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a b s t r a c t

We first summarize the early work by Fenn and colleagues on vapor ionization by an electrospray cloud
(subsequently dubbed secondary electrospray ionization, or SESI), followed by analysis via an atmo-
spheric pressure ionization mass spectrometer (API-MS). It was in part reported in Ph.D. theses and
presented to ASMS conferences, but remains largely unpublished. After spending 20 years in limbo, vari-
ous aspects of their method have begun to be used, leading recently to outstanding limits of detection of
ambient volatiles (parts per quadrillion; ppq). There is still much room for improvement of the method,
as the ionization probability (defined as the concentration ratio ns/nv between ionized vapor and neutral
vapor) is p ∼ 10−3–10−4. This result follows from recent approximate measurements, as well as from a
newly derived expression for the equilibrium value pe under space charge dominated conditions typical
of an ES cloud (probably also of a corona discharge): pe = kεo/(Zsq). This simple expression is derived from
a balance between space charge dilution (dns/dt = −Zsnsniq/εo) and the rate of ionization of neutral vapor
(dns/dt = knvni). It is independent of the concentration ni of the charging drops (or ions), but depends on
the electrical mobility Zs of the ionized vapor and the net charge q on the charging species (ions or drops).
εo is the electrical permittivity of vacuum. Still unresolved is the important mechanistic issue of whether

the charge-exchange rate coefficient k corresponds to vapor collisions with ES drops (kd), or rather with
individual ions formed after complete drop evaporation (kp, based on the ion-induced-dipole interac-
tion model). Coincidentally, an upper limit obtained for kd is comparable to kp. The ionization efficiency
of SESI is compared to that of radioactive and corona sources. Appendices include information on the
various rate coefficients fixing pe. They extend the ion-induced-dipole interaction model to account for
the relatively large size of most vapor molecules of interest. Size effects on kp are found to be modest, in

size d
contrast with the strong

. Introduction

John Fenn’s work with molecular beams did not earn him a royal
inner in Stockholm. But it did so for three of his chemist friends,1

roviding early signs of the now better appreciated fact that it
ays to follow Fenn closely. Indeed, his outstanding creativity and

nsights have been manifest not only through his scientific work,
ut also in informal conversations, seminar discussions; unpub-

ished conference abstracts, patents, and grant applications and

eports. Fenn has recognized many of his ideas as important, but he
as always had far more than he could personally handle. No won-
er, as just to get ESI standing on its own feet took him from 1968
o 1988. I had the good fortune of sharing Mason lab with John as

∗ Corresponding author. Tel.: +1 203 432 4347; fax: +1 203 432 7654.
E-mail address: juan.delamora@yale.edu.

1 The following quotation is from Dudley’s R. Herchbach’s [1] Nobel lecture: Like
any others since, our adoption of supersonic nozzles was spurred by John Fenn and Jim
nderson, ardent evangelists among the chemical engineers then exploring fluid flow in
ozzles.

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.09.009
ependence of the mobility of large ions.
© 2010 Elsevier B.V. All rights reserved.

a graduate student (1977–1980) and as a colleague (1981–1993). I
followed him closely first on the subject of gas mixtures with dis-
parate masses (the heart of the seeded molecular beam [2,3], and
then onto electrospray atomization. Among the scientific subjects
I have pursued, I find it hard to identify any without substan-
tial Fennish roots. Since John’s contributions to the ionization of
involatile species are well known, I will presently discuss electro-
spray ionization of volatile species, my most recent borrowing from
his intellectual overstock [4–6]. Fenn and colleagues have not yet
published on it, so it is appropriately introduced through the fol-
lowing quotation [4]:

At the 34th (1986) ASMS Conference we reported that: “On sev-
eral occasions strange peaks in observed ESPI mass spectra have
been traced to contaminants in the nitrogen bath gas. To eluci-
date these observations we have effected deliberate contamination
of the bath gas by injecting small quantities of such species as

acetone, dioxane, methyl amine and tri-ethylene glycol. Strong
peaks comprising protonated parent molecules were obtained even
at a concentration level estimated at ppb..When..(the sprayed
methanol-water mixture contained even greater amounts of the

dx.doi.org/10.1016/j.ijms.2010.09.009
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:juan.delamora@yale.edu
dx.doi.org/10.1016/j.ijms.2010.09.009
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same materials)..no corresponding peaks were found in the result-
ing spectra. We concluded that the ionization mechanism must
involve charge exchange or chemi-ionization interactions between
gas phase molecules and charged species produced in the ES pro-
cess.” [5] In later experiments some species at ppb levels or less in
the counter current drying gas produced ions identical with those
from the same species as solutes in the sprayed solution. We con-
cluded that in those later experiments the gas phase molecules were
collected by ES droplets, then emitted as ions as the droplet evapo-
rated just as if they had been solutes in the sprayed solution. It seems
likely that in the earlier results the droplets had already evaporated
before they came in contact with the “contaminants” in the bath
gas. Recently, in exploring mobility analysis for ES ions Hill et al. [7]
rediscovered this phenomenon, dubbing it “Secondary Electrospray
Ionization” or SESI and attributing it to gas phase proton exchange
between ES ions of small solutes and neutral molecules, as we did in
our first experiments. Hill et al also suggested that gas phase inter-
actions between ES droplets and neutral molecules might provide
even more effective ionization, i.e. the mechanism we assumed in
our later studies.

The Fenn proposal for gas analysis had two main components.
he first was to ionize the vapors at atmospheric pressure with
n electrospray cloud. The second was to analyze them in a mass
pectrometer with an atmospheric pressure source (API-MS).

.1. API-MS in volatile analysis

Mass spectrometry (MS) has long been an established technique
or gas (and vapor) analysis, where the gas is first introduced into
he vacuum system of the MS, and ionized at reduced pressure,

ost often by electron impact (EI). EI leads to substantial molecule
ragmentation, which complicates the recognition of the multiple
pecies typically contained in complex samples. For this reason,
rior separation by gas chromatography (GC) has been widely
dopted. GC–EI-MS then provides a powerful tool for gas analy-
is, where the complex fingerprint of the EI spectrum is exploited
or species identification. Faster gas analysis directly from moder-
tely complicated samples is also possible (without GC) via milder
ow pressure chemical ionization techniques producing less frag-

entation. GC–MS systems typically use small flows of sample
as, having therefore modest pumping requirements and moder-
te costs. Similar GC and MS instrumentation has also been used in
onjunction with atmospheric pressure chemical ionization APCI,
elying on either a 63Ni radioactive source, or a corona discharge
8–10]. This early APCI work used very small orifices (∼25 �m) to
ample a minute flow rate (∼0.0057 l/min) of atmospheric pres-
ure gas into the MS. Under such conditions, the supersonic free jet
xpanding into the vacuum has a modest Reynolds number (∼570),
o that condensation of the expansion-cooled vapors on the ions is
enerally not a problem. However, as the flow rate of sample gas
rows into the range of 0.1–1 l/min, the situation changes, and a
ather different atmospheric pressure interface needs to be devel-
ped to avoid vapor condensation on ions [11]. This type of mass
pectrometer, often referred to as an atmospheric pressure ion-
zation mass spectrometer (API-MS) first came into being along
wo different research lines. Following the early work of French
nd colleagues [12,13], Thomson et al. [14] used it to study the
echanism for ion formation from evaporating drops. The original

