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Methane Dissociation in Pulsed dc Discharges
at High Reduced Electric Field
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High-speed discharge imaging, current/voltage characteristic, and time-resolved emission spectroscopic mea-
surements were performed on fast-rise (20 ns), short-pulsed (400 ns), high-voltage (4–8 kV) dc discharges into
CH4 and pure H2 flows at 50 torr as functions of discharge gap (0.25–1.00 cm). Additionally, the discharges
were spectrally imaged using plasma emissions from the C2 bands near 516 nm and the CH band at 431 nm.
The dependence of discharge homogeneity on discharge gap at constant pressure and discharge gas preionization
are documented. Current/voltage measurements with variable gap give a sheath voltage drop of 300 V and an
average E/N of 80 Townsends during the steady-state portion of the discharges, and up to 300 Td during the
early part of the discharge pulse (5-kV drive voltage). Under conditions that enhance discharge inhomogeneity,
C2 emissions are substantially brighter (∼factor of 7) than when the discharge is diffuse. This suggests that the
buildup of carbon clusters on the discharge electrodes plays a role in the formation of highly inhomogeneous
discharge geometries. Time-resolved measurements of Hα radiation in CH4 and H2 discharges suggest significant
H-atom production (∼1014 H atoms/cm3) during a single discharge pulse into CH4 with 5.6-mJ (0.70-mJ/cm3) pulse
energy.

Nomenclature
A32, A3 j = Einstein coefficient for

spontaneous emission for
the indicated transition

C = constant containing all
detection system optical and
geometrical parameters

[CH4] = number density of methane
De = energy required for dissociation
d = discharge gap
E = electric field magnitude
E/N = reduced electric field measured

in Townsends (Td) (note:
1 Td = 10−17 V cm2 = 0.323
V/Torr cm at 300 K)

Egas
th (D) = threshold for dissociation

of a given discharge gas
Egas

th (DE) = threshold for dissociative
excitation to H(n = 3) for a
given discharge gas

[H]gas = number density of H atoms
in a given discharge gas

[H2] = number density of molecular
hydrogen

hν32 = photon energy for H(n = 3
to 2) or Hα emission

I gas
Hα = intensity of Hα emission

from a given discharge gas
kgas

e = electron impact dissociative
excitation rate coefficient
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kgas
ei = rate coefficient for electron

impact excitation to H(n = 3)
for a given discharge gas

kgas
Q = quenching coefficient for

H(n = 3) atoms in a given gas
N = gas number density
n = principal quantum number
ngas

e = electron density in a given
discharge gas

Pgas = discharge power deposited
into a given gas

p = pressure
t = time
V = discharge volume
X (E/N ) = fraction of discharge power

deposited into dissociation
as a function of E/N

XY (state labelmultiplicity�parity) = generic molecular electronic
state designation

Y (E/N ), Y ′(E/N ) = fraction of discharge power
deposited into direct electron
impact excitation as a function
of E/N

�v = change in vibrational quantum
number

Subscripts and Superscripts

gas = hydrogen or methane

Introduction

A TOMIC hydrogen, hydrocarbon fragments, and their radicals
are important species for initiating ignition and sustaining sta-

ble flame propagation. Molecular gas discharges generally give rise
to a complex set of interactions between atoms, internally excited
molecules, and radicals. Globally, discharge power is deposited via
inelastic electron collisions into molecular species as rotational, vi-
brational, or electronic excitation and via dissociation or ionization.
Clearly the various channels compete for discharge energy, with
the fractional power transferred to each being a strong function of
E/N (where E is the electric field and N is the gas density). At low
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E/N rotational and vibrational excitation typically dominates. As
the discharge E/N is increased, dissociation, electronic excitation,
and ionization collectively share the bulk of the input discharge
power.1,2 Highly nonequilibrium plasma production of energetic
reactive hydrocarbon fragments could have application in situations
where more conventional means of promoting and sustaining com-
bustion are degraded.

