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1. INTRODUCTION

Studies of excess electrón mobility and of the ion yield observed in dielectric liquids

when exposed to different types of radiatíon nave been carried out for over 25 years [1,2]. The

construction of a calorimeter employing 12,000 litrcs of 2,2,4,4-tetramethyl pentane (TMP) for

the upgrading of the UA1 experiment at CERN [3-6] has stirred up renewed interest in this

field. Particularly attractive are the materials that are best suited for use as radiation detectors,

e.g. compounds that exhibit a high electrón mobility and a large free ion yield, and that are

liquid at room temperature. This restricted class of dielectric liquids has been named 'warm

liquids1. To this class belong neopentane (NP), TMP, tetramethyl silane (TMS), tetramethyl

germanium (TMG), and tetramethyl tin (TMSn).

The prediction of how the free ion yield G(E,T) varíes with the type of radiation, with

the temperature T, and with the electric field strength E, constitutes a fundamental problem in

radiation chemistry. A theory proposed by Onsager [7] has been found adequate for describing

G(E,T) in a large number of liquids exposed to y-rays [8-10]. However, some indications in

the literature point to the fact that Onsager predictions do not completely agree with experiment

in the case of liquids exhibiting a large electrón mobility, such as TMS [11] and liquid Ar [12,

13].

One of the motivations for the present work are the above-mentioned discrepancies

between theory and experiment. In view of the current interest in these liquids, it seems that the

recently available data on G(E) in warm liquids irradiated by y-rays [14] warrant closer

examination. Another motivation is of a purely technical nature, i.e. the necessity of having an

accurate parametric representation of G(E) for this class of liquids. Within UA1, we have

found that such information may be utilized to evalúate the electrón lifetime in the calorimeter

[3], and may also be useful for understanding how the modules that make up the calorimeter

respond to electrón showers, and how this response varíes with the electric field [5].

2. THEORETICAL BACKGROUND

2.1 Onsager theory

The probability that an isolated electrón—ion pair escapes recombination—where the

electrón and the ion are initíally separated by a distance r, and perform diffusive, Brownian

motion in the presence of an extemal electric field E—has been calculated by Onsager [7]:
oo

<Kr/r0, E/Eo, 9) = exp [- —^ (1+ cos6)] J j 0 {l[- ^ (1+ cos9)s]M} exp(-s) ds . (1)

ro/r

Equation (1) has been written explicitly in terms of the scaling variables of the problem, i.e.

the Onsager radius r<) = q2/(4jc e £o k T) [the distance at which the Coulombic potential energy

equals the thermal energy kT], and the Onsager field Eo = 2kT/(qro) [the field that would

produce a voltage drop of 2kT/q over a distance rn]. Here, e is the relative dielectric constant;



eo is the permitivity of vacuum; 8 is the angle between the line initially connecting the electron-

ion pair and the external field; q is the electrón charge; k is the Boltzmann constant; T is the

absolute temperature. The properties of the liquid (the dielectric constant e) and the temperature

T determine the answer only indirectly, through the scaling variables ro and Eo.

Mozumder [15] and Abell and Funabashi [16] performed an integration over the

azimuth 9 in eq. (1), arriving independently at the same result for the angle-averaged

probability of escape,

Effio) = 1 - ^ l P ( " . | | ) Kn, f) , (2)

where P(n, x) is the incomplete gamma function of integral order n, which can be evaluated

with the algorithm

P(n + 1, x) - P(n, x) = - (x« / n!) exp (- x) (21)

P(l,x) = l - e x p ( - x ) . (2")

Mozumder [15] proposed an expansión of Il(r/ro, E/Eo) in a power series of the

external field,

II(r/ro,E/Eo) = exp(-ro/r) £ (^f Bn (r0 / r), (3)

where Bn (x) is a polynomial of order n in x, with Bo = 1, Bi = x, and the coefficients for

n > 1 show alternating signs.

