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At applied electric-field strengths below a threshold value (E/n), &, the mobility of electrons is independent
of field strength. At strengths just above the threshold the sign of the mobility-field coefficient d p,/dE is

positive in the low-density gas, negative in the high-density gas and low-density liquid [1.0&(n/10 ) &8],
and positive in the normal liquid. The temperature coefficient of mobility d p,/dT is positive at all densities.
The change of sign of d p,/dE going from n = 0.9 to 1.0 (10" molecule/cm') is attributed to destructive
interference of long-range attractive interactions, which tends to reduce the effective scattering cross sections
at the lower velocities, The sign of d p,/dT remains positive because quasilocalization of electrons occurs at
density fluctuations of suitab1e magnitude in this region of n. Quasilocalization is characterized by large
negative values of hH' and AS', with 66' 0. The density-normalized mobility p,n changes by less

than a factor of 2 while increasing n from the low-density gas to the liquid at n = 7 X 10" molecule/cm',
At n & 8 &( 10" the value of p,n plunges, due to the formation of more stable localized states; field-assisted

delocalization of the electrons causes d p,/dE to become positive again. Electron behavior in fiuid ethane is

quite different from that in fiuid methane. The differences are attributed to the difFerence in molecular

shape; methane is much more spherelike than ethane. The less spherelike molecule has a lower average
scattering cross section for electrons at 300 K in the low-density gas, a Ramsauer-Townsend minimum in o „
lying at a lower energy, a larger ratio of threshold drift velocity to the speed of sound v „'"'/c„and more
stable localized states of electrons in the liquid.

I. INTRODUCTION

Electron transport in fluid methane has recently
been reported for wide ranges of fluid density and
temperature. ' To briefly characterize the trans-
port behavior one may cite the deep Bamsauer-
Townsend minimum in the scattering cross section
at -0.25 eV in the dilute gas, interference by the
formation of quasilocalized electron states in the
dense gas near the vapor-liquid coexistence curve,
the stability of the quasifree state in the dense li-
quid, and a mobility maximum where the density-
normalized mobility pn is 50 times the value in
the low-density gas, at a. density 1.8 times the
critical, 1.8 pg, .

Methane is the simplest hydrocarbon molecule.
It has tetrahedral structure and a nearly isotropic
polarizability. The next-simplest hydrocarbon
molecule might be considered to be ethane,
H3C-CH, . The CH, groups can rotate relative to
each other on the axle of the C-C bond. The mole-
cule has a distinctly anisotropic polarizability.
The wide-ranging study of electron transport in

fluid methane' has been repeated in ethane. The
purpose is to learn more about electron behavior
in molecular fluids and to provide impetus for a
theoretical treatment of the subject by those who

are equipped to do so.
A small amount of work on electron scattering

and transport in low-density ethane gas has been
reported. ' ' Agreement between results from dif-
ferent laboratories is not particularly good.

In liquid ethane, by contrast with methane, the
quasifree state of electrons is not stable except
near the critical region. A localized (solvated)
state is formed. '-'

II. EXPERIMENTAL

A. Materials and techniques

Phillips Research Grade ethane (99.979p) was
transferred to a grease-free vacuum line through
flexible stainless-steel tubing that was welded to
a Kovar-glass seal. About 50 ml of liquid-solid
was degassed by trap-to-trap distillation under
vacuum, while pumping on the liquid-nitrogen-
cooled receiver. The ethane was then held over-
night as a liquid at 195 K (Dry Ice: acetone) on
Davison 3A Molecular Sieves. It was then de-
gassed again and transferred onto a series of
potassium mirrors, on which it was held at 195 K
for two weeks. A fresh mirror was used every
two days.

The mobility measurement systems were des-
cribed earlier. Time-of-flight measurements
were used, ' except at the lowest temperatures, for
which a conductance method was required. " The
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distance between the parallel-plate electrodes was
3.2 mm.

