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The mobility p, electrons in methane at n g6)&10' molecule/cm' is field dependent at E/n &0.012 Td (1
Td = 1)&10 ' Vcm'/molecule). The temperature dependence of the thermal-electron mobility in the low-
density vapor is p,n ~ I ".The threshold field and temperature dependence are much lower than reported
previously. In the electron energy region 0.002 & c (0.2 eV the momentum-transfer cross section of methane
molecules is well approximated by 0.„=0.014v ' cm'. In the low-density gas the electron drift velocity v„
becomes superlinear with field strength at threshold velocity v„'"' = cp, the speed of low-frequency sound. At
n &6X10 the value of p,n in the coexistence gas decreases slightly, while d(p, n)/dT, (E/n), h„and v'„""/cp

increase. The effects are due to quasilocation of the electrons by density fluctuations in the dense gas. The
entropy AS' and enthalpy hH' of activation of electron transport correlate with the structure factor S(0)
of the dense gas: 4S'/S(0) = 19 J/molK and bH'=TAS' near the vapor-liquid coexistence region. At
n & 6g10" there is a rapid increase in p,n due to conduction-band formation, (E/n), h, passes through a cusp
&0.04 Td at n = 8)(10 ', where dp, /dE changes sign, then decreases again to 0.01 Td at n &1.0&10 '
molecule/cm . The threshold E/n in the normal liquid is similar to that in the low-density gas. At low field
strengths the electron energy is moderated mainly by elastic collisions in the low-density gas, and by
inelastic collisions in the liquid.

I. INTRODUCTION

The mobility of electrons in the heavy noble
liquids is characterized by a density dependence
that displays a maximum. ' ' Similar behavior
'occurs in certain liquid hydrocarbons. ' ' The
maximum is less pronounced when the molecular
shape is less spherelike. '

The mobility of electrons in liquid methane is
similar to that in argon. ' The behavior in methane
is interesting on the one hand because methane
is the simplest, most spherelike hydrocarbon,
and on the other because it is a polyatomic mole-
cule, whereas the similarly behaving argon mole-
cule is monatomic.

The electron scattering cross section of low-
density gas-phase methane was measured nearly
a half century ago." A plot of cross section
against electron energy displays a deep minimum
at -0.5 eV, "' compared to -0.3 eV in argon and
-0.6 eV in krypton. " The mobility maximum at
a certain density in the liquid seems to be related
to the minimum in the gas-phase scattering cross
section at a certain electron energy. "'"

Measurements in methane have now been ex-
tended over wide ranges of density and tempera-
ture, from the low-density gas through the critical
region to the normal liquid. A report of zero-
field mobilities of excess electrons in dense
methane gas has appeared recently. "

II. EXPERIMENT
l

A. Materials

The methane was either Matheson Research
Purity (99.99%) or Linde Ultra High Purity
(99.97%). The cylinder was fitted to a grease-
free vacuum rack through a Pyrex Kovar seal
welded to a flexible stainless-steel tube. The gas
was passed through freshly activated Molecular
Sieves 3A in a trap at 195 K, and condensed in a
bulb at '77 K. The sample was degassed, then
transferred to a freshly generated potassium
mirror. An isopentane slush (113 K) mainta. ined
the m'ethane in the liquid phase to facilitate puri-
fication by the mirror. The 50-'cm' sample was
treated with seven fresh mirrors for 8 h each.
The mirrors were regenerated under vacuum.

B. Equipment

The conductance cells were similar to the thick-
walled cells described in Ref. 6. The one used
for gas-phase measurements had side arms ro-
tated 180 vertically compared to that in Figure
1 of Ref. 6. When in use, the liquid reservoir
remained below the electrodes. Prior to filling,
the cell was degassed by heating to 200 'C while
evacuating to 0.1 mPa. The body of the cell was
coated on the outside with Aqua Dag (GC Elec-
tronics TV Tube Coat), except for the high-voltage
side arm and a 1-cm-wide strip around it. The
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high-voltage arm was wrapped in TeQon tape to
increase insulation. The electrode gap was 3.2
mm and the effective collector area was 2.5 cm'.

