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Spatial distributions of H�, H�, and the near-uv continuum emission from the H2 a 3�g
+ state are measured

and compared with a model for low-current electrical discharges in H2 at high E /N and low Nd, where E is the
spatially uniform electric field, N is the gas density, and d is the electrode separation. Data are analyzed for
300 Td�E /N�45 kTd, d=0.04 m, and 2�1021�N�2.6�1022 m−3. �1 Td=10−21 V m2� The excitation
is produced by electrons and by hydrogen atoms and molecules with mean energies from 5 to 1500 eV.
Electron-induced emission, dominant at low E /N and low pressures, is distinguished by its buildup toward the
anode. Excitation of H� by fast H atoms dominates at high E /N and increases toward the cathode. The
observed H� emission at low E /N is normalized to previous experiments to yield absolute experimental
excitation coefficients for all E /N and Nd. Small adjustments of model parameters yield good agreement with
H� data. Cross sections are derived for excitation of the H2 near-uv continuum by H atoms. Spatial and
pressure dependencies of H� and H2 near-uv emissions agree well with a model in which reactions of H2

+, H3
+,

and H+ ions with H2 lead to fast H atoms and H2 molecules, which then excite H atoms or H2 molecules.
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I. INTRODUCTION

There has been renewed interest �1–9� in the processes
occurring in low-current, uniform-electric-field, and low-
pressure gas discharges in H2. In this paper, we measure and
compare with predictions the absolute magnitudes and spa-
tial distributions of H� and H2 near-uv continuum emissions
induced by electron, ion, atom, and molecule collisions with
H2. Thus, the present paper describes in detail one type of
experiment briefly cited earlier �3� and uses these measure-
ments to test the corresponding recent predictions of Ref.
�10�. Additional experimental and modeling comparisons of
Doppler broadened H� line profiles �11� and of transient de-
lays in currents and emission �12� test other aspects of the
model �10�. The totality of the experiments and analyses
demonstrate the usefulness of the model of the complex se-
quence of energetic hydrogen heavy-particle reactions with
H2 leading to H� and H2 near-uv continuum excitations.
These successes suggest the usefulness of the description of
the kinetics and transport for other weakly ionized hydrogen
plasmas and its extension to partially dissociated hydrogen
plasmas.

The reactive collision processes of importance in model-
ing the experiments of this paper are shown in the schematic
of Fig. 1 of Ref �10�. This reference first updates the relevant
cross sections for these processes. The paper then outlines a
simplified solution utilizing multibeam flux and energy bal-
ance equations to calculate the spatial and the energy depen-
dences of H+, H2

+, and H3
+ ions and of fast H atoms and fast

H2 molecules. These fluxes and the relevant cross sections
allow the calculation of the spatial dependence of emission
for comparison with experiment in the present paper. Figures
7 and 8 of Ref. �10� illustrate the comparison of the model
results with previously published �1� examples of data ob-
tained in the present set of experiments. These data are in-
cluded in the systematic studies of Sec. IV below.

Much of the recent work on low-pressure H2 discharges
has been motivated by plasma applications, such as semicon-
ductor etching and sputtering deposition of materials �13�
and by chemical analysis �14�. Of particular interest here are
the experiments and analysis of ion and fast neutral behavior
in the cathode fall of hydrogen discharges by Lauer et al.
�15�, Dexter et al. �16�, Bretagne and co-workers �17�, Heim
and Störi �18�, Bogaerts and Gijbels �14�, Konjević and co-
workers �19,20�, and Babkina et al. �21�. These papers show
the importance of fast H atoms and the conversion of H2

+ to
H3

+, but there is disagreement �10,18,22� as to the importance
of the breakup of H3

+ in collisions with H2. Here and in the
remainder of this section, the references are chosen to illus-
trate the physics rather than to provide a historical develop-
ment of the topic.

As work in our laboratory has shown for a number of
gases �23–27�, a useful indicator of heavy-particle excitation
in a uniform-electric-field drift tube is a maximum in the
emission near the cathode of a low-current high-voltage dis-
charge instead of, or in addition to, the usual maximum in
emission near the anode caused by electron avalanching and
excitation. The first observation of a maximum in the emis-
sion near the cathode from a uniform-field drift tube appears
to be that of Blasberg and de Hoog �28� during measure-
ments of ionization coefficients for electrons in H2 at low
pressures. The pronounced maximum in H� emission and a
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weak maximum in molecular emission near the cathode de-
pended on the cathode material and increased with increas-
ing E /N. These authors suggested that electron nonequilib-
rium effects are responsible for the structure, but we argue
that heavy-particle excitation is dominant. Ion energy distri-
butions in low-current high-E /N discharges in H2 have been
briefly reported by Rao and co-workers �6,7�. Measurements
and calculations of electron excitation coefficients for H�
and the near-uv continuum have been reported for uniform-
field discharges by Petrović and co-workers �4,9,29�. Pre-
vious relevant models of discharges in H2 are discussed in
Ref. �10�.

