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CHARGE SEPARATION BY COLLISION OF ICE PARTICLES
ON METALS: ELECTRONIC SURFACE STATES
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AssTRACT. The charge separation of ice particles colliding with metals was investigated in a wind tunnel
(air speed 10 mfs) at a temperature of —45°C for different metals as a function of an applied external electric
field. The ice particles (10 um radius) collided with the metal target at a rate of 105 per second. The charge
separation produced by different metals can be explained by the contact potential difference between the
metal and the ice introducing electronic surface states on the ice. A lower limit for their density (106 m—2)
is found. The influence of the electric field is explained by an interaction between Bjerrum defects and the
electrons of the metal, the transfer probability depending on the charge in the surface states.

Riisume. Separation des charges électriques pendant un choc entre des particules de glace et un métal: états électronigues
de surface. La séparation de la charge électrique pendant un choc entre des particules de glace et une sonde
de métal est mesurée dans un tunnel aérodynamique (vitesse du vent 10 m/s) & une température de —45°C,
pour différents métaux, en fonction d’un champ électrique extérieur. Le nombre de particules de glace
(10 um) heurtant le cylindre de métal s’éléve 4 105 par seconde. La séparation de charge provoquée par les
divers métaux est expliquée par la différence du potentiel de contact entre la glace et le métal, en introduisant
des états de surface électroniques dans la glace. La limite inféricure de leur densité est estimée a 106 m-2,
L’influence du champ électrique est expliquée par une interaction entre des défauts de Bjerrum et des
électrons du métal, la probabilité de transfert dépendant de la charge dans les états de surface de la glace.

ZUSAMMENFASSUNG.  Ladungstrennung durch Stoss von Eispartikeln auf Metalle: elektronische Oberflichen zusténde.
Die Ladungstrennung beim Stoss von Eispartikeln mit Metallen wurde in einem Windkanal (Windge-
schwindigkeit 10 m/s) bei einer Temperatur von —45°C fiir verschiedene Metalle in Abhingigkeit eines
dusseren elektrischen Feldes untersucht. Die Stossrate der Eispartikel (10 pm Radius) auf den Metallzylinder
betrug 105 pro Sckunde. Die Ladungstrennung hervorgerufen durch verschiedene Metalle konnte mit der
Potentialdifferenz Metall-Eis erklirt werden, wozu elektronische Oberflichenzustinde beim Eis eingefiihrt
wurden. Die untere Grenze ihrer Dichte wurde zu 10 m=2 bestimmt. Der Einfluss des elektrischen Feldes
wird mit der Wechselwirkung zwischen Bjerrumfehlern und Metallelektronen erklirt, wobei die Ubergangs-
wahrscheinlickeit von der Ladung in den Oberflichenzustinden abhingt.

1. INTRODUCTION

The exchange of electric charge in collisions between ice particles is well known to atmo-
spheric scientists, but there is no general agreement about the processes involved. In order to
simplify the problem we chose a metal cylinder as a collision partner with the ice particles.
The resulting electric current generated by the collision of 105 ice particles per second depends
on the metal (and its surface condition) and on the electric field in which the collision occurs.
The field strength in our experiments was limited by the onset of sparking. The metals cover
as large a range as possible of the electronic work function. The process of charge transfer is
described by electronic surface states on the ice which are filled or emptied by the difference
of the metal-ice work function, whereas the influence of the electric field may be attributed
to a space-charge region in the ice, built up in our experiments (Section 5) mainly by Bjerrum
defects, thus indicating an interaction of electrons and L-defects.

First the experimental arrangement is shown. Then we look for a model able to describe
the measurements. We reason why we introduce our assumptions, then we build up the model
starting with the behaviour of the ice charge carriers in an electric field by a treatment used,
e.g. in the theory of semiconductors. Next the metal-ice contact is described in three steps:

First, a metal yielding no charge separation is used to define the chemical potential of
charge carriers in the ice. Second, the charge transferred by other metals is calculated under
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the assumptions of electrochemical equilibrium. Third, the influence of the electric field is
taken into account. The collision process is treated according to the theories outlined by
Tabor (1951), a full description of the present case being given by Buser (unpublished).

