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Foreword

As a spectroscopist with a long-standing interest in molecular hydrogen, I welcome,
with enthusiasm, the publication of the vacuum ultraviolet emission lines of H,. This
atlas will be of immense help to all of those who want to study further the H, spectrum
in the VUV or identify it in observed spectra both in the laboratory and in space.

The authors have greatly increased the usefulness of the atlas by their simultaneous
publications with colleagues of the detailed analysis of the Lyman and Werner bands.
Further assignments of so far unassigned lines will be made much easier and will likely
lead to many new results,

For a long time, this atlas will stand as the last word on the vacuum ultraviolet
spectra of H,.

Gerhard Herzberg
Ottawa, Canada
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1. Introduction

Following the work of Schumann (1903), the first list of
vacuum ultraviolet (VUV) spectral lines emitted by an elec-
tric discharge in molecular hydrogen (H,) was published at
the beginning of the century by Lyman (1904 and 1906).
The spectrum was photographed at low resolution and no
identification was possible at that time. Later on, Werner
(1926) gave the first tentative classification of some lines.
Other pioneering investigations were also performed, always
at low resolution (Dieke and Hopfield, 1927; Hori, 1927;
Hyman, 1930; Jeppesen, 1933). No rotational analysis was
given yet in the list of characteristic band wavelengths of
diatomic molecules published in 1952 by the “International
Tables of Selected Constants” under the direction of Rosen
(1952).

Although the absorption spectrum of H, has been exten-
sively studied, relatively less study was done in emission at
high as well as low resolution simply because the source of
light used was an ordinary glow discharge, the pressure of
which (about 100 Pa) was high enough to completely prevent
emission at short wavelength by radiation trapping. Regard-
ing absorption many references before 1977 can be found in
Huber and Herzberg’s table (1979). The most useful are
Wilkinson (1968), Namioka (1964a and b), Dabrowski and
Herzberg (1974), and Takezawa (1970). '

The first VUV emission study of H, at high resolution
was published by Herzberg and Howe (1959), concerning
the Lyman band system B 'L *—X '%,", down to 118 nm.
These data were used by Junkes, Salpeter, and Milazzo (1965)
to list about 1500 lines of the Lyman band system that they
published, together with 32 lines of the Werner band system
C ', -X 'Y * at wavelengths longer than 113.5 nm, in an
atlas of VUV atomic emission lines. Pictures of high resolu-
tion spectra were also given.

In 1980 Larzilliere, Launay, and Roncin (1980) published
preliminary results about the D 'TT —X IZ; band system at
short wavelength around 80 nm. The spectrum was obtained
at Meudon Observatory with a low pressure electric discharge
where self-absorption is much reduced at short wavelength.
It was the first observation of emission from levels above the
ionization limit. Two spectrally more extended studies were
reported in 1984. The first one, by Dabrowski (1984), was
devoted to the analysis of the Lyman and Werner band sys-
tems down to 100 nm. The second one, by Roncin, Launay,
and Larzillitre (1984) and Larzilliére, Launay, and Roncin
(1985), extended the analysis of the four unperturbed band
systems C, D, D', and D" 'T1 =X 12'* down to 78 nm.

At first the analysis of the very crowded emission spec-
trum rested on absorption data and on calculations which
did not take into account the rotational coupling. However,
the temperature at which the emission spectrum occurs is
much higher than that for the absorption spectrum, so that
the emission spectrum exhibits lines of high rotational quan-
tum number J impossible to ascribe unambiguously except
for the lowest v' (unperturbed) bands of the Lyman system
and the Q branches of the 'T1 —X ‘Zg* band systems.

From the theoretical point of view, Allison and Dalgarno
(1970) first reported emission probabilities from each vibra-

tional level of the B'Y, * and C 'T]_ states towards all vibra-
tional levels of the electronic ground state, neglecting the
rotational coupling between B and C. In the mid-1970s,
Julienne (1973) and Ford (1974 and 1975) performed the first
calculations of line emission probabilities of the Lyman and
Werner band systems of H, taking into account the rovibronic
coupling between the excited states. But at that time no com-
plete experimental high resolution emission spectrum was
available to check the calculation so that the problem was
passed over. Recently several refined calculations have been
performed. Abgrall et al. (1987) calculated emission prob-
abilities for the Lyman and Werner band systems and found
very good agreement with intensity measurements. The
method of calculation is what we call semi-ab initio in the
sense that the potential energy curves were fitted to the ex-
perimental results for each (v', J=0 or 1) before solving the
system of two Schrodinger equations. An extended list of
level energies and oscillator strengths has been subsequently
published by Abgrall and Roueff (1989), while Senn, Quadrelli,
and Dressler (1988) obtained level energies, up to J=6, of the
B, B', C, and D states, calculated completely ab initio by
including the four excited states in the interaction. Finally a
semi-ab initio calculation, including the four excited states,
has allowed Abgrall et al. (1993a, 1993b, 1993c, and 1994)
to publish a complete analysis of the Lyman, Werner, B'—X,
and D—X band systems.

