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Molecular hydrogen H2 and its isotopologues HD and D2 play a vital role in different fields 

such as astronomy or controlled fusion. For example, the HD density gives a measure of the H/D 

ratio in the universe, which is an important parameter in cosmology, e.g. for the understanding of 

star formation [1]. On the other hand, D2 has not been detected in the interstellar medium so far 

[2]. In experimental fusion reactors, when driven by mixtures of H2 and D2, HD and D2 molecules 

were found as recombination products in the cooler regions, i.e. in front of surfaces exposed to the 

plasma [3]. Moreover, HD is the simplest two-electron system to consider after H2 and therefore 

an interesting object for quantum mechanical calculations beyond the Born-Oppenheimer 

approximation.  

Since the energy gap between the X
1
Σg

+
 and B

1
Σu

+
 states (Lyman band) is around 10 eV, 

spectroscopic measurements of rovibrationally-excited H2/HD/D2 molecules in the electronic 

ground state have to be performed in the vacuum-UV (VUV). This can be achieved by stimulated 

anti-Stokes Raman scattering (SARS) [4,5]: A dye laser pumped by an Nd:YAG laser provides 

tunable radiation, which is then frequency doubled in a BBO crystal resulting in 5 ns pulses in the 

spectral range from 218 nm to 235 nm. This beam is focused into a Raman cell filled with LN2 

cooled hydrogen gas. Laser-like coherent Stokes (S) and anti-Stokes (AS) beams are produced in 

the SARS process, each of them subsequently shifted in frequency by a vibrational Raman shift of 

H2, i.e. 4155.22 cm-1. Thereby, the 4th  to 9th AS cover a range from 115 nm to 165 nm, i.e. about 

2/3 of the total spectral range of the hydrogen Lyman band. These beams are used for laser 

induced fluorescence (LIF) measurements of rovibrationally excited H2/HD/D2 molecules. 
 

Fig. 1. The H2/HD/D2 plasma source and a schematic view of 

the processes in the arc channel and at the channel surface. 

 The measurements were performed in the 

PLEXIS setup. A partially ionized and dissociated 

hydrogen plasma is produced in a cascaded arc driven by 

a current of 45 A and a power input of 9 kW. The arc 

channel is 4 cm long with a diameter of 4 mm (see 

figure 1). A mixture of 50 % H2 and 50 % D2 gas flows 

with a total flow rate of 3000 sccm (1.25 · 1021 s-1) 

through the channel under a sub-atmospheric pressure of 

9 kPa. The plasma expands through a straight nozzle 

supersonically into a vacuum chamber, where pumps 

keep the background pressure constant at 100 Pa.  
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The fluorescence signal (B
1
Σu

+
 → X

1
Σg

+
) of H2/HD/D2 molecules excited by all AS beams 

simultanouesly is collected by a mirror and focused onto a photo multiplier tube. For spectra 

analysis, we use transition frequencies and transition probalilities for the hydrogen Lyman band 

provided by Abgrall et al. [6]. Parameters in this calculation are the optical properties of the 

spectrometer setup and the density distribution of rovibrationally-excited states of the hydrogen 

molecules. The striking similarity between calculated and measured spectra is shown in figure 2. 

45200 45210 45220 45230 45240 45250 45260 45270 45280 45290 45300

 

 
Fl

uo
re

sc
en

ce
 s

ig
na

l (
a.

u.
)

SH frequency (cm-1)

?? ??

H
2
(2,17)

H
2
(3,0) D

2
(6,3)

HD(6,3)

HD(3,7)

H
2
(3,11)

H
2
(4,5)

D
2
(6,2)

measurement

H2/HD/D2 Lyman transitions
calculation

HD(4,10)

?

 
Fig. 2. Example spectrum with calculated and measured fluorescence signals of H2/HD/D2 

molecules in a hydrogen/deuterium plasma jet (100 Pa, 1500 sccm H2/1500 sccm D2, 45 A). 

 

Also visible in figure 2 are some measured transitions that could not be identified in the first 

run. These lines are from Lyman transitions of HD and D2 for which no spectroscopic data has 

been published until now. However, by using recent calculations by Abgrall et al. (private 

communication), we found that these transitions are from rotational states higher than J = 10 for 

HD and J = 11 for D2, respectively. Calculations together with measured transitions extend the 

available data base of hydrogen Lyman transitions for these higher rotational states, which are 

relevant in hot plasmas. 

 The measured transitions indicate high densities of high rovibrationally-excited H2/HD/D2 

molecules in the plasma jet. Like the result obtained in a pure H2 plasma in a previous work [5], 

the rovibrationally-excited states of HD and D2 do not follow a Boltzmann distribution, but a 

distribution described by two different temperatures: several hundred Kelvin for low lying 

rotational states, but several thousand Kelvin for the higher rotational states. Since high 

rovibrationally-excited molecules enhance the rates of numerous elementary processes (e.g. H- 

formation by dissociative attachment), they have a strong influence on the plasma chemistry. On 

the other hand, the distributions of internal energy can reveal the nature of the production process 

of these highly excited molecules, e.g. excitation by collisions, surface association, and reactive 

atom-molecule collisions, which is still an complex and rather unexplored field. 
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