One such situation is found in supersonic combustion ramjet
(scramjet) propulsion systems where the flow speed is so high that
mixing and reaction times are limited.3−6 Some flow conditions
also give rise to very low mixture temperatures.3 For either con-
dition additional sources of ignition or combustion enhancement
are needed. Plasma torch ignitors3 have been investigated widely,
and microwave discharges5 have been studied, both as means of
providing reliable scramjet combustion. However, such approaches
require multikilowatt electrical power inputs and are not easily vol-
ume scaleable.

The efficacy of the plasma torch approach is attributed to the
introduction of atomic hydrogen3 into the flow because the reac-
tion H + O2 −> OH + O is an important chain branching reaction7,8

for combustion [rate constant (Ref. 9) = 2.65 × 10+16T−0.671

e−(17041 cal/mol)/RT cm3/mol s]. A plasma torch, typically using a flow-
ing Ar-H2 mixture, operates at low E/N and high T, and acts to
thermally dissociate hydrogen in a low E/N arc discharge. Hence
the energy requirement is high. Pulsed dc glow discharges with
high E/N in pure H2 and H2-N2 mixtures1,2 have demonstrated
efficient direct electron impact dissociation of hydrogen with sub-
stantially lower power requirements. The attractiveness of high E/N
pulsed discharges for fostering dissociation, electronic excitation,
and ionization is clear. Pulsed dc discharges in gaseous hydrocar-
bon mixtures similarly provide substantial atomic hydrogen, as well
as electronically excited hydrocarbon fragment neutrals and ions.
Evidence of dissociative excitation of methane in such discharges
producing fast H atoms near the cathode sheath with kinetic ener-
gies up to an electron volt (or T ∼ 11,000 K) has been reported.10

Such discharge products would be useful in promoting combustion
in a wide variety of fuel-to-air mixtures. Additionally, control of
discharge parameters offers the possibility of varying the yields of
the dominant reaction products in response to changing conditions
in an application.

Discharges in methane and methane-bearing mixtures have been
the focus of a number of recent studies with a variety of po-
tential applications. For example, pulsed discharges in methane
have been shown to provide efficient conversion to acetylene and
hydrogen.11,12 Similar discharges have been employed for plasma
carburizing of surfaces13 and for the production carbon-based
nanoparticles.14,15

The primary goals of this study were to 1) construct a discharge
system capable of producing uniform methane discharges over a
substantial range of high E/N values and 2) conduct imaging and
spectroscopic measurements of the resulting plasma emissions suf-
ficient to document plasma uniformity and provide an estimate of
H-atom production. Pulsed gas discharges in CH4 produce all pos-
sible methane fragments (CH3, CH2, CH, C, and H) and their ions
in varying ratios depending upon the discharge E/N . Additionally,
some carbon clustering occurs.13−15 Of these, excited neutrals of
atomic hydrogen, CH, and C2 were chosen for spectroscopic ob-
servation because of their easily detected visible emissions [Hα

at 656 nm, the CH (A2� − X 2�) band at 431 nm, and the
C2(A3�g − X 3�u , �v = 0) Swan bands near 516 nm (Refs. 16 and
17)]. Comparison of Hα emissions in the CH4 discharges with that
of the much better characterized H2 discharges1,2,18−20 provides the
desired H-atom production estimate. The correlation of bright C2-
band emission with discharge inhomogeneity is also documented
and discussed. The issue of discharge homogeneity might be impor-
tant for determination of scaling parameters such as energy density
per pulse as the streamer dimension changes with pressure.

