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Comparisons are drawn between spatially resolved absorption spectroscopy data obtained for a
6.4 kW dc arc jet reactor, operating with Ar/H2/CH4 gas mixtures, used for deposition of thin,
polycrystalline diamond films, and the results of a two-dimensional �r ,z� computer model
incorporating gas activation, expansion into the low pressure reactor, and the chemistry of the
neutral and charged species. The experimental measurements, using either cavity ring-down
spectroscopy or diode laser absorption spectroscopy, determined absolute number densities of
H�n=2� atoms, and column densities of C2�a 3�u�, C2�X 1�g

+�, and CH�X 2�� radicals, with
vibrational and rotational quantum state resolutions, and their variation with height through the
horizontally propagating arc jet plume. Spectra were also analyzed to obtain temperatures and local
electron densities �from Stark broadening of H�n=2� absorption lines�. The experimental data are
directly compared with the output data of the model that returns spatially inhomogeneous
temperature, flow velocities, and number densities of 25 neutral and 14 charged species. Under the
base operating conditions of the reactor �11.4 SLM �standard liters per minute� of Ar and 1.8 SLM
of H2 entering the primary torch, with addition of 80 SCCM �SCCM denotes cubic centimeter per
minute at STP� of CH4 downstream; 6.4 kW input power; reactor pressure of 50 Torr�, the
calculated and measured column and number densities agree to within factors of 2–3, the model
reproduces the spatial dependence of column densities, and the mean temperatures of C2�a� and
CH�X� radicals derived from spectra and model results are in good agreement. The model also
captures the variation of these parameters with changes to operating conditions of the reactor such
as flows of H2 and CH4, and input power. Further details of the model and the insights it provides
are the subject of the accompanying paper �Mankelevich et al., J. Appl. Phys. 102, 063310 �2007�
�. © 2007 American Institute of Physics. �DOI: 10.1063/1.2783890�

I. INTRODUCTION

Thin films of poly-, nano-, and ultrananocrystalline dia-
mond, diamondlike carbon �DLC�, and carbon nanotubes
�CNTs�, grown by chemical vapor deposition �CVD� from a
carbon-containing activated gas mixture, are increasingly
finding important technological applications that include in-
corporation in low-field electron emission devices and
chemical sensors.1–3 The types of films grown and their rates
of deposition depend on the substrate composition and tem-
perature, the mixing ratios of feedstock gases such as CH4,
H2, and Ar employed in the CVD reactor, and the method of
activation of the mixture �e.g., microwave, radio frequency
or dc arc discharge, or hot filament�. Film compositions and
morphologies are distinguished by, for example, the extent of
sp2 or sp3 hybridization of the carbon atoms �evident from
ratios of characteristic peaks in Raman spectra� and the sizes
of crystalline domains.

dc arc jets offer considerable advantages as a route to
deposition of polycrystalline diamond films at high growth

rates �up to �100 �m/h� when compared to alternative ac-
tivation methods, but film quality is generally less spatially
homogeneous than for deposition in an optimized microwave
reactor. Jeffries and co-workers reported calibrated laser-
induced fluorescence �LIF� measurements of the density dis-
tributions and temperatures of C2�a 3�u�, CH�X 2��, and
C3�X 1�+

g� radicals in a 1.6 kW arc jet reactor plume �hence-
forth denoted as the SRI reactor�4–6 and demonstrated that
the C2�a� and CH�X� densities peaked at the core of the
plume, whereas the C3�X� densities maximized off axis in a
cylindrical shell. A cascaded arc reactor used for deposition
of amorphous diamond films has been extensively studied by
Schram and co-workers using optical and other
techniques.7–14 Complementary computer modeling is essen-
tial to provide an understanding of the activation of a feed-
stock gas mixture, its expansion within an arc jet reactor, the
chemistry in the resultant plume, and the deposition of ma-
terial at a substrate.5,15,16 In a series of recent studies,17–23 we
have developed laser-based absorption techniques to probe
the highly activated environment of a 6.4 kW dc arc jet re-
actor plume, operating at a pressure of 50 Torr and capable
of diamond film growth at rates up to 100 �m/h. The arc jet
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plume is shown schematically in Fig. 1, which identifies the
key regions discussed further below and defines the Carte-
sian x ,y ,z and radial �r� coordinate systems used throughout
the paper. Computational modeling studies, quantitative in-
tercomparisons with experimental data, and thus rigorous
tests of the model have resulted in a detailed understanding
of the gaseous environment from the torch heads through to
the substrate on which CVD takes place. We previously re-
ported cavity ring-down spectroscopy �CRDS� absorption
determinations of absolute column densities �number densi-
ties integrated along the line of sight of the laser beam used
for absorption measurements� of C2�a 3�u�,17,21

C2�X 1�g
+�,20 and CH�X 2�� �Refs. 17 and 21� radicals in the

arc jet plume operating on an Ar/H2/CH4 feed gas mixture
and used rotationally resolved spectra and Doppler broaden-
ing of individual lines to estimate local gas temperatures.
The outcomes, and their dependence on operating parameters
of the dc arc jet reactor, were compared with preliminary
model calculations.18,21 For input flows of 1.8 SLM �stan-
dard liters per minute� of H2 �FH2

�, 60 SCCM �SCCM de-
notes cubic centimeter per minute at STP� of CH4 �FCH4

�,
and an excess of argon �denoted by a flow FAr�, to make up
a total flow of 13.2 SLM, the CRDS measurements demon-
strated mean C2 temperatures of 3300±200 K and respective
column densities for C2�a� of �1.1±0.4�
�1013 molecule cm−2, C2�X� of �3.0±0.9��1012 cm−2, and
CH�X� of �7.0±1.3��1012 molecule cm−2 when probing
through the center of the plume in the free plume region. The

C2�a� and CH�X� column densities increased markedly
within a 5 mm boundary region in front of the substrate.
Optical emission spectroscopy �OES� provided limited infor-
mation on the spatial distributions of electronically excited
C2 molecules and H atoms in the plume, but was inadequate
for characterizing the spatial inhomogeneity of the majority
species populating ground and low-lying electronic states.

Initial attempts at producing a computer model of the
chemistry prevailing in the Bristol arc jet reactor incorpo-
rated a limited chemical mechanism, with associated kinetics
and thermochemistry, focusing solely on neutral species and
chemistry. The model contained only a reduced dimension-
ality �previously referred to as “quasi-one-dimensional
�1D�”� treatment of the gas dynamics of the plume.18 In this
first generation of the simulations, species densities were
computed as a function of z, the distance from the nozzle, but
important two-dimensional effects such as radial diffusion
and recirculation were accommodated by use of selected fit-
ting parameters. Nevertheless, this relatively primitive model
captured several features of the experimental measurements,
such as the variation of radical densities with methane flow
rate.

