl 0.34
134837.3240.07 -2.77 0.79 0.7240.17 1.38 1.4+0.3 0.46 2246 78+6
dpm,v = 14 134870.6+1.0 0.3 0.79 6.8+0.6 0.66 0.4840.06 0.43 0.4+0.4 100
4pm,v = 15 135623.740.6 0.5 0.07 6.5+2.9 0.51 0.3140.04 0.30 100
dpm,v = 16 136311.6940.36 0.38 0.00 4.441.8 0.90 0.840.1 0.43 100
dpm,v = 17 136944.8+0.7 -2.1 0.00 5.0+1.6 0.40 0.940.1 0.23 100

E/hc, upper state level energy. I'/hc, calculated ionization width and observed total level width (FWHM). A(RO), A(P2) emission probability to the
ground state for R(0) and P(2) transitions, respectively. Yd Y F Vi quantum yields for dissociation, fluorescence and ionization, respectively. The P(2)

transition energies are obtained from the upper state energy by subtracting the ground-state rotational energy 179.01 cm™ 1 (N// = 2).
@ When no observed-calculated value is given, the energy corresponds to the calculated value.

b Transition energies with uncertainties =1 cm 1

€ Value based on the FT spectrum.

are based on the NIM spectra.

d Complex resonance. The A value given corresponds to the sum over all components.
tb, too broad to be detected. bl, blended line.
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Table 3: Photoabsorption transitions of Do involving N’ = 2 upper levels

E r
state — (em™ 1) — (em™ 1) A(R1) (1085~ 1) A(P3) (1085~ 1) va (%) vy (%) i (%)
hc he
obs:b 0-c% cale obs cale obs calc obs obs obs obs

4po,v = 0 117278.05+0.04 -0.66 0.00£0.15 2.00 2.640.8¢ 2.14
4pm,v =0 118250.66+0.04 -0.07 0.0140.16 3.22 3.0£0.8€ 2.37
dpo,v =1 118767.10+0.03 -0.65 0.0040.15 4.81 5.84+1.3¢ 6.02 9+7¢
dpm,v =1 119831.75+0.03 -0.85 0.00£0.15 8.94 6.6+1.4¢ 5.41 8+7¢
5po, v =0 120102.22+0.12 -0.43 0.00£0.22 0.66 0.840.4¢ 0.39
4po,v = 2 120190.304+0.05 -0.60 0.2140.15 7.41 9.74+2.0¢ 11.03 2149¢
5pm,v =0 120591.904+0.07 0.01 0.00£0.18 1.20 1.040.6¢ 1.57
4pm,v = 2 121347.814+0.05 0.11 0.00£0.15 14.24 13.442.7¢ 6.75 64+4¢
4po,v = 3 121531.7540.05 -0.42 0.00£0.15 2.99 4.241.0¢ 8.62 13+7¢
6po,v =0 121564.1440.09 -0.20 0.0240.18 0.95 1.540.5¢ 3.05 6+6¢
5po, v 1 121675.50£0.05 -0.69 0.00£0.15 7.23 8.14+1.7¢ 6.10 1348¢
6pm, v 0 121881.19 0.28 1.54
Spm, v =1 122169.23+0.05 -0.31 0.13+£0.15 3.21 3.64£0.9¢ 3.72
Tpo, v =0 122469.96+0.09 -0.23 0.0040.19 0.84 1.04+0.4¢ 0.25
Tpm,v =0 122665.89 0.21 0.79
4dpm, v 3 122774.90+0.05 -0.13 0.00£0.15 21.90 20+44¢ 0.00
4po, v 4 122843.82+0.07 -0.23 0.00£0.16 0.40 19.52 274+7¢
8pl, v 0 123023.36+0.08 -0.12 0.00£0.17 0.80 0.840.4¢ 0.26
5po, v 2 123055.734+0.08 -0.08 0.00£0.18 0.64 1.040.5¢ 1.96
8p3, v 0 123176.30£0.06 -0.10 0.00£0.15 2.55 3.040.8¢ 0.23
6po, v 1 123212.46£0.05 -0.67 0.00£0.15 6.68 6.441.4¢ 6.48 114+7¢
9pl, v 0] 123406.50£0.07 -0.19 0.00£0.16 0.92 0.840.4¢ 0.01
6pm, v =1 123456.10+0.13 0.05 0.0440.26 1.00 0.940.4¢ 3.64
9p3,v =0 123540.83 0.00 0.63
10p1,v =0 123674.24+0.10 0.12 0.0040.20 0.53 0.640.4¢ 0.03
5pm, v =2 123682.65+0.06 -0.02 0.04+0.15 4.73 5.840.8 5.09 . 8+6° 25+10 75+10
10p3, v 0 123796.44 0.00 tl 0.30
11pl, v 0 123871.194+0.09 -0.16 0.00£0.16 0.23 bl 0.04 tl
11p3, v 0 123980.77 0.00 tl 0.05 tl
4po, v 5 124010.5540.06 -0.46 0.00£0.15 10.60 11.6+1.4 5.67 10.0%1.0 9342 T+2
12pl,v =0 124024.18+0.05 -0.03 0.00£0.15 0.43 0.55+0.17 0.02 tl 40+15 60+15
Tpo,v =1 124034.49+£0.09 -0.22 0.00%40.19 1.82 1.440.6¢ 0.87 1.14+0.2 41+12 59+12
13pl,v =0 124116.34+1.0 -0.4 0.31 0.50£0.08 0.01 tl 2446 7616
12p3,v =0 124153.16 0.01 tl 0.06 tl
dpm,v =4 124208.27+0.05 0.06 0.0040.15 10.17 10.6£1.9 13.26 16.442.3 3644 6444
14pl,v =0 124212.84+1.0 0.4 0.20 bl 0.00 tl
Tpm,v =1 124237.3+1.0 0.3 0.65 0.740.2 1.63 1.84+0.4 51419 49419
13p3,v =0 124260.02 0.00 tl 0.19 bl
15pl,v =0 124289.44 0.01 tl 0.00 tl
16pl, v 0 124339.37 0.09 tl 0.03 tl
14p3,v =0 124358.58 0.01 t 0.10 tl
17pl,v = 0 124393.5+1.0 -0.6 0.07 0.144£0.12 0.00 tl 100
15p3, v 0 124423.83 0.04 tl 0.13 tl
18p1,v =0 124439.08 0.02 tl 0.09 tl
5po, v =3 124461.09+0.06 -0.07 0.16:£0.17 2.20 3.840.6 2.99 bl 34+8 6648
19p1, v 0 124468.85 0.05 tl 0.00 tl
16p3,v = 0 124486.69 0.00 tl 0.08 tl
20pl,v =0 124501.55 0.04 tl 0.01 tl
21pl,v =0 124524.07 0.03 tl 0.01 tl
17p3,v =0 124536.81 0.00 tl 0.07 tl
22pl,v =0 124548.92 0.03 tl 0.01 tl
23pl,v =0 124566.05 0.02 tl 0.00 tl
18p3,v =0 124576.88 0.00 tl 0.09 tl
24pl,v = 0 124585.52 0.03 tl 0.02 tl

1 124590.80 0.03 tl 0.20 tl

0 124598.97 0.03 tl 0.01 tl
26pl,v = 0 124610.58 0.01 tl 0.00 tl
19p3,v =0 124615.93 0.01 tl 0.01 tl
27pl, v 0 124624.47 0.03 tl 0.00 tl
28pl,v = 0 124634.30 0.01 tl 0.00 tl
29pl, v = 0 124642.16 0.00 tl 0.00 tl
20p3, v 0 124646.22 0.01 tl 0.01 tl
30pl,v =0 124653.02 0.02 tl 0.00 tl
3lpl, v =0 124660.29 0.01 tl 0.00 tl
32pl,v =0 124666.62 0.00 tl 0.00 tl
21p3,v =0 124670.37 0.02 tl 0.00 tl
33pl,v =0 124674.48 0.02 tl 0.00 tl
34pl,v =0 124679.84 0.01 tl 0.00 tl
6po, v =2 124684.90+0.06 -0.68 0.25+0.15 9.79 7.440.9 3.69 1147¢ 5147 49+8
36pl,v =0 124689.44+1.0 -0.1 0.14 0.10£0.02 0.04 tl 100
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Table 3: Photoabsorption transitions of Do involving N’ = 2 upper levels (cont’d)

state — (em™ 1) — (em™ 1) A(R1) (108s—1) A(P3) (108s—1) g (%) vy (%) vi (%)
hc hc
obs®b 0-c® calc obs calc obs calc obs obs obs obs

26p3,v =0 124760.00 0.02 0.40
8p3,v =1 124760.2240.11 0.28 0.0040.21 0.15 0.3240.10% 1.98 3.740.5 100
87pl, v = 0 124760.40 0.04 0.37
88pl, v = 0 124760.71 0.01 0.10
6pm, v =2 124960.98+0.07 0.07 3.52 3.040.9¢ 4.21 5.140.8 100
9po, v =1 124984.141.0 0.5 0.31 0.44:+0.09 1.27 bl 100
o9pm, v =1 125109.041.0 -0.5 0.02 tl 1.54 1.6+0:2 100
5pm, v =3 125132.69+0.06 -0.05 0.00 0.00+0.16 5.94 5.5+1.0 4.89 1143 38+9 51+9
4po,v =6 125146.32+0.05 -0.46 0.00 0.0040.15 7.44 9.4+1.5 7.37 18.4+2:6 90+7 943 1+3
10p1, v =1 125248.27+0.17 0.14 0.89 0.5+0.3 0.85 0.934+0.13 0.00 tl 100
10p3,v = 1 125363.5+1.0 -0.2 0.00 tl 0.68 0.7+0.4 100
11pl, v =1 125445.69+0.15 -0.42 0.33 0.2540.29 0.52 0.3840.12¢ 0.19 bl
Tpo,v =2 125519.7840.08 -0.22 0.09 0.0440.16 1.90 1.740.5 0.31 0.36+0.11 100
4pm,v =5 125537.1040.21 0.09 0.00 0.0040.15 9.88 10.141.2 8.96 11.74£1.9 75410 1843 77
11p3,v = 1 125561.5340.20 -0.18 1.23 0.77+0.40 1.21 1.440.4¢ 1.13 1.840.6 100
12p1,v =1 125599.16+0.09 0.03 0.05 0.07+0.16 0.32 1.0£0.5¢ 0.29 bl
13p1,v =1 125688.87+0.21 -0.10 0.95 1.3£0.5 0.61 0.874+0.17 0.06 tl 100
12p3,v =1 125725.01 0.59 bl 0.00 tl
7p, 2 125742.98+0.06 -0.07 0.01 0.00£0.15 0.88 bl 3.18 bl 743 93+3
14p1, 1 125787.73+0.21 0.05 0.44 0.4+0.4 0.34 0:4040.12 0.07 tl 100
5po, v =4 125800.95+0.07 -0.13 0.00 0.0040.15 2.50 3.840.6 2.66 3.2+1.5 3446 1243 54+9
13p3,v = 1 125830.35 0.00 tl 0.44 bl
15p1,v = 1 125864.42+0.11 -0.11 0.12 0.0040.19 0.40 0.5+0.5 0.02 tl 100
16p1,v = 1 125912.14+1.0 0.2 0.17 bl 0.10 tl
14p3, 1 125931.3840.20 0.03 0.07 0.20+0.34 0.13 0.3+0.3 0.09 tl 100
17pl,v =1 125968.84 0.29 bl 0.00 tl
15p3, v = 1 125994.841.0 0.1 0.00 tl 0.25 tl
18pl,v = 1 126013.88 0.14 tl 0.04 tl
19p1, v =1 126043.341.0 0.5 0.14 tl 0.08 tl
16p3,v = 1 126056.941.0 0.3 0.04 tl 0.71 0.9+1.1 100
Spo, v =2 126064.73+0.08 -0.33 0.06 0.0640.16 0.89 1.340.5¢ 0.98 1.040.3 100
20p1,v =1 126076.76 0.05 tl 0.05 tl
21pl, v =1 126098.43 0.01 tl 0.01 tl
17p3,v = 1 126108.7340.13 -0.07 0.09 0.2940.21 0.28 0.440.4¢ 0.01
22pl,v =1 126124.1540.10 0.06 0.05 0.00+0:17 0.01 tl 0.06 tl
6po, v =3 126134.9440.07 -0.43 0.01 0.00+0.16 5.81 6.2+0.8 1.56 2.140.4 1143 8943
23pl,v =1 126142.52+0.09 -0.11 0415 0.14:+0.16 2.21 2.740.3 0.45 0.3240.25 100
18p3,v = 1 126151.441.0 0.5 0.54 bl 0.48 tl
24pl,v =1 126160.70 0.10 tl 0.01 tl
25p1,v =1 126174.12+0.10 -0.07 0.11 0.14+0.17 0.16 0.34+0.3¢ 0.01
19p3, v = 1 126183.48 0.07 tl 0.10 tl
26pl,v =1 126189.72 0.03 tl 0.04 tl
27pl,v =1 126199.97 0.07 tl 0.00 tl
dpo,v =7 126204.75+0.07 -0.45 0.00 0.024+0.15 7.80 9.8+1.4 7.68 1242 98417 2+2 0+17
28pl,v = 1 126209.35 0.10 tl 0.02 tl
8pm, v = 2 126265.04+1.0 0.3 0.01 tl 2.65 3.4+1.0 100
6pm, v =3 126409.41+£0.07 0.08 0.00 0.00+0.15 3.65 4.3+1.1 6.27 8.3+1.8 1546 8546
9po, v =2 126488.34£1.0 0.9 1.43% 1.340.3% 0.009 tl 100
Spm, v =4 126521.26-0.07 -0.11 0.00 0.0040.15 5.14 5.1+£0.9 4.50 7.74£2.9 541 19+4 76+5
9pm, v = 2 126613.641.0 0.2 0.01 tl 1.86 1.940.5 100
10p1, v = 2 126756.7640.46 0.08 2.05 2.6+0.8 1.20 1.440.3 0.01 tl 100
4pm,v =6 126807.57+0.08 0.11 0.00 0.00+0.16 9.29 8.6+1.3 5.94 8.7+1.9 8148 1948
10p3, v = 2 126863.9::1.0 0.0 0.05 tl 0.72 0.840.2 100
11p1, v = 2 126951.07+£0.10 -0.08 0.16 0.0240.18 0.07 tl 1.07 0.940.4 100
7po, v =3 126963.86+£0.09 -0.02 0.70 0.62+0.16 3.45 3.64+0.9¢ 0.46 0.840.4 100
11p3, v =2 127061.1+1.0 -0.6 0.85 bl 1.45 1.940.5 100
5p0, v= 5 127066.7040.08 -0.17 0.06 0.034+0.16 0.79 1.14+0.3 1.59 1.840.8 10+4 9044
12p1,0 = 2 127108.93+0.12 -0.09 0.13 0.344+0.19 0.66 0.840.5¢ 0.37 tl
13pl, v = 2 127183.341.0 -0.5 0.31 bl or tl 4.60 5.9+1.4 100
4po, v =8 127189.3340.06 -0.44 0.15 0.0040.16 6.49 11.641.6 4.35 4.6+1.9 2044 8044
Tpm,v =3 127199.48 0.06 tl 0.64 tl
12p3; 0 = 2 127233.6+1.0 0.7 0.11 0.22+0.07 0.37 tl 100
14pl, v = 2 127296.76+0.13 -0.21 1.15 tl 0.42 0.6+0.4 0.02 tl 100
18p3, v = 2 127336.21 0.01 tl 0.56 tl
15p1, v = 2 127374.83+0.13 0.01 0.34 0.09+£0.21 0.61 0.6+0.2 0.02 100
14p3, v = 2 127418.40 0.14 tl 0.27 tl
16p1, v = 2 127440.00+0.17 -0.29 0.04 tl 0.27 0.4+0.4¢ 1.26 tl
6po, v =4 127441.75+0.07 -0.50 0.01 0.024+0.15 3.12 5.241.4¢ 3.53 bl
17p1, v = 2 127478.53+0.11 0.14 0.66 tl 0.07 tl 0.01 tl
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Table 3: Photoabsorption transitions of Do involving N’ = 2 upper levels (cont’d)
\