B. Physical properties

Gas densities were taken from Ref. 11, and li-
quid densities from Ref. 12. Dielectric constants
wer e calculated from the I,orenz- Lorentz equa-
tion, '3

.using the refractive index from Ref. 14 as
a base. The average polar izability and anisotropy
of polarizability were calculated from data in Ref.
15. The speed of sound and isothermal compres-
sibility were obtained from Ref. 16. Some of the
properties of ethane are listed in Table I, along
with those of methane" for comparison.

III. RESULTS

Electron mobilities were measured as functions
of electric-field strength and temperature (or
density) in the liquid and gas phases along the co-
existence curve. The temperature and density are
interdependent in the coexistence fluids. Measure-
ments were also made in the gas as a function of
temperature at several fixed densities.

A. Electric field

Earlier measurements"'" in ethane were of
drift velocity v~ against density-normalized field
strength E/n ht room temperature, for a range of
densities n(2.7 x 10"molecule/cm'. These re-
sults are plotted as density-normalized mobilities
p.n along with the present data obtained at 294 K
(Fig. 1). The value of pn increases slightly at
E/n&0. 06 Td (Townsend), passes through a. maxi-
mum at E/n=0. 3 Td, then decreases. The electron
drift velocity v~ is nearly independent of field
strength at 53s3 km/s between 3 and 46 Td. Re-
sults from different laboratories agree to within
12/o in the region of overlap. Differences are

TABLE I. Physical P rope rties.

CH4 H3CCH3

B. Density-normalized mobility

Figure 4 also shows pn vs n for thermal elec-
trons in the coexistence fluids. At n &1.3 & 10"
molecule/cm' pn is constant at 3.1 x 10" mole-
cule/cmV s within the experimental uncertainty of
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smaller at high fields (Fig. 1), where drift velo-
cities are easier to measure precisely.

The threshold field strength (E/n), ~, below which
the electrons are in thermal equilibrium with the
fluid, varies with temperature in the low-density
gas (Fig. 2). Decreasing the temperature lowers
the electron mean energy and the low-field mobili-
ty; electron heating by the field therefore becomes
significant at progressively lower fields.

The effect of gas density upon the field effect is
illustrated in Fig. 3. At high densities where mul-
tibody interactions are important, the magnitude
of the positive dp/dE decreases with increasing
n and the threshold (E/n), ~ increases. At n&1.0
x 10" molecule/cm' dp/dE becomes negative and

(E/n), ~ decreases again. The variation of (E/n)~h,
with density in the saturated vapor (in equilibrium
with the liquid) is shown in Fig. 4.

In the low-density liquid phase at T= 290 K and
z- 7 x 10" molecule/cm' it has previously been
found that (E/n), ~=0.1 Td and dp, /dE is negative. "
However, at T &216 K and n~ 1.0x 10"molecule/
cm', dil. /dE is again positive and (E/n), ~&0.5 Td."
There are therefore two sign changes in the
(E/n), ~ vs n curve, one at 1.0 x 10" and another
near 9 x 10" molecule/cm' (Fig. 4).

T,(x)
n, (10 molecule/cm )
~ (MPa)
~c
dipole moment (10 ~ esucm)
average polarizability (10 cm )
polarizability anisotropy (10 cm )
r~g~(10 cm)
0~v(10 cm ) 300 K

190.6
6.09
4.60
1.23
0-00
2.6
0.0
1.6
4.0

305.5
4.06
4.88
1.25
0.00

0.7
1.8

' References 11-17.
"Reference 14, using ~~=10" (0.099b) ~ cm, where

$ is in units of cm/mol.
Present work.
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FIG. 1. Density-normalized mobility pn and drift
velocity y& as functions of the density-normalized elec-
tric-field strength E/n, in low-density ethane gas at T
= 295 K. 0, v& at n= 6.8x10 molecule/cm and T =294
K, present work. pn: 0, same as above; ~, Ref. 2,
298 K, 0.4-7x10 molecule/cm3; 0, Ref. 3, 293 K,
0.6—8 x10 molecule/cm; v, Ref. 5, 298 K, 3 x10
molecule/cm; &, Ref. 18, 295 K, 1.5 x10 9 molecule/
cm3.
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FIG. 2. Electron mobility plotted against E/n at n
=6.8x10 molecule/cm . T(K): ~, 197; 0, 221; ~,
294; 0, 326. ——represents the electron temperature
g~, estimated for the 197 K sample at E/n & 0.3 Td and
any sample at E/n &0.3 Td.