echnique was commercialized by Sciex for gas analysis [15]. The
econd development was by Fenn and colleagues [16–20], and led

o electrospray ionization (ESI) MS. Both approaches avoided the
ondensation problem by interposing a stream of dry gas between
he sampling orifice of the mass spectrometer and the sample
as, so that the ion–gas mixture brought into the vacuum system
as dry. An alternative solution practiced in so-called thermo-
f Mass Spectrometry 300 (2011) 182–193 183

spray (TS) [21] and later implemented in several commercial ESI
sources ingests the humid gas from the source and controls free
jet vapor condensation via substantial heating. Once API-MS and
ESI became widely used, this type of mass spectrometer evolved
so drastically as to become only remotely connected to the early
instruments of Horning et al. [8]. In particular, ion guides [22] have
led to ion transmission and detection efficiencies from the atmo-
spheric source to the detector as high as 12% [23] and even 20% [24].
The broad exploitation of API-MS for gas analysis seemed then only
natural. However, for a long time, API-MS had very little impact
on gas analysis. As reviewed by Covey et al. [25], even the preex-
isting niche applications following from Sciex’s trace atmospheric
gas analysis (TAGA) and its implementation for cargo screening
faded away. The simpler and more economical GC–MS remained
the main approach to gas analysis, while API-MS was coupled pri-
marily to liquid chromatography [26]. The use of API (either SESI
or corona discharge) for gas analysis nonetheless stayed alive in
a few studies, most often in connection to GC [27–31]. In most
of these investigations a solution was injected in the GC, giving
lowest detection levels (LDL) of 6 × 1012 molecules [27], 2.4 × 1010

molecules [29], and 0.71 × 1010 molecules [31]. GC–APCI-MS analy-
sis has recently been used for relatively rapid (∼15 min) analysis of
volatile metabolites from cultured bacteria, showing lowest detec-
tion limits of 17 pg for indole (8.7 × 1010 molecules) [30]. We have
followed more closely the Fenn approach, producing gas phase
standards of known concentration, ionizing them by SESI, and going
directly to the API-MS without GC [32–34]. Interestingly, this sub-
stantially faster approach is able to cope with complex media such
as emanations from breath [32] and skin [33]. In the case of explo-
sives, it has shown unusually low limits of detection (LOD), initially
0.2 ppt (108 molecules) [34], and more recently 5 ppq (6.25 × 106

molecules, or 10−13 g of RDX) [35]. The potential anticipated by
Fenn is therefore evolving rapidly. The large number of molecules
still required for detection is presently dictated by two factors.
One is the relatively low vapor ionization probability observed
(p ∼ 10−4), to which we shall devote some serious attention here.
The other is chemical noise, still demanding of the order of 103

ions for detection. Recent noise reduction efforts have been based
on increasing the resolving power of triple quadrupoles via prior
ion mobility spectrometry [36–39]. The approach is quite natural:
once one decides to generate the ions in a gas at atmospheric pres-
sure, it makes sense to separate them in that gas prior to mass
analysis.

1.2. Vapor ionization based on an ES cloud

As noted in the long passage by Fenn and colleagues quoted
earlier, the term secondary ESI (SESI) was introduced by Hill and
colleagues [40–43] to distinguish the ionization of species origi-
nally in a gas external to the sprayed liquid, from conventional ESI of
an analyte originally dissolved in the sprayed liquid. A number of
ESI-based ionization methods have been introduced following the
invention of desorption ESI (DESI) [44]. Although DESI was designed
for analysis of condensed substances deposited on a surface (other
than the drop surface), its variants not involving a surface are hard
to distinguish from SESI [34] and will not be discussed separately
here. Hill and colleagues have devoted three detailed studies to
SESI, whose invention they trace to a 1994 article [40], unaware
of the precedents from Fenn’s group. They confirm several of the
earlier mechanistic findings, and add numerous new results. They
report that the sensitivity of SESI and a corona source are compa-

rable to each other and an order of magnitude higher than that of a
63Ni source [43]. This later result is probably circumstantial to their
experiment, because Carroll et al. [9] had concluded that corona
and 63Ni ionization at atmospheric pressure are similarly sensitive
at low vapor concentration (though the larger ion currents associ-
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times �. 1/� is linear with the concentration ni of charging ions,
showing that the smaller ni, the harder it is to reach the equilibrium
concentration.

Information on the values of these rate coefficients is important
to quantify pe, and some attention must necessarily be paid to it.
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ted to the discharge extended the linear response to higher vapor
oncentrations). These SESI studies [40–43] were primarily cen-
ered on ion mobility spectrometry (IMS). Therefore, although they

ade × use of a mass spectrometer downstream of the IMS, the
verall sensitivity is far below that possible based on contemporary
ommercial API-MS systems. Conclusions on the vapor sensitivity
chievable by SESI-API-MS are therefore difficult to draw from this
ork.

.3. Advantages of API-MS detection of volatiles and recent
pplications

We have already noted the spectral simplicity benefit of all three
orms of API of volatiles over EI. This advantage is restricted to
ufficiently polar species capable of retaining a charge at atmo-
pheric pressure, while EI is effective also for nonpolar vapors.
lso, EI can be substituted by chemical ionization (CI), also tak-

ng place at reduced pressure, but producing ions more closely
elated to the original neutral. The advantage of API in terms of
ensitivity is apparently not due to differences in ionization effi-
iency of the vapor, which is ∼10−4 for EI as well as for SESI [34].
he real advantage of API-MS derives mainly from the very high
on transmission efficiencies achieved by contemporary instru-

ents, and by the typically much larger sample flow rates taken
3 l/min in Sciex API-5000 triple quadrupole versus 0.0057 l/min
n [8]). This sensitivity gain comes of course at a cost, both in
erms of portability and capital investment. Another advantage
f API-MS instruments is that, because ionization takes place at
tmospheric pressure, the ions can be separated by their mobil-
ty prior to mass analysis in FAIMS devices [36,37] (also referred
o as DMS [38]), as well as in differential mobility analyzers (DMAs
39]). Excellent resolution and ion transmission have been reported
or DMS-MS when using polar vapor additives [38]. Also with a
MA using dry air coupled to Sciex’s API 3000 triple quadrupole

39b]. The latter study reports an example of an analyte spiked in a
atrix as complex as urine, where mobility selection with a DMA
as as effective as liquid chromatography (LC) in removing back-

round, even though the DMA operates orders of magnitude faster
han LC.

The main issues addressed in the rest of this paper relate to
he effectiveness of SESI as an ionizer for vapor species, and its
elative merits with respect to alternative sources. This task will
e facilitated by newly derived theoretical limits for the ionization
robability in a space-charge limited situation.