state - (em—1) — (em™ 1) A(R1) (1085~ 1) A(P3) (10857 1) va (%) vy (%) ~; (%)
c c
obs®:b 0-c® calc obs calc obs calc obs obs obs obs
15p3, v = 2 127500.95+0.14 0.14 0.61 tl 0.20 tl 0.10 tl
18pl, v = 2 127524.214+0.13 0.02 0.14 0.1640.22 0.20 tl 0.01 tl
19p1,v = 2 127547.75+0.09 -0.23 0.36 0.47+0.17 1.26 1.340.2 0.23 tl 100
8po, v 3 127561.24+0.08 -0.14 0.09 0.0640.15 3.45 4.6+1.1¢ 0.37 tl
16p3,v = 2 127570.40+0.08 -0.13 0.36 0.3540.15 2.26 2.440.7 1.43 bl 100
20pl,v =2 127587.50+0.11 -0.01 0.23 0.2640.19 0.50 0.740.4¢ 0.00 tl
21pl,v =2 127608.10+0.21 -0.18 0.72 0.8040.40 0.48 0.7£0.2 0.20 tl 100
17p3,v = 2 127617.79 0.00 tl 0.22 tl
22pl,v = 2 127634.83£0.16 0.05 0.20 tl 0.24 bl or tl 0.00 tl
23pl,v =2 127650.094+0.22 -0.17 0.57 tl 0.22 0.240.2 0.10 tl 100
18p3, v = 2 127658.32 0.01 tl 0.15 tl
24pl,v =2 127671.19+0.13 -0.06 0.12 0.18+0.22 0.16 tl 0.03 tl
25pl,v = 2 127683.71+0.20 0.01 0.35 tl 0.16 tl 0.00 tl
2 127691.00 0.00 tl 0.02 tl
2 127700.234+0.40 0.46 0.03 tl 0.14 tl 0.43 tl
3 127704.424+0.12 0.01 0.01 0.00£0.20 0.07 tl 2.67 bl
2 127711.52 0.04 tl 0.42 tl
2 127719.09 0.02 tl 0.54 tl
2 127723.69 0.02 tl 0.11 tl
2 127731.68 0.07 tl 0.00 tl
2 127739.47 0.06 tl 0.04 tl
2 127745.08 0.01 tl 0.19 tl
2 127749.08 0.03 tl 0.05 tl
2 127755.03 0.07 tl 0.78 tl
2 127760.95 0.05 tl 0.01 tl
2 127790.49 0.15 tl 0.23 tl
4 127792.44+0.07 0.11 0.00 0.00£0.15 4.80 4.940.8 6.76 9.5+1.7 13+£8 T+5 8019
5 127850.66+0.07 -0.22 0.00 0.00£0.15 3.74 4.240.9 2.38 3.1£0.9 2047 59415 2146
2 127920.91 0.07 tl 0.01 tl
2 127924.60 0.17 tl 0.00 tl
2 127927.154+0.22 -0.59 0.46 0.440.4¢ 0.02 100
3 127930.35+0.09 0.14 0.27 0.3£0.8 0.09 100
2 127932.63+0.12 -0.11 0.28 0.5+0.7 0.09 100
42p3, v = 2 127935.55+0.15 0.02 0.16 0.3+0.3 0.38 0.3+0.3 0.01 100
dpm, v =7 128011.42+0.07 -0.01 0.00 0.06+0.15 8.45 9.8+1.5 1.99 2.440.5 100
opm, v =3 128054.09 0.07 tl 1.99 bl
4po,v = 9 128092.20+0.10 -0.50 0.00 0.00£0.17 0.24 0.6+0.1 5.47 7.4+1.1 100
10pl,v = 3 128200.41+0.40 -0.11 3.02 3.3041.00 1.03 1.1440.16 0.03 tl 100
5po,v =6 128279.31+0.07 -0.27 0.14 0.1740.15 3.98 4.74+0.6 3.98 2.940.9¢ 100
10p3,v = 3 128290.6+1.0 -0.9 0.00 tl 1.95 2.6+0.6 100
Tpo,v =4 128342.631+0.48 -0.11 2.36 2.4040.90 0.95 0.840.6¢ 1.69 1.84+0.5 100
11pl,v =3 128404.29+0.16 0.06 1.59 1.78+0.28 1.54 1.940.2 0.10 tl 100
11p3, v 3 128501.90 0.84 tb 1.21 tb
12p1,v =3 128555.02+0.09 -0.03 0.26 0.26:+0.16 1.50 1.840.3 0.83 tl 100
Tpm, v =4 128569.51+0.07 -0.07 0.04 0.05+0.15 1.57 1.940.6¢ 1.27 1.740.6 100
13pl,v =3 128639.541.0 0.5 0.25 0.340.3 0.44 tl 100
12p3,v =3 128678.07+0.11 -0.19 0.31 0.3140.19 0.27 0.240.2 0.36 tl 100
14pl,v = 3 128742.33 0.11 tl 0.03 tl
6po, v 5 128747.46+0.07 -0.78 0.19 0.1940.15 3.84 4.240.8 4.72 4.6+1.8 100
13p3,v =3 128779.5+1.0 0.3 0.05 0.55 1.0+0.3 100
15pl1,v = 3 128821.97+0.43 0.22 0.62 0.540.7 0.37 0.34+£0.16 0.03 tl 100
14p3,v = 3 128860.33 0.02 tl 0.16 tl
16pl, v = 3 128886.89+0.12 -0.06 0.06 0.0840.22 0.38 0.84£0.4 0.16 tl 100
17pl,v =3 128917.92 0.04 tl 0.03 tl
4po, v = 10 128920.0340.08 -0.49 0.11 0.20£0.15 3.52 4.5+0.8 2.34 3.4+1.1 44410 56410
4 128934.49+0.08 -0.08 0.28 0.20£0.15 3.67 4.4+1.2 0.35 tl 100
) 128952.21+0.19 0.52 0.99 1.2540.22 1.34 2.54+1.3¢ 1.18 bl
3 128971.78+0.11 0.01 0.40 0.4340.18 0.58 0.6+0.4 0.01 tl 100
3 128999.1+1.0 0.0 0.59 0.58+0.22 0.23 tl 100
3 129012.21 0.02 tl 0.28 tl
3 129034.2940.11 -0.20 0.51 0.6840.23 0.42 0.7£0.4 0.01 tl 100
3 129052.15 0.19 tl 0.07 tl
3 129063.85+0.14 -0.23 0.03 0.2340.26 0.14 0.1640.16¢ 0.20 tl
3 129079.40+0.12 -0.16 0.25 tl 0.98 1.34+0.4 1.71 1.7+0.4 100
4 129086.31+0.11 -0.10 0.10 0.23+0.22 0.37 0.240.4€ 2.92 5.241.5 100
, 3 129096.28+0.16 -0.07 0.84 0.7+0.3 0.68 0.640.4¢ 3.21 bl
5pm,v =6 129099.45+0.07 0.11 0.05 0.0040.15 6.86 6.2+1.0 4.15 3.0+1.1 100
23pl,v = 3 129104.86 0.02 tl 0.01 tl
24pl,v = 3 129119.16 0.10 tl 0.04 tl
19p3,v = 3 129130.19 0.04 tl 0.27 tl
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Table 3: Photoabsorption transitions of Do involving N’ = 2 upper levels (cont’d)

. L \ \ \

state — (em™ 1) — (em™ 1) A(R1) (108s—1) A(P3) (1085~ 1) va (%) vy (%) vi (%)

hc hc
obs®b 0-c® calc obs calc obs calc obs obs obs obs

6pm,v =15 129135.08 0.11 tl 0.11 tl
25pl,v = 3 129137.12 0.05 tl 0.07 tl
26pl,v = 3 129147.86 0.09 tl 0.00 tl
27pl,v = 3 129157.77 0.06 tl 0.09 tl
20p3,v = 3 129163.70 0.00 tl 0.16 tl
28pl,v = 3 129170.94 0.05 tl 0.01 tl
29pl,v = 3 129179.30 0.07 tl 0.01 tl
Apm,v =8 129182.5340.08 0.03 0.00 0.0140.15 3.14 4.140.8 3.22 3.941.0 46411 54411
21p3,v = 3 129186.06 0.02 tl 0.10 tl
39pl,v =3 129241.56 0.04 tl 0.17 tl
44pl,v =3 129253.78 0.02 tl 0.67 tl
45pl,v = 3 129256.12 0.02 tl 0.01 tl
9pl,v =4 129318.74 0.06 tl 0.01 tl
S5po,v =17 129415.6640.07 -0.32 0.04 0.04+0.15 2.02 2.740.5 3.16 4.0+2.6 843 6+5 8646
9pm, v =4 129432.38 0.00 tl 0.12 tl
10pl, v = 4 129574.5040.34 -0.69 2.03 1.4040.70 0.34 0.2540.17 0.08 tl 100
Tpo,v =5 129620.4740.23 -0.11 0.80 1.0640.20 2.11 3.440.5 0.13 tl 100
10p3,v = 4 129702.041.0 1.1 1.00 1.640.9¢ 3.76 4.640.9 100
4po,v = 11 129702.0740.10 -1.05 0.46 0.8640.17 1.13 1.940.9¢ 0.76 0.7440.14 19+4 8144
11pl,v = 4 129788.84+0.40 0.07 2.36 2.9+0.8 1.40 1.540.7 0.08 tl 100
11p3,v = 4 129879.41 0.93 th 0.26 tl
Tpm,v =5 129887.0140.11 -0.34 0.74 0.9440.19 2.48 2.040.4 1.30 100
12pl, v = 4 129941.8840.23 -0.12 0.46 0.3840.41 0.43 0.540.1 0.24 tl 100
6po, v =6 129994.754+0.07 -0.85 0.01 0.0040.15 2.16 3.240.4 4.56 6.7+1.2 241 543 9343
13pl,v = 4 130022.8940.71 1.27 4.67 4.1041.80 0.59 0.740.6¢ 1.20 bl
12p3,v = 4 130062.741.0 0.1 0.34 0:540.1 0.45 0.740.6 100
14pl,v = 4 130124.9640.30 0.09 1.54 1.340.5 0.27 0.3040.11 0.04 tl 100
13p3,v = 4 130160.41 0.24 tl 0.34 tl
15pl, v = 4 130205.69 0.10 tl 0.08 tl
14p3,v = 4 130229.4640.13 -0.40 0.28 0.3540.21 1.86 2.240.4 0.02 tl 100
8po,v =5 130260.2540.16 0.29 1.90 1.60£0:40 4.21 4.241.2¢ 0.31 tl 100
dpm,v =9 130266.67+0.07 0.08 0.06 0.0040.15 5.72 5.74£1.3¢ 4.88 7.842.0 2848 7248
16pl, v = 4 130272.40 0.16 tl 0.14 tl
17pl,v = 4 130311.7140.47 0.78 2.44 3.0+0.8 1.11 1.140.3 0.04 tl 100
Spm,v =17 130319.4740.08 -0.29 0.04 0.04+0.16 1.89 2.0+0.5 1.78 2.54+0.5 844 92+4
15p3,v = 4 130330.55 0.00 tl 0.47 tl
18pl,v = 4 130357.54+1.0 0.5 0.41 0.44-0.4¢ 0.02 tl
16p3,v = 4 130380.741.0 0.1 0.27 bl 0.03 tl
6pm,v =6 130393.0840.09 -0.11 0.08 0.3140.16 0.73 0.940.9¢ 2.45 bl
19pl,v = 4 130397.02 0.04 tl 0.04 tl
8pm,v =15 130406.341.0 0.0 0.10 0.1340.12 1.24 bl 100
4dpo,v = 12 130419.2140.11 -0:05 0.03 0.1140.19 0.49 0.6940.12 0.70 0.7540.16 7146 2946
20pl,v = 4 130421.50 0.04 tl 0.14 tl
17p3,v = 4 130435.90 0.00 tl 0.49 tl
21pl,v =4 130449.4640.14 -0.24 0.10 0.0040.21 0.12 0.240.3¢ 0.02 tl
22pl,v =4 130467.63 0.11 tl 0.07 tl
18p3,v = 4 130478.52 0.00 tl 0.24 tl
23pl,v =4 130490.51 0.09 tl 0.03 tl
S5po,v = 8 130501.2340.07 -0.55 0.00 0.0340.15 1.80 2.340.8 5.95 bl 75413 25413
24pl,v =4 130505.04 1.0 0.6 0.26 0.4340.17 0.32 tl 100
19p3,v = 4 130513.28 0.00 tl 0.23 tl
25pl,v = 4 130522.57 0.08 tl 0.03 tl
26pl, v = 4 130533.54 0.08 tl 0.01 tl
27pl,v = 4 13054161 0.01 tl 0.09 tl
28pl,v = 4 130548.34 0.05 tl 0.06 tl
29pl,v = 4 130556.91 0.07 tl 0.00 tl
21p3,v =4 130564.50 0.02 tl 0.03 tl
30pl,v = 4 130569.84 0.01 tl 0.08 tl
23p3,v = 4 130609.47 0.07 tl 0.01 tl
36pl,v = 4 130613.29 0.08 tl 0.01 tl
37pl, v =4 130617.29 0.04 tl 0.01 tl
38pl,v = 4 130620.41 0.06 tl 0.05 tl
9po,v =5 130621.9940.11 -0.13 0.01 0.06+0.20 0.30 0.540.2 0.03 tl 33428 67428
39pl, v =4 130625.3140.09 -0.04 0.18 0.3+0.3¢ 0.01
40pl,v = 4 130628.6140.15 -0.10 0.16 0.240.2¢ 0.01
41pl,v =4 130631.6640.08 -0.07 0.18 0.2240.16 0.26 0.1740.06 0.07 100
24p3,v = 4 130632.82 0.11 0.17 tl
42pl, v = 4 130635.04 0.04 tl 0.00 tl
43pl,v = 4 130637.79 0.06 tl 0.00 tl
44pl, v = 4 130640.36 0.07 tl 0.00 tl
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Table 3: Photoabsorption transitions of Dy involving N’ = 2 upper levels (cont’d)

