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Energetic ion, atom, and molecule reactions and excitation in low-current H, discharges:

H, Doppler profiles
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Absolute spectral emissivities for Doppler broadened H,, profiles are measured and compared with predic-
tions of energetic hydrogen ion, atom, and molecule behavior in low-current electrical discharges in H, at very
high electric field E to gas density N ratios E/N and low values of Nd, where d is the parallel-plate electrode
separation. These observations reflect the energy and angular distributions for the excited atoms and quantita-
tively test features of multiple-scattering kinetic models in weakly ionized hydrogen in the presence of an
electric field that are not tested by the spatial distributions of H, emission. Absolute spectral intensities agree
well with predictions. Asymmetries in Doppler profiles observed parallel to the electric field at 4=E/N
=20 kTd result primarily from excitation by fast H atoms directed toward the cathode and diffusely reflected
from the cathode. (1 Td=10"2! V m?) The effects of reflection of hydrogen particles and of changes with
cathode material are modeled accurately without adjustable parameters. Maximum measured wavelength shifts
result from acceleration of H* ions and charge transfer to fast H atoms. The Doppler profiles are consistent
with models of reactions among H*, H}, Hj, H, and H, leading to fast H atoms and then fast excited H(n

=3) atoms.
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I. INTRODUCTION

Measurements are reported of the absolute spectral inten-
sities for the Doppler profiles of the H, line as a quantitative
and noninvasive diagnostic of the velocity distributions of
excited H atoms in multiple-scattering environment of low-
current low-pressure discharges in hydrogen. Comparisons
of the observed H, profiles with a previously developed
model [1,2] make possible the evaluation of otherwise un-
available energy and angular distribution properties of the
energetic ions, atoms, molecules, and electrons. The present
work approaches the complex problem of the kinetics of hy-
drogen discharges when multiple scattering and high electric
fields are important by using the absolute, velocity dependent
H, emission in contrast to the recently published comparison
of measured and predicted absolute spatial distributions of
H,, emission [3]. In doing so, this paper makes quantitatively
evident aspects of the collisional kinetics of energetic ions,
atoms, and molecules of importance in the H, discharges,
fusion edge plasmas, and geophysical plasmas cited below
that are not made in our previous papers [1-3].

Before and since our proposal [1] of the importance of
fast H atoms reflected from the cathode in the excitation of
H, lines, numerous authors have presented and interpreted
observations of large far-wing Doppler broadening, also
called “excess” Doppler broadening, in the cathode region of
dc and rf glow discharges [4-22]. Contrary to these authors,
we have chosen to use nearly uniform electric-field geometry
and very low discharge currents to ensure the simplest pos-
sible experimental and modeling conditions. The first publi-
cation [1] in this series used illustrative spatial distribution
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and Doppler profile data to very briefly argue that the H,
emission in pure H, is primarily the result of collisions of
fast H atoms produced by charge transfer of field accelerated
H™ ions and of fast H produced at the cathode by fast inci-
dent hydrogen ions and neutral species. The second paper [2]
summarizes available cross section and surface scattering
data and develops a multibeam model of the various ions and
fast neutral species that predicts the absolute spatial depen-
dence and line profile of the H,, emission. The third paper [3]
provides experimental magnitudes and spatial variations of
H, emission over a wide range of pressures and electric field
to gas density ratios E/N that successfully test several of the
predictions of the model [2]. This approach is particularly
useful for analysis of the dominant excitation processes but
gives almost no information regarding the energies of the
hydrogen neutral species. In the present paper, we report the
measurement of the H, Doppler profiles and use their com-
parison with the model of Refs. [1,2] to obtain velocity and
angular distribution information, surface interaction data,
and evidence of critical reaction pathways. Our discussion of
previous work is limited to papers where comparison with
the present Doppler profile work is particularly relevant and
is not a historical review.

Early observations by Sternberg and co-workers [4,5]
found asymmetrical far-wing Doppler broadening of the
Balmer lines in dc glow and pulsed magnetron discharges in
H,. Assuming electron excitation of the H(n=3) atoms for
fast excited atoms moving away from the cathode, they de-
termined their apparent velocity distribution. Such an excita-
tion sequence would cause the H, signal to be proportional
to the square of the electron current density, whereas we will
show that the absolute magnitudes of our Doppler profiles
agree with a model in which the emission is directly propor-
tional to current density [2].

Cappelli er al. [6] correlated the far-wing H, emission
with the energy available to H" ions and with the phase of
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expected ion motion and particle reflection at the cathode of
their 100 MHz rf discharge. They proposed excitation of the
H, by H*. Baravian et al. [7] observed a similar far-wing
broadening of H, in higher frequency (13.56 MHz) rf dis-
charges. Ayers and Benesch [8] found that the extent of the
far-wing profiles varied with cathode material as expected
for a surface dependent reflection of the energetic hydrogen
species responsible for excitation. Our experiments and
model are consistent these experimental observations, but
not the proposed dominance of excitation by H*.