Rennick et al.21 described comparisons of CRDS data
with a more sophisticated model, in which chemical transfor-
mations, heat, and mass transfer were treated with full two-
dimensional �r ,z� cylindrical symmetry. The chemical
mechanism involved 23 species and 76 reversible reactions,
with temperature-dependent rate coefficients, but again ne-
glected charged species except for Ar+, ArH+, and free elec-
trons. Reaction of Ar+ with H2 to form ArH+ and dissociative
recombination with an electron is an important mechanism
for dissociation of H2 to H atoms and was thus incorporated.
The calculations were performed for a reactor volume
smaller than that of the arc jet apparatus to reduce the com-
putational expense, and used estimates of the pressure, tem-
perature, and degree of dissociation of H2 �essentially com-
plete� and degree of ionization of Ar �10%� in the gas flow at
the nozzle orifice. The calculations produced r- and
z-dependent distributions of key chemical species such as
CHx �x=0–4�, C2, C2H, C2H2, and C3 �with a mechanism
that included C2Hx �x=0–6�, C3Hx �x=0–2�, C4Hx �x
=0–2�� and gave near-quantitative agreement with
z-dependent measurements of C2 and CH column densities.
All experimental measurements were, however, summed
along the line of sight of the laser beam, with measurements
perpendicular to the center axis of the plume, and thus were
largely insensitive to the radial variations of C2 and CH pre-
dicted by the model: CH was calculated to peak in number
density at the central axis of the plume �r=0�, but C2 showed
an annular number density distribution, maximizing at r
=3 mm. Radial diffusion of hydrocarbons and H2 from the
periphery of the plume, and subsequent reaction with acti-
vated species encountered in the core of the gas jet, is calcu-
lated to lead to such annular distributions for these and other
radicals and atoms �excluding CH, C, and H�n=1��, reminis-
cent of the annular distribution reported by Jeffries and
co-workers4–6 for spatially resolved LIF measurements of C3

densities in the lower power SRI arc jet reactor. Results of
these LIF measurements and calculations for both the Bristol

FIG. 1. Schematic plan and end-view diagrams of the arc jet reactor and
plume. The x, y, z, and r coordinates used throughout are defined in the
diagram. The end view shows the configuration of the laser beam and cavity
mirrors used for spatially resolved CRDS measurements, with the arc jet
plume propagating in a direction perpendicular to the plane of the diagram.
Diode laser absorption measurements of the reactor used the setup illus-
trated in Ref. 23.
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reactor and that studied by Jeffries and co-workers high-
lighted the importance of gas-flow recirculation in transport-
ing carbon-containing species into the hot plume.

The chemical model employed to describe the C/H
chemistry in the Bristol arc jet plume in the presence of
added CH4 is complicated, and is described in detail in the
accompanying paper24 and its associated electronic supple-
mentary information. The starting conditions for the chemis-
try, as established by the temperature, energy content, degree
of ionization, and chemical composition of the gas mixture
expanding from the nozzle orifice and derived from an
Ar/H2 feedstock, must be well characterized for a correct
treatment of all the subsequent chemistry. A necessary part of
the evolution of the model was thus to step back and carry
out extensive experimental and computational studies of the
“base” plasma formed from the Ar/H2 feedstock gas mixture
in the absence of any added CH4. Two preceding papers22,23

described in detail the measurements and the first-principles
modeling that were carried out on the Ar/H2 plasma and
demonstrate the significance of chemistry of charged species
such as Ar+, ArH+, and electrons in the free plume region,
particularly at low added flows of H2. CRDS and spatially
resolved diode laser absorption measurements of H�n=2�
column and number densities, obtained at Balmer-� ��
=486.1 nm� and Balmer-� ��=656.3 nm� wavelengths, to-
gether with local electron densities, derived from Stark
broadening of the H-atom absorption lines, were compared
with model predictions and found to be in good accord. The
electronically excited H atoms in this environment are
formed by reaction of Ar+ with H2 to make the molecular ion
ArH+, followed by dissociative electron-ion recombination
�ArH++e−→Ar+H�n��. Model predictions of the annular
structure of the H�n� atoms, supported by OES measure-
ments of H�n	2� atom emission and verified by spatially
dependent absorption measurements,23 are a consequence of
diffusion of H2 into the plume from its periphery, and reac-
tion first with Ar+ and then electrons, the number densities of
which both peak at the core of the plume. The model also
correctly described depletion of Ar+ and retraction of the
luminous plume as the input flow of H2 increases, demon-
strating the decreasing significance of chemistry involving
charged species in the free plume region at the higher H2

flows used for diamond growth in the reactor.
In the accompanying paper,24 we build on the develop-

ments incorporated in the most recent model of the Ar/H2

plasma system.22 This model contained only the limited
chemistry necessary to describe neutral and charged Ar/H
species, with a total of 20 reversible processes including re-
actions, ionization, electron-ion recombination, relaxation
�radiative and nonradiative� of excited state atoms, electron-
impact excitation and quenching, and radiation trapping.
This latter process must be incorporated because of the high
number densities of ground state Ar and H atoms within the
plume. We now include an extensive treatment of the addi-
tional H/C/Ar chemistry introduced by methane addition to
the plume. Importantly, the model uses the initial conditions
of temperature, pressure, flow velocity, degree of H2 disso-
ciation, and charged particle �Ar+, H+, ArH+, e−� densities

that were firmly established by the measurements and mod-
eling for the base plasma �but with a further-refined estima-
tion of H+ contributions�.

The details of the model are presented separately, but the
current paper compares its outcomes with experimental mea-
surements of the spatial variation of C2�a� and CH�X� num-
ber densities and the effects of CH4 addition on H�n=2� and
electron number densities, as well as our extensive body of
prior measurements of the dependence of C2 and CH abun-
dances on arc jet operating conditions.17,18,20,21 The signifi-
cance of H2 flow is addressed for the z dependence of the
balance of ionic and neutral chemistries in the plume. The
good agreement between experiment and theory demon-
strates a satisfactory treatment of most of the plasma-
chemical and gas-phase facets of the arc jet reactor, as used
for CVD of diamond films. Using the radial variations of
number densities of several radical species in proximity to
the substrate, we can model the relative importance of these
compounds on the growth of polycrystalline diamond films.

This paper is structured as follows. Section II contains a
brief description of the arc jet and CRDS apparatus used for
experimental measurements; detailed outcomes of the mea-
surements and the model are compared in Sec. III, serving to
validate the computational results, and discussed in the con-
text of the mechanisms for formation of various radicals in
the plume. A full description of the model is deferred to the
companion paper,24 where, to demonstrate its versatility, cal-
culated results for the SRI arc jet reactor are also presented
and compared with published experimental data.4–6

II. EXPERIMENTAL

A detailed description of the arc jet and the optical sys-
tems used for CRDS and diode laser absorption measure-
ments has been given elsewhere,17,20,22,23 and only a short
summary of the key features is presented here. The adapta-
tion of the CRD spectrometer to enable spatially resolved
column density measurements of C2 and CH is a recent
modification, and hence is described thoroughly below. In
the description that follows of the arc jet plume and the laser
beams used to probe it, we adopt a coordinate system in
which the plume propagates horizontally along z, with z=0
taken to be the main nozzle orifice, the laser beams propa-
gate orthogonal to the plume along the y axis, �with z and y
defining the horizontal plane�, and the vertical coordinate
used for spatial profiling is denoted as x �with x=0 corre-
sponding to the center of the gas plume�. It will also prove
convenient to describe the properties of the cylindrically
symmetric gas plume using the two-dimensional coordinates
r and z, where r is a radial distance from the z axis in the xy
plane.