Experimental Details
A schematic diagram of the experimental apparatus is shown in

Fig. 1. The main components of the apparatus are the discharge cell,

Fig. 1 Schematic diagram of the experimental apparatus.

the light detection electronics, and the high-voltage pulser. The dis-
charge cell was a cylindrical glass enclosure, approximately 37 cm in
height and 7.5 cm in diameter. Two sets of opposed fused silica win-
dows (5-cm diam), orthogonal to each other, were available as view-
ports. The cell was evacuated through 3.5-cm i.d. glass and metal
lines by a roughing pump. The base pressure for the cell was 3 mtorr.

The discharge gas flow was metered by flow controllers (MKS
Type 1259 flow controller and a MKS Type 247C four-channel read-
out), while the cell pressure was governed by a control valve and
an exhaust valve controller (MKS Types 253A and 252, respec-
tively). The gas pressure was measured with a baratron pressure
gauge (MKS Type 102A) whose output was sent to the valve con-
troller to maintain constant pressure in the discharge cell. The gas
flow could be varied between 0–100 standard cubic centimeters per
minute (SCCM), and the baratron operated in the pressure range
0–100 torr. Gas pressure and flow rate were set by input to the PC.
Throughout this study the gas flow rate was fixed at 30 SCCM and the
pressure p at 50 torr. Discharge gases were UHP grade (99.999%).

The discharge electrodes were two aluminum discs 3.2 cm in
diameter with an interelectrode spacing d that varied between 0.25–
1.0 cm in this work [pressure-gap product (pd) product range 12.5–
50 torr cm]. The discharge pulse repetition rate used was 10 Hz
throughout. The interelectrode space could be illuminated by an
UV preionization lamp. The high-voltage pulser constructed for
this study powered the discharge and is based upon a stacked MOS-
FET switch. Output current/ voltage measurements were made us-
ing high-voltage probes (HP Model P6015) across the discharge
and across a series current sense resistor. The probe outputs were
monitored by a digital oscilloscope (LeCroy 9354C) for both single-
shot signal capture and averaging (100 shots). Current and voltage
waveforms were then transferred to a PC for processing.

High-speed direct-discharge imaging and spectral imaging were
done using a gateable, intensified CCD camera (Princeton Instru-
ments Model ICCD-576). Spectral images were made using 10-nm
bandpass filters at 431 nm (CH) and 516 nm (C2). Time-resolved
Hα , CH, or C2 emissions from the discharge were detected using a
gated photomultiplier tube (PMT; Hamamatsu R1477). Light was
collected through an iris diaphragm by a focusing lens and passed
through the appropriate bandpass filter onto the PMT. The PMT was
under a constant bias throughout the experiment and was gated on
for a 5-µs period encompassing the discharge pulse duration. Neu-
tral density filters were used to avoid saturation. The PMT output
was sent to a digital oscilloscope for signal capture and averaging
(100 shots) and to a PC as already stated. Single-shot emission pro-
files were also recorded, which in no case deviated significantly from
profiles measured by averaging at 10 Hz. This was expected because
no significant buildup of discharge fragments from pulse to pulse
could occur as a result of the low dissociation fraction (<0.001) per
pulse, the low repetition rate used, and the gas flow conditions em-
ployed. When discharge imaging is not being conducted, a second
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gated PMT in place of the camera allows for simultaneous time-
resolved emission spectroscopy of a pair of methane fragments.

Results and Discussion
Discharge Characterization

Averaged current, gap voltage, and power waveforms for dis-
charges in pure methane at 50 torr and using a 5-kV pulser drive
voltage are shown in Fig. 2 for four different electrode spacings (1.0,
0.75, 0.50, and 0.25 cm). The pulser provides rapid excitation pulse
rise and fall times (typically <20 ns), control over pulse duration,
and low jitter (typically <10 ns). Note that the discharge current
turns on earlier as the gap is decreased. A fixed trigger pulse width
of 440 ns was used throughout this work.

