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The ratio of the diffusion coefficient D to the mobility p for electrons has been measured in liquid argon
by using a modified Townsend apparatus. The measured ratio eD/u monotonically increases from ~0.1 to
~0.4 eV with an increase in the electric field from ~2 to ~10 kV/cm. The ratio eD/p is smaller than that
in gaseous argon at the same value of E/N, where N is the atomic density. The mean momentum-transfer
cross section <o) is estimated as a function of {€)> on the assumption {€) = 3eD/2u, where <€) is
the mean electron agitation energy. Thus the (o) obtained is nearly constant (3~4X10~"7 cm?) for <€)
from 0.15 to 0.6 eV. This value of (o) is almost the same as that estimated from the low-field mobility of
electrons in liquid argon. This result is consistent with both Derenzo’s experiment and Lekner’s theory. It is
concluded that there is no Ramsauer minimum at about 0.4 eV of <€), where the minimum exists in

gaseous argon.

I. INTRODUCTION

Electron drift velocities in liquified rare gases
have been measured for over twenty years. Ten
years ago Miller ef gl.' extensively measured the
drift velocity of electrons in condensed states of
rare gases, carefully eliminating the effect of im-
purities. Recently our group® and Yoshino et al.?
found a considerable increase in the electron drift
velocity in rare-gas liquids, when molecular im-
purities were doped. Such an effect is well known
in the gas phase®*’® and is explained by the reduc-
tion of the mean electron energy due to the inelas-
tic collision of electrons with molecular impuri-
ties, and by the resulting decrease of momentum-
transfer cross section o due to the Ramsauer-
Townsend effect. For liquid argon, however, the
increase in the electron drift velocity was found to
be smaller than that for gaseous argon. It was
thought that this fact might suggest the absence of
the Ramsauer-Townsend effect in liquid argon.?

In 1967 Cohen and Lekner® gave a solution of the
Boltzmann equation for electrons in gases, liquids,
and solids. Lekner” applied the solution to the
electron motion in liquid argon and derived basic
transport parameters for electrons, such as drift
velocity w, mean agitation energy (€), momentum-
transfer mean free path X of electrons, etc., as
functions of the electric field E. As a result, it is
shown that a Ramsauer minimum does not occur
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in liquid argon.

Information experimentally obtained so far, how-
ever is almost limited to the drift velocities of
electrons in liquid argon. The value of (€) is
known for “cool” electrons in thermal equilibrium
with liquid argon in low E, where the mobility u
is independent of E. Christophorou and McCorkle?
estimated the mean scattering cross section (o)L_
from p for cool electrons in liquid argon at vari-
ous temperatures and in the high-pressure gas and
claimed a shift of the Ramsauer minimum to the
lower side of (€), with an increase in atomic den-
sity. Except for Derenzo’s data,® no information on
€ has been available for “hot” electrons, which
gain energy from the electric field. The value of
(€) for hot electrons can be estimated by measur-
ing the ratio of the diffusion coefficient D to p from
Einstein’s relation®

eD/u=kT, (1)

where e is the electron charge, % is Boltzmann’s
constant, and T is the electron temperature,

In this paper we present experimental data on the
ratio eD /i as a function of E for electrons in liquid
argon, obtained by a modified Townsend apparatus,*
using a parallel-plate pulse ionization chamber.
Results were compared with those obtained by
Lekner and Derenzo. Furthermore, the momen-
tum-transfer cross section is discussed in com-
parison with that in gaseous argon,*™3
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II. EXPERIMENTAL
A. General

A parallel-plate pulse ionization chamber des-
igned as a modified Townsend apparatus was used.
We will consider an isolated group of N electrons
traveling from the cathode to the collector under
the influence of a uniform and constant electric
field E in the chamber. Suppose that these elec-
trons are concentrated at a point (x, v, z) =(0, 0, 0)
at time £=0; then their distribution at { is de-
scribed by™

. €N < p? )ex ( (z+wt)2>
arDt@mD )% P\~ apz) P\~ "4p,t /)
(2)

where the z axis is chosen in the direction of E, w
is the drift velocity of the group, D is the longi-
tudinal coefficient of diffusion, and p®=x%+y% The
average of p® is easily obtained to be 4D#. Thus
(4Dt)¥? gives a measure of the lateral spread of
the group.

