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Abstract

The determination of molecular hydrogen fluxes in the plasma edge of fusion experiments from molecular radiation
requires the precise knowledge of photon efficiencies (S + D)/XB, i.e. the ionization and dissociation processes per
emitted photon. Photon efficiencies are calculated by a collisional radiative model for molecular hydrogen which gives
dependencies on electron temperature, on electron density and on the vibrational population of the molecule in its
ground state. To prove the model, photon efficiencies are measured by gas puffing experiments in the divertor of
ASDEX Upgrade at high electron densities (n, =~ 10! m~3) and low electron temperatures (7, ~ 10 eV). Furthermore,
results from laboratory plasmas (1, ~ 107 m~3, T, ~ 3 eV) are also used for an experimental check of the model. The
comparison allows an identification of relevant processes such as dissociative attachment from excited states of hy-
drogen, thus improving molecular hydrogen diagnostics.
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1. Introduction

In fusion experiments plasma recycling takes place in
the scrape-off layer [1]. In attached plasmas, the particles
recombine at the solid surfaces and are released into the
plasma where they undergo a variety of reactions, e.g.
ionization or charge exchange. At the surfaces the par-
ticles can recombine either to hydrogen atoms or hy-
drogen molecules. As shown in [2], the ratio of these
species depends on the temperature of the surface. Ad-
ditionally, impurities are produced as well, e.g. methane
by chemical erosion of carbon which is often used as
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wall material. In fusion devices with divertor, the di-
vertor can operate in various recycling regimes, i.e. low
recycling, high recycling and detachment. In the latter
case, electron temperatures are low and the molecular
hydrogen fluxes are comparable to atomic fluxes [3]. All
mentioned species affect the plasma edge and have to
be considered in plasma edge codes. In case of hydro-
gen, the reaction chain is more complex for molecules
than for atoms. Molecular hydrogen has metastable
vibrational levels in the ground state, which open very
effective new reaction channels such as dissociative at-
tachment (H,(v) +e — H™ + H) and ion conversion
(H2(v) + H* — HJ + H) and can influence the energy
balance of the plasma [3]. Therefore, it is very important
to know the quantity of molecules released from the
surface in a wide parameter range.

Particle fluxes are frequently deduced by emission
spectroscopy in the visible spectral range [4]. The cor-
relation of measured photon fluxes with particle influxes
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is given by the so-called photon efficiency. For example,
impurity influxes of methane are correlated with the
radiation emitted from the CH band (around 431 nm)
by the photon efficiency D/XB which describes the dis-
sociation events per emitted photon. This ratio is calcu-
lated from the molecular break-up of methane. Atomic
hydrogen influxes can be determined from the H, radi-
ation and the photon efficiency S/XB, i.e. the number of
ionization per emitted H, Balmer photon, which is cal-
culated by collisional radiative models for hydrogen
atoms [5,6]. Balmer radiation is also emitted due to
dissociative excitation of hydrogen molecules or disso-
ciation of molecular ions. In case of high molecular in-
fluxes these processes have to be considered also in the
calculation of photon efficiencies for atoms.

In case of molecular hydrogen, the Fulcher band
(electronic transition: d*IT, — a32g+, vibrational bands:
v' =" = 0-3, wavelength range: 600-640 nm) is com-
monly used to measure molecular hydrogen influxes
[2,3]. The calculation of the photon efficiency (S + D)/
XB, i.e. ionization and dissociation processes per emit-
ted Fulcher photon, is based on the collisional radiative
model of Sawada [7]. Since the photon efficiency varies
with plasma parameters up to three orders of magnitude
the underlying collisional radiative model has to be
proved by experimental investigations, which is the aim
of this paper.

2. Photon efficiency (S + D)/XB

The photon efficiency (S + D)/XB relates the mea-
sured photon flux I'phoions to the molecular hydrogen
influx I'y, released from the plasma facing materials:

S+D
FHZ = %thotony (1)

S is the effective ionization rate coefficient, D is the ef-
fective dissociation rate coefficient and XB denotes the
effective emission rate coefficient for the Fulcher radia-
tion. All three rate coefficients depend, in general, on the
plasma parameters electron temperature 7, and electron
density n. and are calculated by a collisional radiative
model (see Section 2.1). Using an absolutely calibrated
spectroscopic system, the intensities of the rotational
lines of the various vibrational bands of the Fulcher
transition give a rotational temperature, a vibrational
population in the excited state and finally the whole
Fulcher photon flux I'photons [3]. If the molecular hydro-
gen flux is known, the photon efficiency can be deter-
mined from the measured Fulcher photon flux. This can
be achieved by gas puffing experiments (see Section 2.2.)
with calibrated flow meters. For a comparison of mea-
sured photon efficiencies with calculated ones, the plasma
parameters must be well-known. In a next step, the cal-
culations are discussed on the basis of the input data.