2. EXPERIMENTS

For our experiments we used the hail tunnel (List, 1966). This is in principle a closed
wind tunnel with metallic walls. Temperature, wind speed, and water injection are regulated.
The temperature chosen assures us that all the water droplets are frozen. The charge trans-
ferred during collision of the ice particles with the metal cylinder was measured as an electric
current. The dependence of the charge separation on the electric field was investigated by
varying the voltage of the cylinder near the walls of the hail tunnel (Fig. 1). For the evalua-
tion of the contact area and the collision time we used the collision theory of metals (Tabor,
1951 ; Buser, unpublished). The experimental conditions and the collision parameters are
given in Table 1.

The accuracy of the experimentally controllable parameters is much better than for the
collision area and collision time, these two values depending on the validity of the model used
for collision, especially on the elastic and plastic behaviour of the ice. The dynamic yield
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Fig. 1. Experimental set-up.

Tasre I, EXPERIMENTAL CONDITIONS AND
COLLISION PARAMETERS

Temperature —45°C
Wind speed 10 m/s
Metallic cylinder: Diameter 5 mm
Length 10 mm
Water used singly distilled
Particle radius 1075 m
Collision areas (per particle) 16 % 10712 m?
Collision time 1077 s

https://doi.org/10.3189/50022143000033670 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000033670

CHARGE SEPARATION IN ICE-METAL COLLISIONS 549

pressure of ice was found experimentally to lie between the values of lead (2 % 107 N/m?) and
copper (2% 108 N/m?). Since the model for charge separation and its consequences will be
seen not to depend on the exact values of these parameters, the accuracy is more than sufficient.

3. MODEL FOR THE CHARGE SEPARATION

The experiments showed that the measured current depended on the kind of metal, and
that there is a non-linear dependence on the electric field. To explain the first fact, there are
different possibilities to consider, such as electrode processes in electrolytes, solvated clectrons,
or electronic surface states on the ice. In all three cases we must introduce electronic states
whether they exist already in the ice or are only created in contact with the metal (Pikayev,
1969, p. 320-68 of the English translation). As the first two possibilities did not adequately
describe the observations, they were ruled out. For comparison with other fields in solid-state
physics, we have an abundant literature on semiconductor surfaces (Davison and Levine,
1970; Many and others, 1971). So the model is based on the following assumptions:

(a) There are electronic surface states on the ice that exist already on the free ice surface
or are at least created by the metal.

(b) There is a reaction between the electrons and the ice charge carriers at least during
the contact. This gives us the possibility of describing the influence of the electric
field by the concentration of the ice charge carriers and their transition probability.

(¢) The influence of the charge in the surface states on the charge transfer is assumed to be
time independent. This is done because the collision time could not be varied, being
nearly independent of the metal and the impact velocity.

3.1. Ice in an external electric field

The charge carriers in ice are ions and Bjerrum defects (Jaccard, 1959; Grinicher, 1963,
Fletcher, 1970). Both are in such a low concentration that Boltzmann statistics apply. In
an electric field, a space charge will build up, much the same as in a semiconductor. So we
may use the formulae for the charge-carrier concentrations and the electric potential derived
there (e.g. Many and others, 1971, p. 138 fI.). We will consider the one-dimensional case
only. The equations are written dimensionless with the units given in Table T1.

TasLe II. UNITS USED FOR DIMENSIONLESS QUANTITIES

Quantity and symbol Unit
charge ¢, @ go — elementary charge e
energy F kT — thermal energy
concentration n 1, — concentration without electric field
length x L = (eokT|2ny4,%)* = Debye length
electric potential V kT]qo
electric field F kT|goL
time ¢ ts = collision time
particle current j 1/(L2ts)

The remaining symbols are evident.

For the concentration of the charge carriers we find

ny = exp(+V), (1)
for the potential at the surface of the ice (Many and others, 1971)
Vs = 2 arsinh(Fg[2¢), (2)

where Fg is the external electric field, and € is the permittivity.
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3.2. Contact metal—ice

In describing the behaviour of the electrons in metals and semiconductors, the notion of
the Fermi energy plays a dominant role. So we consider first the simple case of a contact where
no charge separation is observed. This gives us the possibility of calculating the charge
transferred by other metals. Next we calculate the influence of the electric field, starting
again with a metal yielding no charge separation without an electric field. For the general
case we combine the two parts.

