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Recently, the existence of extremely energetic hydrogen atoms in electrical discharges has been proposed in
the literature with large controversy, from the analysis of the anomalous broadening of hydrogen Balmer lines.
In this paper, the velocity distribution of H atoms and the profiles of the emitting atom lines created by the
exothermic reaction H2

++H2→H3
++H+�E are calculated, as a function of the internal energy defect �E. The

shapes found for the non-Maxwell-Boltzmann distributions resulting in non-Gaussian line profiles raise serious
arguments against the existence of hot and superhot H atoms as it has been proposed, at least with those
temperatures.
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In the last 15 years the interpretation of the anomalous
broadening of hydrogen Balmer lines in low-pressure elec-
trical discharges has raised a large controversy in the physics
community. In these recent years, dramatic broadening of
H�, H�, and H� lines has been observed in a variety of
laboratories, either in pure H2 or in specific gas plasma mix-
tures containing H2, for different types of discharges �1–4�.
The source of this line broadening has been attributed to
Doppler effect, since other sources such as Stark effect and
instrument broadening cannot explain the magnitude of the
observed enlargement �2�. Once the broadened lines were
detected in various laboratories, it was universally agreed to
fit these lines with two or three Gaussians and to conclude
about the existence of atoms with different temperatures
from the full width at half maximum �FWHM�. In particular,
the existence of hot and superhot hydrogen atoms have been
detected in a variety of discharge experiments. In Ref. �1�,
for example, cold ��0.2 eV�, warm ��3 eV�, and hot
��10 eV� atoms have been found. In other experiments the
energies found were still larger �3,4�. However, at this point
a formidable question raised in all minds: how can one neu-
tral species in a plasma have temperatures as large as
300 000 K, while all other species, including electrons, have
temperatures of less than 10 000 K?

The most obvious explanation for the existence of hot
hydrogen atoms is the possibility of they may be created
from molecular ions accelerated in the high electric field of
the cathode fall region �3,5�. In Ref. �5�, for example, H
atoms are produced from charge transfer of H+ ions acceler-
ated at very high values of the electric field to gas density
ratio E /N. The atoms could be created either due to colli-
sions of the field accelerated hydrogen ions with the neutral
hydrogen gas species or as a result of collisions between the
accelerated ions and the cathode surface. Theoretical studies
by modeling are able to explain the excitation of H� Doppler
profiles by fast H atoms mainly at high E /N values �6�. Mod-
eling studies by Monte Carlo technique have also been re-
ported in �7�. However, as pointed out in �1� the models

cannot explain the presence of hot hydrogen atoms outside
the sheath region of an RF plasma because there is no field in
this region. An alternative explanation with large controversy
has been advanced by Mills et al. �8� and pursued later on by
Phillips et al. �1� invoking a new paradigm of quantum phys-
ics called by the authors as Classical Quantum Mechanics.
This paradigm, applied to the line broadening phenomenon
of hydrogen Balmer lines, postulates that the energy of H
atoms may have its origin in a nonfield process that promotes
a strange new species �hydrino� to a subground state. Ac-
cording to this model an ordinary hydrogen atom undergoing
a catalysis step to form a hydrino H� 1

2 � releases an energy of
40.8 eV.

This extraordinary broadening of the hydrogen Balmer
lines is nowadays an intriguing phenomenon and apparently
any definitive answer has not yet been found. In this letter, a
different interpretation will be proposed. We simply question
the validity of using the FWHM of the spectrum lines, whose
profiles do not present a Gaussian shape, to infer about the
existence of atoms with extremely high temperatures by fit-
ting the lines with two or three Gaussians. In fact, using the
standard procedure for deriving the temperature of emitting
species from the Doppler broadening of spectral lines, a
Gaussian profile needs to be assumed and this is indicative
that the species have a Maxwell-Boltzmann �MB� distribu-
tion of velocities. However, collisions in which the internal
energy of one or two colliding partners is converted to trans-
lational energy can affect the velocity distribution of both
partners, and hence the Gaussian profiles of the lines emitted
by them. As we will show in this letter, a non-Gaussian pro-
file may serve as an indicator for a specific energy conver-
sion from the internal modes of the colliding partners to the
kinetic energy of the reaction products, but not to infer about
the temperature of products calculated from the FWHM of
the emitted lines. If the excited species are created as a result
of a given exothermic reaction and if they radiate before
undergoing thermalizing collisions, the corresponding emis-
sion line will present a non-Gaussian profile reflecting the
kinetic energy exchange. However, the FWHM of these lines
cannot be used to obtain the temperature of the velocity par-
ticle distribution of the emitting species.*jorge.loureiro@ist.utl.pt