2.2 Comparison between theory and experimení

To compare theory and experiment, an additional element must be incorporated into the

theory so as to account for the fact that a typical y-radiolysis produces more than one eleetron-

ion pair, and that the distance at which each electrón thermalizes (measured from its parent ion)

is not the same for all pairs. Thus, an ad hoc function f(r) is introduced to describe the

distribution of separation distances between the electron-ion pairs at thermalization, such that

Jf(r)dr = 1.
o

Within this framework, and assuming that the distance at which most ofthe electron-

ion pairs thermalize is small compared with the average distance between ionization events, the

probability of escape \jr(E, T) averaged over the initial distribution f(r) can be calculated

according to
oo

\|/(E, T) = YfíE/Eo) = J f(r) II (r/r0, E/Eo) dr, (4)
o

where the subscript f has been introduced to indicate that the valué of \\r is expected to depend

on the distribution function f.

Some of the experiments that have lent support to the Onsager theory are: i) the

determination of the slope-to-intercept ratio obtained by measuring G(E) at field strengths that



are low enough such that linear behaviour is observed, and extrapolating the measurement to

zero field strength; and ii) a measurement of G(0) performed with a different experimental

technique, the 'clearing field' method [8], which was specially designed for this purpose.

Method (i) relies c«i the measurement of the radiation-induced steady-state conductivity,

from which G(E) is determined. Theory and experiment have been found to agree remaikably

well in a number of hydrocarbon liquids [10]. Method (ii) consists of 'ionizing the liquid by a

short pulse of radiation, then immediately applying a clearing field of such magnitude that all

the free ions are drawn to the electrodes before any appreciable amount of homogeneous

recombination has had time to occur' [8].

In both methods, in order to compare theory and experiment, the probability of escape

must be computed from the measured valúes of G(E) or G(0). For this purpose, the number of

electron-ion pairs that escape recombination measured at a certain electric field E, must be

divided by the number of pairs initially produced in the liquid. Since in the warm liquids, at

the highest fields applied so far, the curves G(E) do not show saturation, an assumption

concerning this scale factor is often made, e.g. it is assumed that the number of pairs produced

in the liquid is equal to the number of pairs produced in the gas [8—10].

That the formalism outlined above has been built upon a theory that describes the

motion of an isolated electron-ion pair, is reflected in the fact that the prediction of the slope-to-

intercept ratio turas out to be the same for one pair as for many pairs, irrespective of the (their)

thermalization distance(s). Thus, the prediction of this quantity turns oía to be independerá of

the distribution function f(r), as can be seen by inserting the expansión indicated above [eq.

(3)]ineq.(4):
oo

¥f(E/Eo) = (l+f-) Jf(r)exp(-ro/r)dr + 0[(f-)2] . (5)
M) o

On physical grounds, we expect that the probability of escape approaches unity at large
field strengths, ÜIEL. IT(r/ro, E/Eo) = 1. The expansión of IT(r/ro, E/Eo) indicated by

eq. (2) satisfies this property. Since the distribution functions f(r) are normalized, eq. (4) also

satisfies lirrL_>oo\|/f (E/Eo) = 1- Consequently, we use the symbol G(°o) to denote the free

ion yield corresponding to the number of electron-ion pairs initially produced in the liquid.

2.2.1 Estimation of G(°°)

One of the basic quantities goveming the radiation-induced electrical conductivity in

dielectric liquids is the ionization energy. Theory predicts that in comparison with the gas-

phase ionization potential, a reduction takes place in the liquid phase, according to (see ref.

[1]),
Wt) = n>(g) + P+ + v 0 . (6)

Here IE(£) stands for the ionization energy of the molecules in the liquid phase; IP(g) is the

ionization potential of the molecules in the gas phase; P+ represents the difference in the self-



energy of the positive ion embedded in the liquid relative to its self-energy in vacuum; Vo

represents the energy of an electrón at the bottom of the conduction band, i.e. the energy of the

quasifree electrón in the liquid relative to vacuum.

Of the tenns appearing on the right-hand side of eq. (6), P+ is < 0 by definition, and is

of order P+ * - 1 to -2 eV. As far as we are aware, the third term, Vo, has been measured in all

but TMG: the valúes in eV measured at 295 K are (- 0.15 , - 0.33, - 0.62, -0.70) in NP,

TMP, TMS and TMSn, respectively [17]. Thus eq. (6) predicts a decrease in ionization energy

upon condensation, of the order of ~ 2 eV. Such a decrease has been experimentally

confirmed.