. The equilibrium ionization probability pe

We shall consider two situations. The first, the neutral plasma, is
epresentative of a bipolar ionic atmosphere where approximately
s many positive and negative ions coexist after being formed by
issociation of a neutral gas by ionizing radiation (˛, ˇ, ultravi-
let light, X rays, etc.) in the absence of intense electric fields. A
ommon neutral plasma would be formed by a 63Ni source. The
econd situation of interest is the unipolar plasma, where charges
f only one polarity are dominant. This is strictly the case in SESI.
n a corona discharge there is a small ionization region where
ons of both polarities are formed from dissociation of neutral gas.
owever, the electric field is very intense, so the ions with polar-

ty opposite to that of the emitting tip drift rapidly towards this

ip, leaving in most of the gas only ions having the same polar-
ty as the tip. The same would happen in 63Ni or other bipolar
ources in the presence of sufficiently strong electric fields. Once
ons of a single polarity are left by themselves, their evolution

ill typically be dominated by the strong resulting space charge
elds.
f Mass Spectrometry 300 (2011) 182–193

2.1. Neutral plasma

The equilibrium limit in this case is well known, but it is
appropriate to summarize the results to facilitate the subsequent
discussion. Let ns, and nv be the concentrations of ionized vapor
molecules and neutral vapor. Let ni be the concentration of charging
ions, taken to be the same for the positive and negative polarities.
If we ignore spatial variations, ns is generated at a rate knvni due to
ionization of the vapor by charge transfer from positive ions, and is
destroyed at a rate krnsni due to recombination with negative ions:

dns

dt
= knvni − krnins. (1)

In equilibrium, the two terms in the right hand side of (1) cancel
exactly, leading to a fixed ns/nv ratio (2) independent of ni. When
this ratio is small it may be readily interpreted as the equilibrium
charging probability:

pen =
(

ns

nv

)
eq

= k

kr
. (2)

The subscript n in pen denotes that the charging plasma is neu-
tral. The time scale to reach the steady state can be determined by
examining the spatially uniform time dependent problem for (1)
complemented by the corresponding Eq. (3) for ion production:

dni

dt
= B − kirn2

i . (3)

Here B is the rate of ion formation per unit time and volume
(cm−3 s−1), which depends on the intensity of the radioactive (or
other bipolar) ion source. kir is the recombination rate correspond-
ing to the charging ions, which may differ slightly from kr. Depletion
of charging ions by charge transfer to the vapor is ignored, so that
the analysis is restricted to conditions where the vapor is present
only in trace quantities. The equilibrium ion concentration nie is
reached in a time of the order of � according to (4) and (5), which
once introduced in (1) yields (6)

ni

nie
= tanh

(
t

�

)
; nie =

(
B

kir

)1/2
(4)

�−1 = (Bkir)1/2 = niekir (5)

ns

nse
= 1 −

[
cosh

(
t

�

)]−kr /kir
; nse = nvk

kr
(6)

Fig. 1 plots the time dependent concentrations of charging ions
and sample ions (at several values of the ratio kr/kir), showing that
both approach their equilibrium values within a few characteristic
0 1 2 3 4 5 6

t
τ

0.2

Fig. 1. Time dependence of the concentration of charging ions (left curve) and ion-
ized vapor corresponding from left to right to kr/kir values of 1/2, 1 and 2.
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he rate k of vapor ionization is discussed in Appendix A. Its classical
alue kp based on the ion-induced dipole (polarization) interaction
s (Eq. (19) of [45])

p =
√

�˛q2

�εo
(7a)

= mimv

mi + mv
, (7b)

here q is the charge of the ion, ˛ is the polarizability of the
apor molecule and εo the electrical permittivity of vacuum. For
typical situation with vapors of the explosive PETN ionized by

hloride, � = 31.5 Da, ˛ ∼ 20 Å3, k ∼ 2 × 10−9 cm−3 s−1. Various gen-
ralizations of Eq. (7a) are available. For instance, Gioumousis and
tevenson [45] account also for non-Boltzmann ion velocity dis-
ributions (irrelevant at atmospheric pressure, but important in
nterpreting mass spectrometric measurements of k). A permanent
ipole in the vapor molecule may have a large effect [∼fivefold in
he calculations of [46] when the dipole is locked [47,48] during
he collision period, as may be expected for light ions and heavy
apors. The effect is still substantial (∼twofold in the calculations
f [46]; Eq. (23) and Fig. 1) for a rapidly rotating permanent dipole].

The ion–ion recombination rate kr is several orders of mag-
itude larger than k, as it is driven by the long range Coulomb
ttraction. In view of (2), this results in equilibrium ionization prob-
bilities much smaller than unity. For instance, the approximate
alue kr ∼ 10−6 cm−3 s−1 given at atmospheric pressure in [8] is
1000 times k, leading to pe ∼ 10−3. The recombination cross sec-

ion for the strictly Coulombic interaction is zero for point particles
ecause, at short distances, the centrifugal potential (1/r2) domi-
ates over Coulomb’s potential. However, once the finite size of the

ons or other ion–ion interactions are retained (such as the attrac-
ion between one ion and a permanent or induced dipole in the
ther ion), the cross section becomes finite and very large com-
ared to the geometrical cross section of the ion. Typical values
alculated in Appendix B when accounting for the Coulombic and
nduced dipole interactions are kr ∼ 10−7 cm−3 s−1. These values
pply at low enough pressures, where the process is dominated by
wo-body collisions [49]. The corresponding characteristic capture
adius typically exceeds 6 nm, much larger than the geometrical
adius of the ions. However, at ambient conditions, a sphere of
hat radius contains over 20 neutral molecules. Consequently a
ree-molecule analysis of the collision is inappropriate because the
ypically high velocity achieved (in vacuo) at the turning point of
he Coulombically attracting ions is in reality moderated by col-
isions with the background. This leads to an increase of kr with
ressure [49]. There is consequently an undesirable decrease in

onization probability associated to an increase in kr from about
0−7 cm−3 s−1 at low pressure to about 10−6 cm−3 s−1 at ambient
ressure. This pressure dependence is important when compar-

ng API to other low pressure ionization techniques. At sufficiently
igh pressures there must be a limit to the increase in kr because

ons of opposite polarity do not follow at all Newton’s equations.
nstead, they fall into each other’s Coulombic field in an increasingly
esistive medium, at a speed proportional to the sum of their mobil-
ties (inversely proportional to pressure). Recombination then takes
lace in a finite time that depends on the initial inter-ionic distance.

f this distance is fixed as the radius of a sphere containing on the
verage one ion, one finds [50,51]:

r = e(Zs + Zi)
εo

(8)
eb = kεo

e(Zs + Zi)
. (9)

For a typical situation in ambient air, with Zs + Zi = 3 cm2 V−1 s−1,
r = 5.4 × 10−6 cm−3 s−1. This rate now decreases with increasing
f Mass Spectrometry 300 (2011) 182–193 185

pressure, so that there must be an intermediate pressure at which
kr is a maximum and the equilibrium charging efficiency is a mini-
mum.