In the configuration shown in Fig. 1 the number
of electrons (...,7,_;,7,,7,.y,-..) collected by
each separated collector (...,Ch-1,Cp, Chrry+-s)
does not depend on D, when the distance d be-
tween the cathode and the collector is sufficiently
large compared to the longitudinal spread of the
group (4D ,7)Y?, where T=d/w. We may then use
D for D, for convenience in the calculations. Thus
the distribution in the group at ¢=7 is written as

n(r) = Mexp(-7*/R?) /(72 R)?, (3)
where ¥2=x%+ 9% +(z +w T)? and
R%2=4prT. (4)

Now we can calculate the number of electrons -
n, that arrive at the collector ¢, at z=-d, occupy-
ing the region from X —3s to X + 3 s along the x
axis and having sufficient length along the y axis.
For example, when X —3s>0, this number is given
by

X +s/2
nk=21r<f y(r =X +3s)n@)dr
X-s/2

N fx °° ; rsn(r)dr), (5)

which is derived in Appendix A.

Curves giving 7, /% obtained from Eq. (5) are
shown in Fig. 2 for some typical values of R, as
functions of the ratio X/s for s=60 um. This val-
ue of s corresponds to the condition of the present
experiment as will be described in Sec. IIB. The
calculated curves are fitted to the experimental
data by adjusting R and X. Thus a value of R is
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x=X-s/2 x=X+s/2

FIG. 1. Schematic drawing showing the diffusion pro-
cess of drift electrons in the space between parallel
plate electrodes. The split collectors are denoted by

ves Chals Chs Chats --+» ANA Loy Mg, Ny Np a1y - oo
express the number of electrons collected by ...,

Ch-1s> Cp» Cp4ts -... For example, n, is equal to the
number of electrons contained in the volume between
two planes at x=X-4s and x=X +3s.

determined.
Finally, we obtain the ratio e¢D/u from the re-
lation

eD/u=e(R%/AT)(E /w)=eR*V/4d?, (6)

where V is the voltage applied between the cathode
and the collector.

0.6

ne N

0.4

0.2r

0 0.5 1 1.5 2
X/s

FIG. 2. Calculated distributions of the relative number
of electrons collected by each collector of 60 pm in
width against the normalized distance X/s.
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B. Apparatus and procedure

The pulse ionization chamber is filled with liquid
argon and has split collectors and a cathode, on
which a narrow linelike source of a particles was
deposited. The parameter R was determined by
measuring the charge collected by each collector.

1. Ionization chamb er

The cathode is a flat-surfaced stainless-steel
plate, with an effective area of 25X25 mm? A
source of 2°Po is deposited at the center of the
cathode. The length of the source is about 1 mm
and the width less than 20 ym.*

The collector, which has an area of 24X24 mm?,
consists of eight split collectors,® denoted by
vee5Coy15CoyChyy .., as shown in Fig. 3. These
collectors have an effective width of 60 pum, ex-
cept for two outer collectors.'

The distance between the cathode and the collec-
tor was set to be 1.7, 2.7, 3.7, and 4.8 mm. The
electric field in the electron drift space was suf-
ficiently uniform without a guard ring.

Commercial argon of 99.999% stated purity was
further purified by barium-titanium getters, de-
scribed in our previous papers.?''® The ionization
chamber was inserted into a vacuum-tight vessel
made of stainless steel and copper, was baked out
at 100 °C, and was evacuated to a pressure of less
than 1.0X107" Torr, together with the gas-filling
system. Purified argon condensed into the vessel

when the vessel was cooled down with liquid oxygen.

2. Electric circuit

Signals induced on the strip collectors were amp-
lified by a charge-sensitive preamplifier and fed
to a main amplifier having differential and integral
time constants of 2 psec, and analyzed by a multi-
channel pulse-height analyzer. To reduce the
background noise, the pulses from the collectors,
other than the collector c,, which is the nearest
to the center line of @ source, were gated by using
the pulses from the collector c¢,, as shown in Fig,
4, A pulse corresponding to all electrons N due to
one ¢ particle was measured by connecting all the
collectors. Thus the ratios n_, /N, n,/N, and
7, /N were obtained.

III. RESULTS AND DISCUSSION

The insert in Fig. 5 shows a typical pulse-height
spectrum due to '°Po o particles obtained when
all collectors were connected. The pulse height
at the peak of the spectrum corresponds to edl.
The pulse height versus electric field strength
curve is shown in Fig. 5 for different distances d
between the cathode and the collector. As seen

7
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FIG. 3. Photographs of gold collector electrode de-
posited on ceramic substrate. (a) Top view of collec-
tor electrode. (b) Magnified view of the central part of
the white square in (a). The lower part shows the
scheme of electrical connections.

from the figure, the pulse height does not depend
ond. This shows that electronegative impurities,
which should reduce the pulse height, are suffici-
ently removed by our purification method.