Intensity maxima have been observed close to the cathode
in dc glow discharges in various gases �30,31�. They have
been attributed to heavy-particle excitation or to the decrease
in excitation cross section for very energetic electrons
�30,32�. Evidence for H� emission by fast H �n=3� atoms
moving away from the cathode of a dc glow discharge
�33–37� and from rf discharges �38,39� has been obtained
from Doppler measurements. Barbeau and Jolly �37� attrib-
uted the production of fast excited H atoms in their dc glow
discharge experiments in H2 to excitation of fast ions and
atoms on collision and reflection from the cathode. Our ini-
tial report of the present experiments �3� and Appendix B of
Ref. �10� show that neither the surface excitation nor the
decreasing electron excitation cross section models can ac-
count for the observed maximum near the drift-tube cathode
in H2. Reference �3� included the proposal that the observed
heavy-particle excitation in H2 near the cathode is primarily
the result of H �n=3� excitation by fast H atoms produced in
charge transfer collisions of H+ with H2 or by H atoms leav-
ing the cathode. The present paper confirms the applicability
of these proposals by providing a detailed comparison of a
wide range of experiments with the model of Ref. �10�.

The near-uv continuous spectrum of hydrogen has long
been known to be excited by heavy particles �40�, but the
role of fast H atoms does not appear to have been deter-
mined. Chiplonkar �41� showed the similarity between the
near-uv excited by hydrogen “canal rays” and that emitted by
the hydrogen positive column, while Lunt et al. �42� deter-
mined the E /N dependence of electron excitation coefficients
for the near uv for positive column E /N below 250 Td,
where 1 Td=10−21 V m2. Legler �43� and Nygaard �44� ob-
tained electron excitation coefficients for the far-uv emission
for E /N below 750 Td. Stojanović et al. �29� measured ab-
solute near-uv electron excitation coefficients using a drift
tube for 200�E /N�6000 Td.

An important part of the present paper is concerned with
fast H atoms leaving the cathode as the result of bombard-
ment by fast ions and neutral species. There is a considerable
literature, motivated by plasma fusion experiments, giving
the backscattered fraction and energy distribution of H atoms
produced when H+ ions and H atoms are incident on metallic
and carbon surfaces �45–47�. These references show that
both the “particle” and the “energy” reflection coefficients
for H atoms from H+ ions are significantly smaller for light
atom targets than for heavy-atom targets. Experiments �3,19�
have shown considerable variation in the relative efficiency
of various discharge cathode materials for the excitation of
H�. The applicability of models predicting H-atom-induced

excitation near discharge sheaths has been verified by mea-
surements yielding the energy distribution of the H atom flux
reflected from stainless steel �21�. Very recently, Cvetanović
et al. �48� used Monte Carlo �MC� techniques to investigate
the effects of various angular distributions of reflected atoms
on the Doppler profiles observed normal to the scattering
surface and parallel to the surface in glow discharges. Our
initial report �3� summarizes observations of the Doppler ef-
fects associated with the reflected fast H atoms, but details
are not yet published �11�. We report the details of those H�

emission measurements in which carbon in the form of
graphite and a heavy-metal mixture of gold-palladium
�AuPd� are used as cathodes subject to bombardment by hy-
drogen ions and atoms. This work provides evidence that the
reflected fast H atoms are responsible for important compo-
nents of the H� emission �3�.

In order to minimize the number of experimental param-
eters, the results in this paper are presented as functions of
the reduced variables E /N and Nd �or pd, where p is the
pressure� appropriate for moderate and low E /N drift-tube
experiments and theory �30�. Experiments �49,50� and theory
�51,52� show that these variables and the accompanying con-
cept of electrons in “equilibrium” or a quasi-steady-state at
the E /N are useful for describing electron behavior for
E /N�700 Td and Nd�1021 m−2. The concept can be ex-
tended to lower Nd if one approximates the highly nonequi-
librium region near the cathode by a delayed onset of ioniza-
tion and excitation �10,30,49,53�. For typical H2 densities,
the mean particle energies for electrons at the anode and H+

ions at the cathode �10� are 10 and 80 eV for E /n=350 Td.
For E /N=10 kTd the electrons are close to free fall and the
mean ion energy is �400 eV. See further comments on the
behavior of electrons and ions at very high E /N in Ref. �10�.

Because of the complexity of the collisional kinetics in
these experiments, it is recommended that the reader become
familiar with at least Secs. II–IV of Ref. �10� before proceed-
ing with the present paper. The apparatus and techniques
used in these experiments with low-pressure H2 discharges
are discussed in Sec. II. Emission spectra for low and high
E /N are presented in Sec. III. The measurements of the spa-
tial and the pressure dependences of H� emission are given
and compared with the model in Sec. IV. Section IV C re-
ports measurements for two cathode materials and for polar-
ization of H�. Measurements and modeling results for the
near-uv continuum are presented in Sec. V.

II. EXPERIMENT

Figure 1 shows a schematic of the apparatus used for
these and earlier experiments �54�. For a more detailed draw-
ing of the drift tube, see Fig. 2 of Ref. �23�. The discharge
tube consists of parallel-plane electrodes surrounded by a
closely fitting fused silica cylinder �55� with O-ring sealed
electrode mounts that can be baked at 100 °C. The fused
silica cylinder and suitable feed-through insulators prevent
long path breakdown and allow operation at pd on the left-
hand side of the Paschen curve �30�. The high-voltage elec-
trode is 7.8 cm in diameter, is made of vacuum grade sin-
tered graphite �56�, and serves as the anode, unless otherwise
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stated. The electrode at near ground potential is a semitrans-
parent ��75% transmission� AuPd evaporated on to a quartz
window. The semitransparent window is 6 cm in diameter
and allows measurement of the discharge current and obser-
vation of the discharge emission parallel to the electric field.
The spacing between electrodes is 4 cm. The high-voltage
electrode does not have the Rogowski shape used previously
�57� for operation at high pd, so that the maximum useful pd
value is about 10 Torr cm �1 Torr=133 Pa�. Reversal of
the voltage connections to the electrodes allows us to study
the effects of a graphite cathode material without baking
the vacuum system and reconditioning the cathode. The
emission count rates are normalized to the total discharge
current at each spatial point, so that reasonably slow and
small changes in discharge current can be tolerated, but
we do require that the cathode be stable enough to allow a
series of measurements at nearly constant discharge voltage
��	10 V�.

