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Abstract

A flat, cylindrical, laminar, H2–O2–N2 flame in plug flow with velocityvf 5 19.8 m s21 and cross-sectional areaA 5
1.053 1024 m2, at 1 atm and 2400 K, was doped with appropriate additives to give a weak, continuum, quasi-neutral plasma
involving Cs1/e2 or H3O

1/e2 or H3O
1/Cl2/e2. The flame impinged on a planar, normal, water-cooled, conducting electrode

designated N (for nozzle) located a variable distancez downstream from the flame’s luminous reaction zone which is separated
by a dark space or gapd . 1 mm from a water-cooled metallic burner B, the second electrode. Neither electrode has the
properties of a Langmuir probe. Two types of data were measured:i–V characteristics with the currenti (N) collected by the
nozzle versus the applied voltageDw between N and B at a fixed value ofz (e.g. 20 mm); and profiles ofi (N) versusz at a
fixed value ofDw. For Dw , 0 (e.g.250 V; N is negative), the electrons are stopped in the flame and the constant saturation
current is controlled by the convective flow of positive ions to the nozzle:i1(N) 5 eAn1(N)vf. This provides a wonderfully
simple and accurate measurement of the absolute densityn1(N). Alternatively, if a weak solution of a Cs salt (e.g. 1024 M
CsCl) is sprayed using a pneumatic atomizer such that Cs is completely ionized, the delivery factor of the atomizer can be
calibrated. Furthermore, if the delivery factor givingn1(N) is known,vf can be determined. WithDw fixed (e.g.250 V), a
profile of n1(N) versusz can be obtained throughout the flame gas downstream; the density distribution is not affected by the
application of the applied voltage. ForDw . 0 (e.g.150 V, N is positive), the current through the flamei1(B) 5 2i e(N) 2
i2(N) (the latter term is included if negative ions are present), is controlled by the flow of positive ions of mobilitym1 to the
burner across the potential gradient in the burner gap g:i1(B) 5 eAn1(B)m1¹wg. WhenDw is sufficiently positive to achieve
a constant saturation current,n1(B) can be determined; it represents the total ion production in the flame reaction zone. When
negative ions are present replacing even a large fraction of the electrons, the effect on thei–V characteristic is relatively minor;
it does not appear possible to provide a separate analysis forne andn2. However, profiles through the flame plasma clearly
show the effects of negative ion processes such as ion–ion recombination, for example. For a wide range of the applied voltage
Dw, both positive and negative, it is possible to calculate the potential distribution in the burner gap, the bulk flame plasma
and in the positive ion sheath at the nozzle. This provides a quantitative understanding of the ion and electron behaviour
throughout the flame. (Int J Mass Spectrom 206 (2001) 137–151) © 2001 Elsevier Science B.V.
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1. Introduction

Ions in a flame at 1 atm pressure can be sampled
through a nozzle into a mass spectrometer at a much
lower pressure. Sampling perturbations can result
primarily from two causes. The first is the inevitable
cooling which occurs when the sample passes through
the nozzle [1,2]. The second perturbation, with which
this article is concerned, stems from the fact that the
flame is a weak, flowing, continuum plasma which
forms a plasma sheath or potential gradient at both the
metallic nozzle and burner. Thus, it is not surprising
that the sampling conditions vary when a voltage is
applied between the nozzle and the burner. The
phenomenon was first considered when measuring ion
concentrations in a flame [3]. The effect of applied
electric fields on the mass-spectrometric sampling of
both positive and negative ions was investigated
further when using a needle to collect charged parti-
cles inside the conical sampling nozzle, just behind
the orifice in the nozzle tip [4–6].

When the voltage applied between the nozzle and
burner is varied, the sampling nozzle and its water-
cooled mounting plate collect a net current, either
positive or negative; the burner must receive an equal
current of opposite sign. We first measured these
current–voltage characteristics to explain a discrep-
ancy in the sampled ion current when a large multi-
tube burner was employed instead of a small single-
tube burner [7]. Essential background for an
understanding of the characteristics is provided by
recent work on probe theory for a high-pressure
plasma, including experimental work using a flame at
atmospheric pressure [8,9]. These studies, which con-
centrate on the electron current to a positively biased
probe [10], follow the pioneering work of Su and Lam
[11,12], primarily concerned with the collection of
positive ions on a negatively biased probe in a flowing
continuum plasma.

Our original, and still primary, objective for un-
dertaking this study was to inquire into the integrity of
sampling flame ions through a nozzle orifice into a
mass spectrometer when a voltage is applied between
the nozzle plate and the burner. There is inevitably an
electric field at the sampling nozzle, so the application

of an applied voltage is an obvious thing to do. It does
not follow, a priori, that the application of zero
voltage (both electrodes, say, at earth potential)
achieves “correct” sampling. Under most conditions,
the nozzle is covered by an electrical sheath from
which the ion sample is extracted. It is unlikely that
the effect of this sheath on the sampling of positive
and negative ions would be the same. Therefore, it is
necessary to understand what happens to the ions,
both positive and negative, when the flame plasma
flows onto the nozzle electrode.

Considerable insight into these matters can be
gleaned from a detailed understanding of the current–
voltage (i–V) characteristics measured between the
burner and the nozzle plate. Also, it became apparent
in this study that thei–V characteristics provide
valuable information in addition to their utility for
sampling diagnostics: one important application is the
measurement of absolute ion densities in the flame
plasma. Further, it will be seen that ai–V character-
istic can enable the velocity of the flame gas down-
stream to be determined. Alternatively, the delivery of
the pneumatic atomizer used to nebulize aqueous
solutions of a metallic salt into the gas supplies to a
flame can be calibrated. A different part of the
characteristic yields the total ion production rate. This
study deals with a simple flame containing trace
quantities of free electronse2, the positive ions Cs1

or H3O
1 and the negative Cl2 ion.