2.2. Unipolar ion sources and space charge limited ionization rate

Due to the strong space charge electric fields involved, the
steady state conservation equation for the concentration ns of ion-
ized vapor cannot in this case ignore the motion of the ions. For
simplicity we assume that the charging ions are of a single species
of positive polarity, have concentration ni, net charge q, and cre-
ate a space charge field E according to Poisson’s Eq. (10). The
vapor molecules, once ionized have electrical mobility Zs and evolve
according to the steady mass conservation Eq. (11):

∇ · E = niq

εo
(10)

∇ · [ns(ZsE)] = knvni, (11)

where the space charge due to ns has been ignored in (10) compared
to that due to ni. After expanding its left hand side, (11) becomes:

ZsE · ∇ns = knvni − Zsnsniq

εo
= ni

(
knv − Zsnsq

εo

)
. (12)

The effective source of ionized vapors in the right hand side con-
tains the same positive contribution knvni from charge exchange
as in (1), and a new negative contribution Zsnsniq/εo from space
charge dilution. This space charge dilution term is mathematically
equivalent to the recombination term in (3), and its balance with
the production term leads to a similarly simple result for the equi-
librium ionization probability:

pe =
(

ns

nv

)
eq

= kεo

qZs
. (13)

It is surprising that a phenomenon apparently as complex as
ionizing a vapor in an undefined flow field and with an undefined
cloud of charged particles could result in a fixed charging proba-
bility. Accordingly an additional effort to consolidate (13) will be
undertaken in Section 3. Even more surprising is that the result
(13) for space-charge-limited ionization is almost identical to (9)
for recombination-limited ionization at high pressure, except for
the substitution of Zs + Zi in lieu of Zs. For the time being, however,
we will use (13) with appropriate information on the values of k, q
and Zs to provide a theoretical estimate of the charging probability.

2.2.1. Ionization from small ions
Here we consider the first charging model proposed by Fenn

and colleagues, involving “charge exchange or chemi-ionization
interactions between gas phase molecules and charged species pro-
duced in the ES process”. In this case k is to first approximation given
by kp, the pure polarization result (7), whence:

(pe)ions =
√

�˛εo

�Z2
s

. (14)

Typical values of ˛ from the literature are collected in Appendix
C for several explosives. Corresponding pe values for ionization with
35Cl− also shown there are in all cases a few times 10−4. They
may perhaps reach up to ∼10−3 for large vapor molecules with
permanent dipoles, but this ionization process is generally fairly
inefficient.

A more transparent approximate expression for the ionization

probability may be obtained by using the polarization limit for the
mobility of the ionized vapor [52]:

Zs = 0.51089
ng

√
ε0

˛v�vg
(15)
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here �vg is the effective mass for vapor-carrier gas collisions, and
g is the number concentration of carrier gas molecules. Substitut-

ng now (7) into (6) gives

e = 2.841 ng

(
˛g˛�vg

�

)1/2
. (16)

For the cases of interest mv is substantially higher
han the masses mi and mg of the charging ion and of
he carrier gas molecules. Accordingly, the group �vg/� =
1 + mv/mi)/(1 + mv/mg) ∼ mg/mi will typically be of order unity.
g is also relatively fixed (2.5 × 1019 cm−3 under atmospheric
onditions), whence the dominant term determining the charging
robability is the polarizability ˛ of the vapor molecule. In spite
f the high polarizabilities of the explosives included in Table C1,
he slow ˛1/2 dependence gives little hope of substantial increase
n ionization probability for most species having measurable room
emperature volatilities. Eq. (16) shows also that the use of more

assive and more polarizable carrier gases such as CO2 may
rovide another twofold increase of pe with respect to the values
chievable in air. Conversely, a more substantial disadvantage
ould result from ionizing in lighter and less polarizable gases

uch as He, a gas frequently used in GC work [29].

.2.2. Ionization from small drops
Here we consider the second ionization model proposed by Fenn

nd colleagues, where, presumably, “. . . the gas phase molecules
ere collected by ES droplets, then emitted as ions as the droplet evap-

rated just as if they had been solutes in the sprayed solution.” In this
ase, in the extreme limit when all vapor molecules captured by an
S drop are ionized, k is given by the rate of collisions between a
rop of radius R and the vapor molecules:

d = R2

√
8�kBT

mg
, (17)

d∼1
2

qR = 4�(�εoR3)
1/2

. (18)

Estimating the charge on electrospray drops as half of the
ayleigh limit (18) we find:

pe)d =
√

kBT

2�mv

Rεo

�Z2
s

(19)

For typical values mv = 200 Da, T = 298 K, R = 10 nm, � = 0.04 N/m
nd Zs = 2 cm2/V/s, one finds pe values also of a few times 10−4.
n reality the rate constant (17) and the charging probability (19)

ould have to be multiplied by the probability of ionization of the
apor molecule in the drop via ordinary ESI, which is at most unity.
q. (19) is therefore an upper limit.

In conclusion, the space-charge-limited vapor ionization pro-
ess based on electrospray drops is at least as inefficient as that
ased on electrospray-generated ions. In view of this approxi-
ate numerical coincidence of both probabilities, distinguishing

he two mechanisms may be difficult based on the measurement
f ionization probabilities only. A certain level of distinction can
onetheless be achieved by other means. For instance, Fuerstenau
t al. [4] have shown that an involatile analyte introduced in the
lectrospray region as an aerosol yields analyte ions. In this case it
s clear that ionization proceeds through the drops. Other efforts
t distinguishing between these two mechanisms have been pur-
ued [41,42,29,27], though without definitive conclusions. Other

pproaches could be tried based on the different parametric depen-
ences of kd [Eq. (19)] and kp [Eq. (17)]. For instance, Eq. (19) shows
hat pe increases with the size of the electrospray drops, which may
e controlled to a certain extent. There are other important control
actors that remain to be explored. For instance, direct charging
f Mass Spectrometry 300 (2011) 182–193

from drops requires that the analyte vapor reaches the drop sur-
face. However, this process is inhibited by the outward flow of
evaporated drop material (the so called Stephan flow, important
in drop combustion). Both this process and the time required for
substantial drop evaporation (and conversion of the initial charg-
ing drop into charging ES ions) depend on the initial drop size
and on the volatility of the solvent. Other complexities do enter
into the picture. For instance, we have observed efficient SESI of
large trialkyl amine vapors in an aqueous electrospray cloud, even
for water-insoluble amines. This observation precludes a scenario
where the vapor first dissolves in the drop and is then ionized; but
it does not necessarily precludes an active role of the drop surface
in ionizing the amine. A useful prediction from this analysis is that
pe ∼ 1/Zs, so that the ionization probability is directly proportional
to the pressure in the ionization chamber (both for ion and for drop
charging).

3. Relevance of pe

We now return to the question of how representative of the real
ionization probability is the equilibrium limit pe just obtained. Note
that Eq. (11) is a first order partial differential equation that may
be written in the form (20) as an ordinary differential equation
along the ion trajectories or characteristic lines (21), in terms of
the relaxation time � (22) and the equilibrium concentration for
the ionized vapor ns-eq (23). t is the time elapsed as the ion moves
along its trajectory:

dns

dt
= −ns − nseq

�
, (20)

dx

dt
= ZsE, (21)

� = εo

niZsq
, (22)

ns-eq = penv. (23)

This evolution equation for ns has the typical form of a relax-
ation equation, with the simplifying feature that nv (hence ns-eq)
is almost uniform in space and constant in time (simply because
vapor is hardly consumed as a result of the tiny ionization prob-
ability). ns therefore approaches ns-eq exponentially in time from
an initial value (generally zero before mixing with the electrospray
cloud). The time � is the usual relaxation time for space charge
dilution, which is inversely proportional to the charge density niq
of charging agents. Hence, for a point source where ni diverges ini-
tially, � is initially much smaller than any characteristic time in the
problem, so that the equilibrium limit is achieved almost instantly.
This advantage is peculiar of an ES source. For other initially less
concentrated sources of ions or charged drops, the relaxation time
may be larger than the residence time in the charger, leading to
charging probabilities smaller than pe.