Figure 6 shows the relation between d and R?,
experimentally obtained. In Sec. II we assumed
that the group of electrons were concentrated at
the starting point of the drift. Here let us consider
that at £=0, the group of electrons have a Gaussian
radial distribution, expressed by Eq. (3), in which
R is replaced by an initial mean-square radius R,.
Then Eq. (4) is modified to

R?=4DT+R2=4Dd /w(E) +R2, (7
N ]
c S le Su 5ﬂ3’bly

}\"'*1

Pre- Pre-
amp q;np
Main Main
amp amp
2
S.CA l Linear
o Gate
gate
MCPHA.

FIG. 4. Schematic diagram of the apparatus. The
number of electrons collected by the collector ¢, is
measured by gating with the pulse from ¢,.
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FIG. 5. The variation of total collected charge due
to 21%Po & particles vs electric field E for different
distances d between the cathode and the collector.

The inserted figure shows a typical pulse-height spec-
trum, when d=1.7 mm and E=5.9 kV/cm.
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FIG. 6. Square of the measured mean width of the
electron distribution R? against the drift distance d for
several values of electric field strength E. The solid
line (R{=— 60710 pm?) and dashed line (R}=90+530
pum?) are drawn for the.results at E=3.7 and E=7.4 kV/
cm, respectively, by the least-squares fitting.

and Eq. (6) is modified to
eD /u=e(R? —R2)V/4d?. 8)

From Eq. (7) and Fig. 6 we can estimate the value
of R, to be less than ~25 um by extrapolating 7 to
0. Actually, R, i5 determined by the range (~50
pm) of @ particles isotropically emitted from 2*°Po
and by the spread™ (20 um) of 2°Po on the cath-
ode. '

Effects of positive ions on the drifting electrons
can be neglected because d is sufficiently large
compared with the range of a track in liquid argon.
The space-charge effects of electrons in the dif-
fusion measurement are more complicated. If the
space-charge effect of electrons is taken into ac-
count, the relation between R? and d is expected
to be nonlinear, as shown in Appendix B. In the
experiment, however, a linear relation was ob-
tained, as shown in Fig. 6. This fact suggests that
the effect of the electron space charge is neglig-
ible, although the reason is not known at the pres-
ent.

In Fig. 7, eD /i obtained from Eq. (8) are plotted
against £ for the different distances in liquid ar-
gon. The value of eD /. increases from ~0.1 to
~0.4 eV with the increase in E from ~2 to ~10
kV/em. The experimental error is estimated to
be less than 15%. The difference in eD /u for the
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FIG. 7. Field dependence of the ratio eD/p in liquid
argon. The symbols A, v, B, and @ represent the pre-
sent results. Points ¢ and A are the results according
to Derenzo (Ref. 9) and Lekner (Ref. 7), respectively.
Solid curve shows the results for gaseous argon. In the
upper horizontal scale, N is the atomic density in liquid
argon (2.1%x10% cm™9).
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different distances is negligible. This means that
Eq. (7), neglecting the space-charge effect, applies
well. The space-charge effect in our experiment
might have slightly increased the observed value

of eD /L. Figure 7 also shows the results obtained
by Derenzo,’ with a method similar to ours. In
Derenzo’s experiment, in contrast to our experi-
ment, the space-charge effect might have decreased
the value of eD /|. because he used, as ionizing ra-
diation, high-energy charged particles penetrating
the detector along the electric field, and so the
electrons and ions produced were attracting each
other during the electron drift. Nevertheless, the
agreement between our results and Derenzo’s is
fairly good. This fact also suggests that the effect
of space charge is small compared with the exper-
imental error.

In Fig. 7 the results of Warren and Parker'! for
gaseous argon at 77 K are also shown, The figure
shows that the mean agitation energy (€) of elec-
trons in liquid argon is smaller than that in gase-
ous argon over the region of E/N in this experi-
ment, where N is the atomic density. Values of
(€) theoretically obtained by Lekner’ are also given
in the same figure by using the approximate rela-
tion, eD/pu=%(€). Rigorously, this relation can .
apply only to electrons having a Maxwellian dis-
tribution, but will be roughly valid for other plaus-
ible distributions.!” The figure shows that the
present result is in good agreement with that of
Lekner.,

We will estimate the mean momentum-transfer
cross section (o) of electrons from the results
shown in Fig. 7, using the data on the electron
drift velocity w in liquid argon.' For the estimate