Detailed observations and interpretations were made of
Doppler profiles from dc discharges in H, by Bardeau and
Jolly [9]. They observed asymmetric “far-wing” Doppler
profiles parallel to the electric field and a dependence of
symmetric far-wing Doppler profiles transverse to the dis-
charge axis as a function of distance from the cathode. They
argued that ions accelerated in the cathode fall were respon-
sible for the excited atoms approaching the cathode and the
associated red wing of their axial profile. Diffuse reflection
of the incident ions or collisional removal of adsorbed gas as
excited atoms in the H(n=3) state were proposed as the
source of the blue far wing of their axial profile, and an
important source of both far wings of the transverse profiles.
They separated the core excitation from the excitation in the
far wings and argued that the decrease with distance of the
far-wing excitation is characteristic of excited atoms pro-
duced at the cathode. Electron excitation and fast excited
atoms approaching the cathode were proposed as the source
of the central peak or “core” of the profiles. We have argued
[1-3] that excitation at the cathode surface is not important
in this type of experiment and so have a different explanation
for their blue wing. The present paper makes these argu-
ments quantitative.

Petrovi¢ et al. [1] reported the absolute, spatially depen-
dent intensities of spectrally integrated H,, emission in a low-
current uniform-field discharge in H, for two cathode mate-
rials. They also presented a spectral profile for H,, arguing
that it was the result of excitation in fast H+H, collisions.
Using a very much simplified single-beam model, they
showed that H, excitation at the cathode surface in their
experiments is negligible and cited evidence that the excita-
tion of the fast H(n=3) occurs primarily as a result of fast H
production in charge-transfer collisions of H* with H,, fol-
lowed by fast H atom excitation in collisions with H,. Here
we provide important details of the previous experimental
work and extend the analysis of the measurements to obtain
absolute Doppler profiles, data for a cathode with low H
atom reflectivity, and empirical angular distributions of ex-
cited atoms. We utilize an significantly improved “multi-
beam” model [2] to obtain absolute values.

Highly asymmetric far-wing emission from Doppler
broadened Balmer series lines were observed along the axis
of high-voltage hollow cathode discharges in pure H, by
Lavrov and Melnikov [14]. These authors propose field ac-
celerated negative-ion collisions with H, as the source of the
observed “backward” moving fast H(n=3) atoms producing
the far-wing H, asymmetry. Because of the high transpar-
ency of the hollow cathode to axially approaching ions and
fast atoms, one expects a greatly reduced flux of reflected
fast H atoms and the applicability of a model similar to that
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of Refs. [1,2] for cathodes with low reflectivity. We will
show that at low-current densities the backward moving H
atoms, produced by particle reflection at the cathode, explain
the observed profiles quantitatively without the need for
negative ions.

Konjevi¢ and co-workers [13,16,18-21,23-25] carried out
extensive measurements of far-wing Doppler profiles from
dc glow discharges. The contributions of Stark broadening to
the core of the H, profiles in these discharges was investi-
gated in detail by Videnovi¢ er al. [16]. Using high-
resolution measurements of the Balmer series profiles, this
group determined the electric field in the cathode region
[16,20]. The dependence on cathode material of the back-
scattered component of the far-wing H, emission along the
H, discharge axis was investigated [18]. The shift in the
direction of the asymmetry with the direction of the electric
field demonstrated by SiSovi¢ er al. [21] extends to glow
discharges the observed dependence of the asymmetry on the
direction of the electric field found at low currents in Ref. [1]
and detailed in the present paper. Cvetanovi¢ et al. [20] pro-
vided relative spatially dependent intensities of the far-wing
and core components, which have recently successfully been
modeled [26]. The papers by Konjevi¢ and co-workers have
argued for the importance of H3 ions formed from collisions
of H3 with H, in H,, excitation. In our model [2], Hj plays an
important role in the ion kinetics at low E/N, but is not
directly responsible for H, production.

Babkina et al. [27] determined the energy spectrum of fast
ground-state H atoms produced by various hydrogen ions
when backscattered from a stainless-steel surface biased
negatively with respect to a plasma source. They also ob-
served the enhanced far wing of H, emission produced by
these atoms.

Of the many recent observations of enhanced far-wing H,,
emission from rf and microwave discharges, only discharges
in H, with sufficient time and/or spatial resolution provide
useful information for verifying models and interpreting dc
discharge results. Thus, observations by Cappelli et al. [6],
Radovanov er al. [15], and by Gans et al. [17] showed the
production of H, by a flux of fast neutral particles leaving
the instantaneous cathode at the time of arrival of the peak in
ion flux. The more recent of these experiments confirm the
importance of backscattered atoms in the excitation sequence
and demonstrate the very short energy relaxation “lifetimes”
of the population of high energy species in the reaction se-
quence. Thus, experiments with sufficient time and spatial
resolution show that the mechanism of H,, far-wing produc-
tion is consistent with that for the low-current dc discharges
discussed in the present paper.

Very recently, Cvetanovi¢ et al. [28] used Monte Carlo
techniques to calculate the H, Doppler profiles observed nor-
mal and parallel to the surface. They show that the assump-
tion of a cosine distribution of backscattered H atoms pro-
posed in Ref. [1] gives good agreement of calculated and
measured Doppler and spatial profiles for excited atoms
leaving the cathode. See Sec. IV C of this paper.

