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Effects of density and molecular shape

Norman Gee and Gordon R. Freeman
Department of Chemistry, University ofAlberta, Edmonton, Alberta T6G2G2, Canada

(Received 18 April 1983)

Secondary-electron thermalization ranges bGp and free-ion yields Gf; have been measured in the

coexistence vapor and liquid of spherelike (methane) and nonspherelike (ethane) molecules at densi-

ties 0.14&d/d, &2.8, where d, is the density of the critical fluid. The density-normalized range

bGpd at low d is 5.5)(10 kg/m in both compounds. In the dense gas at d/d, &0.3, bGpd in-

creases slightly; the effective cross section for epithermal electron scattering is lessened. The large

density fluctuations at these conditions, which cause quasilocalization of thermal electrons, appear

to affect epithermal electrons in an opposite fashion. At d/d, & 1.0, conduction-band formation

lifts bGpd in liquid methane to -4 times the value in liquid ethane. The density effect is in the

same direction as, but less marked than, that for thermal electrons. At d/d, =2.5, b~p in methane

is 1.2 times larger than at d/d, = 1, but the mobility p of thermal electrons is 15 times larger than at

d/d, =1. In ethane at d/d, =2.5, b~p is 3.4 times and p is 33 times smaller than at d/d, =1. The

degree of sphericity of the molecules greatly affects electron energy loss and localization interac-

tions.

I. INTRODUCTION

Ions and electrons that are collectable at electrodes in a
dense fiuid are called "free ions" they diffuse indepen-

dently and not in correlated pairs. The generation of free
ions in a dense fluid by ionization of a molecule requires
that an electron be ejected from the molecule with suffi-
cient excess kinetic energy to escape the field of its sibling
cation in spite of energy-loss collisions with surrounding
molecules. The electron eventually loses its excess kinetic
energy in these collisions and becomes thermalized at
some distance b from the sibling ion. Whether the ion
and electron then undergo geminate recombination de-

pends on the magnitudes of b and the dielectric constant e
of the intervening fluid. The magnitude of b depends on
the fluid density and on the physical shape ' and polari-
ty"' of the molecules. The density effect is due mainly
to the number density of scatterers, which inversely af-
fects the projectiles mean free path. At high densities,

collective effects at low energies alter the nature of the
scatterers. The major portion of the thermalization dis-
tance b in liquids is attained while the electron is at subvi-

brational energies, ' ' skittering along in the conduction
band. ' (The term "skittering" refers to the much
gentler and less frequent collisions that an electron under-
goes inside the band than it did while above the band. )

The effect of molecular shape is illustrated as follows.
Electrons in liquids of spherelike molecules have greater
thermalization distances and higher mobilities than they
do in liquids of nonspherelike molecules. ' ' The conduc-
tion band which is formed by overlap of the lowest unoc-
cupied orbitals has a less undulating lower surface in
fluids of spherelike molecules than in fluids of nonsphere-
like molecules. Electrons are therefore less strongly scat-
tered and they less readily form localized states in the

former than in the latter.
In a low-density gas the molecules are too far apart for

a conduction band to form. The thermalization distance
is inversely proportional to the density d. On going from
the gas to the liquid, the density-normalized distance bd
should, therefore, increase as the conduction-band forms.
The increase should be greater when the molecules are
spherelike than when they are nonspherelike.

The most spherelike hydrocarbon molecule is methane,
CH4. The simplest nonspherelike hydrocarbon molecule is
ethane, H3CCH3. The thermalization distance in liquid
methane is about five times larger than that in liquid
ethane. ' The present article reports the variations of
the density-normalized thermalization distances in
methane and ethane as the densities are reduced from
those of the normal liquids to those of the vapors. The
variation of bd with d is quite different in methane than
in ethane.

II. EXPERIMENTAL

A. Material

The methane was either Matheson Research Purity
(99.99%) or Linde Ultrahigh Purity (99.97%). The ethane
was Phillips Research Grade (99.97%). About 30 g of the
required compound was transferred to a grease-free vacu-
um line through flexible stainless-steel tubing that was
welded to a Kovar-glass seal. Further purification was ac-
complished by treatment with Davison 3A molecular
sieves, degassing by distillation under vacuum, and pro-
longed contact with several fresh potassium mirrors.
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B. Methods

The conductance cells were similar to the thick-walled
cells described in Ref. 19. The one used for gas-phase
measurements had sidearms pointing upwards compared
to the one in Fig. 1 of Ref. 19. The electrode separation
was 3.2 mm and the effective collector area was 2.5 cmi.