3.2.1. Influence of the metal

In the case in which we find a metal without charge separation when in contact with ice,
the charge carriers of this metal are in chemical equilibrium with those of the ice, even before
contact occurred. This we use for the definition of the chemical potential { for the charge
carriers of the ice, since in this case it is equal to the Fermi potential of the electrons in the
metal. If we introduce the notion of the work function and fix the zero potential (vacuum
level) in the usual way, we may say that the work function of the metal is equal to that in the
ice. Thus we define the work function for ice and have at the same time a method of deter-
mining it. This method has been used to measure the work function of insulators (Davies,

1969).
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Fig. 2. Definition of potential in metal and ice.

If we take another metal (wym # wg, Fig. 2), we observe a charge transfer between the
two contacting particles, which is explained by the principle of electrochemical equilibrium.
This means that the difference in work function must equal the difference in the electrical
potential. The charge connected with this potential is easily calculated if the charge distribu-
tion is known. To simplify the calculation, we assume that the whole charge lies in planes
separated by some distance 4, an assumption frequently also used in other fields (e.g. Hladik,
1972, p. 1092). As long as the whole charge is involved, the assumption pushes the problem of
the charge distribution back to the distance d, since for any distribution d can be calculated.
For the charge @, transferred per unit area we get

Q== 2(nl?), (3)

where w = wg—wu.

9.2.2. Influence of the external field (wgy = wn)

In this case we have already seen that there is no charge separation without an electric
field: in equilibrium as many charges are being transferred from the metal to the ice as are
transferred in the opposite direction. In other words the concentrations of the charge carriers
are the same on both sides of the contact (ny = 1). The electric field now changes the
concentration in the ice, whereas in the metal, because of the high number of electrons, we
still can assume n = 1. This leads to a charge transfer which we may imagine to be a chemical
reaction involving L and D Bjerrum defects:

(e")m+(H,O+D)1 s H4-(OH7)y,
(e7)m+ (H;0")1 s H+(H,O+L)1.
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The charge separated is the net current flowing during the contact time. We calculate
this current in the usual way by attributing transition probabilities to the charge carriers
involved, evaluate the current for each in either direction, and add the currents up. We
already know the concentrations from Equation (1) and we only have to introduce the
transfer probabilities P+ and P-, using the principle of microscopic reversibility for the
direction and hoping to explain the experiments by a single kind of charge carriers in the ice
(either ions or Bjerrum defects). Instead of P+ we change to two other parameters (P, and 7),
defined by the equation

P+ = P, exp(+7), (4)

where 7 accounts for the difference in the transition probability for positive and negative
charge carriers. Thus » may depend on the metal through the charge built up in the surface
states of the ice.

The whole (negative) charge @, transferred over the distance d is calculated in the usual
way, being the sum of all the concentrations multiplied by the corresponding transfer proba-
bility. Using the addition theorems for hyperbolic functions, we find at last (Buser, unpub-
lished)

Q. = 2dP, {sinh(— V) —sinh 7} (n,L3). (5)

3.2.9. General case

In general we have wg # wy and Fg # o. There is a charge transfer in the surface
states @, and one induced by the electric field @,. The whole charge is the sum of both of these,
calculated using the equations above under the assumption that the transfer from the space-
charge region of the ice is much slower than the transfer from the surface states. The total
charge transferred @, in dimensionless form can be written as

Qi = Q-+ @, = {2w/d+2dP, [sinh(—Vs-n) —sinh 5]}(n,L3). (6)

4. REsurts

Dimensions have to be given to the formulae derived if we want to compare with experi-
ments. We will find that of all the parameters introduced, only four remain independent.
These will be fitted with the experimental data by the y2-method. Since the four parameters
arc composed of geometrical (collision) and ice (concentration) parameters, we check the
plausibility of the model. Another check will be the dependence of the parameters on the
different metals.