In table 1 we display a compilation of rclevant data for warm liquids, and for liquid Ar,

Kr, and Xe. The first column contains IP(g); the second column contains the measured average

energy W, which is necessary to créate an electron-ion pair in the gas phase. The fourth

column displays the valúes of the ionization energy JE{Í)—measured as the threshold for

photoconduction under synchrotron radiation in all but liquid Ar [the valué quoted for JE(t) in

liquid Ar is the band gap determined in the solid]. The fifth column shows the average energy

that is needed to créate an electron-ion pair measured in the liquid. The measurement has been

performed in the rare gas liquids only, since it is in these liquids that saturation of G(E) has

been observed at the modérate field strengths easily attainable in a parallel-plate cell. In the fifth

column of Table 1, the numbers in parenthesis, corresponding to the warm liquids, are

calculated assuming that the ratio W(£) / JE(£) in the liquid is the same as R = W(g) / IP(g)

observed in the gas phase, and that this ratio is similar in all warm liquids. This assumption

implies that, on the average, a fraction of the energy that is necessary to créate an electron-ion

pair is spent exciting the molecules that constitute the liquid, and another fraction is spent as

electrón kinetic energy [18], and that the sum of these fractions does not change upon

condensation. Inspection of the measured valúes W(g) / IP(g) and W(¿) / TE(£) Usted in Table

1 for the rare gases lends support to this hypothesis.

Although the actual valué of the ratio R does depend on the molecular structure of the

sample, it is expected to be similar in compounds that display comparable molecular structures

[18], e.g. liquids exhibiting a high degree of molecular sphericity, such as the 'warm liquids'.

Comparison of R in NP, TMS, and TMP (table 1) confirms these expectations, and lends

support to the assumption that R = 2.4 in TMG and TMSn as well.

The figures in the seventh column of table 1 represent the initial number of electron-ion

pairs produced per 100 eV released in the sample. The valúes for the rare-gas liquids represent

quantities that have been experimentally determined; those for the warm liquids are our estímate

based on the hypotheses mentioned above.

3. RESULTS

The existing data for NP [19], TMP, TMS, TMG, and TMSn [14] were analysed

according to eq. (4), performing numérica! integration, with II(r/ro, E/EQ) calculated according



to eq. (2); ten terms were found to be sufficient for computing an answer accurate to 1O5 for

field strengths of ~ lOEo ~ 200 kV/cm. Data from other sources [20-22] were not analysed,

since Geer, Holroyd and Ptohos [14] have shown that their data are consistent with those of

previous authors, and their measurements in TMS and TMP span, in steps of ~ 1 kV/cm,

essentially the same range of field strengths covered in previous works. We considered

distributions of the gamma family, namely

[ ( n + l ) r / p ] n exp [ - ( n + l ) r / p ] . (7)W 7
pn!

oo

These functions are normalized, f fn(r) dr = 1, and are written with explicit dependence on
o

oo

the mean valué of the thermalization distance [ r fn(r) dr = p. We studied the cases n = 0, 1,
o

2, and the delta function, denoted DELTA, lim fn(r) = f©o(r) = 8(r - p). A plot of these
? cénit.

functions is shown in fig. 1. The fitting procedure, standard least-squares minimization,

involves comparison of the observed electric field dependence of the free ion yield G(E) and

the predictions based on eq. (4). The independent fitting parameters are the scale of distance p

[characterizing the distribution function f(r)], and the quantity G(«>), the number of electron-

ion pairs initially produced for every 100 eV released in the sample. Results of these fittings are

displayed in fig. 2; the parameters of the fits are Usted in table 2. Uncertainties in these

determinations are estimated to be ~ 10%. The functions DELTA and fo(r) have been widely

used in the literature [11, 16, 21, 23]; theoretical arguments that justify the use of fo(r) have

been proposed [16].