PHYSICAL REVIEW E 82, 035401�R� �2010�

RAPID COMMUNICATIONS

1539-3755/2010/82�3�/035401�4� ©2010 The American Physical Society035401-1

http://dx.doi.org/10.1103/PhysRevE.82.035401


In other systems, the same situation occurs. For example,
the non-Gaussian profiles in noble gas afterglows observed
in �9� result from dissociative electron-ion recombination of
molecular ions Ne2

+. In the case under analysis here, the
energy gained by the hydrogen atoms responsible by the
emission of broadened Balmer lines may have its origin in
any exothermic reaction producing H atoms, such as

H2
+ + H2 → H3

+ + H + �E , �1�

which is exothermic by at least 1.56 eV �10� or by 1.17 eV
according to �11�. However, there is a huge difference be-
tween the energy released by reaction �1� and the extremely
high energies derived from the FWHM of Balmer lines.
Nevertheless, we notice that the non-Gaussian profile of H�
line, for example, is only indicative that the distribution of
H�n=3� atoms is not MB. Of course, we may always fit a
non-MB distribution with different MB functions and derive
different temperatures for them, but this does not mean that
atoms with such temperatures had been really created.

A similar situation arises with the electron energy distri-
bution function �EEDF� in pure N2 discharges at relatively
low values of the reduced electric field, typically for
E /N�3	10−16 V cm2 �12�. In this case, the EEDF exhibits
a nearly flat shape at electron energies �0–2 eV and a
sharply decrease at �2–3 eV, due to a strong energy loss of
electrons caused by the peak in the electron cross section for
vibrational excitation. The strong maximum of
�6	10−16 cm2 in the electron cross section v=0→v=1, at
�2–3 eV, constitutes a barrier for the electrons, avoiding
they may reach high-energy regions. In consequence of this,
the EEDF presents a characteristic shape that can be fitted by
a MB distribution at 0–2 eV with very high temperature, but
this does not mean that electrons with such high-energy ex-
ist. As a matter of fact, the electrons have only small energy
in this zone. The global shape of the EEDF results from the
normalization of the distribution as a whole. The non-MB
distribution may be fitted by bimodal or trimodal MB func-
tions at different zones but this must be used for practical
purposes only. For example, in determining the electron rate
coefficient of a given electron impact process by integrating
the corresponding cross section with the EEDF. Thus, the
same effect should occur with the non-Gaussian profiles of
the hydrogen Balmer lines. Although these profiles may be
fitted by multimodal Gaussian functions, it does not seem
correct to assume that the temperatures derived from the
FWHM of these Gaussians determine the existence of
H�n
3� atoms with such temperatures.

With the aim of clarifying this point, we present in this
paper a theoretical study based on �13�, in which the three-
and one-dimensional velocity distributions of the hydrogen
atoms created by the exothermic reaction �1� are determined
using energy conservation. Then, the profile of the H�
Balmer line is derived and the deviations relatively to a
Gaussian profile are evaluated. To derive these expressions,
let us consider reaction �1�, in which a H2

+ ion and a hy-
drogen molecule collide at temperature T, producing a H3

+

ion and a hydrogen atom. The energy difference between the
internal energies of two reactant species and product species
is �E. Since �E�0 �exothermic reaction� any kinetic ener-

gies of the collision partners are able to produce the reaction
and �E necessarily appears in the kinetic energies of the
product species.

Let us consider the reaction X1+X2→X3+X4 to describe
formally the reactive collision �1�. Before the collision, the
probability of finding the particles in a double three-
dimensional velocity element is given by the product of two
three-dimensional MB distributions. This probability can
also be referenced to the center-of-mass frame, by defining
the center-of-mass velocity and the relative velocity. At it is
well known, as the Jacobian of the transformation of the
double velocity element from the laboratory frame to the
center-of-mass frame is unitary, the combined probability
factors into a product of a distribution describing the center-
of-mass motion and a distribution describing the relative mo-
tion. After the collision �1� takes place, the absolute value of
the relative velocity v� is obtained from energy conservation,

1

2
� v2 + �E =

1

2
��v�2, �2�

where � and �� are the reduced masses of the two reactant
and the two product species, v is the relative velocity before
the collision, and v and v� denote the velocity absolute val-
ues. Since the energy defect �E is positive, the product spe-
cies will have a relative kinetic energy in the center-of-mass
frame larger than its initial value.

