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Effusion of positive and negative ions from a Knudsen cell with
weak electric field and ionic conductivity of the sample
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bstract

The studies on absolute partial pressure measurements of ionic components of the high temperature vapors over inorganic fluorides by means of
nudsen cell mass spectrometry are summarized. The problems arising when the ions are extracted directly from the effusion cell with electric field
re discussed. The conditions for correct determination of the equilibrium constants for gaseous reactions, involving both positive and negative
ons, are established.

2007 Elsevier B.V. All rights reserved.
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. Introduction

It was reliably established early in the last century that both
ositive and negative ions can be emitted thermally from ionic
alts and glasses (electrolytes). Alkali metal salts were found to
e the strongest ion emitters [1]. Also in this period some regular-
ties emerged in the emission phenomena [2]. In particular, a rule
as formulated that salts containing solely positive or negative
obile ions can emit at appropriate temperatures solely posi-

ive or negative ions, respectively [3]. Generally, no quantitative
elation was established between the emission intensity from
he condensed phase and the conductivity. However, for a series
f potassium alumosilicates (superionics on K+) the K+ ionic
urrent was found to rise linearly with increasing conductivity
4].

In recent years, the kinetics of ionic sublimation of alkali
alide polycrystals [5] and single crystals [6–8] has been studied

sing modern high-vacuum devices. The complicated shape of
he temperature dependence of the ionic currents was explained
y changes in the surface morphology and the properties of the

∗ Corresponding author at: Thermochemistry Laboratory, Department of
hemistry, Moscow State University, 119992 Moscow, Russia.
el.: +7 495 939 54 63; fax: +7 495 939 12 40.

E-mail address: s abramov@thermo.chem.msu.ru (S.V. Abramov).

t
w
i
a
s
a
t
w
a

387-3806/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2007.02.039
brium; Thermal ionization; Inorganic fluorides; Cerium trifluoride; Superionic

ouble-layer electric field at the crystal–vacuum boundary. Dis-
ocations on the single crystal surface were supposed to be the
mission centers for alkali cations [9].

Ions are usually formed by equilibrium surface ionization in
eated metals [10]. At low temperatures, when surface ionization
s insignificant, one can also observe alkali cation emission (K+)
rom unannealed tungsten wires. For this kind of ion emission
s well as for ion emission from electrolytes, sharp increases of
on emission current after contact with water with subsequent
ecay of the emission is characteristic [11]. If the metal surface
s covered with two or three ionic salt monolayers, the alkali
ation emission pattern turns out to be similar to that from bulk
alt [12].

The application of Knudsen cell mass spectrometry (KCMS)
o the study of ion–molecule equilibrium (IME) was described
n 1985 [13]. The designed apparatus based on magnetic sector
nstrument detected both the ionic and molecular components of
he saturated vapor during a single experiment. Neutral species
ere detected in the conventional way through electron impact

onization and ionic components of the vapor were detected
fter being directly drawn out of the cell by a weak electro-
tatic field. In the experiments, the cell was partially filled with

n ionic salt as usual. Therefore, both surface ionization from
he inner metal surface and ion emission from the salt surface
ere possible. Unfortunately, the predominant emission mech-

nism cannot be experimentally determined under equilibrium
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Fig. 1. Electrical scheme of thermal ions measurement (rows show the direction
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being extracted. It appears from (c) the total effusion flow rate of
ions J± is proportional to M−1/2. There is significant difference
between S and SU. The first is easily measured and stays con-
stant during an effusion experiment, while the second depends
f current when positive thermal ions being measured): (1) Knudsen cell, (2)
on optics, (3) mass analyzer, (4) detector, (5) DC amplifier, (6) input resistance,
7) ground (ironwork), (8) accelerating voltage power supply.