Inspection of fig. 2 and table 2 indicates that, in all five liquids, there exists a set of

parameters [G(«>) and p] that provides an approximate description of the data, although, for

unknown reasons, the fit to the data in TMSn seems systematically worse than that for the

other liquids. However, the independent estímate of G(<») presented in the preceding sectíon

allows a choice to be made between these different distribution functions. Thus, the data in

NP, TMP, TMS, and TMG are best described by the function f^r), whereas the data in TMSn

seems best decribed by the function Í2(r); the valué of G(°°) corresponding to these fits is

within 20% of the expected valué (see table 1), except in TMSn, where G(°°) seems large,

exceeding the expected valué by ~ 30%. However, it is worth noting that at low fields, the

predictions based on the Onsager theory, using functions fj(r) (for NP, TMP, TMS, and

TMG) and Í2(r) (for TMSn), fall systematically above the data, as shown in fig. 3. Similar

behaviour was observed when using the other distribution functions.

Because of this discrepancy, we repeated the fitting procedure outiined above, but

deleted the data points at E < 5 kV/cm; the results are also included in table 2. Note that when

using such a restricted range of field strength, the %2 per degree of freedom decreases by one



order of magnitude, although this is not immediately evident from fig. 2 because of the scale.

When using this restricted range of electric fields, the functions which provide a best

description of the data and which are characterized by a G(°°) closest to those indicated in table

1, are fo(r) (for NP, TMP, and TMS), fx(r) (for TMG), and f2(r) (for TMSn); these fits are

also displayed in figs. 2 and 3.

The fact that the data available in NP span the range of fields 0.5 kV/cm < E <

140 kV/cm [19], permits an evaluation of the systematic error involved in using only a portion

of the curve G(E) in the determination of the distribution function f(r). For this purpose, we

repeated the fitting procedure outMned above (with exclusión of data points at E < 5 kV/cm) for

the case of function fo(r) in NP, imposing on the data points the additional condition E <

40 kV/cm, which corresponds roughly to the range of fields where the measurements have

been performed in the other liquids. The results for G(«-) and p are (5.14,266 Á), which agree

within ~ 8% with the parameters quoted in table 2 when all data points at E > 5 kV/cm are

considered in the fit.

To facilitate interpolation of the data and extrapolation of the Onsager predictions to

higher fields, E < 200 kV/cm, we have: i) least-squares fitted to the data a polynomial in

powers of E/Eo; ii) least-squares fitted a polynomial to the Onsager prediction, based on

function fo(r) (for NP, TMP and TMS), f^r) (for TMG), and f2(r) (for TMSn). The

parameters characterizing these distribution functions are listed in table 2, and were determined

from fits in which the data points at E < 5 kV/cm were deleted. The results of these fits are

displayed in table 3. We find that a second-order polynomial expansión provides a good

description of the data in TMP, TMS, TMG, and TMSn, at fields E < 40 kV/cm. In NP, a

sixth-order expansión is required at fields E < 140 kV/cm. Concerning the polynomial

representation of the theory, valid for fields up to 200 kV/cm—calculated as a least-squares fit

to the prediction based on Onsager theory—an eigth-order expansión is necessary,

corresponding to relative deviations of better than ~ 0.2%.

Note that the order of the polynomial expansión required to represent accurately—for

fields E < 200 kV/cm—the predictions based on Onsager theory is rather modest. However,

during the early stages of this work, we found that if Il(r/ro, E/EQ) is calculated according to

eq. (3) rather than to eq. (2), then a large number of terms are necessary. The integration of the

right-hand side of eq. (3), using the distribution f(r) as the weighting function, gives rise to an

alternating series that converges slowly for fields E > Eo. In fact, we found that at fields E ~

2Eo = 40 kV/cm, using function fo(r) [with G(°°) = 4.3 and p= 250 Á], more than 40 terms are

needed in order to obtain the correct answer. Similar behaviour of this expansión has been

reported in ref. [21].

4. DISCUSSION

Inspection of table 2 reveáis that, as expected, the scale of distance p that is appropriate

for a particular liquid is function-dependent, in agreement with analyses reported by other



authors [11,16,23]. Comparison with previous analyses will therefore be restricted to authors

who have used some of the distribution functions utilized in this work.