4. Efficiency of SESI compared to other API and low
pressure approaches

It is still too early to make a hard comparison between the var-
ious methods available for volatile ionization. Our own work with
SESI has demonstrated outstanding detection levels [32–35], but
has not included comparison with corona or radioactive sources.
Hence, the fact that the latter two sources have not yet achieved

the few ppq levels attained by SESI may simply relate to the fact
that corona and 63Ni sources remain to be tested in earnest with
high sensitivity API mass spectrometers. The following comparison
will therefore be based on theory and a few isolated observations,
and should be considered provisional.
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.1. The role of pressure

It would seem at first sight that API sources are far more sensi-
ive than those ionizing at reduced pressure. However, analytical
nstruments based on the latter have tended to use much smaller
ample flow rates, so the comparison should be corrected for this
rastic difference. Suppose a given flow rate of sample gas carrying
eutral vapor is drawn into a low pressure system and ionized in
he pressure range between 1 and 10 Torr. Ion guides are here far

ore effective in separating the gas from the ions than at atmo-
pheric pressure, so the change would be beneficial in this respect.
bipolar ion source would also have improved performance since

r would be typically reduced tenfold. However, the range of the ˛
r ˇ particles would be meters rather than cm. Alternatively, the
adioactive source could be held at atmospheric pressure and the
esulting bipolar plasma quickly sampled into a low pressure region
here a higher equilibrium vapor ionization probability would still

esult from the reduced value of kr. However, it would be diffi-
ult to achieve equilibrium because of the increased value of � and
he reduced residence time. Let us therefore shift our attention to
nipolar sources. Because k is independent of pressure P (for both
rop and ion charging), an interesting consequence of Eq. (13) is
hat the space-charge-limited ionization probability increases lin-
arly with pressure P (since 1/Z ∼ P), suggesting that the higher
he pressure the higher pe. This is easily understandable since the
pace charge dispersion velocity is proportional to Zs, so the smaller
he mobility the less the dispersion. It is tempting to conclude
enerally that atmospheric pressure ionization methods would be
ore favorable than a diversity of other existing vapor ionization

pproaches taking place at reduced pressure, where polar vapor
pecies are charged by proton transfer reactions (PTR) in a glow dis-
harge [53–56]. The generalization would be correct as long as the
harging ions are primarily of a single polarity (unipolar plasma).
onetheless, the richness and variety of glow discharges (including
eutral regions) needs to be considered in detail before coming to
he final conclusion that the higher the pressure the better. Pending
uch a more careful investigation of glow discharge ionization, we
re provisionally inclined to think that API is preferable. Subsequent
iscussion will therefore be confined to atmospheric ionizers. Note
lso that ES sources are difficult to stabilize between 100 Torr and
.02 Torr [57,58].

.2. SESI vs. corona discharge

We have argued that an ES source approaches closely the ideal
f a point source of unipolar charge. The advantage of this situation
s that equilibrium conditions are achieved instantly at the apex of
he cloud of charged particles emerging from the tip of the Tay-
or cone. Consequently, the actual ionization probability is given
y the equilibrium value pe. In reality, if the charging mechanism
ere based on ions, because it takes a finite time for drop evapo-

ation and ion release, the ideal situation imagined will not be met
erfectly. A corona source is similar to a SESI source in this respect,
ince the bipolar ion production region has a small but finite vol-
me, so a small departure from equilibrium would be expected. In
ither case, unipolar regions of very high ion concentrations are
o be expected in the source region of both SESI and corona ion-
zers, whereby it is reasonable to assume that both will achieve
quilibrium concentrations for the ionized vapor. The one direct
omparison between SESI and corona charging available [43] may
e insufficient to fully test this point. Nonetheless, the fact that both

ources gave similar sensitivities for vapors [43] provides some
evel of confidence on the expectation that both sources are gen-
rally comparable. The fact that measured ionization probabilities
or SESI [34,35] are comparable to the equilibrium value derived
ere provides further confirmation on the notion that both achieve
f Mass Spectrometry 300 (2011) 182–193 187

space-charge-limited equilibrium ionization. This being so, the pos-
sible advantages of one source over the other must be associated
to the peculiar details of their operation. The ES source is clearly
superior from the point of view of not involving any superther-
mal phenomenon that might lead to decomposition of species. In
particular, when analyzing a medium (such as the atmosphere)
containing many organic vapors, some at high concentrations, there
is good assurance that no greater complexity will be generated by
decomposition of the original vapors. The same cannot be taken
for granted in a corona discharge, where the fraction of the vapor
sample contained in the small ion production region will yield
undesired molecular fragments and reactive species. Conversely,
although the SESI source does not create spurious species from gas
phase components, unlike a corona, it injects impurity ions from
the liquid. Also, solvent boiling sets limits to the gas temperature
achievable in the SESI region. This difficulty has been overcome
by Hill and colleagues via a water-cooled source, and is absent
from corona sources. The boiling problem is nontrivial in many
vapor analysis situations (particularly those involving GC), where
relatively high temperatures are desirable to avoid vapor conden-
sation or adsorption on surfaces. An interesting advantage of SESI
is its ability to ionize small particles of involatile materials con-
tained in the gas [4,34], which would normally not be ionized in
a corona. Finally, a potential advantage of a corona is its expected
higher dynamic range when analyzing concentrated vapors, fol-
lowing from its ability to produce higher ion currents than ESI. This
point has not yet been demonstrated in practice for SESI, but it fol-
lows by analogy with the early studies of Carroll et al. [9]. When
comparing a corona to a 63Ni source, these authors found similar
LDLs for both, but the dynamic range of the corona was superior.
This advantage is evidently due to the delayed depletion of charg-
ing ions by charge transfer to the analyte when it is present at high
concentrations. This dilution is not included in our analysis, which
is therefore limited to highly diluted vapors. Another advantage
of SESI is its great versatility for introduction nonvolatile reagent
species.

4.3. SESI and corona discharge vs. radioactive sources

Based on strictly theoretical considerations, we have already
noted that the upper limit for kr yields a pe value (8) similar to that
theoretically applying to space charge-limited ionization. Because
the actual kr is smaller than this upper limit, the equilibrium ion-
ization probability is likely to be higher for bipolar than unipolar
chargers. On the other hand, the typical ion currents and concentra-
tions achievable in bipolar ion sources are much smaller than in SESI
or corona sources. Consequently, the actual ionization probability
in 63Ni sources will often tend to be less than the equilibrium value.
This kinetic consideration would then explain why the few com-
parisons available between radioactive and SESI or corona source
report either a comparable LDL [8] or an order of magnitude disad-
vantage for the 63Ni source [43]. This situation is particularly clear
in the studies of Tam and Hill [42] with RDX, where the peak inten-
sity for the charging ions was comparable to that of the analyte.

