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A narrowband and tunable extreme ultraviolet laser source was employed to study the absorption spectrum of molecular
hydrogen in the range 86–90 nm. Frequencies of transitions to the C 1Pu , £ Å 6–10, D 1Pu , £ Å 1, B * 1S/

u , £ Å 0–2,
and B 1S/

u , £ Å 20, 22, 23, 25, 26, and 27 states were measured. In view of the hypothesis of the C 1Pu states of H2 as
possible carriers of the diffuse interstellar bands the energies of these states were determined with high accuracy (0.02–
0.06 cm01) . q 1996 Academic Press, Inc.

1. INTRODUCTION with an average absolute accuracy of 0.03 cm01 . The present
study is an extension of this work towards shorter wave-
lengths, now covering the range 86–90 nm. In this wave-For the majority of energy levels above 110 000 cm01 in
length range frequencies of transitions to low J-states ofmolecular hydrogen those measured with classical spectrom-
C 1Pu , £ Å 6–10, the B 1S/

u , £ Å 20, 22, 23, 25, 26, and 27,eters still are the most accurate. Notable exceptions are states
the D 1Pu , £ Å 1, and B* 1S/

u , £ Å 0–2 were determinednear the H(1s) / H(2s) dissociation threshold (1) and the
with an average absolute accuracy of 0.03 cm01 from a cali-np-Rydberg series converging to the first ionization limit
bration against the iodine standard in the visible.(2) . After the classical absorption studies of Namioka on

The present work is partly motivated by a recent hypothe-the B 1S/
u and C 1Pu states of H2 (3) the accuracy in these

sis concerning the origin of the diffuse interstellar bandsLyman and Werner systems was improved by Dabrowski
(DIBs). Based on combination differences in the C 1Pu , £(4) . The B * 1S/

u and D 1Pu states, correlating with higher
Å 9 state and supported by a proposal for an astrophysicallying atomic states, were studied in absorption also by Nami-
pumping mechanism Sorokin and Glownia (14, 15) assignedoka (5) . The C 1Pu and D 1Pu states were investigated in
some of the DIB-features in the wavelength ranges 700–emission by Roncin et al. (6) . Recently the entire extreme
740 nm and 766–788 nm to Rydberg–Rydberg transitionsultraviolet (XUV) and vacuum ultraviolet (VUV) emission
originating from the (e)-parity components of the C 1Pu , £spectrum of H2 was remeasured with a high-resolution spec-
Å 9, J Å 1–4 states of H2. Also some DIBs were relatedtrometer resulting in an emission atlas (7) . These data were
to absorptions from C 1Pu , £ Å 5 substates. Although thecombined with non-adiabatic coupling calculations and pub-
hypothesis involving H2 as the carrier of the DIBs was criti-lished in the form of extensive tables for the Lyman system
cized (16) , it is useful, as a contribution to a possible solu-(8) , the Werner system (9) and the B * 1S/

u and D 1Pu states
tion to this long-standing problem in astrophysics, to deter-(10) . These classical emission studies are limited in accu-
mine the precise location of, in particular, the C 1Pu rovibra-racy by Doppler broadening effects in the discharge medium
tional states. In the present work the energies are derivedand, for the low £ and J levels, by self-reversal effects.
with an accuracy of 0.02–0.06 cm01 from transitions in the

Lasers are narrowband light sources which are easily com-
C–X system.

bined with molecular beam techniques for sub-Doppler spec-
The spectroscopy of the excited ungerade states of H2 is

troscopy. Accurate measurements of transition frequencies also of interest for planetary physics. The primary VUV-
to ungerade states in H2 were performed by Gilligan and emissions from the atmospheres of the outer planets are
Eyler (11) employing three-photon-resonant, four-photon caused by electron-impact induced fluorescence of molecu-
ionization. However, notwithstanding the extremely narrow lar hydrogen. Spectra recorded with spectrometers on board
bandwidth of the laser radiation, the spectroscopic accuracy of the Voyager and IUE satellites as well as on the Hubble
was limited due to interference effects between various non- Space Telescope are supported by laboratory studies involv-
linear processes at the high electromagnetic field strengths ing measurements and modeling of electron impact emission
in the laser focus. Hinnen et al. (12, 13) showed that a (17) . In such studies high-resolution spectroscopic data, as
nonlinear upconversion process followed by linear absorp- presently obtained, are used as input information.
tion of an XUV-photon in H2 circumvents such detrimental