In NP, our valúes for function fo(r) (p = 228 Á if all data points are included; and p =

241 Á if data at E < 5 kV/cm are deleted) coincide, within the accuracy with which we could

determine these parameters, with the valué p = 250 Á reported in ref. [16]. In contrast,

Mozumder [23] has obtained p = 197 Á and p = 212 Á, corresponding to functions DELTA

and fo(r), respectively. The first of these valúes is appreciably different from ours (p = 285 Á),

whereas the latter does not differ significantly from our results. Since Mozumder used only one

point of the curve G(E), namely G(0)—measured with a different experimental technique (the

'clearing field1 method)—this agreement seems rather surprising.

In the case of TMS, our valúes for function fo(r) (p =112 Á if all data points are

included; p = 123 Á if data at E < 5 kV/cm are deleted) are not too different from the valué p =

130 Á reported in ref. [11].

A glance at the valúes listed in table 2 reveáis an interesting trend: the valúes of G(°°)
needed to fit thé data decrease in the order fo(r), fi(f), f2(r), foo(r). This can be understood as

follows: for all functions studied, the range p characterizing the distribution function turns out

to be comparable to—although somewhat smaller than—the Onsager radius ro. Therefore, the

electron-ion pairs that contribute the least to the observed free ion yield are those that

thermalize at a distance smaller than the range of the distribution function f(r). Since the

fraction of pairs thermalizing at r < p decreases in the order fo(r), f^r), f2(r), foo(r), a smaller

G(<») is needed in order to compénsate for the loss of these pairs through geminate

recombination. A similar description has been found to be appropriate in the case of a number

of hydrocarbon liquids, where the data have been described using a distribution function f(r)

that is zero in the neighbourhood of the origin [1].

Concerning the discrepancy between theory and experiment at low fields, note that

similar discrepancies have been observed when measuring the electric field dependence of the

collected charge produced by minimum-ionizing particles in liquid Ar [12, 13]. However,

observation of the field dependence of photocurrents in TMPD-doped TMS has led to an

experimental slope-to-intercept ratio that is 30% smaller than predicted by theory [11]; this is

in contrast to what might be expected from the analysis presented above.

The fact that, at low fields, the data analysed here fall below the predictions based on

Onsager theory can be qualitatively understood in the following fashion. In the y-radiolysis of

these liquids, the rate of energy deposition in the sample is (dE/dx) ~ 0.02 eV/Á [24]. A

valué W ~ 20 eV in the liquid corresponds to a mean separación Ax = 1000 Á between

ionization events. Therefore, in the warm liquids [best decribed by distribution functions f(r)

characterized by a relatively large range p, comparable to ro], a certain fraction ofthe ion pairs

will thermalize at distances comparable to or larger than the mean separation Ax between

ionization events. Electrons thermalizing at these large distances from their parent ion will most



likely experience the Coulombic attraction of a positive ion produced in a neighbouring

ionization event, which will, on the average, be closer than its parent ion. Thus the probabüity

of escape calculated on the basis of the Onsager theory will exceed the actual escape

probabüity. Indeed, in such a model, ionization is described as a collection of ionization events

that are widely separated from each other, so that recombination takes place as if each

ionization event were an isolated event. This discrepancy should become most evident at low

electric field strengths. A similar argument has been invoked to explain the ion yield observed

in hydrocarbon liquids exposed to X-rays of 5 - 30 keV energy [24].

However, an alternative model has been invoked, which leads essentially to the same

result. It has been suggested that ionization produced by y-rays often leads to múltiple

ionization events, i.e. two or three electron-ion pairs produced in small volumes of the sample

('spurs' or 'blobs', characterized by linear dimensions smaller than the Onsager radius ro)

[10, 11]. If this is the case, then application of the Onsager theory will also lead to an

overestimate of the free ion yield at low field strengths, since the escape probabüity for two or

three electrons whose parent ions are cióse by, e.g. separated by distances smaller than ro, is

smaller than the sum of the escape probabilities for each electrón from its respective parent ion,

calculated by considering each geminate pair as an isolated pair.

That this theory overestimates the escape probabüity at low field strengths is also

reflected in the valúes Usted in table 3. The slope-to-intercept ratio predicted by the Onsager

theory, when the electric field strength is measured in units of the Onsager field Eo, is unity.