The cooling system was similar to that described
in Ref. 8. Cold nitrogen gas entered the Styrofoam
box through horizontal slits near the top, and ex-
ited through a chimney tube that extended to 3 cm
from the bottom of the cell chamber. The Styro-
foam box was placed in a Plexiglass box (1-cm-
thick walls), which in turn was surrounded by a,

sheet-brass Faraday cage. Three copper-Con-
stantan thermocouples measured the temperature
at the top and bottom of the cell and in the elec-
trode area. A fourth thermocouple at the gas
entry slits was connected to the temperature con-
troller.

The amplifier (&8) was described in Ref. 11. The
0-97%%uo response time of the circuit including the
cell was 40 ns. The 1.V-MeV x-ray pulses were
30 or 100 ns in duration, delivering 3 or 10x10'
eV/g to the sample. Mobilities were measured
with both positive and negative applied voltages
to check for effects of adventitious fields.
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FIG. 1. Electron mobilities p in gaseous methane
at different densities, as functions of the density-nor-
malized field strength E/n Td{=10 ~ Vcm /molecule).
Densities and temperatures (n/102', T): Q, 0.16, 124;
~, 0.73, 154; ~, 2.2, 178; O, 6.1, 193. Data were ob-
tained in a "gas cell" with electrodes near the top. The
lowest curve corresponds to a supercritical gas; the
others represent vapors in equilibrium with the liquid.
Tc —-191 K

C. Physical properties of the fluids

Densities of the liquid phase were obtained from
Ref. 14. Those of the gas phase below 0.03 g/cm'
were calculated by means of the Beattie-Bridge-
man equation. " The vapor pressures needed
were taken from Ref. 16. Densities above 0.03
g/cm' were calculated from the equation of recti-
linear diameters, the parameters of which were
obtained from the densities of the liquids and low-
density gases. The results agreed with those in
Ref. 1V. The critical temperature, pressure, and
density of methane are T, = 191 K, P, =4.64 MPa,
n, = 6.1x 10" molecule/cm'. "'" The value for n,
used in Ref. 13 is too small by 21%, which causes
a displacement of the results in Figure 1 of that
reference.
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The field effect undergoes a change of sign in
the liquid phase at n= Bx 10"molecule/cm'
= 1.3n, (Fig. 2). The threshold field then reduces
with increasing density, reaching 0.013 Td at the
density of the mobility maximum and remaining
there at higher densities (Fig. 2).

In the low-density gas the field effect becomes
noticeable when the electron drift velocity v~
= 270 m/s (Fig. 3). The threshold drift velocity
increases with density, reaching -1000 m/s in
the critical fluid. Further increase of density
into the liquid range causes a rapid increase in

III. RESULTS

A. Electric field effect

To facilitate comparison between data from the
gas and liquid phases, all fields discussed herein
were divided by the number density of the Quid.
The standard unit is 1 Td= 1x 10 "Vcm'/mole-
cule, which is equivalent to 61 kV/cm in the criti-
cal fluid.

In the low-density gas the mobility is indepen-
dent of field strength at E/n ~ 0.010 Td (Figure 1).
Above this threshold the mobility increases.
There is a slight increase of the threshold field
at high densities, reaching 0.02-0.03 Td at the
critical density (Fig. 1).
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FIG. 2. Electron mobilities p, in liquid and super-
critical methane, plotted against the density-normal-
ized electric field strength 8/g. Densities and tem-
peratures {n/10, T): g, 17.0 molecule/cm, 91 K;
$, 15.5, 122; v, 10.7, 178; D, 8.8, 189; Q, 8.1, 198;
y, 6.1, 196. Data were obtained in a "liquid cell" with
electrodes near the bottom.
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the threshold drift velocity as the magnitude of
the field effect decreases and ultimately changes
sign. In the normal liquid the velocity threshold
v'~'= 10 km/s (Fig. 3).