E
state - (em™1) - (em™1) A(R1) (108s—1) A(P3) (1085~ 1) va (%) v (%) i (%)
c c
obs®:b o0-c® calc obs calc obs calc obs obs obs obs
45pl, v = 4 130642.73 0.08 tl 0.02 tl
46pl, v = 4 130644.77 0.09 tl 0.06 tl
25p3,v = 4 130646.19 0.03 tl 0.09 tl
48pl, v = 4 130649.58 0.02 tl 0.00 tl
37p3,v =4 130745.38 0.07 tl 0.27 tl
9pm,v =5 130747.01+£0.18 -0.35 0.16 0.1940.31 0.17 0.1740.05¢ 0.71
39p3,v =4 130750.08 0.02 tl 0.10 tl
Tpo,v =6 130843.86+0.16 -0.57 0.10 0.0040.25 0.13 0.0940.05 0.51 0.6+0.3 100
v=>5 130916.6+1.0 -0.2 1.77 2.61+0.4 0.03 tl 100
v 5 131014.78 0.00 tl 1.24 tb
3 131088.03+0.08 3.00 0.00 0.01£0.16 1.19 1.3+0.2 0.98 1.140.2 100
5 131112.28 1.38 tb 0.13 tl
6 131130.86+0.07 -0.52 0.07 0.1240.15 4.22 4.84+1.1 0.06 tl 100
5 131188.1+1.0 -1.0 0.04 tl 0.81 1.240.7 100
7 131210.3+1.0 1.1 0.41 bl or tl 5.03 6+6
5 131267.27+0.21 0.12 0.98 0.940.4 0.65 0.840.3 0.09 tl 100
0 131314.08+£0.07 -0.01 0.00 0.0040.15 3.77 3.84+0.5 2.70 2.240.4 79410 21410
5 131338.29 0.12 tb 0.45 tl
5 131386.97+0.10 -0.16 0.16 0.0140.18 0.41 0.6+0.4 0.32 tl 100
5 131441.00 0.38 tb 0.01 tl
9 131447.86+0.09 0.14 0.31 0.45+0.18 3.92 3.5+0.5 0.12 tl 100
6 131476.65+0.09 -0.31 0.12 0.1540.16 1.69 1.940.6¢ 0.16 tl 100
5 131500.69+0.22 0.37 1.06 1.30+0.40 1.27 1.7£0.4 0.00 tl 100
8 131525.7+1.0 -0.40 0.00 tl 3.78 4.54+0.8 100
. 5 131536.12+0.17 0.03 1.73 1.104+0.40 1.18 1.240.3 0.55 0.54+0.5 100
14p3,v =5 131570.5+1.0 -0.6. 0.69 0.554+0.10 1.04 bl 100
6pm,v =7 131596.78+0.09 0.03 0.21 0.0240.17 0.77 0.64+0.3 0.86 bl 100
16pl,v =5 131599.78+0.22 -0.67 0.16 0.0040.25 0.25 0.3+0.5¢ 1.34 2.04+0.4 100
17pl,v =5 131632.4+£1.0 -0.1 0.40 0.48+0.14 0.14 tl 100
15p3,v =5 131653.60 0.02 tl 0.20 tl
8pmw,v = 6 131667.611+0.13 -0.10 0.07 0.0240.17 0.27 0.3440.13 1.57 1.14+0.7 100
18pl,v =5 131683.95 0.13 tl 0.23 tl
16p3,v =5 131704.41 0.02 tl 0.61 tl
19pl,v =5 131722.07+0.19 -0.01 0.10 0.14+0.4 0.14 tl 0.05 tl
20pl,v =5 131744.48 0.14 tl 0.11 tl
17p3,v =5 131758.24 0.01 tl 0.27 tl
21pl,v =5 131775.04 0.13 tl 0.01 tl
18p3, v 5 131790.3+1.0 -0.7 0.05 tl 0.11 tl
22pl,v =5 131801.90 0.04 tl 0.15 tl
23pl,v =5 131815.87 0.10 tl 0.00 tl
19p3,v =5 131827.45 0.01 tl 0.07 tl
24pl,v =5 131836.70 0.05 tl 0.08 tl
25pl,v =5 131847.94 0.06 tl 0.01 tl
20p3,v =5 131855.94 0.01 tl 0.01 tl
26pl,v =5 131863.60+0.08 -0.13 0.06 0.0040.15 0.14 0.240.2 0.01 tl 100
27pl,v =5 131873.72 0.04 0.04
9po, v = 6 131874.51+0.14 -0.31 0.06 0.0040.22 0.33 0A6i0A3d 0.11 tl 100
28pl,v =5 131883.6240.11 -0.06 0.26 0.1240.18 0.21 0.4540.21 0.01 tl 100
29pl,v =5 131891.57 0.21 tl 0.11 tl
21p3,v =5 131895.22 0.00 tl 0.12 tl
30pl,v =5 131901.71 0.09 tl 0.00 tl
51pl,v =5 131981.88+0.10 0.24 0.01 0.0940.17 0.02 0.02
52pl,v =5 131982.71+0.09 -0.30 0.03 0.0840.16 0.14 0.03
Tpo,v =T 131983.37+0.12 -0.48 0.09 0.0240.18 0.61 0.69i0.14d 0.06 tl 100
53pl,v =5 131984.66 0.07 0.00
32p3,v =5 132040.33 0.00 0.34 tl
3 6 132043.41 0.00 0.52 tl
6 132171.8+1.0 -1.3 0.87 0.740.2. 0.00 tl 100
6po,v = 8 132258.7+1.0. 0.5 1.25 bl 0.01 tl
6 132288.414+0.09 -1.66 5.97 4.8+0.6 0.82 0.940.5 1.97 tb 100
4pm,v = 11 132281.81+0.07 -13.84 0.00 0.1240.15 3.47 2.1+0.3 1.19 1.440.7 100
4pm, v = 11 132288.40+0.08 -7.25 0.00 0.0140.15 3.47 1.240.2 1.19 tl 100
Tpm,v =7 132367.78+0.20 0.45 1.71 1.54+0.3 1.52 1.314+0.17 1.30 tl 100
11pl,v =6 132384.97 0.01 tl 0.22 tl
5po, v = 10 132440.56+0.09 -3.76 0.50 0.36+0.16 2.47 1.340.3 2.04 0.24+1.5 1445 86+5
S5po, v = 10 132448.39+40.11 4.07 0.36+0.16 2.47 1.240.2 2.04 3.54+0.8 0+1 100+1
11p3,v =6 132459.3+1.0. 0.4 0.11 tl 1.37 2.74+2.2 100
12pl,v =6 132532.76 0.53 bl 0.12 tl
S5pm,v =9 132584.62+0.11 1.13 0.27 0.4340.17 1.20 1.3+0.4 2.76 4.3+1.8 100
12p3,v = 6 132593.36 0.03 tl 0.01 t
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Table 3: Photoabsorption transitions of Dy involving N’ = 2 upper levels (cont’d)
. \ \ \ \
state - (em™1) - (em—1) A(R1) (1085 1) A(P3) (108s—1) va (%) v (%) vi (%)
¢ c
obs®:b o-c® calc obs calc obs calc obs obs obs obs
=6 132652.4740.10 -0.09 0.19 0.134+0.16 0.51 0.940.2 0.13 tl 100
=6 132676.2440.11 -0.83 0.14 0.2440.17 0.89 1.140.2 0.47 tl 100
=7 132724.2340.54 0.97 4.39 4.7+1.3 1.90 1.840.4 0.12 tl 100
=8 132749.0840.10 -0.32 0.11 0.254+0.16 0.36 0.30+0.19 0.58 tl 100
=6 132753.941.0 -0.2 0.03 tl 1.85 bl
=6 132799.641.0 1.6 0.57 0.6+0.1 0.03 t 100
=6 132831.14 0.09 tl 0.37 tl
=7 132861.85+0.18 -0.18 0.61 1.0+£0.4 0.45 0.4840.09 0.33 tl 100
=6 132872.3£1.0 0.1 0.11 0.08+0.06 0.70 0.540.3 100
=6 132898.14 0.06 tl 0.62 tl
=6 132918.73 0.08 tl 0.19 tl
=6 132947.50 0.17 tl 0.05 tl
=6 132966.56 0.00 tl 0.29 tl
=8 133042.57 0.13 tl 0.02 tl
=6 133057.64 0.06 tl 0.12 tl
=6 133067.70 0.05 tl 0.09 tl
=6 133081.93 0.08 tl 0.00 tl
=6 133092.13 0.00 tl 0.07 tl
=6 133102.62 0.09 tl 0.04 tl
=6 133112.56 0.02 tl 0.01 tl
6 133116.72+0.16 -0.44 0.08 0.38+0.25 0.37 0.46£0.12 0.00 tl 100
7 133127.4640.30 0.24 1.37 1.840.9 0.40 0.4+0.4 0.06 tl 100
6 133131.96 0.03 tl 0.12 tl
6 133140.20 0.12 tl 0.00 tl
=6 133148.94+1.0 0.1 0.15 0.17+0.12 0.03 tl 100
=6 133154.67 0.01 tl 0.09 tl
=6 133160.97 0.04 tl 0.02 tl
=6 133168.01 0.09 tl 0.00 tl
=6 133215.60 0.01 tl 0.01 tl
12 133217.2440.09 0.58 0.01 0.014+0.15 1.63 2.9+40.49 0.23 tl 25411 75411
7 133218.09 0.31 0.35
5po, v =11 133278.14 0.01 tl 0.01 tl
10pl,v =7 133367.91 0.01 tl 0.03 tl
6po, v =9 133420.43+0.13 0.08 2.22 2.44+0.20 4.25 5.240.7 0.81 tl 100
10p3,v =7 133478.14+1.0 -0.4 0.32 tb 0.98 0.940.8 100
Tpm,v =8 133527.94+1.0 -0.1 0.09 tl 3.17 4.3+1.5 100
11pl,v =7 133584.54 0.63 th 0.04 tb
5pm, v = 10 133617.5740.09 0.47 0.06 0.10+0.15 1.05 1.240.3 1.51 1.740.4 100
11p3,v =7 133655.42 0.00 tl 0.56 th
12pl,0 =7 133739.54+1.0 0.5 0.29 0.34+0.10 0.11 tl 100
8po, v = 8 133773.241.0 -1 0.48 0.6£0.2 0.00 tl 100
6pm, v =9 133830.89+0.33 0.83 3.96 4.840.7 1.83 1.540.3 0.00 tl 100
13pl,v =7 133850.741.0 0.2 0.00 tl 1.68 1.340.6 100
12p3,v =7 133861.04 0.14 tl 0.17 tl
14pl,v =7 133922.54 0.56 tb 0.33 tb
13p3,v =7 133957.60 0.02 tl 0.36 tl
Spm, v =8 134000.541.0 1.0 0.69 0.7+0.3 0.04 tl 100
15p1, v =7 134015.32 0.07 tl 0.35 tl
14p3,v =7 134036.00 0.01 tl 0.31 tl
5po, v =12 134045:34 0.02 tl 0.62 tl
16p1l, v =7 134071.46 0.17 tl 0.00 tl
4pm,v = 13 134088.1840.09 -2.68 0.00 0.0740.15 1.16 1.240.2 0.89 bl 1843 82+3
15p3, v =7 134099.45 0.01 tl 0.31 tl
17pl, v =7 134126.11 0.09 tl 0.06 tl
7po, v = 10 134139.82 0.13 tl 0.25 tl
5po, v = 13 134153.741.0 -0.7 0.42 0.17£0.03 0.17 tl
opm, v = 134361.82+0.13 -0.39 0.15 0.440.2 0.74 0.51£0.08 0.02 tl 100
44pl, v =7 134441.7940.12 -0.31 0.23 0.184+0.18 0.18 0.19
45p1,v =7 134443.3940.13 -0.52 0.04 0.3540.20 0.43 0.43
6po, v = 10 134444.9940.17 -0.34 0.15 0.53+0.28 0.63 0.87+0.164 1.00 2.3+1.4 100
46p1, v = 134446.59 0.04 0.21
5pm, v =11 134593.2040.11 0.38 0.18 0.3540.17 0.84 1.140.44 1.25 1.640.9 49412 51412
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Table 3: Photoabsorption transitions of Dy involving N/ = 2 upper levels (cont’d)

5 \ o \ | \
state — (em™ 1) — (em™ 1) A(R1) (108s=1) A(P3) (108571 vq (%) vy (%) i (%)
hc hc
obs:b 0-c® calc obs calc obs calc obs obs obs obs
T9p3,v =T 134592.98 0.12 0.23
6pm,v = 10 134864.90+£0.43 -1.21 0.51 0.640.3 1.55 1.74+0.3 0.00 tl 40+8 60+8
12p1,v =8 134879.5+1.0 1.7 0.42 0.940.1 0.81 0.6+0.2 100
8pl,v =9 134899.31 0.16 tl 0.30 tl
dpm,v = 14 134902.6940.21 0.46 0.17 0.19£0:33 0.53 0.4+0.1 0.46 tl 35420 65+20
6po,v =11 135059.92 0.07 tl 0.21 tl
8pm,v =9 135114.1440.10 -0.44 0.13 0.21+£0.16 0.09 0.2+0.1 0.09 tl 100

E/hc, upper state level energy. I'/hc, calculated ionization width and observed total width (FWHM). A(R1), A(P3) emission probability to the ground
state for R(1) and P(3) transitions, respectively. YdsYf > Vio quantum yields for dissociation, fluorescence and ionization, respectively. The transition energies
for the R(3) and P(5) transitions are obtained by subtracting the ground-state rotational energies 59.78 cm— 1 (N’/ = 1) and 357.30 cm— 1 (N// = 3),
respectively, from the upper state energy.

@ When no observed-calculated value is given; the energy corresponds to the calculated value.

b Transition energies with uncertainties =L&m= ! are based on the NIM spectra.

€ Value based on the FT spectrum.

4 Complex resonance. The A value given corresponds to the sum over all components.

tb, too broad to be detected. bl, blended line. tl, too low intensity to be measured.
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Table 4: Photoabsorption transitions of Do involving N’ = 3 upper levels

. L | |
state — (em™ 1) — (em™ 1) A(R2) (1085~ 1) A(Pa) (1085~ 1) va (%) v (%) i (%)
hc hc
obs®b 0-c® calc obs calc obs calc obs obs obs obs
dpo,v =0 117358.6440.04 -0.72 0.0140.16 2.77 3.5+1.1¢ 5.78
4pm, v = 0 118341.5340.05 0.06 0.3040.17 3.01 2.940.9¢ 2.57
4po,v =1 118845.9140.02 -0.71 0.05+0.15 4.95 6.941.5¢ 5.12
4pm,v =1 119917.8140.02 0.05 0.154+0.15 8.69 8.94+1.8¢ 5.64
5po,v =0 120180.3540.10 -0.61 0.014+0.23 0.76 1.140.5¢ 0.26
dpo,v =2 120267.8640.03 -0.65 0.1540.15 7.30 11.042.2¢ 9.87 290417¢
S5pm,v =0 120686.7740.06 0.17 0.0040.18 0.92 1.140.4¢ 1.79
dpm,v =2 121425.4440.03 0.00 0.2040.15 15.22 17.043.5¢ 5.85
dpo,v =3 121609.85+0.04 -0.45 0.0940.18 2.61 4.140.9¢ 9.04 14+8¢
6po, v =0 121640.94+0.06 -0.33 0.0040.18 0.78 1.340.5¢ 3.16
S5po,v =1 121748.45+0.03 -0.77 0.0040.15 8.08 10.0£2.0¢ 5.12
6pm,v =0 121981.5240.12 0.00 0.0040.26 0.15 0.240.2¢ 1.90
S5pr,v =1 122259.2240.05 0.08 0.0440.16 2.77 4.441.1¢ 4416
Tpo,v = 0 122539.6240.06 -0.27 0.0040.19 1.19 1.240.5¢ 0.19
Tpm,v =0 122769.43 0.11 0.93
4po,v =4 122835.1140.03 -0.32 0.0440.15 20.99 20+46¢ 0.01
dpm, v = 3 122932.8140.10 0.00 0.2240.23 0.50 19.63 1146°¢
8po, v = 0 123092.1440.06 -0.24 0.0040.17 0.76 1.140.4¢ 0.06
S5po,v = 2 123130.3740.07 -0.21 0.0040.18 1.03 1.440.5¢ 2.24
6po, v =1 123263.91+0.03 -0.54 7.57 942¢ 2.11
8pm, v =0 123301.104£0.03 -0.27 0.0040.15 2.79 3.240.7¢ 3.20
9po,v =0 123471.7040.11 -0.15 0.0440.25 0.75 1.1+£0.5¢ 0.05
6pm, v =1 123550.684+0.14 -0.16 0.53 4.27
9pm, v =0 123646.73 0.03 0.63
10p2,v =0 123741.0840.14 -0.07 0.0240.30 0.40 0.440.3¢ 0.06
S5pr,v =2 123767.4640.04 0.06 0.0040.15 4.17 4.5+0.6 5.90 2343 7743
11p2,v =0 123893.84+1.0 0.3 0.1041.00 0.09 0.1340.04 0.16 13410 87410
10p4,v = 0 123947.541.0 0.3 0.941.0 0.19 0.3340.15 0.18 55434 45434
12p2,v =0 124060.00 0.04 0.00
4po,v =5 124071.2340.03 -0.51 0.1040.15 12.39 13.4+1.7 4.20 8543 15+3
Tpo,v =1 124098.69+0.09 -0.28 0.2040:19 2.14 3.041.3¢ 0.15
11pd,v =0 124123.3+£1.0 0.2 0.0£0.7 0.13 0.1040.04 0.34
13p2,v =0 124182.84+1.0 -0.1 0.0+0.5 0.23 0.2340.05 0.01 52423 48423
12p4,v =0 124253.041.0 -0.6 0.9+1.2 0.16 0.24+0.10 0.10 60418 40418
14p2,v =0 124282.04 0.12 0.10
dpm,v =4 124290.3040.04 0.47 0.0740.15 8.19 7.140.8 14.82 18.6+2.8 50+4 50+3
Tpm,v =1 124332.041.0 -0.5 0.040.4 0.41 bl 1.82 1.740.4 15415 85+15
15p2,v = 0 124342.95 0.10 0.29
13pd,v =0 124378.48 0.00 0.20
16p2,v = 0 124406.31 0.08 0.01
17p2,v = 0 124449.1740.04 -0.25 0.040.9 0.05 0.0640.06 0.03
14pd,v = 0 124471.59 0.00 0.13
18p2,v = 0 124495.28 0.05 0.02
19p2,v =0 124526.141.0 -0.2 0.040.8 0.01 bl 0.01
3 124536.0640.05 -0.22 0.1240.16 2.42 3.440.5 2.77 4.6+0.8 2743 73+3
0 124543.94 0.00 0.11
0 124560.10 0.04 0.02
0 124583.10 0.13 0.66
0 124600.38 0.00 0.04
0 124609.69 0.03 0.04
0 124625.73 0.03 0.00
0 124641.16 0.01 0.01
0 124650.80 0.03 0.15
1 124658:3£1.0 -0.4 0.241.3 0.12 0.1340.05 0.13 21417 79417
0 124660.74 0.04 0.05
0 124670.3+1.0 -0.7 0.0+0.4 0.03 0.0340.01 0.01
0 124682.18 0.02 0.00
2 124751.5840.05 -0.71 0.054+0.15 10.39 9.5+2.2¢ 2.91 4.9+1.0 3542 65+2
0 124752.7540.08 -0.16 0.0040.17 1.15 0.940.4¢ 0.28
1 124858.641.0 -0.5 3.05 0.29 1.54 1.040.2
0 124861.54+1.0 -0.4 0.19 0.17 bl 1.31 1.840.3
1 125038.45+0.26 -0.12 0.98 0.6940.34 2.76 2.540.5 1.65 1.940.6 0 0 100
2 125058.8+1.0 -0.9 0.39 1.0£0.6 0.17 0.1940.04 4.56 4.440.6 0 0 100
6 125206.23+0.05 -0.58 0.00 0.06+0.16 10.00 11.7+1.6 4.56 8443 16+3 0
1 125210.4£1.0 0.3 2.01 0.01 2.86 4.04+0.9 0 0 100
3 125212.9040.05 0.03 0.03 0.1940.16 3.94 4.240.9 6.17 6.241.4 5+5 7+5 88418
1 125313.84+1.0 0.3 0.46 0.0040.40 0.78 0.7840.11 0.09 0 0 100
1 125458.041.0 0.5 1.77 0.10 0.17+0.12 0.42 36+£49 0 64+49
1 125517.9440.13 -0.02 0.06 0.034+0.26 0.51 0.44+0.07 0.36 0 0 100
2 125592.9740.06 -0.26 0.01 0.0040.16 1.60 2.340.6 0.00 0 0 100
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Table 4: Photoabsorption transitions of Do involving N’ = 3 upper levels (cont’d)
\