An essential feature of the papers of Mills, Phillips, and
co-workers [29] is their observation of nearly symmetric
Doppler profiles for H, under all discharge conditions and
their interpretation of this symmetry in terms of a randomly
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directed thermal excitation process. Since we will show that
our Doppler profiles can be highly asymmetric, their pro-
posed excitation by a randomly directed “resonant transfer”
collision does not apply to our experiment. Furthermore, we
claim that the observed symmetry of H, profiles in their 1f
experiments is the result of insufficient spatial and time res-
olution, reflection of emission by the glass walls, and the
presence of rf sheaths at the insulating surfaces [30]. As a
result, they cannot rule out the acceleration of hydrogen ions
and subsequent reactions of Ref. [2] as the source of fast
H(n=3) atoms in pure H,. Their observation of H, far-wing
broadening from microwave discharges has been brought
into question by the inability of others [31,32] to reproduce
the results and by the scarcity of information regarding
sheaths in high power-density microwave discharges
[33-35].

It is important to keep in mind that the experiments de-
scribed in the present paper operate in the low-current dif-
fuse or Townsend dark-discharge regime [36-38]. In this
low-current density and low space charge-density limit the
electric fields are not significantly perturbed from the nearly
spatially uniform values defined by the external voltage and
the large-diameter parallel-plane electrodes. As a result, one
can calculate reasonably accurate ion, atom, molecule, and
electron spatial distributions and energy distributions. The
relative simplicity of this regime gives us a chance to test
models [2] of H, excitation and to discriminate against sev-
eral of the alternative explanations cited above. Operation in
this regime limits the current density to less than about
200 nA/cm? and severely limited the H,, signal and the use-
ful spectral resolution in our measurements of the H, Dop-
pler profiles.

The apparatus features and model parameters essential to
the present paper are briefly summarized in Secs. II and III.
Section IV A discusses our procedure for placing the mea-
sured relative spectral distributions on an absolute scale for
comparison with the predictions of the model; Sec. IV B
discusses quantitatively the effects of changes in cathode ma-
terial on the profiles; Sec. IV C presents the evidence for
diffuse scattering of H atoms from the cathode and a wide
angular distribution of angles for H(n=3) atoms approaching
the cathode; Sec. IV D shows that the maximum excited
atom velocities are consistent with a scheme including H*
accelerated by the electric field; and Sec. IV E shows the
high sensitivity of the Doppler profiles to small changes in
hydrogen density expected for excitation by multistep pro-
cess. These topics were not been tested by comparison of
experiment and model in our earlier spatial dependence pa-
per [3]. Doppler profiles obtained by observations perpen-
dicular to the electric field are available only from higher-
current glow-discharge experiments and are not discussed in
the present paper. See, for example Refs. [9,20].

II. EXPERIMENT

Figure 1 shows a schematic of the drift tube, monochro-
mator, photomultiplier, and electrical circuit for the dis-
charge. The low-current high-voltage drift tube is the same
as that described previously [1,3,39,40]. One electrode is a
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FIG. 1. Schematic of the drift tube, monochromator, photomul-
tiplier, and electrical circuit for the discharge.

semitransparent film of 60% Au—-40% Pd on a quartz win-
dow which is mounted in a stainless-steel ring. It is crucial to
keep in mind that our observations are made through this
semitransparent electrode, which may be either the cathode
or the anode, rather than through the anode as in many other
experiments [9,20]. The other electrode is vacuum-grade sin-
tered graphite [41] attached to a terminal insulated for high
voltages. The electrodes are 40 mm apart and 78 mm in
diameter and provide a nearly uniform electric field. A quartz
tube closely fitting the graphite electrode and appropriate
insulators prevent long-path breakdown. The semitransparent
electrode allowed observation of the spectral profiles parallel
to the axis of the drift tube with a 1/4 m, f-5.5 monochro-
mator. The wavelength scale and instrument resolution are
determined by observing the Ne line at 659.9 nm from a Ne
capillary lamp during each scan. The calibration is also
tested using the H,, line from a low-current H, capillary lamp
between data scans. Care is exercised to not overload the
detection system and the optical geometry is preserved by
scattering the lamp radiation from the graphite electrode. The
spectral resolution was varied from 0.2 to 1.5 nm, full width
at half maximum (FWHM). No impurity spectra were ob-
served in the spectral scan between 200 and 700 nm pre-
sented in Fig. 2 of Ref. [3]. The sensitivity of the detection
system is assumed to be constant over the small spectral
range of the Doppler profile. Possible distortion of the Dop-
pler profile data by light reflected from the electrodes has
been discussed by GemiSi¢c Adamov et al. [18]. We have
analyzed our data neglecting the optical reflection from the
graphite [42] and will cite evidence supporting this assump-
tion in Sec. IV.