The arc jet reactor �Aeroplasma Corp.� consists of two
torch heads, denoted as the N and P torches, mounted at 90°
to one another, with nozzles that inject an activated gas flow
into a cylindrical vacuum chamber equipped with a variety
of view ports and flanges for pumping lines and pressure
gauges. The reactor is designed to work at input powers of
up to 10 kW, but is typically operated at �6.4 kW �80 A and
80 V�. The N torch is mounted axially within the chamber,
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usually operates with gas flows of 11.4 SLM of argon and
1.8 SLM of H2 �backing pressures are 3–4 bars� and is the
principal gas source for the plasma jet. The P torch contrib-
utes a further 0.75 SLM flow of a H2/Ar mixture �approxi-
mately 1.3:1 H2:Ar ratio� to stabilize the plasma, and
80 SCCM of methane is added 100 mm downstream of the
N-torch nozzle orifice from an injection ring mounted con-
centrically with the activated Ar/H2 plume. The average
pressure in the reactor is maintained at 50 Torr. These power
and gas-flow conditions of operation of the reactor will be
referred to henceforth as standard conditions, and any devia-
tions from them will be explicitly specified in the appropriate
context.

Reference 22 contains a detailed diagram of the con-
struction of the torch heads. The N torch has a double-
chamber design, with the dc arc struck in the first chamber
through an Ar flow of 10 SLM between a tungsten electrode
and the copper torch body. Further flows of 1.4 SLM of Ar
and 1.8 SLM of H2 mix with this activated Ar plasma in the
secondary stage of the torch, and the mixture expands
through a 3.8 mm diameter orifice into the main reactor
chamber. Modeling of the activation of the Ar/H2 mixture,
the almost complete dissociation of H2, the degree of ioniza-
tion of the argon, and the supersonic expansion through the
torch nozzle to form the gas plume was discussed at length in
Ref. 22.

Chemical vapor deposition occurs on a 26 mm diameter
polished molybdenum substrate located typically at z

155 mm from the nozzle orifice, and which can be trans-
lated along the z axis. The torches, substrate holder, and
hollow-walled stainless steel chamber are cooled by a 9 bar
flow of chilled water.

Two side arms fitted with 50 mm diameter quartz win-
dows provide horizontal optical access for laser beam ab-
sorption measurements at the height of the gas plume. Exter-
nal cavity diode laser �ECDL� �Newport, ��656 nm�
absorption measurements of H�n=2� atom column densities
are made with x resolution at z=140 mm by translating the
height of the horizontally propagating laser beam using a
two-prism periscope, as described in detail elsewhere,23 with
matching vertical motion of the photodiode detector located
after the exit window. The �1 MHz bandwidth laser is
scanned rapidly and repeatedly across a 50 GHz portion of
the H-atom Balmer-� absorption line, and comparison of in-
put and transmitted intensities used to derive column densi-
ties from Beer-Lambert law analysis.

For CRDS experiments at a fixed height, x=0, the quartz
windows are replaced with extension arms that terminate
with finely adjustable mounts to hold the high-reflectivity
cavity end mirrors �R	0.999, planoconcave with 1 m radius
of curvature�. The tunable visible light from a Nd:YAG �yt-
trium aluminum garnet� pumped dye laser �Continuum Sure-
lite III and Spectra Physics PDL-3 for C2, CH, and H
Balmer-� measurements� is injected along the y axis at x
=0 and z=145 mm, and transmitted light intensities are
monitored behind the exit mirror using a photomultiplier
tube. The dye laser bandwidth of �0.1 cm−1 must be taken
into consideration when analyzing Doppler or Stark broad-
ening of spectral lines. For CRDS measurements, the ring-

down cavity �RDC� length is chosen to be 1 m, giving a
near-confocal geometry, and a beam waist at the center of the
cavity of 0.3 mm �defined as the radius at which the intensity
of a Gaussian beam drops to 1/e2 of its maximum25�. Beam
shaping optics, incorporating a spatial filter and a lens
mounted before the RDC, and careful optical alignment en-
sure excitation primarily of TEM00 cavity modes.

Spatially resolved measurements of column densities at
different heights x through the plume are achieved by simul-
taneous vertical translation of the RDC end mirrors and the
input laser beam, while retaining optimum optical alignment.
Figure 1 includes a schematic diagram of the apparatus em-
ployed. For these measurements, the cavity end mirrors were
located within the vacuum chamber on adjustable mounts
attached to linear feedthroughs fitted with micrometer
threads. The laser beam was raised to the height of the center
axis of the RDC using a periscope built from two right-
angled prisms, with the upper prism mounted on a vertical
translation stage. With careful alignment, the mirrors and
periscope prism could be moved vertically by ±10 mm about
x=0 without degradation of the cavity ring-down decays or
of the TEM00 mode coupling. Vertical profiling of the arc jet
plume was thus possible with �0.6 mm resolution, as deter-
mined by twice the laser beam waist. At each height, spectra
of regions of the C2 d 3�g-a 3�u Swan band or
CH A 2�-X 2� band were recorded that spanned three re-
solved rotational lines, and the values of x were stepped first
upwards then downwards �or vice versa� with random inter-
leaving of heights to minimize the effects on spatial profiles
of drift in the arc jet performance.

CRDS measurements were also made of the dependence
of C2 and CH column densities on proximity to the substrate
by fixing the probe laser distance at z=145 mm from the
N-torch nozzle and varying the z position of the substrate
with submillimeter precision. These measurements were all
made at a fixed height x=0 mm corresponding to the center
of the plume.

All data collection and analysis used custom-written LA-

BVIEW programs, operating either on an 8 bit digital oscillo-
scope �LeCroy WaveSurfer� or a personal computer �PC�
communicating with an oscilloscope �Le Croy 9361� with a
General Purpose Interface Bus �GPIB� interface. Frequency
dispersion of all spectra was calibrated using a combination
of a wavemeter and Fabry-Pérot etalons of known free spec-
tral range. Molecular spectra were assigned using simula-
tions generated from known spectroscopic constants26,27 us-
ing the PGOPHER program.28

III. RESULTS OF THE EXPERIMENTAL
MEASUREMENTS AND COMPARISON WITH MODEL
OUTCOMES

The variations of the column densities of the C2 radical,
in both the ground �X 1�+

g� and first excited �a 3�u� states,
of CH�X� radicals and of H�n=2� atoms have been measured
in the arc jet reactor as a function of various operating pa-
rameters. Additionally, to obtain information on the radial
profiles of C2�a�, CH�X�, and H�n=2�, column density mea-
surements were made as a function of vertical position across
the plasma plume. The experimental results presented in this
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section are subdivided into those obtained from CRDS and
diode laser absorption measurements of H�n=2� atoms and
data derived from CRDS measurements of carbon-containing
radicals �C2 and CH�. The former results include information
deduced about electron densities in the plasma from Stark
broadening of hydrogen atom absorption lines. Throughout
the section, experimental results will be compared quantita-
tively with the outcomes of the computer model described in
the accompanying paper.24

