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Population inversion in a magnetized hydrogen plasma expansion as a consequence of the molecular
mutual neutralization process
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(Received 5 October 2010; published 29 March 2011)

A weakly magnetized expanding hydrogen plasma, created by a cascaded arc, was investigated using optical
emission spectroscopy. The emission of the expanding plasma is dominated by Hα emission in the first part
of the plasma expansion, after which a sharp transition to a blue afterglow is observed. The position of this
sharp transition along the expansion axis depends on the magnetic field strength. The blue afterglow emission is
associated with population inversion of the electronically excited atomic hydrogen states n = 4 − 6 with respect
to n = 3. By comparing the measured densities with the densities using an atomic collisional radiative model,
we conclude that atomic recombination processes cannot account for the large population densities observed.
Therefore, molecular processes must be important for the formation of excited states and for the occurrence of
population inversion. This is further corroborated at the transition from red to blue, where a hollow profile of
the excited states n = 4 − 6 in the radial direction is observed. This hollow profile is explained by the molecular
mutual neutralization process of H2

+ with H−, which has a maximum production for excited atomic hydrogen
1 − 2 cm outside the plasma center.

DOI: 10.1103/PhysRevE.83.036412 PACS number(s): 52.25.Xz, 52.70.Kz, 34.50.Ez

I. INTRODUCTION

The development of efficient sources of reactive hydrogen
radicals is important in many research fields and applications.
For instance, atomic hydrogen radicals serve as primary
reactive particles for surface modification or thin-film de-
position [1,2]. For fusion plasma heating, one of the main
research challenges is to develop efficient negative ion sources.
A promising route is via dissociative attachment of ro-
vibrationally excited hydrogen molecules H2

rv [3]. Studying
the kinetics of H2

rv is of key importance in understanding
negative ion formation processes in both volume and surface
reactions [4]. The ro-vibrationally excited molecules are an
important precursor in volume reaction produced molecular
activated recombination (MAR) processes [5–7]. In this paper
the importance of several MAR processes is examined, and
the formation of excited atom production via the mutual
neutralization process of H− and H2

+ is discussed in detail
[8–11].

A wall-stabilized cascaded arc attached to a low-pressure
vessel has been shown to be a reliable source for the production
of well-defined fluxes of atomic and molecular radicals (see
Fig. 1). This kind of plasma source was first introduced by
Maecker [12] as a light source using argon as the carrier
gas. The study of expanding argon plasmas was continued
by Kroesen et al. [13] as a particle source in a deposition
chamber. This method of deposition was shown to be efficient
and fast for growing hydrogenated amorphous carbon films
(a-C:H). The fundamental aspects of argon plasmas expanding
from a cascaded arc were studied extensively by van de
Sanden et al. [14,15]. Work on hydrogen as a carrier gas
was first done by de Graaf et al. [5] and Meulenbroeks
et al. [16] by looking at the dynamics and kinetics of
nonmagnetized expanding hydrogen plasmas at a pressure of
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100 Pa. It was demonstrated that in the hydrogen expansion an
anomalously high recombination occurs, which leads to a very
effective destruction of ions and electrons. To avoid this fast
recombination, an external magnetic field and low background
pressure were used to produce a hydrogen plasma expansion
with two distinct regions. This separation is observed as
a sharp transition from a red plasma to a blue afterglow,
as reported in [17–19] (see Fig. 2). Akatsuka et al. [20]
measured, with optical emission spectroscopy (OES), the
occurrence of population inversion in the downstream plasma.
The population mechanism in the blue afterglow is generally
believed to be three-body recombination, as recently reported
in Ref. [21] using a Radiation frequency (RF) plasma. How-
ever, Qing et al. [22] concluded that three-body recombination
cannot be responsible for the observed population inversion
in the magnetized hydrogen expansion because of the too
low electron density and too high electron temperature [23].
Both parameters were obtained with a Langmuir double probe.
Qing et al. showed the importance of molecular processes and
proposed molecular mutual neutralization of H2

+ + H− as
a mechanism to produce highly excited atomic hydrogen. A
multicrossing Landau-Zener model was applied to calculate
the molecular mutual neutralization cross section as a function
of the quantum states n [24]. The calculated cross section
is rather large and has a maximum efficiency of excitation
in the outgoing channels for the states n = 4, 5, and 6. The
importance of this reaction was further explored in Ref. [19],
where the production rate of each excited state in the blue
afterglow correlates very well with the shape of the cross
section of the molecular mutual neutralization process.