state — (em™ 1) — (em™ 1) A(R2) (1085~ 1) A(Pa) (1085~ 1) ~va (%) vp (%) 5 (%)
hc hc
obs®b 0-c calc obs calc obs calc obs obs obs obs

4pm,v =5 125612.6040.04 0.29 0.00 0.004+0.15 9.23 8.3+1.2 9.01 76+3 2143 341
12p2,v = 1 125635.841.0 0.3 1.02 1.240.5 1.41 bl 0.18 0 0 100
11pd, v = 1 125687.8440.09 0.08 0.57 0.10 1.28 1.040.5 0 0 100
13p2,v =1 125754.9340.14 -0.09 0.37 0.5240.33 0.55 0.840.9¢ 0.00 0 0 100
12pd, v = 1 125817.941.0 -1.2 0.74 0.30 0.2640.05 0.01 0 0 100
Tpm, v =2 125834.64+1.0 0.0 0.18 0.0+0.6 0.18 0.1640.05 4.47 6.6+1.4 0 0 100
14p2,v = 1 125853.65 0.04 0.21 0.04
S5po,v =4 125874.2840.04 -0.22 0.00 0.0240.15 2.94 3.740.7 1.99 2.74£0.9 3948 1543 46+9
15p2, v = 1 125913.4+1.0 -0.1 0.57 0.20 0.4140.06 0.06
13p4, v = 1 125945.64 0.42 0.01 0.40
16p2,v = 1 125978.834+0.14 -0.09 0.14 0.2840.29 0.21 0.8+0.8¢ 0.02
17p2,v =1 126020.36 0.52 0.11 0.09
14pd, v =1 126039.77 0.14 0.04 0.23
18p2,v = 1 126067.841.0 -0.3 0.13 0.0£1.3 0.15 0.1240.17 0.01
19p2,v = 1 126097.37 0.39 0.07 0.10
15pd, v = 1 126111.97 0.10 0.02 0.29
20p2,v =1 126132.8240.12 0.10 0.07 0.24+0.28 0.27 0.4240.20 0.02 0 0 100
8po,v =2 126135.0440.10 -0.53 0.01 0.14+0.15 0.68 0.6+0.1 1.41 bl 0 0 100
21p2,v =1 126155.67 0.21 0.00 0.02
16p4, v = 1 126168.914+0.05 -0.17 0.19 0.0040.18 0.32 bl 0.01
22p2, v 1 126181.67 0.02 0.13 0.03
6po,v =3 126195.8840.04 -0.40 0.01 0.00+0.15 5.59 5.842.7 0.98 2.0£2.1 1346 26413 81419
23p2,v =1 126199.6840.07 -0.17 0.09 0.06+0.17 3.21 3.340.6 0.31 243 0 9843
24p2,v =1 126214.0040.10 -0.14 0.23 0.3440.22 0.61 0.7640.12 0.12 0 0 100
17pd, v = 1 126221.94 0.10 0.09 0.20
25p2, v =1 126232.04 0.03 0.06 0.02
26p2, v =1 126244.21 0.08 0.10 0.00
27p2,v =1 126254.84 0.15 0.08 0.01
18p4, v = 1 126261.59 0.12 0.00 0.02
dpo,v =T 126262.9940.05 -0.69 0.00 0.154+0.15 8.85 10.442.2 7.09 8.4+1.7 94+2 642 0
28p2,v = 1 126268.09 0.01 0.02 0.04
29p2,v =1 126276.58 0.04 0.05 0.01
30p2,v =1 126284.63 0.07 0.05 0.00
31p2,v =1 126291.59 0.11 0.04 0.01
19pd, v =1 126296.43 0.10 0.00 0.05
47p2,v =1 126357.61 0.04 0.00 0.14
8pm,v =2 126358.841.0 -0.1 0.01 0.07 2.08 4.4+1.3 0 0 100
48p2,v = 1 126359.85 0.02 0.06 0.58
49p2,v = 1 126361.61 0.04 0.03 0.12
6pm,v =3 126493.9440.05 0.13 0.00 0.05+0.16 2.73 2.940.6 7.42 8.1£1.6 743 1745 7548
42pd, v = 1 126541.09 0.72 0.01 0.01
43pd, v = 1 126543.94 0.65 0.02 0.04
44pa, v =1 126546.56 0.57 0.05 0.00
45p4, v =1 126548.92 0.56 0.13 0.07
46pd, v = 1 126550.4240.13 -0.39 0.38 0.2040.23 0.40 0.6+0.7¢ 0.12
9po, v = 2 126552.3140.06 0.03 0.01 0.1840.21 0.43 0.440.7¢ 0.06 0 0 100
47pd, v =1 126554.08 0.13 0.11 0.00
48pd, v = 1 126556.02 0.24 0.06 0.10
Spm,v =4 126596.6640.05 -0.01 0.00 0.16+0.16 4.65 4.3+0.8 5.02 36+13 8+2 56+13
opm, v =2 12670914 1.0 0.6 3.51 0.05 2.05 3.4+1.8 0 0 100
10p2,v = 2 126820.6840.13 -0.21 1.06 0.534+0.28 1.18 0.9940.17 0.15 0 0 100
dpm,v =6 126877.3440.04 0.29 0.00 0.0240.15 8.76 9.2+1.5 6.40 7.942.0 88+7 1247 0
10p4, v = 2 126952.37 3.61 0.00 0.39
11p2,v = 2 127022:93+0.10 -0.08 0.28 0.1240.18 2.33 2.6+0.6 0.03
Tpo,v =3 127032.314+0.05 -0.31 0.29 0.2940.16 1.50 1.640.2 1.57 1.440.4 0 0 100
S5po,v =5 127135.714+0.07 -0.23 0.00 0.084+0.17 1.01 1.340.4 1.78 2.740.6 100 0 0
12p2, v = 2 127138.441.0 -0.3 1.94 1.8+1.8 1.32 1.2+1.2 0.19
11pd, v = 2 127190.49 0.80 0.01 0.91
dpo, v =8 127245.2040.04 -0.67 0.00 0.08+0.15 3.78 5.941.0 8.41 14.941.8 100 0 0
13p2, v = 2 127259.5640.15 -0.27 0.83 1.0540.24 2.37 2.740.5 0.15
Tpm, v =3 127274.4340.08 0.08 0.23 0.13+0.19 0.99 1.1340.19 1.03 0.940.5 0 0 100
12pd, v = 2 127323.86 1.80 0.01 0.92
14p2, v = 2 127360.9740.08 0.04 0.16 0.00+0.18 0.50 0.6+0.3 0.16 0 0 100
15p2, v = 2 127419.46 1.26 0.28 0.10
13p4, v = 2 127448.87 0.50 0.05 0.55
16p2, v = 2 127487.041.0 0.3 0.44 0.1+0.4 0.29 0.5140.12 0.02 0 0 100
6po, v =4 127512.5440.04 -0.70 0.04 0.0940.15 4.37 4.4+0.8 4.43 4.9+1.1 0 0 100
14pd, v = 2 127525.10 1.19 0.03 0.01
17p2, v = 2 127544.6740.12 -0.12 0.09 0.07+0.24 0.32 0.440.7¢ 0.16
18p2,v = 2 127575.79 0.37 0.07 0.02
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Table 4: Photoabsorption transitions of Do involving N’ = 3 upper levels (cont’d)
\ . \ \ \
state — (em™ 1) — (em™ 1) A(R2) (108s—1) A(Pa) (1085~ 1) ~va (%) v (%) ~i (%)
hc hc
obs®b 0-c® calc obs calc obs calc obs obs obs obs
2 127599.64+0.14  -0.18 0.54 0.2840.28 0.77 1.0240.26 0.00
2 127616.17+0.05 -0.07 | 0.04 0.1140.16 1.95 1.840.3 0.00
3 127624.83+0.05 -0.26 0.19 0.1940.15 4.58 3.540.5 1.06 11411 0 0 100
v 2 127641.42 0.30 0.63 0.00
21p2,v = 2 127664.0+1.0 0.7 0.69 0.840.6 0.54 0.78+0.16 0.12 0 0 100
16p4, v = 2 127674.53 0.22 0.02 0.27
22p2,v = 2 127689.77 0.12 0.17 bl 0.02
8pm,v =3 127800.4+1.0 0.3 0.31 0.04 1.88 0.841.1 0 0 100
48p2,v = 2 127868.60 0.04 0.05 0.01
49p2,v = 2 127870.46 0.05 0.07 0.02
50p2, v = 2 127872.23+0.10 0.07 0.04 0.0040.20 0.56 0.6:£1.0¢ 0.78
6pm,v =4 127872.78+0.04 0.16 0.02 0.0040.15 3.28 3.74£1.2¢ 8.07 11.241.9 0 7410 93+10
51p2,v = 2 127873.82 0.08 0.01 0.17
5pm,v =5 127921.3040.04  -0.10 0.00 0.0440.15 3.54 4.340.9 2.39 19+1.0 2846 55415 1748
30p4,v =2 127982.20 2.03 0.08 0.04
31pd,v =2 127989.39+0.08 0.18 1.83 0.9440.19 0.47 0.37£0.16 0.00 0 0 100
9po, v 3 127992.96+0.05 -0.32 0.09 0.2140.16 1.02 0.88+0.12 0.07 0 0 100
32p4,v =2 127998.03+0.08 -0.28 0.35 0.03£0.19 0.20 0.07
4pm,v =T 128066.994+0.04 0.38 0.00 0.1940.15 8.51 9.6+1.3 1.31 1.34+0.3 10012 0 0
3 128143.20 5.86 0.00 2.15 bl
9 128157.0+1.0 0.2 0.00 0.040.4 0.01 5.98 6.94£0.8
=3 128265.12+0.39 0.44 1.74 2.174+1.05 1.19 1.040.3 0.20 0 0 100
=6 128348.36+0.05 0.35 0.05 0.0840.15 3.81 4.440.6 1.84 6.6+1.0 0 0 100
=3 128365.81 0.94 0.09 0.62
=4 128422.3240.50  -0.50 3.87 3.974+1.06 2.01 1.740.2 1.29 0.9+0.4 0 0 100
=3 128469.23+0.12 0.03 0.22 0.71 1.240.9¢ 0.60
3 128579.3+1.0 0.7 4.35 2.64+0.6 1.25 1.46+0.24 0.17 0 0 100
=3 128631.23 0.86 0.05 0.79
=4 128644.88+0.05 0.08 0.10 0.1540.16 2.17 2.0£0.4 1.99 0 0 100
3 128707.4+1.0 0.3 1.98 2.440.6 0.45 0.76+£0.12 0.02 0 0 100
3 128762.26 2.38 0.00 0.72
3 128805.9+1.0 0.5 0.37 0.740.8 0.30 0.42+£0.16 0.24 0 0 100
5 128818.82+0.04  -0.81 0.07  0.08+0.15 4.12 4.440.8 4.39 3.642.0 0 0 100
15p2, v =3 128860.79 2.65 0.18 0.23
13pd, v =3 128890.18+0.14 0.13 0.35 0.064:0.29 0.23 0.44
16p2, v =3 128930.99 0.81 0.20 0.01
14p4, v = 3 128961.73 0.98 0.21 0.20
4po,v = 10 128966.04+0.05 -0.60 0.02 0.1740.15 3.88 3.6+0.6 1.90 2.3+0.3 100 0 0
y 4 128987.11+0.06 -0.14 0.11 0.1440.16 1.53 1.7+0.5 0.02 0 0 100
3 128996.294+0.05 -0.19 0.24 0.1740.16 3.68 3.1£0.8 0.78 0 0 100
3 129021.95+0.09 0.09 0.84 0.9940.22 1.05 1.6+0.7 0.01 0 0 100
3 129046.71 1.12 0.49 bl 0.37
3 129061.86 0.04 0.13 bl 0.12
3 129086.25+0.21 0.22 0.66 0.2740.40 0.37 bl 0.00
3 129104.93 1.07 0.18 bl 0.12
3 129117.30 0.04 0.06 0.17
3 129134.69 0.34 0.26 0.07
3 129149.84 0.68 0.21 0.06
3 129160.30 0.14 0.00 0.00
6 129168.30+0.04 0.22 0.03 0.0740.15 7.33 7.4+1.5 10.75 12.1+2.0 22421 543 73417
4 129170.30 0.07 0.34 0.46
3 129173.40 0.12 0.04 0.45
3 129186.48 0.35 0.08 0.15
3 129197:30 0.75 0.05 0.30
3 129203.78 0.24 0.01 0.23
5 120205.94+1.0 0.3 0.02 0.01 1.05 bl
3 129212.54 0.38 0.07 0.00
3 129222.09 0.24 0.08 0.03
3 129230.45 0.53 0.06 0.11
3 129236.28 0.39 0.00 0.22
3 129241.75 0.01 0.12 0.16
3 129248.46 0.09 0.13 0.03
4pm,v = 8 129248.75+0.06 0.20 0.00 0.1040.16 2.68 3.240.7 3.61 4.54+1.0 78412 1612 613
32p2,v =3 129254.96 0.17 0.05 0.01
33p2,v = 3 129260.73 0.32 0.04 0.05
9po, v =4 129371.9740.07  -0.40 0.14 0.0040.19 1.01 1.4340.25 0.03 0 0 100
5po,v =T 129482.4540.04  -0.42 0.00 0.0040.15 1.84 2.340.4 3.56 2847 744 65+13
10p2,v = 4 129644.40+1.00 0.00 2.11 2.3041.00 0.71 0.940.4 0.24 0 0 100
Tpo,v =75 129682.22+0.08 -0.23 0.27 0.2840.18 1.91 2.0£0.3 0.11 0 0 100
4po,v =11 129747.36+0.05 -1.19 0.00 0.1440.15 2.23 2.84+0.5 2.68 3.7+0.6 100 0 0
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Table 4: Photoabsorption transitions of Do involving N’ = 3 upper levels (cont’d)