5. Conclusions

When implemented in modern high-performance mass spec-
trometers, but otherwise very much as introduced by Fenn and
colleagues, SESI-API-MS has demonstrated a remarkable sensitivity

for vapor species in the atmosphere, with LDLs of a few ppq. Surpris-
ingly, however, the corresponding literature (see [59,60] besides
the publications discussed here) is growing slowly, and the out-
standing merits of the approach are still insufficiently appreciated.
This paper has attempted a comparison between SESI and a vari-
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Trapping brings the neutal and the ion close enough to almost
automatically lead to charge transfer in cases where this transfer is
thermodynamically favored (energetically downhill). In such cases,
the trapping and the charge transfer rates can be identified. For
88 J. Fernandez de la Mora / International Jou

ty of other vapor ionizers. In view of the limited experimental
nformation on the ionization probability p, we have determined
ts theoretical equilibrium value pe for space-charge-dominated
onditions. We also argue that, for point sources such as SESI and
oronas, p approaches pe. The few approximate experimental data
vailable imply that p ∼ 10−4. This is comparable to pe, confirming
he usefulness of this theoretical limit, and enabling a discussion on
he probable relative merits of various vapor ionization schemes.
n this basis we have analyzed the role of pressure, conclud-

ng provisionally that atmospheric pressure sources are probably
referable to low pressure sources, while even super-atmospheric
peration would be preferable in space-charge-limited situations.
oth corona and SESI ionizers appear to have identical charg-

ng probabilities, both being close to the equilibrium value. Each
as its own anticipated advantages and limitations in terms of
otal ion current, induced chemical noise, reagent introduction
nd temperature of operation. While pe may in principle be better
or radioactive than space-charge-limited sources, equilibrium is
arder to reach in the former due to the generally smaller currents
nd ion concentrations attainable. These theoretical comparisons
re in qualitative agreement with the few experimental data avail-
ble, suggesting that perhaps the singular sensitivity positively
emonstrated already for SESI sources might be applicable also to
ther situations.
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ppendix A. Charge exchange rate

.1. Binary collision problem

Consider the collision of two point particles of masses m1, m2,
nd positions r1, r2, interacting with a central force field F = F(r)er

long the direction of their centers, where:

r = r

r
, r = |r|, and r = r1 − r2. (A1)

Denoting by primes the time derivatives: y′ = dy/dt, the equa-
ions of motion are

1r′′
1 = F(r)er (A2a)

2r′′
2 = −F(r)er , (A2b)

rom which follows the first integral m1r′
1 + m2r′

2 = Const. Choos-
ng the coordinate system moving with the center of mass, Const = 0
nd m1r1 + m2r2 = 0. Combining this result with (A1) we may write

1 = r

1 + m /m
; r2 = − r

1 + m /m
. (A3)
1 2 2 1

(A2) may then be written in terms of r only:

r′′ = F(r)er; � = m1m2

m1 + m2
. (A4)
f Mass Spectrometry 300 (2011) 182–193

In polar coordinates r, �, this vector equation yields the two
scalar equations:

r′′ = F(r)
�

+ r�′2; r2�′ = C (A5)

The energy Eq. (A6) follows from (A5) after elimination of �′ in
terms of r and a first integration:

r′2

2
+ C2

2r2
+ V(r)

�
= �, (A6)

where � is a constant, and the potential energy V(r) is associated to
the force via F(r) = −dV(r)/dr.

A.2. Polarization interaction

In the particular case of the polarization force associated to the
interaction between an ion and the dipole it induces in the neutral
vapor molecule with which it is about to exchange its charge, the
potential energy for a singly charged ion takes the form2:

V(r) = − ˛e2

8�εor4
. (A7)

In the far field (large r), the repulsive centrifugal force domi-
nates, while, at small r, the attractive force dominates. Therefore,
particles with sufficient energy to overcome the centrifugal barrier
will be trapped. For these, one assumes that there is 100% prob-
ability of charge exchange, as long as this is thermodynamically
favorable. This is typically the case when the charge resides ini-
tially in a small ion and is to be transferred into a much larger polar
neutral molecule. If one now considers a situation where the far
field velocity of the particle with mass m1 in the center-of-mass
reference system is u∞, and C = bu∞, then � = u2∞/2. At the turning
point r = ro, r′ = 0, hence

b2u2∞
2r2

o

− ˛e2

8��εor4
o

= u2∞
2

. (A8)

Dividing both sides by u2∞/2 and introducing the notation

ˇ = ˛e2

4�εo�b4u2∞
, (A9)

(A8) takes the form (A10) with roots (turning points) given in
(A11):

1 −
(

b

ro

)2

+ ˇ
(

b

ro

)4

= 0. (A10)

(
b

ro

)2

= 1 ± (1 − 4ˇ)1/2

2ˇ
(A11)

Since the outer turning point corresponds to the condition when
the particle bounces, trapping corresponds to cases with no turning
point, when ˇ > 1/4. Hence,

trapping arises when : b4u2
∞ <

˛e2

�εo�
(A12)

A.3. Charge exchange rate k
2 Indeed, if the dipole induced by a field E is p = aE, then the corresponding force is
F = e{E(r + d) − E(r)}∼ ed·∇E = p·∇E = aE·∇E = a∇E2/2. We follow the usual approach
of defining the polarizability ˛ = a/(4�εo) such that ˛ has units of volume. When E
is Coulomb’s field e/(4�εor2), then one obtains the potential energy (A7).
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implicity we consider the limit when the neutral molecule is much
eavier than the ion, so that the neutral is at rest at the center or
ass, and the ion has a Maxwellian velocity distribution function

(u) = ni

(
2�kBT

mi

)−3/2

exp

[
−miu

2

2kBT

]
.

A generalization of this approximation to arbitrary mass ratios
an be obtained by a double integration of the two velocity dis-
ribution functions over their respective velocity variables. The
ifference between the exact and the approximate result is that
i rather than � appears, so, the substitution mi → � will be made

t the end of the calculation without further comment.
The collision frequency with a given vapor molecule is

ni =
∫ ∞

0

2�bdb

∫ ∫ ∫
|u|f (u)d3u, (A13a)

here the velocity integration is in the domain (A12). Exploiting
he spherical symmetry of the velocity integral and introducing the
ariables x and y, we may write

k = �−3/2

√
2kBT

mi

∫ ∞

0

2�bdb

∫ y

0

4�e−x2
x3dx;

2 = mi˛e2

2�εo�kBTb4
; x2 = miu

2

2kBT
. (A13b)

Shifting now from the b to the y variable introduced in (A13b),
nd noting that

y

0

e−x2
x3dx = 1 − (1 + y2)e−y2

2
, we find :

= 2A

√
˛e2

�εo
, with A =

∫ ∞

0

dy

y2
[1 − (1 + y2)e−y2

] =
√

�

2
.

(A13c)

This leads to the familiar result [45]:

=
√

�˛e2

�εo
. (A14)

For a typical situation with � = 30 Da, ˛ = 20 Å3,
= 1.9 × 10−9 cm−3 s−1

.