2. Experimental

The very simple apparatus employed at both York
and Cambridge Universities for these studies is shown
in Fig. 1. The metallic sampling nozzle mounted in a
water-cooled stainless steel sampling plate is bolted to
the front flange of the mass spectrometer [13]. The
front flange, sampling plate, and nozzle are connected
together and electrically isolated from earth; hence-
forth, the term “nozzle” will be used to refer to such
a collective assembly as one single electrode, desig-
nated by N. Equally well, a simple flat plate (probably
water-cooled) or mesh grid could be employed. The
nozzle potential with respect to earth could be varied
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in the range from2100 to 1100 V. The metallic
burner which constitutes the second electrode, desig-
nated B, was also electrically isolated on ceramic
supports and connected to earth through an electrom-
eter (Keithley, model 616). The flat-flame burner
itself [13] consisted of 151 stainless steel hypodermic
tubes in a close-packed circular array mounted in a
water-cooled brass body. To achieve good electrical
isolation, cooling water for the burner was supplied
by gravity from an elevated and isolated water tank
and appropriate plastic tubing. Obviously, other types
of metallic burners could be employed.

For the measurement of profiles of current (to the
nozzle or burner) versus distancez (0–30 mm) along
the flame axis (at fixed applied voltage), the burner
was mounted on a motor-driven carriage with digital
read-out of the axial distance. The designation ofz 5
0 is taken as the point where the nozzle pokes through
the bright luminous flame reaction zone into the cold
unburnt gas upstream, giving an abrupt pressure rise
on an ionization gauge located in the vacuum chamber
of the mass spectrometer [13]. This method is more
accurate when results from different flames are to be
compared. However, the distance between the burner
and the nozzle electrode could be used as a measure of
the axial distancez. Both thei–V characteristics and
the profiles were recorded on an XY plotter with

current i on the Y axis versus either the applied
voltageDw or z on theX axis, respectively.

The sign convention for the applied potential
difference is given byDw 5 wnozzle 2 wburner; a pos-
itive Dw means that the nozzle is positive with respect
to the burner. In terms of the applied voltage,Dw 5
Vnozzlebecause the resistance through the electrometer
to earth is negligible. Since the flame is a quasi-
neutral plasma, a net current collected by the nozzle
will be matched by an equal current of opposite sign
collected by the burner. Consistent with the sign
convention employed forDw, the sign of any current
i in the figures below is referenced to the nozzle; i.e.
a positivei means that the electrode N is collecting a
positive current (with an equal negative current to the
burner) and vice versa. In practice, it was easier to
achieve electrical isolation of the burner and to
measure its current rather than the current to the
nozzle.

The H2–O2–N2 flame employed for these studies
has been well-characterized previously (designated
“flame 2”); its properties are given in Table 1. It is a
premixed laminar flame of fuel-rich composition
burning at atmospheric pressure with the cylindrical
burnt gas (diameter 11.6 mm) downstream of the
reaction zone in plug flow. There is a distinct gap or
dark space of;1 mm between the burner face and the

Fig. 1. Schematic diagram of the apparatus employed to measure
current–voltage characteristics and axial concentration profiles of a
flame plasma.

Table 1
Properties of the hydrogen–oxygen–nitrogen flame

Property Value

Equivalence ratioF 1.37
H2/O2/N2 2.74/1/2.95
Total unburnt gas flowV̇ 300 cm3 s21

Measured flame temperatureTf 2400 K
Velocity in the burnt gasvf 19.8 m s21

Flame diameterd 11.6 mm
Cross-sectional areaA 1.053 1024 m2

Mole ratio r , unburnt/burnt gas 1.1695
Equilibrium burnt gas composition Mole fraction
H2O 0.3460
H2 0.1286
O2 0.0001057
H 0.006019
OH 0.003084
O 0.00009469
N2 0.5157
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bases of the luminous reaction-zone cones on each
hypodermic tube. This gap corresponds to the preheat
region of the flame before major chemical reaction
takes place. Since hydrogen flames contain very little
natural ionization, ions were introduced by spraying a
dilute aqueous solution of CsCl as an aerosol into the
premixed flame gas using a pneumatic atomizer [14]
to produce Cs1 by thermal (collisional) ionization of
the resulting free atoms of Cs. Roughly speaking, the
amounts of Cs and Cl in flame 2 when spraying 1024

M CsCl solution were small (;1029 mol fraction).
Negative ions including Cl2 could not be detected
with the mass spectrometer although the same con-
centration of total cesium from CsCl yields a large
Cs1 signal. Alternatively, the addition of a very small
metered flow of methane CH4 produced H3O

1 ions by
chemi-ionization. When desired, negative Cl2 ions
along with H3O

1 could be produced in the flame by
the addition of C2HCl3 vapour from a gas saturator
maintained at 0 °C [15]; part of the diluent nitrogen
was employed as the carrier gas through the saturator.
The halocarbon was added to give a total Cl concen-
tration in the burnt gas in the range 0.0004–0.004 mol
fraction.

3. Theory and background

The equations governing the fluxG of charged
particles in the flame toward the nozzle are

Ge 5 nevf 1 neme¹w 2 De¹ne (1)

G1 5 n1vf 2 n1m1¹w 2 D1¹n1 (2)

G2 5 n2vf 1 n2m2¹w 2 D2¹n2 (3)

wheren is the particle density (i.e. concentration),vf

is the flow velocity in the burnt gas,m is mobility, and
D is the diffusivity (diffusion coefficient); the sub-
scriptse, 1, and2 refer to electrons, positive ions,
and negative ions, respectively. On the right-hand side
of each equation, the first term denotes convection
(flow), the second is mobility, and the third represents
diffusion. In terms of the potential gradient, the
electric field is given byE 5 2¹w. The fluxes are

converted to currents when multiplied through byeA,
wheree is the electronic charge andA is the cross-
sectional area of the flame.