Most of the data were obtained using self-sustained dis-
charges, where care is used to avoid oscillatory currents
as detected with a 200 MHz storage oscilloscope �54�. Be-
cause of the stability limits �54�, some of the pressure-
dependent scans were obtained using a low-power mercury
lamp �58� to produce photoelectrons that sustained the dis-
charge. In these cases it is critical to subtract the signal at H�

wavelengths from mercury lamp light scattered by the elec-
trodes, etc. The discharge current in our experiments is lim-
ited by an external resistor, typically 1 M
, between the
high-voltage electrode and a stabilized voltage supply. The
current is monitored and measured using an operational am-
plifier ��200 MHz� between the low-voltage electrode and
the ground. This amplifier keeps the low-voltage electrode at
close to the ground potential. The overall response of the
current measurement is limited to �100 ns by cable capaci-
tance and the sampling resistor. The self-sustained discharge
operating voltage is essentially independent of current for the
current densities used �54,59,60�. The voltages are measured
to 	1% with a calibrated high-impedance voltmeter. The
pressures are measured with a diaphragm manometer to a

claimed accuracy of 	0.001 Torr and are room-temperature
values �293 K�. However, drift of the apparent pressure read-
ing by �2 mTorr was sometimes a problem. We will see
that the H� emission can be very sensitive to the discharge
voltage and, especially, to the pressure.

The use of low currents prevents significant space-charge
distortion of the approximately spatially uniform electric
field and insures negligible nonlinear effects such as gas
heating and collisions among excited and/or charged species.
The discharges are operated at currents of less than 0.6 �A
at all E /N. This corresponds to a current density of �2
�10−4 A /m2 and an estimated ion density of less than
�1010 ions /m3 or a fractional ionization of �10−11. The es-
timated space-charge-induced change in electric field is neg-
ligible, i.e., about 1% of the applied field at our lowest E /N.
The estimated fractional dissociation of the H2 is �10−8 and
its effects are neglected.

The hydrogen is stated by the supplier to contain less than
10−5 impurities, so that for our experiments the principal
contamination is from the rate of rise of pressure from leak-
age and/or outgassing for the sealed-off experiment of less
than 10−2 Pa /min. Because of the low ionization potential of
H2 and H, charge transfer to impurities is not expected to be
significant. Some evidence as to the gas purity is the absence
of foreign gas spectra in Fig. 2. In these experiments we have
not obtained highly reproducible cathode surfaces, such as
those can be produced by extensive gas purification and by
heavy sputtering and annealing �53,61�. The electrodes were
chemically cleaned in an ultrasonic bath. After evacuation,
the electrodes were mildly sputtered using a H2 discharge for
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FIG. 1. Schematic of the drift tube, the photomultiplier, and the
electrical circuit for the discharge.

FIG. 2. �Color online� Representative spectral distributions for
�a� for 10 kTd at 0.14 Torr and 1800 V, �b� E /N=810 Td at 0.3 Torr
and 320 V, and �c� 100 eV electrons. The thick 810 Td curve in �b�
is constructed from two different runs with a small overlap near 570
nm. The thin curve in �b� is copied from �a�. The 100 eV electron
curve in �c� is constructed from data from Refs. �64,65�.
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�10 min at a current of less than �1 mA, chosen to avoid
constrictions and resultant nonuniformity of the cathode. Our
cathode surfaces have light coatings of sputtered material, so
that results may differ from those expected for clean materi-
als �53�. Coatings of sputtered material on the quartz side
wall are periodically removed to prevent optical loss. The
gas temperature rise is negligible for the typical power input
of less than 1 mW. Further details of the discharge tube, the
vacuum conditions, the cathode treatment, and the pressure
measurements are given in earlier papers �23,54,59�.

Emission spectra in the wavelength range from 200 to
700 nm are obtained with a 1/4 m monochromator and
Hamamatsu R928 photomultiplier. For the spectral scans,
the monochromator was set for spectral resolution of �4 nm
at full width at half maximum �FWHM� and had a radial
field of view at the discharge of about 10 mm. The spatial
scans are obtained using a photomultiplier, an interference
filter, a quartz lens, and a slit system mounted on a computer
driven table that is scanned parallel to the axis of the drift
tube as described previously �23�. The “high spatial reso-
lution” slits described in Ref. �23� are used and yield ap-
proximately 1 mm resolution �FWHM�. The H� spatial scan
is made using an interference filter centered at 656 nm with a
FWHM of 11 nm and a selected and cooled Hamamatsu
R928 photomultiplier. The H� spatial scan is made with an
interference filter centered at 485 nm with a FWHM of
�10 nm. The spatial scans for the H2 near-uv continuum
used a Hamamatsu R166 solar-blind photomultiplier sensi-
tive from 160 to 320 nm with no added filter. The short-
wavelength cutoff of �200 nm for these uv spatial scans
was determined by the “semiconductor” grade fused silica
cylinder and fused silica lens. The short-wavelength cutoff of
�200 nm for the end-on spectral scans is determined by the
photomultiplier, the monochromator and grating, and the
fused silica cathode support and vacuum window used for
observing the discharge.