-3%. At higher densities pn decreases, reaching
a minimum of -1.9 x 10"molecule/cm Vs at 3
x 10" molecule/cm', then rises to a maximum of
3.1 x 10" molecule /em V s at 5.6 x 10" molecule/
cm', and decreases steeply at still higher densi-
ties.

Values of pn as a function of n in the gas at con-
stant T = 1.02T, are nearly parallel to those in the
coexistence vapors (Fig. 4). It should be remem-
bered that the temperature difference between the
constant T and coexistence curves decreases with
increasing n, so the temperature coefficient of
mobility increases with n in the gas phase.

C. Temperature

In the gas phase at constant density the thermal
electron mobility has a positive temperature co-
efficient (Fig. 5). The coefficient increases with
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density, in confirmation of the result in Sec. III B.
Although the Arrhenius model is inappropriate for
transport in the low-density gas, the Arrhenius
temperature coefficients are listed in Table II to
give an overview of the magnitude of the effect of
density.

6.8 I

FIG. 4. (E/n)th, aaao, and pn(thermal electrons),
O, as functions of n in the coexistence vapor and liquid.
The closed and open symbols indicate positive and nega-
tive values of dp/dE, respectively, at E/n& (E/n)th .
o, Ref. 19; ~, Ref. 20. The arrow indicates n~. 0, pn
at constant temperature 1.02T~= 312 K.
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FIG. 3. Effect of gas density upon the field dependence
of pn. The gases are in equilibrium with liquid at the
temperature indicated. T(K), n(10 molecule/cm3): O,
193, 6.2; ~, 256, 57; &, 276, 102; G, 289, 150; v,
302, 246; Q, 306, 406, critical fluid.

1000/T(K)

FIG. 5. Temperature dependence (Arrhenius plot) of
thermal-electron mobilities in the gas phase along the
coexistence curve (&) and at several constant densities
(0). The numbers labeling the curves are n/10 mole-19

cule/cm3. The dashed line was calculated using Eq. (2)
and the cross sections represented by the full line or
long-dash line in Fig. 7.
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TABLE II. Temperature coefficients of thermal-electron mobilities in ethane at different densities.

n n
(10~9 molecule/cm )

T range E p -6H' -AS' AO' 6$'/S{0)
(kJ/mo1) (cm /V s) kJ/mol (J/mol K) (kJ/moi) S(0) (J/mol K)

6.8
50

102
202
406

0.017
0.123
0.25
0.50
1.00

197-326
254-325
276-309
298-308
307-310

1.3
2.4
3.8

16
60

490
250
160

9
33

106

36
109
340

+2
0

-2

1.0
1.4
2.5
5.7

33

14
19
10

' Rough estimates, see text.
b Equation (9).' ao'= Sa'-TSS'

S(0) = nkTX~-—0.083T/(DP/DD), see Ref. 16.

As the temperature is increased along the gas-
liquid coexistence curve the gas density increases
rapidly. 'The density effect dominates and p, de-
creases (Fig. 5).

In the liquid phase the mobility increases with
temperature (Fig. 6). As the critical region is ap-
proached the mobility increases sharply, then
passes through a slight maximum at (T, —2) = 304
K. At T& T„with n=n„ the mobility increases
again,

100
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IV DISCUSSION

A. Low-density gas

1. Temperature dependence at low fields

The variation of the mobility with temperature in
the low-density gas reflects the energy dependence
of the scattering cross section. The electron scat-
tering cross section of ethane possesses a Bam-
sauer-'Townsend minimum in the vicinity of 0.1
eV.' ' However, the reportecV ' energy depen-
dences of the cross section differ greatly in magni-
tude.

