
Journal J/Glaciology. Vol. 2 1, No. 85,1976 
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ABSTRACT. The cha rge separa tion of ice particl es colliding with metals was investigated in a wind tunnel 
(a ir speed 10 m/s) at a temperature of - 45°C for different m etals as a function of an a pplied external electric 
fi e ld. The ice pa rticles ( 10 fLm radius) collided wi th the m etal ta rget at a rate of 105 per second. The charge 
separation produced by different metals can be explained by the contact potential difference between the 
m eta l and the ice introducing electronic surface states on the ice. A lower limit for their density ( 10 16 m - Z) 

is found. The influence of the electric field is explained by an interaction between Bjerrum defects and the 
elec trons of the m eta l, the transfer probability depending on the charge in the surface states. 

R EsuMlL Separation des charges electriques pendant 1In choc entre des particules de glace et un metal: etats tflectrorziq1les 
de SllrJace. La separation de la charge e lectrique penda nt un ch oc entre des parti cul es de glace et une sonde 
de metal est mesuree d a ns un tunnel aerodynamique (vitesse du vent 10 m/s) a une temperature d e - 45°C, 
pour differents m etaux, en fonction d'un champ elec trique exterieur. Le nombre de particules de glace 
( IQ fLm ) heurtant le cylindre de metal s 'e leve a 105 par seconde. La separation de charge provoquee par les 
divers metaux es t expliquee par la differen ce clu potentiel de contact entre la glace e t le metal, en introcluisant 
d es etats cle surface eicctroniques dans la glace. La Iimite inferieure cle leur d ensite est es timee a 10"6 m - Z• 

L ' influence clu champ C1ectrique est expliquee par une interaction entre cles c1 efa uts de Bjerrum et des 
electrons du metal, la probabilite cle tra nsfert dependant d e la cha rge clans les e ta ts cle surface cl e la glace. 

ZUSAMMENFASSUNG. Ladullgstrellllllllg durch Stoss VOII Eispartikeln mU M etaUe: elektronische OberjlachenZlIstiillde. 
Die Ladungstrennung beim Stoss van Eispartikeln mit M e ta llen wurcle in e inem vVindkanal (Winclge
sch w incl igkeit 10 m /s) bei cincr T empera tur von - 45°C fur verschiecl ene M e talle in Abhangigkeit eines 
a usse rcn e1ektrischen Feldes untersucht. Die Stossrate cler Eispartikel ( 10 fL m R acl ius) a ufden Metallzylinder 
betrug 105 pro Sekuncle. Die Lacl ungstrennung hervorgerufe n durch verschieclen e Metalle konnte mit der 
P o tentia ldifferenz M etall- Eis erkla rt wcrclen, wozu elektronische Oberflachenzusta ncle beim Eis eingefuhrt 
wurclen. Die untere Crenze ihrer Dichtc wurcle zu 10 "6 m- 2 bestimmt. Ocr E influss cles e1ektrischen Feldes 
wird mit cl er Wechselwirkung zwischen Bjerrumfehlern uncl Meta llclektroncn erkla rt, wobei clie Oberga ngs
wahrscheinlickeit von cler Lacl ung in den OberAachenzust:inclen abhangl. 

I. INTROD UCTIO N 

The exchange of electric charge in collisions between ice particles is well known to atmo
spheric scientists, but there is no genera l agreement about the processes involved. In order to 
simplify the problem we chose a m eta l cylinder as a collision partner with the ice particles . 
The r esulting electric current generated by the collision of 105 ice particles per second dep ends 
on the m etal (and its surface condition) and on the elec tric field in which the collision occurs. 
The field strength in our experiments was limited by the onset of sparking. The metals cover 
as la rge 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 fill ed or emptied by the difference 
of the m etal- 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 arrangem ent is shown. Then we look for a model able to describe 
the m easurements. We reason why we introduce our assumptions, then we build up the model 
starting with the behaviour of the ice cha rge carriers in an electric field by a treatment used, 
e.g. in the theory of semiconductors. Next the metal- ice contact is d escribed 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 m etals 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. I) . For the evalua
tion of the contact area and the collision time we used the collision theory of m etals (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 

Ampli f ier 
Recorder 

MOTOR l __ ----- Wall s -----

Slide contac t 

Ice particles 

Fig. I. Experimental set-up. 