III. SPECTRAL DEPENDENCE OF EMISSION

Representative scans of the spectral emission normalized
to the discharge current as obtained looking along the dis-
charge tube axis and parallel to the electric field are pre-
sented in Figs. 2�a� and 2�b�. The curve in Fig. 2�a� is for
E /N=10 kTd and 0.14 Torr. The wide curve in Fig. 2�b� is
for E /N=810 Td and p=0.32 Torr and is obtained with the
same detection sensitivity as the E /N=10 kTd data. These
scans have been corrected for the manufacturer’s spectral
response of the photomultiplier, but not for the unknown
response of the monochromator and grating. The curve in
Fig. 2�c� shows our interpretation �62� of relative values for
the measured excitation cross sections by 100 eV electrons
�63–65� after adjustment for differences in instrumental res-
olution. The structure in our near-uv spectra near 240 nm and
the decreased signal below 230 nm are not observed in the
continuum observed and calculated by others �64,66,67� and
are very probably instrumental effects.

Particularly noticeable in our spectral scans is the rela-
tively large near-uv continuum intensity resulting from radia-
tive transitions from the bound a 3�g

+ state to the unbound

b 3�u
+ state. We also see the Balmer series and parts of sev-

eral molecular bands resulting from transition between
bound states of H2. The data of Fig. 2 indicate that the dis-
crete molecular band excitation relative to the Balmer series
excitation, e.g., the H� lines shown, is much lower for E /N
=10 kTd than for 810 Td. A less obvious feature of Fig. 2 is
that after background subtraction the available relative inten-
sities of the Balmer series for all three excitation conditions
vary approximately as n−6 for 2�n�6. This correlation in-
cludes the directly measured relative cross sections for exci-
tation of H �n=2, 3, and 4� in electron+H2 collisions �64�
and in H+H2 collisions �68�. Also, all scans of Fig. 2 are
consistent with the increase in excitation probability and the
resultant possible production of a population inversion for
n=7 and 8 found by James et al. �64� for electron excitation.

The model of Ref. �10�, compared with experiment in the
present paper, shows that excitation by fast H atoms causes
about 85% of the production of H� at E /N=10 kTd but
accounts for only about 20% of the total at E /N=800 Td.
The laboratory energy at the maximum of the H� production
by fast H is about 100 eV in both cases. This leads us to
propose that the spectra shown in Fig. 2�a� are representative
of excitation in H+H2 collisions. Thus, H+H2 collisions in
the hundred eV range strongly favor excitation of the Balmer
series and the near-uv band of H2, but not the H2 bands. The
extension of excitation cross section measurements to the
higher excited states of H and the near-uv continuum using
beam techniques �68� would test these proposals. In this pa-
per we will be principally interested in the H� line and the
H2a 3�g

+→b 3�u
+ near-uv continuum.

IV. SPATIAL DEPENDENCE OF H� EMISSION

Examples of the very large changes in the magnitude and
the spatial distributions of intensities observed for the H�

line are plotted in Fig. 3 for E /N values from 350 Td to 45
kTd at various pressures. These experimental data have been

FIG. 3. �Color online� Absolute spatial distributions of apparent
H� emission cross sections for various E /N and pressures. The
curves are calculated from the present measurements using the scale
factor from Sec. IV A. The points are from the model of Ref. �10�.
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made absolute as discussed in Sec. IV A. These apparent
excitation cross sections are independent of discharge current
to 	3% for currents from 0.2 to 0.5 �A at E /N=3 kTd and
p=0.19 Torr. Other tests �69� with D2 show linearity of the
emission to 	10% from 0.5 to 10 �A. Having established
the linearity of the emission with current, we next discuss the
effects of discharge pressure and of E /N on the H� line emis-
sion.

The changes in the spatial distributions of the apparent
cross sections for H� emission caused by changes in pressure
at fixed E /N are shown in Fig. 4, while the effects of changes
in E /N at fixed pressure are shown in Fig. 5. Data sets �not
shown� showing a pressure dependence similar to that of Fig.
4�a� for E /N=500 Td are also obtained at 800 Td and 1
kTd. A data set �not shown� varying with pressure similar to
that of Fig. 4�b� for 10 kTd is obtained at 20 kTd. The points
shown in Figs. 4 and 5 are the predictions of the model of
Ref. �10�. The comparisons of the model and the experiment
are discussed further below.

From the spatial distributions of Fig. 4�a�, one notes the
relatively slow increase in H� intensity near the anode with
pressure at E /N=500 Td. On the other hand, the H� inten-
sity near the cathode increases much more rapidly than lin-
early with pressure at E /N of 500 Td and 10 kTd. We first
analyze the peaks near the anode, which we attribute to ex-
citation by electrons.

