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Direct current was passed through liquid mercury and the time variation of the isotopic com-
position of the mercury was studied. The experiments were carried out at two temperatures.
We investigated the variation of isotope concentration along the electric field, and the relation
between the isotopic composition at the cathode and the applied voltage. The experimental data
are compared with some phenomenological calculations and possible causes for the effect are
discussed.

THERE are many papers! devoted to the effect that direct current has on the constitution of binary metal-
lic solutions. None of the theories which have been proposed to explain the effect has given satisfactory
agreement with experiment, and the underlying mechanism remains obscure. The question is most con-
veniently considered if we take a mixture of metal isotopes as the object to be investigated.
It has recently been observed that changes in isotopic constitution occur when direct
current passes through mercury,?: thallium,4»% potassium,s and indium.” In all these cases

Seal it has been found that the concentrations of the heavy isotopes increase near the cathode,
and of the light ones near the anode. However, the work has not been carried out systemat-
+ ically, which makes comparison with theory difficult. It therefore appeared appropriate to

measure some of the fundamental quantities connected with the effect.

All the experiments were carried out in glass capillary tubes (Fig. 1) 28 cm long and of
inner diameter 0.05 cm. Before being filled with mercury, the capillary tubes were evacu-
ated by a diffusion pump and heated to a temperature of 300°C; mercury was then distilled
into them. The volume of the reservoir was much greater than that of the capillary, so that
the composition of the mercury at the anode was always the same. The experiments were
carried out with temperatures of (41 + 2)°C and ( —10 + 3)°C at the outer capillary wall.
The temperature of (41 + 2)°C was maintained by placing the capillary in a stirred-water
bath, The temperature of ( — 10 + 3)°C was maintained in a kerosene bath cooled by a
copper rod with one end in liquid'nitrogen. After a certain, definite time the current was
turned off and the capillary quickly cut into pieces. The mercury in each piece was analyzed
with a mass spectrometer. The method used to make the mass spectrometer measurements has been de-
scribed before in detail.?

Fig. 2 shows how the variation of the concentrations of Hg!® and Hg?™ with the time of current flow.
The quantity plotted along the Y axis is Aa/a;, where Aa =a;— a and ay, a are the ratios of the
concentration of Hg'® to the concentration of Hg?® in normal mercury and that found near the cathode.
The duration of current flow is plotted on the X axis. From the figure it is evident that the curves tend
to saturate as the time increases, and for a fixed voltage the change in concentration is less at —10°C
than it is at 41°C.

The curves of Fig. 3 show how the concentration varies along the length of the capillary. The value of
Aa/ay from various parts of the capillary is plotted along the ordinate. Comparison of the curves shows
that their curvature decreases as equilibrium is approached.

Fig. 4 shows how Aa/a; at the cathode depends on the voltage applied between the electrodes. The volt-
age across the electrodes is plotted along the X axis. The bath temperature was 41°C, the current was
on for 1500 to 1800 hours.

l EXPERIMENTAL PART
|
|
|
|

-

FIG. 1.

450



VARIATIONS IN THE ISOTOPIC COMPOSITION OF MERCURY 451

8a/a, 7 aa/a, 7
2+ '

0

i
\:\I\ )
70 200 #00mm

¢ l/

FIG. 3. The concentration of the mercury isotopes

0 1509 1500 2000 hours as a function of distance along the capillary. 1 —
FIG. 2. Variation in the concentrations of time t of current flow 1800 hrs, applied voltage U
Hg!® and Hg?™ with duration of current flow. = 5.15 volts; 2 —t = 1460 hrs., U = 2.14 volts; 3 —
Curves a and c: bath temperature 41 + 2°C, t = 1800 hrs., U=2volts; 4 —t =700 hrs., U=
applied voltage 6 and 2 volts respectively; 2 volts; 5 —t =340 hrs., U =2 volts. The right-
curve b: bath temperature — 10 = 3°C, ap- hand scale refers to curves 2 — 5, the left hand one
plied voltage 6. to curve 1. Temperature 41°C.
aa/a, % CALCULATION OF CONCENTRATION DISTRIBUTION
I Bresler and Pikus® considered quantitatively the isotope separation
induced by direct current. They studied a mixture of two isotopes and
00; took the electric field to be constant along the length of the column.
The electric field displaces both kinds of ions in the same direction;
there is a backward hydrodynamic flow of the liquid as a whole be-
751 cause it is incompressible, and a backward diffusion flow because of

the gradient in isotope concentration which is set up. The equations
for the ion current show that the ions can be separated because they
have different mobilities.
Jar The boundary conditions used in the calculation above correspond
to zero flux of matter at both ends of the capillary, a condition which
did not obtain in our experiments. We therefore give a solution for
251 different boundary conditions.
I It is shown in Ref. 9 that if the diffusion coefficients of the two iso-
topes differ little, the equation for the concentration ¢ can be put in
the form [Eq. (6) of Ref. 9]
20 4 Qv p
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where k =x/b is a dimensionless length, 7 =tD/b? is dimensionless
time, 1/b=AuE/D, Ap =puy; — py is the difference between the mobilities of the second and first isotopes,
D is the diffusion coefficient, E the applied voltage, and y = 1/2 —c.