For discussion of thei–V characteristics, an ap-
proximate set of values is needed. For the electron,
me 5 0.4 m2 V21 s21 [16] and m1(H3O

1) 5 8 3
1024 m2 V21 s21 for a flame plasma at 1 atm [17]. At
constant thermal energy,m } 1/M1/2. Based on the
H3O

1 value, m1(Cs1) 5 2.9 3 1024 and
m2(Cl2) 5 5.7 3 1024 m2 V21 s21. With the atom-
izer spraying a 1.003 1024 M solution of CsCl,
complete ionization of the Cs givesn1 ; 4 3 1015

ions m23; the value will be determined below. This
magnitude of the ion density is large enough for
ambipolar diffusion of the electrons and positive ions
(Cs1 or H3O

1) to operate [18]. Because the flame
plasma is isothermal, the Einstein relation can be
employed to estimate the free diffusion coefficients:
De/me 5 D1/m2 5 D2/m2 5 RT/eNa, whereR is
the gas constant andNa is the Avogadro number. If
negative ions are not present, the ambipolar diffusion
coefficient is Da . 2D1. Assuming that radial
diffusion can be neglected, the cross-sectional areaA
of the flame in the burnt gas is determined from
V̇Tf /rTr 5 Avf giving A 5 1.05 3 1024 m2 for
room temperatureTr 5 295.15 K (see Table 1).
Here,V̇ is the volumetric flow rate of the unburnt gas
mixture atTr andr is the ratio of the number of moles
of reactants in the unburnt gas to the number of moles
of products in the burnt gas at flame temperatureTf.
With these values, it is possible to give a reasonably
quantitative analysis of the measurements below.
Calculations will be carried out to a precision of two
or three digits for comparison of the relative magni-
tudes, but any calculation involving mobilitiesm is
accurate to one significant figure at best.

When interpreting new results, it is useful to
consider Fig. 2 which sketches the variations of
electric potential between the burner and nozzle when
Dw is positive, negative, or near zero. It is based on
our previous, but very qualitative, work [7] and has
been modified in the light of the present studies.
When Dw is appreciably positive, there is interest-
ingly a significant ohmic voltage drop in the bulk
flame plasma [8,9] and a relatively large jump in
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potential across the dark space or gap adjacent to the
burner’s surface. The consequence is that positive
ions in the bulk flame are slowed down or retarded
slightly, but the major factor is the increased attrac-
tion of positive ions to the burner due to the large
potential gradient across the burner gap. In contrast,
the drift velocity of the electrons toward the nozzle
increases only slightly above the flow velocityvf in
the ohmic voltage drop (positive potential gradient);
the reason is that the electron flux is limited by the
rate of production of electrons/ions in the flame
reaction zone. Although the fluxes of positive ions
and electrons are different, their concentrations are
equal to one another at any pointz in the bulk flame,
i.e. quasi-neutrality is preserved. The current through
the flame is maintained by positive ions being at-
tracted to the burner and otherwise by an equal net
current of electrons (and negative ions, if present) to
the nozzle.

WhenDw 5 0, the bulk flame gas is maintained at
a slightly elevated space potential because there is an
ion sheath at the nozzle and a positive potential
gradient across the burner gap which behaves like an
ion sheath. A constant space potential has been drawn
in Fig. 2 for Dw 5 0. Depending on the additive,
however, the ion concentration in the bulk flame gas
might either increase or decrease downstream because
of a net generation or recombination of positive ions,
respectively. This would give rise to a small potential
gradient in the bulk flame which is positive for
generation or negative for recombination. WhenDw is
appreciably negative, on the other hand, there is a thin
ion sheath covering the nozzle. Electrons are light
enough to be stopped by the potential gradient in this
ion sheath. With increasing negative voltage, a slight
negative potential gradient builds up in the bulk flame
plasma sufficient to hold the electrons stationary. The
nozzle collects a positive ion current governed by
convection in the bulk flame. At the burner, the
positive potential gradient similar to an ion sheath is
maintained but its magnitude decreases asDw be-
comes increasingly negative. The burner must collect
a net electron current equivalent to the ion current at
the nozzle, but the electrons have to surmount the
repulsive potential gradient across the burner gap.
These distributions of electric potential can be refined
and made more quantitative in the light of new
experimental measurements.

4. Results and discussion

4.1. Flame plasma with Cs1/e2

Fig. 3 presents ani–V characteristic measured at
z 5 20 mm downstream withDw in the range from
250 to 150 V when the atomizer was spraying a
1.003 1024 M aqueous solution of CsCl. Other
useful measurements presented below are profiles of
currenti versus axial distancez at a fixed value ofDw.
Fig. 4(a) shows such a profile for the positive ion
current i1(N) collected by the nozzle N withDw 5
250 V; Fig. 4(b) is the electron currenti e(N) with
Dw 5 150 V. Since no negative ions are present,

Fig. 2. Sketch of the potential distribution between the burner and
the nozzle electrode at a fixed axial distancez for a variety of
applied potentialsDw. The drawing is not to scale; large values of
Dw are underscaled relative to those nearDw 5 0, and the burner
gap is very much thicker than the ion sheath at the nozzle. The
sketch approximates the H3O

1/e2 flame plasma depicted in Figs. 5
and 6.
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quasi-neutrality of the flame plasma requires that
n1 5 ne at any pointz on the flame axis. WithDw

negative,i1(N) 5 2i e(B), the electron current at the
burner B, and withDw positive, i e(N) 5 2i1(B)
because the nozzle and burner must always collect
currents of equal magnitude but opposite sign. All of
the figures are presented from the point of view of
current collection by the nozzle N. Finally, it should
be recognized that, because ion concentrations in
general change along the length of a flame,n1(N) 5
ne(N) Þ n1(B) 5 ne(B), i.e. the charge densities n at
the nozzle and burner are not the same.