L \ \ \
state — (em™ 1) e (em™1) A(R2) (1085~ 1) A(Pa) (108s—1) va (%) vp (%) i (%)
c c
obs®b 0-c% calc obs calc obs calc obs obs obs obs
10p4, v = 4 129785.041.0 0.5 7.37 1.1+1.0 0.72 0.6+0.2 1.26 0 0 100
11p2, v =4 129851.041.0 -0.6 0.44 0.0£0.9 0.91 0.740.4 0.51 0 0 100
Tpm,v =5 129948.25+0.26 0.04 2.24 2.55+0.54 3.62 3.040.6 0.12 0 0 100
4 129960.99 5.65 0.24 0.68
4 130010.6+£1.0 -0.8 0.63 1.840.8 0.27 0.37+0.14 0.64 0 0 100
6 130068.30+0.06 -0.82 0.03 0.05+0.16 1.94 2.140.3 4.76 4.84+1.0 6+2 0 94+2
4 130089.3+1.0 -0.1 3.38 4.74+0.8 1.29 1.84+0.4 0.53 0 0 100
4 130139.61 3.33 0.00 0.97
4 130188.35+0.09 0.02 0.78 1.04+0.20 0.49 0.394£0.06 0.08 0 0 100
4 130237.20 5.27 0.00 0.19
4 130270.1440.04 -0.03 0.12 0.0040.15 0.73 bl 0.25
5 130300.0040.05 -0.34 0.02 0.0640.15 2.21 2.740.4 0.16 0 0 100
4 130317.9440.08 0.11 1.21 1.0840.20 3.45 3.040.4 0.03 0 0 100
9 130324.6440.04 0.25 0.00 0.04+0.15 5.52 6.241.4¢ 3.89 4.3+0.8 62410 6+2 3248
4 130350.82 2.38 0.72 0.52
4 130371.07 0.10 0.26 0.26
7 130377.98+0.05 -0.05 0.01 0.1240.16 1.92 2.140.6 1.64 2.3+0.4 66120 949 25+24
4 130403.56 1.77 0.44 0.02
4 130425.04 1.37 0.05 0.26
4 130444.8+1.0 0.2 0.16 1.7£0.6 0.22 0.3240.12 0.15 0 0 100
6pm,v =6 130462.04£0.06 -0.23 0.01 0.00£0.16 0.64 0.6240.27 1.32 1.5+0.4 30+19 0 70£19
20p2, v = 4 130467.041.0 0.1 1.16 0.0£0.9 0.29 0.25+0.17 0.09 0 0 100
4po,v = 12 130469.3640.09 -0.28 0.00 0.64+0.26 0.37 0.7640.10 1.38 2.140.3 100 0 0
4 130481.14 0.11 0.02 0.39
5 130490.741.0 -0.5 0.95 0.02 2.32 bl
4 130500.24 0.09 0.10 0.01
4 130519.07 0.83 0.13 0.08
4 130533.10 1.49 0.02 0.35
4 130542.84 0.07 0.06 0.14
4 130556.40 0.34 0.09 0.01
8 130566.82+0.04 -0.54 0.05 0.0440.15 1.33 2.16+0.31 5.50 9.9+1.3 342 0 97+13
4 130569.7£1.0 0.4 0.92 0.240.4 0.43 0.38+0.16 1.10 0 0 100
4 130683.3840.09 -0.09 0.05 0.134+0.19 0.23 0.2840.07 0.00 0 0 100
4 130685.7340.08 0.10 0.01 0.20+0.18 0.23 0.2340.12 0.00 0 0 100
4 130687.841.0 -0.3 0.02 0.4+0.8 0.17 0.2540.13 0.00 0 0 100
4 130691.0+1.0 0.3 0.05 0.1£0.7 0.11 0.1140.04 0.00 0 0 100
4 130693.12+0.06 0.04 0.08 0.11£0.18 0.17 0.13£0.05 0.01 0 0 100
4 130695.11+0.05 -0.03 0.19 0.0240.16 0.28 0.440.2 0.05 0 0 100
5 130696.25 0.09 0.15 0.11
4 130818.47 1.10 0.04 0.34
5 130821.58 0.07 0.03 0.48
4 130826.71 0.67 0.00 0.17
4 130831.95 0.94 0.00 0.10
6 130919.54+1.0 -0:7 0.82 0.6£0.6 0.30 0.4140.07 0.64 0 0 100
5 130972.84+1.0 0.2 4.39 2.840.5 1.72 1.640.2 0.03 0 0 100
5 131094.34+1.0 0.4 15.53 0.18 0.94 0.840.5 0 0 100
4po,v = 13 131128.5340.06 5.46 0.03 0.034+0.16 1.34 2.040.3 0.77 0.940.2 100 0 0
5 131172.7440.29 -0.38 1.00 1.74+0.7 2.13 2.3£0.3 0.32 0 0 100
7 131185.2240.05 -0.5 0.07 0.0740.15 3.40 4.240.6 0.13 0 0 100
6 131262.24 3.43 0.00 0.79
5 131289.5+£1.0 0.3 6.10 5.240.9 0.84 0.84+0.1 4.19 5.84£2.4 0 0 100
5 131331.941.0 -0.4 0.58 0.25 0.80 0.64+0.3 0 0 100
0 131373.13£0.05 0.86 0.04 0.0040.16 3.63 3.5£0.5 2.80 3.0£0.4 9145 5+3 4+2
5 131407:4+1.0 -0.1 5.73 0.43 0.240.3 0.08 0 0 100
5 131455.80 2.68 0.11 0.61
8 131493.5340.05 0.22 0.00 0.00£0.16 2.73 3.240.5 0.02 100416 0 0
5 181510.041.0 -0.1 1.39 0.13 0.1240.03 0.07 0 0 100
6 131536.83+0.07 -0.59 0.42 0.3140.23 1.76 1.6+0.2 0.08 0 0 100
5 131573.8+£1.0 0.5 3.42 3.74+0.6 2.00 1.5+0.2 0.02 0 0 100
5 131594.58 0.14 0.04 0.12
9 131601.87+0.09 -0.01 0.17 0.29 2.64+1.2¢ 5.05 bl
5 131637.2+1.0 0.1 2.86 4.0£1.0 0.93 1.1+0.4 0.03 0 0 100
7 131664.78+0.17 -0.02 0.48 0.440.6 0.54 0.340.9¢ 0.80
5 131668.13 2.25 0.00 1.85
5 131693.04+1.0 -0.6 0.37 0.24 0.340.4 0.09 0 0 100
5 131721.53 2.46 0.33 0.06
dpo,v = 14 131734.05+0.20 -0.70 0.05 1.20 0.96+0.13 1.40 100 0 0
6 131740.23 0.01 0.00 0.58
5 131748.95 1.22 0.01 2.04
5 131768.28 0.61 0.17 0.01
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Table 4: Photoabsorption transitions of Do involving N’ = 3 upper levels (cont’d)

state — (em™ 1) — (em™ 1) A(R2) (108s—1) A(Pa) (1085~ 1) va (%) vp (%) ~; (%)
c c
obs®b 0-c% calc obs calc obs calc obs obs obs obs
20p2,v =5 131791.57 2.69 0.13 0.32
16p4, v = 5 131805.84 0.88 0.01 0.37
21p2, v 5 131823.20 0.37 0.14 0.01
22p2, v 5 131840.72 1.64 0.10 0.11
17p4,v =5 131852.78 1.05 0.00 0.25
23p2,v =5 131865.58 0.08 0.09 0.04
24p2,v =5 131879.21 0.88 0.08 0.01
18p4,v =5 131889.68 1.93 0.00 0.14
25p2,v =5 131898.99 0.10 0.06 0.09
26p2,v = 5 131909.47 0.20 0.07 0.01
27p2,v =5 131925.04 0.30 0.09 0.05
28p2,v = 5 131933.041.0 -0.1 0.02 0.0£0.7 0.16 0.19+40.08 0.02 0 0 100
5 131941.19 0.05 0.10 0.07
6 131941.54+1.0 -0.3 0.13 0.440.5 0.37 0.6440.11 0.00 0 0 100
5 131949.8+1.0 0.1 0.27 0.240.5 0.19 0.26+0.07 0.00 0 0 100
5 131957.1+£1.0 0.4 0.53 0.240.9 0.19 0.22+0.17 0.02 0 0 100
5 131962.06 0.79 0.12 0.11
5 132097.81 4.08 0.00 0.02
6 132114.95 3.36 0.02 0.09
7 132119.56 0.43 0.03 0.55
B 8 132316.7+1.0 -0.8 1.00 0.740.5 1.62 1.6+0.3 0.05 0 0 100
dpm,v =11 132350.0840.08 0.35 0.27 0.1740.18 2.52 1.940.4 1.96 1.440.5 16+4 0 84+4
6 132355.35 15.00 1.73 0.63
6 132434.25+0.07 -0.21 0.71 0.740.5 0.93 1.840.3 0.68 0 0 100
7 132446.21 0.57 0.20 0.61
10 132497.97+0.07 -0.04 0.07 0.1040.17 2.42 3.2+0.4 2.68 0 0 100+8
6 132532.29 12.38 0.82 1.73
6 132594.2+1.0 -0.2 0.34 0.040.5 0.34 0.394£0.15 0.51 0 0 100
9 132648.21+0.17 -1.82 0.08 0.0940.33 0.82 0.940.3 3.01 5.5+£1.5 342 0 9742
6 132662.92 5.84 0.12 0.00
6 132709.78+0.14 0.16 0.77 0.6640.27 0.70 0.62+0.15 0.07 0 0 100
7 132750.91£0.08 -0.26 0.65 0.5240.20 1.17 1.0+0.2 0.54 0 0 100
6 132775.7540.59 -0.04 2.67 3.3+1.2 1.23 1.040.2 0.01 0 0 100
8 132810.17+0.14 -0.58 0.47 0.37+0.26 0.51 0.66+0.13 1.07 0 0 100
6 132827.75 15.00 0.31 1.18
6 132856.73 0.11 0.14 0.22
6 132896.80 5.03 0.50 0.00
7 132940.05 0.74 0.10 1.81
6 132958.36 0.92 0.15 0.02
8 133110.53 0.31 0.18 0.00
6 133129.60 0.43 0.10 0.01
6 133162.81 0.06 0.10 0.04
) 6 133171.4+1.0 0.5 0.17 0.19 0.38+0.18 0.00
9po, v =7 133175.0840.16 -0.16 0.33 0.4440.32 0.44 0.62+0.15 0.00 0 0 100
133184.82 1.23 0.33 0.02
12 133264.4240.07 8.02 0.00 0.0040.17 1.30 1.240.2 0.57 7347 0 2747
10p2,v =7 133430.67 0.23 0.04 0.12
58p4,v = 6 133464.8940.09 -0.08 0.67 0.48 0.07
6 133465.641+0.06 -0.29 0.25 1.08 0.19
6po,v =9 133466.41+40.08 -0.32 0.00 0.2640.26 1.34 6.3£0.7 0.27 0 0 100
60p4,v = 9 133467.56 0.15 0.71 0.17
61p4,v = 6 133468.45 0.38 0.31 0.08
62p4,v = 6 133469.36 0.36 0.15 0.05
10pd, v =7 133542:94 23 0.45 0.34
Tpw, v =8 133600.741.0 -0.5 1.94 2.3+1.3 0.00 3.26 5.242.6
11p2, v = 7 133644.14+1.0 0.7 2.63 2.140.6 0.54 0.8340.15 0.04
5pm, v =10 133667.4340.06 -8.49 0.06 0.0140.16 0.84 0.8540.23 1.76 62411 0 38411
11pd, v =7 133722.95 12 0.06 0.51
12p2, v 7 133798.9+£1.0 0.3 0.24 0.0£0.5 0.41 0.38+0.09 0.25 0 0 100
8p2, v 8 133841.60 2.49 0.36 0.00
6pm, v 9 133884.5+1.1 1.0 4.39 4.74+3.4 1.88 1.840.4 0.11 0 0 100
13p2, v T 133907.27 0.33 0.01 0.66
12p4,v =7 133932.37 5.36 0.07 1.13
14p2,v =7 133979.2+£1.0 -0.2 4.99 3.04k1.2 0.55 0.7£0.3 0.00 0 0 100
18p4, v =7 134022.98 21.76 0.20 0.26
16p2, v =7 134060.54+0.12 -0.46 0.29 0.0240.23 0.33 0.2340.18 0.33 0 0 100
8pd, v =8 134068.17 0.06 0.22 0.38
16p2, v = 7 134097.54 2.69 0.05 0.01
5po,v =11 134109.8+1.0 1.9 0.09 0.84+0.7 0.35 0.50£0.11 0.59 2816 0 7246
4pm,v = 13 134134.68+0.06 -6.95 0.01 0.00£0.16 0.94 1.134+0.17 1.12 7316 0 27+6
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Table 4: Photoabsorption transitions of Dy involving N’ = 3 upper levels (cont’d)

5 \ " \ \ \
state - (em™1) — (em™ 1) A(R2) (1085~ 1) A(P4) (1085~ 1) ~va (%) g (%) vi (%)
e c
obs®:b 0-c® calc obs calc obs calc obs obs obs obs

17p2,v =7 134162.53 2.25 0.16 0.00
5po,v = 12 134201.2+1.0 -0.9 0.02 0.0£0.8 0.28 0.25+0.09 0.25 T7+6 0 93+6
18p2,v =7 134211.71 0.15 0.04 0.18
19p2,v =7 134235.24 2.12 0.13 0.03
16pd, v =T 134252.04 1.50 0.00 0.22
20p2, v =7 134272.94+1.0 -0.2 0.06 0.0+0.5 0.10 0.10+0.02 0.07 0 0 100
21p2,v =7 134284.60 0.74 0.01 0.02
9po, v =8 134297.241.0 1.0 0.50 0.5+0.9 0.21 0.2040.07 0.02 0 0 100
22p2,v =7 134312.04 2.12 0.14 0.03
17pd, v =7 134320.99 0.08 0.02 0.06
23p2,v =7 134335.39 1.52 0.13 0.00
24p2,v =7 134347.97 4.36 0.08 0.04
18p4,v =7 134357.83 0.62 0.00 0.06
25p2,v =T 134368.62 0.42 0.09 0.01
26p2,v =7 134378.60 1.93 0.11 0.01
19pd, v =T 134387.03 1.17 0.02 0.04
27p2,v =7 134394.94+1.0 -0.6 0.05 0.02 0.0540.04 0.03 0 0 100
28p2,v =7 134404.24+1.0 0.9 0.66 0.19 0.14+0.08 0.00 0 0 100
opm,v =8 134408.441.0 -0.6 0.76 0.31 0.21+0.08 0.01 0 0 100
29p2,v =7 134414.7+1.0 -0.4 0.03 0.15 0.1240.04 0.00 0 0 100
30p2,v =7 134419.0+£1.0 -1.1 0.76 0.29 0.22+0.06 0.04 0 0 100
31p2, v 7 134423.4+1.0 -0.6 0.11 0.06 0.05+0.03 0.03 0 0 100
24p4,v =7 134501.11 0.10 0.10 0.04
51p2,v =7 134502.61 0.02 0.10 0.03
52p2,v =7 134504.09 0.00 0.10 0.03
53p2,v =T 134505.55+0.10 0.03 0.01 0.2440.24 0.10 0.04
54p2, v =7 134506.71+0.05 -0.17 002 0.0440.15 0.12 0.05
55p2, v =7 134508.15 0.09 0.27 0.21
6po, v = 10 134508.06+0.08 -0.65 0.86 0.79+0.21 0.80 1.240.2 1.11 1.740.7 0 0 100
5pm, v = 11 134645.76+£0.09 0.17 0.03 0.00£0.19 0.86 0.99+0.16 1.34 5749 19410 24+5
11p2,v =8 134788.94+1.0 -0.5 3.59 2.9+1.3 0.36 0.35+0.08 0.05 0 0 100
6pm, v = 10 134916.34+0.15 -0.65 1.78 1.73+£0.29 2.16 2.240.3 0.11 15+3 0 8513
12p2,v = 8 134946.93 0.26 0.28 0.09
4pm,v = 14 134948.3+1.0 0.2 0.11 1.141.1 0.44 0.05+0.02 0.56 100 0 0
8po, v 9 134955.42 0.33 0.02 0.76
13p2,v =8 135026.94 23.00 0.64 0.30
4pm,v = 15 135695.8+1.0 -1.0 9.441.1 0.39 0.22+0.04 0.54 100 0 0
apr, v =16 136381.8+1.0 0.9 8.4+1.9 0.58 0.26+0.07 0.60 100 0 0
dpm,v = 17 137007.741.0 1.0 5.6+0.8 0.35 0.14+0.02 0.31 100 0 0

E/hc, upper state level energy. I'/hc, calculated ionization width and observed total width (FWHM). A(R2), A(P4) emission probability to the ground
state for R(2) and P(4) transitions, respectively. ~g,7f,7;» auantum yields for dissociation, fluorescence and ionization, respectively. The transition

energies for the R(3) and P(5) transitions are obtained by subtracting the ground-state rotational energies 179.07 em™—1 (N"' = 2) and 593.72 cm—1

(N’ = 4), respectively, from the upper state energy.

