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C H A P T E R  I  

Introduction 

Ever since THOMSON [T 1, A. 1] discovered in 1912 that an element 
could have more than one stable isotope, a great many methods have 
been tried, with more or less success, either to completely separate the 
isotopes of an element from each other or at least to achieve a certain 
enrichment of o ne isotope relative to the others. The different separa
tion methods have been reviewed many times, both in textbooks on 
nuclear physics and in other publications, e.g. [W 1, A 1, Z 1]. A 

survey of m ethods will thus be omitted here, the subject being restric
ted to isotope enrichment by countercurrent electromigration, 
specially in molten salts, except in chapter XVII, where we shall 
review the attempts made to enrich the isotopes of some elements. 

In a discussion on isotopes at the Royal Society LINDEMANN [L 1] 
suggested in 1921 that isotopes could be enriched by the electrolysis 
of a solution if the velocity of an ion depended on its mass. At that time 
KENDALL and his co-workers CRITTENDEN and WHITE [K 1, K 2, K 3] 
had already started their attempts to enrich the chlorine isotopes by 
ionic migration in solutions in agar-agar gels. However, they could 
not detect any change in the natural isotopic abundance, although 
their method proved successful for the separation of ion s with nearly 
the same velocity, such as I~ — SCN~, Ba+ + — Ca+ + , Ba+ + —Sr+ + , 
I —Cl"" [K 3], rare earths Y—Er, Nd—Pr, Gd—Sm [K 4, K 5] and 
Ba—MsThl [K 6] An attempt to separate hafnium and zirconium was 

not successful [K 7].1' 
An attempt by PILLEY [P 1 ] to separate the isotopes of ch lorine and 

magnesium was also without positive results.2' 

11 These experiments have been reviewed several times by KENDALL [ K 8, 

K 9, K 10]. 
2) An experiment by EILERT [E 1] might be classified as electromigration 

although the technique was different from other work covered by the term 
electromigration. A solution of NiS04 was electrolyzed with a clay cylinder as 
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The fact that all these early attempts to separate isotopes by their 
difference in mobilities were unsuccessful led to the conclusion, as 
expressed e.g. by JETTE [ J 1], that from a theoretical point of v iew it 
was impossible to separate isotopes by this method, and the interest 
was shifted over to other more promising separation methods. 

However, the great interest for separated isotopes during the last, 
World War led to new experiments with electromigration, this time 
with success. In light of these results the question arises why all the 
early attempts failed. One reason is that the mass analyses e.g. by 
atomic weight determinations [K 3, P 1] were too crude to detect the 
small abundance shifts that might have occurred in the samples. 
Another reason is that hydration of ions in aqueous solutions gives 
smaller relative mass differences for the ions than for the isotopes 
themselves. 

The first successful enrichments in aqueous solutions were reported 
by a team working at the N.B.S. in Washington under BREWER, 

MADORSKY, STRAUS and WESTHAVER. They enriched isotopes of potas
sium [B 1, B 2], chlorine [Ml] and copper [M 2], The theoretical aspects 
were treated by WESTHAVER [W 2] and BREIT and FRIEDMAN [ B 3], 

Meanwhile KLEMM in Germany attacked the problem from another 
side. He concluded from the old unsuccessful experiments, that sol
vation must be avoided if optimal enrichment effects are desired. He 
chose to work with a solid, a-Agl in which modification the conducti
vity is about as good as for the molten salt, and where the current is 
transported solely by the silver ions [K 11, K 12]. The heavy isotope 
109Ag was enriched at the anode; its abundance increased from 48 to 
51 per cent. After this successful experiment with a solid, KLEMM 

turned his interest to molten salts, specially halides. One reason for 
the choice was that the conductivities of these melts had been investi
gated systematically [B 4]; another reason, of course, was their typical 
ionic structure. In 1947 KLEMM, HINTENBERGER and HOERNES [K 13] 
reported that they had enriched the heavy isotopes of lithium and 
potassium in molten LiCl containing some KCl as an impurity. Up to 
the present date some fifteen enrichment experiments by KLEMM 'S 

method have been reported, cf p . 16 and table 1. 

a diaphragm between the electrodes. The process was interrupted as soon as 
some of the Ni had penetrated into the cylinder, which was then removed and 
washed free from salt. This process was repeated about 100 times after which 
the atomic weight of the Ni in the anode compartment was found to have 
increased by 0.5 per cent, claimed to be about twice the maximal error of the 
determination. 



C H A P T E R  I I  

Experiments 

We shall describe a couple of experiments to give the background 
to the discussions in the following chapters. 