Before going further, it should be clearly under-
stood that the nozzle does not function as a conven-
tional Langmuir probe [19]. In general, the space
potential of a bulk plasma is fixed by the potential on
one conducting wall of relatively large area in contact
with the plasma. A Langmuir probe is introduced in
the form of a tiny conducting electrode (cylindrical in
the form of a short wire, spherical or planar) whose
potential may be biased positive or negative to collect
electrons or positive ions, respectively. The probe’s
area must be very small compared with the area of the
wall so that variation of the Langmuir probe potential

Fig. 3. Current–voltage characteristic of the flame doped with the atomizer spraying a 1.003 1024 M solution of CsCl to give a Cs1/e2

plasma measured atz 5 20 mm downstream.

Fig. 4. Current profiles along the flame axisz with (a) Dw 5 250
V, and (b)Dw 5 150 V for the same flame plasma presented in
Fig. 3.
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does not change the plasma space potential. In the
present case, the nozzle and the burner function as
two comparable “walls”; both can have a major
influence in determining the electrical properties of
the bulk flame plasma.

Returning to Fig. 3, consider first the left-hand side
whereDw is negative. In the first few volts, electrons
are increasingly repelled by the nozzle electrode
which is covered by an ion sheath, but positive Cs1

ions carry on with the flow and are collected by the
nozzle to yield a net positive current. To stop elec-
trons moving with the drift velocity requires a poten-
tial gradient¹w . 2Ecrit(i ) 5 vf /me 5 19.8/0.45
50 V m21; it is equivalent to a critical electric field
just sufficient to hold electrons stationary against the
flow velocity vf. To stop these electrons inz 5 20
mm of flame plasma would require a potential differ-
ence of 1.0 V. Of course, to stop all the electrons
requires rather more voltage, because the electrons
have a thermal velocity distribution superimposed on
vf. When all the electrons are repelled, the nozzle
collects a constant saturation ion current

i1(N) 5 eAn1(N)vf (4)

The potential across the ion sheath grows in propor-
tion to the magnitude of the applied voltage. Thus,
whenDw is appreciably negative, Eq. (2) for positive
ions is dominated by the convection term; the contri-
bution from mobility is much smaller and diffusion is
negligible [7–9]. A novel and important application is
immediately apparent. If the flame of diameterd is
well-characterized such thatA 5 pd2/4 and vf are
known or can be reasonably estimated, the absolute
ion density can be determined by simply measuring
the current to the burner or nozzle. In the present case
where i1(N) 5 1.25 mA, n1(N) 5 3.7 3 1015 ions
m23, using values from Table 1 in Eq. (4). Such a
value of n1(N) is accurate to;3% and so is more
precise than a mass-spectrometric measurement with
errors of;10%–20%.

Fig. 4(a) withDw 5 250 V essentially traces out
a profile of n1(N) 5 ne(N) 5 i1(N)/eAvf. Ions are
produced by thermal ionization of Cs atoms [20]

CS 1 M 3 Cs1 1 e2 1 M (5)

where M is any flame species. The process causes the
ion density to rise in the reaction zone, reaching
equilibrium nearz 5 4 mm downstream, correspond-
ing to a time of 0.20 ms. This suggests that the time
constant for thermal ionization is;0.203 (1 2

1/e) 5 0.13 ms; i.e. 1/k5[M] . 0.13 ms, withk5

being the rate constant for thermal ionization of Cs at
2400 K. This givesk5 . 2.6 3 10215 cm3 mole-
cule21 s21, in reasonable agreement with the litera-
ture value of 3.33 10215 cm3 molecule21 s21 [20].
The drop in ion density atz 5 0 can be used to
estimate the ion or electron density at the burner,
since n1(N)0 . n1(B) 5 ne(B); the resulting
slightly lower value,n1(B) 5 3.3 3 1015 ions m23,
refers to the density near the dark gap separating the
luminous reaction zone from the burner face. This
estimate ofn1(B) will be refined in the next section.

For saturation at the left in Fig. 3, the burner must
collect an equal electron currenti e(B) 5 2i1(N)
against the repulsive potential gradient¹wg across the
burner gapg (see Fig. 2). The gradient can be
represented by¹wg 5 Dwg/d, where Dwg is the
potential across the gap thicknessd ' 1 mm (as will
be deduced later). The current is given by

i e(B) 5 eA~u# e/4!ne(B) exp (2eDwg/kT) (6)

in terms of the surface flux from kinetic theory,
modified by the Boltzmann factor for the repulsive
potential [21]; here,u# e is the mean speed of the
electrons at temperatureT. As the magnitude ofDw

increases,Dwg decreases (see Fig. 2) and more
electrons reach the burner. In fact, the gap tempera-
ture is much lower than the flame temperature of 2400
K. Nevertheless, it is this expression fori e(B) which
controls the rise of the characteristic up to the satu-
ration plateau on the left. In summary, nearly all of the
applied voltageDw 5 250 V appears as a drop in
potential across the ion sheath at the nozzle, with very
little across the burner gap and;1 V in the bulk
flame. In general, the saturation value of the charac-
teristic forDw , 0 is controlled by the electrons near
the nozzle which must be progressively retarded and
stopped, but the rise to saturation is controlled by the
flow of electrons to the burner.
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Consider next the right-hand side of Fig. 3 where
Dw becomes increasingly positive from 0 to150 V.
The bulk flame plasma sustains a small positive
potential gradient (see Fig. 2) which has a negligible
retardation effect on the heavy positive ions. Initially,
it might be thought that this potential gradient would
cause the mobile electrons to speed up, giving them a
drift velocity .vf. However, the electron drift veloc-
ity is limited to vf by the rate of production of
electrons (and positive ions) in the flame reaction
zone. In fact, the electron current to the nozzle is
limited by the flow of positive ions to the burner
across the burner gapd against the convective flow of
the flame

i e(N) 5 2i1(B) 5 2eAn1(B)m1¹wg (7)

where ¹wg 5 Dwg/d. With Dw 5 150 V and
n1(B) 5 3.3 3 1015 ions m23 derived above from
Fig. 4(a), the measured currenti e(N) 5 20.45mA in
Fig. 3 requires a potential gradient¹wg 5 2.74 3