onditions. However, one can expect that at salt pressures up to
Pa and temperatures of about 1000 K, the inner metal surface
ould be covered with a polymolecular salt layer, which would

ct as ion emitter.
The KCMS-IME method was applied to determine the for-

ation enthalpies of negative and positive ions [14]. However,
revious works in which absolute ion pressures were mea-
ured and stable intense negative ion currents were obtained
re not nomerous. It was established earlier that NaF–Na3AlF6,
F–K3AlF6, and Na5Al3F14–AlF3 systems, heated in a clean
nudsen cell, give no negative ion signals, while with
aF–Na3AlF6 and KF–K3AlF6 systems such signals appeared

fter several “heating–cooling” cycles [15,16]. In the case of
he Na5Al3F14–AlF3 system, this “heating–cooling” procedure
as not effective, and the negative ion signals were detected only

fter fluorine–anion superionic CeF3 was preliminarily heated
n the cell at 1200 K for 3 h [17]. No difference in the neutral
omposition of vapor before and after several “heating–cooling”
ycles and after CeF3 evaporation was registered.

Essentially, solid salt electrolysis takes place during mass
pectral studies of ion emission from Knudsen cells. There-
ore, in the present work, we consider the Knudsen cell as a
pecific element of the electrochemical circuit involving two
lectrolytes, namely, the solid and gaseous phases (Fig. 1). The
artial ion pressures in the gaseous electrolyte are mass spec-
rometrically measured. Reliable data can be obtained using the
ffusion (Knudsen) method only when sampling of the vapor
hase has little effect on the partial pressures in the closed cell.
n the present paper conditions when the sampling is negligible
we call it “closed cell” condition) will be formulated for the
ase when solely positive or negative ions are extracted from
he cell with an electric field.

.1. Effective effusion area in ion extraction

The effusion of neutral species is described by the Hertz-
nudsen equation

= PS√
2πMRT

, (1)
here J is the effusion flow rate, P the partial pressure, M the
olecular weight, and S is the effusion area. It is supposed that
olecules in the vapor have a Maxwellian distribution and that

F
(
U

ass Spectrometry 267 (2007) 215–219

he total pressure is low enough to allow collisionless flow from
he orifice.

When an electric field is applied to extract ions from a par-
ially ionized gas in an effusion cell, ions leaving the cell may
ave velocities far from their thermal values, and the resulting
istribution function will not be the one in equilibrium. It is
asy to estimate that the electrostatic potential at the center of
he effusion orifice usually applied in the KCMS-IME method
s about 3–7 V. Thus, the directional velocity of the ions has a
alue, corresponding to energies up to 7 eV, compared with ther-
al energies 0.1 eV at T = 1000 K. Moreover, the trajectories of

ffusing ions are nonlinear unlike neutrals. It is reasonable to
hink that Eq. (1) does not work under such conditions. Nev-
rtheless, it has been shown [13] that Eq. (1) is applicable if

is simply replaced by the effective area of ion extraction
U:

± = P±SU√
2πM±RT

. (2)

q. (2) turns to be correct for effusion of thermal ions owing
o three reasons: (a) The electric field penetrating into the cell
ecreases rapidly with distance from the hole, becoming almost
ero in the immediate vicinity of the inner cell walls (Fig. 2).
s one can see, the equipotential surface, corresponding to the

nergy ∼kT, is situated 1.5 mm from the hole. Therefore, the
ons are emitted from the inner surface and back to the surface
ith thermal energies and Maxwellian distribution function. (b)

ons with different masses and equal charges (thermal ions are
ingly charged) go along the same trajectory in the electrostatic
eld if they have identical initial energy (kT) and identical initial
elocity direction [18]. (c) In electrostatic field the time of flight
or equal charges along trajectories (even nonlinear) is propor-
ional to M1/2 [18]. It appears from (a) and (b) that SU does
ot depend on M and specified (has the same value) for all ions
ig. 2. Equipotential surfaces (V) between a cell (1) and a draw-out electrode
2) in our ion source calculated for vacuum conditions and potentials: U(1) = 0 V,

= U(2) = 50 V. The calculation is performed with the program FemLab [19].
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n the extracting voltage, temperature, and ion pressure, i.e., it
s changeable during a run [15].

