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Introduction

A study of electron−atom and electron−molecule inter-
actions in the gas phase has received a continuing interest
since the early decades of the last century. This is related,
e.g. to the important areas of plasma physics and plasma
chemistry (gas discharges, plasma processing etc.) since in
any kind of plasma electrons are by far the most abundant
charge carriers [3]. More recently, the interaction of elec-
trons with adsorbates on surfaces opened up new interesting
areas of research. We mention here (i) substrate induced
photochemistry where the interaction of photoexcited
electrons from the solid substrate can control the photo-
chemical behavior of an adsorbed molecule [5] or (ii)
processes in STM (surface tunneling microscopy) where
excitation, dissociation and desorption induced in single
molecules by tunneling electrons is studied (single molecule
engineering) [10].

The study of electron−atom or electron−molecule inter-
actions in the liquid phase is complicated by the fact that
electrons of  defined energy interact strongly with the atoms
or molecules comprising the liquid leading to a fast relax-
ation of the initial electron energy to the thermal energy
of the liquid, kBT. In non-polar liquids, it is possible by
application of high enough electric fields to keep the electron
collective at a certain mean energy which is determined by
the field strength.

Table 1 lists the main physical and chemical properties
of non-polar liquids. From a physical point of view − they
are insulators. Due to the large ionization energy, Igas, of
the atoms or molecules comprising the liquid thermal
excitation of charge carriers is absent. The self conductivity
is usually caused by impurities, as for instance water,
microscopic particles etc.

Upon condensation, a change of the ionization energy
occurs which is given as,

(1)   Iliq = Igas + P+ + V0 + Eval.
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Here, Iliq denotes the ionization energy in the liquid,
i.e. the energy necessary to produce a positive ion and
a delocalized electron in the conduction band. P+ is the
polarization energy of the positive ion, it is always negative,
and V0 gives the energy of the delocalized electron level in
the liquid (bottom of conduction band), it can be smaller
or greater than Evac = 0. Eval is of the order of −0.1 eV and
it denotes the change in the valence levels of the atoms or
molecules upon condensation. The polarization energy can
be estimated by a formula derived by Born [4],

(2)

ε0 and εr are the dielectric constants of the vacuum and the
liquid, respectively; e0 is the charge of the electron; R is an
ionic radius which can be estimated from the crystallo-
graphic radius or as a Wigner−Seitz radius given as,

where n denotes the number density of the liquid. Since
P+ is always negative it contributes to a reduction of the
ionization energy in the liquid phase. V0 can be either
positive or negative. The energy levels in the gas phase and
in the liquid phase are depicted schematically in Fig. 1.
Typical values of the various quantities for different liquids
are summarized in Table 2.

The present article is organized as following: we shall
first summarize the various methods of electron injection
and detection in non-polar liquids; in the following the drift
velocity of electrons in pure liquids and in solutions as a
function of the applied electric field strength is discussed;
finally, a short description of electron−atom interaction in
liquid neon, helium and hydrogen is given.

Methods of electron injection and detection

Since non-polar liquids are insulators, excess charge carriers
have to be introduced by external means. In Table 3 the
most important methods are summarized. The most
prominent methods of electron injection are ionization by
high energy radiation and by light.

Ionization by high energy radiation

High energy radiation (particles or quanta) interact with
matter by ionization and excitation. The result of the inital
ionization process are energetic secondary electrons which,
in turn, produce tertiary electrons and so on till the energy
of the electrons has fallen below the energy necessary to
produce one electron−ion pair. The energy spent for the
generation of one electron−ion pair (eV/electron−ion pair)
is greater than the ionization energy in the liquid since part
of the electron energy is spent in excitations. In the gas
phase this energy is called the W-value. Its value is roughly
two to three times the ionization potential. Since the high
energy particles or quanta deposit their energy along tracks,
the initial distribution of electrons and ions is inhomo-
geneous. A schematic representation of the ionization and
excitation events produced by the passage of a high energy
particle or a quantum is depicted in Fig. 2.