@ When no observed-calculated value is given, the energy corresponds to the calculated value.
b Transition energies with uncertainties =1 cm™1
€ Value based on the FT spectrum.

are based on the NIM spectra.

d Complex resonance. The A value given corresponds to the sum over all components.
bl, blended line.
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Table 5: Photoabsorption transitions of Do involving N’ = 4 upper levels

state £ (em—1) r (em™1) A(R3) (1085~ 1) A(P5) (1085~ 1)
hc hc
obs®:b 0-c® calc obs calc obs calc obs
4po,v = 0 117465.87¢ 0.80 2.09 4.0+4.0¢ 1.62
dpm,v =0 118461.9040.11 0.15 0.140.2 2.84 4.944.7°¢ 2.72
dpo,v =1 118950.81€ 0.79 5.92 4.6+1.8¢ 5.38
dpm,v =1 120030.86+0.05 0.29 0.040.2 8.70 9+4¢ 5.61
5po,v =0 120285.52 0.83 0.17
dpo,v =2 120371.1140.06 -0.77 0.0+0.2 7.94 5.1+2.4¢ 10.16
S5pm,v =0 120811.75 0.68 1.83
dpm,v =2 121528.3140.05 0.09 0.0+0.2 15.84 1847¢ 5.12
4po,v =3 121713.9940.13 -0.52 0.4+0.3 2.05 2.841.5¢ 9.51
6po,v =0 121744.32 0.56 3.25
5po, v =1 121847.1040.06 -0.88 0.140.2 8.63 12.145.5¢ 4.48
6pm, v =0 122112.35 0.04 1.92
S5pm,v =1 122377.89+0.08 0.17 0.040.2 2.26 1.9+1.4¢ 4.79
Tpo,v =0 122636.44 0.89 0.10
75,0 =0 122902.67 0.06 0.96
dpo,v =4 122919.5640.04 -0.48 0.1+0.2 22.67 1344°¢ 0.02
apr,v =3 123046.1940.09 -0.08 0.1£0.2 0.60 1.741.5¢ 19.65
8po, v =0 123188.4140.13 -0.15 0.2+0.3 0.69 2.0+1.6¢ 0.00
5po, v =2 123231.8740.08 -0.07 0.0£0.2 1.01 1.941.6°¢ 2.17
6po, v =1 123363.7540.04 -0.75 0.0+0.2 10.06 1145¢ 2.79
8pm,v =0 123429.4940.12 0.01 0.0+0.3 1.06 2.3+1.7¢ 1.46
9po, v =0 123567.75 0.30 0.07
6pm,v =1 123674.90 0.26 4.47
9pm, v =0 123772.64 0.14 0.49
10p3,v = 0 123845.741.0 0.2 0.040.8 0.13 0.1540.08 0.41
S5pm,v =2 123879.7140.13 0.03 0.340.3 3.66 4.740.6 6.59
11p3,v = 0 123999.34+1.0 0.6 0.0+0.4 0.25 0.26+0.20 0.02
10p5, v = 0 124070.99 0.03 0.27
dpo,v =5 124152.9240.07 -0.69 0.3+0.3 14.12 19.1£2.6 3.39
12p3, v = 0 124156.14 0.08 0.02
Tpo,v =1 124195.54+1.0 0.1 0.0+0.5 1.93 1.540.4 0.06
13p3,v = 0 124248.51 0.57 0.21
11p5,v =0 124283.18 0.08 0.10
14p3,v = 0 124356.22 0.26 0.00
dpm,v =4 124396.61+0.12 -0.31 0.040.2 6.91 8.041.0 15.82 22.0+4.0
12p5,v = 0 124405.67 0.03 0.09
15p3,v = 0 124436.50 0.09 0.1040.06 0.08
Tpm, v =1 124459.37 0.14 2.29
16p3,v = 0 124488.90 0.07 0.06
13p5,v = 0 124522.15 0.59 1.26
17p3,v = 0 124544.06 0.05 0.00
18p3,v = 0 124580.34 0.08 0.00
19p3, v = 0 124608.81 0.01 0.12
14p5,v = 0 124622.66 0.03 0.07
5po,v =3 124636.6540.02 0.51 0.040.2 2.63 4.3+0.7 2.73 8.0£2.0
15p5, v = 0 124686.28 0.01 0.10
25p3,v =0 124748.81 0.13 0.18
8po,v =1 124755.02 0.22 0.11
26p3,v =0 124759.55 0.01 0.00
18p5,v = 0 124842.09 0.33 0.02
6po, v =2 124843.6340.22 -0.71 0.0+0.2 11.74 14.941.9 2.56 2.2+1.9
8pm, v =1 124986.02 0.55 1.70
24p5,v =0 124991.10 0.08 0.46
46p5,v = 0 125130.04 0.02 0.02
47p5,v =0 125132.19 0.07 0.05
48p5,v = 0 125134.01 0.54 0.28
9po, v =1 125134.94 0.91 0.37
49p5,0 =0 125136.41 0.12 0.03
50p5,v =0 125138.17 0.03 0.00
51p5,v.= 0 125139.86 0.01 0.00
0 125174.49 0.03 0.47
125174.241.0 -0.3 0.22 0.4+40.1 3.51 5.6+0.8
0 125174.64 0.08 1.34
0 125174.75 0.01 0.20
6 125286.40-+£0.06 -0.47 0.00 0.340.2 8.89 12.3+3.4 4.43 1042
3 125318.81-0.20 -0.06 0.00 0.040.2 4.47 6.541.3 6.98 8.4+2.2
1 125331.88 2.48 0.26 1.20
1 125413.141.0 0.1 0.11 0.140.5 0.55 1.440.2 0.40
1 125563.07 1.50 0.35 0.10
1 125630.84+1.0 -0.3 0.37 0.39 0.540.1 0.55
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Table 5: Photoabsorption transitions of Do involving N’ = 4 upper levels (cont’d)
\ \ \

state z (em—1) — (em™ 1) A(R3) (1085~ 1) A(P5) (1085~ 1)
hc hc
obs®b 0-c calc obs calc obs calc obs

Tpo,v =2 125691.47+0.20 -0.04 0.03 0.0£0.2 2.79 3.942.3¢ 0.37
dpr,v =5 125710.60+0.10 -1.08 0.00 0.0£0.2 8.00 6.242.5¢ 10.72 13+2
12p3, v = 1 125725.841.0 -0.3 0.67 0.540.4 1.06 1.940.2 0.00
11p5, v =1 125810.37 1.23 0.29 0.39
13p3,v = 1 125850.45 0.05 0.26 0.30
14p3,v = 1 125923.241.0 0.1 0.64 0.48 0.340.5 0.09
Tp5,v =2 125948.841.0 0.6 0.01 0.01 4.24 4.340:9
12p5, v = 1 125969.44+1.0 0.9 0.46 0.59 1.541.3 2.10
5po, v = 4 125974.0540.20 -0.47 0.13 0.040.2 2.58 5.642.1¢ 0.14
15p3, v = 1 126005.49 0.15 0.20 0.03
16p3,v = 1 126056.81 0.57 0.16 0.07
13p5, v = 1 126084.97 0.30 0.01 0.41
17p3, v = 1 126112.92 0.11 0.14 0.03
18p3, v =1 126149.15 0.36 0.15 0.02
14p5, v = 1 126172.69 0.37 0.00 0.30
19p3, v = 1 126190.17 0.02 0.11 0.09
20p3,v = 1 126216.141.0 0.3 0.16 0.11 0.22+40.11 0.00
8po, v = 2 126230.741.0 -0.3 0.03 0.57 0.7340.14. 1.45
21p3,v = 1 126238.6+1.0 -0.7 0.26 0.11 0.12+40.07 0.13
15p5, v = 1 126251.00 0.13 0.39 bl 0.01
22p3, v = 1 126265.65 0.04 0.10 0.02
6po, v =3 126281.22+0.12 -0.04 0.02 0.540.3 5.14 3.542.0 0.50
23p3,v = 1 126284.37+0.03 0.06 0.09 0.0£0.2 4.04 1.6+0.7¢ 0.21
24p3, v = 1 126299.06 0.20 0.50 bl 0.05
16p5, v = 1 126309.32 0.20 0.18 0.17
25p3,v = 1 126317.56 0.01 0.02 0.06
26p3,v = 1 126329.17 0.05 0.07 0.01
27p3,v = 1 126340.31 0.09 0.01 0.02
dpo,v =7 126340.74+0.16 -0.70 0.00 0.240.3 9.85 15.3+2.2 6.61 7.942.0
28p3, v = 1 126350.09 0.14 0.09 0.02
17p5, v = 1 126357.43 0.16 0.04 0.09
6p5,v =3 126605.841.0 0.5 0.06 0.0£0.6 2.02 1.940.4 8.24 8.542.5
32p5,v = 1 126634.93 1.44 0.03 0.01
33p5, v = 1 126640.79 1.47 0.30 0.00
9po, v =2 126643.541.0 0.1 0.01 0.72 0.940.9 0.11
34p5, v = 1 126647.80 0.57 0.08 0.05
Spm, v =4 126696.64+0.27 0.09 0.01 0.040.3 4.47 10.5+9.8¢ 5.64
opm, v =2 126825.41 4.82 0.29 1.67
10p3, v = 2 126916.641.0 0.4 0.30 0.95 1.140.8 0.55
dpm,v =6 126970.7440.13 1.83 0.00 0.140.3 8.23 8.941.6 6.84
11p3, v = 2 127057.45 2.83 0.06 0.11
Tpo,v =3 127112.5740.07 -0:21 0.12 0.340.2 3.40 3.340.9 0.00
10p5, v = 2 127142.741.0 -0.8 0.95 0.641.4 0.67 0.740.5 1.62
5po,v =5 127227.54 0.12 0.40 1.35
12p3, v = 2 127229.21 1.79 1.77 tb 0.09
11p5, v = 2 127307.08 2.20 0.23 0.54
4po,v =8 127322.08+0.09 -0.89 0.00 0.040.2 4.75 8.3+2.1 8.45 13.0£2.0
13p3, v = 2 127353.441.0 0.3 0.19 0.70 1.6+1.7 0.36
Tpm,v =3 127381.041.0 0.2 0.02 1.59 1.440.4 1.62
14p3, v = 2 12742836 1.71 0.22 0.25
12p5, v = 2 127467.01 0.73 0.04 0.81
15p3, v = 2 127509.77 0.45 0.33 0.03
16p3, v = 2 127558.82 1.42 0.12 0.16
13p5, v = 2 127584117 0.36 0.08 0.52
6po, v =4 127608.2840.07 -0.84 0.00 0.0£0.2 5.24 5.441.1 4.01
17p3, v = 2 127617.42 0.35 0.30 0.01
18p3, v =2 127651.66 1.13 0.00 0.04
14p5, v = 2 127671.10 0.29 0.54 0.18
19p3,0 = 2 127694.46 0.14 0.16 0.06
8po, v = 3 127704.38+0.08 -0.22 0.02 0.040.2 6.04 6.241.1 0.29
20p3, v = 2 127721.54 0.49 1.08 bl 0.02
21p3, v = 2 127741.57 0.87 0.57 bl 0.25
15p5, v = 2 127752.92 0.06 0.00 0.21
22p3, v = 2 127770.54 0.19 0.19 0.01
23p3, v = 2 127788.07 0.41 0.11 0.04
24p3, v = 2 127801.42 0.62 0.12 0.09
16p5, v = 2 127810.34 0.05 0.02 0.17
17p5, v = 2 127859.54 0.03 0.03 0.11
8p5, v =3 127909.44 0.03 0.20 1.29
6pm, v =4 127979.741.0 0.4 0.00 1.53 5.240.7 5.45 18+7
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Table 5: Photoabsorption transitions of Do involving N’ = 4 upper levels (cont’d)
\ \ \
state — (em™ 1) — (em™ 1) A(R3) (1085~ 1) A(P5) (10851
hc c
obs®b 0-c® calc obs calc obs calc obs