The value of SU is generally unknown, but evidently may
e calculated in numerical experiments involving the spatial
ependence of the field, initial velocity function and trajectories
f the ions. In the present work SU was obtained experimen-
ally from absolute ion partial pressure measurements with a

ass spectrometer. When only relative partial ion pressures of
ons of the same sign are of interest, the coefficient SU cancels.
he determination of the thermodynamic properties of charged
aseous compounds through the investigation of ion/molecule
quilibrium has been the main application of Knudsen cell mass
pectrometry during the past 20 years. Present work is aimed at
etermining the absolute partial pressures of charged species of
oth signs in the gas phase above hardly volatile inorganic salts.
t is worth, then, to discuss the physical meaning and properties
f the coefficient SU under different experimental conditions.

It is known from plasma physics that the properties of an
onized gas (its behavior in an external electric field, in particu-
ar) strongly depend upon the relation between the characteristic
imension l of the volume containing gas (interior dimension of
nudsen cell) and the Debye length rD. The last quantity is

xpressed as a function of ion volume concentrations (c+, c−)
nd temperature by the following formula:

D = 1

eNa

√
ε0RT

z2+c+ + z2−c−
, (3)

here z are charge numbers of the ions (+1 and −1 for thermal
ons), Na the Avogadro number, and ε0 is the electric constant.
et us first consider the case of low ion concentrations (pres-
ures), i.e., rD � l (in an effusion experiment l is typically 1 cm).
n that case the extracting field penetrates into the cell as if it were
mpty. Thus, SU depends only on extracting voltage U, SU = f(U).
he gas volume is not necessary electrically neutral and the ion
oncentrations depend on electrical properties of emitting sur-
ace only. This situation is the most common in Knudsen cell
ass spectrometry and corresponds to partial pressures of the

harged species of the order 10−14 to 10−17 atm.
In the opposite case, rD � l, the gas behaves as a plasma.

his occurs at ion pressures of about 10−11 atm or higher. The
nterior part of the gas becomes electrically neutral. Extra charge
s expelled to the inner boundaries of the cell, forming a layer
ith nonzero charge density, the thickness of which is the order
f magnitude of rD. This layer hinders the thermal emission
f ions of one sign from the surface (metal or salt) and favors
mission of ions with the opposite sign and ensures the electro-
eutrality of the volume. When an external field is applied, the
lasma is partly destroyed by the directed motion of ions in the
pace, close to the effusion hole. Due to the screening effect
he field tension, E becomes zero at a distance of, again, about
D, i.e., very far from the inner surface of the cell. The plasma
oundary plays a role of SU, acting as the area of ion emission

ith thermal energies. In the limit of high pressures (rD → 0)

U tends to the area of the effusion hole (SU → S). Evidently, SU
ust then be approximately a quadratic function of the Debye

ength.

i
r
b
d

ig. 3. Experimental dependence of SU on rD (S = 0.2 mm2) on the data obtained
n Ref. [15].

Since pressure grows exponentially (i.e., rapidly) with tem-
erature, the two regimes of ion extraction, described above,
an be met in the course of a single experiment. Fig. 3 shows
he dependence of SU upon rD, evaluated from the absolute par-
ial pressures of Na2F+ and AlF4

−, measured in the saturated
apor above the system NaF–Na3AlF6 in the temperature range
74–1090 K [15]. The form of the curve corresponds to the two
xtreme cases and supports the above speculations.

.2. Closed and open cell conditions

Mass spectrometric effusion experiments, aimed at measure-
ents of the equilibrium constants of heterolytic ion/molecule

eactions, necessarily involve the registration of ions with both
igns. The problem is that ion currents, corresponding to posi-
ive and negative ions, are measured in turn, not simultaneously.
et us assume that the equilibrium constant for the reaction of

he heterolytic dissociation of

aAlF4(g) = Na+(g) + AlF4
−(g), KP = PNa+PAlF4

−

PNaAlF4

(4)

s to be measured. By applying a positive extracting voltage to
egister thermal anions, we cut off the cation flow from the cell
nd vice versa. Thus, it is very important to know to what extent
he extraction of ions with one sign can influence the partial
ressures of ions with the same as well as with the opposite
ign.

