
 

Production and loss of rovibrationally excited H2 molecules:
Expanding hydrogen plasmas in experiment and model
Citation for published version (APA):
Gabriel, O. G., Vankan, P. J. W., Schram, D. C., & Engeln, R. A. H. (2007). Production and loss of rovibrationally
excited H2 molecules: Expanding hydrogen plasmas in experiment and model. In J. Schmidt, M. Simek, S.
Pekarek, & V. Prukner (Eds.), XXVIII International Conference on Phenomena in Ionised Gases (ICPIG 2007)
15-20 July 2007, Prague, Czech Republic. Proceedings (pp. 132-134). Institute of Physics.

Document status and date:
Published: 01/01/2007

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://research.tue.nl/en/publications/ac6030a7-fa00-4bfb-8b10-a22174978cd3


 

28th ICPIG, July 15-20, 2007, Prague, Czech Republic 

Production and loss of rovibrationally excited H2 molecules: 

Expanding hydrogen plasmas in experiment and model 
 

O. GabrielP

1
, UP. VankanUP

2
, D.C. SchramP

1
, R. EngelnP

1
 

 
P

1
P Department of Applied Physics, Eindhoven University of Technology, 

P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

P

2
P present address: Philips Lighting, Central Development Lighting,  

P.O. Box 80020, 5600 JM Eindhoven, The Netherlands 

 
The rovibrationally resolved density distributions of molecular hydrogen are measured in 

expanding thermal hydrogen plasmas by means of laser induced fluorescence in the vacuum-UV 

range (VUV-LIF). The results reveal a non-Boltzmann distributions, where the low rotational states 

(J = 1-6) follow a temperature of 700 K, while the higher rotational states are overpopulated 

compared to these lower states and follow higher temperatures up to 4500 K. Experiments were 

performed under variation of the surface area in the plasma source by varying the nozzle length. 

We assume surface association processes of atomic hydrogen at the surface of the nozzle, 

producing rovibrationally excited H2 molecules. While the atomic hydrogen flow decreases with 

increasing surface areas, the H2
rv distribution shows a more pronounced non-Boltzmann behaviour. 

A simple 0D model of (de)excitation processes by collisions with electrons and neutrals results in 

additional information about the formation of the measured H2
rv

 distributions. 

 

1. Introduction 

Molecular hydrogen and its isotopes (H2, D2, T2) 

play a vital role in research and applications. The 

interaction of atomic and molecular hydrogen with 

surfaces is a common process occurring in very 

different scientific fields. Surface association 

processes (2H → H2) take place on dust grains in 

cold interstellar clouds [1], or at higher temperatures 

in front of the divertor plates in a fusion 

reactor [2-4]. The surface processes are strongly 

depending on fluxes and energies of the incoming 

species, and of course on the surface properties of 

the material itself. Despite an ongoing research the 

understanding of these processes is still limited.  

Hydrogen is used in plasma applications like 

deposition of hydrogenated amorphous silicon 

(a-Si:H) films, used in solar cell production, where 

the gas phase chemistry can be controlled by the 

hydrogen admixture [5]. Rovibrationally excited 

hydrogen molecules H2
rv

 play a vital role in gas 

phase processes, as they carry an internal energy up 

to 4.5 eV available for various processes. It is well 

known, that this extra internal energy enhances 

several reactions in plasma chemistry, like 

dissociation, ionization, and dissociative attachment 

(DA). The DA process is the main channel for the 

production of negative H- ions, which are used in 

neutral beam sources for fusion heating. For 

instance, the rate of the DA process for rotationally 

excited H2(v=0, J=30) is seven orders higher than 

that for ground state H2(0,0) [6]. 

 

2. The PLEXIS setup 

The plasma in the PLEXIS setup (Plasma 

Expansion in Interaction with Surfaces) is produced 

by a cascaded arc, driven with currents of 50 A in a 

4 cm long arc channel of 4 mm in diameter. 

Hydrogen flows through this channel with typically 

3000 sccm and is thereby dissociated with degrees 

in the order of 10 %. The channel starts at the 

cathode tip and ends at the beginning of the anode 

plate. Electron energies are typical 0.5-0.8 eV. After 

passing a copper nozzle the plasma expands into a 

vessel with a volume of about 550 liters. The 

pressure in the source is around 1 kPa, while the 

background pressure in the vessel is 20 Pa. Thereby 

the plasma expands supersonically after leaving the 

nozzle. At a distance of a few centimeters a shock 

front is formed. Behind the shock the flow 

continuous with subsonic speed (see fig. 1). 

 
Figure 1: Scheme of plasma source and expansion. 

 
Active spectroscopy is used to measure densities 

of molecular hydrogen in all its rovibrational states 

in the electronic ground state. This requires a laser 

source emitting in the range from 110 nm to 150 nm 
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(VUV). We use Stimulated Anti-Stokes Raman 

Scattering (SARS) to produce the VUV radiation. 

This so called SARS-LIF in the VUV range has 

several advantages: Most rovibrational levels of 

ground state hydrogen are detectable, including all 

higher levels (v,J > 1,4), combined with an excellent 

spatial resolution and high sensivity. 

 
Figure 2: VUV beam path and LIF optics at the 

PLEXIS setup. M: mirror, W: window, L: lens, BS: beam 

splitter, RC: Raman cell, S: slit. 

 

2. Experimental results 

2.1. Atomic hydrogen flows 

Hydrogen dissociation by electron impact stops 

from the point on where the arc channel ends in 

cascaded arc. Of all loss processes of atomic 

hydrogen, three-body recombination is known to be 

very unlikely under this conditions: assuming a 

maximum H density of 1023 m-3 and a rate 

coefficient of 5·10
-44

 m
-6

 s
−1 

the time for volume 

losses is around 2 ms. Compared to this the transit 

time through the nozzle is only a few microseconds 

with convection velocities around 7000 m/s. 