Table 1. Physical properties of non-polar liquids.

Chemical composition rare gases
hydrocarbons and related compounds
molecular gases (N2, O2, CF4 etc.)

Self conductivity 10−16 to 10−20 Ω−1 cm−1

Ionization potential 6 to 24 eV

Electric dipole moment µ = 0

Density 0.1 to 3 g/cm3

Chemical properties some chemically inert
some toxic
some flammable

Purity rare gases >99.999 vol.%
hydrocarbons >99.9 vol.%
others >99 vol.%

Fig. 1. Energy levels in the gas and liquid phases.

Table 2. Ionization energies, V0 values, and P+ values for various non-polar liquids with data
from [15] and [20].

Liquid T (K) Igas (eV) Iliq (eV) V0 (eV) P+ (eV) RWS (Å)

helium     4.2 24.46 25.5* +1.05 ≈0
neon   25 21.47 21.58* +0.67 −0.59    1.87
argon   84 15.68 14.4* −0.20 −1.08    2.25
krypton 116 13.93 11.56 −0.40 −1.97
xenon 161 12.08   9.2 −0.67 −2.21
methane 100 12.8 11.2* −0.25 −1.38    2.08
n-heptane 295 10.2   8.6 +0.04 −1.56
tetramethylsilane 296   9.79   8.1 −0.57 −1.12    2.95*

poly-methylphenylsiloxane 296   8.63   6.73 −0.90 −0.92*

   RWS − Wigner−Seitz radius; * values estimated by means of Eqs (1), (2) and (3).
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Electron−ion pairs which are separated by a few nano-
meters, only, recombine immediately after their production
due to the strong Coulomb attraction (geminate recom-
bination). Electron−ion pairs with a larger separation dis-
tance diffuse into the bulk of the liquid and, in the absence
of an externally applied electric field, undergo volume
recombination. Once the electrons diffuse into the bulk
they are in thermal equilibrium with the atoms or molecules
of the liquid. Electrons with mean energies greater than
kBT exist in the liquid immediately after the ionization
process. The electron leaves the positive ion with a kinetic
energy of the order of 10 eV. In inelastic collisions with
the atoms or molecules of the liquid they lose this excess
energy and become thermalized. The thermalization time
in molecular liquids is very short, smaller than picoseconds
(see Figs. 3a and 3b), while in the heavier liquefied rare
gases thermalization times from 1 ns in liquid Ar to 6 ns in
liquid Xe have been measured [19]. The longer thermal-
ization times in the rare gas liquids are due to the fact that
at energies below the first electronically excited state only
small energy losses due to elastic collisions are possible.

The superthermal electrons (electrons with a kinetic
energy above kT) can interact with solutes. The analysis of
such experiments and the extraction of kinetic data would
be rather complicated.

Photoelectric injection from a metal cathode
or photoionization

Electrons can be liberated from a metal cathode by photons
of an energy exceeding the work function of the metal, Wvac.
In contact with the liquid, the apparent work function, Wliq
is given by,

(4) Wliq = Wvac + V0,

where V0 is the energy of the bottom of the conduction
band measured from the vacuum level, Evac = 0. In the case
of photoionization of atoms or molecules comprising the
liquid or of solute molecules, Eq. (1) gives the photon
energy necessary for the production of one electron−ion
pair.

With the usual light sources, as high pressure xenon
lamps or UV laser, the maximum kinetic energy of the
liberated electron is of the order of 1 or 2 eV. These
electrons lose their excess energy rapidly by elastic and
inelastic collision and their final delocalized state is on the

Table 3. Methods of electron injection.

  Injection of electrons in non-polar liquids

Ionization by high energy radiation
X-rays
fast electrons
UV-light
elementary particles
laser-induced multi-photon absorption

Photoelectric emission from metal or semiconductor cathodes

Field emission from tips or blades

Injection from the gas phase
low pressure discharge
glow cathode

Semiconductor diodes

Streaming liquids

Fig. 2. Spatial distribution of ionization and excitations event
produced by the passage of a high energy particle or a quantum.