2. EXPERIMENTAL SETUPeffects. Sub-Doppler XUV-laser spectroscopy in the range
91–98 nm was performed in a molecular beam, yielding The XUV-laser source, including the process of third-

harmonic generation yielding tunable and narrowband radia-values for transition frequencies to B 1S/
u and C 1Pu states
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LASER SPECTROSCOPY OF H2 AT 86-90 nm 157

place in a field-free region, where XUV/UV beams cross a
skimmed and collimated molecular beam of H2 obtained
from a pulsed valve. The ion-extraction field is turned on
100 ns after the laser pulses to avoid Stark shifts of the
levels. Because of the relatively low energy of the UV-pulses
(õ9 mJ) the XUV-yield from harmonic generation is less
than in previous studies. The required side-pumping of the
last-stage dye amplifier, moreover, delivers a crescent
shaped beam profile, resulting in low yield for harmonic
conversion. Due to the relatively low UV-intensity the (1 /
1 *) photoionization rate is low as well. In order to enhance
the photoionization rate the overlapping XUV and UV beams
were counterpropagated and temporally overlapped with an-
other laser beam inducing (1 / 1 9) photoionization signal
in addition to the (1 / 1 *) signal. For this purpose either
the third harmonic output of the Nd:YAG laser at 355 nm
(up to 30 mJ/pulse) or the second harmonic at 532 nm (up
to 100 mJ/pulse) were employed.

Frequency calibration of the H2-resonances was accom-
plished by simultaneous recording of the I2-absorption spec-
trum and the transmission fringes of an étalon with FSR ÅFIG. 1. Scheme of the experimental setup. In the lower part the lasers,
0.25 cm01 with the fundamental output of the dye laser. Thethe doubling crystal (BBO), and the setup for monitoring the wavelength

are shown. Visible radiation is split off on a dichroic mirror (DM) to record procedures for linearization of the scan, comparison with
étalon fringes, an I2-absorption spectrum, and a power spectrum. The upper the I2-reference spectrum in the visible (19, 20), and compu-
part shows the three differentially pumped vacuum chambers. In the first terized interpolation were documented before (12, 13) . In
chamber the third harmonic of the UV-input laser beam is generated under-

the crossed-beam sub-Doppler configuration and under con-neath the orifice of the tripling nozzle; in the second chamber a molecular
ditions of an adiabatic expansion H2-resonances were re-beam is obtained from a pulsed valve, which is then skimmed before enter-

ing the third chamber, where the molecules interact with the laser beams. corded with a linewidth as narrow as 0.25 cm01 , correspond-
Not shown are the time-of-flight mass separation stage and the ion detector ing to the bandwidth of the XUV-source. These narrow
that point out of the plane perpendicular to the laser beam and molecular widths could only be obtained for low J-values. Higher J-
beam.

states (ú2) could be probed by increasing the density in the
beam; this turned out to induce molecular collisions at the
skimmer, resulting in a broadened Doppler background.

tion at short wavelengths, has been described elsewhere A systematic error may arise from the Doppler shift due
(18) . Its application to spectroscopic studies in H2 in the to a deviation from perpendicular geometry of XUV and
wavelength range 91–98 nm has been reported previously molecular beams. This effect can be evaluated by comparing
(12, 13) . The setup presently used is shown in Fig. 1 and transition frequencies measured at different molecular veloc-
some of the changes implemented for the study on H2 in the ities (under otherwise unchanged conditions) , achieved by
range 86–90 nm will be briefly mentioned. For the produc- diluting H2 in beams of H2/krypton mixtures (12) . The shift
tion of XUV-light shortward of 91 nm a dye laser (Quanta in frequency can be extrapolated to zero velocity. From the
Ray PDL-3) running on Coumarine-307 and Coumarine-152 observed differences systematic shifts due to the Doppler
dyes is pumped by the third-harmonic output of an injection effect are estimated to be smaller than 0.01 cm01 .
seeded Nd:YAG laser. The green output of the dye laser in
the range 519–540 nm is frequency doubled in a nonlinear 3. RESULTS
crystal (BBO). In comparison with the Rhodamine dyes
previously used these dyes are less efficient, while also the Figure 2 shows an overview XUV-excitation spectrum of
third-harmonic output of the Nd:YAG laser is limited. Maxi- H2 in the range 87.6–87.9 nm. Overview spectra were re-
mum UV pulse energies obtained were therefore only 9 mJ, corded at an increased scan speed and averaging only two
dropping to 5 mJ within 4 hours, due to dye-degradation at shots per data point in the entire 86–90 nm range. Subse-
the high UV-pumping rates used. Tunable XUV radiation is quently all resonances were carefully recorded at reduced
generated by frequency tripling the UV-output in a gaseous scan speed covering a sufficient range to use the calibration
expansion of krypton or xenon. procedure. To linearize the scan at least eight étalon markers