The mobility p, «of electrons in the low-density
gas can be expressed as"

4ve "v' df, ddv
0 e

where e and I are the charge and mass of the elec-
tron, respectively, n is the number of molecules/
cm', o„ is the scattering cross section of the mole-
cule for electrons of velocity v, and f, is the spher-
ically symmetric term in the series expansion of
the electron velocity distribution function. At low
fields the distribution is Maxwellian. One then has

p, , = (5.23x 10 "/nT")

0.01—

0.001—
3

1000/T (K)

FIG. 6. Arrhenius plot of thermal-electron mobilities
in liquid ethane. &, present work; &, Ref. 20; ~, Ref.
'7; O, supercritical gas at n=n~, present work. The
solid line was calculated from Eqs. (10)-(15), using
p])= 0.04 cm /V s, Eff 0.04 eV, Ep(eV)= 0.60-0.0012T,
0= 0.050+ 0.0010T, and p&= 74{0.549/bz) {185/T).

v' o exp -3.30x].0 "v' g dv 2
0

The values of O„as a function of v were deter-
mined by fitting Eq. (2) to the sets of (p, T) values
for n = 6.8 x 10"molecule/cm' (Fig. 5). The equa-
tion was integrated numerically, using 31 loga-
rithmic steps between v = 3 x 10' and 3 x 10' cm/s.
The fitting procedure is described in Ref. 22.

The energy range of greatest sensitivity in the
cross-section-mobility fitting procedure is that
near the maximum in the integrand in Ecl. (2). The
integrand is represented by I" in Fig. 7 and is dis-
played for 260 K, using the full curve for o„. The
temperature 260 K is near the center of the range



DENSITY AND TEMPERATURE EFFECTS ON ELECTRON. . . 305

5.9

100 =
r

o b,

59
I I I I I I III I I I I I I II(

~ ~

u' (10 cm/s}
18.8

100

C)

The average scattering cross sections of meth-
ane and ethane do not reflect the relative values of
the mean polarizabilities or of the van der Waals
(vdW) radii (Table I). The molecular shape domi-
nates the relative electron scattering powers of
these molecules, but the reason for this is not known.
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197-326 K used for the low-density gas. The most
sensitive energy region is about 0.015—0.15 eV.
The accuracy of the cross sections estimated from
the present mobilities decreases with increasing
distance from this central region. However, the
values of Duncan and Walker4 at 0.5-2 eV, ob-
tained from D/p measurements, provide a, rea-
sonable upper end to the curve. Their technique
was l.ess accurate at the lower energies.

The solid curve and the long-dash curve in Fig.
7 are reasonable limits for the present results.

The averaging procedure appropriate to cross
sections derived from mobilities is"

o.„=(v)/(v/o„), (3)

which for a Maxwellian distr ibution of velocities
becomes

(4.59 x 10")T'
J'"(v' jo„)exp[( 3.3 x 10 '2)vs/T]dv . (4)

For ethane at 200 and 300 K, cr, = 5.4 and 3.4
(10 'Gems), respectively. These are smaller than
the corresponding values for methane, 5.9 and
4.0 (10"cm'). ' The larger cross sections for
methane are related to the greater degree of
sphericity of that molecule, which seems to cause
the Ramsauer- Townsend minimum in the scattering
cross section to lie at a higher energy (-0.25 e V).'

-i « il i i I i I I III i I i I i I Ill
0.01 0.1

(eV)
FIG. 7. Total scattering cross section cr„of low-den-

sity ethane gas as a function of electron energy e' and
velocity v. The solid line and long-dash line represent
cross sections that produce the dashed line in Fig. 5.
Previous values of cross sections are from Refs. 2 (&),
4 (O), and 5 (0). ——represents f(v)=N cK(v)ldv for a
Maxwellian distribution of electrons at 260 K, where
f(v, )dv is the fraction of electrons that have velocities
betweenv and v+dv. '' ~, F= (v /cr„)exp(-3. 3x 10 2v /7),
at 260 K. F is inversely proportional to the probability
of a scattering eve'nt, weighted for the velocity distribu-
tion at a given T.