On the other hand, using spherical coordinates the prob-
ability of finding the particle of mass �, in the three-
dimensional velocity element d3v, is giving by

P�v� d3v = � �

2�kBT
�3/2

exp�−
�v2

2kBT
� v2dv sin 
 d
 d� .

�3�

Inserting Eq. �2� in Eq. �3� to replace v with v� and making
the substitution v dv= ��� /�� v�dv� obtained by differentia-
tion of Eq. �2�, we obtain the probability of finding the par-
ticle of mass �� in the velocity element d3v�,

P�v�� d3v� = � ��

2�kBT
�3/2

exp�−
��v�2

2kBT
� exp� �E

kBT
�

	�1 −
2�E

��v�2v�2dv� sin 
 d
 d� . �4�

Since the center-of-mass distribution is not observable, we
must convert it back to the laboratory frame and express the
distribution in terms of the velocities v3 and v4 of two prod-
uct species. Because the probability of finding the ensemble
of two particles in the center-of-mass velocity element d3V
is unchanged with the collision and using again the invari-
ance of the products of velocity elements from the center-of-
mass frame to the laboratory frame, we obtain for the com-
bined probability of the two product species,
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P�v3,v4� d3v3 d3v4

= � m3

2�kBT
�3/2� m4

2�kBT
�3/2

exp�−
m3v3

2

2kBT
�

	exp�−
m4v4

2

2kBT
�exp� �E

kBT
�

	�1 −
2�E

���v3
2 + v4

2 − 2�v3 · v4��
d3v3 d3v4. �5�

Converting to spherical coordinates and integrating Eq.
�5� over v3, 
3, �3, 
4 and �4, the probability of finding the
hydrogen atoms, i.e., the particles of velocity v4, in the three-
dimensional velocity element 4�v4

2dv4 is given by

P�v4� 4�v4
2 dv4 = 	

0

� �	
0

�

P�v3,v4�sin 
4 d
4�
	v3

2 dv3�	
0

2�

d�4�4�v4
2 dv4

= � m4

2�kBT
�3/2

exp�−
m4v4

2

2kBT
� ��v4� 4�v4

2 dv4,

�6�

where ��v4� is a factor accounting for the non-MB charac-
teristics of the velocity distribution,

��v4� = � m3

2�kBT
�3/2

exp� �E

kBT
�2�	

0

�

exp�−
m3v3

2

2kBT
�

	 
	
0

��1 −
2�E

���v3
2 + v4

2 − 2�v3 · v4��
sin 
4 d
4�

	v3
2 dv3. �7�

By choosing v3 along the z axis, we may write
�v3 ·v4�=v3v4 cos 
4. The integral over 
4 is easily per-
formed by replacing �=cos 
4 and making the substitution
x2=v3

2+v4
2−2v3v4�. Equation �7� is then easily integrated

and we obtain from Eq. �6� the following three-dimensional
velocity distribution of H atoms produced by reaction �1�,

P�v4� = � m4

2�kBT
�3/2

exp�−
m4v4

2

2kBT
�� m3

2�kBT
�3/2

exp� �E

kBT
�2�

	 	
0

�

exp�−
m3v3

2

2kBT
� 1

2v3v4
Z�v3,v4� v3

2dv3, �8�

with the factor Z�v3 ,v4� given by

Z�v3,v4� = v+
�v+

2 − 2�E/�� − �v−��v−
2 − 2�E/��

+
2�E

��
ln� �v−� + �v−

2 − 2�E/��

v+ + �v+
2 − 2�E/��

� �9�

and where v+= �v3+v4� and v−= �v3−v4�. We easily verify
that Eq. �9� gives Z=4v3v4 as �E=0. In this case, Eq. �8�
transforms into a MB distribution.

