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Abstract

A flat, cylindrical, laminar, B—O,—N, flame in plug flow with velocityy; = 19.8 m s'* and cross-sectional area=
1.05 X% 10~*m? at 1 atm and 2400 K, was doped with appropriate additives to give a weak, continuum, quasi-neutral plasma
involving Cs"/e™ or H;0™" /e~ or H;O*/Cl~/e~. The flame impinged on a planar, normal, water-cooled, conducting electrode
designated N (for nozzle) located a variable distangewnstream from the flame’s luminous reaction zone which is separated
by a dark space or gap = 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 measiw®dcharacteristics with the curreitN) collected by the
nozzle versus the applied voltage between N and B at a fixed value pfe.g. 20 mm); and profiles 6{N) versusz at a
fixed value ofAe. ForA¢ < 0 (e.g.—50 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 noizléN) = eAn,_(N)v;. This provides a wonderfully
simple and accurate measurement of the absolute dems(y). Alternatively, if a weak solution of a Cs salt (e.g. T0M
CsCl) is sprayed using a pneumatic atomizer such that Cs is completely ionized, the delivery factor of the atomizer can b
calibrated. Furthermore, if the delivery factor giving (N) is known,v; can be determined. With¢ fixed (e.g.—50 V), a
profile of n (N) versusz can be obtained throughout the flame gas downstream; the density distribution is not affected by the
application of the applied voltage. Fakp > 0 (e.g.+50 V, N is positive), the current through the flaingB) = —i,(N) —
i_(N) (the latter term is included if negative ions are present), is controlled by the flow of positive ions of mabilitythe
burner across the potential gradient in the burner gap@) = eAn, (B)u.. Ve, WhenAg is sufficiently positive to achieve
a constant saturation current, (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 effedt-éhcharacteristic is relatively minor;
it does not appear possible to provide a separate analysig fmmdn_. 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 volta
A¢, both positive and negative, it is possible to calculate the potential distribution in the burner gap, the bulk flame plasme
and in the positive ion sheath at the nozzle. This provides a quantitative understanding of the ion and electron behaviot
throughout the flame. (Int J Mass Spectrom 206 (2001) 137-151) © 2001 Elsevier Science B.V.
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1. Introduction of an applied voltage is an obvious thing to do. It does
not follow, a priori, that the application of zero
lons in a flame at 1 atm pressure can be sampledvoltage (both electrodes, say, at earth potential)
through a nozzle into a mass spectrometer at a muchachieves “correct” sampling. Under most conditions,
lower pressure. Sampling perturbations can result the nozzle is covered by an electrical sheath from
primarily from two causes. The first is the inevitable which the ion sample is extracted. It is unlikely that
cooling which occurs when the sample passes throughthe effect of this sheath on the sampling of positive
the nozzle [1,2]. The second perturbation, with which and negative ions would be the same. Therefore, it is
this article is concerned, stems from the fact that the necessary to understand what happens to the ions,
flame is a weak, flowing, continuum plasma which both positive and negative, when the flame plasma
forms a plasma sheath or potential gradient at both the flows onto the nozzle electrode.
metallic nozzle and burner. Thus, it is not surprising Considerable insight into these matters can be
that the sampling conditions vary when a voltage is gleaned from a detailed understanding of the current—
applied between the nozzle and the burner. The voltage {(—V) characteristics measured between the
phenomenon was first considered when measuring ionburner and the nozzle plate. Also, it became apparent
concentrations in a flame [3]. The effect of applied in this study that thei—V characteristics provide
electric fields on the mass-spectrometric sampling of valuable information in addition to their utility for
both positive and negative ions was investigated sampling diagnostics: one important application is the
further when using a needle to collect charged parti- measurement of absolute ion densities in the flame
cles inside the conical sampling nozzle, just behind plasma. Further, it will be seen thati-aV character-
the orifice in the nozzle tip [4—6]. istic can enable the velocity of the flame gas down-
When the voltage applied between the nozzle and stream to be determined. Alternatively, the delivery of
burner is varied, the sampling nozzle and its water- the pneumatic atomizer used to nebulize aqueous
cooled mounting plate collect a net current, either solutions of a metallic salt into the gas supplies to a
positive or negative; the burner must receive an equal flame can be calibrated. A different part of the
current of opposite sign. We first measured these characteristic yields the total ion production rate. This
current—voltage characteristics to explain a discrep- study deals with a simple flame containing trace
ancy in the sampled ion current when a large multi- quantities of free electrons™, the positive ions Cs
tube burner was employed instead of a small single- or H;O" and the negative Clion.
tube burner [7]. Essential background for an
understanding of the characteristics is provided by
recent work on probe theory for a high-pressure 2. Experimental
plasma, including experimental work using a flame at
atmospheric pressure [8,9]. These studies, which con-  The very simple apparatus employed at both York
centrate on the electron current to a positively biased and Cambridge Universities for these studies is shown
probe [10], follow the pioneering work of Su and Lam in Fig. 1. The metallic sampling nozzle mounted in a
[11,12], primarily concerned with the collection of water-cooled stainless steel sampling plate is bolted to
positive ions on a negatively biased probe in a flowing the front flange of the mass spectrometer [13]. The
continuum plasma. front flange, sampling plate, and nozzle are connected
Our original, and still primary, objective for un-  together and electrically isolated from earth; hence-
dertaking this study was to inquire into the integrity of forth, the term “nozzle” will be used to refer to such
sampling flame ions through a nozzle orifice into a a collective assembly as one single electrode, desig-
mass spectrometer when a voltage is applied betweennated by N. Equally well, a simple flat plate (probably
the nozzle plate and the burner. There is inevitably an water-cooled) or mesh grid could be employed. The
electric field at the sampling nozzle, so the application nozzle potential with respect to earth could be varied
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R Table 1
o o . front flange Properties of the hydrogen—oxygen—nitrogen flame
] water in
— Property Value
l sampling plate
bumer Equivalence ratigb 1.37
premixed gas dark gap H,/O,/N, _ 2.74/1/2.95
| _— Total unburnt gas flow/ 300 cnf st
. E—— Measured flame temperatufe 2400 K
L flame Velocity in the burnt gas 19.8ms?
Flame diameted 11.6 mm
l Cross-sectional area 1.05x 104 m?
electrometer C/) o out ] Mole ratior, unburnt/burnt gas 1.1695
waere Equilibrium burnt gas composition Mole fraction
| H,0 0.3460
= H, 0.1286
applied voltage ~ ~d 02 0.0001057
H 0.006019
Fig. 1. Schematic diagram of the apparatus employed to measure OH 0.003084
current-voltage characteristics and axial concentration profiles of a o 0.00009469
flame plasma. N 0.5157