The current pulse rise is typically delayed relative to that of the gap
voltage pulse by roughly 25 ns in each case, and there is a substan-
tial overlap between current and voltage during the short initial peak
in the voltage pulse. The power curves reflect the degree of over-
lap with the brief [∼30 ns full width at half maximum (FWHM)],
high-power initial peak that occurs at each gap. Additionally, no in-
dications of arc formation are seen by way of sudden voltage drops
and associated current excursions; pulse-to-pulse shape variations
are minimal.

In all cases the gap voltage falls to a lower steady-state value after
the initial peak until the pulser is triggered off. This implies that dis-
charge E/N is substantially higher during the initial pulse peak than
in the relatively long final steady-state period. To determine E/N
from the gap voltage and the discharge conditions (50 torr, 300 K),
the voltage drop across the thin (∼50 µm) cathode sheath must
subtracted. The sheath drop and average E/N for the discharges
were estimated during the steady-state portion by plotting the aver-
age voltage (between 200–400 ns) against electrode separation, as
shown in Fig. 3. Though pd varies by a factor of four, the data bear
the usual linear relationship21−23 and indicate reasonable values for
both the sheath drop of 300 V and an average E/N of 80 Td. When
that sheath voltage drop is subtracted from the measured gap volt-

Fig. 2 Current, gap voltage, and power characteristics for discharges
into 50 torr CH4 and 5-kV pulser drive voltage as functions of discharge
gap.

Fig. 3 Average gap voltage between 200–400 ns plotted against anode–
cathode gap (see Fig. 2).

ages, shown in Fig. 2, average E/N during the steady-state portion
of the discharges agrees well with that value. E/N conditions dur-
ing the initial breakdown portion of the discharge pulses range up
to a factor of four higher than the steady-state portion of the pulse.

The range of E/N values found here is attractive from the view-
point of assessing the hydrocarbon fragment yield as a function of
E/N . To determine if the discharge can also be made sufficiently dif-
fuse to facilitate fragment yield measurements by laser spectroscopy
techniques, discharge imaging, spectral imaging, and time-resolved
spectroscopy techniques were used. Because of the short duration
of a typical discharge pulse, the discharges were imaged with a
gateable, intensified CCD camera to determine the degree of homo-
geneity and pulse-to-pulse variability.

Discharge V-I pulse shapes, especially rise times, and discharge
pd values are important determinants of discharge uniformity,21−23

as are levels and methods of discharge gas preionization.24 Using
discharge conditions identical to those shown in Figs. 2 and 3, Fig. 4
shows typical 100-ns exposures documenting the effect that decreas-
ing the electrode spacing has upon discharge uniformity. The tran-
sition between multiple streamer discharge and diffuse discharge
occurs under the indicated conditions between 0.5- and 0.25-cm
gaps or below a pressure–discharge gap product (pd) of 25 torr-cm.

The behavior of the discharge as a function of pulser drive voltage
is shown in Fig. 5 for a fixed gap of 1.0 cm and drive voltages of
4, 6, and 8 kV. All other experimental parameters are identical to
those just discussed. Features here are similar to those of Fig. 2,
except that the current rise time and turn on time are much slower
for the lowest drive voltage. Here too the gap voltage pulses peak
just before the corresponding current turns on, the degree of overlap
being reflected in the corresponding power curves. The overvoltage
at the beginning of the pulse is clearly most effective for power
deposition at high E/N conditions.

Extracting the temporal evolution of discharge E/N from the
preceding gap voltage pulses was accomplished by subtracting the
sheath voltage drop from the gap voltage and accounting for dis-
charge conditions (300 K, 50 torr, 1-cm gap). This procedure is
valid because sheath voltage develops within a few nanoseconds
of the onset of the current rise.25 (Time is inversely proportional
to the plasma electron frequency.) The result is shown in Fig. 6.
Again note the overlap with the corresponding current pulses: the
high E/N values early on for the 4-kV drive voltage is largely inef-
fective given the late turn on time for that case. However, the high
peak power for the higher drive voltages substantially overlaps the
early high E/N values, a result that is a major determinant of time
resolved hydrocarbon fragment emission profiles.