4.1. Adjustment of the dimensionless equations

The dimensionless charge @, of Equation (5) gives the charge density in A s/m? if we
multiply by (g,/L?). With the contact area A, for cach particle and n; particles colliding per
second, we find for the experimental current 75

JE = mApQi(go/L2). (7)

Since Fg is proportional to the applied voltage Vg, we write Equation (2) with D as a constant
and for X = DVg

X = —sinh(Fy/2). (8)

Using the addition theorem for hyperbolic functions we get for the experimental current
(Buser, unpublished)

JE = Fro+A[X(1+X2)} cosh n+ X2 sinh %], (9)
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with the four parameters to be fitted

A = gmA pPod(n,L3) (qo/L7),

7 = § In (P+/P7),

D = X|Vg, (10)
Jeo = 2(md pws[d) (nL3) (go/L?).

Fo is obviously just the field-independent part of the current, corresponding to the
charges Q, exchanged between the surface states of the ice and the metal. The quantity sis a
number <1 allowing for charges which may flow back from the surface states during the recoil
of the ice particle (opening of the contact).

4.2. Discussion of the parameters

If we look closer at the four parameters, we see that D does not depend on the metal. Of
course it depends on the geometrical arrangement, but as this is not changed in our experi-
ments, D should remain constant.

Similarly 7g, should only depend on the metal, since n¢ remains constant, 4, does not
depend on the metal as long as it is harder than ice, which is true for most metals (exceptions:
Pb, In). The distance d however may depend on the metal because there might be a different
thickness of oxide or adsorption layers for different metals, thus showing the dependence on
the metal is not only given by their work-function difference w.

The parameter A should not depend on the metal, except through a possible variation in
the distance d as explained above. A depends on the concentration of the ice charge carriers,
allowing us to decide whether Bjerrum- or ionic-defects are involved.

4.3. Measurements

The values of the parameters for 14 different cases are given in Table 111. The metals are
indicated by their chemical symbols. The letters in parentheses mean: (A) aged surface,
Pd(H) is Pd filled with hydrogen. As discussed in the previous section, Table 111 shows that
A and D do not depend much on the metal, but Jg, and » do.

Fig. 3. Fu plotted against Vi for Mg.
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2/4
3/4
4{4
5/4
6/4
14/4
23/4
13/4
12/4
11/4

7l4
9/4

8/4
16/4

CHARGE SEPARATION IN

TaBLE III. VALUES OF THE PARAMETERS

Material 1/D Jro

kV 4 nA LA
Pd 10.4 0.7 0.021  0.019
Al 9.7 1.0 0.38 0.03
Cd 9.2 2.0 0.57  0.06
Pd(H) 13.8 2.8 0.69 0.08
Zn 10.1 0.9 1.03 0.02
Zn(A) 6.6 o.5 —0.071  0.00%
Pt 13:3 1.5 —0.17 0.01
Ni(A) Bir oy —0.051  0.004
Cu(A) 8.1 o7 —0.018 o0.003
Fe 9.6 o8 —0.017  0.005
Mg Pyl 32 1.46  0.02

13.6 1.2 1.47 0.02
Ba 12.1 2.0 2.75 0.06

1.6 2.0 2.74 0.07
Ba(A) 86 1.6 1.98 0.02
C 15.0 1.0 —1.06 0.01

A
nA
0.170
0.170
0.15
0.28
0.190
0.08
0.28
0.12
o.11
0.17
0.21
0.14
0.096
0.24
0.093
0.46

ICE—-METAL COLLISIONS

+A
0.003
0.006
0.01
0.01
0.006
0.01
0.04
0.02
0.02
0.02
0.04
0.02
0.026
0.07
0.07
0.04

0.21
0.34
0.34
0.52
0.73
0.17
0.52
0.30
0.15
0.32
1.2
2.0
3.0
2.0
2.0
—0.50

A

0.02
0.03
0.07
0.09
0.05
0.01
0.06
0.02
0,02

1.0
0,03
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Figure 3 is an example of the measured current as a function of the applied voltage
To show the fit for different metals,
Equation (g) is transformed to the linear equation { = ¥ with
Z = sinh n4-2(Fu—Fo) 4,

Vg = 2 arsinh (DVg).
For better readability the result is shown in two parts (Figs 4 and 5) containing for the same
reason three experimental points for each metal only (including extreme ones).

together with the fitted function from Equation (g).

Y = sinh(vs+49),

20

-20
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-40

=ba

-60

<7
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D)

-20
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Fig. 4. Linear representation of FEquation (g) for different metals ( part r).
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Fig. 5. Linear representation of Equation () for different metals ( part 2).