in the range from—100 to +100 V. The metallic  currenti on the Y axis versus either the applied
burner which constitutes the second electrode, desig-voltageA¢ or z on theX axis, respectively.
nated B, was also electrically isolated on ceramic  The sign convention for the applied potential
supports and connected to earth through an electrom-difference is given bYA¢ = ¢,0771e = Pournes & POS-
eter (Keithley, model 616). The flat-flame burner itive Ap means that the nozzle is positive with respect
itself [13] consisted of 151 stainless steel hypodermic to the burner. In terms of the applied voltagepy =
tubes in a close-packed circular array mounted in a V, ., .because the resistance through the electrometer
water-cooled brass body. To achieve good electrical to earth is negligible. Since the flame is a quasi-
isolation, cooling water for the burner was supplied neutral plasma, a net current collected by the nozzle
by gravity from an elevated and isolated water tank will be matched by an equal current of opposite sign
and appropriate plastic tubing. Obviously, other types collected by the burner. Consistent with the sign
of metallic burners could be employed. convention employed foA¢, the sign of any current
For the measurement of profiles of current (to the i in the figures below is referenced to the nozzle; i.e.
nozzle or burner) versus distanz¢0—30 mm) along a positivei means that the electrode N is collecting a
the flame axis (at fixed applied voltage), the burner positive current (with an equal negative current to the
was mounted on a motor-driven carriage with digital burner) and vice versa. In practice, it was easier to
read-out of the axial distance. The designatioa of achieve electrical isolation of the burner and to
0 is taken as the point where the nozzle pokes through measure its current rather than the current to the
the bright luminous flame reaction zone into the cold nozzle.
unburnt gas upstream, giving an abrupt pressure rise  The H,~O,—N, flame employed for these studies
on an ionization gauge located in the vacuum chamber has been well-characterized previously (designated
of the mass spectrometer [13]. This method is more “flame 2"); its properties are given in Table 1. Itis a
accurate when results from different flames are to be premixed laminar flame of fuel-rich composition
compared. However, the distance between the burnerburning at atmospheric pressure with the cylindrical
and the nozzle electrode could be used as a measure oburnt gas (diameter 11.6 mm) downstream of the
the axial distance. Both thei—V characteristics and  reaction zone in plug flow. There is a distinct gap or
the profiles were recorded on an XY plotter with dark space of-1 mm between the burner face and the
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bases of the luminous reaction-zone cones on eachconverted to currents when multiplied througheo,
hypodermic tube. This gap corresponds to the preheatwheree is the electronic charge aml is the cross-
region of the flame before major chemical reaction sectional area of the flame.