2.1. Calculations

The calculation of photon efficiencies is based on a
collisional radiative model for H, [8], which is an ex-
tension of the collisional radiative model by Sawada [7].
Besides the electronic states the vibrational levels in the
ground state of the molecule are taken into account. The
electronic states in the principal quantum number n = 2
are resolved whereas all other excited states are only
separated with respect to the multiplet system. The
upper state of the Fulcher transition (d*IT,) is one of the
six n = 3 states (unresolved) in the triplet system. Ac-
cording to the small maximum energy difference of 0.8
eV, the relative population among these levels are as-
sumed to be given by the statistical weights. The effective
emission rate coefficient for the Fulcher band XB is then
deduced from the population density of n = 3, n;:

XB(d'TL, — a’%)) = n3 x 2/7 X Apucher/ (ne X ). (2)

2/7 is the ratio of the statistical weight of the d*II, state
to the sum of all six states, Arycher 1S the Einstein tran-
sition probability for the Fulcher emission (Apucher =
2.5 x 107 s7! [9]) and ny, denotes the molecular hydro-
gen density.

The main reactions which contribute to the effec-
tive ionization rate coefficient S are (i) electron impact
ionization from the ground state, (ii) electron impact
ionization from electronically excited states and (iii) ion
conversion (vibrationally resolved), which is dominant
in the low energy range. The effective dissociation rate
coefficient is determined by (i) electron impact excitation
of the repulsive state b>E! from the ground state (vib-
rationally resolved), (ii) electron impact excitation of
electronic states in the triplet system followed by de-
excitation into b*Z, and (iii) dissociative excitation into
excited atomic hydrogen followed by radiative decay.
The calculation of the vibrational population is imple-
mented in the collisional radiative model [8]. Thus, the
photon efficiency depends on T, on n. and on the vib-
rational population in the ground state as shown in Fig.
1. The dependence on vibrational population is illus-
trated only for n, = 10 m=3.

In contrast to the effective ionization and dissociation
rate coefficients, the effective emission rate coefficient of
the Fulcher radiation is uncertain. The dominant pop-
ulation mechanism of the » = 3 state in the triplet sys-
tem is electron impact excitation from the ground state
and from the metastable state c*I1, (n = 2) [3]. There-
fore, the question arises whether the ¢*I1, level will re-
main metastable or will be de-excited by collisional
quenching and which input data base should be used for
direct electron impact excitation. As discussed in [10],
the various excitation rate coefficients given in literature
differ by a factor of seven, which results in an uncer-
tainty in the effective emission rate coefficient of a factor
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Fig. 1. Calculated photon efficiency for the Fulcher radiation
of hydrogen molecules on the basis of the collisional radiative
model described in [8].

of 1.8. Measurements of Fulcher radiation in microwave
discharges at n. =7 x 10'°-5 x 10" m~3 and T, = 2-3
eV show systematically lower radiation (factor five to
ten) then predicted by the collisional radiative model for
these parameters [10]. The collisional radiative model
was therefore extended by three new reactions: (i) col-
lisional de-activating process (quenching) of n = 2, (ii)
charge exchange of excited states (n > 2) and (iii) dis-
sociative attachment from excited states (n = 2). The
rate coeflicients are taken from [11] for reaction (i), from
[12] for reaction (ii), from [13] (n = 2) and [14] (n > 2)
for reaction (iii). Quenching is important in laboratory
plasmas since molecular hydrogen is the dominant par-
ticle density. Thus, quenching processes reduce the
predicted radiation by a factor of about two, which is
mainly due to the depopulation of one to two orders of
magnitude of the metastable state c’I1,. Charge ex-
change plays a minor role in these laboratory plasmas,
whereas dissociative attachment of excited states, and in
particular of the n = 3 states, becomes important in the
investigated electron density range. The three processes
together reduce the predicted radiation, so that calcu-
lations and measurements finally match by a factor of
two. However, at higher electron densities dissociative
attachment and charge exchange are more pronounced,
whereas quenching is negligible as shown in Fig. 2 for
T. = 10 eV. Thus, the extended collisional radiative
model has to be confirmed also at higher electron den-
sities and low electron temperatures and the corre-
sponding experimental campaign will be described next.

2.2. Measurements
In order to measure photon efficiencies of molecular

hydrogen, gas puff experiments were carried out in hy-
drogen discharges of ASDEX Upgrade. Time traces of
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Fig. 2. Calculated photon efficiency as a function of electron
density with and without extensions of the collisional radiative
model (CR model, [8]): quenching (Q), charge exchange (CX)
and dissociative attachment from excited states (DA).

neutral beam injection (NBI) power, measured averaged
electron density in the midplane (interferometry) and
neutral gas density in the divertor are shown in Fig. 3.
The two hydrogen L-mode discharges are nearly iden-
tical. Time intervals for gas puffing through calibrated
divertor valves were set to be 0.5 s, one in the low and
one in the high electron density (%) plateau. As indi-
cated in Fig. 3, two valves have been used, namely the
upper and the lower valve in the outer divertor (divertor
IIb). During the discharges the strike-point is located
slightly above the lower valve (s-co-ordinate: 1.132 m),
whereas the upper valve is 11.8 cm higher (s-co-ordinate:
1.250 m). The typical total particle number per gas puff
was 10" which has not disturbed the overall plasma
performance. This has been checked by analysing a
choice of standard signals, e.g. totally radiated power
(P..q) and plasma energy (Wymup). Moreover, the H,
signal ensures that ELMs do not occur, which simplifies
the analysis.