10719
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we adapt the relation
(0) =eE /Nw (2m (€))V?, 9)

which was derived from the relation w =eEX/m (v)
used by McDaniel,* where m is the mass of elec-
tron, (v) is the average velocity of electrons, A is
the mean free path, and 37 (v)?=(¢€) =3eD /2.
Thus obtained, (o) is shown in Fig. 8. We can also
estimate (¢) from the data on w at low electric
field, where mobility is constant and (€) is de-
termined not by the electric field but by the temp-
erature T of the liquid. The plotted values of (o)
(3~4%X107" ¢m?) for small (€) (~0.01 eV) are thus
obtained from Eq. (9), on the assumption (€) =T,
by using the values of mobility at low field obtained
by Miller ef al.,' Shibamura et al.,? and Yoshino

et al.® Let us compare (¢) with the momentum-
transfer cross section'® g(€) for monoenergetic
electrons. The solid curve shows (¢) from the
experimental data of eD /u (Ref. 11) and w (Ref. 18)
for gaseous argon. The dot-dash curve shows
o(€).** Comparison of these two curves shows that
{0) ({e)) reflects o(e) well for gaseous argon. Such
a relation should be expected for liquid argon. The
dashed curve in Fig. 8 also shows ¢ translated
from the mean free path that Lekner” theoretically
obtained for liquid argon.

Figure 8 clearly shows the difference in the
tendency of (o) against (€) in both phases of argon.
For gaseous argon (¢) shows a minimum corre-
sponding to a Ramsauer-Townsend effect at about
0.4 eV of (€). For liquid argon, on the other hand,
{o) is nearly constant around this energy region.

- The momentum-transfer cross sections estimated
in the present experiment and those derived from
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FIG. 8. Variation of the
momentum-transfer cross
section (o) as a function
of mean electron energy
(€) . The points represented
by A,v, B @, and Ocor—
respond to the results shown
by the same marks in Fig.
7. The symbols @, v, and
A represent (o) translated
from the results obtained by
Shibamura et al. (Ref. 2),
Miller et al. (Ref. 1), and
Yoshino et al. (Ref. 3),
respectively. The dashed
= curve shows ¢ obtained
from Lekner’s theory. The
solid curve shows (o) and
the dot-dash curve shows
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low-field mobility'*?:% are in good agreement with
Lekner’s theory in which absence of the Ramsauer
minimum is claimed. The result of Derenzo’s ex-
periment® is also consistent with Lekner’s calcula-
tion. On the other hand, ChristophorouandMcCor-
kle® obtained a mean scattering cross section (0),,
for (€) from ~0.01 to ~0.02 eV, from the data of
low-field mobility for electrons in liquid argon at
various temperatures, taking the variation of the
structure factor into account. They have claimed
that there is a sharp Ramsauer minimum® at (¢€)
~0.02 eV. Unfortunately, the present experiment
cannot cover the region below ~0.15 eV of (€). It
is concluded by taking Derenzo’s data into account
that there is no Ramsauer minimum of (€) at least
in the region from ~0.08 to ~0.6 eV, although the
minimum might shift to the lower energy side of
(€), as claimed by Christophorou and McCorkle.?

Extending our considerations to liquid krypton
and xenon, we estimated mean cross sections for
electrons of low energy (corresponding to the tem-
peratures of the liquids) from-Eq. (9), using the
data of the low-field mobility® as done for liquid
argon. The cross section is 1,2X 107! ¢cm? for
liquid krypton and 0.8X10™"" e¢m?® for liquid xenon.
According to Frost and Phelps'? the momentum-
transfer cross section is 6X107'® ¢m? in argon,
2X107*® cm? in krypton, and 7X107*® cm? in xenon,
all in gases at the electron energy corresponding
to the temperature of each liquid. In the gases the
cross section is larger for atoms with larger atom-
ic number. In the liquids the situation is different.
The cross section in argon (3~4X10™" cm?) is
larger than that in krypton or xenon (~10™'7 c¢m?).
Such a difference between the liquid and the gas
might be explained by the band structure in the
liquids. Furthermore, if it is assumed that the
variation of the cross section with electron energy
in liquid krypton or xenon is similar to that in
liquid argon, we can estimate the cross section in
liquid krypton or xenon to be nearly constant and
take a value of about 10°*" cm? for electron energies
from 0.1 to 0.6 eV. To test this expectation we are
planning an experiment on eD/p. in liquid krypton
and xenon.

IV. CONCLUSION

The following conclusions are deduced from the
present experiment.