takes place. Since hydrogen flames contain very littte  For discussion of thé-V characteristics, an ap-
natural ionization, ions were introduced by spraying a proximate set of values is needed. For the electron,
dilute aqueous solution of CsCl as an aerosol into the w, = 0.4 n? V- ! s [16] and u,(H;0") = 8 X
premixed flame gas using a pneumatic atomizer [14] 10 *m?V 's ! for a flame plasma at 1 atm [17]. At
to produce C$ by thermal (collisional) ionization of ~ constant thermal energy, = 1/MY2 Based on the
the resulting free atoms of Cs. Roughly speaking, the H;O™ value, p,(Cs")=29x10* and
amounts of Cs and Cl in flame 2 when spraying40  u_(Cl7) = 5.7 X 10" *m? V1 s™*. With the atom-

M CsClI solution were small~10° mol fraction). izer spraying a 1.00< 10 * M solution of CsCl,
Negative ions including Cl could not be detected complete ionization of the Cs gives. ~ 4 X 10'°
with the mass spectrometer although the same con-ions m 3; the value will be determined below. This
centration of total cesium from CsCl yields a large magnitude of the ion density is large enough for
Cs' signal. Alternatively, the addition of a very small ambipolar diffusion of the electrons and positive ions
metered flow of methane Chbroduced HO™ ions by (Cs" or H;0") to operate [18]. Because the flame
chemi-ionization. When desired, negative Gbns plasma is isothermal, the Einstein relation can be
along with ;0™ could be produced in the flame by employed to estimate the free diffusion coefficients:
the addition of GHCI; vapour from a gas saturator Dgu, = D /u_ = D_/u_ = RT/eN,, whereR is
maintained at O °C [15]; part of the diluent nitrogen the gas constant and, is the Avogadro number. If
was employed as the carrier gas through the saturator.negative ions are not present, the ambipolar diffusion
The halocarbon was added to give a total Cl concen- coefficient is D, = 2D,. Assuming that radial
tration in the burnt gas in the range 0.0004-0.004 mol diffusion can be neglected, the cross-sectional Area
fraction. of the flame in the burnt gas is determined from
VT /T, = Ay; giving A = 1.05% 10" % m? for
room temperaturel, = 295.15 K (see Table 1).
Here,V is the volumetric flow rate of the unburnt gas
mixture atT, 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 temperaflye
With these values, it is possible to give a reasonably

3. Theory and background

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

I'.=ny; + nguVe — DVn, (1) quantitative analysis of the measurements below.
Calculations will be carried out to a precision of two
I'y=nvi—n,p,Vo—-D,Vn, (2) or three digits for comparison of the relative magni-

tudes, but any calculation involving mobilitigs is
accurate to one significant figure at best.

wheren is the particle density (i.e. concentratiom), When interpreting new results, it is useful to
is the flow velocity in the burnt gag, is mobility, and consider Fig. 2 which sketches the variations of
D is the diffusivity (diffusion coefficient); the sub- electric potential between the burner and nozzle when
scriptse, +, and — refer to electrons, positive ions, Ag is positive, negative, or near zero. It is based on
and negative ions, respectively. On the right-hand side our previous, but very qualitative, work [7] and has
of each equation, the first term denotes convection been modified in the light of the present studies.
(flow), the second is mobility, and the third represents When A¢ is appreciably positive, there is interest-
diffusion. In terms of the potential gradient, the ingly a significant ohmic voltage drop in the bulk
electric field is given byE = —Ve¢. The fluxes are  flame plasma [8,9] and a relatively large jump in

' =n_vi+n_u_Ve—-D_Vn_ (3)
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A¢ negative ion
sheath
Y’
burner -
gapg [~
M=0 |t
\ ohmic
voltage
drop
bulk flame plasma
A¢ positive
Burner (B) Nozzle (N)
<« distance
0 z

flow of flame gas — >

Fig. 2. Sketch of the potential distribution between the burner and
the nozzle electrode at a fixed axial distarcéor a variety of
applied potential\¢. The drawing is not to scale; large values of
A are underscaled relative to those ndar = 0, and the burner
gap is very much thicker than the ion sheath at the nozzle. The
sketch approximates the;8" /e~ flame plasma depicted in Figs. 5
and 6.
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WhenAg = 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 Ap = 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. Whgpis
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 decreasesAas 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.

potential across the dark space or gap adjacent to theThese distributions of electric potential can be refined
burner's surface. The consequence is that positive and made more quantitative in the light of new

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 velocity 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

experimental measurements.

4. Results and discussion
4.1. Flame plasma with C¢e~
Fig. 3 presents ai-V characteristic measured at

z = 20 mm downstream witkh¢p in the range from
—50 to +50 V when the atomizer was spraying a

and electrons are different, their concentrations are 1.00 X 10~* M aqueous solution of CsCl. Other

equal to one another at any pomin the bulk flame,
i.e. quasi-neutrality is preserved. The current through
the flame is maintained by positive ions being at-

useful measurements presented below are profiles of
currenti versus axial distanceat a fixed value ofA¢.
Fig. 4(a) shows such a profile for the positive ion

tracted to the burner and otherwise by an equal net currenti_ (N) collected by the nozzle N withhe =

current of electrons (and negative ions, if present) to
the nozzle.