Time-resolved Hα- and CH-band emissions (431 nm) for exper-
imental conditions identical to those shown in the preceding two
figures are shown in Fig. 7. The effect of direct electron impact
excited methane fragment [H(n = 3) and CH(A2�) states] produc-
tion of the early high E/N values for the higher drive voltages is
clear, though the emission profiles and relative intensities are some-
what different. Both emissions rise at the same rate as the discharge
power pulse, indicating direct electron impact dissociative excita-
tion of methane as their sources. The brighter (factor of five) CH
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Fig. 4 Direct, high-speed two-dimensional CH4 discharge emission
images as a function of interelectrode spacing.

emission has a markedly long fall time because of the long radiative
lifetime and the low quenching26 rate compared to very strongly
quenched27−29 H(n = 3) atomic level. At 50 torr the Hα emission
profile very closely resembles that of the discharge power for all
drive voltages. For the higher drive voltages there is a short current
peak at the beginning of the pulses. However, both the Hα and CH
emissions are much more significantly enhanced at the beginning
of the pulse than current pulse shapes would suggest, thus showing
the effect on methane fragmentation that results from the high E/N
conditions early on.

Fig. 5 Current, gap voltage, and power characteristics as functions
of pulser drive voltage for discharges into 50 torr CH4 and a 1.0-cm
electrode gap.

Fig. 6 Temporal evolution of the discharge E/N for three drive volt-
ages, a 1-cm gap, and 50 torr methane.

The final time-resolved emission results from CH4 discharges
reported here are for the C2 Swan bands16,17 near 516 nm. Comple-
mented by discharge imaging and spectral imaging of the C2 and
CH bands, the rare occurrence of highly inhomogeneous discharges
can be partially understood. On rare occasions discharge images
indicated the presence of only one or two very bright streamers in
the discharge. Almost entirely absent at the smallest gap studied,
the incidence of such highly inhomogeneous discharge pulses grew
to roughly 3% of pulses at the largest gap of 1.0 cm. Further, a dra-
matic increase in bright streamer formation frequency occurred in
the absence of irradiation of the discharge space by the UV preion-
ization source. Insights into a potential cause of the formation of
a few bright streamers as opposed to multiple streamer discharges
were suggested by related ongoing investigations.10 Vibrationally
hot C2 bands have been observed in similar discharges, and at higher
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pressures (100 torr) visible carbon deposits have been observed to
form on the discharge electrodes.

Figure 8 shows five single-shot current pulses and their cor-
responding C2(A3�g − X 3�u , �v = 0) emission profiles (near
516 nm), taken with and without UV preionization of the discharge.
Images of those same pulses are shown in Fig. 9. The discharge
conditions were 0.75-cm discharge gap, 50 torr methane, and drive
voltage of 5 kV. Except for a delayed single shot in the case without
UV irradiation, the current pulses are essentially identical between
the two cases, and clearly quite repeatable. The clearest difference
between the two data sets is the much greater brightness without
UV irradiation. Inspection of Fig. 9 correlates the bright streamer
discharge conditions with bright C2 emission. The rise of the more
typical diffuse and weak emissions in the case with UV irradiation
essentially follows the current.

Clearly, the discharge fully dissociates some fraction of methane,
and some carbon atoms subsequently combine to form C2 and pre-
sumably larger carbon clusters. The brighter emission and different

Fig. 7 Temporal evolution of the most intense visible emissions from
the excited hydrocarbon fragments: Hα and CH (431-nm band). The
Hα emission essentially follows the discharge power pulse, whereas the
CH emission peak occurs later in time. Experimental conditions are
the same as for Figs. 5 and 6.