In this paper we report on the production of excited H
atoms in a magnetically confined hydrogen expansion. An
important precursor for the formation of excited H atoms
is H2

rv, which is produced via a wall association process
at the anode nozzle of the arc and the reactor vessel [7].
These H2

rv molecules flow into the plasma locally, producing
H− ions via the dissociative attachment process [25]. The
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FIG. 1. The plasma under investigation is generated from flowing
hydrogen using a wall-stabilized cascaded arc. Inside the channel the
pressure is 104 Pa and the temperature is 1 − 1.5 eV.

H− ions recombine with H2
+ to form hydrogen atoms in

highly excited states, causing population inversion. This work
continues the discussion of MAR processes in a cascaded
arc [19,22]. New evidence for the existence of MAR processes
is given by examining atomic state distributions and using a
collisional radiative model. These results show the promising
possibility of using a wall-stabilized cascaded arc as a H− ion
source.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

A. Plasma source and expansion

The cascaded arc that serves as the plasma source for the
experiments consists of three tungsten-lanthanum cathodes,
four water-cooled copper plates that are separately insulated
by PVC spacers and vacuum sealed by rubber O-rings, and
a copper anode end-plate (see Fig. 1). The hydrogen gas
flows with 3000 sccm (1.25 × 1021 H2 particles/s) and at
a pressure of 104 Pa through a channel of 4 mm diameter.
With an input power of 6.8 kW, a partially ionized and nearly

Coils

Coils

z-axis
Lens-system

OES fibre

red region blue region

FIG. 2. (Color online) The low-pressure vessel is surrounded by
four Helmholtz coils to provide an axially magnetic field of 14 mT.
The cascaded arc is mounted on a movable arm that allows 3D
displacement in the reactor vessel. In this way spatially resolved
measurements can be performed while the diagnostic tools remain
fixed. The emission of the expanding plasma is dominated by red Hα

emission in the first part of the plasma expansion, after which a sharp
transition to a blue afterglow is observed. This sharp transition from
red to blue occurs at z = 20 cm.

fully dissociated hydrogen plasma is produced. It has been
shown that in the anode nozzle significant losses of electrons,
H+, and H atoms can occur because of recombination and
H2

rv formation at the surface. Therefore, the shortest nozzle
is used since it gives the smallest loss of ions, electrons, and
atoms [26].

The plasma expands in a 3-m-long stainless steel cylindrical
vessel at low pressure, with a diameter of 30 cm. The
pressure gradient between the cascaded arc and the expansion
vessel forces the plasma to expand, first supersonically and
then, after the formation of a shock, subsonically into the
background [27]. The background pressure is typically 9 Pa
in this work. Four Helmholtz coils mounted around the vessel
produce a uniform magnetic field of 14 mT over a length
of approximately 1.4 m (see Fig. 2). The created plasma
expansion is known to be far from thermal equilibrium [28].

B. Optical emission spectroscopy

OES is used to detect the visible part of the emission
spectra originating from the plasma (see Fig. 2). An optical
system consisting of two lenses creates a 1:7 image of
the plasma expansion on an optical fiber which guides the
collected light to a spectrometer with a spatial resolution of
70 μm. The latter is based on wavelength dispersion by a
Czerny-Turner monochromator and the detection is performed
by a light-sensitive CCD detector. A typical spectrum in the
blue afterglow is shown in Fig. 3. In the red part of the plasma
expansion intensive Fulcher-α band emission (d3�u − a3�+

g )
is observed around 600 nm, indicating higher electron temper-
atures (Te > 1 eV) (see Fig. 4). The excited state population
is determined by electron (de)excitation processes that depend
exponentially on the electron temperature. The total Fulcher-α
band emission therefore increases exponentially with the
electron temperature.