The first-order coefficients a i displayed in table 3, obtained when applying a polynomial fit to

predictions based on the Onsager theory, are nearly unity, and the constants G(0) of these fits

are systematically higher than the valué of G(E) measured at the lowest field (in NP, at E =

0.57 kV/cm, G(E) - 1.13 [19]; in TMP, TMS, TMG, and TMSn, at E » 1 kV/cm, G(E) =

0.68, 0.58, 0.57, and 0.66, respectively [14]). This is in contrast to the parameters G(0) and

a i obtained when applying a polynomial representation to the data; in this case G(0) turns out

to be much closer to the valué measured at the lowest field strength, and a¡ turns out to be

systematically larger than unity (see table 3). Note also that the second-order coefficient a.2

turns out to be non-negligible when compared with unity, indicating non-linear behaviour at

relatively modest fields. In some cases, such as NP and TMSn, a i exceeds unity by as much

as 37% and 46%, respectively. Conceming the comparison between G(0) determined by a

polynomial fit to the data, and the valúes measured with the clearing field method (0.86,0.74,

and 0.62 in NP, TMS, and TMSn, respectively [9]), the agreement is within ~ 7% in TMSn,

but gets worse in the case of NP and of TMS.

The fits discussed above indícate that in the warm liquids, even at low fields E < Eo,

the linear expansión expected from the Onsager theory, i.e. G(E) = G(0) (1 + E/Eo), does not

provide a good representation ofthe data.



The argument presented above (based on the mean separation Ax between ionization

events) leads to the qualitative prediction that, at low fields, the ion yield G(E) calculated

according to the Onsager theory should exceed the observed G(E) by an amount that is larger

the larger the range that characterizes the distribution function f(r). Such phenomena are

certainly observed in liquid Ar, they are less pronounced in the 'warm liquids' studied in this

work. On the other hand, there are a number of hydrocarbon liquids made up of less

symmetric, elongated molecules, in which the data on G(E) are best described by distribution

functions characterized by a range p that is small compared to ro [e.g. n-hexane, where p =

50 Á for the function fo(r)] [16]. In this class of liquids, as expected, such discrepancies are

not observed, and a linear expansión of the type mentioned above does provide an accurate

description of the data.

5. CONCLUSIÓN

We have analysed existing data on the free ion yield produced by y-radiolysis of 'warm

liquids'—neopentane, 2,2,4,4-tetramethyl pentane, tetramethyl silane, tetramethyl germanium,

and tetramethyl tin—within the framework of the Onsager theory. In all liquids, it is observed

that the data fall below the predictions of the Onsager theory, at fields smaller than 3 kV/cm. A

least-squares polynomial representation of the data in powers of the electric field E indicates

that the usual linear expansión of the free ion yield, i.e. G(E) = G(0) (1 + E/Eo), does not

provide a good representation ofthe data, not even at low fields. The underlying reason is the

following. In liquids exhibiting a large free ion yield—such as the warm liquids, where the

G(E) data are best described by distribution functions with a range p comparable to the

Onsager radius ro—the calculation of the probability of escape, based on the Onsager theory,

must necessarily overestimate the actual escape probability, because the contribution arising

from pairs thermalizing at r » p is overestimated. Such discrepancies between theory and

experiment are expected to manifest themselves, most evidently, at low field strengths.

The arguments presented in the preceding section lead to the rather uncomfortable

conclusión—already reached by other authors—that, within this theory, the function that

determines the free ion yield in a fundamental way is the distribution f(r) describing the

distance between electron-ion pairs at thermalization. Indeed, f(r) is a function that is not

predicted by theory. More theoretical work is clearly needed in this área.
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Table 1

Ionization energy and average energy necessary to créate an electron-ion pair

in some selected dielectric fluids

npound

Ar

Kr

Xe

NP

TMP

TMS

TMG

TMSn

IP(eV)

(1)

15.76 a

14.00 a

12.13 a

10.21 b

9.50 c

9.80 b
9.33 b

8.89 b

Gas

W(eV)