T AB LE I. EXPE RIMENT A L CONDITIONS AND 

COLLISIO N PARAMETE RS 

T empera ture 
Wind speed 
M etallic cylinder : Dia me ter 

Length 
Wa ter used 
Pa rticle radius 
Collision a reas (per pa rticle) 
Collision time 

- 4S0C 
10 m /s 
s mm 

lomm 
singly distill ed 

10 - 5 ill 

16 x 10- 12 m 2 

10- 7 s 
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pressure of ice was found experimenta lly to lie between the values of lead (2 X 107 /m2) and 
copper (2 X ro8 N /m2). Since the model for charge sepa ration and its consequences will be 
seen not to d epend on the exact values of these parameters, the accuracy is more than sufficient. 

3. MODEL FOR THE CHARGE SEPARATION 

The experiments showed that the m easured 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, solva ted electrons, 
or electronic surface states on the ice. In all three cases we must introduce electronic states 
whether they exist alread y 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 litera ture on semiconductor surfaces (D avison and Levine, 
1970 ; M a ny and others, 1971 ). So the m odel is based on the following assumptions : 

(a) T here are electronic surface states on the ice that exist a lready on the free ice surface 
or a r e at least created by the meta l. 

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

(c) 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 b e varied, being 
n early independent of the metal a nd the impact velocity. 

3. I . I ce in an external electric field 

T he charge carriers in ice are ions a nd Bjerrum defects (laccard, 1959; G ranicher, 1963, 
Fletcher, 1970). Both a re in such a low co ncentration that Boltzmann statistics apply. In 
a n electric fi eld, a space cha rge will build up, much the sam e as in a semiconductor. So we 
may use the formulae for the charge-ca rrier concentra tions a nd the electric potential derived 
there (e.g. Many and others, 197 I , p. 138 ff. ) . We will consider the one-dimensional case 
onl y. The equa tions are written dimcnsionless with the uni ts given in Table II . 

TABLE II. U NIT S USED FOR D1MENSIONLESS QUANTIT IES 

Q llantity and symbol 

charge q, Q 
energy E 
concen trat ion It 

length x 
electri c potential V 
electri c fi eld F 
time t 
particle current j 

Unit 

qo = elementary charge e 
kT = th erma l energy 

110 = con centration witho u t electri c field 
L = « okT/2110qo' )1 = D eb ye length 

kT/qo 
kT/qoL 

ts = collision time 
1/ (L'ls ) 

The rema ining symbols a re evident. 

For the concentration of the charge carriers we find 

n± = exp(± V), 
for the potentia l at the surface of the ice (Many and others, 1971 ) 

Vs = 2 arsinh (FE /2E), 
where FE is the external electric field , a nd E is the permittivity. 

(I) 
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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. I. Influence if 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). 

o ~ 
EF~ 
Meta l 

kE: 
lee 

Fig. 2 . Defini tion if potential in metal and ice. 

If we take another metal ( WM #- WE, 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 pla nes 
separated by some distance d, an assumption frequently also u sed 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 Q, transferred per unit area we get 

where W = WE - WM. 

3.2 .2. Influence of the external field (WE = WM) 

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 ar e 
transferred in the opposite direction. In other words the concentrations of the charge carriers 
are the same on both sides of the contact (n± = I) . The electric field n ow changes the 
concentration in the ice, whereas in the metal, because of the high number of electrons, we 
still can assume n = I . This leads to a charge transfer which we may imagine to be a chemical 
reaction involving L and D Bjerrum defects: 

(e-)r.l+(H 20 + Dh ~ H +(OH-h, 
(e-)M+(H 30 +h ~ H+(H 20 + Lh· 
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The charge separated is the net current flowing during the contact time. We calcula te 
this current in the usual way by attributing transition probabilities to the charge carriers 
involved , evaluate the current for each in either direction, a nd add the currents up . We 
already know the concentrations from Equation (I) 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 param eters (Po and 'Y} ), 

defined by the equation 

P± = Po exp (±'Y} ), 

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

The whole (negative) charge Q2 transferred over the dista nce 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 las t (Buser, unpub
lished) 