The temperature control system is described in Refs. 18
and 24. Low temperatures were attained with cold nitro-
gen gas and high temperatures with air from a heat gun.

Free-ion yields G~ were measured by sweeping
radiation-produced charges from the cell by an electric
field E and integrating them. ' A 0.10- or 1.0-ps pulse of
1.7-MeV x rays delivered (-0.6 or 6) X10" eV/g to the
sample. The center of the conductance cell was 34 cm
from the gold x-ray target. The calibration constant was
-5)&10 eV/g absorbed in the sample for each nC de-
posited by the Van de Graaff electron beam on the target.

Liquid-phase dosimetry was done through a three-step
sequence. The dose delivered by each pulse was moni-
tored by measuring the charge deposited on the gold tar-
get by the pulse of 1.7-MeV electrons from the Van de
Graaff accelerator. This pulse monitor was calibrated by
measuring the thermoluminescence generated by LiF crys-
tals after an accumulation of 10 —10 pulses. The
pulses for calibration were produced at a rate of only 4/s
to allow complete recovery of the accelerator cathode
charge between pulses. The LiF-crystal dosimeters were
from Harshaw Nuclear Systems Co. (TLD-700) and the
thermoluminescence measuring unit was a Harshaw
Model 2000-A. The standard deviation of the readings
from five crystals selected at random from a batch of 20
was 2—6%. The five crystals were stacked vertically, on
edge, in a thin-walled ( ——,

'
mm) glass tube and placed be-

tween the electrodes of a dummy cell. The dummy cell
had the same electrode and wall construction as the mea-
surement cells. The liquid in the dummy cell was n-

pentane. The thermoluminescent crystals were calibrated
against the Fricke dosimeter using a Co y-ray source.
The crystals were irradiated in the dummy cell for 60—90
s (-3&(10' eV/g), while the Fricke solutions were irradi-
ated at the same location for —,

' —6 h. Conversion from
dose in Fricke solutions to dose in hydrocarbons was cal-
culated by way of the Bethe equation using the appropri-
ate electron densities and mean ionization potentials. The
values of the latter were estimated to be 69 eV for the
Fricke solution, 45 eV for methane, 49 eV for ethane, and
85 eV for air. The mean energy of the secondary electrons
was taken to be 10 eV.

Dosimetry in the low-density gas phase was done by
calibrating the pulse monitor against the ionization pro-
duced in air in the measuring cell. The average amount of
energy absorbed per ionization in air at atmospheric pres-
sure and —300 K is 33.8 eV, ' or G«, ——2.96.

Application of the Fricke-LiF dosimetry in the above
manner to energy absorption in air at 94 kPa and 295 K
gave G(ionization)=4. 2, which is 43% too large. The
steel electrodes have an electron density twice that of the
glass walls and seven times that of the Fricke solutions.
Thus, the rate of energy absorption from the x rays was
greater in the steel than in the glass or Fricke solution.

C. Physical properties

The densities and critical-fluid parameters are from
Refs. 31—33. The dielectric constants were calculated
from the Lorenz-Lorentz equation using as bases the
methane dielectric constants from Ref. 35 and the ethane
refractive indices from Ref. 36. Reference parameters are
listed in Table I.

III. RESULTS AND DISCUSSION

A. Method and scope

The sequence of events in the radiation-induced ioniza-
tion of molecules M in a fluid may be represented as

M~- =[M++e ],
[M++e ]~M,

which represents geminate neutralization,

[M++e ]~M++e
which represents free ion formation,

(2)

(3)

(4)

TABLE I. Physical properties (Refs. 31—36). Subscripts: c
is the critical point, b is the normal boiling point, t is the triple
point. e, is the dielectric constant.