104 V m21. Above; 15 V in Fig. 3, the growth of
i e(N) 5 2i1(B) is remarkably linear; the measured
inverse slope of thei–V characteristic can be inter-
preted as the electrical resistance of the gapRg 5

Dwg/i1(B) 5 105 MV. This givesDwg 5 47.25 V,
with Dwf 5 50 2 47.255 2.75 V acrossz 5 20
mm of bulk flame, and¹wf 5 138 V m21. It is clear
that most of the applied voltage appears across the
burner gap. Also, an estimate can be obtained for the
gap thicknessd 5 Dwg/¹wg 5 1.7 mm; physically,
it might include the visible dark gap and the base of
the reaction-zone flame cones. Alternatively, the
ohmic resistance is given by the standard formulation
Rg 5 d/c1A, where c1 5 en1(B)m1 5 1.6 3

1027 V21 m21 is the electrical conductivity with
positive ions as the charge carrier.

The resistance of the bulk flameRf can be found at
Dw 5 150 V because Rf 5 Dwf /i1(B) 5 2.75/
0.453 1026 5 6.1 MV. Also, ¹wf 5 Dwf /z 5

1.4 3 102 V m21 is the potential gradient in the bulk
flame, with the voltageDwf appearing across the axial
distancez 5 20 mm. Because the current flowing
through the flame is constant everywhere, the total
applied voltageDw divides in the ratioDwg/Dwf 5

Rg/Rf. It is probably safe to assume thatRf } z, where
z is the flame length. If this is the case,Dwf } Rf and
Rf } z so that the potential gradient in the bulk flame
¹wf 5 Dwf /z is constant, independent ofz. This
point will be elaborated and proven in Sec. 4.2.

In Fig. 4(b) with Dw 5 150 V, Eq. (7) predicts
that the profile should be constant, independent ofz,
becausen1(B) is constant when the rate of ion
production is constant. However,i e(N) 5 2i1(B) 5
Dw/(Rf 1 Rg); as z 3 0, Rf 3 0 causingi e(N) to
increase as observed in Fig. 4(b). Further, the con-
stancy of¹wg breaks down whenz is small;¹wf now
invades or interferes with¹wg in the burner gap
causing it to increase, with a resulting increase in the
magnitude ofi e(N). The resistance expression also
shows why thei–V characteristic in Fig. 3 is linear:
sinceRf ,, Rg andRg is constant,i e(N) } Dw.

For Dw 5 150 V, ¹wg 5 2.74 3 104 V m21 ,
2Ecrit(e) 5 vf /m1 5 6.723 104 V m21, the critical
electric field required to stop the massive Cs1 positive
ions; this is the condition normally associated with the
formation of an electron sheath at the nozzle. That
¹wg , 2Ecrit(e) explains why the characteristic in
Fig. 3 does not bend over and saturate forDw # 150
V. For saturation to occur, all of the positive ions
formed in the reaction zone must be pulled back and
collected by the burner as they are generated. Even
without saturation, the general principle forDw . 0 is
clear: the shape of the characteristic is controlled by
the flow of positive ions to the burner.

4.2. Flame plasma with H3O
1/e2

Fig. 5 gives ani–V characteristic with the atomizer
switched off, but with the same flame doped with
methane (mol fraction5 4.003 1024) at a constant
distancez 5 20 mm downstream. The only flame ion
present is H3O

1, formed mainly by the well-known
chemi-ionization reaction for hydrocarbon flames
[22,23]

CH 1 O3 HCO1 1 e2 (8)

followed by proton transfer to water, a major product
downstream
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HCO1 1 H2O3 H3O
1 1 CO (9)

The characteristic is similar to that in Fig. 3 with two
major differences: at positiveDw, i e(N) now appears
to saturate; also, it has a magnitude considerably
greater than the saturation value ofi1(N) at negative
Dw. Fig. 6 gives profiles under the same flame
conditions forz 5 0–30 mmwith (a) Dw 5 250 V
and (b)Dw 5 150 V. For the explanation of Fig. 5,
it is first necessary to know the distribution of H3O

1

ions along the flame. The distribution is given by the
plot in Fig. 6(a) where convective flow dominates, so
the saturation ion currenti1(N) 5 eAn1(N)vf

throughout the burnt gas, i.e.i1(N) } [H3O
1]. As

expected, the profile confirms that reactions (8) and
(9) produce H3O

1 in the reaction zone nearz 5 0 far
above its equilibrium concentration; the ions subse-
quently decay downstream throughout the burnt gas
by electron–ion recombination [24]

H3O
1 1 e23 H 1 H 1 OH (10)

This picture is confirmed by plotting 1/i1(N) from
Fig. 6(a) versusz. Such a recombination plot (not
shown here) is a good straight line indicating a

Fig. 5. Current–voltage characteristic of the flame doped with 0.0004 mol fraction of methane in the burnt gas to give an H3O
1/e2 plasma

measured atz 5 20 mm downstream.