Fig. 6. Relation between v and Fuo-
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Since n may depend on the charge in the surface states (given by 7g,), Figure 6 is given to
show this relation, indicating that the transfer probabilities are influenced by a changing
potential barrier.

5. PLAUSIBILITY OF THE MODEL

In the previous section we saw that Equation (7) describes the experiments well if the
proper values of the parameters are chosen. The question remains whether these values are
consistent with the quantities they are composed of.

First we calculate the density of surface states. Since there are to our knowledge no data
available for ice yet, we will compare it with known values for semiconductors and insulators.
From the relation for the surface charge density o

a = N1go = Jro/Apnt,

where N7 is the density of surface states, we can evaluate N1. As no saturation is observed in
the experiments, we can only give a lower limit for Ny, using the maximum value of
Jwo (= g nA). The quantity 4, is known from collision theory, and n; from the experiment.
With 4 = 16 X 1072 m? and ny = 105 s~ ! we find Ny = 10® m—2,

Many and others (1971, p. 358, 361) report 10’7 m—2 for semiconductors while for insulators
we find values of about 10'* m=2 (Donald, 1968; Cunningham and Hood, 1970; Hood and
Cunningham, 1970). Thus the value found seems to be reasonable.

Next we are able to decide on the kind of the ice charge carriers. For the moving ice
particles, the inhomogeneous field is variable. Due to the different relaxation time of ionic
and Bjerrum defects, the calculation shows that the contribution of the Bjerrum defects
exceeds the ionic one. But this argument is not decisive, so let us calculate the concentration
with the help of Equations (2) and (8). Allowing for dimensions, we find

Fr(qoLlkT) = 2¢X.

Taking the experimental values for X = 1, e.g. Vg = 10kV, D = 1 kV-'and Fg = 2.5 < 10°
V/m, the Debye length and the concentration are

L =5x108m, My = 7 % 1020 m~3,

the majority carrier giving ¢ = 3.
This value is to be compared with the defect concentrations in pure ice at —45°C:

no(ions) = 10 m—3, no(L, D) = 71019 m~3,

If we allow for the impurity of the water used in the present case, we arrive at the conclusion
that the Bjerrum defects react with the metal electrons (Von Hippel, 1971).

Finally we will give an estimate of the work function wg for ice. For the work function
of the metal wy we are restricted to values reported in the literature. The scatter, especially
of earlier values, may be due to uncontrolled surface conditions, which are not known in our
case either. So the estimate for wg is about 4.4 €V, a value which is close to that reported
earlier (Buser and Aufdermaur, 1971) and confirmed recently (Mazzega and others, 1976).

6. CONCLUSION

The proposed model explaining the charge transfer between metals and ice leads to two
conclusions:

1. There are electron states on the surface of the ice.
2. Bjerrum defects react with the electrons exchanged with the metal.
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Even though the experiments were not intended to investigate electrode processes at a
metal-ice interface, they proved to be quite a good start, since the contact time is short
enough to see the initial stage of the charge transfer. It was just this short time of contact that
allowed us to distinguish between the charging of surface states and the charge exchange
between the space-charge layer in the ice and electrons in the metal. But the above conclusions
have still to be confirmed by other experiments.

7. ACKNOWLEDGEMENTS

The experiments were performed at the Eidg. Institut fiir Schnee- und Lawinenforschung;;
support by the Schweizerischer Nationalfonds zur Férderung der wissenschaftliche Forschung

(Project No. 2.377.70) and the Schweizerische Hagelversicherungsgesellschaft, is gratefully
acknowledged.

REFERENCES

Buser, O. Unpublished. Elektrischer Ladungsaustausch beim Stoss von Eispartikeln auf Metall. [D. & Sci.
thesis, Université de Neuchitel, 1976.]

Buser, O., and Aufdermaur, A. N. 1971. Statische Aufladung an Eisoberflichen. Wissenschaftliche Verhandlungen
der Schweizerischen Naturforschenden Gesellschaft, 161. Jahresversammlung in Freiberg, p. 138—41.