For H�n=2� atoms, column densities can be deduced
from the experimental measurements without need for
knowledge of the local gas temperature. For analysis of ab-
sorption spectrum data for C2 and CH radicals, which span
only a few rotational lines in a narrow wavenumber interval,
deduction of total C2�a�, C2�X�, or CH�X� column densities
or even column densities for these radicals in their ground
vibrational levels �denoted as C2�a ,v=0�, C2�X ,v=0�, and
CH�X ,v=0�� is not straightforward unless the temperature
along the line of sight of the laser beam is uniform and
known. This complication arises from the requirement that
the conversion factor be calculated to obtain the total absorp-
tion for the vibrational band �summed over the intensities of
all rotational lines� from absorption measurements for a lim-
ited number of rotational lines in the spectrum. Such calcu-
lations can be performed for any known temperature using
accurate spectral simulation programs such as the PGOPHER

program employed here,28 but absorption measurements
through the arc jet plume sample radicals in regions that
have a wide range of temperatures that change rapidly with
location in the plume. This same problem was recognized by
Lombardi et al.29 when comparing diode laser absorption
measurements with model outputs for a H2/CH4 microwave
plasma. Two strategies can be adopted for the purposes of
our data analysis. The first is to use an average temperature
of the radicals of interest along the line of sight of the mea-
surement. Previous studies of the C2�a� radical have estab-
lished this average temperature to be 3300±200 K along a
line through the center of the plume �i.e., at height x=0� by
Boltzmann analysis of absorption spectra spanning large
swathes of the vibrationally diagonal d 3�g-a 3�u Swan
band transitions.19,21 The 3300 K mean temperature is un-
likely to be valid for measurements made at x�0, however,
and the temperature variation along the laser path cannot be
derived from our measurements. For analysis of data ob-
tained with the laser positioned at x�0 �and, for consistency,
for x=0 data�, we therefore adopt a second strategy in which
we calculate column densities for single rotational levels of
C2�a� or CH�X� radicals, denoted henceforth by the labels
C2�a ,v=0,J�, or CH�X ,v=0,N� �where J and N are quan-
tum numbers that describe the rotational angular momentum
of the radical; N is used for CH to indicate exclusion of the
effects of noninteger electron spin�. The calculation of these
J- or N-specific column densities requires no knowledge of
the plume temperature, and results can be compared directly
to the outputs of the computer model �vide infra�. In practice,
the reported column densities will often be the result of an
average over two or three rotational levels obtained because
we scan small regions of the spectrum that cover a few ro-

tational lines, in which case the mean J or N value will be
specified.

Adapting the analysis of spectral line intensities de-
scribed in Ref. 17 and using standard connections between
absorption coefficients and decay rate coefficients for CRDS
measurements,30 we can write the column density for
C2�a ,v=0,J� radicals as

�C2�a,v = 0,J�� =
8�L̄2

A00
�

line
�kd̄

= �
i=1

n

�i�C2�a��ipv=0�Ti�p�Ti� . �1�

Here, �Y� denotes a column density of species Y. The terms
in the central part of the equation relate to the experimental
measurement and are defined as follows: L is the length of
the ring-down cavity �100 cm�; A00 is the Einstein A coeffi-
cient for the v�=0-v�=0 vibrational band of the
C2 d 3�g-a 3�u transition �A00= �7.21±0.30��106 s−1 �Ref.
17��; ̄ is the wavenumber of the spectral line �in cm−1�; �k
is the wavenumber-dependent change in the ring-down decay
rate coefficient as a result of C2 absorption, and is integrated
across the full width of the rotational spectral line. The terms
on the right-hand side of Eq. �1� relate to the computer
model: the index i labels each of the n cells of length �i

along the path of the laser beam �in the y direction, at fixed
x and z�; �C2�a��i is the number density of C2�a� radicals in
a particular cell, Ti is the gas temperature in the ith cell;
pv=0�Ti� is a vibrational partition function, and p�Ti� is a
rotational level weighting factor calculated from the PGO-

PHER spectral simulation program.28 This factor is the calcu-
lated ratio of the integrated intensity of the single, rotation-
ally resolved spectral line being studied to the intensity of
the full vibrational band �evaluated as the sum of the inte-
grated intensities of every rotational feature� at the tempera-
ture Ti of the ith cell. Multiplication of �C2�a��i by
pv=0�Ti� · p�Ti� thus gives the number density of C2�a� radi-
cals in their v=0 vibrational level and a particular rotational
level. An equivalent formula applies to the analysis of
CH�X ,v=0,N� data �with A00= �1.85±0.05��106 s−1 �Ref.
17��. Equation �1� thus allows a quantitative and direct com-
parison of experimental measurements with model outputs
with due allowance for the steep variations in temperature in
the arc jet plume.

A. H„n=2… column and radially dependent number
densities

In previous publications, we reported measurements of
the column densities and radial distributions of H�n=2� at-
oms in the arc jet plume for flow of an Ar/H2 gas feedstock
mixture, with no added CH4.22,23 Data were obtained by
CRDS using the Balmer-� absorption line at 486.1 nm and
diode laser absorption via the Balmer-� transition at
656.3 nm, and analysis of Stark broadened line shapes pro-
vided information on changes in the electron density in the
plume as the flow of H2 was varied. Column densities of
H�n=2� for various H2 flow rates were in good agreement at
z=140 mm for the two spectroscopic methods and decreased
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with increasing H2 flow above 0.5 SLM. Here, we extend
these prior measurements to include the effects of added CH4

on the H�n=2� atom and electron number densities. We con-
centrate on H�n=2� atoms rather than ground electronic state
H�n=1� atoms for a variety of reasons. Quantitative detec-
tion of ground state H atoms by direct absorption requires
vacuum ultraviolet �VUV� radiation at wavelengths of
121.6 nm or less and presents problems not only in stable
generation of the radiation but also in the use of transmissive
optics. Moreover, the plasma is optically thick at these wave-
lengths because of the very high density of H�n=1� atoms,
thus complicating reliable retrieval by absorption methods.
Two-photon laser-induced fluorescence spectroscopy
techniques31–33 can be employed to avoid use of VUV wave-
lengths in the detection of H�n=1� atoms, but very careful
calibration is required to convert from relative to absolute
number densities that are so important for critical evaluation
of the model. H�n
2� atoms are formed in large part by
recombination of an electron with ArH+ �and perhaps also
some CxHy

+� ions, and their number densities remain high
because of reabsorption of radiation emitted as they decay to
the n=1 quantum state. They thus serve as an important in-
dicator of the local ion and electron chemistry within the arc
jet plume.

At low H2 flows �0.2 and 0.5 SLM� and in the absence
of added CH4, the H�n=2� atoms measured at z=140 mm
from the nozzle �and with the substrate at z=168 mm� were
previously determined to be distributed with a maximum
number density that peaks away from the core of the plume
�r	0�. For FH2

=0.2 SLM, the maximum in the radial distri-
bution occurred at r=4 mm, and for FH2

=0.5 SLM, the
maximum shifted inwards to r�2 mm.23 At higher H2 flows,
the H�n=2� density measured at z=140 mm was seen to
peak at r=0 and to decline steadily in magnitude because of
more rapid depletion at shorter z of the Ar+ ions that react
with H2 to make ArH+ ions. The plume changes structure
from a cylindrical shell of bright H-atom emission along its
entire length, developing a characteristic luminous conical
tip and retracting toward smaller z as H�n
2� number den-
sities decline with increasing H2 flow, and their distributions
shift toward the plume axis. The H�n=2� absorption lines
�measured at z=140 mm� also sharpen as the H2 flow is in-
creased because the local electron density decreases and thus
Stark-broadening effects of the electric field in the plasma
are reduced.