2. Field effect

At temperatures near 200 K the mobility is in-
dependent of applied electric-field strength at
E/n(0. 02 Td (Fig. 2). Under these circumstances
the electrons remain near thermal equilibrium
with the gas, At higher field strengths there is a
net gain of energy by the electrons, and they heat
up. By using the crude approximation that the
electron energy distribution remains Maxwellian,
Eq. (2) and the cross-section curve in Fig. 7 (us-
ing Duncan and Walker's values' at s) 0.3 eV) can
be applied to the measured electron mobilities in
Fig. 2 to calculate the electron temperature T,
as a function of E/n. The results obtained are
displayed in Fig. 2, using the 197 K sample at
low fields and any sample at E/n &0.3 Td. The
values of T, at 1 and 6 Td are 870 and 3000 K, re-
spectively, compared to the values 780 and 2800 K
estimated from the D/p, values of Duncan and
Walker. '

The calculations revealed that the thermal elec-
tron mobility would be independent (within al /o) of
temperature between 390 and 550 K.

'The product of the threshold field and the ther-
mal electron mobility gives the threshold drift
velocity v~ . The magnitude of v~ is related to,
among other things, the ability of the fluid mole-
cules to remove collisionally from the electrons
the energy that they acquire by acceleration in the
field between collisions. The parameter v„'h'/c„
where c, is the speed of low-frequency sound in
the fluid, is useful in assessing the relative con-
tributions of elastic and inelastic scattering pro-
cesses to electron-molecule energy exchange at
thermal and near thermal energies. ' When elas-
tic scattering is the dominant process that moder-
ates the electron energy, v~~~/c, = 1." The value
of the ratio increases as the contribution of inelas-
tic scattering increases. '" These parameters are
larger when the molecules are less spherelike and
more flexible. '

In ethane at 197 K and 6.8 x 10"molecule/cm',
v~h'=620 m/s and c,= 251 m/s, "so v~h'/c, =2.5.
The ratio increases with temperature at this den-
sity, and at 326 K equals 2500 /321=7.9 (Fig. 2 and
Ref. 16). The larger electron energies, and possi-
bly the greater amounts of rotational and vibra-
tional excitation in the molecules, at the higher
temperatures enhance the probability of inelastic
energy exchange.
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(5)

(6)

medium= site,

e~~+ site 8 ),
where site" represents a density fluctuation of
sufficient amplitude and appropriate breadth, while

e, and e, represent the quasifree and quasilocal-
ized electron, respectively. The term quasilocal-
ized is preferred to localized for e,„because the
state appears to be highly transient and the net
effect on the average mobility of the electrons is
much smaller than that of the localization process
that occurs in the liquid at n& 'I x 10" molecule/
cm' (Fig. 4).

1. Temperature effects in dense gases at constant density

In the gas the magnitudes of the density fluctua-
tions, and hence the concentration of quasilocali-
zation sites, is greatest in the coexistence vapor.

The density normalized mobility at any vat. ue of
nandT is

pn=np, „'f,

where p,„ is the quasifree electron m'obility at
density n and

f=[;,]/([;,] [;,])
= (1+ [site] K,) ',

where [site] is the concentration of sites and K, is
the equilibrium constant of reaction (6). It follows
that

(neo/p~) —1 = exp(M'/(R) exp(-b, H'/6IT), (9)

where (ddI' —TZ6 ) = EG' is the standard Gibbs
free energy of the overall e,~+ medium-e-, quasi-
localization process, b8' = M5+ ~', = AS, and~ = ~0+ aLP, = ~,'.'

Plots of In[(neo)/pn) —1] against T ' give ~'
from the slope and b,S from the intercept. The
problem is to estimate reasonable values of p.„.
For methane, ' the measurements of Lehning" at
high pressures, room temperature (-293 K, which
is» T,= 191 K), and E/n = 0.06 Td made possible

8. Effect of density

The density of the coexistence vapor (in equil. —

ibrium with liquid) increases with increasing
temperature. The increase of pn with tempera-
ture that might be expected on the basis of single-
body interactions is scarcely noticeabl. e in the co-
existence vapor (Fig. 4) because multibody effects
become dominant at rel.atively low temperatures.