Absolute calibration of the measured line intensities is
achieved with a tungsten ribbon lamp. The intensity of the

FIG. 3. An emission spectrum obtained with OES in the blue
part of the hydrogen plasma expansion at z = 25 cm. The radiation
from the lower excited states n < 6 is not shown here. The
experimental conditions are as follows: Iarc = 45 A, Varc = 150 V,
φH2 = 3000 sccm, pBG = 9.3 Pa, and Bz = 14 mT.
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FIG. 4. An emission spectrum obtained with OES in the red part
of the hydrogen plasma expansion at z = 4 cm. The emission of the
Fulcher band is between 570 and 640 nm, and at 656 nm Hα emission
is observed.

emission is proportional to the density of the upper level u. For
an optically thin plasma [22], the spectral emission coefficient
jλ(λ) (in W m−4 sr−1) is given by

jλ(λ) = 1

4π
nuAulEulϕλ(λ), (1)

where labels u and l stand for the upper and lower levels,
respectively, nu is the density of the upper level u, Aul (in
s−1) the Einstein coefficient for spontaneous emission, Eul

the energy of the photon that is emitted, and ϕλ(λ) the line-
shape function of the transition, which is normalized, i.e.,∫

ϕλ(λ)dλ = 1. The spectral radiance Lul along the line-of-
sight (LOS) is given as (in W m−3 sr−1)

Lul(λ) =
∫

LOS
jλ(λ)dy = 1

4π
AulEulϕλ(λ)

∫
LOS

nudy. (2)

The integration of the spectral radiance over the wavelength
gives the radiance 	ul of the line (in W m−2 sr−1):

	ul =
∫

Lul(λ)dλ ≡ L̂ul
λ. (3)

The L̂ul value can be obtained from an emission measurement
and calibrated absolutely with the known spectral density of
the tungsten ribbon lamp. The uncertainty of the absolute
density calibration with the tungsten ribbon lamp is 10%. The
linewidth is 
λ at full width at half maximum (FWHM) of
the Balmer transition. Equation (3) shows that the population
density nu of level u depends linearly on 	ul ,

n̂u =
∫

LOS
nudy = 4π	ul

AulEul

= L̂ul
λ
4π

AulEul

. (4)

With the optical setup a lateral profile is measured, i.e., the
integrated LOS density. Abel inversion is used to determine the
radially resolved densities. The spatial resolution of the optical
setup is 3 mm, which is much smaller than the plasma radius.
The magnetized plasma expansion has cylindrical symmetry

so that Abel inversion of the measured LOS profile can be
applied [29]:

n(r) = −1

π

∫ ∞

r

∂n̂[�rLOS(y),y]

∂y

1√
y2 − r2

dy. (5)

Here, n̂[�rLOS(y),y] is the density along the LOS and n(r)
is the spatially resolved density (in m−3). The LOS data is
analyzed with a purely centralized Gaussian line profile [30].
The observed line profile is a combination of two radial
Gaussian profiles, a narrow profile for the plasma core, and
a broad profile for the background. A dip in the center of the
density profiles can be simulated by adding a third Gaussian
with a negative area to the total density profile.

C. Langmuir double probe

A Langmuir double probe is used to determine the electron
temperature Te and electron density ne in the magnetized
expanding hydrogen plasma. The measurement is performed
by applying a potential difference between two floating probes
and measuring the current passing through the probes to
get a symmetrical current-voltage plot [31]. The situation is
more complicated when a sufficiently strong magnetic field
is applied to the plasma. This will then reduce the electron
current collected by the probe. However, the double probe
theory is still valid in a magnetized plasma if the Larmor
radii for ions and electrons are much larger than the Debye
length. Assuming that ne = 1018 m3, B0 = 14 × 10−3 T, and
Te = 0.3 eV, the Larmor radii are ρi = 3.2 × 10−3 m and
ρe = 7.0 × 10−5 m for ions and electrons, respectively. These
two are larger than the Debye length λD = 4 × 10−6 m. The
influence of the negative ions on the probe theory is small if
the density is much lower than the positive ion density [21].
Furthermore, it is also assumed that H2

+ is dominant over H+
in the blue afterglow due to the importance of the molecular
mutual neutralization process. The two probes are both 3.7 mm
long and 0.8 mm in diameter. The diameter was chosen in such
a way that it is much smaller than all relevant mean free path
lengths and larger than the Debye length.