CH4

T, (K)
d, (kg/m )

n, (10 molecule/m')
P,
'

(Mp. )

c

Tb (K)
db (kg/m')
T, (K)
dr (kg/m )

190.6
162
60.9
4.60
1.23

111.4
429
90.7

453

305.5
203
40.6
4.88
1.25

184.5
549

89.9
659

More high-energy electrons would be ejected from the
steel to ionize gas molecules than would be estimated from

energy absorption in the Fricke solutions. Direct do-

simetry with air in the conductance cell was therefore
necessary. The transition in dose from air to Fricke
values was assumed to vary linearly with electron density.
The error in this assumption might be up to 15%%uo', it will

have only a small effect upon the conclusions about the
effect of density on electron thermalization distances in

methane and ethane.
As the applied field strength approaches zero, the yield

of collected charges approaches zero due to the competing
neutralization reaction of the randomly distributed ions
and electrons. The collection efficiency is given by

f=u '1n(1+u),

where u
' is proportional to E. For a given drift distance

and initial charge density, u is proportional to the neu-
tralization rate constant a and to the reciprocal of the col-
lection time t~ . In the present work the fields were high
enough that homogeneous neutralization was negligible.
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M+~ cathode,

e ~ anode,

which represent the collection by field; and where the
square brackets indicate that the Coulombic interaction
between the ion and electron must be taken into considera-
tion. The yield of reaction (2) is represented by 6«„ the
number of ion-electron pairs initially formed per 100 eV
of energy absorbed by the system. The corresponding
yield of free ions collected by an applied electric field of
strength E is represented by Gf, . Electron thermalization
distances can be estimated from the ratio Gr, /6«, .

Free-ion yields were measured at different fluid densi-
ties through the gas, critical, and liquid phases. Examples
of data for methane and ethane are shown in Fig. 1. The
yield tends to decrease with increasing density due to the
decreasing thermalization distance and consequent in-
crease in the amount of geminate neutralization. " At
the lowest density, 12 kg/m of methane (17 amagats),
geminate neutralization was negligible and only the total
ionization yield 6„,=3.8 was measured. The field depen-
dence of the yields in methane at d &23 kg/m or ethane
at d &28 kg/m (Fig. 1) indicates that geminate neutrali-
zation occurs at these densities.

The lowest density at which geminate neutralization is
appreciable in the x-irradiated gases is d/d, =0.1. This is
similar to the lower limit observed by free-ion yield mea-
surements in ethene, propane, and carbon dioxide, and
by the density effect on radiolysis final-product yields in
ammonia, ethane, propene, ' and cyclohexane.

B. Estimation of thermalization distances

In fluids irradiated with x rays or high-energy electrons
about half of the ionizations of reaction (2) occur in spa-
tially isolated events. The events are separated by
-0.1 pm in a normal liquid and —100)Mm in a gas of
density —10 molecule/m . The other half of the ioniza-
tions occur in clusters of two or more, with relative proba-
bilities that decrease with increasing number of ioniza-
tions per cluster. The initial configuration of such a clus-

ter is that two or more approximately nearest-neighbor
molecules are ionized within a period of —10 ' s. The
electrons are ejected in random directions and become
thermalized through scattering within —10 ' s at vari-

ous distances from the positive ions. The average of many
such spurs gives an isotropic distribution of thermaliza-
tion distances described by an appropriate radial func-
tion. In the jargon of radiation physics and chemistry,
the reaction zone indicated by the square brackets in reac-
tion (2) is called a spur and it may initially contain one or
more ion-electron pairs. A model based on a realistic dis-
tribution of ionizations per spur is complex and remains
in a crude state. However, in multipair spurs the mul-

ticharged core causes geminate neutralization to rapidly
reduce the number of surviving pairs to one per spur. A
reasonable, tractable model could therefore be based on
spatially isolated ionizations (single pair spurs) with a
value of 6«, somewhat lower than the true one. Such a
model was originally put forward by Onsager and has
been extended" and improved. ' The equations are as
follows:

Gr, =G«, J F(y)g~s[1+f (E,y, T)]dy, (6)

where F (y )dy is the fraction of electrons that have
thermalization distances between y and y+dy, and g is
the probability that an electron with thermalization dis-
tance y escapes geminate neutralization (becomes a free
ion due to random diffusion) in the absence of an external
electric field;

Pr, =exp( r, /y), — (7)

where r, =g /4mepekT is the distance (m) at which the
Coulombic attraction between the ion and electron equals
the average thermal energy kT (J), g is the protonic
charge (C), and 6pis the permittivity 'of vacuum. The
function f(E,y, T) describes the fractional enhancement of
Gf, with increasing E,

0
20 40

E (105 V/m)
60

)n n —1 (r /y)J+i

, (n+1)! . , (j+1)!
(8)