Fig. 8 Single-shot current pulses and the corresponding C2 Swan-band emission profiles near 516 nm for cases with and without UV irradiation of
the discharge gas. Discharge conditions are 50 torr methane, 5-kV drive voltage, and fixed gap of 0.75 cm. The corresponding direct discharge images
are presented in Fig. 10.

temporal emission profile suggest the possible involvement of large
carbon clusters breaking up under direct electron impact within the
gap or being detached from the cathode and breaking up as the pulse
rises. Carbon clusters that formed during repetitive pulsing of the
discharge could adhere to the electrodes providing both the source
of the bright streamers as well as the vibrationally hot C2 bands.10

Such processes would locally enhance the discharge conductivity
and contribute to the formation of inhomogeneous plasmas with
one or two bright streamers. The C2 emission profiles in the case of
highly inhomogeneous bright streamer discharges are different from
any other observed emission profile (see Fig. 7), suggesting different
kinetics involved in excitation of the C2 molecule in those cases.

The final experimental results associated with the discharge char-
acterization show the spatial distribution of C2 emissions in com-
parison with that of the brightest hydrocarbon fragment emission
bands of CH. Figure 10 shows images of the discharges similar to
those of Fig. 9, except that they have been imaged through band-
pass (10-nm FWHM) filters. The typical spatial distribution of the
C2 emission is quite uniform and weak (upper left) when the dis-
charge is diffuse, indicating a largely uniform distribution of C2.
Bright streamer formation is clearly accompanied by strongly en-
hanced C2 emission (upper right). The spatial distribution of the CH
emission is quite similar to that of C2 regardless of the degree of
discharge homogeneity.

H-atom Production
Using the technique of actinometry,30−33 an estimate of H-atom

production during a discharge pulse can be made by comparing the
Hα emission from the methane discharge (Fig. 7) to that from the
very well-characterized pure H2 discharge1,2,18−20 under the same
experimental conditions. Gap voltage, discharge power, and the re-
sulting Hα emission from discharges into pure hydrogen at 50 torr
using a 6-kV pulser drive voltage are shown in Fig. 11. The temporal
behavior of the gap voltage and discharge power are very similar
to the analogous case for discharges into methane (see Fig. 5, 6-kV
drive voltage case), although both fall more rapidly in the hydro-
gen plasma during the latter portion of the discharge pulse. This
behavior clearly indicates that discharge E/N in the pure hydrogen
discharges decreases somewhat more during the latter portion of the
discharge pulse, as opposed to remaining essentially constant after
the initial high E/N peak in methane (see Fig. 6, 6-kV case). The
likely cause of the minor difference in temporal behavior is that the
methane plasmas are slightly electronegative. The Hα emission from
the pure hydrogen discharge shown in Fig. 11 follows the discharge
power pulse, identical to the temporal behavior of the Hα emission
from methane (compare to Fig. 7, 6-kV case).

Discharges in pure hydrogen have been extensively stu-
died,1,2,18−20 and the fraction of the discharge power deposited into
the various inelastic modes of hydrogen as a function of E/N has
been established. For E/N above 80 Td, the fraction of the discharge
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Fig. 9 Direct-discharge images of the same discharge pulses shown in Fig. 10, with UV-irradiated discharges on the left. Bright streamer formation
is much more common when the discharge gas is not preionized.

power producing dissociation2 of H2 into two H atoms is greater than
50%. Absolute H-atom density and Hα-emission measurements1 for
such discharges have also been made as a function of discharge
E/N . Thus, it is possible to write the number density of H atoms
produced in pure hydrogen discharges as

[H]H2 = 2
∫

X (E/N )PH2 dt

DeV
(1)

where PH2 is discharge power and De is the electron impact dissocia-
tion energy of H2 (9.8 eV). The factor of two accounts for the fact that

each dissociation event produces two hydrogen atoms. Equation (1)
can be used to directly determine the H-atom production in short-
pulsed pure-hydrogen discharges from electrical measurements
alone because the only volume destruction mechanism is the three-
body reaction H + H + H2 −> 2H2 [rate constant (Ref. 34) = 9.0 ×
1016 T−0.6 cm6/mol2 s], which is negligibly slow under the experi-
mental conditions used.

