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Observation of Exceptionally High Vibrational Excitation of Hydrogen
Molecules Formed by Wall Recombination
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Relative densities of H atoms and H2(v") molecules in vibrational levels up to v" 5, effusing from a
metal box containing heated tungsten filaments, were detected by a resonance-enhanced multiphoton
ionization technique. The atom production is compatible with dissociation of molecules at the filament.
The formation of Hz(v") is attributed to an Eley-Rideal-type reaction, in which a free atom recombines
with an adsorbed atom at the cold wall, followed by desorption. Above 2800 K we observe an abrupt
drop in the atom and the H2(v") densities. It is ascribed to the eff'ects of annealing on the filament sur-
face.

PACS numbers: 79.20.Nc, 33.80.Rv, 52.50.Dg, 82.65.Yh

It is commonly accepted that in a hydrogen volume
source the negative hydrogen ions (H ) are formed by
dissociative attachment of slow electrons to vibrationally
excited molecules Hi(v") ' where v" is the vibrational
quantum number. The vibrational excitation is attribut-
ed to electron-impact excitation of molecules (in v" =0)
by the fast primary electrons in the discharge. " To gain
information on these processes one is interested in the
measurement of the distribution of vibrationally excited
molecules. We have chosen resonance-enhanced multi-
photon ionization (RMI) as the method to study the
discharge in our volume source. RMI is a powerful
method because it allows the efficient detection of (meta-
stable) molecules in specific rotational and vibrational
states, as well as atoms.

The present Letter is concerned with the discovery
that with the filaments heated, but the discharge turned
off, we have been able to detect vibrationally excited
molecules with v" up to 5. In a similar experiment, Hall
et al. observed the formation of H2(v") molecules with
v" up to 9, using dissociative attachment of slow elec-
trons to H2(v") as a detection technique. Therefore, two
independent detection techniques have been used by now

to establish the presence of vibrationally highly excited
molecules in the gas effusing from a nearly closed box
containing hydrogen has and heated filaments. The vi-

brational excitation is attributed to recombinative de-
sorption of hydrogen atoms on the cold walls of the
discharge chamber. The atoms result from dissociation
of molecules on the hot filaments. The main distinction
between our work and that of Hall et al. is our ability to
detect atoms in addition to molecules. This way we can
demonstrate the very close relation that exists between
those two types of particles.

Other experiments dedicated to a study of recombina-
tive desorption of hydrogen " used permeation through
the sample to obtain a wall covered by atomic hydrogen.
In these cases only v" =1 has been detected. With use

of various wall materials, the population of v" 1 was
found to be in excess of the value expected on basis of
the wall temperature.

The discovery that walls catalyze the population of
high vibrational states will bear on different fields like
catalysis and plasma or interstellar chemistry, because
reaction rates are known to increase an order of magni-
tude with each higher vibrational quantum number. '

Moreover, it might modify ideas about plasma-wall in-

teractions in a tokamak when the neutral gas transports
energy in the form of vibrational excitation across the
boundary into the plasma. In particular, it presents the
intriguing question concerning which mechanism dom-
inates the production of H2(v") molecules in a real
discharge, wall recombination or fast electron excitation.

In the following, we present measurements on both the
H2(v") and the H-atom densities as functions of the fila-
ment temperature from 1600 to 3000 K, and of the pres-
sure from 0.3 to 2 Pa. We restrict ourselves to the
highest levels detected, v" 4 and 5, because they allow
an unambiguous interpretation.

A constant flow of hydrogen is admitted to the
chamber of a magnetic-multipole-bucket ion source.
The dimensions of the rectangular chamber are 14
x14X19 cm . Three sets of two tungsten filaments
each, each filament with diameter 1.5 mm and length
= 15 cm, are mounted on insulated water-cooled
feedthroughs. The water-cooled walls are made of
oxygen-free copper and covered by a grey nontrans-
parent layer of tungsten, evaporated from the filaments.
No further analysis of the wall was made. In the edge-
cooled frontplate is cut an aperture of 10x2 mm
through which the gas effuses.