It is important to know whether the charged particles in the
plasma expansion are magnetized or not. For this the electron
cyclotron radius must be smaller than their mean free path in
the plasma. The electrons are magnetized once the electron
Hall parameter Hei is higher than unity. The electron Hall
parameter for the conditions assumed above can be calculated
with

Hei = λei

ρe

= 6.3 × 1022 × T̂
3/2
e B0

ne ln 	
≈ 25. (6)

This is higher than unity, and therefore the electrons are
following the magnetic field lines. The ion Hall parameter
can be calculated with

Hii = λii

ρi

= 2 × 1021 × T̂
3/2
i B0

A
1/2
i ne ln 	

≈ 0.9. (7)

This shows that the ions are only marginally magnetized. The
main conclusion is that the electrons are magnetized, while
this is not true for the ions.
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TABLE I. The four input parameters that are obtained in the blue
afterglow and used in the atomic CR model.

Symbol Obtained via: Value

Te Double probe [0.9 − 0.1 eV]
ne Double probe [3 × 1018 − 2 × 1017 m−3]
Tgas TDLAS 700 K
n1 TALIF 1020 m−3

III. ATOMIC COLLISIONAL RADIATIVE MODEL

A collisional radiative model (CRM) can be used to
determine which processes are responsible for the observed
population inversion in the blue afterglow. A CRM relates the
densities of excited states to those of atomic and ionic ground
states. The atomic CRM requires four input parameters to
calculate the mass balance for all excited states [32], namely,
Te, ne, the gas temperature Tgas, and the ground state density
of atomic hydrogen n1. These parameters are derived from
experiments conducted on the magnetized hydrogen plasma.
The CRM that is used in this work includes three-particle
recombination.

In Table I the numerical values of the four input parameters
of the CRM are shown. Both the electron density and
temperature are derived from the Langmuir double probe
measurements. Probe measurements have been performed
only for z > 16 cm, as the probe becomes too hot close to
the arc. The gas temperature is determined from tunable diode
laser absorption spectroscopy (TDLAS) by investigating the
Doppler broadening of the Hα absorption signal. The ground
state density n1 is obtained with two-photon laser-induced
fluorescence (TALIF). From the densities of the CR model an
atomic state distribution function (ASDF) can be constructed
[33]. Knowledge of the ASDF is of fundamental importance
since it describes how excited states in atoms and ions
are populated at a given electron temperature Te, electron
density ne, and neutral ground-state density n1. From the
ASDF the coefficients of total recombination and ionization
can be calculated which are required for the particle- and
energy-source terms in plasma-transport equations.

IV. EXPERIMENTAL RESULTS

The spatially resolved densities of n = 3 up to n = 15,
obtained from the Abel inverted OES measurements, are pre-
sented. From these data ASDFs are constructed. Subsequently,
the densities are compared with the densities obtained from the
atomic CRM.

A. Spatially resolved densities

In Fig. 5(a) the density per statistical weight of n = 3 is
shown (in m−3). The background emission at the edges is
fitted with a broad Gaussian profile and the center core is fitted
with a narrow Gaussian profile. The background emission at
the edges is due to metastable species in the recirculating
background gas. The local excited state density profiles show
that the expansion starts out with a very narrow lateral profile.
After the transition, which occurs at z = 18–20 cm, the profile
broadens in the blue afterglow.

In Fig. 5(b), the density per statistical weight of n = 4 is
shown. The density of n = 4 is low in the red part of the plasma
expansion where Hα emission is dominant and it increases
rapidly after the red-blue transition. An interesting feature
is an observed hollow profile in the red-blue transition at
z = 18–20 cm.

In Figs. 5(c) and 5(d) we see the density per statistical
weight of n = 5 and 6, respectively. The densities are low in the
red plasma region, and after the red-blue transition we observe
that the densities of both n = 5 and 6 reach a maximum. The
hollow profile in the red-blue transition is more pronounced for
these higher excited levels (see Fig. 6). From this we conclude
that the maximum population inversion is observed toward
the edge of the plasma, at r = 1.2 cm, while in the center, at
r = 0 cm, no population inversion is observed.

The uncertainties with the Abel inversion method in the
red region are expected to be 10%. The uncertainty at the
red-to-blue transition that occurs between z = 18 and 22 cm
for n = 4 − 6 is higher and depends on the observed hollow
profile. Uncertainties of up to 50% are expected in the center
at r = 0 mm when the excited state density reaches zero. Abel
inversion is well defined in the blue region at distances greater
than z = 22 cm and the uncertainty is not more than 10%.