Hα emission from such a discharge results from the competition
between production of H(n = 3) atoms, and losses by radiation, or
by collisional quenching, to the ground state. As just noted, the rapid
rise of Hα emission (in concert with the rise in the discharge power)
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Fig. 10 Spatial distribution of C2 and CH emissions for typical discharges (left) and highly inhomogeneous bright streamer discharges (right).

Fig. 11 Current and gap voltage characteristics (top) and the resulting
Hα emission (bottom) for discharges into pure H2 at 50 torr pressure,
1.0-cm gap, and a drive voltage of 6 kV (each area 100 shot averages).
Compare to Figs. 5 and 7 for CH4 discharges.

indicates that production of H(n = 3) atoms in this study proceeds
by direct electron impact dissociative excitation of the parent gas.
The resulting Hα emission intensity can be written30−33 as the ratio
of the rate of production to that of loss:

I H2
Hα = Chν32 A32kH2

e nH2
e [H2]

∑
j A3 j + kH2

Q [H2]
(2)

Here nH2
e is the electron density in the hydrogen discharge and � Ai j

is the sum of the A coefficients for all radiative deexcitation pro-
cesses from the H(n = 3) level (Hα and Lymanβ ). The coefficients
kH2

e and kH2
Q quantify electron impact dissociative excitation of H2

to H(n = 3) + H(1 s) and the quenching rate of H(n = 3) atoms in
hydrogen, respectively. The square brackets denote number density.

For discharges into pure CH4, the resulting Hα emission intensity
can similarly be written as

I CH4
Hα = Chν32 A32kCH4

e nCH4
e [CH4]

∑
j A3 j + kCH4

Q [CH4]
(3)

where the symbols have analogous meanings. The main reaction that
consumes atomic hydrogen is H + CH4 −> CH3 + H2 [rate constant
(Ref. 35) = 6.6 × 108 T1.62e−(10840 cal/mol)/RT cm3/mol s]. Here too,
reactions with the background gas that would remove H atoms are
insignificant and therefore can be neglected under the experimental
conditions employed. Thus, the ratio of Hα emissions from the two
discharges is simply

I H2
Hα

I CH4
Hα

= kH2
e nH2

e [H2]

kCH4
e nCH4

e [CH4]

∑
j A3 j + kCH4

Q [CH4]
∑

j A3 j + kH2
Q [H2]

(4)

It has been shown that H-atom production in pulsed discharges in
hydrogen (measured by two-photon-allowed laser-induced fluores-
cence) is directly proportional to the Hα emission signal.1 The same
relation between H-atom production and Hα emission should hold
for

[
EH2

th (DE) = 19 eV, ECH4
th (DE) = 20 eV,

and EH2
th (D) = 9.8 eV, ECH4

th (D) = 8.8 eV
]

discharges in methane because the thresholds for both electron im-
pact dissociative excitation36,37 (DE) and dissociation36,38 (D) are
nearly the same in both hydrogen and methane. Further, the energy
dependencies of the relevant cross sections near theshold for both
dissociative excitation and dissociation of hydrogen and methane
are quite similar.36,38 The threshold for direct electron impact exci-
tation of H atoms to H(n = 3) is, of course, independent of the parent
gas. Together, these facts allow substitution of the ratio of produc-
tion rates of H(n = 3) atoms by dissociative excitation in Eq. (4)
with the corresponding rates of direct electron impact excitation
of ground-state H atoms to the H(n = 3) level because the rates
of those processes are proportional. With that substitution Eq. (4)
becomes

I H2
Hα

I CH4
Hα

= kH2
ei nH2

e [H]H2

kCH4
ei nCH4

e [H]CH4

∑
j A3 j + kCH4

Q [CH4]
∑

j A3 j + kH2
Q [H2]

(5)
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where the subscript ei indicates the rate coefficient for electron im-
pact excitation of H atoms to H(n = 3) and [H]H2 and [H]CH4 refer
to the number density of H atoms in the hydrogen and methane
discharges, respectively.