5pm,v =5 128015.7040.05 0.69 0.00 0.0£0.2 3.39 3.740.5 2.10
9po, v =3 128080.741.0 0.7 0.22 1.27 0.9+0.4 0.00
dpm v =17 128140.1740.07 1.31 0.00 0.14£0.2 8.68 11.0+1.7 0.67
4po,v = 9 128242.7+1.0 -0.3 0.00 0.02 7.23 9.0£2.0
9pm, v 3 128254.48 7.37 0.14 1.51
10p3, v 3 128356.7+1.0 -0.2 0.62 1.13 1.1+0.4 0.56
5po,v =6 128439.70+0.07 -0.23 0.01 0.240.3 3.58 5.340.8 5.22 3.84£2.4
Tpo,v = 4 128462.83 0.88 0.32 0.11
11p3,v = 3 128516.1£1.0 -0.4 4.53 2.89 2.241.2 0.46
10p5,v = 3 128573.10 0.98 0.02 1.40
12p3, v 3 128668.50 2.83 0.31 0.44
11p5,v =3 128736.34£1.0 0.1 1.56 2.241.5 1.08 1.640.7 0.00
Tpm,v =4 128750.37 1.61 0.99 tb 2.61
13p3,v = 3 128795.08 0.53 0.44 0.13
14p3,v = 3 128865.59 3.01 0.13 0.13
12p5,v = 3 128903.00 0.60 0.41 0.32
6po,v =5 128914.4+1.0 -0.6 0.18 0.040.5 4.11 4.340.8 4.77 6.8+£2.0
15p3,v = 3 128950.97 0.97 0.51 0.00
16p3, v 3 128995.35 2.03 0.01 0.33
13p5,v = 3 129022.4+£1.0 0.5 0.11 0.35 0.3£0.3 0.38
4po,v = 10 129028.3+1.0 -0.3 0.00 4.12 7.140.9 1.70 3.1£0.9
17p3,v =3 129057.84 0.65 0.00 0.03
8po, v =4 129072.8040.08 0.71 0.01 0.04£0.2 4.28 2.0+1.4 0.01
18p3,v = 3 129096.45 1.57 2.05 tb 0.17
14p5,v = 3 129112.27 0.41 0.11 0.46
19p3,v =3 129136.13 0.44 0.35 0.03
20p3,v = 3 129161.69 1.17 0.40 0.03
15p5,v = 3 129178.17 0.80 0.04 0.26
21p3,v = 3 129193.43 0.07 0.14 0.11
22p3,v = 3 129212.27 0.41 0.23 0.01
16p5,v = 3 129228.27 0.86 0.14 0.01
23p3, v 3 129239.33 0.28 0.02 0.08
24p3, v = 3 129251.19 0.05 0.16 0.16
5pm, v =6 129258.9140.10 0.1 0.00 0.7+0.3 6.07 8.1+1.5 8.08
25p3, v = 3 129263.51 0.25 0.07 0.15
8pm,v =4 129271.51 0.07 0.00 0.77
28p3,v = 3 129300.99 0.05 0.08 0.21
6pm,v =5 129304.1+1.0 -0.5 0.02 0.01 3.03 2.5+1.4
4pm,v = 8 129336.041+0.05 0.59 0.00 0.0040.20 2.65 2.84+0.6 4.18 4.6+1.4
9po,v = 4 129457.44+1.0 0.30 2.24 1.24 0.940.3 0.05
Spo,v =T 129571.8+1.0 0.2 0.02 1.38 2.4+1.1 3.08
10p3,v = 4 129736.3+1.0 0.3 1.08 1.16 1.24+0.5 0.47
Tpo,v =5 129772.7+1.0 0.1 0.10 1.54 1.44+0.4 0.23
4po, v = 11 129809.841.0 0.0 0.00 2.42 3.540.6 2.72
11p3,v =4 129881.78 8.39 1.47 tb 0.55
10p5,v =4 129948.15 0.54 0.24 1.03
Tpm,v =5 130035.541.0 0.3 1.60 1.6£0.6 4.23 3.140.8 0.27
6po,v =6 130166.6+1.0 -0.7 0.10 0.0£0.4 1.44 1.94+0.3 5.15 8.0+£4.0
13p3,v =4 130175.65 1.31 1.82 bl 0.38
14p3,v = 4 130240.83 4.59 0.26 0.59
12p5,v = 4 130279.28 0.40 0.28 0.61
15p3,v = 4 130329.41 1.70 0.21 0.00
16p3,v = 4 130362.4+1.0 -0.1 1.09 0.040.8 1.03 0.54+£0.15 0.22
8po, v =5 130392.94 1.18 5.74 bl 0.05
dpm, v =9 130400.07+£0.12 0.52 0.02 0.140.3 4.78 5.7+1.0 2.75 25406
13p5,v = 4 130403.42 0.29 0.02 0.91
17p3,v = 4 130439.11 1.61 0.83 0.00
S5pr,v =7 130454.65+0.04 0.05 0.00 0.1040.20 2.01 3.1+0.5 1.75
14p5,v = 4 130469.54 2.25 0.26 0.33
18p3,v = 4 130489.15 0.05 0.07 0.23
19p3, v = 4 130515.82 1.01 0.32 0.01
4po, v = 12 130536.9+1.0 0.2 0.00 0.0£0.5 0.71 1.0+0.2 1.14 2.140.7
20p3,v = 4 130538.45 1.56 0.11 0.03
6pmw, v =6 130552.8+1.0. 0.3 0.03 0.41 bl 1.73 2.9+£1.5
15p5, v = 4 130555.13 0.20 0.02 0.05
21p3, v = 4 130572.88 0.28 0.20 0.28
8pm,v =5 130584.31 0.11 0.06 1.47
22p3,v =4 130596.21 0.52 0.06 0.68
23p3,v =4 130609.37 1.66 0.03 0.98
16p5,v = 4 130618.01 0.07 0.05 0.23
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Table 5: Photoabsorption transitions of D2 involving N’ = 4 upper levels (cont’d)

\ \ \ \
state £ (em—1) r (em—1) A(R3) (106s—1) A(P5) (106 1)
hc hc
obs®:b o-c® calc obs calc obs calc obs

24p3,v =4 130631.76 0.30 0.10 0.00
25p3,v =4 130645.09 0.77 0.06 0.00
4 130654.4+1.0 -0.4 0.33 0.62 bl 2.84
8 130656.4+1.0 -0.1 0.85 0.81 1.140.3 4.36
4 130663.47 0.24 0.01 0.33
5 130766.27 0.02 0.09 0.03
4 130768.53 0.01 0.09 0.01
4 130770.73 0.01 0.08 0.01
4 130772.82 0.02 0.07 0.00
4 130774.80 0.03 0.08 0.00
6 131017.541.0 0.0 0.14 0.20 1.3+0.3 0.15
4 131018.16 0.02 0.12 0.12
4 131018.92 0.05 0.05 0.08
5 131054.97 2.50 1.24 bl 0.33
4po,v = 13 131136.5+1.0 -0.2 0.00 1.15 1.540.2 0.59
5 131189.79 1.11 0.47 0.39
1 7 131257.41+0.14 -0.32 0.18 0.440.4 4.85 4.740.7 0.09
10p5,v =5 131266.6+1.0 -0.3 0.60 0.32 0.340.2 0.64
12p3,v =5 131355.12 1.66 0.10 0.70

6 131384.9+£1.0 0.7 2.47 1.04 0.9+0.8 3.15 7.04+6.0
5 131429.58 4.86 0.00 1.88

10 131451.18+0.06 -0.12 0.49 0.3+0.2 3.55 4.3+0.6 2.87 3.9+2.7
5 131493.20 2.00 0.56 0.03
5 131551.23 9.81 0.00 0.45
8 131561.21+0.07 0.68 0.00 0.040.2 3.40 3.5+1.3 0.03
5 131595.44+1.0 -0.4 0.13 0.66 1.1+0.3 0.37
6 131629.58 0.09 1.50 bl 0.00
5 131653.07 2.53 2.14+2.0 1.75 tb 0.06
5 131689.32 1.92 0.12 0.95

9 131697.0£1.0 -0.3 1.77 0.68 bl 3.62 3.44+3.4
5 131719.76 0.15 0.18 0.23
7 131751.64 0.10 0.56 bl 1.96
5 131757.26 2.56 0.27 0.24
5 131783.45 1.89 0.06 0.16
18p3,v =5 131807.92 0.14 0.16 0.16
19p3,v =5 131827.57 0.69 0.04 1.38
8pmw,v =6 131841.96 0.53 0.11 0.94
20p3,v =5 131860.41 2.38 0.06 1.40
15p5,v =5 131873.37 0.06 0.08 0.20
Tpo,v =17 132213.22 2.05 0.10 0.38
9pm,v = 6 132219.18 2.14 0.05 0.25
4po,v = 15 132377.0£1.0 -0.9 0.00 2.54 2.0£0.4 0.09
6po, v 8 132392.8+1.0 -0.6 0.17 0.0+0.5 1.75 2.1+0.5 0.16
dprm,v = 11 132422.2840.06 0.46 0.11 0.040.2 3.08 1.540.2 1.72
11p3,v = 6 132441.79 16.20 1.27 tb 0.36
5po,v = 10 132522.941.0 -1.1 0.19 1.50 1.5+0.5 0.14
Tpr,v =7 132574.7+1.0 -1.5 0.10 1.69 2.1+0.4 3.26
10p5,v = 6 132621.48 10.00 0.92 tb 0.69
11p5,v =6 132682.39 2.60 0.07 0.96
S5pm,v =9 132736.5+1.0 -0.2 0.01 0.81 1.240.5 2.93
8po,v =7 132839.7+1.0 0.4 3.69 3.7+1.0 2.46 2.1£0.5 0.12
Tpo,v =8 133200.21 0.06 0.16 0.01
4dpm,v = 12 133310.8+1.0 -30.3 0.02 1.40 2.240.5 0.70
6po, v =9 133531.9+1.0 -1.3 0.20 3.41 6.84+1.4 0.63

E/hc, upper state level energy. '/ he, calculated ionization width and observed total width (FWHM). A(R3), A(P5), emission probability to the ground
state for R(3) and P(5) transitions, respectively. The transition energies for the R(3) and P(5) transitions are obtained by subtracting the ground-state
rotational energies 357.30 cm L (N// = 3) and 881.21 cm— ! (N’// = 5), respectively, from the upper state energy.

% When no observed-calculated value is given, the energy corresponds to the calculated value.

b Transition energies with uncertainties =1 cm™! are based on the NIM spectra.

€ Value based on the FT spectrum.

4 Gomplex resonance. The A value given corresponds to the sum over all components.

€ from Ref. [32].

th, too broad to be detected. bl, blended line. tl, too low intensity to be measured.

67



Table 6: Photoabsorption transitions of Dy involving N’ = 5 upper levels

\ \
E r
state — (em™ 1) — (em™ 1) A(R4) (100s—1)
hc hc
obs@:b 0-c® calc obs calc obs

4po,v =0 117599.640.2 -0.6 0.04+0.2 2.2 4.1+1.9¢
4pm, v = 0 118611.240.3 0.4 0.0+0.2 2.9 2.04+1.7¢
4po,v =1 119081.3+0.3 -1.0 1.040.6 8.2 174+17¢
4pm,v =1 120170.6+0.3 0.3 0.340.2 8.8 8+5¢
5po, v = 0 120416.3 0.8
4po,v = 2 120499.740.3 -1.0 0.040.2 8.2 10+5°¢
5pm,v = 0 120966.4 0.6
dpm,v =2 121655.440.3 0.1 0.440.2 16.5 21412¢
4po,v =3 121844.7 1.5
6po, v =0 121873.6 0.4
S5po,v =1 121971.640.4 -1.0 0.5+0.4 9.0 1249°¢
6pm, v =0 122272.2 0.0
Spm,v =1 122524.5 1.9
Tpo,v = 0 122760.5 0.6
4po, v 4 123027.6+0.3 -0.4 0.340.2 20.1 24411¢
Tpm,v =0 123063.7 0.0
4pm,v =3 123184.0 0.8
8po,v =0 123313.2 0.0
5po,v =2 123359.1 1.2
6po, v =1 123486.340.3 0.2 0.040.2 10.9 74+4¢
8pm,v =0 123584.7 0.8
9po, v = 0 123696.5 0.4
6pm,v =1 123826.8 0.1
10p4,v = 0 123911.4 0.3
9pm, v =0 123992.8 0.1
5pm,v =2 124019.440.4 0.6 0.040.2 3.3 2.7+2.7¢
11lpd,v =0 124123.34+1.0 0.1 0.24+0.5 0.2 0.440.1
10p6, v = 0 124227.6 0.0
4po,v =5 124256.140.4 -0.3 0.240.2 14.4 1942
Tpo,v =1 124282.241.0 .3 0.140.3 2.6 2.840.4
12pd, v = 0 124318.0 0.0
13pd,v =0 124379.441.0 -0.5 0.4 0.240.1
11p6,v = 0 124434.3 0.0
14pd, v = 0 124479.1 0.0
dpm, v = 4 124528.740.4 0.2 0.0+0.3 6.2 7.2£1.0
Tpm,v =1 124613.4 0.0
5po,v = 3 124759.841.0 -0.5 0.140.2 3.1 4.6+1.1
8po,v =1 124874.94+1.0 -0.3 0.4 0.4+0.1
6po,v =2 124959.84+1.0 -0.9 0.040.2 6.0 16.3+£2.0
38p4,v =0 124961.740.3 0.5 0:.040.2 6.3 8.046.0¢
8pm,v =1 125135.241.0 -1.3 1.25 1.840.6 0.8 1.140.2
34p6,v = 0 125258.8 0.56 0.3
9po, v = 1 125260.24+1.0 0.0 0.69 0.540.2 0.8 1.140.14
6pm,v =2 125318.5 0.00 0.3 bl
4po,v =6 125386.140.3 -1.0 0.00 0.040.2 10.5 12.241.6
S5pm,v =3 125450.5+1.0 -0:5 0.00 0.0+0.6 4.9 6.2+1.4
10pd, v = 1 125469.441.0 0.5 2.55 1.34+1.6 0.6 0.6+0.4
9pm,v =1 125551.1 0.22 0.1
11pd, v =1 125685.741.0 0.0 1.18 1.740.8 0.5 0.3+0.2
10p6, v = 1 125775.4 0.75 0.5
Tpo,v =2 125817.240.3 0.0 0.38 0.540.4 3.4 3.2+0.6
4pm,v =5 125834.74+0.3 -0.7 0.00 0.040.2 7.3 9.142.1
12pd, v =1 125846.2+1.0 0.0 0.24 0.4 0.4+0.1
13pd, v = 1 125942:0 1.10 0.6 bl
11p6, v = 1 125990.8 0.86 0.0
14pd, v = 1 126043.2 0.27 0.4
S5po, v =4 126080.8 0.00 0.8
15p4, v = 1 126099.5 0.20 2.4
Tpm, v = 2 126111.741.0 0.4 0.55 0.2+1.0 0.1 0.2+0.2
12p6,v = 1 126139.2 0.30 0.1
16p4, v = 1 126175.2+1.0 -0.3 0.17 0.2 0.240.1
17pd, v = 1 126219.2 0.47 0.1
13p6, v = 1 126247.4 0.47 0.0
18p4, v = 1 126268.1 0.56 0.1
19p4, v = 1 126298.2 0.20 0.1
20pd, v =1 126324.6 0.39 0.0
14p6,v = 1 126340.4 0.17 0.0
21pd, v =1 126355.4 0.04 0.3
8po, v = 2 126356.041.0 -1.3 0.01 0.8 0.940.4
22p4, v =1 126376.2 0.11 0.0
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Table 6: Photoabsorption transitions of Do involving N’ = 5 upper levels (cont’d)