.4. Effect of the finite ion diameter on the ionization probability

Most of the explosive vapors used in the prior calculations have
lectrical mobilities clearly smaller than the polarization limit.
heir cross sections and corresponding k are therefore larger than
ndicated by the polarization limit. Also, Zs should be smaller than
he 2 cm2/V/s used to compute pe approximately in Table C1. These
wo finite size effects will therefore increase the ionization prob-
bility with respect to the calculated values in Table C1. In order
o account for this, we will assign a finite radius to these vapor

olecules, and assume that there is charge exchange when the ion
ouches the vapor molecule. Denoting by ε the sum of the ion radius
nd the vapor molecule radius, capture will therefore take place
hen either ˇ > 1/4 (as before, when there was no turning point),

r when the turning point for the point particle problem is such

hat ro < ε. In the limit ε = 0, the position of the outer turning point
s given from (A11) as

ro

b

)2
= 1 + (1 − 4ˇ)1/2

2
. (A19)
0.0 0.5 1.0 1.5 2.0 2.5 3.0
s b ∈

Fig. A1. Critical ˇ.

ro/b therefore lies always between 1/2 and 1. If ε/b < 1/2, then ro > ε,
there is no effect of the finite vapor radius, and things are as before
(capture requires ˇ > 1/4). However, in the interval 1/2 < ε/b < 1, ro

and ε are in the same range of values, and they coincide for a certain
value of ˇ < 1/4. In this range the critical ˇ for capture is less than
1/4, and is given by the condition ro(ˇ) = ε, namely:

ˇ =
(

ε

b

)2
−

(
ε

b

)4
; 1 <

b

ε
< 2 (A20)

Finally, for ε/b > 1, ro is always smaller than ε, so that capture
takes place for any ˇ. Capture conditions therefore take the form
(A21), above the curve shown in Fig. A1, while scattering takes place
below it

ˇ > ˇ∗(s); s =
(

b

ε

)2

(A21a)

ˇ∗(s) = 0, for 0 < s < 1 (A21b)

ˇ∗(s) = s−1 − s−2, for 1 < s < 2 (A21c)

ˇ∗(s) = 1/4, for s > 2. (A21d)

k is obtained with an integration similar to (A13b), except that ˇ* is
no longer ∼b−4, but takes a more complex dependence on s = (b/ε)2.
We now write ˇ in terms of the dimensionless quantities s and x
and the dimensionless parameter 	 rather than u, b:

2ˇ1/2 = 	

sx
; 	2 = ˛e2

2�εokTε4
,

whereby the condition ˇ > ˇ*(s) becomes 4 s2x2 < 	2/ˇ*(s). Using
also the fact that∫ y

0

x3e−x2
dx = 1

2
[1 − e−y2

(1 + y2)],

we find k = 2cε2F(	); c =
√

8�kBT

�
(A22)

F(	) =
∫ ∞

0

ds

∫



x3e−x2
dx (A23)

= 1
2

∫ ∞

0

ds[1 − [1 + z(s)]e−z(s) ], (A24)

z(s) = 	2

4s2ˇ∗(s)
. (A25)
The domain of integration 
 is the region ˇ > ˇ*(s), where
4 s2x2 < 	2/ˇ*(s).

Note that we have substituted the value mi appearing in (A22)
and (A25) by �, since the simplified approach followed is valid only
in the limit mv 	 mi.
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ig. A2. Correction factor to the pure polarization limit (A14) for k associated to the
nite radius ε of the vapor–ion pair.

In view of (A21), F(	) can be computed as

F(	) =
∫ 1

0

ds +
∫ 2

1

ds

{
1 −

(
1 + 	2/4

s − 1

)
exp

[
−	2/4
s − 1

]}

+
∫ ∞

2

ds

[
1 −

[
1 + 	2

s2

]
e−	2/s2

]
. (A26)

The second and third integrals are 1 − exp[	2/4] and
2(1 − exp[	2/4]) + (1/2)	�1/2 Erf[	/2], whence

F(	) = e−	2/4 + 	
√

�

2
Erf

(
	

2

)
, (A27)

here Erf is the error function that tends to unity as 	 → ∞. The pure
olarization limit (A14) corresponds to F(	) → 	

√
�/4, and finite

ize effects introduce the correction factor 4F(	)/	/�1/2 shown in
ig. A2. It is relatively close to unity (<1.05) for 	 > 2. At 	 = 1, it
xceeds unity by a substantial 1.4 factor.

The radius of a typical explosive vapor is 0.5 nm, and that of the
harging ion perhaps 0.2 nm. Therefore, typically, ε = 0.7 nm. For
ingly charged ions at room temperature, (A25) becomes:

= 	o˛1/2ε2; 	o = 33.75 Å
1/2

. (A28)

Therefore, with ˛ = 10 Å3 and ε = 7 Å, (A28) gives 	 = 2.18, with a
rivial correction factor of 1.1. In conclusion, although the explosive
apors of interest are unusually large, their polarizability is also
arge, leading to sufficiently large 	 values for the pure polarization
ormula to be reasonably accurate.

The error associated to the use of the polarization limit (15) for
he electrical mobility is not so trivial (because the corresponding
v is an order of magnitude smaller than ˛). Typical Zs values for
xplosives are 1 cm2/V/s, while the polarization limit in air or N2
s about twice as large. This may double the estimated charging
robabilities reported in the last column of Table C1 (for N2 gas at
mbient conditions, based on (A18) with �vg/� = 1). Therefore, the
etermination of the charging probability (A16) should be based on
xperimental values of Zs, and either the polarization limit for k, or
he slightly larger value following from (A22) and (A27). Estimated
alues for Zs at room temperature are included in Appendix C.

ppendix B. The ion–ion recombination rate

The analysis will ignore ion-electron recombination. This is
ppropriate at pressures high enough for electrons to be rapidly
aptured by neutrals, but is not necessarily the case in glow dis-

harges at lower pressure. The energy Eq. (A6) may be written for
he Coulombic interaction between two singly charged particles:

r′2

u2∞
+ b2

r2
− 2�

r
= 1, � = e2

4�εo�u2∞kBT
(B1)
f Mass Spectrometry 300 (2011) 182–193

let r = ro be the turning point where r′ = 0:

ro = −� + (�2 + b2)
1/2

. (B2)

There is always a turning point because, at close range, the
centrifugal potential (∼r−2) always dominates over the Coulom-
bic potential (∼r−1). Impact will therefore never take place for
point particles, unless there is an additional close-range mecha-
nism for capture. One possibility is to include polarization. Another
is to include the finite size ε of the colliding ions, and suppose that
thermodynamically allowed capture takes place if ro < ε. We shall
consider both limits.

B.1. Ions of finite size

The condition ro < ε for capture may be written

b2 < ε2 + e2ε

2�εo�u2∞
(B3)

whence the integral of bdb may be performed immediately turning
(A13a) for kr into

kr = ε2c

∫ ∞

0

e−xdx
(

x + �

ε

)
= cε(� + ε), (B4a)

where the thermal velocity c was defined in (A22), and we
have introduced the characteristic length � (� ∼ 57 nm for singly
charged ions at room temperature):

� = e2

4�εokBT
. (B4b)

The cross section includes two additive terms: one, cε2, corre-
sponding exactly to that for a pure hard sphere without Coulombic
attraction. The other is a Coulombic term linear in ε. The enhance-
ment factor 1 + �/ε diverges as 1/ε, but the cross section is finite
even for ε = 0. Suppose ε = 0.65 nm. At room temperature the
enhancement factor 1 + �/ε ∼ 88.7, and the effective capture radius
is 6.6 nm. The resulting kr = 5.7 × 10−8 cm−3 s−1 is two orders of
magnitude larger than the value based on the geometric cross sec-
tion, but still underestimates the actual recombination rate under
atmospheric conditions. Because �/ε 	 1, (B4a) is well approxi-
mated by:

kr = cε�, (� 	 ε). (B4c)