Fig. 6. Current profiles along the flame axisz with (a) Dw 5 250
V, and (b)Dw 5 150 V for the same flame plasma presented in
Fig. 5.
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recombination coefficient for reaction (10) of 3.13
1027 cm3 molecule21 s21 at 2400 K. This agrees well
with the literature value of 2.93 1027 cm3 mole-
cule21 s21 [24]. More importantly, such good agree-
ment confirms that charge neutrality (i.e. [e2] 5
[H3O

1]) is not upset by the application ofDw 5 250
V.

The detailed analysis of Fig. 5 forz 5 20 mm
downstream, including the saturation behaviour at
positiveDw, can be accomplished in ten consecutive
steps. First,i1(N) 5 0.62 mA at Dw 5 250 V is
substituted in Eq. (4) to calculaten1(N) 5 ne(N) 5
1.863 1015 m23. The rest of the analysis involves
the case whereDw is positive. Second, the resistance
of z 5 20 mm of bulk flame is calculated from the
standard formulation Rf 5 z/ene(N)meA 5 1.60
MV. This is valid because electrons are the only
charge carrier to the nozzle; it was not true in the case
of the Cs plasma. Third, the potential across the bulk
flame is obtained fromDwf 5 Rf ie(N) 5 3.11 V
using the saturation currenti e(N) 5 21.95 mA at
150 V. Fourth, the potential gradient in the bulk
flame is given by¹wf 5 Dwf /z 5 156 V m21 where
z refers to 20 mm of flame. Now,i e(N) is observed in
Fig. 5 to saturate (or nearly so), i.e. it comes to a
constant value of –1.95mA at Dw 5 150 V. Recall
from the previous section that the current at positive
Dw is controlled by the flow of positive ions to the
burner. Saturation can occur only if the entire produc-
tion of positive ions formed in the reaction zone is
attracted back to the burner. Thus, fifth, saturation
requires a potential gradient across the burner gap
¹wg 5 vf /m1 5 2.48 3 104 V m21 for H3O

1

ions. As a consequence, sixth,n1(B) 5 5.833 1015

ions m23 is obtained from i1(B) 5 2i e(N) 5
eAn1(B)m1¹wg 5 eAn1(B)vf 5 1.95 mA at satu-
ration. Seventh, the experimental resistance of the
burner gapRg 5 10.7 MV is measured from the
inverse slope of thei–V characteristic. Eighth, the
thickness of the burner gapd 5 0.84 mm is calcu-
lated fromRg 5 d/en1(B)m1A. Ninth, the potential
across the burner gap is obtained fromDwg 5 d 3
¹wg 5 20.9 V. Finally, tenth, the voltage at which
saturation occurs forDw . 0 is found fromDw(sat)5
Dwf 1 Dwg 5 24.0 V.This is the value indicated by

the dashed line in Fig. 5. In fact, Fig. 5 shows that a
little more voltage is required for saturation to stop the
more energetic positive ions for collection by the
burner. Even so, Fig. 5 shows that H3O

1 ions can be
fully retarded withDw 5 150 V, whereas from Fig.
3 an applied potential of this magnitude failed to
prevent some of the heavier Cs1 ions from reaching
the nozzle.

Further details of the potential distribution
sketched in Fig. 2 are now apparent. The potentials
are approximately representative of those present in
the flame plasma whosei–V characteristic is given in
Fig. 5. The gradients have been drawn to meet at a
sharp point at the edges of the burner gap and nozzle
sheath; in reality, the potentials would be rounded at
these corners to allow for the existence of a pre-
sheath. For illustrative purposes, not all of the poten-
tial gradients are drawn to scale. The lowest potentials
in Fig. 2 with Dw . 0 have been drawn to illustrate
saturation; presumably additional applied voltage
above that required to achieve saturation simply adds
across the burner gap.

An estimate ofn1(B) 5 4.703 1015 ions m23

can be obtained from Fig. 6(a) using the peak value
i1(B) 5 eAn1(B)vf 5 1.57 mA for z 5 0 atDw 5
250 V. This was done out of necessity in analyzing
Fig. 3 for the Cs plasma, because the characteristic did
not saturate at positiveDw. It is substantially lower
than the alternative value ofn1(B) 5 5.833 1015

ions m23 determined in the previous paragraph from
saturation atDw 5 150 V. The reason is that the
lower value is derived from the maximum ini1 just
discernible in Fig. 6(a), which represents a local
balance or equality of the rates of ion production and
ion loss. The higher value captures the total ion
production or yield, but without loss, near the up-
stream edge of the reaction zone. It is possible that
HCO1 as well as H3O

1 ions are involved. This would
only decrease the value ofm1 from 8 3 1024 for
H3O

1 to ;6.3 3 1024 m2 V21 s21 for HCO1 and so
not affect the above conclusion. Here, then, is a way
of removing the positive chemi-ions produced early in
the reaction zone and also of measuring how many
have been generated without any loss by recombina-
tion, e.g. in reaction (10). The accuracy of this
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measurement is better than610% and so is a great
improvement on mass-spectrometric determinations
of a concentration in the reaction zone; these are at
best good to a factor of 2 because the local tempera-
ture is uncertain.

Fig. 6(b) now requires further explanation because
of its lack of similarity to Fig. 6(a). Fig. 6(b) presents
a profile of i e(N) 5 2i1(B) versus z at constant
Dw 5 150 V which is almost flat. The equation of
the profile is given by

i e(N) 5
Dw

Rf 1 Rg
5

Dw

z

ene(N)meA
1

d

en1(B)m1A
(11)

If the resistances of the bulk flame and burner gap (see
Fig. 2) are such thatRf ,, Rg, thenDwf ,, Dwg, so
that Dw . Dwg; thus, i e(N) 5 eAn1(B)m1¹wg .
eAn1(B)m1Dw/d. This shows that the electron cur-
rent to the nozzle is controlled by the flow of less
mobile positive ions to the burner across the burner
gap, as previously stated. It also shows that, withRf

,, Rg, the first term in the denominator of Eq. (11)
can be neglected, soi e(N) is independent ofz giving

the nearly constant profile in Fig. 6(b). In general,
Rf , Rg; e.g. their respective values are 1.6 and 10.7
MV in the present case. Fig. 6(a) shows thatne(N)
decreases with increasingz. Therefore, it is expected
from Eq. (11) thati e(N) will decrease slightly with
increasingz as is observed in Fig. 6(b).