Fig. 3. a − The temporal evolution of the thermalization process;
the zig-zag line is an artistic representation of the scattering events;
b − the spatial evolution of the thermalization process in the
Coulomb field of the positive ion.

b

a
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bottom of the conduction band with thermal energy. In
order to study the reactions of the superthermal electrons
the reactant has to be close to the electron undergoing
thermalization, which is experimentally difficult to achieve.

Other methods

All other methods of electron injection, which have been
employed, yield electrons of a few eV kinetic energy which
they lose rapidly in collisions and become thermalized.
Field emission of electrons and injection from a semicon-
ductor diode have the advantage of incorporation of the
electron source into the measurement cell. Pulsed voltages
allow the injection of electron pulses. Addition of grids
allows the modulation of the electron current. The various
methods are discussed in detail in the book by Schmidt
[15].

Production of superthermal electrons by IR absorption
of localized electrons

In certain non-polar liquids, the final state of the electron
is a localized state. The electron is captured in a trap of
several 0.1 eV depth. It exhibits an IR absorption. It is
possible to briefly liberate the electron from this trap with
photons of suitable energy [2]. Since the liberated electrons
quickly lose their excess energy by collisions, they travel
a few nm only before becoming trapped again. In principle,
the study of reactions of these superthermal electrons with
solutes should be possible.

Photoinduced electron emission into vacuum

Organic liquids with a low vapor pressure at room tempera-
ture are suitable for the study of VUV-induced electron
emission from a liquid surface [8, 9]. The energetics of this
process is given by the following equation,

(5)        Ith = Igas + P+ + Eval.

Here, Ith denotes the threshold energy for electron
emission into vacuum. The penetration of the VUV light
into the liquid is determined by the absorption coefficient
of the liquid. An order of magnitude of 105

 to 106
 cm−1

 is
a reasonable estimate. It follows that the penetration length
of the light is between 100 and 10 nm. Only electrons
coming from the first few surface layers of molecules are
able to escape before becoming thermalized. The process
is schematically depicted in Fig. 4. Thin liquid layers on
a substrate allow the interaction of photons or electrons
with the molecules of the liquid layer.

Detection of electrons

The most sensitive detection methods make use of the high
mobilities of excess electrons in these liquids which are 10
to 105 times greater than the mobility of the positive ions.
Depending on the type of ionizing radiation and on the
geometry of excitation, different current signals are obtained
in a parallel plate dc-conductivity cell. Several examples
are summarized in Fig. 5. Due to the great difference in
mobility between electrons and positive ions it is easy to
separate in time the current signals produced by the drift
of these species. In Fig. 6, an example is shown of electron
and ion drift in liquid methane.

Fig. 4. Schematic repre-
sentation of the VUV
induced photoejection of
electrons from a liquid
into the vacuum; transi-
tion (A) depicts the en-
ergy of the ejected elec-
tron greater than the top
of the conduction bend in
the liquid; transition (B)
depicts an electron which
is injected into the con-
duction band of the liquid.
Depending on their  final
energy they may (A) or
may not (B) escape into
the vacuum. Ith is the
threshold energy for
electron emission into
vacuum (Eq. (5)).

Fig. 5. Different methods of creating well defined regions of
ionization in a parallel plate conductivity cell.
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Electron transport properties

The following transport properties of excess electrons in
non-polar liquids have been studied: drift mobility, Hall
mobility, electron−ion recombination, electron attachment.

