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ABSTRACT

Detailed knowledge of surface processes on plasma facing components is of high importance
for understanding and modelling of the edge plasma in tokamaks. This requires information on the
kind of emitted particles as well as their state of excitation. While this was to more extent studied
for carbon materials much less is known for metals (ITER relevant - W) and especially at higher
temperatures relevant to divertor operation and transient heat load phenomena. The production of
vibrationally excited molecules by hydrogen atom (H and D) recombination is a subject of a present
studies. A vibrational spectrometer is used for determination of vibrational excitation of hydrogen
molecules. It was recently upgraded by single-stage differential pumping thus separating the detector
and the reaction chamber. Recent results with new experimental arrangement are presented and
compared to the results obtained with the old experimental set-up.

1 INTRODUCTION

Neutral species, molecules and atoms, are important for plasma detachment in the divertor region
of modern fusion devices [1]. It has already been shown that molecules in the ground electronic
state present in the edge plasma are vibrationally and rotationally excited [2, 3]. Vibrationally ex-
cited molecules are produced via two types of processes, volume electron-ion recombination and
de-excitation from excited electronic states and surface mediated atom and ion recombination on
plasma facing components (PFC). We are interested in vibrational distributions of molecules pro-
duced by atom recombination on the surfaces of different materials used for PFC.

The importance of vibrationally excited molecules in the edge plasma is partly due to their con-
tribution to the energy transport. On the other side there are also reactions which have small cross
section and rate in the case of lover vibrational states but become more significant for higher vibra-
tional excitations, e.g. molecule assisted recombination and molecule assisted dissociation [4]. The
study of vibrational distributions is thus important in order to provide data which should be incor-
porated into the divertor plasma modelling, improving the accuracy of models and improving our
understanding of the behaviour of edge plasma.
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It has been shown in previous experiments that atom recombination on different materials results
in different vibrational distributions [5, 6], Fig. 1a. These initial experiments on atom recombina-
tion were using source cells with sample surfaces being mounted inside the cell and being exposed
to a partially dissociated hydrogen atmosphere, Fig. 1b. Atoms and molecules interact with sur-
faces inside the source cell thus vibrational distributions of the effusing gas is affected by various
interactions. This is now improved by the new design used in experiment presented here.

(a) relative populations (b) source cell

Figure 1: (a) Vibrational population of molecules produces by atom recombination on surfaces of
different materials mounted in a source cell. (b) Previous experimental arrangement consisting of
vibrational spectrometer and a source cell. Sample surface is mounted inside a source cell [6].

Vibrational and rotational excitation is a result of the excess energy after atom recombination
on the surface. There are three different recombination mechanisms leading to vibrationally excited
molecules for which respective equations describe the energy balance of the processes. First re-
combination mechanism is Eley-Rideal recombination, where the incoming atom interacts with the
already adsorbed one. After the interaction the molecule leaves the surface. The total energy of the
recombined molecule is

EH2 = De − EH−Me + Ei, (1)

where De is the dissociation energy of the hydrogen molecule, EH−Me is the binding energy of the
adsorbed atom and Ei is the kinetic energy of the incoming atom. The energy of the recombined
molecule is distributed between the kinetic, rotational and vibrational degrees of freedom.

Second process is Langmuir-Hinshelwood recombination, where two already adsorbed atoms
in thermal equilibrium with the surface are involved. They interact with each other resulting in a
molecule leaving the surface. The energy balance equation is

EH2 = De − 2EH−Me. (2)

For H2 molecule the dissociation energy is De = 4.476eV and adsorption energy of hydrogen on W is
EH−Me = 2.9eV [7]. The EH2 is in this case negative which indicates that in order for recombination
to occur the molecule needs to obtain some energy from the surface through phonon interactions.
Due to the small available energy the molecules, formed by Langmuir-Hinshelwood are usually not
excited.
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The next recombination mechanism is the so called hot-atom recombination. When the incoming
atom is adsorbed on the surface it is not immediately thermalized. Thus it is moving along the
surface, ”cooling” down by transferring its energy to the surface or other adsorbed atoms. During
its movement it can interact with another adsorbed atom resulting in recombination and release of
molecule from the surface. The energy balance equation is

EH2 = De − 2EH−Me + Eh, (3)

where Eh is the excess energy of the hot atom just before the recombination. Again, the energy of
the hydrogen molecule is distributed between all possible degrees of freedom.

2 EXPERIMENT

In present experiments the sample surface is exposed to hydrogen or deuterium atom beam. The
hydrogen atom beam is produced with a resistively heated W capillary. Atoms are interacting with the
surface and with the atoms already adsorbed on the surface, what results in formation of molecules
which are then leaving the surface. These desorbed molecules are then analysed by vibrational spec-
trometer in order to determine their internal ro-vibrational energy. We are interested in the influence
of different parameters on the vibrational distribution, e.g. the sample temperature or the hydrogen
atom flux. Previous experimental set-up and detection method are presented in detail elsewhere [6]
and here only current modifications are described.