The dip in the p, pz curve at n. &1.3 && 102' mole-
cule/cm' in the vapor has been attributed to quasi-
localization of electrons within density fluctua-
tions'"-

reasonable estimates of p.„ in that gas. However,
the analogous measurements of Huber" in ethane
at 295 K, which is &T,= 306 K, cannot be used to
obtain p„ in the high-density gases. By compari-
son with the behavior in methane' and neopen-
tane, "' ' rough values of n p„were taken to be
5 x 10" molecule/cm V s at n = 1 && and 2 && 10"
molecule/cm', and 6.5x 10"at n, =4.1 x 10". The
increase of pn at n&3 && 10" (Fig. 4) is due to con-
duction band formation, which increases n p,„. The
obtained values of LgI and M' are listed in Table
II. As in methane, ' 4H is approximately double
the experimentally measured Arrhenius tempera-
ture coefficient E„(Table II). The values of ~'
and ES are large and negative, in agreement with
the proposed quasicondensation that is involved in
the formation of a site [reaction (5)]. The values
of ~S' correlate roughly with the structure factor
S(0)=nkTYr in the dense gases away from the cri-
tical region; the ratio r5S /S(0) has values in the
vicinity of -15 J/molK, similar to those in meth-
ane. '

The values of EG' are near zero (Table II), in
agreement with the relatively small extent of the
quasilocalization process.

2. Results of forcing the behavior in dense gases into the
single-scatterer model

The electron mobilities at the different tempera-
tures were fitted to Eq. (2) for each of the gas den-
sities displayed in Fig. 5. The purpose was to de-
termine how the apparent scattering cross sec-
tions would be altered from those at low density.
As an anchor point for the apparent o„distribu-
tions, the value at 0.08 eV was kepi constant to as
high a density as possible. The results displayed
in Fig. 8 correspond to the curves drawn in Fig. 5.

Increasing the density to n/n, = 0.25 had the ef-
fect of greatly raising the apparent cross sections
at low energies, while slightly lowering the cross
section at the minimum. The empirical effect was
to triple the Arrhenius coefficient E„(Table II)
while the value of pn in the coexistence vapor re-
mained unchanged (Fig. 4). Further increase of
the density to n =0.50n, = 202 x 10"molecules/cm'
caused a violent shift in the apparent cross sec-
tions, in the same direction as the gentler shifts
at lower densities (Fig. 8). The violent shift sig-
nals a change of mechanism, which becomes more
extensive at n=n, (Fig. 8). The sharp cutoff in

scattering cross section at a high energy leads to
a scattering model that is mathematically equiva-
lent to the Arrhenius activation model of trans-
port. This is because the Maxwellian distribution
is exponential at g» AT and the apparent scatter-
ing cross section is nearly a delta function.
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E, , are, respectively, the preexponential factor
and activation energy of mobility in the localized
(ionlike) state:
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FIG. 8. Effect of gas density upon the apparent scat-
tering cross sections, which were obtained by fitting the
single-scatter equation (2) to the mobilities at each den-
sity {Fig. 5). The numbers labeling the curves are n/
10 molecule/cm .

At n=50 and 102 (10"molecule/cm'), the grad-
ual increase of the apparent scattering cross sec-
tions at low energies (Fig. 6) signals the faint be-
ginnings of the quasiloealization process. If the
change in apparent cross section had been due to
the mutual interference of long-range attractive
scattering interactions of individual molecules,
the cross sections at low energies would have been
expected to decrease rather than increase. "

Figure 8 is a dramatic representation of the
change of transport mechanism that occurs with
increasing gas density.

I =(1-X)I «exp(-E, ,/»)+Xp', , .(10)

where X is the fraction of electrons that are in the
high mobility state with mobility p.0» while p, «and

3. Liquid phase

As the density of the coexistence Quid is in-
creased through the critical to the liquid phase,
pn increases to a maximum of 3.1 x 10" molecule/
cm V s at n =1.4n, =5.5 x 102' molecule/cm' (Fig.
4). Further increases of density cause pn to de-
crease, due to the formation of localized electron
states. No special behavior was noted in the cri-
tical region, indicated by the arrow in Fig. 4.