XUV-excitation spectra were recorded by 1 XUV / 1 are required; moreover, the scan is necessarily extended over
a range where suitable resolved iodine lines are available.UV (1 / 1 *) photoionization and detection of H/

2 and H/

ions after time-of-flight mass separation. Excitation takes A typical example of such a detailed spectrum is shown in
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(19, 20) . From the multiple data also a statistical uncertainty
was derived. Line positions for the C 1Pu –X 1S/

g (£ *, 0)
bands (for £ * Å 6–10) are listed in Table 1, for the
B 1S/

u – X 1S/
g (£ *, 0) bands (for £ * Å 20, 22, 23, 25, 26, and

27) in Table 2, for the D 1Pu –X 1S/
g (1, 0) band in Table

3, and for the B * 1S/
u – X 1S/

g (£ *, 0) bands (for £ * Å 0–2)
in Table 4. The uncertainties, given on an absolute frequency
scale, include statistical as well as systematic effects. In the
tables the currently obtained data are compared with existing
data: absorption data of Namioka (3, 5) and recent data of
Abgrall et al. (8–10) . Because the data of Abgrall et al.
were recorded in emission, low J-value transitions to
X 1S/

g , £ Å 0 are in many cases self-reversed. In contrast,
the data of Namioka (3, 5) are found to be systematically
higher by 0.62 cm01 on average with respect to our data.
The data of Abgrall et al. (8, 10) differ only in a statistical
way from the present values, with a standard deviation of
0.33 cm01 . The average systematic deviation is only 0.01
cm01 . This implies that the absolute calibration of the fre-

FIG. 2. Overview XUV-excitation spectrum recorded in the wavelength quency scale used for the H2-emission atlas (7) , from which
range 87.6–87.9 nm. the data of Abgrall et al. are derived, is of the same accuracy

as the frequency scale in the present study (0.03 cm01) . We
deduce a statistical uncertainty for the lines in the atlas of
0.33 cm01 , at least for the range 86–90 nm.Fig. 3 displaying the R-bandhead region of the D–X (1,0)

band near 86.84 nm. Étalon fringes and an I2-absorption
spectrum, simultaneously recorded at the fundamental wave-
length, are shown as well. The high resolution in the present
sub-Doppler experiment allows for measuring fully resolved
lines in cases where that was not possible previously. In the
work of Namioka (5) the R(0) and R(1) lines of the D–
X (1,0) band were indicated as blended, whereas now even
a line in between is fully resolved (see Fig. 3) .

The simultaneous recording of H/
2 -parent and H/-frag-

ment ionization yield was helpful in the determination of
accurate frequency positions in some cases. Some resonance
lines, e.g., the C–X (9,0)Q(1) and the B–X (27,0)R(0)
lines, were found to yield only weak H/

2 -signals, but ap-
peared clearly in the H/-recordings. This is illustrated in
Fig. 4. Also, the use of either the third (355 nm) or the
second (532 nm) harmonics of the Nd:YAG laser for ioniza-
tion resulted in varying signal strengths. In Fig. 5 this phe-
nomenon is demonstrated near 86.99 nm. Here the variation
of ionization wavelengths is merely employed to enable the
recording of XUV-exciting transitions with sufficient signal
intensities. Controlled variation of the ionization wavelength
gives information on gerade symmetry autoionizing states
as was investigated by Meier et al. (21) and by Hinnen and
Ubachs (22) . Similarly, detection of H/ /H/

2 ratios, while
controlling the wavelength of the second laser will provide
information on the dissociation dynamics. The goal of the
present experiment was, however, to perform accurate spec-
troscopy in the range 86–90 nm.