In the classic Knudsen method (neutral species) a similar
roblem is solved quite simply: effusion of the vapor will not
isturb the equilibrium if the rate of evaporation of the sample
nside the cell is much greater than the rate of effusion. Usually
t is sufficient to ensure that the relation Sev � S holds, where Sev
s the area of the sample surface. In the case of ion extraction
his condition should be replaced by J±em � J±, where J±em

s the rate of emission from the sample surface and J± is the
ate of effusion. However, J±em depends not only on the area,
ut also on the conductivity of the sample, because the charge
eficit, created by the extraction, must be compensated and the
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lectric circuit, consisting of the extracting plate, the cell and
he supplying wire, maintaining a constant potential of the cell,

ust be closed (Fig. 1).
As an illustration, let us consider the results, obtained in a

ecent work [17]. In the first series of experiments, a salt mix-
ure, Na5Al13F14–AlF3, was evaporated from a cleaned Ni cell.
n the second series with the same system, the inner surface of
he cell was preliminarily subjected to heating (at 1200 K for 3 h)
n presence of CeF3. As cerium trifluoride is much less volatile,
he saturated vapor composition of the neutral components was
ound to be the same and was represented by the NaAlF4 and
a2Al2F8 molecules [17]. However, the results for the thermal

ons were quite different. With the pure cell, the NaAl2F8
−,

lF4
−, and Al2F7

− signals in the range of 720–920 K were
bsent. With the modified surface, the same anions were already
asily measurable at 856 K. It can be estimated that the negative
on current increased at least by a factor of 440, while for Na+

he ion current decreased only by one order. Obviously, conduc-
ivity is provided by CeF3, which is known to be a superionic
onductor.

In the negative ion mode of operation, the excess posi-
ive charge, accumulating in the gas phase, must somehow be
emoved from the cell. Otherwise the circuit would not work
nd measurements would not be possible. It is conceivable that
his was the case with the cleaned effusion cell in the first series
f experiments, described above. In the absence of anion con-
uctivity, negative charge flow could be provided by the flow
f positive ions in the opposite direction with a subsequent
ischarge on the Ni surface. The positive ion conductivity of
a5Al3F14 salt is rather higher than the negative one (Table 1).
t the same time transport of Na+ through the solid requires a

ertain overvoltage, well known in electrochemistry. Our exper-
ments show that the overvoltage is evidently insufficient for
lectrolysis, involving transport of positive ions. The circuit may
e closed only due to fast enough chemical reaction (discharg-
ng) at the salt–vapor interface, for example

a+(g) + F−(s) = NaF(s), (5)

timulating the movement of negative ions from the salt–nickel
oundary through the bulk. A sufficient rate of the reaction is
chieved if the F−-conductivity of the solid phase is high enough.
herefore, one may think that the role of CeF3 was to ensure
igh negative ion conductivity and provide neutralization of the

xcess positive ions.

Let I+ and I− be the alternately measured ion currents from
he cell, I(C) and I(A)–cation and anion currents flowing through
he electrolyte cross section at the inner surface of the cell. Due

able 1
pecific ionic conductivity of solid phases at experiment temperatures

olids Cationic conductivity Anionic conductivity

aF, KF [20] More than 10−5 S/cm More than 10−5 S/cm
a3AlF6, Na5Al3F14,
K3AlF6 [21]

More than 10−3 S/cm –

lF3 [22] – –
eF3 [23] – More than 10−3 S/cm

a
t

A

R

R

ass Spectrometry 267 (2007) 215–219

o the steady state of the charge flow

+ = I(C), (6)

− = I(A). (7)

t high rates of electrode processes (neutralization reactions,
n particular), actual pressures of the ions are controlled by the
elation between the sampled current and the maximum current
at a given extracting voltage U), provided by the conductivity
f the solid sample:

+ � Imax(C) → P+ = f (T ), (8)

− � Imax(A) → P− = f (T ), (9)

+ = Imax(C) → P+ = f [T, Imax(C)], (10)

− = Imax(A) → P− = f [T, Imax(A)]. (11)

elations (8) and (9) give the conditions when a Knudsen cell can
e considered as closed (sampling does not affect ion pressures
r very small orifice for classical case). If these conditions are
iolated at least for ions of one sign, the measured pressure
educes to a value, corresponding to the upper limit of the cation
r anion current through the sample. Therefore, measurement of
he equilibrium constant (4) will yield a conservative result.