FIG. 3. Electron drift velocities v& in liquid and
gaseous methane, as functions of the density-normalized
field strength E/n. Symbols as in Figs. 1 and 2.
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FIG. 4. Arrhenius plot of thermal-electron mobilities
(low-field-strength limits) in the coexistent liquid (~)
and gas (O) phases. Values in the superheated gas at
the critical density are indicated by ~. Results from
Ref. 5 (~, 5.1 MPa), 18 (g), and 19 (~) are included for
comparison.

B. Temperature and density effects 26
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An Arrhenius plot of the mobilities in the co-
existent gas and liquid phases forms a loop (Fig.
4). Results of previous workers'" "are in-
cluded for comparison. Values for the liquid at
(10'/T) &7 agree with +15%. The higher pressure
used by Engles and Kimmenade shifted the mo-
bility maximum to a higher temperature, ' but the
number density at the maximum was (1.07+ 0.03)
x 10"molecule/cm' in both cases (Fig. 5 and Ref.
5).

The linear portion of the curve for the gas phase
in Fig. 4 has a slope that corresponds to the heat
of vaporization of methane, 7.9 kJ/mol. This in-
dicates that the mobility is inversely proportional
to the coexistence vapor density at T & 140 K.

A plot of the density-normalized mobility pn
against n in the coexistent fluids contains a shallow
minimum at n= 0.3n, in the gas phase and another
in the liquid at n= 2.2n, (Fig. 5). However, if the
gas is kept at a constant temperature, say T
= T, + 3 = 194 K, the gas-phase minimum disap-
pears. The value of pn is then constant up to
n= 0.5n, and increases at higher densities (Fig. 5).
The analogous liquid-phase measurements, vary-
ing the density at constant temperature, could not
be made with the present apparatus.

In the supercritical gas the mobility increases
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FIG. 5. Plot of pn (low-field-strength limit) against
n for thermal electrons in the coexistent liquid and gas
phases of methane (O) and xenon g, Ref. 11). The ar-
rows mark n~. Some of the methane points are averages
of two sets of' results at the same density; ~ represents
methane at T~+ 3=194 K.
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with temperature at either constant density or con-
stant pressure (Fig. 4).

The temperature coefficient of mobility in the
gas at constant density increases at an accelerat-
ing rate with density (Fig. 6). In the low-density
gas the mobility varies as T'", which is equiva-
lent to an apparent activation energy of 0.6 kJ/mol.
At the critical density near T, the strong tempera-
ture dependence is equivalent to an activation en-
ergy of -40 kJ/mol. The results are summarized
in Table I.

Since the mobility increases upon increasing
either the temperature or the field strength, one
might expect that increasing the sample tempera-
ture would decrease the field dependence. Further-
more, increasing the field strength should de-
crease the temperature dependence of the mo-
bility. Both expectations are fulfilled (Fig. 7).

The values of pn obtained at 29V K were about
20 jg higher than those calculated from earlier re-
ports for n = 10"—10"molecules/cm' and T
=296+ 4 K (Fig. 7).

IV. DISCUSSION

A. Field effect

I. Iow-density gas

The mobility in metha. ne at n&6x10' molecule/
cm' (&22 amagat) in the coexistence vapor is field
dependent at E/n &0.012 Td (Figs. 1 and 8). The
threshold field in the low-density gas increases
somewhat with temperature. For example, at
297 K and n = 7.1x 10"molecule/cm' the threshold
is 0.025+ 0.005 Td (Fig. 7). In previous studies
of low-density methane, at 296+ 4 K, mobilities
were estimated at E/n ~ 0.05 Td,"" so the elec-
trons were always somewhat epithermal. The in-.

crease of mobility with field strength is visible
in the earlier plots at the lowest fields. ""

10

IA 3
10

CV

E
O

10
2

I

6

1000/T(K)
10

FIG. 6. Arrhenius plot of thermal-electron mobil-
ities (low-field-strength limits) in methane gas at dif-
ferent densities (O). The numbers labeling the lines
are the densities in units of 10 molecule/cm3. Mo-
bilities in the gas along the vapor-liquid coexistence
curve are represented by ~. The line through the data
for 7.1 &&10'~ molecule/cm~ was calculated from Eq.
9 by means of the cross sections in Fig. 11.