A. Absolute intensity of H� emission

In this section, we utilize the well-understood �30� behav-
ior of electron excitation and ionization at our low E /N to
make a correction to the measured H� emission for colli-
sional quenching of H �n=3� atoms and to normalize the
observed excitation data to an absolute scale. As found by
several authors �28,50,70� and as expected from the
Townsend theory of current growth �30,71�, the optical emis-
sion from H2 at E /N�1000 Td and sufficiently low pres-
sures, increases exponentially with distance as one ap-
proaches the anode. Examples of such data are the curves of
Fig. 4�a� for E /N=500 Td and the curves of Fig. 5�b� for
E /N�1 kTd. The departure from exponential growth near
the cathode at the lower pressures of Fig. 4�a� for E /N
=500 Td is expected because of the distance required for the
buildup of energy by the electrons leaving the cathode
�30,49,50�. For the present, we ignore the peaks near the
cathode for the higher-pressure data.

The spatial ionization �Townsend� coefficients derived by
fitting an exponential growth to the emission data near the
anode are shown by the triangles in Fig. 13 of Ref. �10�. The
points for E /N�600 Td show a large spread in ionization
coefficients determined from various experiments. This prob-
lem is considered further in connection with our current
growth experiments �12�.

As in our previous papers �3,23,24�, we express the re-
sults of spatial scans in terms of the emission rate per unit

FIG. 4. �Color online� Representative spatial distributions of H�

emission for various pressures at �a� E /N=500 Td and �b� 10 kTd.
The smooth curves are experiment and the points are from the
model of Ref. �10�.

FIG. 5. �Color online� Representative spatial distributions
of H� emission for various E /N at constant pressure. �a� p
=0.11	0.01 Torr and �b� p=0.23	0.01 Torr. The curves are
from experiment and the points are from the model of Ref. �10�.

ENERGETIC ION, ATOM, AND MOLECULE REACTIONS… PHYSICAL REVIEW E 80, 016408 �2009�

016408-5



distance between the electrodes, i.e., the “apparent excitation
coefficient” �x /N�z ,E /N�. This coefficient differs from the
conventional Townsend-type coefficient �23,24,30� in that it
is normalized to the total discharge current rather than to the
local electron current. We do this because only in the case of
emission data extrapolated to the anode at low E /N is the
excitation expected to be limited to electron excitation and is
the electron current equal to the measured total current �23�.
Because of the low E /N and the moderate electron mean
energies in these calibration experiments, electron reflection
and ion emission from the anode can be neglected �23�.

The signal recorded from the photomultiplier is propor-
tional to the product of the discharge current i, the H2 den-
sity, and the apparent excitation coefficient �x /N�z ,E /N� and
can be written as

S�i,�E/N�,N,z� = C
iN

Nq

1

�1 + N/Nq�
�x

N
�z,E/N�

=
Ci

�1 + Nq/N�
�x

N
�z,E/N� . �1�

Here we have assumed that the collisional quenching of H
�n=3� is accounted for by the factor �1+N /Nq�−1, as ob-
tained from the spatially independent solution to Eq. �B1� of
Ref. �10� for the fraction of the excited atoms that radiate.
We define the quenching density as Nq=A /kq, where A
=0.98�108 s−1 is the effective radiative transition probabil-
ity and kq is the effective quenching rate coefficient �10�.

If we apply Eq. �1� at the anode, �x /N�d ,E /N�
=�x /N�E /N� and

i

S�i,�E/N�,N,d�
=

1

C�x/N�E/N�
�1 + Nq/N� , �2�

where �x /N�E /N� is the Townsend-like coefficient for
electron excitation of H�. This result is in the Stern-
Volmer form �72� and suggests the plot in Fig. 6 showing
the reciprocal of the current-normalized count rate extra-
polated to the anode versus the reciprocal of the H2 den-
sity for various E /N. The straight line through the data
for E /N=500 Td yields Nq= �1.3	0.2��1022 m−3 and C
= �1.9	0.3��1033 counts s−1 m−2 A−1, with an estimated
accuracy of 15%.

Measurements of the quenching of H� excitation �73–76�
at room temperature using laser excitation led to quenching
rate coefficients from 1.5�10−15 to 5�10−15 m3 /s. Using
the statistically weighted radiative lifetime of the H �n=3�
state �77�, our effective rate coefficient is �5.0	0.8�
�10−15 m3 /s. The spread in coefficients may be the result of
problems of interpretation of the data because of the effects
of collisional and Stark mixing of the fine-structure levels
�75,78�. The electric-field-induced Stark mixing �79� in our
experiments is large and changes with pressure at fixed E /N.
Measurements �80� at 10–35 keV energies suggest the
quenching rate coefficient increases with excited atom veloc-
ity, but no data seem to be available for the 1–1000 eV
energies of interest to us. We use the value of Nq derived
above throughout this paper.

B. Excitation by reflected atoms

Thus far, we have analyzed conditions such that the ex-
perimental H� emission results from electron excitation of
H2 that increases exponentially toward the anode. More gen-
erally, the experiments show a second component of the H�

emission that increases toward the cathode. The ions and any
fast neutral species that are produced by ions initially move
toward the cathode. We proposed �3� that the second compo-
nent is principally the result of heavy-particle excitation in-
volving fast H atoms approaching and reflected from the
cathode. In this section, we test this hypothesis by comparing
the predictions of the model �3,10� for the spatially depen-
dent H� emission as one changes the contribution of the
reflected atoms relative to the contribution of fast atoms ap-
proaching the cathode. Experimentally, we change the reflec-
tion properties of the cathode by simply reversing the sign of
the potential applied to our drift tube equipped with different
electrode materials. Here we have chosen the atomic mass of
the two electrodes to be very different, e.g., AuPd versus
carbon in the form of graphite.