We measured the filament teinperature Tf for If up to
90 A (that is Tf up to 2700 K, uncertainty of = 30 K)
with an optical pyrometer. For larger If we estimated

Tf (uncertainty 50-100 K) in the following way. As-
suming that the filaments have a uniform temperature
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profile, we calculated the specific resistivity from the
measured current and voltage needed to heat the fila-
ments. Then, we compared tabulated values of the
specific resistivity' with calculated ones to derive a tem-
perature. The effective filament length was obtained by
our fitting the estimated temperature to the one mea-
sured with the pyrometer for If below 90 A.

Outside the source chamber the beam of an excimer-
pumped dye laser is focused approximately 5 mm in

front of the aperture. An electric field of 1 MV/m ac-
celerates the laser-produced ions into a lens system,
which transports them to the detector. The 5-mJ, 15-
nsec laser pulse is focused to a spot of = 20 pm diam. A
detailed description of the experiment and diagnostic is

given in a separate paper. '

State-selective detection of hydrogen molecules and
atoms is obtained by application of (3+1) RMI, i.e., a
three-photon excitation, one-photon ionization scheme.
Molecules with v" =4 and v" =5 were detected with the
C'Il„ level with v' 1 and v'=2, respectively, as inter-
mediate resonant state. The assignment is performed
with use of the energy levels given by Dabrowski. ' To
obtain information on the density of the H2(v" =4) mol-
ecules, denoted by n(v" =4), we measured the amplitude
of the ion signal associated with the strong Q(J" 1)
transition, where J" is the rotational quantum number of
the ground state, and Q denotes AJ 0. This amplitude
is proportional to n(v" 4), since we have no indication
that the rotational temperature changes much with
source parameters. To obtain the atom density, n(H),
we used the same procedure. The atoms were excited
from the n 1 ground state to the n =2 state (k =364.74
nm). Each measuring point was obtained by our averag-
ing at least 500 laser pulses, in order to eliminate statisti-
cal variations in the ionization signal. Note that this

procedure does not lead to an absolute determination of
the densities, because the three-photon excitation cross
sections are not known. It allows us to determine the
dependence of the densities on Ty and gas pressure.

First we describe the measurements of n(H), n(v"
=4), and n(v"=5) at different gas pressures. After
each change in pressure, the RMI signal at first shows a
rapid change, and then continues to change slowly with a
time constant of about 2 min until it reaches a steady
state. Therefore the densities have been measured 10
min after changes in pressure. It is expected that they
represent stationary conditions. The differences between
the densities measured at increasing or at decreasing
pressure are about 10%. The slow change in signal after
pressure changes might be caused by diffusion of hydro-
gen from the surface into the bulk or from the bulk to-
wards the surface. We observed that atoms and vibra-
tionally excited molecules have the same almost linear
pressure dependence.

Figure 1 gives the stationary densities n(H) and
n(v" =4) as function of filament temperature Tf, and at
a pressure of 1 Pa. One set of two filaments was used.
Measurements were done 10 min after a change in Tf.
Differences between data obtained with increasing and
decreasing Tf are of the order of 15%. Although n(H),
n(v" =4), and n(v" =5) vary more than 1 order of mag-
nitude when we change Tf from 1600 to 2900 K, their
ratios n(v" =4)/n(H), derived from Fig. 2, and n(v"
=5)/n(H) stayed almost constant within 30%. So the
data indicate that, within the experimental uncertainty,
we find the same dependence on Tf for n(H), n(v" =4),
and n(v" 5).