Equation �8� can be numerically integrated over v3. When
the arguments of the square roots of Eq. �9� are negative,

which occur as the final relative kinetic energy is not suffi-
cient to achieve the reaction, the square roots are replaced by
zero. The integration over v4 velocities satisfies to the nor-
malization condition 
0

�P�v4� 4�v4
2 dv4=1. Once the three-

dimensional velocity distribution is known, the one-
dimensional distribution can also be obtained by numerical
integration using cylindrical coordinates,

F�vz� = 	
0

�

P�v4�2�v�dv� �10�

being v�=�v4
2−vz

2 the perpendicular velocity to the z axis.
This latter distribution obeys to the normalization condition

−�

� F�vz� dvz=1.
Figure 1 shows the one-component velocity distribution

of H atoms, F�vz�, calculated from Eq. �10�, with
T=500 K, and different values of the energy defect of reac-
tion �1� in the range �E=0–2 eV, as a function of the
energy-component of H atoms, Ez= 1

2m4vz
2. In this represen-

tation, a MB distribution is given by a straight line with
negative slop. It is clearly visible from this figure that a small
�E value as low as 0.5 eV is large enough to produce a
strong deviation relatively to a MB distribution. Further-
more, if we fit each of these distributions by bimodal MB
functions, the fitted MB to the low-energy part of H-atom
distribution has an extremely high temperature, while that of
the high-energy part has a much lower temperature. Thus, we
cannot conclude that the atoms really have the temperatures
of these MB distributions. The temperatures obtained by fit-
ting the actual distribution by multimodal MB distributions
should be used only for practical purposes. For example, in
determining the rate coefficient of a given reaction induced
by atom impact, as the cross section for such process is
known.

It follows from this analysis that if instead we have opted
for plotting F�vz� in a linear scale, as function of the one-
component velocity vz, we could evaluate the deviations
relatively to Gaussian profiles. In this case the distribution
would have a Gaussian shape for �E=0 and broader and

FIG. 1. One-dimensional component velocity distribution of H
atoms created by the reaction H2

++H2→H3
++H, as a function of

energy of H atoms, calculated for T=500 K and the values of the
energy defect �E=0 �i.e., Maxwell-Boltzmann�, 0.05, 0.1, 0.2, 0.5,
1, and 2 eV.
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squarer shapes more and more pronounced as �E increases.
Since the Doppler emission lines are linked with the F�vz�
distributions, the profiles of hydrogen Balmer lines may be
assumed as having approximately the same shape. The inten-
sity profiles of the H� line, assuming that the upper emitting
state H�n=3� has the same velocity distribution as the H
atoms produced by reaction �1�, can be easily determined by
making the replacement vz→��= �vz /c��0, with
�0=656.28 nm representing the central wavelength, and
plotting I��0���� as a function of vz in a linear scale.

These distributions have been obtained in the case of H
atoms only suffer collisions dictated by reaction �1�. How-
ever, if other collisions were also included, in particular the
collisions of momentum transfer, profiles with a shape close
to the measured spectrum lines would be obtained. For this
purpose, we use the cross section of reaction �1� indicated in
�14� to calculate a rate coefficient for this reaction. We obtain
k1= �v��E���2.5	10−9 cm3 s−1, which is a value close to
2.11	10−9 cm3 s−1 reported in �15�. On the other, the rate
coefficient for elastic collisions may be estimated consider-
ing hard sphere collisions kcol=�d2�8KBT / ����, with
d=1 Å and �=mH /2, giving kcol=6.46	10−12�T cm3 s−1,
with T in K. The number of collisions of both types, per
volume unity and time unit, are �H2

+� �H2� k1 and �H�2 kcol,
so that the spectrum emission lines, as both types of
collisions are included, can be roughly estimated by consid-
ering a weighted combination of the modified I1 and non-
modified Icol spectra due to reaction �1�, as follows: I���
=�I1+ �1−��Icol, with �=��H2

+�k1 / ���H2
+�k1+��H�2kcol�,

and where ��H2
+�= �H2

+� / �H2� and ��H�= �H� / �H2� denote
the ionization and the dissociation degrees. When the colli-
sions with molecules are also efficient for thermalization, we
should consider ��H� instead of ��H�2 in the expression for
�. Since �col�2.8	106 s−1 at p=1 Torr and T=500 K,
while the lifetime of H� line is �rad�6.3	107 s−1, we may
assume that H�n=3� radiates before thermalizing collisions.

Figure 2 shows the spectrum emission of H� line calcu-
lated for the experimental conditions of the positive column

of a hydrogen glow discharge reported in �16�: p=1 Torr,
I=30 mA, T=500 K, �H�=1.25	1013 cm−3 and
ne=3.85	1011 cm−3. Assuming �H2

+��ne, we obtain
�H2

+� / �H2�=2	10−5 and �H� / �H2�=6.5	10−4. The spectra
are calculated for �E=0.2 and 2 eV, being the nonbroadened
line �E=0 also plotted for comparison. The extended lateral
wings obtained for �E=2 eV, that is for a value close to
1.56 eV reported in �10�, are remarkable. Measured spectra
with this shape have been obtained in �16�, which at that
time have also been interpreted as indicative of the presence
of hot atoms. Finally, we notice that we have assumed in
these calculations an energy-independent cross section for
reaction �1�. However, in the case of a decreasing cross sec-
tion with energy �13�, the velocity distribution of the product
species in the center-of-mass frame would become narrower
and the observable spectrum would be even more rectangular
than it is predicted here.