With the behavior of H�n=2� established for the base
Ar/H2 plasma, the consequences of added methane are now
explored. Conversion of H�n=2� absorption measurements
into column densities requires a value for the Einstein A
coefficient for the H�n=3 or 4←n=2� electronic transition
that is integrated over all the fine-structure components, with
the assumption that all spin-orbit components arising from
2s1 and 2p1 electronic configurations are statistically popu-
lated according to their orbital degeneracies.22,23 Data for
Einstein A coefficients for all fine-structure components of
Balmer-� and � transitions were taken from the NIST
database.34 The H�n=2� column density measured at z
=140 mm is largely invariant with methane �0–80 SCCM�
added to the plasma through the injection ring at a constant

H2 flow rate of 500 SCCM. There is at most only a very
weak decline in the H�n=2� column density as the flow of
methane increases. The column density data from both
Balmer-� and Balmer-� transition measurements are in
quantitative agreement, with mean values of �5.4±0.7�
�1011 and �5.6±0.6��1011 cm−2, respectively, for the
0–80 SCCM range of methane flows. The values obtained at
FCH4

=0 SCCM are also in excellent accord with our previ-
ous measurements.22,23 The model calculations show some
variation with added CH4: the column densities of H�n=2�
are 7.9�1011 cm−2 for FCH4

=0 SCCM and 1.3�1012 cm−2

for FCH4
=80 SCCM �at 500 SCCM H2�. The electron den-

sity, derived from the Stark broadening of the Balmer-� line,
is a very weakly increasing function of methane flow rate:
initial addition of methane causes a slight rise in the mea-
sured electron density, but the values of �2.9±0.6�
�1014 cm−3 are essentially independent of the methane flow
rate over the range of flows FCH4

=10–60 SCCM and FH2

=500 SCCM. The agreement between the measurements re-
ported here for FCH4

=0 SCCM and FH2
=500 SCCM and

those obtained previously for the arc jet operating on an
Ar/H2 feedstock is excellent,22 and model and measured
electron number densities for FCH4

=0 and 80 SCCM are in
satisfactory accord. Methane addition is seen to have only a
minor influence on determining the electron density at a dis-
tance z=140 mm from the N-torch nozzle.

Radial profiles of the H�n=2� number density, obtained
by Abel inversion of x-dependent Balmer-� diode laser ab-
sorption column density measurements, for FH2

=500 SCCM and a range of CH4 flow rates are shown in
Fig. 2. The error bars plotted in the data derive from uncer-
tainties in the spatially dependent column densities obtained
from the experimental measurements. Abel inversion of each
half of the measured column density profiles provides a sepa-
rate determination of the r-dependent number densities, and
the differences between the two outcomes determine the er-
ror bars, with plotted points representing the mean values of
the derived number densities at each r. The measured densi-
ties of atomic H�n=2� are largely invariant with increasing
methane flow rate. Peak values of the number densities occur
at r=2 mm and lie in the range of �5–8��1011 cm−3. The
measured radial distributions extend out to 6 mm from the
center of the plume. In comparison, a previously published
radial profile of H�n=2� number densities, obtained under
the same conditions of Ar and H2 inlet flows, and in the
absence of added CH4, also peaked at r=2 mm, extended to
6 mm, and showed an H�n=2� number density at the peak of
the radial profile of 9�1011 cm−3, confirming the reproduc-
ibility of our measurements. The radial profiles dip at r
=0 mm, as a result of the formation mechanism of H�n=2�
atoms which involves reaction of Ar+ ions with H2 followed
by dissociative electron attachment to ArH+. This mecha-
nism favors formation of ArH+ ions at the boundary of the
plume because of the need for radial diffusion of H2 into the
activated gas plume. The equivalent data derived from the
model �plotted in Fig. 4 of the accompanying paper24� are in
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good agreement with the measured radial dependencies of
H�n=2� number densities, although the peak densities are
overestimated.

B. Temperatures and column densities of C2„a…,
C2„X…, and CH„X… radicals

Column densities for C2�a 3�u�, C2�X 1�g
+�, and

CH�X 2�� radicals in selected rovibrational states were ob-
tained using CRDS at respective wavelength regions of
515 nm �C2 Swan band, d 3�g-a 3�u v�=0←v�=0�, 231 nm
�C2 Mulliken band D 1�u

+-X 1�g
+, v�=0←v�=0�, and

426 nm �CH A2�-X2�, v�=0←v�=0�. Changes in the ring-
down rate as the laser wavelength was scanned across an
absorption line were converted to column densities as dis-
cussed at the start of Sec. III, using values for the Einstein A
coefficients �or equivalently oscillator strengths� of the elec-
tronic transitions �as described in Refs. 17 and 20 for the
Swan and Mulliken band measurements�. For the reasons
given earlier, we focus on intercomparison of experimental
and model column density data for one, or a few, rotational
levels of v=0. Figure 3 shows the portion of the C2 spectrum
selected for spatially resolved measurements of column den-
sities described in Sec. III B 1. With predictions from the
computer model of the spatial variation of distributions of
temperature and radical number densities in the plume, ex-
perimental data can be compared with forward simulation of
the predicted �from the model� line-of-sight column densities
to check correspondence between the model outputs and the
experimental measurements.

In the following sections, results are considered in turn
from measurements of radical temperatures �by two spectro-
scopic methods�, column densities at x=0 for C2�X ,v=0,J�,
C2�a ,v=0,J�, and CH�X ,v=0,N�, and spatially resolved
C2�a ,v=0,J� and CH�X ,v=0,N� column densities at a
range of values of x that span the plume. The results are
discussed within the context of comparisons with the predic-
tions of the model. Experimental measurements of C2�a ,v
=0� span rotational lines originating from levels with J
=8–10; where averages are taken over absorption measure-

ments for these lines, J̄=9 is specified. For CH�X ,v=0�
spectral data, N̄=7.

1. Temperature measurements

The temperatures of electrons and heavy particles de-
pend strongly on location in the plume, but fast energy ex-
change should ensure equilibration of translational, rota-
tional, and vibrational temperatures of neutral and charged
species at any particular point. A single temperature cannot,
however, be used to describe the C2 or CH radicals probed
by CRDS because the measurement averages over their spa-
tial distributions. The experiment will instead obtain mean
temperatures of the radicals, averaged along a line of sight,
and weighted by the nonuniform spatial distribution of num-
ber densities. Two methods to derive such mean temperatures
are Boltzmann analysis of intensities of rotationally resolved
features or fitting of rotational line profiles to Gaussian line
shapes, with deconvolution of the effects of the laser band-
width from those of Doppler broadening. The resultant Dop-
pler broadened width is proportional to the square root of the
translational temperature of the gas. Previous analysis of
C2�d-a� spectra by both methods gave temperatures in the
free plume of 3300±200 K. As noted above, there is inevi-
tably some averaging in these values because the plume is
not homogeneous either in temperature or in the spatial dis-
tributions of the radicals, but the values reflect the tempera-
tures in the regions of the plume where the radical number
densities maximize. Spectra of CH obtained in the restricted
wavenumber range of 23 415–23 435 cm−1 provide an esti-

FIG. 2. Experimentally derived H�n=2� number densities as a function of
radial distance from the plume center for CH4 flows from 0 SCCM �bottom�
to 80 SCCM �top�. The input flow of H2 was 500 SCCM, with a total input
gas flow of 13.2 SLM and the arc jet operating power was 6.4 kW. The
error bars encompass the difference in outcomes of analysis of data obtained
at each pair of +x and −x displacements, with the average value plotted. The
results for F�CH4�=0 and 80 SCCM can be compared directly with the
results of the model calculations plotted in Fig. 4 of the accompanying paper
�Ref. 24�.