The principal source of noise in these measurements of
H, emission is the fluctuations in the current from the cooled
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photomultiplier (Hamamatsu R928), with a typical back-
ground of =360 counts/s. With our highest resolution of 0.2
nm FWHM, =430 counts/s were obtained at the H, peak.
Using a scan rate of 0.005 nm/s, the average count rate is
recorded at intervals of 4 s and later normalized to the aver-
age current for that interval. This data is smoothed 3 times
with 3-point averaging before plotting. Because of the low
signal to noise, the current dependence of the H, emission
profiles is not investigated. We rely on the demonstrated lin-
earity of the spatial distribution of H, emission in this appa-
ratus [3] and utilize discharge currents up to 12 uA [43].

III. DOPPLER PROFILE PARAMETERS

The geometry appropriate to the calculation and observa-
tion of the H,, profiles is shown in Fig. 11 of Ref. [2]. Part (a)
shows the geometry for viewing along the discharge electric
field, while part (b) shows the geometry for viewing at right
angles to the electric field. We consider emission from a thin
slab perpendicular to the axis of the drift tube. In the calcu-
lation of the excited atom density, the slab is assumed large
enough in the direction perpendicular to the electric field so
that any loss of excited atoms out of the field of view of the
monochromator is balanced by excited atoms entering the
field of view. Reference [2] discusses an approximate allow-
ance for the loss of fast atoms and molecules to the quartz
wall. We calculate the contribution to the photon flux result-
ing from emission by an H(n=3) atom at a wavelength shift
from line center, A\, corresponding to the component of
velocity of the excited atom toward or away from the ob-
server. Except as noted, the calculated H,, profiles are folded
into a triangular approximation to the monochomator trans-
mission function, with a width determined from the experi-
mental reference lines.

Because of its importance in the calculation of the Dop-
pler profiles for comparison with experiment in this paper,
we review the procedure in Ref. [2] for simulating the depar-
tures of the angular distribution of H(n=3) atoms from that
of beams directed along the electric field. A range of angular
distributions is accommodated by assuming that the excited
H atoms have a normalized angular distribution G(6) per unit
solid angle given by

G(6) = (1 + b)cos(6)’/(2m), (1)

for 0=60=m/2 and zero for w/2=6=m. For atoms ap-
proaching the cathode, the polar angle 6 is measured from
the normal directed toward the cathode. For backscattered
atoms, 6 is the polar angle with the normal directed away
from the cathode. The constant b is chosen to fit experiment.
The distribution of Eq. (1) changes from sharply peaked
(beamlike) along the surface normal for b1 to a nearly
uniform distribution over a hemisphere for b<<1. We find
that b=0.6 gives a reasonable fit to the backscattered angular
distribution for H atoms isotropically incident on Ni at 450
eV and 4 keV calculated by Eckstein and Verbeek [44]. Our
use of this value assumes that these calculations also simu-
late our situation of a more normally directed distribution
incident on a polycrystalline, rough surface [17]. For the
conditions of the present paper, we will find it best to assume
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FIG. 2. (Color online) Moderate resolution H,, profiles observed
parallel to the electric field of low-pressure low-current H, dis-
charges. The solid curves show experimental data for an AuPd cath-
ode and a graphite cathode for E/N=10.5%=0.1 kTd, p
=0.14*=0.01 Torr, and a spectral resolution of 0.4 nm FWHM. The
small curve is representative of the profiles obtained with E/N
=350 Td and p=0.8 Torr for both discharge polarities. The dashed
curves are reference lines from the hydrogen and neon lamps scat-
tered off the anode. The hydrogen lamp reference line is obtained
with the drift tube voltage set to zero.

a relatively broad distribution (b=1) for approaching ex-
cited atoms. It is important to keep in mind that the only
fitting parameters we apply to the kinetics model are the
parameter b for excited H atoms approaching the cathode
and the magnitude factor used to place the experiments on an
absolute scale. The choice of b is discussed further in Sec.
IV C.

IV. H, EMISSION PROFILES

In this section we present experimental H, line profiles
emitted by excited H(n=3) atoms produced in our drift tube
filled with pure H, and utilize them to test various aspects of
the model of Ref. [2]. We obtained H, profiles only when
looking along the electric field and parallel to the axis of the
drift tube. Because of the very small discharge currents re-
quired for a uniform electric-field drift tube [43,45], our
spectral resolution and signal-to-noise ratio are much poorer
than in the many recent experiments utilizing the high elec-
tric fields and current densities in the cathode regions of dc
glow discharges [9,18,20]. Thus, the narrow “core” of the
Doppler profile, resulting mostly from electron excitation, is
often not resolved in our experimental data.

Representative spectral emission data from our drift tube
and from reference lamps in the vicinity of the H, line are
shown in Fig. 2. The solid curves show measured H,, profiles
at near optimum observing conditions of E/N=10 kTd and
0.15 Torr, i.e., at near our highest usable discharge voltage
(2000 V) and resultant largest expected Doppler shift and at
near our maximum H, signal as discussed in Ref. [3]
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FIG. 3. (Color online) High resolution spectral profiles for the
H, line observed parallel to the electric fields of a low-pressure
low-current H, discharge at E/N=10.5*0.2 kTd, p
=0.15%0.001 Torr, and a resolution of 0.2 nm FWHM. The points
are experimental data and the solid curves are results from the
model of Ref. [2]. The experimental data for the graphite cathode is
reversed in this plot so as to place emission from excited atoms
moving toward the cathode at negative wavelength shifts, as is the
case for the AuPd cathode.

