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Electron mobility in liquid krypton as function of density, temperature,
and electric field strength
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The electron mobility JM was measured in liquid Kr at 9S X 10 & n & 172' 10 molecules/m', and
121 & T &206 K. At lour fields a field-independent p =go was obtained at each density. The density
dependence of po is compared to that predicted by ihe deformation potential theory of Basak and
Cohen; po is maximum at (13.7+0.4) X 10 7 molecules/m'. Scattering lengths were calculated for
both liquid Kr and Xe, and their density dependence was examined using the recent model of Baird
[Phys. Rev. A 32, 1235 (1985)]. At higher fields, lt is field dependent. The effect of density on the
field dependence is examined.

I. INTRODUCTION

Theoretical investigations into the electronic states of
simple liquids are connected to experiment by the low-
field, thermal mobility pe of extra electrons in argon,
kryPton, and xenon. ' " Values of iso, which are the con-
stant values of the mobility p at electric fields E less than
some threshold value E'", have been reported for the en-
tire liquid ranges of argon'a'3 and xenon, s' so compar-
ison to theory can be effected. 'a' 'a 'o Such is not the
case for krypton: (a) At T &120 K, p might be field
dependent at the field strengths & 2 X 10' V m ' used "6
(b) in the main temperature study p, was field dependent. '

Values of yo in liquid Kr would complete the important
series Ar, Kr, and Xe. Furthermore, the generality of
empirical relations obtained from comparing Ar to Xe re-
sults, such as the maximum in p, o occurring at the same
density n =1.2X 108 molecules/m', 'i could be tested.
This work reports values of p at low and intermediate
fields, and at 121.3 & T & 205.8 K in liquid Kr.

D. EXPERIMENTAL

A. Material

Matheson research-grade krypton ( & 99.995%) was fur-
ther purified in a gretist~free vacuum line by passage
through a quartz U tube filled with clean copper pellets at
773 K, bubbling at room temperature through a sodium-
potassium alloy, and holding on potassium mirrors in
0.002 m glass bulbs at a pressure of 0.2 MPa for &2
months prior to use.

gital thermometer, using liquid nitrogen at 92 kPa (76.7
K), and slush baths of iso-octane (165.8 K), octane (216.4
K), acetone (177.8 K), carbon tetrachloride (250.2 K), and
ice water (273.2 K). Temperature differences on the cell
body were &0.4 K.

The electrons were generated with x rays formed by
directing a 10-nsec pulse of 1.7-MeV electrons into a 3-
mm-thick gold target. The sample dose was -9X107
eV/g.

The mobility was determined from the time of flight te

is=i /Vtd,

where V is the applied voltage. The average of a positive
and a negative polarity measurement, applied to check for
strain voltages in the cell, was used.

The collection time r of the electrons is several orders
of magnitude shorter than that, r+, of the concurrently
generated cations. As the electrons are swept from the
cell the cations are left behind so the space acquires a net
charge. If the number of charges is great enough the field
that they produce counteracts an appreciable fraction of
the applied field, and ~ becomes larger than the unper-
turbed t~ Further. more, ion-electron neutralization might
occur to an appreciable extent during r. These two effects
are discussed in the Appendix. The net correction factor
f„ for space charge (s) and homogeneous recombination
(r) is

f„=tg/r
=28/in[(1+8)/(1 —8)],

where

B. Equipment and techniques 8=1(e(n+ }/2eoeV)'i (3)

The two high-pressure conductance cells used were like
that in Ref. 18. The drift distance l was measured with
precision calipers to be 3.15 and 3.23 mm, respectively.
Other experimental details are in or cited in Ref. 19. The
Cu-constantan thermocouples used to monitor the tem-
perature at the top, middle, and bottom of the cells had
been calibrated in combination with the Fluke 2100A di-

where e is the electron charge, (n+ } is the average num-
ber density of cations during r, eo is the permittivity of
vacuum, and e is the dielectric constant of the fluid. In
the limit (n+ }~0,f„=1 and te

The lowest voltage used was 5 V and (n+ }was in the
vicinity of 10' ions/m (-10 ions in the collection
volume). The radiation pulse dose changed from month
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to month, so at 5 V the value of f„was 1.00 for the sam-
ples at 206 and 201 K, 1.03 at 192 K, 1.05 at 121, 145,
and 185 K, and 1.13 at 170 K. The factor (1 f—„) de-
creased approximately as V ' in a given sample under
these conditions.