Figure 7�a� shows the spatial dependence of H� emission
for an AuPd cathode and graphite anode �red� and for a
graphite cathode and AuPd anode �blue�. The measured spa-
tial scan in the graphite cathode case has been reversed, so
that the cathode is to the left in both cases. The small in-
crease in E /N ��15%� required for a self-sustained dis-
charge with the graphite cathode indicates a lower electron
yield per ion than for AuPd. The increased E /N is calculated
�10� to result in an approximately 10% increase in the H�

excited by electrons. Instead, Fig. 7�a� shows an �30% de-
crease in the measured emission. As in Ref. �3�, we propose
that the decrease in H� emission with the graphite cathode is
the result of a lower number and lower energy of the H
atoms leaving from graphite �45,47�. Figure 7�b� shows the
predictions of the model of Ref. �10� calculated using reflec-
tion coefficient data from the literature �47� summarized in

FIG. 6. �Color online� Reciprocal of measured H� counting rates
per unit discharge current extrapolated to anode versus reciprocal
H2 density.
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Ref. �10�. The dependence of the H� emission on the cathode
material is characteristic of our low-current discharges �3�
and of higher-current glow discharges �20,35� and is evi-
dence that heavy-particle backscattering plays an important
role in a wide range of discharges. Additional experimental
and modeling support for this interpretation of the data of
Fig. 7 is available from H� Doppler emission profiles �3,11�.

In order to obtain more detailed information regarding the
components of the H� excitation, the scans for the graphite
cathodes are subtracted from these for the AuPd cathode in
Figs. 7�a� and 7�b�. Comparison of Fig. 7�a� with Fig. 7�b�
shows a good agreement between the relatively slowly vary-
ing experimental difference and the difference in the total
emission calculated �10� for backscattered fast H atoms.
These differences also agree well with the calculated differ-
ence �dashed curve� between the excitations produced by the
backscattered H atoms from the AuPd cathode and from the
graphite cathode.

C. Balmer series and polarization

Figure 8 shows normalized spatial distributions of the
emission of H� and H� for an E /N of 11 kTd. The spatial

dependences of these lines are nearly identical in spite the
much larger quenching for the H �n=4� state than for H
�n=3� �73�. These scans were obtained with different photo-
multiplier voltages, so that relative intensities are not known.
The similarities of the spatial scans suggests that the excita-
tion processes are the same for H� as for H�. This similarity
of spatial distributions has also been found for D�, D�, and
D using this drift tube with D2 �81� and for glow discharges
in H2 �20�.

Measurements of the spatial dependence of the fractional
polarization of the H� emission were made so as to establish
the nonisotropic nature of the exciting particles that produce
the H� emission. The data are obtained by placing a polarizer
between the discharge and the interference filter and are
shown in Fig. 9. The peak polarization is �8% parallel
the electric field at E /N=10.4 kTd, p=0.15 Torr, and E
=500 V /cm. In the modeling paper �10� it is shown in Sec.
IV B that the H� excitation at this high E /N is primarily by
fast H atoms. The measured polarization is approximately
half the value found for this process using a beam of H
atoms under single collision and negligible electric field con-
ditions �68�. The lower observed polarization is qualitatively
consistent with the approximately cosine distribution of H
�n=3� velocities invoked in Sec. VB of Ref. �10� and in
Refs. �11,48�. On the other hand, the observation of polarized
H� emission shows that the excitation is not produced by the
isotropic H �n=3� atoms expected from some proposed
schemes for H� production in H2 discharges �82�. The theory
describing the effects of 3s, 3p, and 3d state mixing caused
by our axial electric field have not been applied to the pre-
diction of the polarization �79�.

The measured polarization fraction decreases to
��1	1�% parallel the electric field at E /N=1 kTd, p
=0.45 Torr, and E=72 V /cm. Because of the higher pres-
sure and lower H atom energy, the H atoms responsible for
this excitation are expected to be much more randomly di-
rected than at E /N=10 kTd. Near the anode, the H� excita-
tion is by electrons, which produce a low maximum polar-
ization �83�. At this E /N, the isotropic and the anisotropic

FIG. 7. �Color online� �a� Measured current-normalized H�

emission versus detector position for AuPd and graphite cathodes
for E /N=10	1 kTd at p=0.14 Torr. The plot is reversed for the
graphite cathode, so that the cathode is at the origin. �b� The pre-
dictions of the model of Ref. �10�. for the H� emission with AuPd
and graphite cathodes. The lower �green� curves compare the dif-
ference in calculated total emission for the two cathodes �solid
curve� with the difference in H� emission �dashed curve� produced
by backscattered H atoms for the two cathodes.

FIG. 8. �Color online� Normalized spatial distributions of H�

�points� and H� �solid curve� for E /N=11 kTd.
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components of the electron velocity distribution are expected
to be comparable �84�, leading to a further reduction in po-
larization. The large change in polarization as the E /N is
reduced sets a limit on the false polarization introduced by
our measuring system.