(5) 

3.2.3. General case 

In genera l we have WE "# WM and FE "# o. There is a charge transfer in the surface 
states Q, and one induced by the electric field Q2. The whole ch a rge is the sum of both of these, 
calculated using the equations a bove under the assumption that the transfer from the space
charge regio n of the ice is much slower than the transfer from the surface states. The total 
charge transferred Qt in dimensionless form can be written as 

(6) 

4. R ESULTS 

Dimensions have to be given to the formulae derived if we want to compare with experi
ments. W e will find that of a ll the param eters introduced, o nly four remain independent. 
T hese will be fitted with the experimental data by the X2-method. Since the four pa rameters 
a re composed of geometrical (collision) a nd ice (concentration) parameters, we check the 
plausibility of the model. Another check will be the dependence of the parameters on the 
different metals. 

4. I . Adjustment of the dimensionless equations 

T he dimensionless charge Q2 of Equation (5) gives the charge density in A s/m2 if we 
multiply by (qo/V ). With the contact area Ap [or each pa rticle a nd nt particles colliding per 
second, we find for the experimental current JE 

Since FE is proportional to the applied voltage VE, we write Equation (2) with D as a constant 
and for X = DVE 

X = -sinh ( Vs/2). (8) 

Using the a ddition theorem [or hyperbolic functions we get for the experimenta l current 
(Buser, unpublished) 

(9) 
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with the four parameters to be fitted 

A = 4ntApPod(noV) (qo/V ) , } 
TJ = tin (P+/P-) , 

D = X / VE, 
JEo = 2 (ntA pws/d)(noV)( qo/V ) . 

(10) 

JEo is obviously just the field-independent part of the current, corresponding to the 
charges QI exchanged between the surface states of the ice and the metal. The quantity s is a 
number ~ I allowing for charges which may flow back from the surface states during the recoil 
of the ice particle (opening of the con tact). 

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 JEo should only depend on the metal, since nt remains constant, A p 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, 
a llowing 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 Ill. 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 III shows that 
A and D do not depend much on the metal, but JEo and TJ do. 

<f 
c 
~ I 
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! 
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I 

i 
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i 
1 

Fig. 3 . JE plotted against VEfor Mg. 
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TABLE Ill. VALUES OF TH E PARAMETERS 

N umber M aterial I /D ]Eo A - '7 
kV ± il nA ± il nA ± il ± ~ 

2 / 4 Pd 10· 4 0·7 0.02 1 0 . 0 19 0 . 1 7 0 0.003 0.2 1 0.02 

3 /4 A l 9·7 1.0 0.38 0.03 0. 170 0 .006 0·34 0.03 

4 / 4 Cd 9. 2 2.0 0 ·57 0 .06 0. 15 0.0 1 0·34 0.07 

5 / 4 Pd (H ) 13 .8 2.8 0.69 o .oB 0 .28 0.0 1 0 . 5 2 0.09 

6/4 Zn 10. 1 0·9 1.0 3 0 .02 0. 1 9 0 0 .006 0·73 0 .05 

14/4 Z n (A) 6.6 0·5 - 0.07 1 0 .003 0 .08 0.0 1 0 · 17 0 .0 1 

23/4 P t 13 · 3 1.5 - 0 .1 7 0. 0 1 0.28 0 .04 0 . 5 2 0.06 

13/4 N i(A) 8 ·7 0·7 - 0.05 1 0.004 0. 1 2 0.02 0.30 0.02 

12 /4 C u (A) 8. 1 0·7 - 0.0 18 0.003 0. 1 I 0 .0 2 0 . 15 0.02 

11 / 4 Fe 9 .6 0.8 - 0. 0 1 7 0 .005 0. 17 0.02 0.32 0 .02 

7 / 4 M g J I. I 1.2 1.4 6 0.02 0.2 1 0.04 1. 2 

13.6 1.2 1.4 7 0.02 0. 14 0.02 2 .0 

9 / 4 Ba 12. I 2 .0 2 · 7 5 0.06 0.096 0 .026 3 . 0 
1 1.6 2.0 2·74 0.07 0.24 0.07 2.0 