Let us first consider an arrangement for enriching the light isotope 
of chlorine, 35C1. If molten ZnCl2 is electrolyzed, metallic zinc is de
posited at the cathode, while chlorine is normally liberated as a gas 
at the anode. If, however, the anode consists of molten zinc metal, 
the chlorine reacts quantitatively "in statu nascendi" with the metal 
and new ZnCl2 is produced. Thus we have a system — Zn/ZnCl2/Zn-j-
where the amount of ZnCl2 is conserved and zinc metal is merely 
transported from the anode to the cathode. Hence the chlorine is in 
a closed system, and the chlorine ions move toward the anode with the 
same velocity as the salt "streams" in the opposite direction. The net 
velocity is thus zero, and we can expect an enrichment of the light 
isotope in the direction of the anode if its velocity is slightly greater 
than the mean velocity of the two isotopes (mean velocity=net 
velocity). At the same time we can expect the heavy isotope to be 
enriched at the cathode. A change in the isotopic ratio can, however, 
only be achieved if we suppress convection currents in the melt, for 
which purpose we introduce a diaphragm, our separation column. 

Fig. 1 shows the cell used for ZnCl2. It is made of Pyrex glass 
except the separation column made of Supremax glass. The column 
is filled with glass powder kept in place by two fritted glass discs 
(Chapter VII). This column separates the anode and cathode com
partments. The apparatus is fitted into a vertical oven. The filler A 
(Fig. 1) with some sticks of pure Zn (23.12 g) is lowered down into 
the anode compartment, and about 70 g of ZnCl2, p.a. (Mercks) is 
filled into the side tube B around which an auxiliary oven is mounted. 
The whole apparatus is under vacuum while the main oven is heated 
up to the temperature where the zinc in the holder melts (melting 
point 419.4°C). The low part of the holder is then just filled, without 
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A 

ZnCl? 

Zn Zn 

Fig.  1 .  Schematical drawing (not to scale) of cell vised for the enrichment of 
35C1 in molten ZnCl2. The dotted lines mark the surface of the Zn in the anode 
compartment and the ZnCl2 in the cathode compartment at the end of the run. 

The division of the separation column into 9 samples is indicated. 

A: The holder used for melting zinc. 
B: The side tube in which the salt is melted. 

an}f excess of metal flowing out from the holder. The next step is to 
heat the auxiliary oven until the ZnCl2 melts (melting point 262°C) 
and flows down into the main apparatus, still kept under vacuum. 
The salt thus fills the whole cathode compartment and penetrates 
down through the separation column. The moment the salt has reached 
the lower glass disc, argon gas is allowed to exercise a gentle pressure 
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on the zinc surface in the holder. The metal is thus forced out through 
the small tube and the lowest part of t he anode compartment is filled 
with oxide-free zinc (the oxide skin stays in the holder) which is 
pressed up against the disc. Owing to the high surface tension of a 
metal1' the zinc does not penetrate through this disc, if t here is not a 
considerably higher pressure in the anode compartment. If some gas 
has been trapped between the zinc and the disc, the gas must be 
removed by pumping vacuum on the whole apparatus. The next step 
is to let in air (or an inert gas such as nitrogen) in the apparatus and 
fill the anode compartment with molten zinc to such a height that 
the metal is pressed against the disc even at the end of t he run. 

We insert into the cathode compartment a Pyrex tubing, shielding 
a tungsten wire leading down to the bottom of the sack, where the 
zinc metal is to be deposited. This sack is joined to the rest of the cell 
by a smaller tube, an arrangement that has proved to be effective for 
stopping metal dissolved in the salt to spread throughout the whole 
apparatus, cf. p. 44. The zinc anode also is connected by means of a 
tungsten wire in a pyrex tubing. When the current is turned on we 
notice during the first minute or two a rapid decrease in voltage, and 
increase in current through the melt. This phenomenon is typical for a 
ZnCl2 run and is not as pronounced for systems with other melts. The 
reason is of course the strong temperature dependence of the conduc
tivity of ZnCl2. At the moment the current is switched on, the salt in 
the column is at about 500°C, the oven-temperature (kept stable by 
a regulator, cf. chapter V). The resistance in the melt is then high, but 
the heat generated in the column raises the temperature considerably, 
which means a strong drop in resistance. An equilibrium is soon reached, 
corresponding to a temperature about 100°C higher in the column 
than in the oven. (The column glowed faintly in the dark). This 
equilibrium in the column is very sensitive to changes in oven tempera
ture. It could happen that the temperature regulator did not work as 
it should and the temperature in the oven rose by some 30°C. This 
was enough to cause such a slide in the equilibrium that the column 
was locally overheated, and nearly blocked for current transport 
because of gas inclusions built up in the packing. The good conditions 
were restored in the column merely by adjusting the temperature. 
There is normally a slight gradual decrease in cell-resistance during a 

x> The surface tension is of the order of 5 times higher for a molten metal 
than for a salt [F 2]. 
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run of this type (noticed in PbCl2, PbBr2, T1C1, ZnClg 1') probably 
because small amounts of gas trapped in the column disappear gradu
ally. 