The condition that there be no flux of matter at the cathode can be written
[0y /0% + y* — 1[4}y = 0. (2)

The second boundary condition, that the concentration be constant at the anode, is

Y|x—r =1s— ¢y = « = const. (3)
The initial condition is:
Y069 frmo =00
Introducing, after Bresler and Pikus, a new variable ¢ = ¢* exp [ — f z(T)dr ], we obtain Fourier’s
equation:
0%¢ [ Ox® = J9 / O, (1a)
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with y and ¢ being related through the equation

2 =exp |f§ yis]. (5)

The initial and boundary conditions then take the form

[0%0/0%* — 1/49]xmo = 05 (22)
[09 /0% — ap]y—p = O; (3a)
© (%, %) | smo = €XP [ax]. (4a)

Upon taking Laplace transforms we obtain

¢" = po — exp [ax]; (1b)
[0" — Y4 lemo = 0; (2b)
[¢f —aglear = 0. (3b)
A solution of (1b) satisfying (2b) and (3b) is
- a2 —1/4 Vp—coshVE(u — 1)+ asinh V'F(x —1T) exp [ax] (6)
= =T (@ =5 " Vpcosh Vpl—osinh V5L p—a?
Upon applying the inverse transform, we find that
n=o
cosh|(x — /) / 2] +-2ausinh[(x — 1) / 2] & Q1 N s
= cosh(L/2)— 2ausinh (L / 2) + n%}l Ansin hpeexp {— L”T}’ (7
where
L sin2x, L \—1 A, (174 — a?)
An=(5 = P ) (a2 +23) 07 +1/4) (8)
and the A, are determined through the equations
atanh, L = k. (9)

From (5) we can then conclude that the concentration is distributed according to the following equation:

n=oo
. sinh [(x — %o) / 2] +2cosh(x, / 2) e~ 2 A2, cosh, xexp{—r27}
c= 5 1— n":gg , (10)
cosh[(x — %) / 2] +-cosh (x, / 2) e~ 14 Z A, sinx exp {—227}
n=0

K¢ being determined by the condition that the concentration be a constant at k = L:
o =1/, tanh[(L — %) / 2]. (11)

Equation (10) can conveniently be used for values of time causing the series to converge rapidly. A
formula convenient for small times can be obtained by expanding the right hand side of (6) in powers of
exp (—vVp) and using the inverse Laplace transformation on only the first few terms. However, formula
(10) does not present any real computational difficulties for times down to 100 hrs.

DISCUSSION OF THE RESULTS

Equations (8) — (11) can be used to find the quantity L and the difference Ay = DL/IE in ion mobilities
from the experimental datax (¢ is the length of the column). In the case that 7\% »>1, 0 «<1land ky/2 < 1,
which applies to all our experiments, the concentration at the cathode as a function of the time for which
the current was on is given by the relation

L =y 8 22D (2n + 1)2
Ae=7 [1 — 2 Smriy P [———@I—’ﬂ (12)
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The sum of the concentration changes in both isotopes, Ac is proportional to L, which agrees well
with the experimental data shown in Fig. 4.

In order to find L, the mixture of mercury isotopes was considered to consist of two parts: the lighter
one included the isotopes Hgm, Hgm, Hgm, and Hg?% and was 50, 14% of the whole, while the heavier part
consisted of all the other isotopes. In this case, the changes in the concentrations of each component are
the sum of the changes Acj in each isotope, and can be obtained from the mass spectrometer measure-
ments, taking the Acj to be linear functions of the molecular weight of the isotope.