V. EXCITATION OF H2 NEAR-UV CONTINUUM

Figure 10 shows spatially dependent excitation coeffi-
cients � /N for the near-uv continuum of H2 for various E /N
and H2 pressures. These data are obtained without the use of
a narrow band filter between the discharge and the solar-
blind photomultiplier. Very similar data, but with much lower
counting rate, are obtained using such a filter. Ionization co-
efficients obtained by fitting exponentials to such data in the
vicinity of the anode are shown in Fig. 13 of Ref. �10� and,
for unknown reasons, become as much as a factor of 2 higher
at E /N=3 kTd than those obtained from H� emission data.
Just as for the H� signals of Sec. IV, the absolute excitation
coefficients are obtained by first extrapolating the count rates
to the anode for a low E /N of 300 Td and various pressures.
Using a plot similar to Fig. 6, the ratio of the intercept to the
calculated and the measured �29,42� excitation coefficients
shown in Fig. 13 of Ref. �10� gives the scale factor. Correc-
tions for collisional quenching of the H2a 3�g

+ state by H2 are
small �85,86�. It is important to keep in mind that this cali-
bration procedure is independent of the unknown efficiency
of the monochromator grating.

For the same E /N and pressure, the derived apparent ex-
citation coefficients for the near-uv continuum of H2 in Fig.
10 are much larger than the corresponding values for the H�

line shown in Figs. 4 and 5. These values and the higher
quantum yield of the photomultiplier result in a much higher
signal to noise ratio �87� for the near-uv spatial scans. The
H+H2 excitation cross section required to fit the measured

near-uv continuum signals is shown in Fig. 5 of Ref. �10�.
This figure shows that at the lower energies the cross section
for excitation of the near-uv continuum is significantly larger
than that for H� excitation.

There is a noticeable discrepancy between the calculated
and the experimental heavy-particle excitation coefficients
near the cathode shown for E /N=300 Td in Fig. 10. This
difference would be reduced if the model used a “larger”
ionization coefficient, �i /N, with the resultant higher slope
versus distance and a fixed intercept at the anode.

Evidence for the similarity of the excitation sequence for
the near-uv continuum with that proposed for the H� line is
the similarity of the plots in Fig. 10 to those of Fig. 3 and the
similarity of the fits of the calculated near-uv emission to
experiment. The model indicates that the near-uv continuum
for E /N=10 kTd and an AuPd film cathode is excited
mostly by H atoms reflected from the cathode. The relatively
slow decrease in near-uv emission with distance from the
cathode in Fig. 10 in spite the short lifetime of the H2a 3�g

+

state �85� ��10−8 s� is evidence against near-uv emission
from excited H2 produced in collisions of fast ions, atoms, or
molecules with the cathode surface �37�.

Spatially dependent emission data qualitatively similar to
that of Figs. 3 and 10 have been obtained by Jelenković and
Phelps �69� for the following D2 transitions listed by filter
wavelength and spectroscopic identification �88�: 250
	5 nm, a 3�→b 3�; 610	5 nm, d 3�→a 3�; 402
	2 nm: G�→B1�; 836	10 nm, E1�→B1�; and 466
nm, K1�→B1�. Spatial dependences of some of these tran-
sitions were obtained in H2. Relatively low emission near the
cathode resulting from heavy-particle excitation compared to
the emission near the anode caused by electron excitation is
particularly noticeable at E /N�2 kTd. Such a behavior is
expected on the basis of the relatively small discrete molecu-
lar bands found in the spectra for H2 at high E /N in Sec. III.

VI. DISCUSSION

The preceding analyses of the strong spatial and pressure
dependences of the H� and the H2 near-uv continuum emis-

FIG. 10. �Color online� Representative spatial distributions of
the H2 near-uv continuum emission for various E /N. The solid
curves are experiment and the points are the model results.

FIG. 9. �Color online� Measured fractional polarization of H�

for E /N of 1 kTd �blue circle points� and 10 kTd �red square points�
versus distance from cathode. The small emission signals from out-
side the electrodes yield very erratic apparent polarization and are
not shown.
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sions show consistency of experiment with a model in which
this emission is the result of a collision sequence that in-
cludes at several heavy-particle reactions. The model of Ref.
�10� assumes that the reaction sequence begins with electron
impact ionization to produce H2

+. Eventually, the reactions
produce fast H atom collisions and, to a lesser extent, fast H2
molecule collisions with H2 that excite the H atom or the H2
molecule. At low E /N and relatively low mean heavy-
particle energies, H3

+ formation and breakup are important.
At high E /N and higher mean particle energies, the breakup
of H2

+ is a key reaction. The spatial and the pressure depen-
dences of H� emission at high E /N is consistent with our
previous proposal �3� of the importance of the reflection of
hydrogen ions and neutrals from the cathode as fast H atoms
that are subsequently excited in collisions with H2. It should
be kept in mind that the fit of the model to the absolute H�

emission experiments over a wide range of parameters pre-
sented in this paper is accomplished with no adjustments to
the recommendations of Ref. �10� for the collisions cross
sections of ions, atoms, and molecules with H2. Some adjust-
ment of the electron model is required and needs further
investigation �12�.