The regulation and measurement of the electrolysis current is 
treated in chapter V. All data for the actual run are given in table 1. 

The ZnCl2 salt used in the main run obviously contained some mois
ture as the melt was gray and not quite transparent because of its 
contents of ZnO (cf. chemical analysis below). After days the 
current and heating were shut off and the cold cell was cut into pieces. 

The zinc lump from the cathode sack weighed 51.5063 grams, 1 per 
cent less than equivalent to 42.60 Ah, the quantity of electricity 
determined by the copper coulometer. This minor discrepancy was 
expected because some zinc was lost as small grains remaining on the 
glass walls of t he sack and perhaps also as metal dissolved in the salt. 
The column was divided into nine samples. After being weighed, 
each sample, consisting of a piece of glass tubing containing glass 
powder and salt, was boiled for about an hour in 100 ml H20 to which 
5 drops of HNO3 had been added. The acid was necessary for dissolving 
the ZnO that was mixed with the salt. (See below). The remaining 
piece of gl ass tubing and glass powder was collected in a glass filtering 
crucible and weighed. The total amount of dissolved salt was now 
known. AgCl was precipitated in the solution in the usual way, which 
gave us the amount of Z nCl2. As seen in table 10 we always got about 
3 per cent less ZnCl2 than expected from the total amount of d issolved 
salt. We think this discrepancy was due to the presence of Z nO in the 
salt, an assumption supported by it being more difficult to dissolve 
the samples than expected from earlier work with pure ZnCl2, prepared 
by leading chlorine over the molten metal [K 16]. 

To check our assumption, we determined for some of the samples 
the amount of zinc in the filtrate from the AgCl-precipitation. The 
excess of A gN03 was removed by adding HCl. The solution was then 
diluted to 1000 ml and volumes were taken and titrated with 0.1 n 
NaOH either directly or after passing through a cation exchange resin 
in the hydrogen form, where the zinc is removed quantitatively, thus 
giving an excess of acid in this volume. As expected we found more 
zinc than equivalent to the chlorine. Assuming this excess to be ZnO 

11 The element to be enriched is marked with bold types in the chemical 
symbol, when used as an abbreviation for the enrichment experiment, e.g. 
PI)C12 means that the lead isotopes were enriched in molten lead chloride, while 
PbCl2 means that the chlorine isotopes were enriched. 
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we get a sura ZnCl2 + ZnO in excellent agreement with the total amount 
of "salt". We used the same method for determining the ZnO-excess 
to 2.2 per cent in the upper part of the cathode compartment. The 
slightly lower concentration of ZnO here than in the separation column 
can be explained by the continuous sedimentation of ZnO in the 
cathode compartment.1' 

In a similar experiment on enriching the chlorine isotopes in CdCl2  

HERZOG [H 2] has found as much as 16 molar per cent Cd metal in 
the CdCl2 from the column. This is due to the strong solubility of Cd 
in CdCl2 (p. 44). 

The described procedure for enriching 35C1 in ZnCl2 agrees in every
thing essential with previous work on PbCl2, [K 18], PbBr2 [C 1] and 
T1C1 [HI]. 

In principle the same method is used when enriching isotopes of 
metallic elements by electrolyzing one single salt and regenerating 
this salt at the cathode such as in runs with LiCl [K 19], LiN03 [L 2] 
and KNO3 [L 3], For most work with cations we have instead used 
systems containing several salts. As an example we shall now shortly 
describe an experiment for enriching the heavy lead isotopes in molten 
PbCl2 [L 4], 

We can expect a sharp boundary between ZnCl2 and PbCl2 in a 
separation column if we have the lightest salt, ZnCl2, uppermost and 
the salt with the best conductivity, PbCl2, nearest to the cathode. 
This can be seen by the following argument. The field strength is 
stronger in the less conducting ZnCl2 than in PbCl2. A "delayed" Pb2+ 

ion in the ZnCl2 is then in a stronger field than the other lead ions. 
The "delayed" ion thus moves faster than the other ions and it will 
soon "catch up" the bulk of Pb2+ ions. The same argument shows that 
a Zn2+ ion in the PbCl2 moves slower than the frontier. Thus we have 
a mechanism that tends to keep the boundary sharp. Arguing the same 
way as for the ZnCl2 case in the beginning of th is chapter, we find that 
the light zinc isotopes and the heavy lead isotopes are enriched on 
either side of th e boundary. If we deposit lead as a metal at the cathode 
the amount of PbCl2 in the system is reduced and the boundary 
gradually moves downwards in the column, but this is not desirable 
in an experiment where we want as much as possible of t he column to 
be filled with PbCl2. In order to keep the boundary in the same place 
we could try to regenerate the PbCl2 at the cathode by a reaction 