2. Experimental
2.1. Photographic Recording

The spectra have been recorded by means of the Meudon
Observatory Eagle mounting VUV 10-m spectrograph. The
instrument is fitted with a concave (R=10.685 m), 3600
lines/mm Jobin-Yvon holographic grating which gives a
plate factor of 0.026 nm/mm in the first order. The slitwidth
was 30 um, giving a resolving limit of 8x10-* nm throughout
the whole range of observation (0.8 cm-! at 100 nm).

The presence of a magnetic field of about 0.1 tesla in the
water cooled electric discharge lamp (ANVAR), made of a
brass anode and two aluminum cathodes, makes it possible
to run the source at a pressure as low as a few pascals, so that
self-absorption is much reduced at short wavelength. With
hydrogen flowing in the source, the lamp was operated at
350V, 200 mA.

Exposure time on Kodak SWR plates varied from 5 mm
to 13 h, depending on the spectral range photographed.

Reference lines (CuIl, GeIL, Silland O, NI, ClI, Cl Il as
impurities) were obtained by flowing helium in an ancillary
water cooled copper hollow cathode discharge lamp oper-
ated at 500V, 200 mA. Small pieces of germanium and silicon
were introduced inside the cathode.

Due to the difference of the grating illumination by the
two lamps, one finds a random shift between the two spec-
tra (Kaufman and Edlén 1974, Freeman and King 1977). For
each plate the shift is determined by means of the impurity
lines common to the spectra emitted by both lamps.

J. Phys. Chem. Ref. Data, Monograph 4
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In the shortest wavelength range (78-89 nm), the hollow
cathode spectrum was recorded in the same zone of the pho-
tographic plate as the H, spectrum, and extra Ar I reference
lines were also obtained by flowing argon in the low pres-
sure discharge lamp itself.

The plates were measured on the Meudon Observatory
photoelectric comparator giving an accuracy of 1 um on
line position (Launay 1975). The measuring machine is now
connected to a PC compatible micro-computer. The stan-
dard deviation of our polynomial fit for the hollow cathode
reference lines is typically 7x10 % nm and the wavelength
accuracy of the hydrogen unblended lines is estimated to
be +15x10-5 nm.

2.2. Photoelectric Recording

Relative intensity measurements have been performed
by replacing the plate-holder of the spectrograph by a scan-
ning photoelectric device moving along the Rowland circle
and including a slit and either a photomultiplier with a MgF,
window (Hamamatsu R1459) or a channeltron (RTC
X919BL), depending whether the measured range is above
or below 120 nm. The width of entrance and exit slits was
30 um.

A set of 29 scans was obtained, each section of the spec-
trum being scanned at least twice. The relative intensities
derived from raw data were scaled in order to get a consis-
tent set of values over the whole spectral range (100 nm) but
the instrumental response was not taken into account.

3. Description of the Spectrum

The spectrum contains 12 265 lines, including impurity
and reference lines, extending from 78.60 to 171.35 nm. It
has been divided into 165 sections covering about 0.58 nm
each. Each section comprises the following:

(i) A picture of the plate enlarged ten times where emis-
sion lines appear in white on the dark background. H, lines
look always slightly broad due to the Doppler effect, whereas
atomic lines are generally sharp and readily recognized. It
has to be noted that, due to different exposure times, black-
ening varies from plate to plate so that it may happen that
weak high-J lines show up on a plate, whereas strong lower-
J lines of the same band are not seen on the next plate.

(ii) The corresponding microdensitometer trace in which
the strong lines are saturated while even very weak lines
show up. Each line is marked by a vertical tick below the
trace. Longer ticks indicate lines whose number is a mul-
tiple of five, thicker ones those whose number is a multiple
of ten. The numbering of the lines is marked above the trace
every five lines. A wavelength scale in nanometers and a
wavenumber scale in reciprocal centimeters are indicated at
the bottom and at the top of the trace, respectively.

The appearance of the reference atomic lines on the mi-
crodensitometer traces depends on which part of the spec-
trum has been scanned. Plot of photoelectric recording would
have been more realistic but more difficult to display due to
the dynamic range of the existing data acquisition unit.

J. Phys. Chem. Ref. Data, Monograph 4

(iii) A table listing all the lines appearing in the corre-
sponding picture and densitometer trace.

® In these tables, lines are numbered in the first column.
A few atomic lines, and very close H, lines, appear in
the table not in the same order as in the picture. This is
because reference lines are not emitted by the same
source as the H, lines so that they may be shifted with
respect to the H, spectrum as explained in the experi-
mental section. Sometimes a standard line appears
twice in the list, which means that the line is emitted
by both the low pressure discharge and the hollow
cathode.