It is worth noting that when the conditions (8) and (9) are
ot met, the experiment will not give the actual partial pressures
f ions even without any extracting voltage (spontaneous effu-
ion), but those pressures, which took place in the absence of the
ffusion hole. At the same time the equilibrium constant for the
eaction of heterolytic dissociation will be measured correctly
ecause of conservation of the product P+P− due to chemical
quilibrium.

. Conclusion

In summary, it was shown that in order to make mass spec-
rometric determinations of the equilibrium partial pressures of
ositive and negative ions it is necessary to provide cationic
nd anionic conductivity of the salt layer covering the inner sur-
ace of a Knudsen cell. Cationic conductivity alone does not
nsure neutralization of the positive charge, making anion cur-
ent measurements impossible. Treatment of the effusion cell
ith superionic F−-conductor made possible the correct mea-

urements of the absolute partial pressures of ions, both positive
nd negative, and the correct equilibrium constant for the reac-
ion of heterolytic dissociation was obtained in the present work.

cknowledgment

This work was supported by the Russian Foundation for Basic
esearch, project no. 05-03-32916a.

eferences
[1] O.W. Richardson, Emission of Electricity from Hot Bodies, 2nd ed., Long-
mans, Green & Company, New York, 1921.

[2] A.L. Reimann, Thermionic Emission, John Wiley & Sons, New York, 1934.
[3] G.C. Schmidt, Ann. Phys. 75 (1924) 337.



al of M

[

[
[

[

[
[

[

[

[
[
[

1999.
S.V. Abramov et al. / International Journ

[4] U.I. Malov, L.S. Leonova, S.E. Nadhina, N.G. Bukun, E.A. Ukshe, Jurn.
Fiz. Him. (Russ. J. Phys. Chem.) 56 (8) (1982) 1879.

[5] M.F. Butman, J. Nakamura, H. Kawano, Appl. Surf. Sci. 78 (1994) 421.
[6] M.F. Butman, A.A. Smirnov, L.S. Kudin, Appl. Surf. Sci. 126 (1998) 185.
[7] M.F. Butman, L.S. Kudin, A.A. Smirnov, Z.A. Munir, Int. J. Mass Spec-

trom. 202 (2000) 121.
[8] M.F. Butman, A.A. Smirnov, L.S. Kudin, Z.A. Munir, Surf. Sci. 458 (2000)

106.
[9] H. Dabringhaus, M.F. Butman, Surf. Sci. 560 (2004) 167.
10] E.Ya. Zandberg, N.I. Ionov, Poverhnostnaya ionizatsiya (Surface Ioniza-

tion), Nauka, Moscow, 1969.

11] V.I. Batkin, O.Ya. Savchenko, Techn. Phys. 47 (5) (2002) 604.
12] M.V. Knat’ko, M.N. Lapushkin, V.I. Paleev, Techn. Phys. 50 (4) (2005)

498.
13] L.N. Sidorov, L.V. Zhuravleva, I.D. Sorokin, Mass Spectrom. Rev. 5 (1986)

73.

[
[
[

ass Spectrometry 267 (2007) 215–219 219

14] L.N. Sidorov, Int. J. Mass Spectrom. 118–119 (1992) 739.
15] S.V. Abramov, N.S. Chilingarov, A.Ya. Borshchevskiy, L.N. Sidorov, Int.

J. Mass Spectrom. 231 (2004) 31.
16] S.V. Abramov, N.S. Chilingarov, L.N. Sidorov, Russ. J. Electrochem. 5

(2007), in press (English translation available).
17] S.V. Abramov, N.S. Chilingarov, J.V. Rau, A.Ya. Borshchevskiy, L.N.

Sidorov, Int. J. Mass Spectrom. 245 (2005) 90.
18] M. Szilgyi, Electron and Ion Optics, Plenum Press, New York, 1988.
19] FemLab–Software for Multiphysics Modeling (http://www.comsol.com/).
20] A.R. West, Basic Solid State Chemistry, 2nd ed., John Wiley & Sons,
21] S. Hull, Rep. Prog. Phys. 67 (2004) 1233.
22] A.M. Phahle, A.E. Hill, J.H. Calderwood, Thin Solid Films 22 (1974) 67.
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