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VUV-LIF measurements of ro-vibrationally excited Н2 

Р. Vankan, S.В . S. Heil, D.C. Schram, R. Engeln 

Technische Universiteit Eindhoven, Department of Applied Physics 
Postbus 513, 5600 МВ, Eindhoven, Тhе Netherlands, pj.w.vankan@tue.nl 

Rotationally and vibrationally excited hydrogen molecules are measured using LIF in the vacuum-UV. 
The laser radiation is generated via the Stimulated Anti-Stokes Raman Scattering (SARS) process, and is 
tunaЬ!e between 120 nm and 230 nm. The wavelength ofthe laser radiation is calibrated Ьу simultaneous 
recording of the two-photon laser induced fluorescence spectrum of nitric oxide. The excited hydrogen 
populations are calibrated on the basis of Coherent Anti-Stokes Raman Scattering measurements. 
Population distributions are measured in an expanding plasma to determine the production mechanism of 
the ro-vibrationally excited hydrogen molecules. RecomЬination of Н atoms on the metal surfaces near 
the expansion is one of those mechanisms. 

1. Introduction 
Ro-vibrationally excited hydrogen molecules 

(H2rv) can influence the hydrogen kinetics in plasmas 
to а large extent. Molecular reactions that involve 
ro-vibrationally excited molecules can Ье much 
more efficient compared to reactions with ground 
state molecules. This increased reactivity is caused 
Ьу the extra energy stored in rotation and vibration. 
The production of the hydrogen negative ion (Н) via 
dissociative attachment, for example, becomes 5 
orders of magnitude more efficient when the 
vibration of the hydrogen molecule is increased from 
v=0 to v=5 [1]. 

Another example of the increased reactivity of 
ro-vibrationally excited molecules is the charge 
exchange of н+ with Н2 • This process becomes 
resonant for v=4, which increases the cross section 
Ьу several orders [2]. 

То understand the influence ofH2rv in plasmas, it 
is vital to have information on the density 
distribution over the various levels. High rotational 
levels of molecular hydrogen (J>5) are generally 
found to Ье overpopulated compared to а Boltzmann 
(i.e а thermal) distribution. High vibrational levels 
have also been found to Ье overpopulated [3]. These 
rotational and vibrational overpopulations are related 
to the creation processes of the Hz'v. In low
temperature plasmas, the main creation processes for 
H2rv are the direct and indirect electron excitation 
processes (e-V and E-V) [4,5]. In these cases, the 
non-thermal distributions are believed to Ье caused 
Ьу the high energy tail of the electron energy 
distribution function. 

These creation processes depend critically on the 
electron density and on the electron energy 
distribution function. However, in environments 
where the electron density and electron energy are 
low, the electron excitation processes are very 

inefficient. In such environments surfaces may 
influence the vibrational and rotational excitation to 
а large extent. 

On а surface, molecular hydrogen ions [6] as well 
as atomic hydrogen radicals [7,8] can recomЬine, 
forming ro-vibrationally excited Н2 • Hall et. а!. and 
Eenshuistra et. al. for examp!e, measured 
vibrational overpopulations near heated filaments, 
where the electron density was very low. The 
overpopulated density distribution was explained Ьу 
surface recomЬination of hydrogen atoms into high 
vibrationally excited hydrogen molecules. 

Measuring the population distribution over the 
rotational and vibrational levels of the electronic 
ground state necessitates state selective and often 
spatially resolved measurements. Such 
measurements are commonly performed using laser 
spectroscopy. ln the case of Н2, however, laser 
spectroscopy is not straightforward, since purely ro
vibrational transitions are not allowed and the 
energy gap to the first electronically excited state 
(B1I:/) is large (-11 eV). 
А possiЫe technique to measure the density of 

the lower vibrational levels is Coherent Anti-Stokes 
Raman Scattering (CARS) [9] . However, for higher 
vibrational levels (v~ 2) the CARS technique has 
serious limitations. In order to probe the higher 
vibrational levels, Laser lnduced Fluorescence (LIF) 
with excitation to the B1I:/ state can Ье used. То 
excite to this state, radiation is needed with а 

wavelength below 165 nm, the vacuum UV region 
(VUV). This VUV radiation can Ье produced using 
the Stimulated Anti-Stokes Raman Scattering 
(SARS) process [10]. 