(1 Td=102" Vm? and 1 Torr=133 Pa). We note that the
Doppler shift for H(n=3) atoms is approximately A\
=0.03(€)>° nm, where the H atom energy € is in eV. The
data for the AuPd cathode is obtained looking through the
cathode toward the graphite anode, so that H(n=3) atoms
moving toward the cathode appear at negative wavelength
shifts and H(n=3) atoms moving away from the cathode
appear at positive shifts. The curve for the graphite cathode
is obtained by reversing the discharge voltage, so that excited
H atoms moving toward the cathode appear at positive wave-
length shifts. The dashed curves of Fig. 2 show profiles from
light scattered from hydrogen and neon lamps that serve as
references for wavelength calibration and determining the
spectral resolution. In Fig. 2, the nominal FWHM resolution
is 0.4 nm for the lamps and the E/N=10 kTd data.

At E/N<1 KkTd the H, spectral profile obtained for ei-
ther the AuPd or graphite electrode acting as the cathode was
the same shape as the reference profile and, as expected for
excitation by electrons, the spatial distributions for either po-
larity were the same in magnitude and shape. Such data is
shown in Fig. 2 for E/N=350 Td and 0.8 Torr (310 V) using
slit widths twice those used for the high E/N scans, but
otherwise the same detection sensitivity as for the data at
E/N=10 kTd.

We are particularly concerned with testing models for the
far wings of the H, profiles, such as those for high E/n in
Fig. 3. Because of the low estimated ion densities
(~10° cm™) and much lower electron densities at our low
discharge currents, one can completely neglect ion- and
electron-induced collisional Stark broadening [46]. Similarly,
the Stark splitting caused by the applied electric field of
=500 V/cm can be neglected [47] in our experiments. The
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low gas densities rule out significant pressure broadening
[48]. The contribution of dissociative excitation by electrons
to the Doppler line profile [49] is included in the model [2],
although it is not distinguishable because of the relatively
low spectral resolution used in the present experiments.

A. Determination of absolute spectral emission

In this section we are concerned with the determination of
the scale factor required to place the experimental Doppler
profiles on an absolute scale for comparison the results of the
model of Ref. [2]. We normalize the Doppler profiles mea-
sured at high E/N to the absolute emission data obtained in
Ref. [3] for the same parameters. In particular, the spatial
average of the absolute values of the experimental total H,
apparent excitation coefficient calculated from the E/N
=10 kTd, 137 mTorr curve for the AuPd cathode of Fig. 4(b)
of Ref. [3]is 3.3 X 1072 m?. We multiply the measured rela-
tive spectral intensities by a scale factor such that the integral
of the experimental profile for the AuPd cathode in Fig. 3
equals the axially averaged absolute excitation coefficient
from our spatial data. This scale factor is the same for the
data obtained with the graphite cathode of Fig. 4, but varies
with the monochromator resolution as expected. We consider
the agreement of absolute values quite remarkable and well
within our error estimate, e.g., =20%.

B. Dependence on cathode material

In this section we examine the effects of changes in the
cathode material of the drift tube on the H, profiles and the
ability of the model of Ref. [2] to quantitatively predict the
profiles. Figure 3 shows our highest-resolution profiles
(FWHM=0.2 nm) for the H,, line observed at a high E/N of
10.5 kTd and a low pressure p of 0.15 Torr. The relative
experimental data (points) for the AuPd and graphite cath-
odes are multiplied by the same scaling factor so as to place
them on the absolute scale for comparison with the absolute
value predicted by the model. In this plot and in the remain-
der of this paper, the experimental plots for the graphite cath-
ode have been reversed so that positive wavelength shifts
represent excited atoms moving away from the cathode and
negative shifts represent excited atoms moving toward the
cathode. The model calculations of this section were carried
out with the values of b to be adopted in Sec. IV C.

The experimental data of Fig. 3 for emission by excited H
atoms (points) shows generally good agreement with the pre-
dictions of the model (curves) of Ref. [2]. The high degree of
asymmetry of the Doppler profile at this and other high E/N
is consistent with the assumption of the model [1,2] that the
number of reactions, inelastic, and elastic collisions in the
sequence leading to excitation is insufficient to randomize
the directions of the H(n=3) atoms produced. Although the
details of this fortunate circumstance are not quantitatively
understood, the result is that highly asymmetric H,, lines can
be approximately modeled by treating separately the species
approaching and leaving the cathode [2]. The larger spread
toward high velocities for H(n=3) approaching the cathode
(negative wavelength shifts in our case) than for excited at-
oms leaving the cathode is also consistent with the model
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FIG. 4. (Color online) (a) Calculated contribution of excitation
by various species to excitation of H,, Doppler profile. (b) Compari-
son of our lower resolution experiment with results of model for
beamlike and for diffuse angular distributions of H(n=3) atoms
approaching the cathode. The smooth curves are calculations after
folding in the instrumental resolution of 0.4 nm FWHM. The points
are experimental data. For these plots E/N=10 kTd, p
=0.15 Torr, and cathode is graphite.