Fig. 7 illustrates the effect on saturation at positive
Dw of increasing the H3O

1 concentration by raising
the concentration of the methane additive. Thei–V
characteristics were measured atz 5 20 mm down-
stream for CH4 mole fractions of 4.003 1024,
1.003 1023, and 2.673 1023 and for Dw up to
1100 V to achieve saturation in all three cases. The
different saturation currents atDw 5 250 V were
also measured (not shown in Fig. 7) for these three
characteristics. Each characteristic was analyzed by
the ten steps outlined above, and all the results are
given in Table 2. In all three cases it is seen that
Dwf , Dwg for Dw . 0. Also, Table 2 shows that the
saturation values ofn1(B) at positiveDw, represen-
tative of the total ion yield, are approximately propor-
tional to the CH4 concentration; this is expected from
chemi-ionization by reaction (8) and the fact that the
concentration of CH radicals is proportional to the

Fig. 7. Current–voltage characteristics of the flame at positiveDw for methane concentrations of (a) 4.003 1024, (b) 1.003 1023 and (c)
2.673 1023 mole fraction in the burnt gas to give H3O

1/e2 plasmas measured atz 5 20 mm downstream.
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quantity of CH4 added. Fig. 7 shows that the values of
Dw(sat) required to produce saturation of the charac-
teristic at positiveDw (dashed lines) also increase
with increasing CH4 concentration. This derives from
the calculated thicknessd of the burner gap (see Table
2) increasing when more CH4 is added. The result is
that a larger applied voltage is necessary to produce
the critical voltage gradient¹wg 5 vf /m1. An expla-
nation might involve the burning velocitySu; hydro-
gen has the highest value of any fuel and methane has
the lowest value of the hydrocarbons [25]. Since the
position of the luminous reaction zone on the burner
face represents a balance of the unburnt gas flow
velocity forwards andSu backwards, the introduction
of even a small amount of methane into the hydrogen
fuel can produce a significant reduction ofSu and a
concomitant increase ofd for this flame. An alterna-
tive way of expressing this is that with more CH4

added, the location of the maximum rate of ion
production shifts slightly downstream.

4.3. Flame plasma with H3O
1/Cl2/e2

Fig. 8 shows twoi–V characteristics measured at
z 5 20 mm downstream for the flame doped with (a)
C2HCl3 to give 0.00400 mole fraction of total chlo-
rine, and consequently 0.00267 mole fraction of total
carbon also, in the burnt gas and (b) 0.00267 mole
fraction of CH4 to give the same total carbon concen-

tration as the chlorine-doped flame. Chlorine exists in
this fuel-rich flame almost entirely as HCl and atomic
Cl which are linked by the balanced reaction [26]

HCl 1 H^ Cl 1 H2 (12)

A comparatively small concentration of negative Cl2

ions is produced by the reaction

e2 1 HCl^ Cl2 1 H (13)

which is fast and also balanced [26]. At this level of
total chlorine in this particular flame, the calculated
equilibrium mol fractions of HCl and Cl, based on the
JANAF Tables [27], are 0.00388 and 0.000116, re-
spectively, and the ratio [Cl2]/[ e2] 5 4.70. From
the saturation value atDw 5 250 V for Fig. 8(a),
n1(N) 5 5.593 1015 m23 so thatne(N) 5 0.983

1015 m23 and n2(N) 5 4.613 1015 m23 for Cl2.
For Fig. 8(b),n1(N) 5 ne(N) 5 2.663 1015 m23 as
in Table 2.

In Fig. 9, curves (a) and (b) give profiles forDw 5

250 V in the rangez 5 0–30 mm for thesame two
additive cases given in Fig. 8. It is clear that the
recombination rate is slower in curve (a) when
roughly 82% of the free electrons are replaced by
negative Cl2 ions compared with curve (b). This
follows from the fact that the rate coefficient for the
ion–ion recombination reaction [28]

H3O
1 1 Cl23 H2O 1 HCl (14)

Table 2
Analysis of thei–V characteristics in Fig. 7 forz 5 20 mm downstream

Quantity

Methane concentration (mole fraction)

0.000400 0.00100 0.00267

i1(N) 5 2i e(B) at 250 V (mA) 0.62 0.75 0.89
n1(N) 5 ne(N) (m23) 1.863 1015 2.243 1015 2.663 1015

Rf (MV) 1.60 1.32 1.11
i e(N) 5 2i1(B) at 1100 V (mA) 21.95 24.77 213.65
Dwf (V) 3.11 6.30 15.2
¹wf (V m21) 156 315 759
¹wg for saturation (V m21) 2.483 104 2.483 104 2.483 104

n1(B) 5 ne(B) (m23) 5.833 1015 14.33 1015 40.83 1015

Rg (MV) 10.7 6.13 3.56
Gap thicknessd (mm) 0.84 1.18 1.96
Dwg (V) 20.9 29.2 48.6
Dw(sat)5 Dwf 1 Dwg (V) 24.0 35.5 63.8
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is k14 5 4.1 3 1028 cm3 molecule21 s21, slower by
a factor of 7 than the rate coefficient for electron–ion
recombination by reaction (10) withk10 5 2.9 3
1027 cm3 molecule21 s21 [24]. This is the reason
why the saturation currenti1(N) at Dw 5 250 V is
approximately twice as high for curve (a) than for
curve (b) in Fig. 8, or in Fig. 9 atz 5 20 mm
downstream. It also explains why the peak current
nearz 5 0 in Fig. 8 is higher for curve (a) than for
curve (b). The rate of production of H3O

1 by way of
reactions (8) and (9) should be similar for the two
cases because the carbon content is the same. But the
rate of ion loss is lower in case (a), resulting in a
higher steady-state concentration of H3O

1 at the
current peak.