Cunningham, R. G., and Hood, H. P., III. 1970. The relation between contact charging and surface potential
difference. Fournal of Colloid and Interface Science, Vol. 32, No. 3, p. 373-76.

Davies, D. K. 1969. Charge generation on diclectric surfaces. British Journal of Applied Physics ( Journal of Physics,
D), Ser. 2, Vol. 2, No. 11, p. 1533-37.

Davison, 8. G., and Levine, J. D. 1970. Surface states. Solid State Physies, Vol. 25, p. 1-149.

Donald, D. K. 1968. Contact electrification of insulators and its relevance to electrets. journal of the Electro-
chemical Society, Vol. 115, No. 3, p. 270~72.

Flel;:cr, N. H. 1970. The chemical physics of ice. Cambridge, University Press. (Cambridge Monographs on

ysics.)

Grinicher, H. 1963. Properties and lattice imperfections of ice crystals and the behaviour of H,O-HF solid
solutions. Physik der kondensierlen Materie, Bd. 1, Ht. 1, p. 1-12.

Hladik, J., ed. 1972. Physics of electrolytes. Vol. 2. Thermodynamics and electrode processes in solid state electrolytes.
London, etc., Academic Press.

Hood, H. P., III, and Cunningham, R. G. 1970. A new method of measuring contact electrification charac-
teristics of materials. Journal of Colloid and Interface Science, Vol. 32, No. 3, p. 444-48.

Jaccard, C. 1959. Etude théorique et éxperimentale des propriétés électriques de la glace. Helvetica Physica Acta,
Vol. 32, Fasc. 2, p. 8g-128.

List, R. 1966. A hail tunnel with pressure control. Fournal of the Atmospheric Sciences, Vol. 23, No. 1, p. 61-66.

Many, A., and others. 1971. Semiconductor surfaces, by A. Many, Y. Goldstein and N. P. Grover. Amsterdam, etc.,
North-Holland Publishing Co.

Mazzega, E., and others. 1976. Volta effect and liquidlike layer at the ice surface, [by] E. Mazzega, U. del
Pennino, A. Loria and S. Mantovani. Journal of Chemical Physics, Vol. 64, No. 3, p. 1028-31.

Pikayev, A. K. 1969. Sol’vatirovannyy elektron v radiatsionnoy khimit [ The solvated electron in radiation chemistry].
Moscow, Izdatel’stvo “Nauka”. [English translation: Israel Program for Scientific Translations, Jerusalem,
1971.]

Tabor, D. 1951. The hardness of metals. Oxford, Clarendon Press. (Monographs on the Physics and Chemistry
of Materials.)

Von Hippel, A. R. 1971. Transfer of protons through “pure” ice I single crystals. II. Molecular models of
polarization and conduction. Journal of Chemical Physics, Vol. 54, No. 1, p. 145-49.

DISCUSSION

G. W. Gross: Von Hippel and others (1972) have suggested that electrons incident at the
surface of an ice particle with sufficient energy may convert Bjerrum defects into ions (and
vice versa). Latham and Mason (1961) performed experiments on the electric charge
separation in icefice particle collisions in the absence of liquid water and found that an
electric field has no effect. They ascribed that to a particle contact time smaller than the
relaxation time for charge transfer
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where ¢, is the permittivity of free space, e, the principal relative dielectric constant of ice, and
a, the static conductivity of ice. Based on my own measurements of their relaxation time, I
suspect that this reason is incorrect. What mechanism would you propose for charge transfer
in icefice collisions, other than a thermoelectric effect?

O. Busker: Since I suggest electronic surface states on the ice, two ice particles are able to
transfer electrons between their surface states. A net charge transfer may be observed when-
ever there exists a difference in their work function. This difference is very much dependent
on the surface condition ; changing by about 200-300 meV for an evaporated and a deposited
ice surface. In this case the influence of the electric field is indeed small, which is readily
verified by Equation (g9) with » ~ o.

F. Propr: As further comment on the applicability of the experiment to thunderstorm
cleetricity, I recall that charge exchange between colliding ice particles is not a very effective
mechanism in thunderstorms, as a recent experiment by Takahashi demonstrates.

Buser: My paper is not intended to be a contribution to thunderstorm electricity, but to give
insight into the fundamental physical processes involved in metal—ice interfaces.
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