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conceived hypothesis that the existence of sup-
ports in the plasma volume was responsible for
most of the perpendicular loss. Numerical cal-
culations show that the present observed decay
times are & to & of the expected classical decay
time; thus, anomalous loss may exist. The most
likely cause of any additional loss seems to be a
combination of the existence of magnetic field
errors and fluctuations. Although our parameter
range is still small, indications are that a small
increase of the electron temperature does not
change the decay times when the large magnetic
field errors are absent. These preliminary re-
sults are quite encouraging; but, in order to de-
cide whether an anomalous loss mechanism is
still present in this levitated version of the
spherator, a wider range of plasma parameters
must be investigated.

*Work performed under the auspices of the U. S.
Atomic Energy Commission, Contract No. AT(30-1)-
1238. Use was made of computer facilities supported

in part by National Science Foundation Grant No. NSF-
GP579.

T. Ohkawa, M. Yoshikawa, and T. H. Jensen, Phys.
Hev. Lett. 24, 95 (1970).

B. Freeman, M. Okabayashi, H. Pacher, G. Pacher,
and S. Yoshikawa, Phys. Rev. Lett. 23, 756 (1969).

3H. Forsen, D. Kerst. D. Lencioni, D. Meade, F. 1Vh11s,

A. Molvik, J. Schmidt, J. Sprott, and K. Symon, in
Plasma Physics and Controlled Nuclear Fusion Re-
search (International Atomic Energy Agency, Vienna,
Austria, 1969), Vol. I, p. 313.

S. Yoshikawa, M. Barrault, W. Harries, D. Meade,
R. Pa11adino, and S. von Goeler, in Plasma Physics
and Control/ed Nuclear elusion Research (international
Atomic Energy Agency, Vienna, Austria, 1969), Vol. I,
p. 403.

5S. Yoshikawa, R. Freeman, and M. Okabayashi,
Plasma Physics Laboratory Report No. MATT-706,
1969 (unpublished) .

B. Freeman, M. Okabayashi, G. Pacher, and S. Yo-
shikawa, Bull. Amer. Phys. Soc. 14, 1032 (1969).

G. Pacher, H. Pacher, M. Okabayashi, B. Freeman,
and S. Yoshikawa, Bull. Amer. Phys. Soc. 14, 1032
f969) .

J. L. Johnson and S. von Goeler, Phys. Fluids 12,
255 (1969).

Mechanism of Excess Electron Transport in Liquid Hydrocarbons

R. M. Minday, L. D. Schmidt, and H. T. Davis
Department of Chemical Engineering and Materials Science, University of

Minnesota, Minneapolis, Minnesota 55455
(Received 11 January 1971}

Stable excess electrons have been recently observed in liquid hydrocarbons after suit-
able purification, but the mobilities indicated the existence of short-lived electron traps
in the liquids. We have measured electron mobilities in mixtures of n-hexane and ne-
opentane and find that the-mobility is given accurately by an expression of the form

u =u „exp(-x„E/hT },
where xI, is the mole fraction of hexane. It is concluded that the trap c~»ot be a nega-
tive-ion state of a single molecule, but is instead a collective trap involving several
fluid molecules.

It has been observed that after suitable purifi-
cation, stable excess electrons can be produced
in the rare-gas liquids" and in many nonpolar
hydrocarbon liquids. '" Lekner' has shown that
a kinetic theory proposed by Cohen and Lekner'
(based on the single-scattering approximation
and the Boltzmann equation) provides a quantita-
tive explanation of electron mobilities in the
rare-gas liquids. In the low-field limit, the
theory yields the following expression for the
mobility:

p, =—', (2/wmur) "'[e/n4na'S(0) ],

where a is the electron-atom scattering length
and S(0) is the long-wavelength limit of the struc-
ture factor [S(0)=nkT~r, where ~r is the iso-
thermal compressibility]. The charge carriers
in the hydrocarbons, while undoubtedly electron-
ic, generally exhibited much lower mobilities
than predicted by Eq. (1) and exhibited large
variations between different hydrocarbons. (At
300'K electrons in n-hexane and neopentane have
mobilities of 0.07 and 70 cm'/V see, respective-
ly. ) Possible explanations' for this behavior are
(I) an increased effective cross section arising
from incoherent scattering in polyatomic fluids,
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p. = p, „exp(-x„E,/R T), (2)

where x„denotes the mole fraction of hexane,
F., is a constant equal to 3.5+ 0.4 kcal/mole, and

p.„ is the mobility in pure neopentane.
If a free electron drifts through a liquid with a

mobility pf and may be trapped by s independent
mechanisms with trapping frequencies v„
v, and trapping lifetimes Tl . 7 then the
effective electron mobility is given' by the ex-
pression

~ = u&/(1+2~;7;)
i=1

if the distance the electron drifts in the trapped
state is small compared to its drift distance in
the untrapped state.

If the electron is trapped by single-moIecule
attachment, the trapping frequency should be
given by an expression of the form

v,. =n, fo, (e/2m)'"f (e)de, (4

(3)

where n,. is the density of the molecules provid-
ing the ith trap, 0,. is the attachment cross sec-
tion, m is the electron mass, and f(e) is the dis-
tribution function of the electron energy ~. The
density of a hexane-neopentane mixture is almost
constant, and therefore if each species contrib-
utes one trapping mechanism, the product v,. 7,
for the mixture may be approximated by

(5)

where x,. is the mole fraction of the ith compo-
nent of the mixture and v,.'7;." is the value of
v,- 7, corresponding to pure liquid i, x,. = 1. Us-
ing this assumption, Eq. (3) may be written in

(2) a short-lived negative-ion state, and (3) weak
trapping by collective interactions in the fluids.