In this contribution we present an experimental 
setup, which can measure Н2 from v=2 to v=lЗ, i.e. 
with wavelengths between 120 and 165 nm. The 



Fig. 1 : The experimentaJ arrangement. In the figure, 
М stands for mirror, L is а lens, RC is а Raman се\\, 
W is а windows, S is а s1it, BS is а beam splitter, and 
ВР а Ыocking plate. 

setup will Ье described in detail. Some spectra and а 
ro-vibrational distribution will Ье presented and the 
density calibration via CARS will Ье discussed. The 
experiment has been described extensively in [1 I]. 

2. Experiment 
As а hydrogen source а cascaded arc is used. The 

cascaded arc and the vacuum chamber to which the 
arc is connected, are extensively described 
elsewhere [12]. In short the arc produces а sub
atmospheric, partially ionized and partially 
dissociated, plasma. The power input is typically 
2-10 kW. The plasma expands supersonically into 
the vacuum chamber, at typical pressures of 10-
200 Ра. The expanding plasma jet collides with the 
background gas in the vacuum chamber forming а 
shock structure [13,14]. Behind the shock the plasma 
jet is subsonic. 

The plasma source can Ье moved parallel to the 
expansion axis as well as perpendicular to the 
expansion axis. This enaЫes spatially resolved 
measurements throughout the complete expansion 
structure. Furthermore, а temperature controlled 
substrate can move perpendicular and parallel to the 
expansion axis, enaЫing spatially resolved 
measurements in front ofthe surface. 
А scheme of the experimental arrangement is 

shown in figure 1. А frequency douЫed Nd:YAG 
laser (Spectra Physics GCR230) operated at 20 Hz is 
used to pump а tunaЫe dye laser (Sirah 
Precisionscan), producing light between 430 and 
470 nm. This light is frequency douЫed in а ВВО 
crystal resulting in 5 ns pulses of 5-1 О mJ, with а 
bandwidth of 0.1 5 cm·1

• After separation of the dye 
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Fig. 2 : Two photon LIF spectrum of the NO y-band 
together with one of the transitions of the Lyman 

band ofH2 (X(v=4,J=7) ➔ B(v=0,J=б)) . 

laser fundamental beam using 3 dielectric mirrors, 
the light is focussed into а Raman cell using а 19 cm 
focal distance quartz lens. The details of the Raman 
cell design and the principles of anti-Stokes 
generation are described elsewhere [10,15]. In short, 
the Raman cell is filled with hydrogen at а pressure 
around 1 bar. А copper finger in the center of the 
cell is cooled with liquid nitrogen. The laser is now 
focussed into а cylindrical hole in the cold finger. In 
the laser focus the high power density enaЫes the 
SARS process. In this process а set of laser-like, 
coherent beams, the so called Stokes (S) and Anti
Stokes (AS) beams, is generated. Every subsequent 
Anti-Stokes order is shifted up in frequency Ьу the 
vibrational Raman shift of Н2, i.e. 4155.23 cm·1

• 

TunaЫe, narrowband laser-like radiation can now Ье 
produced covering the complete vacuum UV (VUV) 
region from 200 nm down to below 120 nm. This 
coherent, laser-like radiation exhiЬits most of the 
Jaser properties but is not real laser radiation. For 
convenience, it will still Ье referred to as laser 
radiation. 

The radiation is used to excite the hydrogen 
molecules from а ro-vibrational state in the 
electronic ground state via one of the Lyman 
transitions Х1:Е/ ➔ В 1:Е/ to ihe first eiectronically 
excited state [16]. This state then radiatively decays 
back to the ground state. The fluorescence generated 
in this LIF process is detected, giving information on 
density and temperature of the initial state. 