FIG. 3. A CRD spectrum of the portion of the C2 d 3�g-a 3�u absorption
band used for spatially resolved measurements of C2�a ,v=0� column den-
sities. The lines are assigned to rotationally resolved transitions using the
labeling scheme �N�Jq�J��, where J� is the total angular momentum quan-
tum number in the a 3�u state and q denotes spin orbit and parity labels.
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mate of the mean temperature of �4000 K: spectral lines
originating from high rotational levels �N=27 and above�,
that simulations demonstrate to be of measurable intensity at
temperatures 	4000 K, are not seen above the noise levels
of our data. The model calculations return temperatures for
C2�a� and CH of Tcalc�C2�=3870 K and Tcalc�CH�
=4300–4670 K averaged along a plausible column length,
with appropriate weighting for the radical number density
distribution. A detailed temperature map is presented in the
accompanying paper. Species at larger r have a lower tem-
perature than those nearer the plume core, so the gas tem-
perature estimated from spectra obtained as line-of-sight av-
eraged measurements is likely be lower than the maximum
values predicted by the model. As will be demonstrated ex-
perimentally and from model calculations, the C2 radicals
exhibit an off-axis peak in local number density, therefore
the local gas temperature probed by spectroscopic measure-
ments of C2�a� is not the maximum gas temperature of the
plume and is lower than that for CH. Small discrepancies in
the r-dependent number density profiles from the model
might account for observed differences in calculated and ex-
perimentally derived temperatures for C2 and CH.

Analysis of the translational temperature measured in the
Ar/H2/CH4 plasma under standard growth conditions was
performed previously on the arc jet plume as a function of
distance from the substrate.20 The constraints of the reactor
design mean that the z location of the laser cannot be moved
significantly; boundary effects near the substrate have there-
fore been investigated by moving the substrate toward the
fixed nozzle and laser position. The apparent translational
temperature derived from the Doppler broadening of a C2

Swan band rotational line was found to increase on ap-
proaching the substrate:17 at 1 mm from the substrate, the
measured Doppler broadening led to temperature estimates
as high as 4800±400 K. The rotational temperature can be
derived from spectra recorded over a much larger wavenum-
ber range than was used for the column density measure-
ments �to ensure a wide range of rotational energies of the C2

are sampled�. Rotational temperatures are derived from the
line intensities, and thus level populations, assuming a Bolt-
zmann distribution. Such Boltzmann plots can be curved be-
cause C2�a� radicals in lower J levels are more likely to be
found in cooler regions of the plume, whereas higher J levels
are populated preferentially by C2�a� radicals in hotter re-
gions. Accurate energies of the rotational levels of C2�a�
were calculated from available spectroscopic constants using
the PGOPHER simulation program.28 The rotational tempera-
ture was found to remain at �3200 K over the range of
2–25 mm from the substrate. The two apparently conflicting
temperature measurement outcomes are reconciled by recog-
nizing that the Doppler broadening measurements in proxim-
ity to the substrate are affected not only by the local tem-
perature but also by the flaring of the plume as it strikes the
substrate. This plume flaring increases the components of the
velocity of the plume along the laser propagation axis, an
effect that can be simulated using the velocity fields from the
model, and the temperature derived from the Boltzmann
analysis.20,35

2. C2„a…, C2„X…, and CH„X… column densities

Figure 4 illustrates the C2�a ,v=0,J�, C2�X ,v=0,J�, and
CH�X ,v=0,N� column densities measured at x=0 mm with
flows of added CH4 in the range of 0–200 SCCM, under
otherwise standard operating conditions, as defined in Sec.
II. The previously reported experimental measurements for
C2�a� and C2�X� �Refs. 17 and 20� and current data for
CH�X� are compared with the predictions of the model,
which captures the trends of increasing C2 column densities
up to a methane flow of 100 SCCM. Experimental measure-
ments of C2�a ,v=0,J� then reveal a plateau region in which
these radical densities no longer rise as more methane is
added. A similar plateau is observed for CH�X ,v=0,N� col-
umn densities for methane flows from 40 to 150 SCCM.
This behavior confirms earlier measurements of Wills et
al.,17 but the absolute values shown in Fig. 4 are approxi-
mately a factor of 2 lower than the CH�X ,v=0,N� column
densities obtained in our earlier study. Such variations in
absolute radical column densities have been observed previ-
ously for measurements made on the arc jet reactor at differ-
ent times and are argued to be a consequence of degradation
of the performance of the dc discharge with extended �a few

FIG. 4. Experimentally measured �black symbols� and model calculated

�white symbols� C2�a ,v=0, J̄=9� �� and �� and C2�X ,v=0, J̄=14� �� and

�� �top panel� and CH�X ,v=0, N̄=7� �� and �� �bottom panel� column
densities obtained at a height x=0 through the plume and for various meth-
ane flow rates. The arc jet was operated under otherwise standard conditions
as defined in the text. For C2 measurements the input power was 6.4 kW and
for CH data it was 6.8 kW. The experimentally measured CH column den-
sities have been multiplied by 5 for display purposes. The error bars on
experimental data are ±1� for repeat measurements and may be smaller than
the plotted symbols.
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tens of hours� use of the reactor. As was noted by Rennick et
al.,20 the ratio of column densities of C2�a� and C2�X� at a
fixed flow of CH4 is close to that expected for a Boltzmann
distribution at a temperature of �3300 K, despite the ex-
pected greater reactivity of C2�X� radicals with species such
as H2.36 This observation was interpreted as indicative of
rapid replenishment of C2�X�, depleted by chemical reaction,
by collisional relaxation of C2�a�. There is factor of �5 dis-
crepancy between the calculated and measured CH column
densities, but the C2 data agree to within a factor of 2 at
methane flows up to 100 SCCM. The model does not, how-
ever, reproduce the experimentally observed plateaus in radi-
cal column densities for the higher methane flows; instead, it
exhibits a trend of increasing C2 and CH column densities
for CH4 flows up to 150 SCCM. Precise reasons for these
differences have not been identified, but may arise from for-
mation of higher hydrocarbon radicals and molecules in the
cooler regions of the reactor or soot formation in the recir-
culation region where temperatures are optimum for such
processes.37 Higher hydrocarbons and soot provide sinks for
carbon, for which the chemistry is not incorporated in the
model mechanism.