Two shots are necessary to match the spectral
wavelength range of the Fulcher radiation with a 1m
spectrometer and an ICCD camera, covering 14 nm per
shot. Various lines of sight of the divertor spectroscopic
system were used to detect the molecular radiation:
VOU and VOL are widely open cones which observe the
upper and lower valve, respectively. Lines of sight de-
noted with ROV image the plasma by lenses, ROV008
neighbouring VOLO001 and ROV019 neighbouring
VOUO001. These two lines of sight are used to check
whether the size of the gas puff in the plasma exceeds the
solid angle of the volume observed by VOU or VOL.
The time traces of the measured molecular hydrogen
intensity (VOL001 and ROV008) are shown in the lower
part of Fig. 3. The exposure time of the ICCD camera
was set to 100 ms. Before the first gas puff takes place,
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Fig. 3. Parameters of ASDEX Upgrade discharges (#14740, #14741): midplane electron density, NBI power, neutral density in the
divertor together with time intervals of gas puffing in the outer divertor (lower and upper valve) as well as time traces of molecular

band intensity and Hp line observed with three line of sights.

the molecular intensity (VOLO001) is weak, increases
during the puff and shows a decay afterwards. ROV008
remains undisturbed by the gas puff. Concerning the
upper valve, the signal from ROV019 (not shown in Fig.
3) increases simultaneously with an increase of VOUO001,
which means that the hydrogen puff exceeds the volume
observed by VOUO0O1. Since the determination of pho-
ton efficiencies requires the observation of all particles
this line of sight cannot be used for the analysis. It is
remarkable that the Hy signal (VOL003) increases dur-
ing the gas puff in the lower valve (Fig. 3). This increase
is related to the dissociative excitation mechanism of
hydrogen molecules into excited atomic hydrogen. After
the first gas puff, the molecular intensity decreases and
vanishes at 3.8 s, whereas the Hp line increases. The
second gas puff (4.6-5.1 s) is mirrored neither in the
molecular intensity nor in the Balmer line. This might be
explained by the increase in n, and 7, which strongly
enhances the (S + D)/XB ratio such that the molecular
radiation is below the detection limit and the ionization
dominates over the dissociation.

3. Results and conclusions

The averaged molecular photon flux during the first
gas puff in the lower divertor valve is determined to be
Tphotons = 8.5 x 10" s71. The difference in pressure of the
calibrated valve results in 1.3 x 10" particles which
gives an averaged particle flux of I'y, = 2.6 x 10! s71.
Thus, a photon efficiency of 3100 is observed. The error
bar in the analysis of the radiation is estimated to be
30% and the pulse average results in maximum of 50%

underestimation of the photon efficiency. Langmuir
probes in the divertor tiles with a s-co-ordinate close to
the line of sight, give an electron density of 10! m~3,
with an uncertainty of a factor of two, and an electron
temperature of 10-20 eV, which can be taken as an
upper limit. The usage of the molecular radiation for 7,-
diagnostics [15] indicates electron temperatures above 7
eV. Thus, the photon efficiency of 3100 corresponds to
ne =10"Y m~3 and 7. = 10 eV with error bars as dis-
cussed above. Calculations with the collisional radiative
model give a photon efficiency of 3200 and 340, with and
without extensions, respectively. As can be seen from
Figs. 1 and 2, a variation in 7, from 5 to 25 eV and in 7,
by a factor of two results in an uncertainty of factor of
two for the photon efficiency. Nevertheless, it is obvious
that the measurements confirm clearly the results of the
extended collisional radiative model within the discussed
uncertainties. Similar experiments at TEXTOR [16] give
a photon efficiency of 980 at 50 eV and 5 x 10'7 m~3,
which is in agreement within the error bars with calcu-
lations with and without extensions. At this low electron
densities and high electron temperatures the model is
less sensitive on the extensions. Systematic measure-
ments of the effective emission rate coefficient XB in
microwave discharges with well defined plasma para-
meters confirm the extended collisional radiative model
[10] in the parameter range n, = 7 x 10'°-5 x 10'7 m~3
and T, = 2-3 eV (see Section 2.1). Furthermore, the in-
fluence of quenching, which is important in these ex-
periments (g, = 10°°-102 m~?) is proved.

In summary, the underlying experimental investiga-
tions confirm the extended collisional radiative model
and demonstrate the importance of dissociative attach-
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ment, charge exchange and quenching of excited states
in such plasmas. Thus, the photon efficiency necessary
for the determination of molecular influxes is experi-
mentally proved. Since high photon efficiencies corre-
spond to weak molecular intensities, the resulting
molecular influxes can be comparable to atomic fluxes
and may have been underestimated in former experi-
ments or plasma edge codes.
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