Recently the experiment was upgraded by incorporating differential pumping. The vacuum cham-
ber was physically divided, as already mentioned, into two regions, detection region with the vibra-
tional spectrometer and reaction region with sample holder and hydrogen atom beam source (HABS)
[8], Fig. 2. Each region is pumped with its own turbomolecular pump. Both regions are connected
through a narrow slit, directed from probing electron beam towards the sample surface. This slit
allows the molecules from the sample surface to enter straight to the vibrational spectrometer and
prevents other molecules to pass directly to the detection region of the vacuum chamber. Molecules,
which do not enter the vibrational spectrometer, are removed from the reaction region by its turbo-
molecular pump.

(a) (b)

Figure 2: The vacuum chamber. (a) The scheme of the cross section of the set-up. (b) Photo of the
top view of the vacuum chamber.

Differential pumping mode is necessary in order to determine the contribution of the molecules
desorbed from the sample surface to the measured vibrational distribution. In the experimental con-
figuration where no physical barrier dividing the vacuum chamber, molecules were able to interact
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with different surfaces inside the vacuum chamber and were still analysed by the vibrational spec-
trometer. The resulting vibrational distributions were thus affected with these unwanted molecule
interactions. Also due to the presence of the molecules coming from HABS in the entire volume of
the vacuum chamber the molecules were inducing a signal in our detector resulting in a very high,
uniform background in our spectra.

2.1 Detection region

The vibrational spectrometer is placed in the detection region of the vacuum chamber. The prop-
erties of the dissociative electron attachment (DEA) in hydrogen are being used for the analysis of
vibrational excitation. The electron collides with the target hydrogen molecule and may attach to
it leading to an intermediate resonant state. This negative molecular ion may then dissociate into
hydrogen atom and stable negative hydrogen ion which can be readily detected,

H2(v) + e− → H−
2 → H +H−. (4)

The theoretical DEA cross-section [9] is shown on Fig. 3a for some initial vibrational states of the
target molecule. It has different threshold energies for different vibrational states which enables to
distinguish between different vibrational states by scanning the electron energy. The cross section
exhibits a narrow peak at the threshold resulting in a preferential formation of low energy hydrogen
ions. The cross section strongly increases with vibrational energy of the hydrogen molecule so that
the peak value of the cross section increases by five orders of magnitude between ground and fifth
vibrational state. There is also very strong isotope effect for the DEA cross section. For deuterium
the cross sections are much lower than for hydrogen, but this is only true for low vibrational states.
For high vibrational states the cross sections are of the same order of magnitude as for the hydrogen
- in the 10−16cm2 range. For tritium the cross sections for low vibrational states are even lower
than for deuterium, but again for higher vibrational states the cross sections are of the same order of
magnitude as for the hydrogen.

(a) DEA cross section

B

el-beam

interactio
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region

H-e-collector

e-gun

H - etraction system and detector

(b) scheme of the vibrational spectrometer

Figure 3: (a) The cross section of dissociative electron attachment in hydrogen for several vibrational
states [9]. (b) A scheme of the vibrational spectrometer.

The vibrational spectrometer consists of an electron gun, electron collector, ion extraction system
and single channel electron multiplier as ion detector, Fig. 3b. The electron gun enables the electron
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energy scanning in the range from 0 eV to 20 eV. The extraction system is designed to collect pref-
erentially the low energy hydrogen ions what is crucial for the separation of peaks corresponding to
different vibrational states. The extraction system also enables the distinction between hydrogen and
deuterium allowing us to perform experiments with both isotopes.

2.2 Reaction region

A temperature controlled sample holder and the HABS which is located directly above the sample
are mounted in the reaction region of the vacuum chamber, Fig. 4a. Currently used sample holder
enables the temperature control between 300 K and 600 K. The HABS is using a hot W capillary
for the dissociation of the hydrogen gas and for the formation of hydrogen atom beam. The distance
between the end of the capillary and the middle of the sample surface is 47 mm. The aperture,
positioned 29 mm below the capillary, defines the hydrogen atom beam width on the sample (13.5
mm radius). Because the sample is tilted by 45◦ with respect to the atom beam, the beam shape is
actually an ellipse with major axis 19.6 mm and minor axis 13.5 mm. The shape of the beam was
checked by exposing amorphous hydrogenated carbon (a-C:H) film at 540 K to the atom beam under
standard working conditions of HABS. This provided clear image of the beam shape and its intensity
due to the film modification by chemical erosion [10], Fig. 4b.

(a) sample holder and HABS (b) a-C:H exposed to hydro-
gen atom beam

Figure 4: (a) A picture of sample holder with HABS positioned directly above the sample. (b)
Hydrogen atom beam dimensions are visible on a-C:H after the exposure at 540 K due to the chemical
erosion.