C. Physical properties

Values of the densities were obtained from Refs. 20 and

21, compressibilities from Refs. 20 and 22, and sound ve-

locities from Refs. 22 and 23. The liquids were under
their vapor pressure, so T and n changed concomitantly.
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III. RESULTS

A. Electric field effect

Electron mobilities were measured in liquid krypton at
seven densities from 95 to 172 (102 molecules/m ) (Table
I). Five of the data sets are shown in Fig. 1 along with
available values from the literature. Nobilities from Refs.
15 and 16 at near 172X10 molecules/m reached the
low-field, thermal-electron region, although they did not
by themselves show a constant p at low fields. The kryp-
ton of Ref. 16 apparently contained a small amount of ni-
trogen, because the low-field p, is lower and the high-field

p higher than those from Ref. 15. This is characteristic
of a stronger scatterer impurity in a noble liquid. '

At all densities n &120X102 molecules/m, p de-
creases at E & 4 kV/m (Fig. 1). At a density between 120
and 108 (10 molecules/m3) the sign of the initial field ef-
fect changes. At the latter density p initially increases
with E at intermediate fields, reaches a maximum (tt at
E=23 kV/m, then decreases at higher fields (Fig. 1).
Values of the low-field limit po and of the threshold field

0.1

t I I Ill I I I I I I Ill
10 100

E(103 V/m)

400

FIG. 1. Field-strength dependence of electron mobility in

liquid krypton at (n (102 molecules/m ), T(E)): g (172,121.3);
0 (141,170.1); Q (120,191.6); ~ (108,200.1); Q (95,205.8); g,
Ref. 15 (176,117);6, Ref. 16 (174„120);CI, Ref. 17 (154,152); Q,
Ref. 17 (135,180). The lines are visual guides.

E'" for field dependence are listed in Table I along with
relevant physical properties. Values of E'" were chosen
where (M differed from po by 5%.

B. Comparison with xenon and argon

Values of IM in xenon at different n and T are not easily
read from Ref. 14. The values of otto, n, and T used in

(K) (10 6 molecules/m3)

TABLE I. Data for liquid krypton.

b C d e
Pp @max XT Xg

(10 m /V s} (10 m /V s) (10 m /N) (10 m /1V)

~ f Eth&o

(m/s) (103 V/m)
„th

d

Cp

Usat
8

(m/s)

113
117
121.3
145.3
170.1
185.4
191.6
200.1

205.8
300

204h

175
172
158
141
127
120
108
95
0.0050

3700hs I

1800
1980+40
2510+80
4630+20
2530+40
1300+20
357+3
4.7+0.2

264000'"

3700
1800
1980
2510
4630
2530
1300
470

82
72Q 000

0.8
1.7
1.86
3.27
7.40

16.6
24.3
60.1

480 0QO"

0.91'
0.86
0.91
1.36
2.47
4.29
5.72

10.9"
21.9"

290000'

1100' 4.0'

696 4.5'

679 4.9
576 3 5
454 3.7
364 5.6
321 11
247' 7.0
186' 26
223' 0.0039

8800'
3800'

1.3
1.2
1.4
1.4
3.6 2200
3.7
4.2 2000
1.1 1400
0.06 —1200
0.5 1200

'References 20(a} and 21.
Thermal-electron mobility, E~0
'Maximum mobility in plot of p against E.
Reference 20.

'References 20 and 22.
'Reference 22.
~ +100m/s.
"Solid.

'Reference 15.
'Calculated from n and ep.
"Calculated from Ref. 23(a) cp values.
'Reference 23.

Low-density gas, Ref. 28.
"Low'-density hmit equals I/nk g T.' (yk T/M)' Ref 29
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preparing graphs in Ref. 14 are listed in Table II.
In low-density xenon' and argon' there is a hump in

the plots of p against E, as in low-density krypton (Fig.
1). In krypton this hump disappears at n=11X10~~
molecules/m whereas in both argon and xenon it disap-
peared at n =10X10 molecules/m . ' The values of
p,„ in Tables I and II refer to the maximum value of p
at that density, at whatever field strength )M is maximum.

In plots of po against density there is a maximum,
designated po'*. The density at which tuo occurs is be-
tween 13 and 14 (10 molecules/m') in krypton (Table I),
but it occurs at 12 X 10~~ moiecules/m~ in both xenon and
argon. ' It has been noted that in a corresponding states
plot, n(po'")/n„where n, is the density of the critical
fluid, is in the order Ar&Kr&Xe, which is in the same
order as the polarizabilities.