B.2. Polarizable ions

We will assume that the polarizability of the vapor ion is the
same as that of the neutral vapor. In reality the net charge attached
to the vapor molecule creates a permanent dipole, in addition to the
dipole induced by the colliding ion. Although this permanent dipole
is rotating, its average effect is not null, and has been considered
by Su and Bowers [46]. The dipole induced by the small ion on the
vapor is not rotating and is the only one considered here. In this
case the Coulomb force pulls effectively the ions from far away,
and when they are close enough and ready to bounce due to the
centrifugal force, the short range polarization attraction captures
them. There is hence no need to take into account ion size. Notice
that each of the two colliders induces a dipole on its partner so that
the effective ˛ used in (B5) includes the two corresponding forces.
The energy equation is:
r′2

u2∞
+ b2

r2
− 2�

r

(
1 + ˛

2r3

)
= 1 (B5)

Turning points correspond to r′ = 0, r = ro in (B5), written as
(B6) in terms of the dimensionless variables a and � defined in
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ig. B1. Critical conditions for capture of oppositely charged ions accounting for th
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2 − 2�
(

�

b

)
(1 + a�3) = 1, (B6)

= ˛

2b3
, (B7)

= b

ro
. (B8)

Rather than solving this quartic equation for �, it is simpler to
olve for �/b:

�

b
= � − 1/�

2(1 + a�3)
. (B6b)

For ˛ = 0, � − 1/� increases monotonically from −∞ to +∞.
ccordingly, as seen in (B2), there is always a turning point for
ll � . However, for all ˛ > 0, the cubic term in the denominator of
B6b) introduces a maximum in �(�) (Fig. B1a). There are conse-
uently two turning points for �/b below a critical value �*/b, and
one above it. This critical �*/b may be determined for each a > 0
hrough the point with zero slope in the curves of Fig. B1a. The
omain of capture is therefore

:
�

b
>

�∗

b
= ˚(a). (B9a)

The critical curve (B9a) is shown in Fig. B1b. It may be computed
rom the condition that the derivative of (B6b) with respect to � be
ero, which yields (B9b). Substituting this expression into (B6b)
ives (B9c), providing a parametric representation of (B9a):
= 1 + �2

2�3(�2 − 2)
, (B9b)

= �2 − 2
3�

. (B9c)
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Fig. B2. Function G(C) determining the recombination rate (B13) and (B14) o
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ced dipoles. Left: representation of (B6b) for a = (1/2)˛/b3 = 1/16, 1/8, 1/4, 1/2, 1, 2,
endence of �*/b on a.

The function a*(˚) inverse to ˚(a) may be written explicitly
by noting that (B9c) is a quadratic equation giving �(˚), which
substituted in (B9b) yields:

a ∗ (˚) = 8 + 4˚(3˚ +
√

8 + 9˚2)

˚(3˚ +
√

8 + 9˚2)
4

. (B10a)

kr may now be computed as the integral (A13a) over the domain 

defined in (B9a):

kr = 4c

∫ ∫



e−x2
x3dxbdb; x2 = �u2∞

2kBT
. (B10b)

If we now use the characteristic length � introduced in (B4b)
and shift from the (x, b) variables into the new integration variables
˚ = �/b and a, we find

kr = 2�2

3
c

∫ ∞

0

d˚

˚3

∫ ∞

a∗(˚)

da

a
exp

[
−Ca1/3

˚

]
, (B11)

C = �
(

2
˛

)1/3
, (B12)

The second of these two integrals is simply related to the incom-
plete Gamma function 
 (n, x) =

∫ ∞
x

xn−1e−xdx, leading finally to:

kr = 2�2cG(C), (B13)

G(C) =
∫ ∞

0

d˚

˚3



(
0, [a∗(˚)]1/3 C

˚

)
. (B14)

The integral G is convergent for all C > 0, with computed values

shown in Fig. B2. For singly charged particles at room tem-
perature � = 57 nm, while, for a typical polarizability ˛ = 20 Å3,
(˛/2)1/3 = 0.215 nm, resulting in a very large ratio C = 268. As seen
in Fig. B2b, CG(C) is almost constant (from 1.89775 to 1.89067) in
the realistic range 100 < C < 1000. Hence, CG(C) = 1.891 (±0.37%) for

0 5 10 15 20
C
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2
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5

C G C

b

f polarizable ions. Left: behavior at small C; right: behavior at large C.
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Table C1
Polarizabilities ˛ of explosive vapors, and predictions for k and pe .

Vapor ˛ (Å3) ˛ [63] (Å3) ˛ [64]a (Å3) mv (Da) �v-Cl
b (Da) Ion Zc (cm2/V/s) 109 k cm−3 s−1 104 pe

d

EGDN 7.98 [61] 9.5 10.72 152.1 28.42 EGDN + Cl− 1.63 1.35 3.66
PETN 16.3 [61] 20.19 22.49 316.14 31.51 PETN + Cl− 1.30 1.87 5.13
TNT 15.6 [62] 18.25 19.9 227.13 30.33 (TNT − H+)− 1.65 1.82 5.01
RDX 12.3 [62] 15.47 17.35 222.12 30.24 RDX + Cl− 1.51 1.67 4.56

a Calculations kindly provided by Dr. P. Martinez-Lozano, based on the SPARC database [64].
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b The charging ion is 35Cl− .
c Approximate electrical mobilities of the ions indicated in column 5, based on ra
d From Eq. (6), with ˛ from Bosque and Sales [63], and Zs = 2 cm2 V−1 s−1.

00 < C < 1000, and (B13) reduces to

r∼3c�˛1/3(±0.37%); 100 < C < 1000. (B15)

The expression is almost identical to (B5), except for the sub-
titution of the geometric radius ε for the effective polarization
adius 3˛1/3. At room temperature and with � = 30 Da, we find
r = 6.7 × 10−8 cm−3 s−1. The effective radius (3�˛1/3)1/2 is 6.84 nm,
lightly larger than the value obtained in the model with no polar-
zation and finite ion size. These values are close to those measured
or ions in the upper atmosphere, including the predicted temper-
ture dependence kr ∼ T−0.5 (T−0.4 measured by Smith and Church
49]). As noted in the body of the article, at high pressures, the rate
s dominated by three body collisions and is substantially larger.

ppendix C. Typical space-charge-limited ionization
robabilities

Table C1 includes estimates for various parameters determining
harge exchange rates and equilibrium ionization probabilities of
our explosive vapors. Columns 2–4 show polarizabilities for the
apor species. Column 2 is from several published sources. Column
is based on the method of [63] (claimed to be more accurate than
ther calculations), giving the molecular polarizability as a linear
ombination of the atomic polarizabilities of the constituents of the
olecule. k is from (A14). Column 4 was provided by Dr. P. Martinez

ozano based on the SPARC database [64]. The agreement between
hese various determinations of ˛ provides a good level of confi-
ence. pe is based on Eq. (14), ˛ from [63], and Zs = 2 cm2 V−1 s−1

close to the polarization limit). The column Z shown in the table
s based on relative measurements by A. Pereira and A. Casado
SEADM), and provides an indication of the error introduced in pe by
he assumption Zs = 2 cm2 V−1 s−1. We turn these relative data into
pproximate mobilities via an absolute mobility scale determined
y extrapolating the mass dependence of Zo = Z/(1 + mg/mv)1/2 to
ero mass, and assigning to this asymptote the polarization limit in
2: Zo = 2.13 cm2 V−1 s−1 (mg = 28 Da).
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