In order to know the wavelength accurately, the 
remnant dye laser fundamental beam is used to 
excite nitric monoxide (NO) in а reference cell via а 
two-photon transition of the y-band. The 
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Fig. З : The Anti-Stokes energy as а function of 
wavelength. The pressure in the Raman се\1 was 
\ .5 bar and the \aser energy was 7.5 mJ per pulse. 
Lower wavelengths have also been observed (AS 1 О), 
but the energy is extremely limited due to the 
transm1ssюn of the Mgf 2 windows (sharp 
transmission edge near 120 nm). 

fluorescence back to the NO ground state is imaged 
onto а photomultiplier tube (РМТ) (Hamamatsu 
R7154). The recorded spectrum, which is well 
known from literature [17], is used to calibrate the 
wavelength of the dye laser. In а typical 
measurement, the excitation spectrum of the 
hydrogen molecules in the plasma and the NO in the 
gas cell can Ье recorded simultaneously as shown in 
figure 2, where the laser is scanned over the Н2 line 
(X(v=4,J=7) ➔ B(v=0,J=6)). 

All the Raman orders, Stokes and Anti-Stokes, 
together with the depleted pump beam Jeave the 
Raman cell simultaneously. The laser beams are 
focussed using а concave VUV miпor and then 
directed into the vacuum chamber using а flat VUV 
miпor. 

То reduce the stray Iight (which is mainly caused 
Ьу the depleted pump beam) а metal disc can Ье 
placed at the center of the concave VUV miпor. 
Since the spatial beam profiles of the Stokes and 
pump beams are close to Gaussian, whereas the 
profiles of the AS beams are concentrical rings, the 
disc can Ыосk the relatively high power pump beam 
and Stokes beams reducing the stray light. 
А thin MgF2 plate, located just after the Raman 

cell, reflects а small part of the laser light onto а 
concave miпor which focusses the light onto the 
entrance slit of а 50 cm VUV monochromator 
(McPherson). А solar Ыind РМТ (Hamamatsu 
R7639) monitors the intensity ofthe AS, that is used 
for the excitation. 

In figure 3 the AS intensities are plotted as 
function of the wavelength. This measurement was 
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Fig. 4: Part ofthe Н2 Lyman spectrum. The different 
energy scales belonging to the different excitation AS 
beams are converted into one energy scale, the 
second hannonic of the dye laser, which is the 
horizonta\ axis in the figure. This is called 
multiplexing. The rovibrational excitation of the 
lower level of the transitions, depicted with (v,J) , is 
shown near the coпespondiщ~ peaks. 

done at а Н2 pressure in the Raman cell of 1.5 bar 
and а laser energy of about 8 mJ per shot. The 
intensities plotted in figure 3 have been coпected for 
the wavelength dependence of the detection 
efficiency. 

Since the VUV radiation is efficiently absorbed 
Ьу oxygen, the complete optical system behind the 
Raman cell (reference branch, AS focussing and 
detection branch) is operated under vacuum at а 
pressure of about 10·5 mbar. 

The laser induced fluorescence is detected 
perpendicular to the laser beam. А concave VUV 
miпor focusses the fluorescence through а slit mask. 
The detection volume is defined Ьу the waist of the 
focus (- 600 µm) and Ьу the s\it mask (lx0.5 mm2

). 

The fluorescence is detected Ьу а solar Ыind РМТ 
(Hamamatsu Rl259). The РМТ can Ье gated to 
protect it from plasma radiation. Both the reference 
and the fluorescence signals are recorded shot-to
shot Ьу а 2 GSamp\e/s oscilloscope (LeCroy 
LT372). 