B. Atomic state distribution function

From the excited state densities we can construct an ASDF.
In Fig. 7(a), an ASDF in the center of the plasma expansion
at z = 7 cm is shown that resembles the typical ASDF of an
ionizing plasma of medium electron density [33]. In Fig. 7(b)
an ASDF in the blue afterglow, i.e., at z = 33 cm from the
arc exit, is shown. A population inversion of n = 4 − 6 with
respect to n = 3 can clearly be detected in the blue afterglow.
This shows that there is an input source to the excited states
n = 4, 5, and 6.

C. The electron temperature and electron density in the plasma

The electron temperature of the plasma in the cascaded arc
was determined to be around 1.5 eV and the electron density
1021−22 m−3 [34]. From the Hall parameter it follows that
the plasma-charged particles are not magnetized inside the
cascaded arc because of the high electron densities.

Since the Langmuir double probe cannot measure close to
the arc exit due to thermoemission of the probe, the electron
temperature and electron density are unknown in the first 16 cm
of the plasma expansion. Fortunately, the values of ne and Te

in the red first part of the expanding plasma column can be
determined by observation of the Fulcher system of H2

∗ and
the asymptotic behavior of highly excited states of atomic
hydrogen. The highly excited states of atomic hydrogen are
shown in Fig. 8.

The presence of significant Fulcher radiation shows that the
electron temperature is relatively high in the first part of the
expansion. The electron temperature can be determined from
the absolute density of the Fulcher band via the following
balance:

nenH2k
exc = nH2

∗ (AF + nek
de−exc). (8)
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(a) (b)

(c) (d)

FIG. 5. (Color online) Abel inverted H-atom density profiles divided by the statistical weight (in m−3) of n = 3, 4, 5, and 6 as a function
of z, i.e., the axial distance to the exit of the arc.

Here kexc = kexc
0 exp (−EF /kBTe) (in m3 s−1) is the elec-

tron excitation rate from the ground state nH2 (X1�+
g ) with

kexc
0 � 10−15 m3 s−1 [35], AF = 2.5 × 107 s−1 the transition

probability of the Fulcher transition [36], and kde−exc � 1 ×
10−12 m3 s−1 the electron de-excitation rate [37]. Furthermore,
nH2

∗ (d3�u) is the upper state density of the Fulcher band
emission, and nH2 is the density of molecular hydrogen
determined from the ideal gas law. The density of nH2 depends
on the gas temperature, which is 3500 K close to the arc and
drops to 1000 K close to the red-blue transition. The electron
temperature can be determined from Eq. (8) with

kTe = EF

ln
(

nH2 nek
exc
0

nH2
∗ (AF +nekde−exc)

) . (9)

The electron temperatures obtained with Eq. (9) are shown in
Fig. 9. Since nek

de−exc > AF in the first 16 cm of the plasma
expansion, the electron density drops out.

The electron density in the red part of the plasma expansion
can be evaluated by analyzing the excited state distribution (see
Fig. 8). The excited states close to the ionization threshold
In = E+ − En � 0 are represented by the Saha distribution:

nS
n

gn

= neni

gegi

(
h2

2πmekBTe

)3/2

exp

(
In

kBTe

)
, (10)

where gn is the statistical weight of level n, me the electron
mass, h the Planck constant, and kB the Boltzmann constant.
From the overpopulation factor bn = nn/nS

n [33], which relates
the excited state densities with the Saha density, we calculate
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FIG. 6. (Color online) At the red-blue transition, at z = 19 cm,
a hollow profile is found for n = 4, 5, and 6. This clearly shows the
creation of highly excited states from species entering the jet from
the outside.

that b6−9 ≈ 1 are close to Saha, while the lower excited states
are overpopulated with respect to Saha b3−5 > 1. The electron
density can be determined from Eq. (10), assuming that ne =
ni , ge = 2, and that the higher excited states are in Saha. The
value of Te obtained from the Fulcher band emission is used in
these data, since at higher electron densities the overpopulation
factor should vary as bn = 1 + CT −5.5

e , where C is a constant
[33].