Duncan and Walker'4 measured the ratio of the
diffusion coefficient to the mobility, D/iJ, in the
low-density gas at -291 K. They found the elec-
trons to be still slightly epithermal at the lowest-
magnitude field used, D/p=1. 2kT/, e at 0.025 Td,
although the plot of D/p against E/n had become
flat. The small discrepancies between their re-
sults and ours may be attributed to uncertainties
in both sets of -'experiments.

Elastic scattering of electrons by individual
molecules in the gas is kinetically equivalent to

TABLE I. Temperature coefficients of thermal-electron mobilities in methane gas at dif-
ferent densities.

Density T range
/(10 molecule/cm ) n/n, ~ (K)

E& -4H' -AS' S(0) ' -&S'/S(0)
(kJ/mol) (kJ/mol) (J/mol K)

. 0.71
3.3
6.6

15.0
31
61

0,012
0.049
0.108
0.24
0.51
1.00

117-297
135-295
153-208
170-187
185-196
192-196

0.6
1.1
1.5
3.7
9.0

40

3.2 ~

7.1
22

100

27
43

117
493

1.0
1.1
1.4
2.3
6

29

19
19
20
17

From Fig. 6.
From Eq. 18.
From Eq. 5, at the average temperature in the range.
TC=191 K.
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FIG. 7. Density-normal-
ized mobilities as func-
tions of E/n at different
temperatures: A repre-
sents g = 7.1 & 10 mole-
cule/cm, T=297 K; ,
n = 6.8 && 10, T= 112.
Earlier results are shown
for comparison: v, n
=10 -10, T=298 K, Ref.
20; 4, pg =10~~—10'8 T
=293? K, Ref. 21a; O, n

101& 10i8 T = 300 K Bef
21b; Q, n =10 —10, T
= 293 K, Bef. 22; Q, n not
given (~10'~? ), T=298 K,
Ref. 23.

scattering by phonons. "" The effective mass
M~ of a phonon is given by M*cp: kT where c,
is the velocity of low-frequency sound. In the low-
density gas c,= (@AT/M)o s, where y is the heat-
capacity ratio and M is the molecular mass. "'
One therefore obtains M*=M/y= 0.75M in low-
density methane. " Furthermore, when elastic
scattering is the dominant process that moderates
the electron energy, the electron drift velocity
should become nonlinear with field strength when
the drift velocity v„= c,." The velocity of sound
is therefore a useful parameter in assessing elec-
tron scattering processes even in the single-
scatterer regime.

The velocity of low-frequency sound in saturated
methane vapor at n = 2x 10"-1x10" molecule/
cm is co=280+ 10 m/s. ~ In these vapors the
electron drift velocity becomes superlinear with
field strength, that is, electron heating becomes
noticeable, at et~"' = 270+ 80 m/s (Figs. 8 and 8).

Thus v~"'/c, = 1.0+ 0.1 in low-density methane gas
(Fig. 9), which implies that the electrons lose
energy mainly through elastic collisions under
these conditions.

The value of the ratio vs'/c, in other gases in-
creases with decreasing sphericity of the mole-
cules. The values determined to date are: xen-
on, "0.7„' methane, 1.0; neopentane, "5; cyclopen-
tane, "11; cyclohexane, "14; isopentane, "15;
and n pentane, &100." A larger value of the ratio
indicates a larger contribution of inelastic col-
lisions to thermal-electron transport in the gas.
The relative importance of inelastic collisions
therefore increases as the alkane molecules be-
come less spherelike.