If the measurements are done "fast" (1 min at each
measuring point, no stationary condition reached) we ob-
serve a hysteresis, especially when Tf rises above 2700
K. This is shown in Fig. 2 for n(H) and n(v"=4). We
remark that despite the large decrease of both n(H) and
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FIG. 1. Measured densities as a function of filament tem-
perature: n(H), triangles; n(v" =4), circles. The upper axis
gives the corresponding filament current. The pressure is 1 Pa.
The full drawn curve is an estimate of the atom density based
on Eqs. (l) and (2). It gives values proportional to P,/JTy
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FIG. 2. Measurement of the densities n(H) and n(v" =4),
as functions of filament current under nonstationary condi-
tions, demonstrating the strong hysteresis. Each measurement
is taken 1 min after the previous one. The pressure is 1 Pa.
The arrows give the direction in which the data are measured.
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P, = —' tI(K /yp)(K /yp+8&f 't' —K /ypf. (2)

Here, EC~ denotes the equilibrium constant for the reac-
tion H2 2H, y = (Ty/T~)'t, in which Tg is the gas
temperature, and p is the gas pressure. Equation (2) is

valid for molecules which stick to and equilibrate with
the filament surface.

At a filament temperature Tf =2500 K, Eqs. (1) and
(2) result in an atomic flux p(H) =4X 10' s ' cm
A flux is converted to a density by dividing it by J'Tf.
Therefore, plotting in Fig. 1 the calculated value of
P, / j'Tf, we can compare the measurements with our
simple estimate. We see that they show the same trend
for Tf & 2800 K. Above = 2800 K, some process inter-
feres with the atomization, because n(H) decreases

n(v" =4) at filament temperatures above 2900 K, the
ratio of these densities approximately stays constant.

The rotational temperatures T, are determined from a
Boltzmann plot containing the measured amplitudes of
the Q(J"=1), Q(J" =2), and Q(J"=3) transitions.
For v" =4 we found a rotational temperature of = 500
K (uncertainty 50 K) at pressures of 1 and 2 Pa. Note
that this is much below the filament temperatures of
2900 K. This observation is consistent with the lack of
observable excitation effects for v" ) 0 in the measure-
ments of Hall et al.

First we discuss the formation of atomic hydrogen and
the scaling of n(H) with Tf. The only mechanism avail-
able for the production of atomic hydrogen in a cold
chamber with hot filaments is dissociation of molecules
on those filaments. ' ' Therefore, we look in more de-
tail at the phenomena taking place at the filament sur-
face. First we mention that on a hot filament the hydro-

gen coverage is very small. A simple rate equation for 8,
the fraction of a monolayer of hydrogen atoms actually
present on the filament surface, gives 0( 10 . It
means that molecules incident on the filament collide
with a bare tungsten surface. Then, the flux of atoms
p(H) leaving the filament is given by

Ip(H) =2$ P,y(H ),

where s is the sticking probability of molecular hydro-

gen, P, is the atomization probability, and p(H2) is the
flux of molecules towards the filaments. The right-hand
side of Eq. (1) gives the flux of hydrogen molecules ar-
riving at the surface, sticking there, and dissociating.
The factor 2 accounts for the fact that each molecule
dissociates into two atoms. Tamm and Schmidt' give a
sticking probability s for hydrogen molecules of 0.07 on

a polycrystalline W surface at zero coverage and 300 K.
The behavior of s at high temperatures is not known to
us. Essentially the same value (0.06) is quoted by
Rettner et al. ' for a single-crystal W(110) surface. The
probability of atomization P, of molecules which stick to
a hot filament is calculated from an expression given by
Brennan and Fletcher, '

strongly and abruptly; see Figs. 1 and 2.
The sudden decrease cannot be ascribed to the burying

of H atoms on the cold walls by tungsten atoms eva-
porated from the filaments. The flux of tungsten atoms
p(W) at the filament surface due to evaporation' at
2800 K is 3x10' s ' cm, which is 1000 times lower
than the value calculated for p(H). Other wall-related
efI'ects are just as unlikely. Therefore, the seat of this
process should be at the filaments.

We attribute the drop in atom production to a change
in filament surface structure. We suppose that above
2800 K some kind of annealing of the surface takes
place. As a result of this annealing, the surface becomes
dominated by (110) facets. Polizzotti and Ehrlich ' con-
clude from their data that physically adsorbed hydrogen
does not serve as a precursor to chemisorption on the
densely packed (110) plane.