[1,2]. Thus, the excited H atoms leaving the cathode are the
result of collisions of ions, atoms, or molecules with the
cathode, some of which are backscattered as lower energy H
atoms [2,44] and produce lower velocity H(n=3) atoms. For
the conditions of the AuPd cathode of Fig. 3, average wave-
length shifts of —0.38 and 0.31 nm are calculated for the
axially directed velocities of H(n=3) approaching and leav-
ing the cathode and correspond to axially directed energies
of 158 and 104 eV, respectively.

An important feature of Fig. 3 is the large decrease in H,
emission caused by excited atoms leaving the cathode when
the cathode material is changed from a thin film of AuPd to
graphite. We see that this change is in very good agreement
with predictions of the model [2]. This reduction in emission
by excited atoms leaving the cathode is the result of the
much lower probability that a fast incident hydrogen ion,
atom, or molecule will be reflected as a fast H atom from
graphite than from AuPd. See Ref. [2] for details.

The experimental data of Fig. 3 shows a noticeably larger
magnitude at AN from —0.3 to —0.9 nm for H(rn=3) ap-
proaching the graphite cathode than for the AuPd cathode.
Because of a lower electron yield per ion [50], one expects a
somewhat higher discharge operating voltage (2050 versus
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2000 V) at very nearly constant pressure for the graphite
cathode, as was the case with the spatial scans in Fig. 7 of
Ref. [3]. However, for this small change in discharge voltage
and essentially no change in pressure, the model predicts
very little change in the H, emission profile at negative
wavelength shifts. The assumption of a larger optical reflec-
tion from the graphite surface would increase this discrep-
ancy. Thus, we cannot account for the observed difference
and propose that some parameter changed more than re-
corded. In Sec. IV E, we will consider a case where the small
change in discharge parameters is significant.

C. Angular distribution of excited atoms

We next consider the choice of the empirical approximate
angular distribution for the H(n=3) atoms approaching the
cathode that replaces the narrow beam approximation, i.e.,
b— o in Eq. (1), used in the model of Ref. [1]. This is done
by adjusting values for » in Eq. (1) to obtain a reasonable fit
to the experimental Doppler profiles for the H,, line. Figure 4
shows a comparison of calculated H, profiles with extreme
values of the parameter b for the excited atoms, i.e., the
beamlike value of b=100 giving a beam width of 13°
FWHM and a diffuse distribution value of b=1 giving a
cosine distribution. Figure 4(a) shows the components of the
Doppler profile predicted by the model [2] for E/N
=10 kTd and p=0.15 Torr for the graphite cathode. This
figure shows the small contributions of excitation by ions by
the dotted (red) curves for H*, H;. and Hi+ with progres-
sively lower magnitudes and smaller wavelength shifts. The
dotted (olive) curves for approaching and leaving excited
atoms are calculated assuming b=100, while the remaining
curves are calculated using b=1. The set of curves shown in
Fig. 12(a) of Ref. [2]. are calculated for the case of an AuPd
cathode for otherwise very similar discharge conditions and
show the much larger contribution of reflected fast H atoms.

In Fig. 4(b) we compare experimental data with a spectral
resolution of 0.4 nm FWHM with predictions of the model of
Ref. [2] for E/N=10 kTd, p=0.15 Torr, and a graphite
cathode. We show the lower resolution data because of its
much higher signal-to-noise ratio. The dashed curve shows
the sum of the components for the beamlike model (b
=100) for the excited H atoms produced by H atoms and H,
molecules approaching the cathode (negative shifts), and
have used the recommended [2] value of b=0.6 for the ex-
cited H atoms leaving the cathode (positive shifts). The solid
curve is calculated for b=1 for excited atoms approaching
the cathode and b=0.6 for H(n=3) leaving the cathode. Each
calculated curve is convoluted with a triangular function
with a FWHM of 0.4 nm to simulate the instrument function.
The maximum wavelength shift attainable by an H* ion and
exciting H(n=3) near the anode for the applied voltage of
2000 V is indicated by AN, -

The fit of experiment to the beamlike model with b
=100 at shifts from —1.0 to —A\,,,, in Fig. 4(b) is good, but
is poor for shifts from —1.0 nm to line center. On the other
hand, the fit of the experimental data to the model using the
diffuse angular distribution (b=1) for AN from —0.5 to 0 nm
is very good. Similarly, the fit is very good [51] using b
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=0.6 for positive AN. A mixture of effective angular distri-
butions for approaching H(n=3) is expected for the axial
profile because of the increasing effects of angular scattering
as the ions and fast atoms and molecules move from anode to
cathode and because of the expected narrowing of the differ-
ential scattering cross sections as the energy of the particles
increases. One notes that the excited atoms with wavelength
shifts approaching that expected for an H* ion at the applied
voltage are by definition the result of beamlike motion from
anode to cathode parallel to the electric field, as well as
evidence of excitation collisions very close to the cathode.
Unless otherwise specified, we will show model results uti-
lizing the simplifying assumption of b=1 for excited atoms
approaching the cathode. Obviously, these assumptions
should be replaced by mathematically accurate models uti-
lizing yet-to-be-determined differential scattering cross sec-
tions for the various collision processes in the excitation se-
quence.