In Fig. 8(b), saturation occurs at negativeDw when
all of the electrons in the H3O

1/e2 flame plasma are
stopped by the electric field in the ion sheath at the
nozzle. It is reasonable to suppose that a negative
potential gradient builds up in the bulk flame plasma
sufficient to hold the electrons stationary throughout
the flame. But in Fig. 8(a), saturation requires that not
only the electrons but also the much more massive

Cl2 negative ions are stopped by the ion sheath,
requiring a potential gradientvf /m2 5 3.4 3 104 V
m21. In fact, this is easily accomplished because the
ion sheath is thin. Its thickness is of the order of the
debye length for the plasma,lD 5 («0kTe/
e2ne)

1/ 2 5 0.11 mm with Te 5 2400 K and
ne(N) 5 0.983 1015 m23 [29]; here,«0 is the per-
mittivity of free space. For the thermalized flame
plasma, the ion, electron and neutral gas temperatures
are all equal to the flame temperature of 2400 K. For
a sheath thickness of;2lD 5 0.22 mm,only 7.3 V
across the ion sheath are required to provide the
potential gradient necessary to stop the flow of Cl2

ions. The inset of Fig. (8) shows that more applied
voltage is required to saturate curve (a) with chlorine
than curve (b) without chlorine at negativeDw. The
reason is provided by Eq. (6). With chlorine present,
the electron concentration is reduced due to negative
ion formation; thus, more applied voltage is required
to reduce Dwg sufficiently so that the saturation
electron current is able to flow across the burner gap.

The saturation current at positiveDw in Fig. 8
which yields a value ofn1(B) is slightly smaller for

Fig. 8. Current–voltage characteristics of the flame doped with (a) C2HCl3 to give an H3O
1/Cl2/e2 plasma and (b) CH4 to give an H3O

1/e2

plasma having the same mole fraction of carbon5 0.00267 in the burnt gas, measured atz 5 20 mm downstream. The inset expands the
details of the characteristics aroundDw 5 0.
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curve (a) with chlorine than for curve (b) without.
Sincen1(B) has been interpreted above as the total
ion production in the reaction zone and since the
carbon content in the flames for case (a) and case (b)
is the same,i1(B) for the two cases should also be the
same. The decrease observed fori1(B) in case (a) of
Fig. 8 would occur if the radical concentrations, e.g.
of CH and O, in the flame reaction zone were reduced
by reaction with Cl and HCl, thereby lowering the ion
production rate by reaction (8). This is the operative
mechanism for flame inhibition in old-fashioned halo-
gen fire extinguishers (e.g. putting CCl4 on a fire!).
The higher peak value atz 5 0 in Fig. 9(a) is not
inconsistent. As discussed previously, the saturation
values at Dw . 0 in Fig. 8 represent total ion
production whereas the peak values forz 5 0 at
Dw , 0 represent a balance of ion production and ion
loss. Apparently the lower loss rate due to slower
ion-ion recombination raises the peak value in Fig.
9(a) above that in Fig. 9(b).

In summary, the effects of negative ions on the
overall i–V characteristic, even when the ratio of
[Cl2]/[ e2] is large, amount to relatively small pertur-
bations of the corresponding characteristic with neg-

ative ions absent. However, that statement requires
closer scrutiny whenDw is close to zero where
diffusion effects may be significant. This is the
condition which has been employed in the past when
sampling positive and negative ions through a nozzle
into a mass spectrometer. It will be discussed in detail
in a future article on mass-spectrometric sampling.

One final consideration concerning the detailed
geometry of the flame and the electrodes (nozzle N
and burner B) applies to the whole study. The actual
nozzle protrudes slightly from the electrode N distort-
ing its truly planar geometry, and the flame gas
aerodynamically diverges when it strikes N distorting
its cylindrical shape; both are evident in Fig. 1. The
concern is the effect these distortions might have on
the shapes of the experimentali–V characteristics and
profiles. However, it has already been explained that
i e(N) andi2(N) whenDw is positive are controlled by
the flow of positive ions to the burner B, but B has
truly planar geometry. Current flow to B also controls
the shape in the retardation region whenDw goes
negative from zero, e.g. Figs. 3, 5, and 8. Conceivably
a little distortion might occur around the knee of these
characteristics nearDw ; 25 V, but the effect on the

Fig. 9. Current profiles along the flame axisz at Dw 5 250 V for the same flame plasmas involving (a) H3O
1/Cl2/e2 and (b) H3O

1/e2 as
those presented in Fig. 8.
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saturation current would be minimal. Perhaps the
worst case for distortion might be expected for pro-
files at small values ofz measured withDw 5 250 V
becausei1(N) is controlled by the convective flow of
positive ions to N. However, distortion is not evident
in Figs. 4(a), 6(a), and 9; in any case, the upstream
portion of these profiles is not employed for any
quantitative purpose. Also, no differences in shape
were noted when N was replaced by an uncooled flat
plate or a mesh electrode, both of stainless steel. Thus,
it is concluded that departures of the flame from
cylindrical geometry, or of the nozzle electrode N
from planar geometry, do not have a noticeable
influence on the quantitative results reported. The
major findings, applications and conclusions of the
present paper are summarized in the abstract.
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