FIG. 3. XUV-excitation spectrum of the R-bandhead region of the D–
Each individual line was recorded at least four times and X (1,0) band near 86.84 nm, recorded by using 532 nm light for ionization.

from these measurements a transition frequency was de- In the lower part an étalon spectrum, used for scan linearization, and an
I2-absorption spectrum are displayed.duced by computerized calibration against the I2-standard
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Å 2–5. The energies of the relevant ground state levels are
known with precision better than 0.003 cm01 and hence the
uncertainties in the location of excited states only depend
on the measured transition frequencies. In the case of the
(e)-components of the L-doublet values obtained in P(J /
1) and R(J 0 1) transitions are averaged when possible,
resulting in decreased uncertainties. In all cases where such
R and P transitions probing the same excited level were
observed, the derived energies were found to agree within
error limits, thus giving confidence in the experimental accu-
racy as stated.

In Table 5 level energies are listed in columns pertaining
to (e)-upper and ( f )-lower L-doublet components. To avoid
confusion on the assignments of L-doublet components and
symmetries (a) and (s) of the electronic wave functions, an
energy level scheme explaining the nomenclature, including
values for C 1Pu , £ Å 9, is displayed in Fig. 6. The (e)-
components are often referred to as P/-levels, and the ( f )-
components as P0 . Included are labels for the total parity
(/) or (0) of the states, referring to inversion symmetry in
a space-fixed frame or to a reflection s

£
in a plane of the

molecule-fixed frame. The total parity label determines
FIG. 4. XUV-excitation spectrum near 86.93 nm, recorded using 532 which electric dipole transitions to the electronic ground

nm radiation for ionization. (a) H/
2 -detection; (b) H/-detection; (c) simul- state are allowed and it follows that (/)-parity states in

taneously recorded I2-spectrum at the fundamental wavelength. Note the C 1Pu are connected to odd-J states of X 1S/
g , while (0)-

appearance of the R(0) line of the B–X (27,0) band in the H/ recording.
parity states are connected to even-J states in X 1S/

g . The

4. LEVEL ENERGIES AND COMBINATION
DIFFERENCES OF THE C 1P, £ STATES

Transitions originating from the C 1Pu , vibronic states
were postulated to coincide with some of the diffuse inter-
stellar band (DIB) absorptions. In two recent papers the
C 1Pu , £Å 9 and £Å 5 states were identified as possible DIB-
carrier states (14, 15) . The DIB-assignments were based on
combination differences within the C-state rotational mani-
folds. A large number of C 1Pu rovibronic states are now
considered to be of importance for assigning DIB phenom-
ena (23) . Level energies of C 1Pu , £ Å 2–10 states for the
lowest J-values and both L-doublet components are derived
and listed in Table 5. The rotational level energies in the
X 1S/

g , £ Å 0 ground state, used for the calculation of C-
state levels, are based on the most accurate constants avail-
able in literature. Bragg et al. derived rotational and centrifu-
gal distortion constants from the vibrational quadrupole
spectrum (24) : B0 Å 59.3345(1) cm01 , D0 Å 0.045651(7)
cm01 , and H0 Å 4.56(2) 1 1005 cm01 . From these parame-
ters rotational energies and their uncertainties are calculated
with respect to the J Å 0 level: 118.48678(1) cm01 for J
Å 1; 354.3735(3) cm01 for J Å 2; 705.519(1) cm01 for J
Å 3; and 1168.795(3) cm01 for J Å 4. C-state level energies
follow by combining these rotational energies and the XUV FIG. 5. XUV-excitation spectrum near 86.99 nm. (a) H/

2 -recording
transition frequencies, observed in the present study for using 355 nm ionization laser; (b) H/-recording and 532 nm ionization

laser; (c) H/
2 -recording and 532 nm ionization.C 1Pu , £ Å 6–10 and in a previous study (13) for C 1Pu , £
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TABLE 1
Transition Frequencies of the C 1Pu –X 1S/

g (£ *, 0) Werner Bands of H2 for £ * Å 6–9

Note. The value in parentheses represents the uncertainty in the last digit. D1 refers to the difference
between present observations and the values of Ref. (9) . D2 refers to the difference from observations in
Ref. (3) . All values in cm01 .