—50 V; Fig. 4(b) is the electron curremg(N) with
Ag = +50 V. Since no negative ions are present,
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Fig. 3. Current—voltage characteristic of the flame doped with the atomizer spraying & 1L00* M solution of CsCl to give a C¥e~
plasma measured at= 20 mm downstream.

quasi-neutrality of the flame plasma requires that

| | 1 1 I

n, = ng at any pointz on the flame axis. Wit |
negativej, (N) = —i4(B), the electron current at the 157 (@) Ap=-50V i
burner B, and withA¢ positive, io(N) = —i_(B) T
because the nozzle and burner must always collect _ 1.0 : B
currents of equal magnitude but opposite sign. All of }:;
the figures are presented from the point of view of = | L
current collection by the nozzle N. Finally, it should i
be recognized that, because ion concentrations in i
general change along the length of a flame(N) = 00— ' '
n,(N) # n_(B) = n.(B), i.e. the charge densities n at -0.7 —— ! :
the nozzle and burner are not the same. 06 -

Before going further, it should be clearly under- 05 (b) Ag = +50V | L
stood that the nozzle does not function as a conven- 2 04 ; i
tional Langmuir probe [19]. In general, the space 2= 1 i
potential of a bulk plasma is fixed by the potential on —* 03] i i
one conducting wall of relatively large area in contact 0.2 i r
with the plasma. A Langmuir probe is introduced in -0.1 ! 2
the form of a tiny conducting electrode (cylindrical in 0.0 . . —
the form of a short wire, spherical or planar) whose 0 5 10 15 20 25 30
potential may be biased positive or negative to collect Distance z along flame axis (mm)

electrons or positive ions, respectively. The probe’'s _ _ o
. Fig. 4. Current profiles along the flame axisvith (a) Ap = —50
area must be very small compared with the area of the “ang (b)Ag = +50 V for the same flame plasma presented in

wall so that variation of the Langmuir probe potential Fig. 3.
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does not change the plasma space potential. In thewhere M is any flame species. The process causes 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
whereAg is negative. In the first few volts, electrons
are increasingly repelled by the nozzle electrode
which is covered by an ion sheath, but positive"Cs
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 gradientVe = —E_;y = V¢/ue = 19.8/0.4=
50 V m % it is equivalent to a critical electric field
just sufficient to hold electrons stationary against the
flow velocity v;. To stop these electrons m= 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
V. When all the electrons are repelled, the nozzle
collects a constant saturation ion current

1 (N) = eAn, (N)v; (4)

The potential across the ion sheath grows in propor-
tion to the magnitude of the applied voltage. Thus,
whenAg 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 diametkiis
well-characterized such tha = wd?/4 andv; 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
wherei, (N) = 1.25 uA, n,(N) = 3.7 X 10'° ions
m~3, using values from Table 1 in Eq. (4). Such a
value ofn_ (N) is accurate to~3% and so is more
precise than a mass-spectrometric measurement with
errors of ~10%—-20%.

Fig. 4(a) withAp = —50 V essentially traces out
a profile ofn (N) = n,(N) = i (N)/eAv. lons are
produced by thermal ionization of Cs atoms [20]

CS+M—Cs"+e +M (5)

ion density to rise in the reaction zone, reaching
equilibrium neaz = 4 mm downstream, correspond-
ing to a time of 0.20 ms. This suggests that the time
constant for thermal ionization i$-0.20 X (1 —
1/e) = 0.13 ms;i.e. 1kg[M] = 0.13 ms, withkg
being the rate constant for thermal ionization of Cs at
2400 K. This givesks = 2.6 X 10~ *° cm® mole-
cule ! s, in reasonable agreement with the litera-
ture value of 3.3x 10 *° cm® molecule * s~ [20].
The drop in ion density az = 0 can be used to
estimate the ion or electron density at the burner,
since n (N), = n_,(B) = ny(B); the resulting
slightly lower value,n, (B) = 3.3 X 10*®ions m 3,
refers to the density near the dark gap separating the
luminous reaction zone from the burner face. This
estimate ofn_ (B) will be refined in the next section.
For saturation at the left in Fig. 3, the burner must
collect an equal electron curreng(B) = —i_(N)
against the repulsive potential gradi&ng, across the
burner gapg (see Fig. 2). The gradient can be
represented byWo, = Apy/5, where Agy is the
potential across the gap thickness= 1 mm (as will
be deduced later). The current is given by

ie(B) = eA(U/4)ne(B) exp (—edey/kT) (6)