We thus come to the following picture. A cold fila-
ment with a generally rough surface is gradually heated.
On rough planes and on surface imperfections of (110)
planes the molecules adsorb, attain equilibrium, and dis-
sociate. This kind of atom production is described by
Eq. (1), and fits the experimental data as seen in Fig. 1.
Above 2800 K, surface imperfections reduce in number
and the whole surface attains a (110) character. This
process takes of the order of 2 min, and the production of
hydrogen atoms decreases, as is verified by Fig. 2. When
we let the filament cool down, the surface roughness is
restored, a process that can be mediated for instance by
segregation of impurities. Thus we go through the hys-
teresis cycle shown in Fig. 2.

In principle, H2(v") can be produced in three ways:
(1) production on hot filaments, (2) gas-phase recom-
bination, and (3) recombination of atoms on walls. In
the following discussion we will show that H2(v") pro-
duction is attributed to recombinative desorption of H
atoms on the cold walls, one atom coming from the vacu-
um.

If the excitation took place on the filaments, one would
expect an increase in vibrational temperature with Tf,
that is a rapid increase in the ratio n(v" =5)/n(v" =4).
This contradicts our measurements which showed no
change of n(v"=5)/n(v"=4) with Tf. Near Tf =2800
K, Figs. 1 and 2 show a saturation in the densities, which
cannot be explained on basis of this assumption either.
Therefore, two experimental facts are at variance with
this idea, making it unlikely that the filaments are the
source of vibrational excitation.

The rate coefficient for three-body gas-phase recom-
bination of H atoms predicts a negligibly small produc-
tion of molecules. Besides, gas-phase recombination of
H atoms would give a linear increase of n(v")/n(H)
with increasing n(H), which is not observed.

The fact that H2(v") observed in this experiment can
neither be formed by gas-phase recombination nor by
formation at the filaments led us to the hypothesis that
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H2(v ") is formed by recombination of two atoms on the
wall. This view is supported by recent measurements of
Hall et al. who observed molecules with v" =1-9 under
similar conditions. In the following discussion we will
demonstrate that in this type of wall recombination one
of the two atoms must come from the vacuum in order to
have enough excess energy to populate higher v" levels.

At low atomic coverage 8, of the cold wall, the atoms
from the hot filament mainly arrive at unoccupied sites
and stick. Then, 8, scales as n(H), and desorption is due
to the recombination of two adsorbed atoms. Hence, one
would expect that n(v" 4) is proportional to 8„and
thus to n(H) . However, this behavior does not charac-
terize the present experimental data. Moreover, if two
atoms recombine on the cold wall, the available energy,
being the difference of the dissociation energy and 2
times the binding energy, is just enough to populate
v" -1.'

If we assume a high coverage, 8, =1, H2(v") is
formed by recombination of a surface atom with one
coming from the vacuum. This is an example of the so-
called Eley-Rideal reaction (reviewed by Kasimo and
Lundquist24). Then, n(v" 4) should scale as n(H).
This is indeed what we observe when varying pressure
and If (Fig. 1). The available energy is the dissociation
energy minus I times the binding energy. Depending on
which value one takes for Et„' we find an energy
which is between 2 and 2.5 eV. This is sufficient to pop-
ulate v" 4 and possible v" 5, in agreement with our
measurements. Although the potential of a subsurface
hydrogen is not known, recombination with an atom that
is bound in an inner well provides the possibility for exci-
tation of the desorbed molecules to vibrational levels
v" & 5 (see Fig. 2 in paper of Ref. 9). An alternative,
although less likely, explanation for the observation of
Hall et al. that even molecules up to v" 9 are emitted
is the direct recombination of two atoms coming from
the gas phase. This process though would give for a
v" & 5 a quadratic dependence of n(v") on n(H). As we
were not able to extend our measurements beyond
v" =5, we unfortunately were not able to measure the
relation between n(v" &5) and n(H). Of course, at
8, = 1 recombination of adsorbed atoms is still possible.
But this process does not lead to v" & 1, and does not
modify measured scaling laws.
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