We note that the assumption of an optical reflection coef-
ficient of 5% results in obviously negative values for the
corrected spectral emissivity at wavelength shifts N from
+0.5 to +1 nm in Fig. 4(b). This supports our neglect of
optical reflection from the graphite electrode.

D. Dependence on voltage

Figure 5 shows H, profiles obtained at various discharge
voltages and demonstrates the dependence of the profiles on
the energy available to the ions and, through collisions, to the
excited atoms. Here we have used the parameter V,=E/N
X Nd so as to emphasize the upper limit to the available
H(n=3) energy. The E/N vary from 4 to 20 kTd at an ap-
proximately constant pressure of 0.16=0.03 Torr. Figure
5(a) shows samples of profiles for the AuPd cathode. Unfor-
tunately, the available data for the AuPd cathode covers only
part of the range of AN expected for excited atoms approach-
ing the cathode with the maximum applied voltage of 3500
V. The data of Fig. 5(b) for the graphite cathode is obtained
with reversed polarity and is available over the complete
range of AN expected for approaching excited atoms. The
points in Fig. 5 are the predictions of the model of Ref. [2]
using b=1 for approaching H(n=3) and »=0.6 for leaving
H(n=3). The calculations show good agreement with experi-
ment, e.g., the model predicts the systematic increase in
wavelength spread as the discharge voltage increases and the
decrease in signal for leaving excited atoms with the graphite
cathode.

Next, we consider the increase in the extent of the wings
of the profiles of parts (a) and (b) of Fig. 5 as the discharge
voltage is increased. The results of visual extrapolation of the
data to zero at negative shifts are shown in Fig. 6, where the
square points are the maximum shifts for the graphite cath-
ode and the round points are for the AuPd cathode as esti-
mated from data such as that of Fig. 5. The round points with
arrows are lower limits to the maximum shift resulting from
the limited records. The lines are calculated maximum shifts
assuming that the velocity of the H(n=3) atoms are the same
as the parent HY, H;’, or H;’ ions accelerated across the whole
discharge gap so as to reach velocities corresponding to the
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FIG. 5. (Color online) Examples of H, profiles viewed along
electric field at various applied voltages and E/N from 4 to 20 kTd
for pressures of 0.16+0.03 Torr. The curves are experiment and
the points are model results after folding in the instrumental reso-
lution of 0.4 nm FWHM. The profiles are normalized to their peak
values. Part (a) is for an AuPd cathode. Part (b) is for a graphite
cathode.

applied voltage. This comparison of measured and calculated
maximum frequency shifts is consistent with the proposal of
Refs. [1,2] that the reaction sequence responsible for the far
wings of the H,, is such that H" is a major contributor to the
production of the higher velocity H atoms and, subsequently,
for the H(n=3).

The relatively large fraction of high energy H* ions indi-
cated by ones ability to extrapolate the data of Fig. 5 to
velocities corresponding the applied voltage is surprising. An
extension of the kinetics model [2] to include a realistic
electron-induced yield of H* from the anode [51] fails to
increase significantly the measured profiles at the highest
negative shifts.

E. Sensitivity to discharge parameters

Figure 7 illustrates the sensitivity of the H, profiles to
changes in gas density (pressure) and electric field and the
ability of the model [2] to predict these changes. The profiles
shown by the solid curves are obtained by observing parallel
to the electric field for AuPd cathode at E/N=10.2 kTd and
p=0.14 Torr and for a graphite cathode at £/N=10.4 kTd
and p=0.15 Torr. These data are for a low resolution of 0.4
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FIG. 6. (Color online) Maximum negative Doppler shift versus
voltage between electrodes. The circular points are the maximum
shifts for the AuPd cathode estimated from data such as shown in
Fig. 4(a). The square points are maximum shifts for the graphite
cathode from data such as in Fig. 4(b). The lines are calculated
maximum shifts for H(n=3) produced from H", H;’, and H;’ versus
the experimental applied voltage. The points with arrows are lower
limits from Fig. 4 resulting from the limited wavelength range of
the data.

nm FWHM so as to increase the signal to noise. We are
primarily concerned with the experimental difference be-
tween these two profiles (red curve) and its comparison with
the difference in profiles predicted by the model (red
squares). The large experimental difference profile for AN

34
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FIG. 7. (Color online) H,, profiles viewed parallel to the electric
field for AuPd cathode at E/N=10.2 kTd and p=0.14 Torr and
graphite cathode at E/N=10.4 kTd and p=0.15 Torr. The reso-
lution is 0.4 nm FWHM. The experimental curves (solid) are scaled
by a common factor to fit the absolute calculated difference values
(points). The square difference values are calculated assuming neg-
ligible optical reflection from the graphite, while the triangular
points are obtained assuming 10% optical reflection.
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>0 is caused by the change in cathode material. If the dis-
charge voltage and pressure were the same for both cathodes,
the model predicts no change in the photon production for
negative AN beyond —0.1 nm. Therefore, most of the ob-
served difference for AN<<O nm is the result of the small
change in discharge operating conditions. We see that the
model predicts the observed changes at positive and negative
AN rather well. This example emphasizes the necessity for
accurate measurements of the voltage and gas pressure. The
high sensitivity of the experiment and model to the change in
hydrogen pressure in this example is the result of the multi-
step sequence of reactions and excitation events determining
the concentrations of ions, atoms, and molecules in a low-
pressure hydrogen plasma.