The product of the direct electron impact excitation rate coef-
ficient and electron density in each plasma is proportional to the
fraction of discharge power devoted to that process multiplied by
the power deposited in the gas, that is,

kH2
ei nH2

e ∝ Y (E/N )PH2, kCH4
ei nCH4

e ∝ Y ′(E/N )PCH4 (6)

where Y (E/N ) is the known2 fractional power deposited into elec-
tron impact production of H(n = 3) as a function of E/N in hydro-
gen and Y ′(E/N ) is the analogous factor in methane discharges.
Note that the proportionality constants in Eq. (6) are the inverse of
the excitation potential of H(n = 3) and are therefore identical for
each of those relations. Substitution of Eqs. (1) and (6) into Eq. (5)
and taking Y = Y ′(because the rates are identical), the final expres-
sion used to estimate H-atom production in the CH4 discharges of
interest can be written as

[H]CH4 ≈ I CH4
Hα

I H2
Hα

PH2

PCH4

∑
j A3 j + kCH4

Q [CH4]
∑

j A3 j + kH
Q[H2]

2
∫

X (E/N )PH2 dt

DeV

(7)

In this relation the relevant quenching rate constants for H(n = 3)
atoms26−29 are 2 × 10−9 cm3/s in H2 and 3.5 × 10−9 cm3/s in CH4,
and the measured Hα intensity profiles needed as inputs are shown in
Figs. 7 (6-kV drive voltage case) and 11 for emission from methane
and hydrogen discharges, respectively. The discharge power profiles
are shown in Fig. 5 for methane (6-kV drive voltage case) and Fig. 11
for hydrogen. The factor X was taken to be 0.6 during the initial
high E/N peak in the power pulse and 0.45 during the much longer
steady-state portion of the discharge (see Figs. 6 and 11).

Using Eq. (1), the H-atom production during a single discharge
pulse into 50 torr of pure hydrogen using a pulser drive voltage
of 6 kV was calculated and is shown as the upper plot in Fig. 12.
Similarly, using Eq. (7), the H-atom production during a single dis-
charge pulse into methane under the same experimental conditions

Fig. 12 Estimated H-atom production in pure hydrogen (top) and
methane (bottom), each during a discharge pulse. Both are determined
from experiments using a 1-cm gap, a pulser drive voltage of 6 kV, and
50 torr gas pressure.

is shown in the lower plot of that figure. For comparison purposes
the discharge pulse power and the associated Hα emission are also
shown in that plot. Note that the production rate is significantly
higher during the brief high E/N early peak in the discharge pulse
that is typical in such fast discharges. Production of ≈ 2 × 1014 H
atoms per cubic centimeter of discharge volume during a 400-ns
discharge pulse is significant. The total energy deposited in the gas
during a pulse is 5.6 mJ, and the energy deposited per unit volume
is 0.7 mJ/cm3. Verification of that level of H-atom production will
require the use of two-photon laser-induced fluorescence or mass
spectrometric measurements of CH4 fragments.

Summary
Techniques for the control of the transition from diffuse to in-

homogeneous plasmas in high E/N hydrocarbon discharges have
been established. The steady-state portion of the discharge voltage
pulse follows the classic pd scaling21−23 relationship over the pd
range studied (12.5–50 torr cm). The resulting plasmas are typically
diffuse in the lower end of that pd range, and even at the higher pd
values are sufficiently uniform (multiple streamers).

Significant levels of hydrogen-atom production by fast, high E/N
discharges are estimated from the measured Hα emission profiles
and by the application of an actinometric model. The results are
quite encouraging from the viewpoint of application to scramjet
ignition and combustion sustainment.
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