2. Density effect

The values of pw and the threshold of the field
effect are constant at n & 8 x 10'o.molecules/cm'
(Figs. 5 and 8), indicating that each electron in-
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FIG. 8. Threshold elec-
tric field strength (0, gas;
~, liquid) and threshold
electron drift velocity (~,
10v~, gas; &, v~, liquid)
above which electron heat-
ing occurs, plotted against
the coexistence Quid densi-
ty. For 0, dp/dE is posi-
tive; for ~, dp/dE is nega-
tive. The thresholds at the
critical density n~ were
measured at T,+2 K and are
lower limits for the va1ues
at T, . The thresholds in the
liquid at n =8.3 & 10 ~ are
also lower limits.
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FIG. 9. Ratio of threshold drift velocity for electron
heating to the speed of low-frequency sound, e&~/co,
plotted against the density of the coexistence fluids.

M+M = M2,

M, +M=M

e +M =M

(1)

(2)

Quasiiocalization is an inelastic process, which
causes an increase of the threshold field. This
process will be discussed further in Sec. IVB.

At n &6x 10" molecules/cm' there is a rapid
increase in ldn (Fig. 5) and in the threshold field
(Fig. 8). The sign of dId/dF. reverses at n= 8

&& 10". During the sign change the threshold field
increases to a cusp, then reduces rapidly to a

teracts with one molecule at a time. At n &6
x 10", idn decreases (Fig. 5) and the threshold
field increases (Fig. 8). These changes are due
to enhanced scattering by multibody interactions.
The effect differs from the density-enhanced scat-
tering described by Atrazhev and Iakubov" for
helium, hydrogen, and nitrogen, which would be
observed only when the scattering is dominated
by the short-range repulsive interaction. In such
systems the Hamsauer- Townsend effect does not
occur. In methane, as in xenon, scattering at low
densities is dominated by the long-range polariza-
tion (attractive) interaction and the Ramsauer-
Townsend effect is prominent. "'" In such systems
the multibody effects discussed by Atrazhev and
Iakubov would cause the mobility to increase ("at-
tenuation of the interaction""), and this effect
dominates the enhanced scattering at n + 3x 10"
(Fig. 5). The decrease in mobility observed in the
coexistence vapor at n & 6x 10"molecule/cm' in
methane, or n&4x10" in xenon, is attributed to
quasililocalization of the electron by Van der
%aals clusters of molecules. The clusters may
be considered as density fluctuations:

value similar to that in the low-density gas (Fig.
8).

The similarity in the threshold fields at the
highest and lowest densities is consistent with
the single-scatterer approximation in the Cohen-
Lekner model of electron transport"'" in liquids
made up of spherelike molecules.

The field effect at densities 6x10"&n & 8x 10"
contains contributions from both the Hamsauer-
Townsend effect and quasilocalization. The con-
tributions of these processes are shifted in op-
posite directions by changing the temperature (see
Sec. IVC).

A plot of the threshold drift velocity against the
density of the coexistence fluids is similar in
shape to that of the threshold field (Fig. 8). How-
ever, at densities above the cusp the threshold
drift velocity does not return to a value similar
to that in the low-density gas, but to a value about
40 times higher. This difference is consistent
with the model of Cohen and Lekner, "'"which
works quite well for quasifree electrons in simple
liquids near the triple point. "'" It involves the
assumption that the scattering cross section of
the molecules is reduced by the long-wavelength
limit of the structure factor S(0) so the electron
mobility at high densities, p M, is increased by
the inverse of this factor.