The dependence of CH�X ,v=0,N� column densities on
input power to the reactor was explored for powers in the
range of 5.5–7.8 kW. Consistent with our previous study,17

the CH column densities were observed to be invariant with
discharge power. C2�a ,v=0� column densities, however,
show a weakly rising trend as the power is increased over
this range.

Figure 5 shows the dependence of C2�a ,v=0,J� and
CH�X ,v=0,N� column densities on distance from the sub-
strate, obtained from experimental measurements �with a
fixed laser beam position and axial translation of the sub-
strate� and computational data. The flaring of the plasma
after impact with the substrate increases the length of the
column of absorbing C2 or CH and thus the column densities
for distances less than 7 mm from the surface. Again, the
absolute values of C2 column density data agree well with

the model calculations, but factor of �3–5 discrepancies
persist for the CH data, with the model predicting higher
column densities than are experimentally measured.

3. Spatial variation of C2„a… and CH„X… column
densities

Additional stringent tests of the computational model
performance come from spatially resolved absorption data.
The model predicts that the radial distribution of C2, C2H,
C3, C3H, C4, and C4H radical number densities is annular,
showing a depletion of density at the core of the plasma.
Similarly localized depletion of C3 density has been mea-
sured by LIF in another, lower power arc jet reactor,6 but C2

was observed to peak near the core of that plasma plume. In
the current study, absorption lines in the C2 Swan band were
measured using the translatable cavity CRDS arrangement
described in Sec. II, allowing the quantification of column
density as a function of x, the distance from the plume cen-
terline. At a distance z=145 mm from the nozzle, spectra
were collected by CRDS over the wavenumber region from
19 422 to 19 426 cm−1 �covering the rR3f�8�, rR2e�9�, and
rR1f�10� lines shown in Fig. 3� and CH�X� over the wave-
number interval of 23 422–23 428 cm−1 �spanning the
R1e�7.5�, R2f�6.5�, R1f�7.5�, and R2e�6.5� transitions with N
=6–8� across the range of −12�x�12 mm at 1 mm spatial
resolution. Initial data analysis involved Abel inversion to
obtain radially dependent number density profiles, using a
similar procedure to that described in Ref. 38 The raw data
of column density as a function of x were symmetrized by
folding about the center �x=0� and smoothed by a three-
point moving average to minimize the effect of noise on the
inverted profiles. Such an analysis only gives an estimate of
the number densities because of the effects of nonuniform
temperature and thus varying C2�d-a� and CH�A-X� absorp-
tion cross sections along the line of sight of the absorption
measurements. Our preferred method of intercomparison of
the experimental and model results is thus to use the data
from the model to simulate the x-dependent column density
measurements. These simulations were carried out in accord
with Eq. �1� by summing the computed C2�a� and/or CH�X�
column densities in each cell of the model output; with due
allowance for the calculated temperatures, these densities

were converted to column densities for C2�a ,v=0, J̄=9� and

CH�X ,v=0, N̄=7� �evaluated using a vibrational partition
function pv=0�T� and a rotational level weighting from the
p�T� factor for each cell, with the latter calculated using the
PGOPHER simulations19�. Such forward simulations can be
compared directly with experimental data measured as a
function of H2 flow rate �at fixed Ar and CH4 flows� and as
a function of CH4 flow rate �with the H2 and Ar flow rates
fixed�, and the outcomes are discussed in turn below.

The effect of varying the flow rates of H2 and CH4 sup-
plied to the plasma was investigated under otherwise stan-
dard conditions of 6.4 kW input power and FAr=13.2 SLM
at z=145 mm from the nozzle, with the experimental and
model results compared in Figs. 6–9. Measured C2�a ,v
=0, J̄=9� and CH�X ,v=0, N̄=7� column densities �for rovi-
brational quantum states, as discussed earlier� as a function

FIG. 5. Experimental �black symbols� and model �white symbols� column

densities of C2�a ,v=0, J̄=9� �� and �� and CH�X ,v=0, N̄=7� �� and ��
as a function of distance from the substrate. The experimentally measured
CH column densities have been multiplied by 5 for display purposes. The
error bars on experimental data are ±1� for repeat measurements.
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of x position across the plasma for fixed FCH4
=80 SCCM are

shown in Figs. 6 �H2 flow rates of 500, 1000, and
1500 SCCM� and 8 �H2 flow rates of 1000 and
1500 SCCM�, respectively, together with predictions of the
model. Further spectra were recorded and processed to deter-
mine the effect of added methane on the structure of the
C2�a� and CH�X� density distributions within the plasma

plume. The x-dependent C2�a ,v=0, J̄=9� and CH�X ,v

=0, N̄=7� column densities for several input CH4 flow rates,
at constant FH2

=1800 SCCM, are shown in Figs. 7 and 9,
respectively, and compared with the simulated column den-
sities from the model.

For clarity of comparison of the calculated and mea-
sured, x-dependent column density profiles, the experimental
data have also been vertically scaled by factors determined
by eye for each data set in the figures. Some discrepancies
are evident between the computed and measured profiles. For

FIG. 6. Experimental measurements �large �� and model predictions ��� of

the x-dependent column densities of C2�a ,v=0, J̄=9� as a function of H2

flow, with the arc jet operating under otherwise standard conditions. Flows
of H2 are �a� 500, �b� 1000, and �c� 1500 SCCM. The error bars are esti-
mated from the fits to C2 absorption data and the asymmetry of the profiles
about their centers, and in some cases are smaller than the plotted symbols.
The measurements are an average over ±0.3 mm �the laser beam width�
centered at the plotted x value. The experimental data and associated uncer-
tainties have been vertically scaled �small �� by a constant factor, specified
in each panel, for clearer comparison of their x dependence with the calcu-
lated profiles.

FIG. 7. Experimental measurements ��� and model calculations ��� of the

x-dependent column densities of C2�a ,v=0, J̄=9� as a function of CH4 flow,
with the arc jet operating under otherwise standard conditions. The flow rate
of H2 is 1800 SCCM. Methane flow rates are �a� 20 SCCM, �b� 40 SCCM,
and �c� 80 SCCM. The error bars are derived in the same way as for Fig. 6.
The measurements are an average over ±0.3 mm �the laser beam width�
centered at the plotted x value. The experimental data and associated uncer-
tainties have been vertically scaled �small �� by a constant factor for com-
parison of their x dependence with the calculated profiles.
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example, the width of the profile in Fig. 6�a� is underesti-
mated by �1 mm by the model; in Fig. 6�b�, there is some
scatter in the experimental data at x=3–4 mm that may have
been a consequence of plume instabilities. The experimental
C2 column density profiles for different CH4 flow rates at
FH2

=1800 SCCM, plotted in Figs. 7�a� and 7�b�, are clearly
narrower than the model predicts, yet the agreement in Fig.
7�c� is good. In Fig. 8�a�, the outer part of the CH column
density profile is well matched by the model, but a dip evi-
dent in the experimental data at small x is not reproduced; in
Fig. 8�b�, however, the agreement between the measured and
computed profiles is excellent. Over the duration of the mea-
surements of such C2 and CH profiles short-term fluctuations
in the plume, and slower drift in the operating performance
make reliable data difficult to accumulate and may account
for some of these discrepancies. At the high H2 flow rates
used for the data in Fig. 7, the modeled radial dependences
of the number densities of radicals, atoms, and electrons are
very sensitive functions of distance from the nozzle;22,23 the
plume develops a conical tip, visible to the eye, at distances
z corresponding to intersection of the plume with the laser

axis. Better matching of experimental and computed profiles
at fixed z under these conditions is thus a considerable chal-
lenge.