Recent theoretical studies" show that, although
incoherent scattering could possibly lead to mo-
bilities on the order of one twentieth of that pre-
dicted by Eq. (1), this effect alone cannot account
for the electron mobilities in hydrocarbon liq-
uids. Thus, the possibilities of short-lived ion
states and collective trapping must be considered.

%e report here experiments which lead to the
conclusion that of these possibilities only collec-
tive trapping is consistent with the data. We
have measured mobilities of photoinjection ex-
cess electrons in mixtures of highly purified n-
hexane and neopentane as a function of composi-
tion and temperature using an electronic double-
shutter method. s The electron mobility in this
mixture has been found to be described accurate-
ly by the formula

the form

where x„and x„are the mole fractions of neopen-
tane and hexane, respectively.

Equation (6) cannot account for the composition
or temperature dependence observed for elec-
trons in hexane-neopentane mixtures. The only
quantities in Eq. (6) which may be expected to
vary strongly with temperature are v„7.„' since
the free-electron mobility p, f should vary only
as a low power of T." Moreover, from data on
pure hexane and pure nopentane, ' it is clear that
vh Th && v„T„and vh vh» 1, so that for x„not too
small Eq. (6) becomes

f f
0 0 f

XhVh "h
(7)

Since the ratio of free-electron mobilities varies
slowly with temperature and composition, Eq. (7)
implies that the electron mobility in the mixture
has the same activation energy as the electron
mobility in pure hexane and that the mobility
varies as the inverse first power of the mole
fraction of hexane. This is in contradiction with
the empirical observations summarized by Eq.
(2), wherein it is seen that the activation energy
increases linearly with an increasing mole frac-
tion of hexane.

To test Eq. (6) further, let us note that on the
basis of our model p, ,

'=
p. ,~/(1+ v,.v,.), i = h, n,

where p,. is the electron mobility in pure liquid
i, and p. ; is the free-electron mobility in pure
liquid i. Equation (6) may then be rearranged to
the form

X X~ Ph

I n I n ~h I n

For dilute solutions of hexane, say, x„=0.1, it
is reasonable to assume that p, ~/p, „~ = 1. More-
over, on the basis of the Cohen-Lekner theory
and its extension to polyatomie systems, it
seems unlikely that p, „~/p, „~ would be smaller
than 0.1 or larger than 10. The corresponding
range of p, predicted is 7~ p. & 0.07 cm /V sec.
The observed mobility for x„=0. 1 is 35 cm'/p
sec, 5 to 500 times larger than that predicted.

We therefore conclude that the composition and
temperature dependence predicted by single-elec-
tron-single-molecule attachment disagrees with
observations.

Collective trapping has been observed in liquid
helium' where the electron is localized by form-
ing a bubble, and in polar systems such as water
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and ammonia' where the electron is localized
primarily by the electron-dipolar medium inter-
action characterized by the Landau potential of
the form V(r) = —(D, , ' D-, ')e2/r The quantities
D

pt
and D, r epre sent the high -frequency and

static dielectric constants, respective1y. In the
liquid hydrocarbons studied here, neither bubble
formation nor polaron trapping by the Landau po-
tential seems possible. Bubble formation re-
quires that the energy V, of the bottom of the
conduction band of the liquid lie above the vacu-
um. Using the pseudopotential theory of Spring-
ett, Jortner, and Cohen, we estimate that, rela-
tive to the vacuum, V, = -1.8 eV for both hexane
and neopentane, a resu1t ruling out bubble forma-
tion. Since the quantity D,p,

'-D, ' is very
small (less than 10 ') for saturated hydrocarbons
compared to its value of about 0.5 for water and
ammonia, polaron trapping by the Landau poten-
tial may also be ru1ed out for the hydrocarbons
studied here. Thus, we anticipate that an under-
standing of the trapping mechanism in hydrocar-
bons will require a much more detailed picture
of the microscopic interaction between the elec-
tron and the molecules immediately surrounding
it than has been used in the treatment of helium
and polar fluids. A recent paper by Coleman,
Kestner, and Jortner' is a step in this direction

but at present is insufficiently developed to be
of use here.

We are grateful to the National Science Founda-
tion for partial financial support of the research
reported here.
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We applied pulses of heat to liquid He and found that below the A. transition pulses of
lower-than-ambient temperature propagate in the He II. This "cool" pulse is attributed
to the temperature change that accompanies a compressive first-sound pulse. The tem-
perature pulse is negative because the thermal expansion of He II is negative near the
X transition.

We have observed a phenomenon in liquid He II
in which an input pulse of heat produces the
transmission of a pulse of lower-than-ambient
temperature. We shall refer to this as a pulse of
"cool" that is transmitted through the liquid He.

The experimental arrangement was simply a
heater separated by liquid He from a fast and

sensitive bolometer. The heater was made of
Constantan in the form of a line about 0.1 mm
wide and 2 mm long evaporated onto a quartz
plate. The bolometer was the kind used in heat

pulse experiments': a superconducting alloy of
95% In and 5% Sn in the form of a 5-mm &0.1-
mm line evaporated onto a Si plate. It had a sen-
sitivity &100 Q/'K and a response time 510 nsec.
The two substrate plates were mounted vertically
with the heater and detector lines parallel to
each other, about 1 cm apart. The assembly was
immersed in liquid He and the temperature was
varied by pumping on the He. At temperatures
below 3.4'K the detector was superconducting;
but in order that it be sensitive to temperature