IV. DISCUSSION

A. Threshold field fox electron heating, and saturation
drift velocity

At E &E'" the electrons are near thermal equilibrium
with the fluid, and p =IM,o. At E & E'h the electrons gain
more energy from the field than they lose in collisions
with the molecules, so the average electron energy in-

creases above thermal. The Shockley model for electron
heating indicates that in a simple solid or liquid electron
heating should become appreciable when the drift velocity
is near the speed of sound co in the material. ' Thus one
expects

U~" /co -1,

Uu ~PoEth

In krypton at n &158X10 molecules/m, n/n, &2.4,
approximation (4) is true (Table I). It is also true in ar-
gon' and xenon'~ at corresponding densities.

In the low-density-gases approximation (4) is also ex-
pected to apply. ' In krypton UP/co ——0.5 (Table I,
data from Refs. 28 and 29), the same as in argon' and xe-
non. '

In liquid krypton at 120&n /1 0 &141, the apparent
value of U~"/co is much greater than unity (Table I). The
ratio increases to a cusp at the density where dp/dE
changes sign. ' At these densities the mobility is nearly
independent of electron energy in the near thermal region,
and electron heating is ~uite extensive before )u changes by
5%, hence the true E' is much lower than the selected
value.

The apparent low value at 95X10 6 molecules/mi
(T/T, =0.98) is due to the decrease of po by formation of
quasilocalized states of the electrons in density fluctua-
tions in the near critical liquid. The electrons are not
quasifree, as required by approximation (4). Similar
behavior is observed in argon and xenon. '~'4 is

At intermediate fields the drift velocity tends toward a
plateau (Fig. 2). The "saturation" values U~, are listed in
Table I and compared with those in argon'i'5 2s and xe-
non' ' in Fig. 3. In the low-density gases U, is similar
in the three gases, being 1000 m/s in argon and xenon,
and 1200 m/s in krypton. %4th increasing density there
is a gradual decrease of U~, in argon and a gradual in-
crease in xenon. In krypton U, remains constant up to

TABLE II. Electron mobility' and scattering length in Xe.

ll b
pp IMmax XTd Xse a~ f as ~ liq

h

(107 molecules/m3) (10 ~ m2/Vs) (10 m2/Vs) e' (10 9 mi/N {10 9 m2/N {10 '0 m) {10 '0 m) (10 'o m)

163
188
209
216
219
223
234
261
278
288
290= T,

14.1
13.3
12.6
12.3
12.2
12.0
11.5
10.0
8.6
6.8
5.0

1700
2480
3730
4500
4600
6000
4400

750
163
54
3.0

1700
2480
3730
4500
4600
6000
4400

750
302'
14k
463

1.908
1.847
1.821
1.813
1.796
1.754
1.635
1.530
1.404
1.287

1.61
2.40
3.57
4.13
4.44
4.87
6.53

18.1
57

0.80
1.09
1.46
1.63
1.71
1.83
2.28
4.67

10.5"
37.0"

144.0"

0.37
0.23
0.15
0.12
0.12

—0.10'
—0.10
—0.16
—0.21

0.50
0.34
0.23
0.20
0.19

—0.16'
—0.17
—0.31
—0.49
—0.55
—1.6

0.26
0.17
0.08
0,04
0.02

—0.002
—0.08
—0.32
—0.59
—1.0
—1.5

'Values used in, but not hsted in, Ref. 14.
Reference 24.
Dielectric constant calculated from Clausius-Mosotti equation, using liquid-phase Clausius-Mosotti function from Ref. 35.
Reference 20(b).

'References 20(b) and 22.
Equation (6) using measured pp and S(0) instead of S(k).

IEquation {6)using measured po.
"Baird's model (Ref. 33), Eqs. (6)—(9) (see text).
'Sign of scattering length chosen to conform ~ith model (Ref. 33).
'Peak of p against E plot.
"Calculated using Ref. 23 ep values.
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beyond the critical density, so the behavior is intermediate
between those in argon and xenon. However, at higher
densities u, increases in both krypton and argon.

la a11 three gases at densities up to the critical the value
of u, varied by only 10% or less (Fig. 3). The cause of
uq becoming nearly independent of E is electron heating
and the rapid increase of the momentum transfer cross
section at energies higher than that of the Ramsauer-
Tovmsend scattering minimum.