On the other hand, the plasma starts to expand 

through the nozzle, where the hydrogen atoms come 

into contact with the surface of the nozzle. Under 

our conditions the flux of hydrogen is more than 

104 monolayer/s towards the nozzle surface. This  

indicates that surface association processes can  

become dominant. It is known from previous 

measurements at the PLEXIS setup that the atomic 

hydrogen flow decreases with increasing surface 

area in the plasma source [7]. For example, the flow 

of hydrogen atoms at 8 mm in front of the nozzle 

decreases from 4.0·10
20

 s
−1

 to 3.1·10
19

 s
−1

 (more than 

a factor of 10), if the nozzle length is increased from 

6 mm to 16 mm. Hence, hydrogen atoms are 

removed by surface association processes from the 

expanding plasma and hydrogen molecules are 

produced. 

 

2.2. Energy distribution of H2
rv

 

The measured spectra of H2
rv

 are compared to a 

calculated spectrum. A data base of more than 

10,000 H2 Lyman transitions and other 

spectroscopic parameters are used together with a 

“first guess” of the H2
rv

 distribution for the 

calculation of the spectrum. By fitting this model 

distribution a very good agreement between 

calculated and measured spectra was reached, 

resulting in the density distribution of the 

rovibrational states.  

1.0 1.5 2.0 2.5 3.0 3.5 4.0
10

13

10
14

10
15

10
16

10
17

10
18

10
19

 v = 3

 v = 4

 v = 5v = 5

v = 4

v = 3

6 mm nozzle

 

 

n
/g

 (
a

.u
.)

Internal energy (eV)

T
vib

 = 4300 K

 

1.0 1.5 2.0 2.5 3.0 3.5 4.0

10
14

10
15

10
16

10
17

10
18

v = 5

28 mm nozzle
 

 

n
/g

 (
a

.u
.)

Internal energy (eV)

T
vib

 = 2900 K

v = 4

v = 3

 
Figure 3: Distributions of rovibrationally excited H2 

molecules measured using a short (top) and a very long 

nozzle (bottom). Symbols represent the measurement, the 

lines are a simple fit. 

 

The measured distributions of H2
rv

 are shown in 

fig. 3 for two different nozzle lengths. The lines in 

the figures represent the model distribution, while 

the dots are densities resulting from measured 

transitions. The curves show a non-Boltzmann 

distribution: the occupations of lower rotational 

states (J = 1-6) follow a rotational distribution 
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connected to a rotational temperature around 700 K, 

close to the temperature of the background gas in 

the vessel. In contrast, higher rotational states are 

distributed with a temperature close to the 

vibrational temperature, i.e. 2500-4500 K. A longer 

nozzle length results in a lower vibrational 

temperature. First experiments with other nozzle 

lengths indicate a non-linear dependence between 

nozzle length and Tvib. 

The non-Boltzmann behaviour of the 

distributions becomes more pronounced for longer 

nozzle lengths. This seems to be an effect of 

surface-interactions, but at the moment we can not 

distinguish if this due to an extra production of H2
rv 

by surface association or due to an influence of wall 

collisions on the rotational relaxation is not clarified 

until now. Another possibility is relaxation 

processes in the gas phase: It was shown in earlier 

experiments that the higher rotational states relax 

faster than the lower ones with increasing distance 

to the arc exit [8].  

 

2.2. Gas phase modelling 

A simple one-dimensional model was set up to 

investigate the contributions of several processes to 

the (de)excitation of H2. In contrast to earlier 

models, that in general include only vibrational 

excitations of H2, we used rotational resolved 

excitations. Appropriate cross section data was 

recently published [9]. Following processes are 

included: 

H2
v,J

  + e  → H2
v’,J’

 + e (eV) 

H2
v,J  + e  → H-  + H  (DA) 

H
-
   + H  → H2

v,J
 + e (AD) 

H2
v,J  + H → H2

v’,J’ + H (HV) 

H2
v,J

  + H2
0,0

 → H2
v’,J’

 + H2
0,0

 (H2V) 

Of course this model does not reflect the reality 

in the arc channel at all: many processes are 

neglected, e.g. all reactions with ions, and the 

electron density was kept constant. Also the cross 

sections for neutral-neutral collisions are not easy to 

obtain [10] and are published only for low lying 

rovibrational states. One of our questions is: Are 

these processes fast enough to excite H2 to the 

observed high rovibrational levels within the 

residence time in the arc channel, which is only in 

the order of some microseconds.  

Figure 4 shows the result of a calculation for 

t = 1 µs and vibrational levels up to v=3. The 

starting conditions are a thermal distribution of H2 

(n = 2.5·10-22 m-3) and  a typical electron density of 

2.5·10
-20

 m
-3

 and a Maxwellian EEDF with 

Te = 0.85 eV. The similarity with the measured 

distribution is striking. 
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Figure 4: Calculated distribution of rovibrational 

levels of excited H2 in the electronic ground state. 

 

4. Conclusions 

The distribution of excited molecular H2 together 

with densities of atomic hydrogen is measured in 

front of the nozzle of an expanding hydrogen 

plasma. The connection between nozzle surface and 

measured hydrogen densities indicate that hydrogen 

associates at the surface. The H2
rv distribution is 

clearly non-Boltzmann and depends also on the 

nozzle surface area. Whether this is due to surface 

production of excited H2 or (de)-excitation 

processes in the plasma itself has to be clarified in 

further experiments. 
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