Note that the overpopulation factor of the lower Balmer
levels is due to MAR processes and only for a smaller amount
to direct excitation of H atoms by electrons. Dissociative
excitation of H2 leading to excited H atom states is here
improbable, as this excitation is via a repulsive state and thus
requires substantial energy.

In Fig. 9 we observe that the electron density decreases
only slightly from z = 17 cm to z = 24 cm, but decreases
significantly for larger z values. The decrease in density starts
just in front of the maximum population inversion. With an
increasing magnetic field the current out of the cascaded
arc extends further into the vessel and thereby increases the
electron density. The magnetic field is therefore responsible
for shifting the red-to-blue transition and also confining the
plasma better.

The electron temperature, measured with the Langmuir
double probe, is 0.9 eV at z = 17 cm and decreases to 0.1 eV
at z = 24 cm from the exit of the arc. After z = 24 cm the
electron temperature remains more or less constant between
0.1 and 0.15 eV. Increasing the magnetic field strength does
not increase the electron temperature.

The electron temperature determined with the absolute
Fulcher band emission and the Langmuir double probe clearly
shows a nice overlap between z = 17 and 19 cm. The
comparison of the electron density with the Saha method and
the Langmuir double probe shows us that there is overlap as
well. The uncertainty in the observation of the Fulcher system

FIG. 7. The atomic hydrogen population density per statistical
weight is shown at an axial distance of 7 and 33 cm from the exit of
the arc. Both are measured on-axis at r = 0 mm. In the red region
a typical ASDF of an ionizing plasma is observed, and in the blue
afterglow population inversion of n = 4, 5, 6, and 7 with respect to
n = 3 is observed.

FIG. 8. (Color online) The excited state density as function of the
axial position for n = 3 up to n = 9 measured on-axis.
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FIG. 9. (Color online) The on-axis electron temperature and
electron density determined with the Langmuir double probe and
the Saha equilibrium method.

of H2
∗ and the asymptotic behavior of highly excited states of

atomic hydrogen are approximate and estimated to be 30%.

V. DISCUSSION

First, the main population processes in the red part of the
plasma are outlined. Second, the hollow profile in the red-blue
transition is discussed followed by the main processes in the
blue afterglow.

A. The red plasma region

As shown in Fig. 5, the densities of excited states is highest
measured for n = 3 in the red part of the plasma expansion.
The dominant chemical process in the red plasma expansion to
produce excited atoms is MAR. The creation of this reaction is
done in two steps. First, a molecular ion is produced by charge
exchange with a proton [38]:

H2
rv + H+ → H2

+,rv + H(n = 1). (11)

In this step, the hydrogen molecule needs to be ro-vibrationally
excited since this reaction is otherwise endothermic with
an energy deficit of 2.1 eV. The second step is dissociative
recombination of H2

+,rv in which two hydrogen atoms are
produced, i.e., one in the ground state and another in an excited
state:

H2
+,rv + e → H(n = 1) + H(n = 2,3). (12)

Notably, to produce an excited hydrogen atom in a state with
n � 4, the ro-vibrationally excited hydrogen molecule should
have an internal energy of at least 3.7 eV. Vankan et al. [7]
showed with vacuum ultraviolet laser induced fluorescence
(VUV-LIF) experiments that the internal energy of H2

rv close
to the arc is not much higher than 2.5 eV. This shows that
dissociative recombination is only important in the red part of
the plasma expansion populating n = 2 and 3. The population
of the higher excited states n = 4 and 5 can be formed by
collisional excitation from n = 3 due to the high electron
temperature (Te > 1 eV).

B. The red-blue transition

The hollow profile obtained in the red-blue transition at
z = 18 − 22 cm suggests that there is an inward flow of H2

rv

from the vessel wall, producing H− ions [39]. Since the positive
ions and electrons are mostly confined in the center of the
plasma and the ro-vibrationally excited molecules are more
dense away from the center axis of the plasma, an optimum of
the dissociative attachment process occurs. Hence, the negative
ions form a hollow profile and react with the positive molecular
ions via the molecular mutual neutralization process to form
the highly excited states that are observed. The importance
of charged particles at the red-to-blue transition is shown by
the influence of the magnetic field on the transition. With
an increasing magnetic field the current out of the cascaded
arc extends further into the vessel and thereby increases the
electron density. The magnetic field is therefore responsible for
shifting the red-to-blue transition and also confining the plasma
better. Increasing the magnetic field strength does not increase
the electron temperature significantly. These results are also
confirmed with Thomson scattering by Shumack et al. [40].
The magnetic field dependence shows that the transition cannot
be explained by flow patterns, e.g., recirculation cells, because
the ionization degree of the plasma is too low to alter the flow
because of the presence of charged particles.