(2)

26.1 d

23.9 d

21.8 d

23.4 b

22.9e

23.6 f

—

W/IP

(3)

1.66

1.71

1.80

2.27

2.41

2.41

—

IE(eV)

(4)

14.16 8
11.55 h

9.20»

8.85 J
8.20C

8.10Í
7.60 J

6.9f

W(eV)

(5)

23.6 k

20.5 1

15.6 m

(20.0)

(19.8)

(19.5)

(18.3)

(16.6)

Liquid
W/EE

(6)

1.67

1.77

1.70

2.27

2.41

2.41

2.41

2.41

G(oo)

(7)

4.24

4.88

6.41

5.00

5.05

5.13

5.46

6.02

a. S.G. Lias et al., Gas-phase ion and neutral thermochemistry, NSRDS, National Bureau of Standards, J. Phys. and Chem. Ref. Data 17,

Supplement No.l (1988).

b. T. A. Stoneham, D.R. Ethridge and G.G. Meisels, J. Chem. Phys. 54 (1971) 4054.

c. K. Buschick and W.F. Schmidt, IEEE Trans. Electr. Insul. 24 (1989) 353.

d. G.G. Meisels, J. Chem. Phys. 41 (1964) 51.

e. W measured for 11-C9H20; P. Adler and H.K. Bothe, Z. Naturforsch. 20a (1965) 1700.

f. I. Lopes, H. Hilmert and W.F. Schmidt, Radial. Phys. Chem. 29 (1987) 93.

g. Band gap determined in the solid, N. Schwentner, E.E. Koch and J. Jortner, Electronic excitations in condensed rare gases (Springer-

Verlag, Berlin, 1985), p. 27.

h. R. Reininger, U. Asaf, I.T. Steinberger, P. Laporte and V. Saile, Phys. Rev. B26 (1982) 6294.

i. U. Asaf and I.T. Steinberger, Phys. Rev. B10 (1974) 4464.

j . E. Bottcher and W.F. Schmidt, J. Chem. Phys. 80 (1984) 1353.

k. M. Miyajima et al., Phys. Rev. A9 (1974) 1438.

1. T. Takahashi, S. Konno and T. Doke, J. Phys. C7 (1974) 230.

m. T. Takahashi et al., Phys. Rev A12 (1975) 1771.



Table 2

Fitting parameters corresponding to different distribution functíons

at T = 296 K

Function Parameter

NP TMP TMS TMG TMSn

fo(E>O)

(E > 5 kV/cm)

f i (E > 0)

(E > 5 kV/cm)

f2 (E > 0)

(E > 5 kV/cm)

foo (E > 0)

DELTA

6 a

rO(A) b
Eo(kV/an)C

G(~)

P(A)
G(oo)

P(A)

G(~)

P(Á)

G(°°)

P(A)

G(~)
P(A)
G(~)
P(A)

G(o=)

p(A)

1.78 a

317

16.1

5.67

231

5.55

241

4.47

269

4.38

279

4.08

282
-

-

3.47

285

1.98 e

285

17.9

6.50

120

5.40

143

4.35

162

3.75

188

3.69

182
-

-

2.44

234

1.92 e

294

17.4

6.37

112

5.67

123

4.11

156

3.87

165

3.44

176
-

-

2.26

226

2.01 e

280

18.2

7.89

90

6.77

101

4.99

126

4.37

140

4.05

146
-

-

2.42

199

2.25 e

250

20.4

18.4

55

-

-

10.3

83

7.64

100

7.68

100

6.22

115

3.95

148

a) Relative dielectric constant

b) Onsager radius ro = q2 / (4jt e eo k T), where q is the electrón charge, e is the relative

dielectric constant, Eo is the permittivity of vacuum, k is the Boltzmann constant, T is the

absolute temperature.

c) Onsager field EQ = 2kT / (qr0).

d) G.R. Frceman, Ionization and charge separatíon in irradiated matenals, in Kinetícs of

non-homogeneous processes, ed. G.R. Freeman (Wiley and Sons, New York, 1987),

Chapter 2.

e) S. Geer, R.A. Holroyd and F. Ptohos, preprint BNL-43155 (1989), submitted to Nucí.