&hd = &id/S(0)

where p„ is the mobility in the low-density gas,
for which S(0) = 1, and"

S(0) =nkTxr,

where X~ is the isothermal compressibility of the
fluid. According to this model one might expect
the threshold drift velocity in the high-density
liquid to be given by

~d hd ~d ld /S (0)hd

In liquid methane at 95 K, with n = 1.67 x 10", one
has S(0) = 0.033.'d The 30-fold increase in thres-
hold drift velocity predicted by this model ac-
counts for most of the observed 40-fold increase
(Fig. 8). The value of S(0) increases with tem-
perature, which expla, ins the slope of the extreme
right end of the threshold v„curve in Fig. 8. It
does not expla, in the minimum at 1.3&& 10 mole-
cule/cm' nor the maximum at 8x 10"molecule/
cm'. This behavior can be explained qualitatively
by a screening effect and the passing through zero
of the molecular scattering length at a certain
density, similar to that proposed for argon. " On
the high-density side of the scattering minimum
the scattering length is positive, and the cross-
section-versus-energy curve no longer possesses
a minimum at low energies. One may'then say
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that the Ramsauer-Townsend minimum no longer
exists, or some may prefer to say that the
Bamsauer- Townsend minimum has moved to a
negative energy. This conclusion is supported by
the change of sign of the field dependence of the
mobility in the low-density liquids of methane
(Fig. 2) and xenon. " However, quantitative a,s-
pects of the model remain a problem. "

Electron transport seems to be moderately well
understood in low-density methane gas"'" and in
the liquid near the triple point, but not at inter-
mediate densities.

In liquid methane near its triple point the ratio
of the threshold drift velocity to the speed of
sound equals 8 (Fig. 9). The values of the ratio
in the liquids argon, krypton, and xenon near
their triple points, where inelastic scattering is
negligible, are approximately unity. " Krypton
is the noble element that has physical properties
(polarizability, Van der Waals radius, critical
temperature) most similar to those of methane.
In krypton near its triple point v~~'/c, = 0.8." The
ratio is tenfold larger in methane than in krypton,
which indicates that inelastic collisions make an
important contribution to moderating the electron
energy, even at energies &0.1 eV, in liquid
methane. The total elastic plus inelastic scatter-
ing is also greater in methane than in krypton,
since thermal-electron mobilities in the liquids
near the triple points are 540 and ~ 1800 cm'/
V s, respectively.

The ratio v~"'/c, equals 1.0 at n & 1x 10" and 8 at
n & 13x 10" (Fig. 9). At intermediate densities
the ratio rises to a cusp «60 at n = 8 x 10"; the
cusp occurs in the liquid under its vapor pressure
at one degree below T, . Although the increase
of the ratio at intermediate densities probably
contains a contribution from inelastic processes,
the cusp is due simply to the change of sign of
dp jdE. Near the cusp, electron heating becomes
appreciable at a field strength lower than that
indicated by v~~'. The heating is not detected be-
cause increasing the electron energy e has little
effect on p in this region: dp/de= 0.

B. Temperature effect

1. Lo~-density gas

The electron scattering cross section of methane
molecules varies with electron energy. The varia-
tion at low energies is obtained from the tempera-
ture dependence of the mobilityat low field strengths
(Fig. 6). Using the notation of Phelps, "we may
represent the momentum-transfer cross section
a„as a power series in v, the relative velocity of
the electron with respect to the molecule:

o 1=+ b vl (7)

where b, is an empirically determined constant.
Equation 7 is based on the assumption that the
density-normalized mean time between collisions,
Tn, can be represented- by a power series:

7n, = (o„v) '= Q b, v ', (8)

where n is the number of molecule/cm'. For a
Maxwellian distribution of velocities, the density-
normalized mobility pn is given by

pn = g B&(2kT/m) ' ', (9)

where B, = (e/m)b&( —,
' —,'j)!/(—,'—)!,e and m are the

electron charge (1.6x 10 "when p is in cm'/
V s) and mass, respectively, and ( —,)!—= I'(-,'). The
values of j and B; are obtained by fitting. experi-
mental values of pn at different temperatures to
Eq. (9). The collision cross section is then ob-
tained from (10).

m ~ (-,')!
(10)

When the electron energy is only varied over a
small range, as in changing the gas temperature
by a. factor of two, a, single term in (7) or (9) is
often adequate. One then has pn~ T ~ ', and j
is simply determined from the slope of a plot of
logan against logT. This procedure has been
used in many studies" and an equivalent formu-
lation to the above is given elsewhere. " The
common practice"'" of using two terms in (7)
br (9), while restricting the values of j to inte-
gers, does not offer an obvious advantage.