The dips at x=0 for the experimental and model column
density data displayed in Fig. 6 are a signature of annular

structure in the C2�a ,v=0, J̄=9� number densities, with
depletion of C2 at the core of the plume at z=145 mm. Al-
though the higher temperature at the plume center reduces
the gas density, and thus concentration, the model calcula-
tions demonstrate that the principal cause of the dips is re-
duction in the C2 mole fraction at small r �see Fig. 2 of the
companion paper, Ref. 24�. The depletion is more pro-
nounced in number density than column density plots be-
cause column densities at small x sample both the core and
the outer regions of the plume along the line of sight. The
absolute values of the column densities do not change mono-
tonically with H2 flow rates. Calculations show that the main
source of C2 molecules is the reaction

C2H + H ↔ C2�X� + H2, �2�

with fast interconversion in collisions with different partners
M,

C2�X� + M ↔ C2�a� + M . �3�

The production sources are similar for all H2 flow rates, but
the dominant loss mechanisms in this plume region differ:
for FH2

=0.5 SLM, it is the charge transfer reaction of C2

molecules with Ar+ ions �the condition �H2�� �Ar+�, dis-
cussed in the accompanying paper, is realized in this case�;
whereas for FH2

=1 and 1.5 SLM, with more abundant H2, it
is the reverse H-shifting reaction �−2�. Similar trends are
observed in the CH production/loss rates, determined mainly
by the H-shifting reaction,

CH + H ↔ C + H2. �4�

Some contributions to the CH loss are also provided by the
charge transfer reaction,

Ar+ + CH ↔ CH+ + Ar. �5�

The role of plasma chemistry is not so important for CH
because there are no plume regions where the condition
�H�� �Ar+� arises, unlike the condition �H2�� �Ar+� men-
tioned for C2. Regardless of H2 flow rate, the reaction

H + C2�X� ↔ C + CH �6�

never becomes a dominant loss reaction for C2 species. As
the flow of H2 increases, so the measured column densities
maximize closer to x=0 �Fig. 8�, which is indicative of a
number density distribution for the cylindrically symmetric
plume that peaks closer to r=0. Similar, but more pro-
nounced behavior was observed for the spatial distributions
of H�n=2� number densities in the base Ar/H2 plasma mea-
sured at z=140 mm and accounted for by the depletion of
Ar+ ions earlier in the core of the expanding plume as the
flow of H2 increases.22

The effect of increasing FCH4
at fixed FH2

=1800 SCCM is different: the experimental data plotted in

Fig. 7 suggest that the spatial distribution of C2�a ,v=0, J̄

FIG. 8. Experimental ��� and model calculated ��� x-dependent column
densities of CH�X ,v=0,N� radicals for two flows of H2 with the arc jet
operating under otherwise standard conditions. Flows of H2 are �a� 1000 and
�b� 1500 SCCM. The error bars are estimated from the fits to CH absorption
data and the asymmetry of the profiles about their centers, and in some cases
are smaller than the plotted symbols. The measurements are an average over
±0.3 mm �the laser beam width� centered at the plotted x value. The experi-
mental data and associated uncertainties have been vertically scaled �small
�� by a constant factor for comparison of their x dependence with the
calculated profiles.
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=9� radicals within the plume changes little, whereas the
column density rises markedly. The increased methane flow
rate will increase the concentration of hydrocarbon species in
the off-plume regions of the chamber, thus increasing the
fluxes of carbon-containing species diffusing into the plasma
and enhancing C2 densities. A similar effect of added CH4 is
observed for the spatially resolved column densities of

CH�X ,v=0, N̄=7� plotted in Fig. 9, although, as with the x
=0 data shown in Fig. 4, the CH densities saturate for
FCH4


40 SCCM. The x-dependent column densities do not
show a dramatic change in form with increasing methane
flow, but the peak radical densities appear to shift toward the
plume axis. Also noteworthy from comparison of Figs. 6–9
is that the spatial extents of the C2�a� and CH�X� radicals in
the plume are qualitatively similar, with C2 extending
slightly further out.

In addition to complex transport processes, the variable
�r ,z� distributions of the gas temperature and concentrations
of H atoms, H2, and primary ions all have a role in determin-
ing the observed dependence of CH, C2, and other hydrocar-
bon species concentration profiles on the process parameters.
The model captures the main trends, location, and radial pro-
files of the C2�a� and CH column density measurements, but
overestimates the absolute values of the column densities.
One possible reason for this overestimation and for the mod-

el’s failure to reproduce the observed saturation of C2�a� and
CH column densities with increasing CH4 flow rate �Fig. 4�
could be the omission �in the model� of reactions leading to
heavy hydrocarbons in cooler regions of the reactor and to
soot formation on remote surfaces of the reactor.

The boundary layer above the substrate in the arc jet
reactor has not been considered in any of the preceding sec-
tions, but the effects of this very thin ��1 mm for our con-
ditions�, non-equilibrium layer are discussed in the compan-
ion paper.24 For reasons given in Ref. 24, the boundary layer
is not expected to alter significantly the chemical composi-
tion of the plume incident on the substrate surface. Experi-
mental measurements of the chemistry within this narrow
region are limited by scattering losses of the laser beam from
the substrate surface and by the spatial resolution of the int-
racavity laser beam �with a beam waist of �0.3 mm�, so
were not attempted.

IV. CONCLUSIONS

CRDS absorption measurements of column densities
with x-direction spatial resolution are reported for H�n=2�
atoms and C2�a� and CH�X� radicals, the latter with vibra-
tional �v=0� and rotational quantum state resolution. The
absolute column densities are derived without need for spec-

FIG. 9. Experimental measurements ��� and model calculations ��� of the x-dependent column densities of CH�X ,v=0, N̄=7� as a function of CH4 flow, with
the arc jet operating under otherwise standard conditions. The flow rate of H2 is 1800 SCCM. Methane flow rates are �a� 10 SCCM, �b� 20 SCCM, �c�
40 SCCM, and �d� 80 SCCM. The error bars are estimated in the same way as for Fig. 8. The measurements are an average over ±0.3 mm �the laser beam
width� centered at the plotted x value. The experimental data and associated uncertainties have been vertically scaled �small �� by a constant factor for
comparison of their x dependence with the calculated profiles.
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trometer calibration, and no assumptions other than cylindri-
cal symmetry are required concerning the spatial inhomoge-
neity of number densities or temperature. The H�n=2�
measurements can be Abel inverted to obtain radially depen-
dent number densities, but such a procedure is not possible
for the diatomic radicals because their quantum state popu-
lations are temperature dependent. The number and column
density data are compared directly with the outputs of a so-
phisticated computer model of the plasma reactor using for-
ward simulation procedures and agree to within factors of
2–5 in almost all cases �with the model overestimating val-
ues of column and number densities�. The model, which is
described in the companion paper, captures the x, z, and r
dependences of most of the reported experimental data and
reveals considerable mechanistic information on the chemi-
cal processing in the arc jet plume.
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