A value of L was calculated from each experi-
mental value of Aa/ay; whown in Fig. 2, and the
average taken. The averages so obtained are:

L = 0.24 + 0.02 for 6 volts and 41°C and L =0.08

agmnx\é\ + 0.007 for 2 volts at the same bath temperature.

s Using the Einstein relation u = Dey/kT, where
/ € is the charge on an electron, we obtain the
\\L - T .. relative difference in isotope mobilities as Au/u

ac
Qo

00 20 R _ -3
= (1.3 £ 0.1) X 107° when the temperature of the
FIG. 5. Distribution of isotope concentration mercury column is 115°C, and Ap/p = (1.1 £ 0.1)
along the mercury column. 1 — t =340; 2 — t =700; X 1073 at 45°C, the temperatures inside the capil-
3 —t = 1800 hrs. lary being obtained by calculation. The average

values of L so found were used to obtain Aa/a,
as a function of time. The results are shown in Fig. 2 (curves a and c).

Using the calculated values of L the concentration along the mercury column was computed for a
potential difference of 2 volts and for three values of time: t = 340, 700, and 1800 hours. The results are
shown in Fig. 5, which also shows the experimental data. The sum of the changes in the concentrations of
the light and heavy components is plotted on the Y axis, while the X axis shows the length of the capil-
lary in millimeters. From Figs. 2 and 5 it is clear that the agreement between experiment and the results
of the calculations is good.

For our experiments, the characteristic time

4b? e
DT+ ()1 ~ =D

ty= (13)
turns out to be about 5000 hours. From (13) it follows that t, does not depend on the magnitude of the
applied electric field, and, what is more important, decreases as the square of the length of the isotope
column, so that in order to decrease the time required for the experiment, one should use shorter capil-

laries.
For the stationary case, as t — «, the distribution of concentration assumes the form

c=,—12—[1 _ tanh“—”z_“o_]. (14)

It follows that the ratio of concentration’é at the cathode is

ﬁ: 1:"00 exp [A‘L—‘u—s“—El]. (15)

In Ref. 10, thermodynamic arguments about the separation of isotopes in a dc electric field led to a
similar equation, with Au/u being replaced by the relative difference in molar volumes of the isotopes,
AV/V, which leads to a difference in their specific charges. The difference in the mobility of the ions can
be explained, as suggested by Bresler and Pikus, by a difference in their effective radii due to the differ-
ent amplitudes of thermal motion in the two isotopes, and reduces essentially to a difference in molar
volumes.

It is important to notice that, as follows both from Fig. 2 and Refs., 7 and 5, the isotope separation
effect increases with increasing temperature. Hence we must presume that AV/V increases with tempera-
ture faster than the first power of T. However, it does not seem possible to explain such a temperature
behavior. One must conclude, presumably, that the difference in molar volumes is not the only effect
which plays an important role in the conentration changes induced by the flow of direct current.

The data available in the literature allow one to calculate Ap/p for mercury, gallium, potassium, and
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indium. The results of the calculation are presented in the table, together with the results obtained in the
present experiments. In the table, 8 is defined to be Au/u X m/Am. It is the relative difference in mo-

bilities per unit relative difference in the iso-
Material Apfn 8 T, °C Literature tope masses. The temperature shown is that of
the bath, except for the experiments on potas-
sium and those on mercury reported here. For
P
H BRI al Y A re ment these, the t ture of the Tolumn of isot
g 13 10-3 | 0.86.10-1 15 work ese, the temperature of the Tolumn of isotopes
Hg 0.7 -10-3 | 0.5 -10-! 15 [ itself is shown. The calculation of Au/u for
Hg 2.0 -10-8 | 1.3 .10-1 47 A . .
Ga 3.6 .10~ | 1.3 .10-1 48 4 mercury and gallium, using the data of Refs. 2
Ga éé ;ﬁgii ?g :ig: 223 } 5] and 4, was carried out by Bresler and Pikus,?
K 0.5 .10~ | 0.1 -10-1 158 (6] without taking into account the smoothing of the
-3 .10 . . .
In 8 })" 18 s 0‘§ ‘18_: %8 } g concentrations produced by diffusion. The same

method was used to obtain Au/u for mercury
from the results of Ref. 3; the boundary conditions in the other experiments were such that relation (12)
could be used. From the table it is evident that the various values of Au/u for mercuryare all of the same
order of magnitude. The lack of complete agreement is presumably due to approximations in the calcula-
tions on the results of Haeffner,2 and of Haeffner, Sjoborg and Lindhe.? In these calculations, it is difficult
to take proper account of the volume of mercury at the end of the capillary opposite from the reservoir.

In conclusion we note (15) implies that when saturation has been reached, it is not necessary to know
the coefficient of self diffusion in order to calculate Au/u (and hence L). If the size of the effect at satura-
tion is known, the diffusion coefficient can then be obtained by comparing the experimental time depend-
ence of Ac with (12).
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