in terms of the surface flux from kinetic theory,
modified by the Boltzmann factor for the repulsive
potential [21]; here,l. is the mean speed of the
electrons at temperatuie As the magnitude ofA¢
increases,A¢y 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 fiQ(B) which
controls the rise of the characteristic up to the satu-
ration plateau on the left. In summary, nearly all of the
applied voltageAe = —50 V appears as a drop in
potential across the ion sheath at the nozzle, with very
little across the burner gap andl V in the bulk
flame. In general, the saturation value of the charac-
teristic for Ap < 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
A becomes increasingly positive from 0 #50 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 >v;. However, the electron drift veloc-
ity is limited to v; 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 gapagainst the convective flow of
the flame

ie(N) = —i.(B) = —eAn.(B)u. Vg (7)

where Vo, = Apg/s. With Ap = +50 V and
n,(B) = 3.3 x 10* ions m 3 derived above from
Fig. 4(a), the measured currap(N) = —0.45uA in

Fig. 3 requires a potential gradieftp, = 2.74 X

10* V m~ % Above ~ +5 V in Fig. 3, the growth of
io(N) = —i,(B) is remarkably linear; the measured
inverse slope of thé-V characteristic can be inter-
preted as the electrical resistance of the gp=
Apgyfi . (B) = 105 MQ. This givesAg, = 47.25 V,
with Ag; = 50 — 47.25= 2.75 V acrossz = 20

mm of bulk flame, and@ ¢; = 138 V. m *. Itis clear
that most of the applied voltage appears across the
burner gap. Also, an estimate can be obtained for the
gap thicknes$ = Aey/Vo, = 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
Ry = &/c,A, where c, =en,(B)u, =1.6X
107 O ' m* is the electrical conductivity with
positive ions as the charge carrier.

The resistance of the bulk flank® can be found at
Ap = +50 V because Ry = Ag;/i  (B) = 2.75/
045X 10 *=6.1 MQ. Also, Vg; = Aglz =
1.4 X 10°V mtis the potential gradient in the bulk
flame, with the voltagd ¢; appearing across the axial
distancez = 20 mm. Because the current flowing
through the flame is constant everywhere, the total
applied voltageAe divides in the ratioApy/A¢; =

J.M. Goodings et al./International Journal of Mass Spectrometry 206 (2001) 137-151

Ry/Rs. Itis probably safe to assume thgt= z, where
zis the flame length. If this is the caskyp; =« R; and

R; « z so that the potential gradient in the bulk flame
Vo; = Agp;/z is constant, independent af This
point will be elaborated and proven in Sec. 4.2.

In Fig. 4(b) withAp = +50 V, Eq. (7) predicts
that the profile should be constant, independert, of
becausen, (B) is constant when the rate of ion
production is constant. Howeveg(N) = —i_ (B) =
Agl(Rs + Ry); asz — 0, Ry — 0 causingi(N) to
increase as observed in Fig. 4(b). Further, the con-
stancy ofV ¢4 breaks down whemis small;V ¢ now
invades or interferes wittVeg in the burner gap
causing it to increase, with a resulting increase in the
magnitude ofi(N). The resistance expression also
shows why thd-V characteristic in Fig. 3 is linear:
sinceRy << R, and Ry is constantjg(N) = Ag.

ForAg = +50V, Ve, = 2.74x 10°Vm™* <
~Ecriey = Vi/py = 6.72x 10"V m™*, the critical
electric field required to stop the massive'Gmsitive
ions; this is the condition normally associated with the
formation of an electron sheath at the nozzle. That
Vog < —Egie explains why the characteristic in
Fig. 3 does not bend over and saturatefgr= +50
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 fde > 0 is
clear: the shape of the characteristic is controlled by
the flow of positive ions to the burner.

4.2. Flame plasma with §0*/e”

Fig. 5 gives an—V characteristic with the atomizer
switched off, but with the same flame doped with
methane (mol fractior= 4.00 X 10 %) at a constant
distancez = 20 mm downstream. The only flame ion
present is HO", formed mainly by the well-known
chemi-ionization reaction for hydrocarbon flames
[22,23]

CH + O —HCO" + e~ (8)

followed by proton transfer to water, a major product
downstream
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Fig. 5. Current-voltage characteristic of the flame doped with 0.0004 mol fraction of methane in the burnt gas to gj@e/an idlasma
measured az = 20 mm downstream.