An important transport property is the drift mobility,
µ, which is given as the ratio of drift velocity, vd at a given
field strength, E,

(6)

At low field strength proportionality between vd and E
is measured and µ is constant. The electron collective is in
thermal equilibrium with the liquid. In certain liquids, at
higher field strengths, sub and super proportional depend-
encies of vd on E have been observed. The mobility becomes
a function of the applied field strength. The highest mobil-
ities in non-polar liquids have been measured for the heavier
liquefied rare gases, liquid Ar, Kr, and Xe. But, also in
liquid methane, tetramethylsilane and neopentane, mobil-
ities well over 10 cm2 V−1s−1 have been observed. Represen-
tative data are summarized in Table 4. The important

observation in these liquids is the dependence of the drift
velocity on the applied electric field strength. Two examples
are shown in Figs. 7 and 8. At higher fields, the electron
collective produced by ionization or photoelectric effect
reaches an equilibrium energy greater than kBT. They pick
up energy from the field and lose it by collisions and the
net gain leads to a higher mean electron energy, ε. Various
calculations have been performed for the liquefied rare
gases [1, 7] and an example of ε as a function of E is shown
in Fig. 9. A few data exist on the variation of the transversal
diffusion coefficient in liquid Ar which relate to the electron
mean energy. The data are included in Fig. 9. The agree-
ment with the calculated curve is satisfactory. More experi-
mental studies are necessary in order to establish a reliable
dependence of the electron mean energy of the applied
electric field strength. No calculations exist for molecular
liquids.

With this field effect it is possible to study electron
reactions with solute molecules in liquefied rare gases as
a function of mean electron energy. In Fig. 10, the energy
dependence of the electron attachment to N2O in liquid
Xe is depicted [1]. A maximum at 0.2 eV is observed. This
effect can be rationalized by the assumption that the
geometries of the neutral and the ion are different and the
conformation energy has to be supplied by the electron.

Table 4. Electron mobilities in some non-polar liquids [15].

Liquid T (K) µ (cm2 V−1s−1)

xenon 161 2000
krypton 120 1200
argon 84 500
tetramethylsilane 296 100
neopentane 296 65

Fig. 7. Electron drift velocity as a function of the electric field
strength for liquid Ar (87 K), liquid Kr (120 K) and liquid Xe
(165 K) with a small concentration of nitrogen, which influences
the dependence at high field strengths. The arrows indicate the
drift velocity for the pure liquids, adapted from [21].

Fig. 8. Electron drift velocity as a function of the electric field
strength for liquid methane (111 K), tetramethylsilane (295 K)
and neopentane (295 K) adapted from [18].

.d
v
E

µ =

Fig. 6. Oscilloscopic traces of electron and ion currents in liquid
methane at 111 K; ns trace − electrons; ms trace − positive ions.
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Other examples exist, where added molecular solutes have
an effect on the electron drift velocity at higher fields [1,
21].

Electron–atom interactions in liquid Ne, He, and H2

Experiments have been carried out in which electrons were
injected by photoelectric effect into liquefied neon [13],
helium, and hydrogen [12]. When electrons are injected
into a liquid they first move in the delocalized or extended
state. Depending upon the electron-neutral interaction they
become eventually localized or remain in the extended
state. The electron-neutral interaction consists of exchange
repulsion and polarization attraction. In liquid Ne, He, and
H2 the former interaction prevails, i.e., the average poten-
tial energy of an electron is positive, and the electron can
only be captured by density fluctuations of the rare-faction
type, microscopic voids or vacancies. In helium the electron
trapping occurs very fast. The time for creation of the
bubble was estimated to be of the order of picoseconds
[11]. The process is depicted schematically in Fig. 11.

The transport process can then be described as follows.
The electrons start at the cathode x = 0 with a drift velocity
characteristic of delocalized electrons, vel. During their

lifetime, τ, as delocalized electrons they travel a distance,
del = vel⋅ τ. This distance, del, can be considered as an
attenuation length at which the number of delocalized
electrons has been reduced to 1/e. Transport as electron
bubble takes place between del and d. The model is depicted
schematically in Fig. 12. The apparent mobility is then
obtained by d/td (td is the drift time obtained from the
oscilloscopic trace with ms-time resolution), while the true
drift velocity of the electron bubble, vloc, is obtained as,

(7)

for liquid neon values of τ were measured to be in the range
from 1 to 100 ns while the apparent drift times of the local-
ized electrons were in the range of several 100 µs, i.e.
τ << td. Then, equation (7) reduces to

Fig. 9. Dependence of the electron mean energy as a function of
the applied electric field strength in liquefied rare gases adapted
from [1]; measured data points from [17].