The consistency of our model and experiment for the ob-
served spatial dependence of the near-uv continuum of H2 is
evidence that the same sequence of collision processes that
produce the fast H atoms followed by H� excitation also
leads to excitation of the a 3� state of H2 and the emission of
the near-uv continuum of H2. Because of the larger excita-
tion cross sections for the near-uv continuum at lower col-
lision energies than for H�, the observation of this conti-
nuum may have relevance for hydrogen plasma diagnostics
�66,89�.

Because of the agreement of the experimental data with
the model of electron excitation H� near the anode at our low
E /N, one is tempted to subtract off the exponentially grow-
ing electron component from the total emission and analyze
the remaining heavy-particle excitation. Unfortunately, our
cathodes have a sufficiently large reflection probability that
the heavy-particle component of the emission is important.
The resultant spatial dependence of the heavy-particle com-
ponent obtained by subtraction contains comparable amounts
of �a� the roughly exponential decrease with distance from
the cathode caused by collisional and sidewall attenuation of
the backscattered H atoms and of �b� the approximate power-
law growth with distance from the anode expected for the
multistep reaction sequence leading to fast H atoms and H�

excitation.
The deviations of the model results from experiment evi-

dent in Figs. 3–5 and in Fig. 10 may be the result of defi-
ciencies in the simplified collision and numerical model pre-
sented in Ref. �10�. The multibeam solution could certainly
be improved but gives consistency as the number of beams is
increased from 1 �3� to near 100 �10�. The principal omission
from the collision model is the neglect of angular scattering,
i.e., the failure to take into account the generally unknown
differential scattering cross sections for the various colli-
sions. Models �9� using simplified differential scattering as-
sumptions yield results in general agreement with the experi-
ments of the present paper. The systematically lower than

expected ionization and excitation coefficients derived from
spatially dependent emission near the anode and discussed in
Ref. �10� need further investigation, e.g., a search for a pos-
sible dependence of these experimental coefficients on dis-
charge current and/or drift-tube geometry. Another concern is
the accuracy of measurement of the lower pressures used at
the higher E /N.

In parallel with the development of the multibeam solu-
tion to the kinetics model of Ref. �10� and the comparisons
with the experiments described in the present paper and in
Ref. �11�, there has been the extension of MC techniques of
Ref. �90� to the reactions and transport of ions, atoms, and
molecules in H2. Monte Carlo techniques allow one to pre-
dict the angular distributions of ions, atoms, and molecules
and their effects on spatial distributions and, especially, on
Doppler profiles �11�. Because of the lack of differential scat-
tering cross section data for most of the collision processes
�10�, a set of very much simplified differential cross sections
representing strongly forward scattering has been used in
MC calculations. Also, changes in the angular integrated
cross sections of Ref. �10� make comparisons of the MC and
the multibeam solutions tentative. For the discharge condi-
tion of E /N=10 kTd and p=0.14 Torr, preliminary results
using the MC technique shown in Fig. 4 of Ref. �91� yield
spatial profiles very similar to the experimental and the
multibeam results shown above in Fig. 4�b�. The MC solu-
tion confirms the proposal of Ref. �3� that for the E /N
=10 kTd case considered most of the H� excitation is by fast
H atoms backscattered from the heavy-metal cathode. The
MC procedure also gives ion, atom, and molecule velocity
distributions at different positions in the gap and, in the fu-
ture, can be used to predict transient H� emission and dis-
charge current wave forms for comparison with experiment
�12�.

The present experiments point to the desirability of other
measurements of spatially dependent H� and H2 continuum
emission. For example, the use of a cathode made from a
highly transparent grid, such as used for studies of heavy-
particle excitation in Ar discharges �25,26�, would greatly
reduce the backscattered fast H atom flux. This would allow
improved measurements of the spatial and the pressure de-
pendences of emission produced by heavy particles, such as
fast H and H2, moving toward the cathode and provide a
more detailed test of the reaction sequence of the excitation
model.

Our spectral scans show a rather different distribution
among the excited states of H2 produced by fast H than when
produced by 100 eV electrons. Although the H atoms and the
H2 molecules responsible for excitation at our high E /N have
a wide range of kinetic energies, these heavy-particle colli-
sions are observed to favor the production of lower excited
states of H2. The excitation of the near-uv continuum of H2
by fast H has a particularly large probability at relatively low
energies. These results point to the desirability of beam ex-
periments and to the possibility of using this emission as a
diagnostic for, as an example, aurora emission from the outer
planets �92�.

Several other experiments support the sequence of colli-
sion processes used to interpret our observations of the
spatial dependence of emission in a low-current, low-
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pressure, and high-E /N discharge. A recent experiment �21�
has determined the energy distribution of H atoms produced
by discharge ions striking a copper surface. The relatively
large spatial extent of the H �n=3� excited atoms in our and
other experiments supports our previous argument �3,10� that
these excited atoms are not produced by collisions of fast
particles with the cathode as proposed in Ref. �37�. At the
calculated fast atom velocities, H� produced by excited at-
oms formed at the cathode surface �93,94� would decay in
distances on the order of millimeters, rather than the ob-
served centimeters. The present results are strong evidence
for atom and ion excitations as the source of the fast excited
H atoms moving toward and away from the cathode in low-
pressure dc and rf glow discharges �20,38,39,82�. In addi-
tion, measurements of spatial dependence of emission from
the cathode fall region of dc discharges at much higher cur-
rent densities are consistent with results of an extension of

our uniform electric field model to the measured nonuniform
electric field �20,26,95�.
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