The mobilities at 7.1x 10"molecule/cm' (Fig.
6) gave j = —0.9, while those at 3.3x 10" mole-
cule/cm' gave j = —1.1. The apparent value of j
becomes acceleratingly more negative as v in-
creases, owing to multibody interactions. The
low-density limit is j = —0.9. The early work of
Bowman arid Gordon" indicated j=-3; this might
have influenced subsequent estimates of the varia-
tion of cr„at electron energies c &0.06 eV."'"
However, the results of the early temperature
study" were quite scattered (Fig. 10), so the value
of j derived from them is uncertain.

The values of cr„estimated from the present
work are shown in Fig. 11. The cross sections
derived earlier". "'"'"are dependable at e & 0.1
eV, but not at lower energies. For example,
the lowest field strength used by Pollock was 0.17
Td,"whereas the field-effect threshold at 293 K
would have been at 0.02 —0.03 Td (Fig. 7). Bow-
man and Gordon assumed the threshold to lie at
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FIG. 10. Effect of temperature on the low-field values
of pn at the low-density limit: g represents the present
work, ~=7.1&&10 O, Ref. 20, @=0.7&&10 9 molecule/
cm3.

0.9 Td." The most reliable values of a„are rep-
resented by the solid line in Fig. 11. Experimen-
tally, 1-j represents the average slope of a plot
of logo„against logv taken over the relevant range
of v.

The Maxwellian distribution curve for 200 K in
Fig. 11 indicates the approximate energy range
that affects the transport of thermal electrons.
Mobilities were measured at temperatures from
117 to 297 K, so the relevant energy =ange is
-0.002 to 0.2 eV. In this region one has

g„=0.0142v "cm'.

Taking an average cross section equivalent to
one assumed to be independent of v, one obtains

the following for a Maxwellian distribution of ve-
locities. "

o,„=(v) /(v/v„)

= (m/2kT) '-' '/b. I (-' - -' j)

(12)

(13)

pn = (p'n)„f, (14)

where f is the fraction of electrons in the quasi-

For methane at 300 K, o» =4.0~10 "cm'.
The above conclusions have been substantiated

by using many different forms of o„ in place of
Eq. (7) and the appropriate integral equation for
pn in pla. ce of (9). The integration was done nu-
merically over 29 steps of logv. The best fit of
the mobilities at n = 7.13x 10" molecule/cm' and
117 & T & 297 K was provided by the full curve in
Fig. 11 at 0.001 & ~ & 0.3 eV. The cross sections
reported in Hefs. 20, 22, and 24 generated tem-
perature coefficients much larger than that ob-
served experimentally.

2. Density effect

At gas densities &3x 10" molecule/cm' the tem-
perature coefficient of mobility increases super-
linearly with density (Fig. 6 and Table I). In the
same density region the mobility p of quasifree
electrons increases. ' Taking the low field
(E/n = 0.06 Td) mobilities at 293 K" as a mea-
sure of g', the value of the ratio of (p'n)„at densi-
ty n to the low-density limit (p'n)d is (p'n)„/
(P n),„=1.05 at n = 3x 10', 1.25 at n = 11x 10'0 and
extrapolates to 3 + 1 at n, = 61x 10" molecule/cm'.
The density-normalized mobility for any values
of T andn is

100—
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FIG. 11. Momentum-

transfer cross section 0.„
of low-density methane
gas as a function of elec-
tron energy e' and velocity
v: Q represents the pre-
sent work; ~, Ref. 20; 0,
Ref. 22; 0, Ref. 24; L, the
total cross section, Ref.
10a. Here repre-
sents the favored values of
0 „and ——-- represents
f (v) =N ~dN(v)/dv for a
Maxwellian distribution
of electrons at 200 K,
where f (v)dv represents
the fraction of electrons
that have velocities be-
tween v and v+dv.
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medium = site,

eqg + Site e)00

It follows that

f= [e.f]/([e, f]+ [ei..])
= (1+ [site]If) '