The increase of u, with density in the dense liquids
and solids (Fig. 3) is attributed to two factors 4 (a) dif-
fraction effects, as the disorder decreases due to spatial re-
striction; (b) lowering the mean energy of the electrons by
inelastic scattering, involving electrical anisotropies creat-
ed by Intermolecular co111stons. A quantltatlve model ls
lacking.

The decrease of u, in argon at intermediate densities is
attributed to the relatively hard nature of the electron-
argon multibody interactions'2 in the highly disordered
flui.

S. Density dependence of p,o

The variation of pc with n in the noble liquids is often
interpreted in terms of the deformation potential theory.
The thermal electron moves in an otherwise empty con-
duction band, undergoing scattering by potentials created
by local fluctuations in molecular density.

Nobilities calculated from deformation potentials, s us-

ing measured energies of the quasifree electron state, are
compared with experimental values in Fig. 4. The calcu-
lated mobility maximum is about half of the observed
value and occurs at a density 10% lower than observed.
The calculated decrease of otto on the high-density side of
)uo is about sixfold greater than observed. The calculat-
ed peak is much too narrow.

I t I f
I

f
I
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l

12

n {1027molec/m3)

I I

20 24

I ) I ) I ( 1 ) I ) 1

FIG. 3. Saturation drift velocities, from plateau values as in

Fig. 2, as functions of density. Argon: 6 (Ref. 13),~(Ref.
28), k (Ref. 15). Krypton: O (Table I), 'Cl, (Ref. 28), ~ (Ref. 15).
Xenon: |vr (Ref. 14), V (Ref. 15). The arrows indicate n, The.
highest point on each curve labeled S represents the solid near
the triple point.
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FIG. 2. Field dependence of electron drift velocity in liquid
Kr. Symbols as Fig. 1, except CI is 159X10 molecules/m',
145.3 K. The dashed lines indicate a slope of 1, and extend
from the low-field region where po was determined.

FIG. 4. Density dependence of thermal-electron mobility in
liquid krypton. Experimental, o. Calculated: The solid line
shows the deformation potential theory (Ref. 9); V [Ref. 1(b)],j
(Ref. 13), scattering-length theory.
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A closer estimate of e'* was obtained using the zero-
scattering-length model ' " (Fig. 4). However, the latter
model requires input of the density at which p, ii occurs.

Recently the electron scattering-length model was ex-
tended by Baird to interpret the density dependence of )uo
in liquid argon. The value of the scattering-length as
was obtained from the experimental pe, using Lekner's
modification of the Lorentz equation

=2 2Po=
3 IrInkg T

L

' 1/2

4Iras nS(k)
(6)

'Iiiq=IIgasfi &

where fI is a screening function,

where nI is the mass of the electron, ka is Boltzmann's
constant, $(k) =nkvd Tgs is the structure factor, and gs is
the adiabatic compressibility of the fluid. This value of
as was compared to a value ai;q calculated from that in
the gas phase, as~:

cm3/mol for liquid xenon. 3' Values of as are
—1.96X10 ' m for krypton and —3.44X10 'o m for
xenon. The value of ui was selected so ai;q would go
through zero at the density of pii ,'u I =0.15 for krypton
and 0.22 for xenon, compared to 0.083 for argon. 3 The
values of abq so obtained are compared in Tables II and
III with values of II, calculated from Eq. (6). The agree-
ment is reasonable at low densities, but less satisfactory at
high densities.

Sometimes the k=0 structure factor S(0) is used in
Eq. (6);"" $(0)=nkaTXr, where Xz is the isothermal
compressibility of the liquid. Substitution of S(0) for
S(k) in Eq. (6) gives ar, which is closer to the ai~q values
in the dense liquids (Tables II and III).
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u I (a+2) —(e—1)fi(» e)=
III@ (2@+I)—2II I(e—1) '

where

II I a/4Ireor ——I,

(8)

Space charge during collection of the electrons can
make I &tq and f„&1.0. Equation (2) is obtained by
considering the effect of space charge on I Homo. geneous
neutralization decreases density of cations n+, thereby de-
creasing the space charge.

where a is the dipole polarizability in SI units of C m~/V,
and r is the cavity radius from the Bottcher-Onsager
equation. ' Baird used asas = —8.7 X 10 " m and
ui ——0.083 for argon and found that asq had the same
density dependence as a calculated from po. He found
that fI goes to zero at the density of pe '*, at which point

pe becomes limited by density fluctuations or higher-order
electrostatic interactions.