\ \ \
state — (em™ 1) L (em—1) A(R4) (108s—1)
hc hc
obs®b 0-c calc obs calc obs
6po, v =3 126390.741.0 -0.3 0.04 0.040.3 5.8 8.3+1.2
23p4, v = 1 126395.441.0 -0.3 0.13 0.941.1 3.1 4.0+1.4
24pd, v =1 126410.041.0 0.3 0.28 0.040.6 0.6 0.640.1
15p6, v = 1 126418.4 0.11 0.1
25p4, v = 1 126428.9 0.02 0.0
7 126438.541.0 0.1 0.00 0.240.4 10.8 16.3+2.5
=2 126621.8 3.90 0.8
=1 126633.5 2.15 0.1
=3 126743.4+1.0 -0.1 0.01 0.340.6 1.5 1.640.3
=2 126763.0 0.12 0.7 bl
=4 126821.141.0 0.0 0.00 0.0£1.1 4.3 5.042.6
=2 126959.5 5.10 0.7
=2 127045.8 0.24 0.6
=6 127082.940.4 -0.4 0.00 0.040.2 8.1 9.541.7
=2 127180.3 2.40 0.3
=3 127228.640.4 -0.3 0.04 0.040.2 3.6 3.842.1
=2 127283.341.0 -1.0 2.29 0.8 0.540.3
=5 127341.7 0.01 0.7 bl
2 127345.6 0.66 1.0 bl
4po,v =8 127418.64+0.4 -1.2 0.00 0.140.2 5.0 7.740.9
13p4, v = 2 127437.8 2.53 1.0
11p6, v = 2 127483.8 0.48 0.0
Tpm,v =3 127515.841.0 -0.1 0.06 1.5 1.240.5
14pd, v = 2 127544.3 0.80 0.2
15pd, v = 2 127603.6 1.75 0.1
12p6, v = 2 127633.2 0.25 0.2
16p4, v = 2 127675.4 0.56 0.3
17pd, v = 2 127717.1 1.30 0.0
6po, v =4 127727.941.0 -1.0 0.04 0.040.8 6.4 5.841.7
13p6, v = 2 127741.0 0.51 0.2
18p4, v = 2 127767.7 0.18 0.3
19p4, v = 2 127797.3 0.51 0.1
8po, v =3 127810.641.0 0.1 0.02 4.6 3.243.0
20p4, v = 2 127826.541.0 -0.2 0.76 0.140.6 2.3 1.740.7
14p6, v = 2 127838.6 0.06 0.2
21pd, v =2 127856.8 0.16 0.2
22pd, v = 2 127877.0 0.40 0.3
18p6, v = 2 128041.5 0.01 0.2
8pm, v = 3 128043.8 0:01 0.2
6pm, v =4 128110.2 0.64 2.7 bl
S5pm,v =5 128131.641.0 0.4 0.01 0.040.5 3.1 4.6+1.0
9po, v =3 128196.7 0.06 1.3 bl
dpm,v =17 128226.741.0 -0.7 0.00 0.340.3 8.7 10.941.2
dpo,v =9 128350.141.0 -1.0 0.00 0.1 0.14+0.1
9pm,v =3 128478.7+1.0 -0.3 0.20 0.0£0.5 0.8 0.9+0.2
5po,v =6 128552.940.4 0.6 0.00 0.040.2 3.4 4.94+1.1
Tpo,v =4 128583.8 0.44 0.7 bl
11p4, v = 3 128628.041.0 1.0 4.21 4.440.7 3.0 3.940.7
10p6, v = 3 128709.0 3.17 0.2
12p4, v = 3 128781.6 1.53 1.1
Tpm,v =4 128858.941.0 -0.1 1.47 1.240.5 2.1 2.440.6
13p4, v = 3 128879.5 4.07 0.2
3 128917.0 0.42 0.3
14p4, v = 3 128980:0 1.59 0.3
6po, v =75 129028.3+1.0 -1.0 0.76 0.640.2 2.3 2.7+1.0
15p4, v = 3 120037.4+1.0 1.6 2.24 1.640.7 2.6 3.340.8
12p6, v = 3 129066.9 0.09 0.3
4po,v= 10 129106.441.0 -0.4 0.00 0.140.2 5.2 7.040.8
16p4, v = 3 129112.1 1.18 0.3
17p4, v = 3 129171.941.0 0.2 0.04 0.040.6 1.6 2.240.7
8po, v =4 129188.541.0 -0.4 0.32 0.440.4 3.6 4.940.9
18p4, v = 3 129205.1 0.58 0.6
5pm,v =6 129369.840.4 0.2 0.01 0.040.2 6.6 7.141.3
8pm, v = 4 129402.5 0.19 0.2
6pm,v =5 129427.7 0.15 0.1
dpr, v =8 129444.641.0 1.9 0.02 0.040.3 1.5 1.74£0.4
9po, v =4 129569.0 2.47 1.2 bl
5po, v = 129681.941.0 -0.6 0.00 0.0+0.4 1.4 1.940.4
opm, v = 129743.5 0.03 0.1
10p4, v = 129850.941.0 0.6 0.35 0.640.6 1.5 1.840.4
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Table 6: Photoabsorption transitions of Dy involving N’ = 5 upper levels (cont’d)

\ \ \
E In
state — (em™ 1) — (em™ 1) A(R4) (1085~ 1)
hc hc
obs®:b 0-c% calc obs calc obs
4po,v = 11 129886.1+1.0 -0.9 0.01 0.1£0.4 3.4 4.440.9
Tpo,v =5 129891.9+£1.0 0.4 0.20 0.0£0.7 0.4 0.4£0.1
11p4,v = 4 129994.0 7.24 1.8 tb
10p6, v = 4 130075.5 3.16 0.0
Tpm, v =5 130146.141.0 -0.5 0.66 0.740.4 4.5 4.0£1.0
12pd,v =4 130159.3 1.75 0.0
11p6,v = 4 130238.1 4.50 0.0
6po,v =6 130286.3+1.0 -0.8 0.15 0.0£0.3 2.3 2.34+0.5
13p4, v 4 130291.7+1.0 0.8 0.77 0.0£0.8 1.0 0.740.4
14pd, v = 4 130354.6 3.02 0.6
12p6,v = 4 130402.7 3.83 0.0
15p4,v = 4 130440.6 0.16 0.5
8po,v =5 130480.5 0.93 1.1 bl
4dpm,v =9 130490.1+£0.4 1.3 0.09 0.0£0.2 6.5 9.941.7
4 130495.3£1.0 0.2 0.74 0.74+1.0 1.2 1.1+0.4
4 130528.0 2.81 1.2 bl
7 130549.1+1.0 -0.6 0.00 0.14+0.2 2.3 1.740.2
4 130580.7+1.0 0.2 1.26 0.4 0.440.1
2 130622.9+£1.0 0.2 0.00 0.0£0.3 0.6 0.940.1
6 130664.1£1.0 -0.1 0.11 0.240.7 0.3 0.340.2
5 130714.7 0.05 0.1
8 130767.2+1.0 0.9 0.10 0.0£0.6 1.0 0.6+0.5
5 130883.8 0.03 1.6 bl
5 131033.6 0.14 0.0
6 131130.0£1.0 0.8 0.40 0.9£0.6 0.6 1.240.3
10p4,v =5 131131.3 0.04 0.4
4po,v = 13 131244.64+1.0 7.8 0.00 0.1£1.5 1.8 2.4+0.4
11pd,v =5 131301.7 11.14 1.0
6po,v =7 131355.7+1.0 -1.3 0.09 0.040.2 4.6 5.34+0.7
10p6,v = 5 131383.2 5.60 0.0
12p4,v =5 131467.6 3.11 0.3
Tpm,v =6 131497.1+£1.0 -1.6 0.37 0.8 0.84+0.3
4pm,v = 10 131543.8+0.6 -0.5 0.04 0.34£0.3 3.6 3.54+0.5
13p4,v =5 131551.8 11.78 0.5
11p6, v 5 131602.5 0.16 0.4
5pm, v =8 131643.84+1.0 -3.0 0.00 0.0+0.2 3.4 1.440.2
14pd,v =5 131665.5 4.58 0.2
12p6,v =5 131705.2 1.14 0.7
8po,v =6 131746.6+1.0 0.6 1.47 1.0+1.3 2.8 3.3+2.3
15p4, v =5 131755.7 0.31 0.1
16pd, v =5 131801.5 2.84 0.5
S5po,v =9 131808.0 0.92 0.5 bl
13p6,v =5 131835.2 3.22 0.2
6pm,v =7 131856.9+£1.0 -1.6 0.05 0.0£1.4 0.3 0.54+0.4
17p4,v =5 131863.0 0.19 0.1
18p4,v =5 131894.1 2.49 0.3
5 132487.7 0.10 0.3
132487.0£1.0 -0.8 0.02 0.1£0.7 1.1 2.2:&1.0{1’
97p6,v =5 132488.0 0.11 0.2
11 132526.8£1.0 11.9 0.00 0.0£0.3 3.2 2.3£0.4
11pd,v =6 132548.5 13.60 1.2 tb
5po, v = 10 132613.44+1.0 -1.8 0.01 0.040.2 1.9 2.440.4
10p6, v = 182633.4 2.08 0.6
Tpm, v =7 132685.3 0.29 1.2 bl
12p4, v = 132727.3 9.00 0.9
11p6,v = 6 132795.4 9.00 0.0
S5pm,v =9 132847.5+1.0 4.0 0.02 0.5 0.740.2
13p4,v = 6 132857.5 0.41 0.4
8po,v =7 132902.7 2.79 0.4
14p4,v = 6 132935.4 3.05 2.2 bl
12p6, v = 6 132972.9 4.37 0.5
6pm, v = 8 132996.0 0.41 0.0
15p4, v = 6 133011.1 1.44 0.3
16p4, v = 6 133053.9 5.80 0.4
4dpm,v = 12 133423.8+1.0 -2.0 0.05 0.140.9 1.0 1.04+0.4
10p4, v =7 133612.9+£1.0 0.7 1.31 0.740.2 2.7 3.74+0.9
9pm,v =7 133616.3£1.0 -0.6 1.56 1.0+0.2 0.9 1.34+0.9
6po,v =9 133622.7+1.0 -1.3 0.17 0.3£0.5 1.0 2.14+0.5
30p4,v = 6 133625.0 1.96 0.6
5pm,v = 10 133850.3 0.09 0.6
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ACCEPTED MANUSCRIPT

Table 6: Photoabsorption transitions of Dy involvi upper levels (cont’d)

£ 1
state — (em™ %)
he
obs@:P o-c®
12p4, v 133918.1
11p6, v 133977.7
6pm, v 134036.7+1.0 -1.4
4pm, v 134272.2+1.0 -24.0
5pm, v 134798.9
6pm, v 135063.2+1.0 -2.5
4pm, v 135093.1
and observed total width (FWHM). A(R4), emission probability to the ground state for
subtracting the ground-state rotational energy 593.72 em—1 (N” = 4) from the upper state

energy.
@ When no observed-calculated value is given

b Transition energies with uncertainties =1
€ Value based on the FT spectrum.

d Complex resonance. The A value given corr ds to the sum over all components.
tb, too broad to be detected. bl, ble ine. t oo low intensity to be measured.
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Table 7: Photoabsorption transitions of Dz involving N’ = 6 upper levels

\ \
state = (em— 1) A(R5) (10651
he
obs@®:b o-c® calc obs

4po,v =5 124380.341.0 -2.3 18.3 23+4
dpm,v =4 124679.841.0 -2.0 5.5 bl
6po, v =2 125101.441.0 -2.7 12.1 2043
4po,v =6 125510.6+1.0 1.9 11.2 10.642.1
5pm,v = 3 125605.3+1.0 0.6 4.0 945
12p5,v = 1 125967.0 3.5 bl
4pm,v =5 125979.44+1.0 1.3 6.8 bl
8po,v =2 126524.6+1.0 0.3 4.2 6.2+4.3
23p5,v =1 126532.74+1.0 0.2 2.9 1.74+1.1
4dpo,v =T 126556.9+1.0 0.4 13.8 bl
dpm,v =6 127213.8+1.0 -0.3 6.6 bl
Tpo,v =3 127369.74+1.0 -1.4 3.4 2.8+1.1
4po,v = 8 127538.6+1.0 -0.7 5.7 bl
6po,v =4 127870.241.0 -1.9 7.6 1743
8po,v =3 127952.5 4.5 bl
5pm,v =5 128262.6 4.8 bl
4po,v =9 128331.5+1.0 -0.1 8.2 8.4+1.3
5po,v =6 128686.4+1.0 -2.6 2.2 43+29

10 129199.7+1.0 -2.4 6.8 9.0£3.6

4 129309.2+1.0 -1.4 2.8 5.0+1.7
4po,v = 11 129978.54+1.0 -0.5 2.9 3.5+4.6

6 129499.441.0 2.4 6.5 bl
4po,v = 12 130740.9 0.3

5 130279.84+1.0 0.5 4.2 3.1+0.7
dpm,v =9 130588.44+1.0 -2.5 6.5 6.1+1.5
17p5,v = 4 130660.941.0 0.6 3.5 bl
6po,v =8 131475.8 4.3 bl
4po,v = 10 131656.8 2.8
4po,v = 13 131318.9+1.0 1.7 2.3 1.74+0.6
5po,v =9 131749.6 3.2 bl
6po, v =9 133721.0 4.3 bl
4dpo,v = 14 131924.3+1.0 2.1 0.3 6.9+1.1

E/hc, upper state level energy. A(R5), emission probability to the ground state for R(5) transitions. The R(5) transition energies are obtained from the
upper state energy by subtracting the ground-state rotational energy 887.21 cm—1 (N” = 5).

@ When no observed-calculated value is given, the energy corresponds to the calculated value.

b Transition energies with uncertainties =1 cm ™1 are based on the NIM spectra.
bl, blended line.
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Table 8: List of unassigned lines observed in the vacuum ul-
traviolet excitation spectra of Da, most likely pertaining to
f-Rydberg states. It is indicated what lines were observed in
dissociation (Lyman-«, the optical probe for the dissociation
channel) or in fluorescence.

Frequency (cm™')  Lyman-o  Fluorescence

123516.0 X
123582.0
124031.4
124085.4
124534.7
124728.7
125120.1
125368.8
125383.0
125562.8
125732.2
126496.6
126530.5
126995.9
127046.8
127180.7
127404.4
127637.0
128329.1
129396.5
130084.8
130419.9
133189.0
133671.4
133819.0
133852.0
133999.1

»
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Table 9: Cases of different line identifications in the VUV absorption spectrum of D2 between the present study and that of
Ref. [35]. In the first four columns the presently observed line is given with its transition frequency; in the next column the
transition frequency of this first line is given as observed in [35]; in the final three columns the new assignment of that previously
observed line is provided. Numbers in italic refer to calculated values.

Present line Previous New assignment

State Line v Transition Freq. Transition Freq. [35] State Line v
Tpm R(0) 0 122594.13 122601.2 4po P(2) 4
4po R(0) 4 122779.92 122799.7 8pa P(2) 0
5po R(0) 2 123008.33 123162.2 6pc R(0) 1
8pm R(0) 0 123104.94 123117.6 8pm R(1) 0
6po R(0) 1 123161.71 123009.2 5po R(0) 2
9po R(0) 0 123370.20 123392.6 6pm R(0) 1
14p0 R(0) 0 124192.17 124178.3 Tpm R(1) 1
5po R(0) 3 124410.89 124644.5 6po R(0) 2
8po R(0) 1 124545.2 124573.8 6po R(2) 2
6po R(0) 2 124643.89 124411.3 5po R(0) 3
Ipo R(0) 1 124944.01 124963.3 9pm Q(1) 1
11p0 R(0) 1 125409.34 125405.8 Tpo P(1) 2
Tpo R(0) 2 125496.79 125540.9 12pw Q1) 1
12p0 R(0) 1 125560.79 125554.4 Tpm Q(2) 2
13p0 R(0) 1 125674.65 125668.7 5po P(1) 4
5po R(0) 4 125752.07 126099.4 6po R(0) 3
8po R(0) 2 126010.92 126092.9 22p0 R(0) 1
6po R(0) 3 126104.31 125752.4 5po R(0) 4
25p0 R(0) 1 126146.54 126142.3 28p1 R(1) 1
15p0 R(0) 2 127356.48 127343.0 3pm Q(1) 11
23p0 R(0) 2 127636.87 127627.8 5pm P(2) 5
6pm R(1) 0 121821.41 121812.7 3pm Q1) 6
Tpm R(1) 0 122606.11 122594.9 Tpm R(0) 0
8po R(1) 0 122963.58 122954.5

8pm R(1) 0 123116.52 123123.1 8pm R(2) 0
9po R(1) 0 123346.72 123371.3 6pm R(2) 1
9pm R(1) 0 128481.0/ 123505.9 Tpo P(4) 1
11pl R(1) 0 123811.41 123812.7

Tpo R(1) 1 123974.71 123971.0 4po R(0) 5
9po R(1) 1 124924.3 124954.8 5pm Q(2) 3
10p1 R(1) 1 125188.48 125189.7 3pm P(2) 9
10p1 R(1) 2 126696.98 126698.6 4pm R(2) 6
5po R(1) 2 122995.95 123153.1 6po R(1) 1
6po R(1) 1 123152.68 122996.7 5po R(1) 2
5po R(1) 3 124401.31 124625.6 6po R(1) 2
6po R(1) 2 124625.12 124401.7 5po R(1) 3
5po R(1) 4 125741.17 126075.7 6po R(1) 3
6po R(1) 3 126075.15 125741.6 5po R(1) 4
6pm R(2) 0 121802.51 121789.0

5po R(2) 2 122951.36 123122.6 8pm R(2) 0
6pa R(2) 1 123084.90 122951.9 5po R(2) 2
9po R(2) 0 123292.6 123295.6

10p2 R(2) 0 123562.06 123524.8 5pm R(3) 2
5po R(2) 3 124357.0 124573.1 6po R(2) 2
6po R(2) 2 124572.57 124357.5 5po R(2) 3
5po R(2) 4 125695.26 126017.3 6po R(2) 3
6po R(2) 3 126016.87 125695.6 5po R(2) 4
6po R(3) 0 121387.07 121378.4

5po R(3) 2 122874.62 123046.2 6pm Q(4) 1
5po R(3) 3 124279.40 124486.6 6po R(3) 2
6po R(3) 2 124486.38 124278.9 5po R(3) 3
4pm R(3) 8 128978.79 128989.8 5pm R(2) 6
4Apm R(4) 8 128851 128860.7 dpo R(1) 10
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