Fig. 10. Dependence of the electron attachment rate constant as
a function of the applied electric field strength for several solutes
in liquid Xe (165 K) adapted from [1].
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− τ

=
− τ

Fig. 11. Schematic representation of the localization process of electrons injected into liquid He, liquid Ne, and liquid H2.
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(8)

where vapp denotes the apparent drift velocity of the
electron bubble, that is the drift velocity obtained from the
electrode separation d and the apparent drift time td
obtained from the oscilloscopic trace. For τ, we obtain,

(9)

Measured data for liquid He and liquid H2 are shown
Fig. 13. We assume that the drift mobility of the electron
bubble does not depend on the electric field strength (solid
lines). The other information we need in order to evaluate
τ by Eq. (9) is the drift velocity, vel, in the delocalized state
as a function of electric field strength. For the other rare gas
liquids it was found that at field strength above 50 kV/cm
the drift velocity, vel, approaches saturation [21]. At such
electric field strength the electron mean energy is far above
the thermal energy of the liquid, kBT. As a rough estimate
one may take 1 eV as the order of magnitude at 100 kV/cm
[1]. Since no values of vel for liquid He are available, we
plotted the data for liquid Xe, liquid Kr, liquid Ar [21],
and liquid Ne [13] at the boiling point as a function of A−1

(A atomic mass) and obtained a data fit with a power plot
of the slope of 3/4. Extrapolation yields a value of vel for
liquid He of 4 × 106

 cm/s. With these data we estimate from
Eq. (9) a lifetime of the delocalized electrons in liquid
helium near the boiling point of τ ≈ 5 ns at 72 kV/cm applied
electric field strength [16].

The validity of the present approach was tested with
the data on liquid neon at 25 K [13], where the lifetime
in the delocalized state and the mobility of the localized
electron had been measured separately. From the field
dependence of the drift velocity of the electron bubble,
a lifetime at 55 kV/cm was estimated which agreed within
a factor of two with the measured lifetime. The discrepancy
is probably mainly due to the fact that saturation of the
drift velocity of the delocalized electrons at 55 kV/cm has
not been achieved, yet.

The evaluation of the data for liquid hydrogen requires
the saturation drift velocity vel. No measurements are known
for liquid H2. The saturation velocity of electrons in two
molecular liquid has been estimated. Measurements in liquid
tetramethylsilane at 296 K gave a value of 7.8 × 106 cm/s [6]
and measurements in liquid methane yielded 6 × 106 cm/s
at 111 K [14]. These values give us the right order of
magnitude. If we use 5.5 × 106 cm/s as the high field electron
drift velocity in liquid H2 we estimate a lifetime in the
delocalized state of τ ≈ (4.5 ± 2) ns at a field strength of
88 kV/cm. In principle, this lifetime could be measured by
conductivity methods.

Conclusions

The study of electron−atom or electron–molecule interac-
tions of low energy electrons in non-polar liquids is at
present restricted to liquids exhibiting a high electron
mobility. Here, by application of a suitable electric field
strength it is possible to maintain the electron mean energy
at a given value, between kBT and a few eV. Cross section
data can be extracted by taking into account the energy
distribution function of the superthermal electrons.

Acknowledgment We are grateful for the financial support of
our cooperation with our Russian colleagues in the frame work
of the agreement of Deutsche Forschungsgemeinschaft and
Russian Fund for Basic Research.