Baird's model was applied to electrons in krypton and
xenon. Values of the dielectric constant were calculated
from the Clausius-Mosotti equation; the molar polariza-
tion is 6.45 cm/mol for hquid krypton arid 10.52

1. Space charge without homogeneous recombination

At time r =0, n+ —n, =no, where —n, is the electron
number density and no the initial ion-pair density. At a
later time t some electrons have been collo:ted at the
anode. The situation is depicted in Fig. 5. As ~~&v.+,
n+ stiB equals no at 0 &x &xi', but n, =0. The effect of
the excess cations at 0 to xc is to counteract part of the
applied field and increase I The fie.ld acting on the elec-
trons at xe &x &I is E(xo). Solving Gauss's equationi
for Fig. 5 gives

TABLE III. Scattering lengths in liquid Kr.

. d
a~;q

(10 ' I)
121.3
145.3
170.1
185.4
191.6
200.1

205.8

1.678
1.612
1.535
1.473

AAA

1.394
1.340

0.31
0.20
0.10

—0.09'
—0.11
—0.14

0.44
0.30
0.17

—0.18'
—0.22
—0.33
—2.2

0.23
0.14
0.01

—0.11
—0.18
—0.29
—0.44

'tCalculated from Clausius-Mossoti equation using liquid-phase Qausius-Mossoti function from Ref. 3S.
Eqllatloil (6) II81iig cxpcrlmclltal iMO slid S(0) Instead Gf S(k).

'Equation (6) using experimental y,o.
~Baird's model (Rcf. 33), Eqs. (6)—(9) (scc text).
'The model (Ref. 33) indicates that these are negative.
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where te is the time of flight and equals ~ if the space
charge is negligible. Substituting

z =(en+/2eepV)'

in Eq. (A6) gives

t~ =rI2lz/in[(1+lz)/(1 —Iz)] j

(A7)

I

X

FIG. 5. Schematic of charge distribution in cell at time t.
Q and Q+ are the total charge on negative and positive elec-
trodes due to voltage V. At 0gx &xo, n+ ——no and n, =0. At
XO gX (Is n+ nO ne.

E(x)= + I n+edx1 — I

o Q 66O 0

so
2y' ) en+xo

E(xo)= ——+—
I 2 ecol

The measured drift velocity at xp, ue(xp), equals

dxo/dt = ItE(xp ) so—
2

& y en+xo—dxo/dt = 1—
I 266'o

(A5)

Gfx o dt,
en+xo

j. —
2eeo V

A
+n+e, 0+x gxo

E(xp), xo &x & I (A 1)

where A is the area of the collecting electrode and'Q is
the charge on the electrode. The voltage drop V across
the gap equals

I
V= — Ex x. (A2)

The results of Eq. (A2) can be rearranged to give

Q V 1 en+xo en+xo
+ (A3)

A ceo ! 2 ecol ceo

where f, is the space-charge correction. In the limit
n+ ~0, ln[(1+ Iz}/(1—lz}]-ln(1+2lz)-2lz, so f, —1

and tq

2. Space charge with homogeneous recombination

Homogeneous recombination decreases n+ and reduces
f, . In the reaction zone xp&x &I, n+ n, ——=n, and
recombination is second order:

dn+(t)
k2n— (A9)

where k2 is the second-order rate constant. Integration of
Eq. (A9) between the limits n =np at t =0 and n =n+(t)
at t =t gives n+(t) +np ——k2tor

no
n+(t)= 1+n, k2t

We use for n+ in Eq. (A7) an average density:

(n+ ) = Jn+(—t)dt

(A10)

(A 1 1)

f„=28/ln[( 1+8)/( 1 —8)],
where 8=l(e(,n+ )/2eoeV)'

(A14)

to account for homogeneous recombination. From Eqs.
(A10}and (Al 1),

(n+ & = —.ln(1+j), (A12)
no J

where j=k2nor. The ratio (,n+ )/np can be obtained by
experimentally measuring q(r)/q(0), where q(0) is the
total collected electron charge. In the presence of a loss
process, '

q(r) 2= —.[(1+j )ln(1+j)—1] . (A13)
q(0) j

The experimental q (r)/q (0) gives a value of j, which then
gives (n+)/no by Eq. (A12). We found that the high-
field limit for q was reached at 1000 V. The correction
factor f„ is obtained using (,n+ ) instead of n+ in Eq.
(A7):
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