HCO" + H,0 - H,0" + CO 9) R Y EE ! '

The characteristic is similar to that in Fig. 3 with two 1.5 i
major differences: at positivR ¢, i,(N) now appears

to saturate; also, it has a magnitude considerably 1.0 (@) A¢ = -50V i -
greater than the saturation valuei@fN) at negative &;

Ae. Fig. 6 gives profiles under the same flame 05 : |
conditions forz = 0—30 mmwith (a) Ap = —50 V 5

and (b)A¢ = +50 V. For the explanation of Fig. 5, ‘:

it is first necessary to know the distribution of®I" 00 — T T 1 . '

ions along the flame. The distribution is given by the 2.5 — L

plot in Fig. 6(a) where convective flow dominates, so 1 (b) A¢ = +50V

the saturation ion currenti, (N) = eAn, (N)v 207 i
throughout the burnt gas, i.e, (N) « [H;O"]. As < _1.5_' : L
expected, the profile confirms that reactions (8) and ] 5

(9) produce HO™ in the reaction zone near= 0 far T 104 -
above its equilibrium concentration; the ions subse- i

qguently decay downstream throughout the burnt gas 05 i i
by electron—ion recombination [24] S [ .

L 0 5 10 5 20 25 30
H, 0" + e —H+H+ OH (10) Distance z along flame axis (mm)

This picture is confirmed by plotting il/(N) from Fig. 6. Current profiles along the flame azisvith (a) A¢ = —50

Fig. 6(a) versusz. Such a recombination plot (N0t "3nd (b)Ae = +50 V for the same flame plasma presented in
shown here) is a good straight line indicating a Fig. 5.
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recombination coefficient for reaction (10) of 3xL
10 " cm® molecule * s~ at 2400 K. This agrees well
with the literature value of 2.% 107 cm® mole-
cule™* s7* [24]. More importantly, such good agree-
ment confirms that charge neutrality (i.ee || =
[H3;0™]) is not upset by the application afp = —50
V.

The detailed analysis of Fig. 5 fa = 20 mm
downstream, including the saturation behaviour at
positive Ag, can be accomplished in ten consecutive
steps. First,i (N) = 0.62 uA at Ap = =50 V is
substituted in Eq. (4) to calculate (N) = ng(N) =
1.86 X 10" m~3. The rest of the analysis involves
the case wherd ¢ is positive. Second, the resistance
of z =20 mm of bulk flame is calculated from the
standard formulation R; = z/en,(N)u A = 1.60
MQ. This is valid because electrons are the only

J.M. Goodings et al./International Journal of Mass Spectrometry 206 (2001) 137-151

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®" ions can be
fully retarded withAg = +50 V, whereas from Fig.

3 an applied potential of this magnitude failed to
prevent some of the heavier C$ons 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 whoseV 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-

charge carrier to the nozzle; it was not true in the case tial gradients are drawn to scale. The lowest potentials
of the Cs plasma. Third, the potential across the bulk in Fig. 2 with A¢ > 0 have been drawn to illustrate

flame is obtained fromAg; = Rii(N) = 3.11 V
using the saturation curreng(N) = —1.95 pA at
+50 V. Fourth, the potential gradient in the bulk
flame is given bW oy = Ag;/z = 156 V.m *where
zrefers to 20 mm of flame. Now(N) is observed in
Fig. 5 to saturate (or nearly so), i.e. it comes to a
constant value of —1.95A at A¢ = +50 V. Recall
from the previous section that the current at positive
Ag 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

saturation; presumably additional applied voltage
above that required to achieve saturation simply adds
across the burner gap.

An estimate ofn, (B) = 4.70x 10" ions m 3
can be obtained from Fig. 6(a) using the peak value
i.(B) = eAn.(B)v; = 1.57pAfor z= 0 atAe =
—50 V. This was done out of necessity in analyzing
Fig. 3 for the Cs plasma, because the characteristic did
not saturate at positivAe. It is substantially lower
than the alternative value af, (B) = 5.83 x 10"
ions m 3 determined in the previous paragraph from
saturation atA¢ = +50 V. The reason is that the

requires a potential gradient across the burner gaplower value is derived from the maximum in just

Vog = Vi/p, = 2.48x 10* V m™* for HO"
ions. As a consequence, sixth, (B) = 5.83 x 10%°
ions m 3 is obtained fromi,(B) = —ig(N) =
eAn (B)u,Vey = eAn, (B)v; = 1.95 pA at satu-

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-

ration. Seventh, the experimental resistance of the stream edge of the reaction zone. It is possible that

burner gapRy = 10.7 MQ is measured from the
inverse slope of the—V characteristic. Eighth, the
thickness of the burner gap = 0.84 mm is calcu-
lated fromR, = &/en, (B)u. A. Ninth, the potential
across the burner gap is obtained frdmp, = & X

Veg = 20.9 V. Finally, tenth, the voltage at which
saturation occurs fake > 0 is found fromA¢(sat) =

Ags + Apg = 24.0 V.This is the value indicated by

HCO™" as well as HO™ ions are involved. This would
only decrease the value @f, from 8 X 10~ * for
H,0" to ~6.3 X 10 *m?V ' s *for HCO" 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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Fig. 7. Current—voltage characteristics of the flame at positigefor methane concentrations of (a) 4.6010 %, (b) 1.00x 102 and (c)
2.67 X 1072 mole fraction in the burnt gas to give,8" /e~ plasmas measured at= 20 mm downstream.