The fluorescence is recorded as function of the 
excitation wavelength in typically 50 steps. At every 
wavelength typically 100 shots are recorded. Since 
the number of fluorescence photons can Ье relatively 
small (in the order of 100 photons/shot) the 
fluorescence is averaged prior to the coпection for 
laser intensity. For this coпection, the averaged 
fluorescence signal is divided Ьу the average 
reference signal, i.e. the relative laser intensity. 
From the area under the fluorescence peaks the 
density can Ье calculated. From the width of the 
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Fig. 5 : Population distribution per statistical weight 
of the Н2 in the shock of а pure hydrogen plasma 
expansion. The Ьigger symbols represent the VUV
LIF measurements; the smaller squares represent 
CARS measurements, of which the overlap is used to 
calibrate the VUV -LIF densities. The lines represent 
the populations according to а simulation, based on а 
two-temperature Boltzmann distribution. 

mainly Doppler broadened peaks the temperature 
can Ье determined. 

3.Results and Discussion 
То demonstrate the working of the setup, part of 

the Lyman band spectrum has been recorded, as can 
Ье seen in figure 4. Here the fluorescence is plotted 
as function of the pump beam wavelength, i.e. the 
second harmonic (SН) of the dye laser. vVhen the 
dye laser, and thus its second harmonic, is scanned, 
all the Anti-Stokes beams are also scanned. The 
fluorescence from the various transitions in the 
spectmm сап Ье induced Ьу different AS orders, 
belonging to different wavelengths. The wavelength
, or energy-, scale of the spectmm is therefore the 
addition of all the energy scales of all the AS beams 
used for the excitation. This is called multiplexed 
Laser Induced Fluorescence (m-LIF). The 
wavelength calibration was necessary in order to 
identify the peaks in the spectmm and their 
corresponding excitation AS beam. 

When recording transitions from different lower 
levels, one can measure the population distribution. 
Such а population distribution has been plotted in 
figure 5. The density divided Ьу the degeneracy is 
plotted as function of the energy of the 
corresponding state. The degeneracy is given Ьу 
(2J+ l )(2N+ 1 ), where J is the quantum number of the 
angular momentum and N the quantum number of 
the nuclear spin; in the case Н2, N=0 for even J en 
N= l for odd J. 

То calculate the relative densities from the 
spectrurn, а radiative model has been developped Ьу 
solving the rate equations (i.e. the Вloch-equations). 
Hence possiЫe saturation effects could not lead to 
underestimation of the densities. А small part of the 
lines appeared to Ье mildly saturated, but the 
resulting densities have been corrected via the 
model. The estimated error in the relative densities 
for these lines is in the order of 20 %. The spectrum 
simulation has also been corrected for excitation 
efficiency (Einstein coefficient, laser energy, and 
transmission through the optics in the excitation 
branch) and for the wavelength dependent detection 
efficiency (window transmission, mirror reflectivity 
and quantum efficiency ofthe РМТ). The latter three 
have been individually measured Ьу the 
manufacturers. 

The resulting relative LIF densities have been 
calibrated using previous Coherent Anti-Stokes 
Raman Scattering (CARS) measurements [9]. Those 
show overlap with the presented m-LIF 
measurements at the Н2(Х) (v=2,J=3) state. Using 
the m-LIF technique with the present setup densities 

15 3 ' down to 10 m- сап Ье detected, see figure 5. 
То construct а complete population distribution 

from the measured densities, the complete Lyman 
spectmm has been simulated. For this simulation а 
population according to а two-temperature 
Boltzmann distribution has been assumed, and fitted 
to the measured densities. In this distribution the 
lower rotational levels are populated according to а 
low temperature (-800 К), equal to the translational 
temperature. This means that the lower rotational 
levels thermalise easily. РrоЬаЫу only а few 
collisions are necessary. The higher rotational levels 
are populated according to а higher, "vibrational
like" temperature (-3600 К). This results in 
exceptionally high rotational excitation. In the state 
v=2, rotational levels have even been observed up to 
J=19. In the present situation this high rotational 
excitation is yet to Ье explained, since the local 
electron temperature is much lower than the 
population resemЫes. The high excitation may well 
Ье residual excitation, produced in the source. It can 
then survive the supersonic region due to the 
inefficient collisional depopulation. It could also Ье 
an effect of redistribution of ro-vibrational 
excitation, created in surface association. The 
measured distribution is рrоЬаЫу а comЬination of 
both effects. 