C. The blue afterglow

Because of the low electron temperature and relatively high
electron density in the blue region, three-particle recombina-
tion, i.e., H+ + e + e →H(n) + e, can become significant on
the center axis, i.e., r = 0 mm. To investigate the importance
of three-particle recombination on the density of the excited
states, an ASDF is constructed from the results of the CRM
(see Fig. 10). The ASDF at z = 33 cm shows that the CR
model predicts the densities to be more than two orders of

FIG. 10. (Color online) Comparison of the atomic CRM with
the data retrieved from OES at z = 33 cm. The densities with the
model are more than two orders of magnitude lower than the OES
measurements, and the maximum population is at a higher quantum
number, n = 8 instead of n = 5. Note that the measurement is done
on-axis (r = 0 mm) at z = 33 cm.
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magnitude lower than measured. The reason that three-body
recombination cannot explain the high densities of the excited
states is because the electron densities in the plasma are too
low. To discuss the importance of three-body recombination
in the blue afterglow the mass balance is used:

n3
ek

rec = n4

τ4
. (13)

Here, krec is the three-body recombination coefficient given
by krec = 1.7 × 10−39 × T

−9/2
e m6 s−1 with Te in eV and τ4

the lifetime of state n = 4. Since τ−1
4 = A4 = 3 × 10−7 s−1,

ne = 3.4 × 1017 m−3, and Te = 0.16 eV, the maximum value
at z = 33 cm of n4 is 2 × 109 m−3. The value measured with
OES is two orders of magnitude higher than obtained with the
atomic CRM. This makes it very improbable that only atomic
processes are responsible for the measured high densities in the
magnetized hydrogen plasma. Therefore, molecular processes
must be dominant for the formation of the measured excited
states. Furthermore, the production rate of each excited state
[19] correlates very well with the shape of the cross section of
H2

+ + H− [24]. To study the importance of these molecular
processes a more advanced CR model is needed in which
molecular processes are included [22,41]. This is necessary
to prove that the observed population inversion in the blue
afterglow is caused by MAR processes.

VI. CONCLUSION

The magnetized hydrogen plasma expansion shows a typi-
cal red region in the first 20 cm of the expansion, after which
a sharp transition to a blue afterglow is observed. The Balmer
emission lines of the plasma are investigated with optical
emission spectroscopy to determine the absolute densities
of electronically excited hydrogen states from n = 3 up to
n = 15. From these measurements we observed population
inversion of n = 4 − 6 with respect to n = 3 in the blue
afterglow. The electron temperature in the red part of the
plasma is determined from the absolute Fulcher band emission
and the electron density from the Saha method by looking at the

excited state densities that are close to Saha. In conjunction
with the Langmuir double probe measurements, a complete
picture of ne and Te is given in the plasma on-axis.

An important part of this paper is devoted to the discussion
of which population mechanisms are responsible for the
population inversion in the blue afterglow. The two most
likely population mechanisms proposed for the population
inversion in the blue afterglow are three-body recombination
of H+ with two electrons and molecular mutual neutralization
of H2

+ with H−. The importance of the latter process is
shown at the red-blue transition where a hollow profile of the
excited states n = 4 − 6 is observed. The hollow profile could
indicate a lateral inflow of H2

rv, produced at the reactor walls.
This can lead to an increase in asymmetric charge exchange
and therefore tip the balance between molecular and atomic
recombination. The position of the red-to-blue transition is,
however, strongly influenced by the magnetic field. This
excludes the possibility that the transition is purely caused
by flow patterns like recirculation cells. The magnetic field
dependence means that the electron density and temperature
play an important role in the transition.

Comparing the measured densities with the densities
calculated on the basis of the measured Te and ne, using an
atomic collisional radiative model, leads to the conclusion that
atomic recombination processes cannot account for the large
population densities observed. Therefore, it is concluded that
MAR processes are responsible for the population inversion
in the blue afterglow.
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