The triangular points (red) in Fig. 7 show the difference
calculated from the experimental profiles when we assume a
reflection coefficient of 10%. We argue that this much larger
discrepancy with the model is evidence that the optical re-
flection from the graphite is significantly less than 10% and
can be neglected.

V. DISCUSSION

The agreement of the shape and magnitude of measured
and calculated H, Doppler profiles presented Figs. 3—5 and
in Fig. 7 provide strong confirmation of the model predic-
tions [1,2] of the dominance of acceleration and charge trans-
fer of H* followed by excitation of H, by fast H atoms
approaching the cathode and for excitation by H atoms re-
sulting from the reflection at the cathode of hydrogen ions
and atoms as fast H atoms. Thus, Figs. 4—6 and the accom-
panying arguments show that the component of the Doppler
profile produced by excited H(n=3) atoms approaching the
cathode extends to velocities corresponding to acceleration
of H* to the applied voltage and is independent of cathode
material. Figures 3 and 5 and the associated discussion show
that the components of the Doppler profile emitted by ex-
cited H atoms moving away from the cathode are strongly
dependent on cathode material, have the expected signifi-
cantly lower mean velocity than the component approaching
the cathode, and have a velocity distribution peaked at low
velocities as expected for H atoms diffusely reflected from
the cathode. The comparison of experimental and model re-
sults of Fig. 7 show the high sensitivity of the Doppler pro-
file to small changes in hydrogen density and provide strong
evidence for of the multistep sequence of collisions deter-
mining the concentrations of ions, atoms, and molecules in a
low-pressure hydrogen plasma. It is important to keep in
mind that the experimental results in Figs. 3, 4, and 7 are
absolute spectral intensities and agree with the magnitudes
predicted by the model to within the estimated experimental
uncertainties of =20%. In spite of this agreement, it is rec-
ognized that the model of Ref. [2] applied here is approxi-
mate and would benefit from more detailed calculations.
Steps in that direction are the exploratory calculations of
Petrovi¢ and Stojanovi¢ [22] and of Cvetanovié et al. [28],
which still lack the unavailable differential scattering cross
sections.

There has been much speculation regarding the role of the
ions H*, H3, and Hj in the production of the large broaden-
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ing observed in the wings of the H, line, often called “excess
broadening” [1,2,4-22]. Our experimental observations are
consistent with the model predictions that direct excitation
by these ions is small compared to excitation by the neutral
fast H atoms and fast H, molecules. Additional modeling
will be required to determine the applicability of this conclu-
sion to the other plasma devices cited. Of course, the pres-
ence of fast neutral atoms and molecules is the result of
energy gain from the electric field by the H* and Hj ions and
their subsequent charge-transfer collisions with the back-
ground H,. It is difficult to verify experimentally the pre-
dicted role of the H} known to be formed rapidly in colli-
sions of low energy Hj with H, [52].

The Doppler profiles presented in this paper show many
of the features observed for profiles obtained from glow dis-
charges dominated by the cathode fall [6-9,11,15,20]. Al-
though the discharge conditions at these higher currents dif-
fer in many respects from ours, the E/N in the cathode fall of
these discharges [20] are comparable with the higher values
in our drift tube. We have confirmed the applicability of the
present interpretation by successfully extending the approxi-
mate model of Ref. [2] to several of these discharges. We
have not extended the model to rf discharges. The failure of
our H, broadening experiments to support the interpretations
of various discharge experiments and their use to support the
energy generation and “hydrino” model of Mills [29] has
been outlined [35].

The measurement and interpretation of Doppler broad-
ened spectral lines provides a noninvasive technique for de-
termining certain averages over the velocity distribution of
the emitting atom. In our experiment, the observation from a
single direction limits the information obtained to a compo-
nent of the excited atom velocity along the line of sight. As a
result, we cannot distinguish between excited atoms with a
low velocity in the axial direction and those moving mostly
perpendicular to the observer, i.e., those moving radially.
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Thus, we recognize that our choice of a diffuse angular dis-
tribution is not a unique solution to fitting the low velocity
portion of the H, Doppler profile. An example of an alternate
hypothesis is that our model for the energy and spatial dis-
tributions of ions, atoms, and molecules results in a defi-
ciency of low energy H(n=3) atoms. Because we did not
obtain Doppler profiles for a significant range of pressures at
fixed E/N, we are unable to test for the expected change in
angular scattering with gas density. For example, at signifi-
cantly lower pressures than ours, the profiles should tend to
take on a beamlike character while still showing the spread
in excited atom energies resulting from production at various
points in the drift tube. At significantly higher pressures and
the same E/N as ours, the asymmetry and wavelength extent
of the profiles should disappear because of multiple scatter-
ing and quenching. At present, there is insufficient differen-
tial scattering cross-section data available to predict this tran-
sition.
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