B/ 4 Ba (A) 8 .6 1.6 1. 9 8 0.02 0.093 0.07 2 . 0 1.0 

16 / 4 C 15 .0 1. 0 - 1.06 0.0 1 0 .4 6 0.04 - 0 . 5 0 0.03 

Figure 3 is a n example of the measured current as a function of the a pplied voltage 
together with the fitted function from Equa tion (9). T o show the fi t for differen t metals, 
Equation (9) is transformed to the linear equa tion Z = r with 

Z = sinh ?J + 2 (] E- ] Eo )/A, 
r = sinh (vs+ ?)), Vs = 2 arsinh (D VE ). 

For better read a bili ty the result is shown in two p a rts (Figs 4 a nd 5) containing for the same 
reason three experimental points for each m etal only (including extreme ones) . 
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Fig. j . Linear representation 0/ Equatioll (9 ) /or different metals (part 1). 
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Fig. 5. Linear represetl tation of Equation (9) for different metals (part 2). 
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Fig. 6. Relation betwem 1) and JEo. 
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Since TJ may depend on the charge in the surface states (given by JEo), 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 (J 

(J = NIqo = JEo/Apnt, 

where NI is the density of surface states, we can evaluate NI. As no saturation is observed in 
the experiments, we can only give a lower limit for NI, using the maximum value of 
JEo (= 3 nA). The quantity Ap is known from collision theory, and nt from the experiment. 
With A = I6 x 10- 12 m 2 and nt = 105 S - I we find NI ~ 1016 m - 2 • 

Many and others (1971, p. 358, 361) report 1017 m- 2 for semiconductors while for insulators 
we find values of about 1014 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 

FE(qoL/kT) = 2EX. 

Taking the experimental values for X = I, e.g. VE = 10 kV, D = 1 kV- ' and FE = 2.5 X 106 

V /m, the Debye length and the concentration are 

L = 5 X 10-8 m, 

the majority carrier giving E = 3. 
This value is to be compared with the defect concentrations in pure ice at -45 QC: 

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 (V on Hippel, 1971 ). 

Finally we will give an estimate of the work function WE for ice. For the work function 
of the metal WM 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 WE is about 4.4 eV, 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: 

I . 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 p rocesses at a 
metal- ice in terface, they proved to be quite a good star t, since the contact time is short 
enough to see the initial stage of the charge transfer. I t was just this shor t tim e of contact that 
allowed us to distinguish between the cha rging of surface states and the ch a rge exchange 
between the space-charge layer in the ice and electrons in the m etal. But the a bove conclusions 
have still to be confirmed by other experiments. 
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DISCUSSIO N 

G. W . GROSS : Von Hippel and others (1972) have sugges ted tha t electrons incident a t the 
surface of a n ice particle with sufficient energy may convert Bjerrum defects in to ions (and 
vice versa) . L a tham and Mason (1961 ) p erformed experiments on the electric charge 
separation in ice/ice particle collisions in the a bsence of liquid water a nd found that an 
electric fi eld has no effect. T hey ascribed that to a particle contact time smaller than the 
relaxation time for charge transfer 
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where Eo is the p ermittivity of free space, Er the principal rela tive dielec tric constant of ice, and 
ao the static conductivity of ice. Based on my own measurements of their relaxation time, I 
su spect that this reason is incorrect. What mecha nism would you propose for charge transfer 
in ice/ice collisions, other than a thermoelectric effect ? 

O. BUSER: Since I suggest electronic surface states on the ice, two ice particles a re able to 
transfer electrons b etween their surface states. A n et 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 (9) with 'f} ~ o. 

F. PROD!: As further comment on the applicability of the exp eriment to thunderstorm 
electricity, I recall that charge exchange between colliding ice pa rticles 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, bu t to give 
insight into the fundamental physical processes involved in metal- ice interfaces. 
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