measurement is better than10% and so is a great the nearly constant profile in Fig. 6(b). In general,
improvement on mass-spectrometric determinations R; < R; e.g. their respective values are 1.6 and 10.7
of a concentration in the reaction zone; these are at M() in the present case. Fig. 6(a) shows thatN)
best good to a factor of 2 because the local tempera- decreases with increasirzg Therefore, it is expected

ture is uncertain. from Eqg. (11) thati,(N) will decrease slightly with
Fig. 6(b) now requires further explanation because increasingz as is observed in Fig. 6(b).
of its lack of similarity to Fig. 6(a). Fig. 6(b) presents Fig. 7 illustrates the effect on saturation at positive
a profile of ig(N) = —i,(B) versusz at constant A of increasing the KED™ concentration by raising
Ap = +50 V which is almost flat. The equation of the concentration of the methane additive. Th¥
the profile is given by characteristics were measuredzat 20 mm down-
stream for CH mole fractions of 4.00<x 10 %,
(N) — RA+‘PR _ A¢ : 1.00% 102, and 2.67x 102 and for Ag up to
f g z + +100 V to achieve saturation in all three cases. The
en(N)ueA — en (B)u.A (11) different saturation currents ate = —50 V were

also measured (not shown in Fig. 7) for these three
If the resistances of the bulk flame and burner gap (see characteristics. Each characteristic was analyzed by
Fig. 2) are such thd®; << Ry, thenAg; << Agg, SO the ten steps outlined above, and all the results are
that Ap = Agg; thus,io(N) = eAn, (B)u Vo, = given in Table 2. In all three cases it is seen that
eAn, (B)u.A¢/d. This shows that the electron cur- Ag¢ < Agpg for Ap > 0. Also, Table 2 shows that the
rent to the nozzle is controlled by the flow of less saturation values ofi, (B) at positiveAe, represen-
mobile positive ions to the burner across the burner tative of the total ion yield, are approximately propor-
gap, as previously stated. It also shows that, \idth  tional to the CH concentration; this is expected from
<< Ry, the first term in the denominator of Eqg. (11) chemi-ionization by reaction (8) and the fact that the
can be neglected, sg(N) is independent oz giving concentration of CH radicals is proportional to the
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Table 2

Analysis of thei—V characteristics in Fig. 7 faz = 20 mm downstream

J.M. Goodings et al./International Journal of Mass Spectrometry 206 (2001) 137-151

Methane concentration (mole fraction)

Quantity 0.000400 0.00100 0.00267

i (N) = —i(B) at =50 V (uA) 0.62 0.75 0.89
n,(N) = ny(N) (m~3) 1.86x 10" 2.24X 10" 2.66x 10™
R, (MQ) 1.60 1.32 1.11
io(N) = —i,(B) at +100 V (uA) -1.95 —4.77 -13.65

Ay (V) 3.11 6.30 15.2

Vo (Vm 1) 156 315 759

Ve, for saturation (V m™) 2.48x 10 2.48x 10 2.48x 10°
n.(B) = ny(B) (M2 5.83% 10'° 14.3% 10 40.8x 10'
R, (MQ) 10.7 6.13 3.56
Gap thicknes$ (mm) 0.84 1.18 1.96
Agg (V) 20.9 29.2 48.6
Ag(sat) = Ag, + Agy (V) 24.0 355 63.8

quantity of CH, added. Fig. 7 shows that the values of
A¢(sat) required to produce saturation of the charac-
teristic at positiveAe (dashed lines) also increase
with increasing CH concentration. This derives from
the calculated thicknessof the burner gap (see Table
2) increasing when more GHs added. The result is

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

HCl + H=Cl + H, (12)

A comparatively small concentration of negative ClI

that a larger applied voltage is necessary to produce jons js produced by the reaction

the critical voltage gradier¥ ¢, = v;/u.,. An expla-
nation might involve the burning velocitg,; hydro-

gen has the highest value of any fuel and methane hasW

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 ands, backwards, the introduction
of even a small amount of methane into the hydrogen
fuel can produce a significant reduction §f and a
concomitant increase @ for this flame. An alterna-
tive way of expressing this is that with more ¢CH
added, the location of the maximum rate of ion
production shifts slightly downstream.

4.3. Flame plasma with §0*/Cl~ /e~

Fig. 8 shows twd—-V characteristics measured at
z = 20 mm downstream for the flame doped with (a)
C,HCI; 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 CH, to give the same total carbon concen-

e  +HCl=Cl™ + H (13)

hich is fast and also balanced [26]. At this level of
total chlorine in this particular flame, the calculated
equilibrium mol fractions of HCI and Cl, based on the
JANAF Tables [27], are 0.00388 and 0.000116, re-
spectively, and the ratio [Cl/[e"] = 4.70. From
the saturation value ah¢ = —50 V for Fig. 8(a),
n,(N) = 5.59 X 10 m~3 so thatn(N) = 0.98 X
10 m 23 andn_(N) = 4.61x 10** m 2 for CI".
For Fig. 8(b)n, (N) = ny(N) = 2.66 X 10°m 3as

in Table 2.