In liquid argon the value of eD /. for electrons,
which is a good measure of the mean electron en-
ergy, monotonically increases from ~0.1 to ~0.4
eV, with the increase in the electric field from ~2
to ~10 kV/em. For these electric fields eD /p is
smaller than that in gaseous argon; in other words,
the electron temperature in the liquid phase is

lower than that in the gas phase at the same E/N.
The mean momentum-transfer cross section (c)
estimated from eD/p. is nearly constant (3 ~4X10™%"
cm?®) at electron energies (€) from 0.15 to 0.6 eV in
liquid argon. The value of {¢) is almost the same
as that estimated from low-field mobility of elec-
trons in liquid argon. There is no Ramsauer min-

imum at about 0.4 eV of (€), where the minimum
exists in gaseous argon.
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APPENDIX A

Consider a spherically symmetric distribution
n(r) of electrons. For X -5s>0 we can calculate
the number of electrons between two planes, x=X
—-3sand x=X+13s, as the sum of two terms, n("
and n{¥’, The first term is the number of electrons
inside the sphere of radius ¥ =X + 3s, and the sec-
ond term is the number of electrons outside the
sphere of radius =X + 3s. The origin of the co-
ordinate is chosen to be at the center of the dis-
tribution. As shown in Fig. 9, the number of elec-
trons dn contained in the volume element of the
ring between 7 and 7 +dv, and 6 and 6 +d8, is
written as

dn=n(r)2nr®sin@ do dr,

|
|
|
|
|
1

[

|

0 L
|

iy

I

|

r |

l
- x=X+5/2

x=X-s/2

FIG. 9. Cross sectional view of the volume element
dV =217*siné dé dr for r>X+3s.



where 6 is the angle measured from x axis. Then
we obtain

X +s/2 92
nM =f n(r) f 21 sinf d 6 rdr
X-s/2 0

and

©
(2) =
= [

X+s/2

62
n('r)f 2mr sind dO v dv,
6

where cosf, =(X +%3s)/r and cosf,=(X —-%s)/7.
From these relations Eq. (5) is derived. Also,
for X -3s<0, n, is easily obtained in a similar
manner.

APPENDIX B

Let us estimate the spread of the electron group
due to the mutual repulsion of electrons (the space-
charge effect) in the absence of electron diffusion.
We will again treat a spherical symmetric group of
electrons having a Gaussian radial distribution of

- density, starting from an initial mean-square ra-
dius R,. The group will be divided into ten sub-
groups, each of which contains {5 of the total of the
electrons in the group, by nine concentric spheres
with radii 7, (:=1,2,...,9), determined by the re-
lation

f" 4rrn(r)dr =P; M, : (B1)
o

where P; = ;i. The value of 7, is easily computed
numerically for a given R,.

Next let us calculate the spreading velocity of
the sphere. The velocity d7; /dt is determined not
only by the electric field ﬁs due to the internal
space charge of electrons, but also by the external-
ly applied electric field E. By Gauss’s theorem,
E, at point T; is given by

E,=-(F, /4re, )P, 9%,

where T; is measured from the center of the group
and €, is the dielectric constant. Thus the drift
velocity of electrons at T is

W=W[E,F,)+E].

The velocity V, relative to the center of the group
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FIG. 10. Variation of R2 as a function of distance d
when Ry=25 pm, E=5.6 kV/cm, and N=2.0 X10%,
where N is the number of electrons in the group. Varia-
tion of R? is almost the same when Ry<25 pm and
2< E<10 kV/em for d >1 mm.

is written as
¥, =d¥, /dt=W%E,+E) - %(E).

Here we are interested in v, , the component of the
velocity perpendicular to E, which may be esti-
mated approximately as

v, =|W(E)| |E,|/|E|,

so long as ﬁs is sufficiently small compared with
E.

Finally, we can calculate the spread of radii
starting at £=0 from 7;(0) determined by Eq. (B1),
again on the assumption of the spherical symme-
try. The radius at At is calculated by

7, (At)=7,(0) +vAt.

In this manner, the time variation of the radius
7;(¢) is followed up to £=7. Here 7 is the drifting
time of electrons from the cathode to the collector.
Thus we can obtain the radius R corresponding to
the root mean square of the electron distribution in
the group. The value of R2 is shown in Fig. 10.

The value of R? shown in Fig, 6 might be supposed
to consist of 4D 7 (=4Dd/w), RZ, and RZ, namely,
R?=4D7+RZ+RZ. The term 4D is linear against
d at a given E and R} is constant. Figure 10 shows
that R? is nonlinear against d. Therefore it is ex-
pected that the relation between R? and d is non-
linear, if R? is taken into account,
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FIG. 3. Photographs of gold collector electrode de-
posited on ceramic substrate. (a) Top view of collec-
tor electrode. (b) Magnified view of the central part of

the white square in (a). The lower part shows the
scheme of electrical connections.