References

  1. Bakale G, Sowada U, Schmidt WF (1976) Effect of an electric
field on electron attachment to SF6,N2O, and O2 in liquid
argon and xenon. J Phys Chem 80:2556−2559

  2. Balakin AA, Yakovlev BS (1979) Photoionization of trapped
electrons in liquid n-hexane. Chem Phys Lett 66:299−302

  3. Becker KH (2001) Elementary collision processes in plasmas.
In: Hippler R, Pfau S, Schmidt M, Schoenbach HK (eds)
Low temperature plasma physics. Wiley-VCH, Berlin

el
loc app el ,

d d

d vv v v
t t
− τ τ

= = −

app loc

app el
.

v v
d

v v
−

τ =

Fig. 13. Apparent drift mobility of electrons in liquid He (3.87 K)
and liquid H2 (20 K) as a function of the applied electric field
strength adapted from [12].

Fig. 12. Drift of electrons injected into liquid He, liquid Ne, or
liquid H2 in the delocalized and localized states.



W. F. Schmidt, E. Illenberger82

  4. Born M (1920) Volumen und Hydratationswärme der Ionen.
Z Physik 1:45−48

  5. Denzler DN, Hess C, Funk S (2002) Surface femtochemistry:
Ultrafast reaction dynamics driven by hot electron mediated
reaction pathways. In: Douhal A, Santamaria J (eds) Femto-
chemistry and femtobiology: Ultrafast dynamics in molecular
science. World Scientific, Singapore, pp 652−662

  6. Döldissen W, Schmidt WF (1979) Saturation of the electron
drift velocity in liquid tetramethylsilane. Chem Phys Lett
68:527−528

  7. Gushchin EM, Kruglov AA, Obodowski I et al. (1982)
Electron dynamics in condensed argon and xenon. Sov Phys
JETP 55:650−655

  8. Koizumi H, Katoh R, Lacmann K et al. (1995) Photocon-
ductivity and photoelectron emission of liquid squalane and
squalene induced by vacuum-ultraviolet light. Chem Phys Lett
242:320−324

  9. Koizumi H, Lacmann K, Schmidt WF et al. (1992) Light-
induced electron emission from silicone oils. J Phys D: Appl
Phys 25:857−861

10. Komeda T, Kim Y, Kawai H (2002) Lateral motion of
adsorbate induced by vibrational mode excitation with
inelastic tunneling electrons. Surf Sci 502/503:12−17

11. Rosenblit M, Jortner J (1995) Dynamics of the formation
of an electron bubble in liquid helium. Phys Rev Lett
75:4079−4082

12. Sakai Y, Böttcher EH, Schmidt WF et al. (1982) Excess
electrons in liquid hydrogen, liquid neon, and liquid helium.
J Electrostat 12:89−96

13. Sakai Y, Schmidt WF, Khrapek AG (1992) High- and low-
mobility electrons in liquid neon. Chem Phys 164:139−152

14. Schmidt WF (1979) Excess electron mobility in liquid
methane and ethane. In: Int Congress on Radiation Research,
Tokyo, pp 202−210

15. Schmidt WF (1997) Liquid state electronics of insulating
liquids. CRC Press, Boca Raton

16. Schmidt WF, Illenberger E, Khrapek AG (2001) Conjecture
of the lifetime of delocalized electrons in liquid helium. J
Chem Phys 115:10048−10049

17. Shibamura E, Takahashi T, Kubota S et al. (1979) Ratio of
diffusion coefficient to mobility for electrons in liquid argon.
Phys Rev A 20:2547−2557

18. Sowada U, Bakale G, Yoshino K et al. (1975) Electron
transport in high mobility liquid hydrocarbons and tetra-
methylsilane. In: 5th Int Conf on Conduction and Breakdown
in dielectric Liquids. Delft University Press, Noordwijkerhout,
pp 1−4

19. Sowada U, Warman JM, de Haas MP et al. (1982) Hot-
electron thermalization in solid and liquid argon, krypton
and xenon. Phys Rev B: Condens Matter 25:3434−3437

20. Weast RC (ed.) (1988) Handbook of chemistry and physics.
CRC Press, Boca Raton

21. Yoshino K, Sowada U, Schmidt WF (1976) Effect of mol-
ecular solutes on the electron drift velocity in liquid Ar, Kr,
and Xe. Phys Rev A 14:438−444