(16)

(17)

free state.
In the dense gas, where each molecule is within

interaction distance of at least one other, the
dynamic equilibria. (1) and (2) reduce to density
fluctuations in the fluid. A fluctuation of sufficient
magnitude is a possible localization site for an
electron, so one may write"'4'

The observed value of AS' is approximately pro-
portional to the structure factor S(0), with bS'/
S(0)= —19 J/mol K (Table I). The value of S(0) is
related to the magnitude of the density fluctua-
tions, "and electron localization serves as a probe
for fluctuations of a certain magnitude. As a
comparison with the above value of —19 J/mol K,
the entropy of condensation of methane at its
normal boiling point is -80 J/molK and its magni-
tude reduces to zero at the critical point.

The Lekner model for electron transport in
critical fluids" predicted an excessive dependence
on S(0) because it implied too great a value for
~H-i6 ~

C. Threshold field

(p. 'n) /pn —1=e~'~'e ~"'~" (18)

where [eqf], [e,„],and [site] represent the con-
centrations of those species,

0 0
eZ S~6/R -aa&6/Rr

16 )
0 0

[site] =e~'» e ~"»~"',
ZS' = ZS'„+ ZSP, = SSP„, SH' = aH0, + aHP

The density fluctuations, and thus the [site], are
largest in the coexistence vapor. They diminish
as the gas is heated at constant density.

The large temperature coefficient at the critical
density a, few degrees above T„40 kJ/mol (Table
I), is attributed mainly to the reverse of (15)
rather than to the reverse of (16). The energy of
localization of the electron depends partly on the
magnitude of the density fluctuation in a zone com-
mensurate with the zero-point value of X of the
electron. Considering that there is a distribution
of fluctuation magnitudes sn/s V and that a localiza-
tion energy of kT is sufficient to produce the ob-
served 2-3 fold reduction in mobility, the average
localization energy is taken to be —~H'„= AH'„
= kT= 2 kJ/mol. The remaining 38 kJ/mol in the
near-critical gas is attributed to —AH». Thus
AH'= AH

Values of (p'n)„at a given n and T were esti-
mated by using the 0.71 curve in Fig. 6 to obtain
(p n)„, and multiplying it by (p, 'n)„/(g'n)„obtained
from the data of Lehning, "using interpolation or
extrapolation where necessary. Plots of log[(p'n)„/
pn —1] against T ' gave the values of aS' and b, H'
listed in Table I. At each density one has ~H'
= TAS', or 6 O' = AG»= 0, as expected for a vapor
near the coexistence region.

Heating the low-density vapor increased the
threshold field slightly (Fig. 7). This is attributed
to the larger average energy of the electrons and
the consequent larger amount of energy exchanged
per collision in the warmer gas. Heating the gaS
at the critical density decreased the threshold
field somewhat (Fig. 2), owing to the reduction in
extent of quasilocalization and of the attending in-
elastic processes.

The field effect associated with quasilocalization
always contributes a positive term to d p/dE.
Heating the electrons decreases the probability
of quasilocalization and thereby increases p. . On
the other hand the scattering-cross-section curve
shown in Fig. 11 shifts to lower energies with in-
creasing density, owing to destructive interfer-
ence of the long-range polarization interactions.
This means that dff„/dv generates a positive con-
tribution to dij/dE in low-density methane (j&0),
but a negative contribution at high densities (j & 0).
The observed dp/dE changes sign when the nega-
tive contribution from dg„/dv is great enough to
cancel the positive contribution from quasilocaliza-
tion. This occurs atn= Bx10" (Fig. 8). The value
of j probably changes sign at n= 7x 10"molecule/
cm'. Raising the temperature at constant n (in a
pressure vessel) would ultimately remove the
quasilocalization contribution and cause dp/'dE
and j to change sign at the same density.
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