In Fig. 9, curves (a) and (b) give profiles fap =
—50 V in the rangez = 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 CI ions compared with curve (b). This
follows from the fact that the rate coefficient for the
ion—ion recombination reaction [28]

H,0" + CI~ — H,0 + HCI (14)
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Fig. 8. Current-voltage characteristics of the flame doped with {H)0G, to give an HO"/Cl~/e~ plasma and (b) Clito give an HO" /e~
plasma having the same mole fraction of carber®.00267 in the burnt gas, measuredzat 20 mm downstream. The inset expands the
details of the characteristics aroung = 0.

isky, = 4.1 X 108 cm®molecule * s~ %, slower by ClI™ negative ions are stopped by the ion sheath,
a factor of 7 than the rate coefficient for electron—ion requiring a potential gradient /u_ = 3.4 X 10° V
recombination by reaction (10) witk;, = 2.9 X m~ L. In fact, this is easily accomplished because the
107 cm® molecule* s [24]. This is the reason ion sheath is thin. Its thickness is of the order of the
why the saturation current_(N) at Ao = —50 V is debye length for the plasmaiy = (eokTy/
approximately twice as high for curve (a) than for €°n)? = 0.11 mm with T, = 2400 K and
curve (b) in Fig. 8, or in Fig. 9 az = 20 mm ne(N) = 0.98 X 10" m~3 [29]; here, ¢, is the per-
downstream. It also explains why the peak current mittivity of free space. For the thermalized flame
nearz = 0 in Fig. 8 is higher for curve (a) than for plasma, the ion, electron and neutral gas temperatures
curve (b). The rate of production of@* by way of are all equal to the flame temperature of 2400 K. For
reactions (8) and (9) should be similar for the two a sheath thickness ef2\; = 0.22 mm,only 7.3 V
cases because the carbon content is the same. But thacross the ion sheath are required to provide the
rate of ion loss is lower in case (@), resulting in a potential gradient necessary to stop the flow of Cl
higher steady-state concentration ofQ{ at the ions. The inset of Fig. (8) shows that more applied
current peak. voltage is required to saturate curve (a) with chlorine
In Fig. 8(b), saturation occurs at negati¥e when than curve (b) without chlorine at negativep. The
all of the electrons in the §0*/e~ flame plasma are  reason is provided by Eq. (6). With chlorine present,
stopped by the electric field in the ion sheath at the the electron concentration is reduced due to negative
nozzle. It is reasonable to suppose that a negativeion formation; thus, more applied voltage is required
potential gradient builds up in the bulk flame plasma to reduce A¢, sufficiently so that the saturation
sufficient to hold the electrons stationary throughout electron current is able to flow across the burner gap.
the flame. But in Fig. 8(a), saturation requires that not ~ The saturation current at positivie in Fig. 8
only the electrons but also the much more massive which yields a value of_ (B) is slightly smaller for
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Fig. 9. Current profiles along the flame aziat Ap = —50 V for the same flame plasmas involving (ay@4/Cl /e~ and (b) HO" /e~ as

those presented in Fig. 8.

curve (a) with chlorine than for curve (b) without.
Sincen_ (B) has been interpreted above as the total
ion production in the reaction zone and since the

ative ions absent. However, that statement requires
closer scrutiny whenA¢ is close to zero where
diffusion effects may be significant. This is the

carbon content in the flames for case (a) and case (b)condition which has been employed in the past when

is the samei, . (B) for the two cases should also be the
same. The decrease observedifo{B) in case (a) of
Fig. 8 would occur if the radical concentrations, e.qg.

of CH and O, in the flame reaction zone were reduced

by reaction with Cl and HCI, 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 GGn a fire!).
The higher peak value & = 0 in Fig. 9(a) is not

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

inconsistent. As discussed previously, the saturation its cylindrical shape; both are evident in Fig. 1. The

values atA¢ > 0 in Fig. 8 represent total ion
production whereas the peak values for= 0 at
A < 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
[CI7)/[e] is large, amount to relatively small pertur-

bations of the corresponding characteristic with neg-

concern is the effect these distortions might have on
the shapes of the experimenitaV characteristics and
profiles. However, it has already been explained that
i(N) andi _(N) whenAg 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 whap goes
negative from zero, e.g. Figs. 3, 5, and 8. Conceivably
a little distortion might occur around the knee of these
characteristics neaxe ~ —5 V, but the effect on the
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