® The second column contains the relative peak intensi-
ties of H, lines, measured from photoelectric record-
ing but not corrected for instrumental response. Inten-
sities are reported for H, lines only. However no value
of intensity is given for the shoulder lines indicated
“sh” in the comment and also for the reversed lines,
indicated “r”” because for the latter lines the intensity
depends strongly on the pressure in the source at the
time of the recording. An intensity of zero is given to
lines barely seen in the picture and the trace, for avoid-
ing values smaller than one. It should also be remarked
that, as intensities have been scaled throughout the
spectrum, the figures given in the tables are rounded
and may not correspond strictly to what is seen on the
traces. Also the running conditions of the source may
have been different at the time of the photoelectric re-
cording from what it was when the picture was taken.

¢ The third and fourth columns display, respectively, the
wavelength (in nm) in ascending order and the corre-
sponding wavenumber (in cm '),

® The fifth column indicates the abbreviated assignment
of H, lines. In the VUV range, H, emission lines can be
ascribed to seven band systems, namely, 2poB 'T * —
X ‘Z’* (Lyman), 2pnC'T1,* — X ' * (Werner), as well as
3poB'and 4poB" 'X* — X 'T * and 3pnD, 4pnD’ and
5prD" 'T1* — X 'Z. *. We have also tentatively identi-
fied a few lines of the band system 6p=n
T, >X'Z " As all VUV transitions terminate on the
ground state X 'Y, . we have omitted X everywhere. For
example, C2-7P5 designates the line J"=5 in the P-
branch of the transition C 'IT (v'=2) - X IZ; v"=7.

® The last column is devoted to the identification of ref-
erence and impurity lines and may contain comments
about H, lines. For the self-reversed lines exhibiting
clearly two components, the average wavenumber is
repeated in the comments of the two components. Such
a value is very accurate because the two components
are always sharp. Finally “b” stands for blended lines,
“d” for diffuse lines, and “‘s” for sharp unidentified lines.

Some molecular impurity lines due to N, and CO appear
on a few pictures. Their wavelengths are indicated and they
are identified in the comment.

Atlonger wavelengths, most of the unascribed lines have
negligible intensities. They may be due to the presence of
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some impurities. At shorter wavelengths a number of
unascribed lines have appreciable intensities. Most of these
are certainly due to transitions from still unidentified high-
Jlevels of the states B', D, B", D', and D". These lines cannot
be ascribed because the calculation does not fit with the
lines predicted from absorption data well enough for a few
levels of B'and D, and no calculation is yet available for B",
D' and D".

For atomic lines appearing in the reference spectrum we
have indicated only the wavelength unless the lines are good
standards with 5 decimals. In this case we give only the
literature wavelength, in the comment. All the wavelengths
of reference atomic lines are extracted either from a paper
by Kaufman and Edlén (1974) or from Kelly’s table (1987).
In the latter case the value is followed by Ke.

In a first stage of the work the lines could be identified
from the values of level energies published long ago
(Wilkinson 1968, Namioka 1964a and b, Dabrowski and
Herzberg 1974, and Takezawa 1970), and from more re-
cent identifications of small v', high-J levels of the Lyman
band system by Dabrowski (1984). The semi-ab initio calcu-
lations of Abgrall et al. (1993a, 1993b, 1993c, and 1994)
give emission probabilities and wavenumbers of most lines
to an accuracy of about 0.5 cm *\. Such a calculation was
necessary, in order to assign unambiguously many high-J
lines. In that way about 96% of the lines have at least one
assignment. The absence of most lines missing in the tables
of Abgrall et al. (1993b, 1993c, and 1994) is well explained
either by radiation trapping or a weak emission probability.
Typical cases have been illustrated by Abgrall et al. (1993a).
Most mistakes, but probably not all of them, have been
tracked down by several error tests included in the file han-
dling programs used for editing the tables of Abgrall et al.
(1993b, 1993c, and 1994).

It has to be pointed out that, due to interactive work with
theoreticians, the present atlas is more than a simple catalog
of spectral lines, as 96% of molecular lines are identified,
most of them for the first time. It is hoped that this book will
be useful to scientists in many fields and particularly to:

® astrophysicists who study the interstellar medium as
well as those who are receiving, from spacecrafts, VUV
spectra emitted by planetary atmospheres where H, is
the major constituent,

® physicists who study emission of H, excited by elec-
tron impact in connection with planetary atmosphere
processes,

® laser physicists, who need a very good knowledge of
molecular line wavelengths,

® theoreticians for testing any improvement of the model.
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VACUUM ULTRAVIOLET EMISSION SPECTRUM OF MOLECULAR HYDROGEN
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