�1� J. Phillips, C.-K. Chen, K. Akhtar, B. Dhandapani, and R.
Mills, Int. J. Hydrogen Energy 32, 3010 �2007�.

�2� C. Oliveira, J. A. Souza Corrêa, M. P. Gomes, B. N. Sismano-
glu, and J. Amorim, Appl. Phys. Lett. 93, 041503 �2008�.

�3� J. Jovović, N. M. Šišović, and N. Konjević, J. Phys. D 41,
235202 �2008�.

�4� N. M. Šišović, G. Lj. Majstorović, and N. Konjević, 19th Int.
Conf. Spectral Line Shapes, Valladolid, Spain, 2008, edited by
M. A. Gigosos and M. Á. González �AIP, New York, 2008�,
Vol. 15, p. 143.

�5� Z. Lj. Petrović and A. V. Phelps, Phys. Rev. E 80, 066401
�2009�.

�6� A. V. Phelps, Phys. Rev. E 79, 066401 �2009�.
�7� Z. Lj. Petrović, Ž. Nikitović, and V. Stojanović, J. Phys.: Conf.

Ser. 133, 012003 �2008�.
�8� R. L. Mills, P. C. Ray, B. Dhandapani, R. M. Mayo, and J. He,

J. Appl. Phys. 92, 7008 �2002�.
�9� T. R. Connor and M. A. Biondi, Phys. Rev. 140, A778 �1965�.

�10� R. E. Christoffersen, J. Chem. Phys. 41, 960 �1964�.
�11� R. K. Janev, W. D. Langer, K. Evans, Jr., and D. E. Post, Jr.,

Elementary Processes in Hydrogen-Helium Plasmas: Cross
Sections and Reaction Rate Coefficients �Springer-Verlag, Ber-
lin, 1987�.

�12� J. Loureiro and C. M. Ferreira, J. Phys. D 19, 17 �1986�.
�13� R. B. Shirts, H. P. Parry, and P. B. Farnsworth, Spectrochim.

Acta, Part B 53, 487 �1998�.
�14� A. V. Phelps, J. Phys. Chem. Ref. Data 19, 653 �1990�.
�15� M. T. Bowers, D. D. Elleman, and J. King, Jr., J. Chem. Phys.

50, 4787 �1969�.
�16� J. Amorim, J. Loureiro, G. Baravian, and M. Touzeau, J. Appl.

Phys. 82, 2795 �1997�.

FIG. 2. Intensity of H� Balmer line at the experimental condi-
tions of a H2 positive column with �H2

+� / �H2�=2	10−5 and
�H� / �H2�=6.5	10−4, calculated for T=500 K and �E=0, 0.2 and
2 eV.

J. LOUREIRO AND J. AMORIM PHYSICAL REVIEW E 82, 035401�R� �2010�

RAPID COMMUNICATIONS

035401-4

http://dx.doi.org/10.1016/j.ijhydene.2007.01.022
http://dx.doi.org/10.1063/1.2967016
http://dx.doi.org/10.1088/0022-3727/41/23/235202
http://dx.doi.org/10.1088/0022-3727/41/23/235202
http://dx.doi.org/10.1103/PhysRevE.80.066401
http://dx.doi.org/10.1103/PhysRevE.80.066401
http://dx.doi.org/10.1103/PhysRevE.79.066401
http://dx.doi.org/10.1088/1742-6596/133/1/012003
http://dx.doi.org/10.1088/1742-6596/133/1/012003
http://dx.doi.org/10.1063/1.1522483
http://dx.doi.org/10.1103/PhysRev.140.A778
http://dx.doi.org/10.1063/1.1726039
http://dx.doi.org/10.1088/0022-3727/19/1/007
http://dx.doi.org/10.1016/S0584-8547(97)00121-3
http://dx.doi.org/10.1016/S0584-8547(97)00121-3
http://dx.doi.org/10.1063/1.555858
http://dx.doi.org/10.1063/1.1670971
http://dx.doi.org/10.1063/1.1670971
http://dx.doi.org/10.1063/1.366110
http://dx.doi.org/10.1063/1.366110