FIG. 1. Free-ion yields Gf, as functions of applied field
strength E. Open symbols represent the averages of results from
positive and negative applied voltages. Closed symbols represent
results from negative voltages only. The temperatures (K) and
densities (kg/m ) were as follows. CH4. ~, 158, 23; Q, 173, 46;

, 192, 162=d, ; Q, 91, 453 (liquid). C2H6. o, 256, 28; 6, 273,
46; H, 306, 203=d„' (&, 224, 503 (liquid); &, 166, 571. The solid
curves were calculated from Eqs. (6)—(9) using parameter values
from Table II.

where P =gE /k T, E is in V/m, and y is in m.
The form of the thermalization-distance distribution

function F(y) is not accurately known. 4s ss The two
favored forms are exponential and Gaussian. ' There
seems to be no rational way of generating an exponential
distribution in a scattering medium, but this function ex-
aggerates the probability of small y values, which partially
compensates for the neglect of the multicharged cores in
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some of the spurs. The rapid collapse of the inner por-
tions of multipair spurs leaves the pairs with the largest y
value to participate in free-ion formation, so both the ex-
ponential and Gaussian functions require an extended tail
that is an artifact of the single-pair spur model. The pre-
ferred function is a Gaussian with a power tail, designated
Yop (Ref. 15):

5'
Q) 5

O
O

0
CL

0

CH4

0
—+poo

O 0

0.96YG & g (2.4b GpF(y)= .
[ Ygi+0. 5(b op /y )] y )2,4bop

where 0.96 is a normalization factor, YG ——(4y~/~i~2bop)
Xexp( y'—/bop), and bop is the dispersion parameter
and most probable value of the thermalization distance y.
Equations (6)—(9) are fitted to experimental sets of
(Gr„E,T) data to obtain values of bop and G„,.

(9)

C. DENSITY EFFECTS

Ionization yields were measured with both positive and
negative applied voltages to detect possible effects of ad-
ventitious fields. The charge collected was normally in-
dependent of the sign of the applied voltage. Occasionally
a set of 6 f, values obtained with one sign would be up to
30% different from that obtained with applied voltages of
the opposite sign, and the sets were discarded. In these
cases the positive applied voltages usually registered ion
yields that were too high, but the effect was not reproduci-
ble and seems to have had to do with the condition of the
massive conductance cell (strain voltages in insulators?).

All of the results reported herein are averages of those
obtained with positive and negative applied voltages, with
the exception of methane at 12 and 23 kg/m (Fig. 1). In
those samples, positive applied voltages gave yields that
were 12% and 9% higher than the rest of the set, so only
the negative voltage results were used.

The value of Gf increases monotonically with E in
fluids with densities ~20 kg/m (Fig. 1). In ethane at a
given E, the value of Gf, decreases monotonically with in-
creasing density through the gas and liquid phases (Fig.
1). In methane, however, the value of Gr, at a given E de-
creases with increasing density through the gas phase and
increases again on going to the liquid phase (Fig. 1).

The values of G„, extracted from the results are nearly
independent of density (Fig. 2). The lowest value in each
compound occurs for the near-critical fluid and is believed
to be an artifact. The large density fluctuations in the
near-critical fluids might affect the nonhomogeneous ki-
netics of the system sufficiently to distort the Gf; against
E curve away from Eq. (6)—(9); the factors most seriously
affected would probably be the F(y) distribution and the
microscopic dielectric constant.

The value of G„, is probably somewhat larger in the
liquid than in the gas. ' The increase is not evident in
Fig. 2, probably due to the rapid geminate neutralization
in the centers of multipair spurs mentioned earlier.

In the highest density liquid-ethane sample, d=571
kg/m, Gf, varies linearly with E over the range measured
(Fig. 1}. The curve-fitting procedure then becomes insen-
sitive to the value of G„, above a certain rninirnum, which
in this case is 3.0. Larger values of G„, simply require

C2H6

50 100

d (kg/ms}
500

FIG. 2. Total ionization yields estimated by fitting Eqs.
(6)—(9) to results such as those in Fig. 1. —,average value;
———,average of values reported (Refs. 28 and 29) for the
low-density gases. The arrows indicate the densities d, of the
critical fluids. The liquids a~d gases at d&d, are coexistence
fluids.
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FIG. 3. Ratio of the free-ion yield at E=O to the total ioniza-
tion yield as a function of fluid density. CH4. o, present work;
CI, Ref. 22; '7, Ref. 23. C2H6.. 4, present work; ~, Ref. 22; g,
Ref. 23; Q, Ref. 58, electron scavenging by nitrous oxide. The
arrrows indicate the critical density d, .

lower values of bop to fit the straight line. This flexibility
is indicated by the error bars in Fig. 2.