3 RESULTS

The reason for the upgrade of experimental set-up with the differential pumping is to isolate
the contribution of molecules desorbed from the sample surface in the vibrational spectra and to
reduce the high background in measured spectra induced by molecules coming from HABS. Similar
experimental arrangement as above described but without differential pumping was used in a previous
attempt to directly observe recombining atoms from the surface instead of using source cell as is
shown in Fig. 1b. As can be seen in Fig. 5 with the differential pumping mode we managed to
drastically reduce the background, from around 15 counts/s to almost 0 counts/s. For the study a
polycrystalline W (PCW) was used and in both configurations the same experimental conditions
were used, pressure of the hydrogen flowing into the HABS was 380 mTorr and the temperature
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of the W capillary inside the HABS was 2000 K. A small change in vibrational distribution is also
noticeable when comparing the spectra.
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Figure 5: Comparison between spectra recorded in differential pumping mode and without differen-
tial pumping. Electron energy scale is not corrected for contact potential.

In the present experiments the most studied sample was PCW since W is fusion relevant ma-
terial. However for comparison also other materials were used: W with co-deposited N, Cu and
Si. The influence of the PCW sample temperature on the vibrational distributions is shown in Fig.
6. Convoluted and experimentally obtained spectra and relative populations, obtained by ion yield
deconvolution, described in [6], of the sample at 300 K and 540 K are shown. In both cases the
temperature of the HABS capillary was 2200 K and the driving pressure of hydrogen gas was 280
mTorr. Lower vibrational excitation was observed in the case of the hotter sample which can be ex-
plained by different surface concentration and population of different adsorption sites on the surface
[11]. At higher temperatures states with low binding energy are poorly populated and recombination
of atoms proceeds mainly through atoms adsorbed in states with higher binding energy resulting in
less available energy for the leaving molecule. Moreover, the Langmuir-Hinshelwood mechanism
becomes dominant, reducing the probability for Eley-Rideal and hot-atom recombination.
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Figure 6: (a) Recorded and convoluted spectra and (b) relative populations for PCW for sample
temperatures 300 K and 540 K. For comparison a Boltzmann distribution at vibrational temperature
2600 K is also shown.

The influence of the cooling rate on the vibrational distributions was also observed. The sample
was heated to 540 K and cooled down to 300 K with two different rates, 11.8 K/min and 3.25 K/min.
At 300 K the sample was exposed to hydrogen atom beam and the spectrum was recorded. The
temperature of the W capillary and the driving pressure of hydrogen gas remained the same, 2200
K and 280 mTorr, respectively. We have observed significant difference in the resulting vibrational
distributions, Fig. 7. In case of rapid cooling of the sample we have obtained lower population

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014

1104.6



1104.7

of lower vibrational states and higher population of higher vibrational states. Our explanation for
this difference is that during the slow cooling of the sample some sample contamination occurs,
probably with a thin layer of hydrocarbons. This layer of impurities presumably influences the atom
recombination resulting in the change of vibrational distribution.
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Figure 7: (a) Recorded and convoluted spectra and (b) relative populations for PCW at 300 K after
cooling down from 540 K with different cooling rates. For comparison a Boltzmann distribution at
vibrational temperature 2600 K is also shown.

Comparison between vibrational distributions of PCW and W with co-deposited N (WN) is shown
in Fig. 8. We have observed very large difference between both samples where much lower vibra-
tional excitation was obtained in case of N present in the sample. WN layer was produced by sput-
tering of W target in N atmosphere on Si substrate in another laboratory at Jožef Stefan Institute.
The reason for studying WN sample is the importance of nitrogen gas seeding for improving plasma
detachment and radiative cooling in tokamaks using tungsten divertor. Thin layers of materials with
co-deposited N will be formed on the walls during the operation of the fusion device which will,
among other effects, influence the vibrational distributions of molecules, recombined on the surfaces
of these layers.

1 2 3 4

 

 

 W
 WN

io
n 

yi
el

d

En [eV]

(a) recorded and convoluted spectra

0,0 0,5 1,0 1,5 2,0 2,5 3,0
1E-7

7,38906E-7

5,45982E-6

4,03429E-5

2,98096E-4

0,0022

0,01628

0,12026

0,88861

 

 

re
la

tiv
e 

po
pu

la
tio

n

Ev [eV]

 W
 WN
 Botzmann (Tv=2600K)

(b) relative populations

Figure 8: (a) Recorded and convoluted spectra and (b) relative populations for different materials.
For comparison a Boltzmann distribution at vibrational temperature 2600 K is also shown.

4 CONCLUSION

In order to enable more direct state selective studies of hydrogen atom recombination on sur-
face by isolating the contribution of the sample surface to the vibrational distribution of recombined
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molecules, the system was upgraded with differential pumping. The vacuum chamber is divided into
two separate regions, one containing vibrational spectrometer and the other one containing sample
and hydrogen atom beam source. Samples are being exposed to hydrogen atom beam under different
experimental conditions and molecules, formed by atom recombination on the sample surface, are
analysed by the vibrational spectrometer. Atom recombination on polycrystalline tungsten at differ-
ent experimental conditions was studied and results were compared with the results obtained with
some other materials. Further experiments are in progress and the results of the measurements with
deuterium will be compared to those obtained with hydrogen. The influence of surface contamination
will also be studied in more detail.
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