1017 . 
10" 

• . ... • . .. 
" . . .. . ~~ §, . • • а. • i . ф . • :, 

и, 

~ 10
18 .. . 1021 ~ • 3 ,;, .. . 

~ 
. __;, . . ... ~- • . LIF v,J = 6,3 
. . Rayleigh оп Н2 

101
$ 10" 

10 100 

z(mm) 

Fig. 6 : Axial density profile of the total Н2 density 
and the Н2(v=б,J=З) density in an expanding 
hydrogen plasma. The total Н2 density is determined 
usinl! Rav\ei!!h scatterinl!. 

The cumulative density of the levels from v= 1 up 
to v=IЗ is in the order of а few percent of the total 
density. This is in the same order as the density of 
the hydrogen atoms, believed to Ье the main reactive 
species [14]. The influence of hydrogen molecules 
with ro-vibrational excitation оп the hydrogen 
kinetics сап therefore not Ье neglected. 

То gain some insight in the production 
mechanisms of the НГ, the expansion behaviour of 
several ro-vibrational states is studied. ln figure 6 
the density evolution of the ro-vibrational state 
v=б, J=З is compared with the evolution of the total 
Н2 density. This total Н2 density is measured via 
Rayleigh scattering ofthe second harmonic output of 
the dye laser (230 nm). This Н2 density profile 
exhibits normal expansion behavior, i.e. а supersonic 
region, а shock region and а subsonic region . The 
density evolution of the rovibrational state, on the 
other hand, does not show this typical expansion 
behavior. In the supersonic region, for example, the 
density does not decrease with l/z2, as expected, but 
even slightly increases. This deviation from 
expansion behavior сап not Ье due to redistribution 
from higher rotational levels, since the higher levels 
should then decrease even faster than l/z2

• This is 
however not true. 

Another property of а supersonic expansion is, 
that the supersonic part of the expansion does not 
depend on the background pressure. In figure 7 the 
density evolution of Н2 (v=б,J=З) at two different 
background pressures is shown. А clear dependence 
on the background pressure can Ье observed, in 
contrast with the expectations. This trend has also 
been observed with various other ro-vibrational 
levels. The amount of ro-vibrationally excited 
hydrogen molecules in the plasma jet thus depends 
on the background pressure. Since the source 
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Fig. 7 : Axial density profile of the Hi(v=б,J=З) 

density in an expanding hydrogen p\asma at 
background pressures of 20 and 100 Ра. Clearly 
visiЫe is the influence of the background pressure on 
the density in the supersonic region (z <8 mm), 
whereas this region should Ье independent on 
pressure. Also clear is the increase in depopulation in 
the subsonic region with increasing pressure. 

parameters are kept constant, the production of Н2 rv 

in the source should Ье equal, and can therefore not 
induce а pressure dependence. This indicates that at 
least part of the H2rv enters the jet and is measured 
on the jet centerline. This part is not produced inside 
the cascaded arc. Since the electron density outside 
the source region is very low, the usual creation 
processes ( е-V, and Е-V) have very low 
probaЫlities . But since the fluxes of atomic radicals 
are very high, surface recomЫnation of those 
radicals into excited molecules may well explain the 
different behaviour. 

4. Conclusions 
The ro-vibrational population in an expanding 

hydrogen plasma coпesponds to а two-temperature 
Boltzmann distribution. The exceptionally high 
rotational excitation is рrоЬаЫу the result of а 
comЬination of residual excitation from the source 
and surface recomЬination of hydrogen atoms. 

The density evolution of ro-vibrationally excited 
hydrogen molecules in the plasma expansion and its 
dependence on pressure indicates that at least part of 
the H2rv is not produced in the source region . 
Outside of the source the electron density and 
temperature are so low, that the main production 
process рrоЬаЫу is surface recomЬination of atomic 
radicals. 

ln future experiments we will search for the 
mechanisms that lead to the high rotational 
excitation and will perfoлn more direct 
measurements of the surface recomЬination of 



hydrogen atoms into ro-vibrationally excited 
hydrogen molecules. 
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