a Not observed, refers to calculated value.
b Self-reversed emission line.
c Blended line in Ref. (3) .
d Blended line in Ref. (9) .

quantum states of hydrogen can be considered to belong ingly, in a line of sight toward the star z-Oph where many
DIBs are observed, the para-hydrogen species was found toto two different subspecies, ortho- and para-hydrogen, and

corresponding labels are also shown. Ortho-species pertain be more abundant than the ortho-species (25) .
The values in Table 5 may be compared with a previousto triplet combinations of the nuclear spins (IH Å 1/2) and

are therefore threefold degenerate, in contrast to parahydro- listing of the energies of C1Pu , £ states by Dabrowski (4).
The agreement between both data sets is on the level of 0.15gen species which correlate with the singlet nuclear spin

configuration. Under usual terrestrial conditions (i.e., ther- cm01, with some marked exceptions. The J Å 1(e) level of
the C1Pu , £ Å 3 state and the J Å 4(e) level of the C1Pu , £modynamic equilibrium) the ortho/para ratio is 3:1. Interest-
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TABLE 3Å 2 state were found to deviate by many cm01 in Ref. (4).
Transition Frequencies of the B * 1S/

u – X 1S/
g (£ *, 0)This was attributed to a misassignment of spectral lines (13).

Bands of H2 for £ * Å 0, 1, 2The values deduced in the present study were each subjected
to an error analysis including systematic and statistical effects.

TABLE 2
Transition Frequencies of the B 1S/

u – X 1S/
g (£ *, 0) Lyman

Bands of H2 for £ * Å 20, 22, 23, 25, 26, and 27

Note. The value in parentheses represents the uncertainty in the last digit.
D1 refers to the difference between present observations and the values of
Ref. (10) . D2 refers to the difference from observations in Ref. (5) . All
values in cm01 .

a Not observed, refers to calculated value.
b Self-reversed emission line.
c Blended line in Ref. (5) .
d Blended line in Ref. (10) .

The uncertainties in the energies of the C1Pu , £ states that
follow from this procedure are also listed in Table 5. From the
work of Abgrall et al. level energies for the C1Pu states were
derived as well (26). A comparison of the present data set and
that in Ref. (26) shows excellent agreement; a root mean square
deviation of 0.07 cm01 is obtained for the 62 level energies.
The agreement with the work of Abgrall et al. is better for the
level energies than for the individual transitions (see Tables
1–4) because upper state energy levels are measured in a large
number of emission bands. In our work lines are measured in
only one (for f-levels) or two (for e-levels) narrow transitions

Note. The value in parentheses represents the uncertainty in the last digit. with highly accurate calibrations. The level energies of Abgrall
D1 refers to the difference between present observations and the values of et al. (26) are on average higher by only 0.011 cm01, showing
Ref. (8) . D2 refers to the difference from observations in Ref. (3) . All

a reassuring consistency between absolute frequency scales invalues in cm01 .
both experiments.a Not observed, refers to calculated value.

b Self-reversed emission line.
5. CONCLUSIONc Blended line in Ref. (3) .

d Not observed in Ref. (8) .
Energies of the C 1Pu , £ states have been determined withe Not observed in Ref. (3) .

f Blended line in Ref. (8) . accuracies in the range 0.02–0.06 cm01 . From these values
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TABLE 4
Transition Frequencies of the D 1Pu –X 1S/

g (1, 0) Band of H2

Note. The value in parentheses represents the uncertainty in the last digit. D1 refers to the difference between
present observations and the values of Ref. (10) . D2 refers to the difference from observations in Ref. (5) .
All values in cm01 .

b Self-reversed emission line.
c Blended line in Ref. (5) .
d Blended line in Ref. (10) .

combination differences for P and R transitions, originating accuracy, i.e., with uncertainties in the range 0.02–0.06
cm01 . An important result of the present study is the verifica-in the C 1Pu , £ states and probing autoionizing continuum

states of gerade symmetry, can be calculated up to high tion of the absolute calibration of the recently published H2-

TABLE 5
Level Energies of the C 1Pu State of H2 in cm01

Note. The values in parentheses ( ) denote uncertainties in the values currently deduced, while the values in brackets [ ] denote
deviations from values of Ref. (26) in units of the last digit.
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