The ratio Gr, /G„, is the mean probability that an ion-
electron pair will escape geminate neutralization in the ab-
sence of an applied electric field. The ratio in ethane de-
creases gently with increasing density in the gas phase and
through the critical region into the low-density liquid,
then plunges rapidly at ni/d, & 1.7 (Fig. 3). The value ob-
tained from electron-scavenging yield measurements is
consistent with the present work. The ratio in gaseous
methane behaves similarly to that in ethane, but at d & d,
the behavior is very different. In liquid methane the ratio
increases, passes through a maximuin at d/d, =1.4, and
decreases upon further increase of the density (Fig. 3).

The density-normalized thermalization distances bGpd
are similar in the two gases. In Fig. 4, bopd is plotted
against the density normalized to the critical fluid density,
d/d, . The normalized thermalization distances increase
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FIG. 4. Thermalization distance normalized for density

bGpd, plotted against the density normalized to the critical den-

sity, d/d, . 0, methane; 6, ethane. The highest point for
methane might correspond to a partially frozen sample.

gently in the dense gases at d/d, &0.3. In methane at
d/d, & 1.0, the value of bGpd increases rapidly. The in-
crease is attributed to conduction-band formation and the
associated decrease in the mean scattering cross section of
the molecules for electrons. The implication is that the
major part of the thermalization distance in the liquid
phase is attained while the electron is inside the conduc-
tion band, within a few tenths of an eV of thermal energy.
A similar conclusion was drawn earlier on theoretical
grounds. ' The nonspherelike ethane molecules do not
permit formation of a smooth conduction band, so the
spectacular increase of bzpd that occurs in methane does
not occur in ethane (Fig. 4).

At d/d, &1.5, the thermalization distances decrease
moderately in both liquids (Fig. 4). The decrease is attri-
buted to stronger scattering by short-range interactions as
the space between the molecules becomes small. In each
liquid the decrease begins when the difference between the
random —close-packed and van der Waals radii is reduced
to 9)&10 " m. It might be a coincidence that these
values are the same for a spherelike and nonspherelike
molecular fluid.

The hump in bGpd in the density region
0.3 & d /d, & 2.0 corresponds to the "dense gas, low-

density liquid" region of the coexistence fluids in which
quasilocalization of thermal electrons occurs.
The hump in bzpd corresponds to a decrease in the aver-
age scattering cross section of the molecules for epi-
thermal electrons, while quasilocalization is equivalent to
an enhancement of the scattering of thermal electrons.
Fluids in this intermediate density regime have relatively
large density fluctuations that apparently influence the
transport of thermal and epithermal electrons in opposite
ways.

The final increase of b~pd in methane at its freezing
point (Fig. 4) is due to the increased orderliness of the
phase and consequent decrease of scattering. As an illus-
tration of this effect, the value of bGpd in spherelike neo-
pentane increased by 39% on going from the liquid at 258
K to the crystal at 253 K. In methane, the 20% increase
of bopd between the points at the two highest densities
(Fig. 4) might indicate that the last sample was partially

frozen and should be plotted at a somewhat higher density
than the liquid value shown. The analogous increase was
not observed in ethane because the freezing point was not
approached (d, /d, =3.2, see Table I).

I

t

1000—

]00—

M)
CU

E

D

0.15
10

bGp (10 a m)

30

FKJ. 5. Mobility p of thermal electrons (Refs. 24 and 25)
plotted against thermalization distance b~p of secondary elec-

trons in the coexistence vapor and liquid. Methane (circles),
ethane (triangles); vapor (open points), liquid (closed points).
The arrows mark the fluids at the critical density and near the
critical temperature. ———,arbitrary line with slope 1.0.