In the liquid at temperatures well below the cri-
tical the electron mobility can be fit by a two-
state model. "'" The relevant equations have been
discussed earlier and are simply listed here:

X(E) = a 'r'-o 'exp[- (E —E,)'/ o']

E, =E(0)—a T,
o =o(0)+ bT,

p'„= p'„,(b„,/b r)'(T„ef/T),

(12)

(13)

(14)

(15)

where 5 „,is the liquid density at T„,. Equations
(13)-(15)are adequate when the electron locali-
zation energy is»kT, but they usually break down
as the critical region is approached. " Attention
is therefore focused on the normal liquid.

The parameters in Eqs. (13)-(15)cannot be
uniquely determined without an extra, not yet
available, source of information. To reduce
the plasticity of the calculations and to facilitate
comparison between systems, most of the varia-
bility is arbitrarily forced into a, o(0), and b.
The value E(0) =0.60 eV used for several other
hydrocarbons"'" is retained for ethane. By taking
p(localized electron) o 2p(molecular cation)" and
using data from Ref. 34, we obtained p. ', , =0.04
cm'/Vs and E, , =0.04 eV for liquid ethane. A neg-
ligible amount of transport occurs in the localized
state except at T & 130 K. We chose T„,=185 K,
the normal boiling point of ethane, and JLI,', =74
cm'/Vs, which is roughly a minimum value at al-
lows a reasonable fit to the experimental mobility
curve when E(0) =0.60 eV is used. The closest
fit obtained is shown in Fig. 6, with E,(eV) =0.60
—0.0012T and o(eV) =0.050+ 0.0010T.

4. Field effect

The two changes of sign of d p/dE indicate, d in the
(E/n)„~ vs n plot (Fig. 4) have different causes.
The discontinuity in the dense gas at n =1.0 & 10"
molecule/cm' is associated with the density depen-
dence of the electron scattering cross section o„
as a function of velocity v. When the weighted val-
ues of O„sampled over the Maxwellian distribution
of velocities vary more rapidly than v ', that is,
when n) 1.0 in a„=A v ", then dp, /dT and dp/dE,
[just above (E/n), ~] are positive. The tempera-
ture and field coefficients become zero when cv

=1.0, and negative when n &1.0. The sign change
at 1.0 && 10" molecule/cm' is consistent with the
low energy wing of-the o„curve (Fig. I) being due
to a long-range attractive interaction with a single
molecule. At densities near 1 && 10 ' the molecules
are sufficiently close together that the attractive
interactions tend to destructively interfere with
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each other, thereby lowering the effective cross
section o,«and decreasing the effective velocity
exponent n,«. As o.,«passes through 1.0 the elec-
trons must be raised to significantly higher ener-
gies for a field effect to be noticeable, so (8/n), ~
increases (Fig. 4). At higher densities the value
of e,«becomes progressively smaller than 1.0,
the magnitude of the field effect increases, and the
threshold may be observed at lower fields (Fig. 4).

At n) 8 && 10", electron localization dominates
the transport process and the field effect changes
sign again. The positive sign of the field coeffici-
ent is attributed to field-assisted delocalization of
the electron.

Only the first of these two sign changes, positive
to negative with increasing density, is observed in
methane. ' Electron localization does not occur in
methane, (distinct from guasilocalization, which
can occur in all fluids studied to date). The change
of sign of d p/dE fr, om positive to negative with in-
creasing density occurs at n) n, in methane' and
at n(n, in ethane. This is due to the fact that the
less spherelike molecule ethane has a minimum

cross section cr;„at a lower energy.

We do. not attribute the sign change of d p, /d& to a
shifting of o „towards lower energies, but to the
lowering of the low-energy wing with increasing
density. The location of 0 „may be assumed to be
little affected by gas densities in the region of
1.0 && 10" molecule/cm'.

Perhaps it should be emphasized that the real
changes in the low-energy wing of o„with increas-
ing density are in the opposite direction to those
indicated by the "apparent o„" in Fig. 8. The qua-
silocalization process causes d p/dT to, be positive,
mainly through the temperature effect on equilib-
rium (8). The electric field does not affect this
equilibrium, so the temperature and field can have
coefficients with opposite signs when quasilocali-
zation is a near-dominating process.
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