Instrum. Methods.
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Table 3

Parameters corresponding to least-squares polynomial fits of the type

G(E) = G(0) [ 1 + I o¡ (E/Eo)» ]
i l

Compound G(0) a3

NP (data)
NP (theory) a

NP (theory) b

TMP(data)

TMP (theory) a

TMS (data)

TMS (theory) a

TMG (data)

TMG (theorv)c

1.1232
1.2174

1.2379

0.6755

0.7520

0.6041

0.6334

0.5638

0.6088

1.3748
0.97148

0.95292

1.2237

1.0358

1.0467

1.0002

1.1844

1.0086

- 0.82239
- 0.47394

-0.48112

- 0.25708

-0.43174

-0.17431

-0.31147

- 0.20491

- 0.26243

0.29773
0.17413

0.17651

_

0.16621

_

0.10893

_

0.087239

5.6385 E-2 5.2345 E-3 - 1.8835 E-4

3.8431 E-2 4.7479 E-3 - 3.0113 E-4 7.6122 E-6 - 1.7218 E-9

3.8648 E-2 4.7525 E-3 - 3.0267 E-4 7.9019 E-6 - 1.4305 E-8

-3.8443 E-2 4.7882 E-3 - 2.9866 E-4 7.5339 E-6 -1.6893 E-8

•2.8592 E-2 4.4506 E-3 -3.5180 E-4 1.0759 E-5 - 8.5295 E-10

2.5005 E-2 4.3333 E-3 -3.7557 E-4 1.2413 E-5 - 1.5491 E-9

TMSn(data) 0.6574 1.4610 -0.27603 - - - - - -

TMSn (theory) d 0.7519 1.0093 -0.17327 0.052381 -1.9105 E-2 4.1642 E-3 -4.3226 E-4 1.6630 E-5 -2.4339 E-9

a) Fit to predictions of Onsager theory [eq. (4)], valid for 0 < E < 200 kV/cm, with distribution function fo(r) and parameters determined by

fitting the data excluding points at E < 5 kV/cm (see table 2).

b) Fit to predictions of Onsager theory, valid for 0 < E < 200 kV/cm, with distribution function fo(r) and parameters determined by fitting the

G(E) data in the range 5 < E < 40 kV/cm; parameters are G(°°) = 5.14, p = 266 Á.

c) Fit to predictions of Onsager theory, valid for 0 < E < 200 kV/cm, with distribution function f i(r) and parameters determined by fitting the

data at E > 5 kV/cm (see table 2).

d) Fit to predictions of Onsager theory, valid for 0 < E < 200 kV/cm, with distribution function Í2(r) and parameters determined by fitting the

data at E > 5 kV/cm (see table 2).



Figure captions

Fig. 1: Plot of pfn(r) [with fn(r) given by eq. (7), see text] versus r/p for n = 0, n = 1, and

n = 2

Fig. 2: Comparison of predictions, based on the Onsager theory, with experimental data:

A = f2(r), B = f^r), C = fo(r), D = DELTA; parameters of these functions were

determined considering all data points in the fitting procedure. Curves labelled with

primed letters correspond to distribution functions determined by fitting the data,

excluding points at field strengths < 5 kV/cm. The best fit for NP, TMP, and TMS is

provided by function fo(r) (curve C); for TMG by function f^r) (curve B'); and for

TMSn by function f2(r) (curve A') (see text). For clarity of presentation, curves

labelled with primed letters, as well as curves A, B, and C, have been displaced by 0.5

units with respect to curve D and to each other. Fitting parameters are Usted in table 2.

Fig. 3: Comparison of predictions, based on the Onsager theory, with experimental data at low

electric field strength (symbols as in fig. 2). For clarity of presentation, curves labelled

with primed letters have been displaced by 0.5 units with respect to curves labelled with

unprimed letters. Fitting parameters are listed in table 2.
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We have analysed existing data on the free ion yield produced by 7-radiolysis of 'warm
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electric field E) indicates that the usual linear expansión, G(E) = G(0)(l + E/EQ), does
not provide a good representation of the data, not even at low fields.
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