D. Correlation with electron mobility

There is a rough correlation between values of bGp and

thermal electron mobilities p in a large series of liquids
extending over six orders of magnitude of p and two or-

ders of magnitude of bop '.The correlation also exists
for electrons in a given fluid at different densities, but
there is a phase effect. The phase effect is dramatically il-

lustrated by electron behavior in methane (Fig. 5).
In the gas phase the values of p and bGp each decrease

approximately as d ', so a log-log plot of p against bop
for a gas at different densities has a slope of about unity

(Fig. 5). In the denser gas, the curve, proceeding down-

ward from the right, has a slightly steeper slope due to the
more rapid decrease of p caused by electron quasilocaliza-
tion and the slightly less rapid decrease of bop illustrated
in Fig. 4 as an increase in bGpd. These are multibody ef-

fects. Upon increasing the density into the liquid phase,
the direction of the methane curve reverses, with a large
increase of p and moderate increase of bop (Fig. 5). The
curve is displaced upwards because thermal electrons ride
near the bottom of the forming conduction band and are
sensitive to the smoothness of it, whereas the secondary
electrons ride above the band and then settle down
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TABLE II. Summary of results.

d (kg/m') 0
Gp Gtot

Methane
bGp (nm)

p (10 m /Vs)
(Refs. 24 and 25)

91'
122
153
170
173
179
180
188
192
190
183
173
158
144

453
412
357
314
303
280
276
220
162
119
77
46
23
12

1.72
1.65
1.54
1.47
1.45
1.42
1.41
1.31
1.22
1.16
1.09
1.05
1.03
1.02

0.67
0.78
1.13
1.43
1.53
1.55
1.68
1.64
0.83
0.99
1.34
1.75
2.62

3.47
3.40
3.40
3.50
3.55
3.60
3.55
3.08
2.74
3.10
3.30
3.57
4.00
3.80

55
51
58
69
74
74
84

107
53
60
86

123
248

540
400
480
830
950

1040
980
510
47
48
66

109
236
440

166
224
242
281
298
306
296
286
276
273
256

571
503
476
404
338
203

95
68
51
46
28

1.82
1.70
1.65
1.54
1.44
1.25
1.12
1.07
1.06
1.05
1.03

0.09
0.21
0.28
0.48
0.88
1.29
2.46
2.33
2.58
2.69
3.40

Ethane

4.50
4.50
5.00
4.60
4.00
4.00
4.95
4.43
4.43
4.36
4.72

9.5
10.3
10.7
13.6
22.2
35
67
82

104
117
196

0.22
1 ~ 84
3.03

14.9
37
54

134
221
307
337
520

'This sample might have been partially frozen.
the liquid.

The density and dielectric-constant values are those of

through it as they undergo inelastic collisions. The more
energetic electrons undergo harder collisions than do
thermal electrons and experience less smoothing of the
scattering potentials as the conduction band forms. Thus
&op increases much less than does p (Fig. 5).

As the density of liquid methane is increased from
d/d, =1.4 to 2.5, the value of the electron thermalization
distance decreases monotonically, while the thermal elec-
tron mobility passes through the familiar maximum at
did, =1.8 (Ref. 24) (Fig. 5). The final reversal of direc-
tion of the curve between the last two points is due to the
increased orderliness in the medium (decreased structure
factor ' ); the relatively large effect observed with the
present sample was possibly caused by partial crystalliza-
tion, since the lowest temperature was the freezing point
(Table II) and the recorded temperature could have been
in error by a degree.

The plot of p against bGP for electrons in ethane is less
complex than that for electrons in methane (Fig. 5). The
differences between the two curves are attributed to the
difference in degree of sphericity of the molecules and the
shape effect on electron scattering. In the gas phase, elec-
trons with energies &0.10 eV are scattered less strongly
by less spherelike molecules. ' Thermal electron
(-0.03 eV) mobility is therefore larger in ethane than in
methane gas at a given density, while the values of b~p

are similar in the two gases (Fig. 4). Thus, the curve in
Fig. 5 for gas-phase ethane lies above that for methane.
The increase of slope in the dense gas due to the decrease
of p by quasilocalization is more marked in ethane than in
methane, because in the latter, the effect of quasilocaliza-
tion is partially counteracted by the tendency to form a
conduction band in the dense gas. In ethane the conduc-
tion band does not have a smooth bottom because orienta-
tional disorder of the rodlike molecules creates potential
fluctuations which scatter the electrons. The formation of
a conduction band on increasing the density into the
liquid phase causes the slope of the ethane curve to de-
crease, but does not cause it to fold back as in methane
(Fig. 5). At the highest densities, the value of p in ethane
plunges due to the formation of more stable localized
states. The value of bGp reflects the behavior of higher
energy electrons, above the localization levels, and is less
affected by them. The lower end of the ethane curve in
Fig. 5 therefore has a very steep slope.
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