11 The determination of Zn by ion exchange was suggested by Mr. Per 
Pettersson, who analysed the samples chemically. 
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between the liberated metal and chlorine. It is, however, easier to 
introduce a third salt, e.g. LiCl, between the PbCl2 and the cathode and 
regenerate LiCl. A system with ZnCl2 (melting point 262°C), PbCl2 

(501°C) and LiCl (613°C) must be run at a temperature of at least 
620°C. We can reduce the operating temperature to about 520°C if 
we replace the LiCl by a low melting mixture of LiCl and KCl (eutectic 
point 352°C). KCl has an extrapolated conductivity slightly lower 
than PbCl2 [L 5] but we can expect the big difference in density to 
prevent too much mixing of PbCl2 and KCl. 

Thus we have worked out a system 

cathode -f- Cl2/LiCl+KCl/PbCl2/ZnCl2/anode -f Cl2. 

For a run with this system we used a cell of Pyrex glass with Supremax 
glass for the separation column. (Fig. 2) The PbCl2 was first filled in 
the cell and fused under vacuum. On the melt in the wide tube we 
put a thin layer of lu mps of L iCl which had been prepared by melting 
under vacuum to remove all moisture. Onto this layer of LiCl we 
filled similarly prepared lumps of t he eutectic up to the desired height. 
The layer of pure LiCl prevented the (KCl+LiCl) lumps to be partly 
dissolved in the PbCl2 before they had melted. Now the LiCl layer was 
slowly dissolved from both sides by the PbCl2 and the (KCl+LiCl) 
melts, and we got a fairly sharp boundary between these two melts. 
The temperature was the whole time about 530°C. At last we filled the 
anode compartment with ZnCl2 which had been prepared by leading 
Cl2 gas over molten Zn metal. The ZnCl2 melt was clear and transparent, 
which proved that the salt had been free from moisture. We evacuated 
the cell to remove gas trapped in the column. Two arc lamp carbons 
were used as electrodes. The system was electrolyzed for 7 days. (For 
data of the run see table 1) The whole time dry chlorine gas was led 
through the cell to keep a chlorine atmosphere above the melt. The 
alkali metal depositing at the cathode was thus instantaneously 
converted back to the chloride. The boundary KCl+LiCl/PbCl2 in 
the wide cathode compartment was diffuse and a certain mixing took 
place. Thus some lead metal was obviously deposited at the cathode 
because we got a few drops of molten lead in the bottom of the wide 
tube. By weighing this lead when dividing the cell after the run, we 
found that it corresponded to 2 per cent of t he quantity of el ectricity. 
The boundary ZnCl2/PbCl2 in the column became quite sharp as soon 
as we switched on the current. During the whole week this boundary 
moved upwards about 1 cm, probably because the ZnCl2 volume 
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Fig. 2. Cell used for enriching the heavy isotopes of lead by electrolyzing the 
system: cathode+ Cl2/LiCl-|-KCl/PbCl2/ZnCl2/ anode + Cl2. The boundary be
tween PbCl2 and ZnCl2 in the separation column was sharp, but there was only 
a very diffuse boundary between the alkali and the lead chlorides in the wide 

tube. After the run the separation column was divided into 7 samples. 

in the anode compartment was reduced considerably by sublima
tion. 

After the run we divided the column into seven samples which were 
weighed and crushed before being boiled in ammonium acetate (30% 
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solution) to dissolve the salt. The remaining glass was weighed, thus 
giving us the total amount of salt in the samples. PbS04 was precipi
tated and we found that only the top sample (no 1) contained both 
ZnCl2 and PbCl2 while the other samples only held the latter salt. The 
PbS04 was dissolved in ammonium acetate and PbS was precipitated 
in the solution. The PbS was analyzed in a mass spectrometer at the 
University of Berne, Switzerland. The results of the analysis are given 
in table 5. 

The described experiment is typical for work with systems of several 
salts where the isotopes are enriched at a boundary in the separation 
column. As a further example we can take the system used for enriching 
the light lead isotopes: cathode-fCl2/LiCl/PbCl2/Cl2 anode [L 4]. 
Other systems used are 

cathode Pb/PbCl2;LiCl/PbCl2/Cl2 anode [K 13] 
cathode Pb/PbCl2iLiCl/CdCl2/Cl2 anode [K 14] 
cathode Tl/TlCl/ZnCl2/Cl2 anode [K 15] 
cathode Pb/PbCl2/ZnCl2/Cl2 anode [K 16] 
cathode Pb/PbBr2/ZnBr2/Br2 anode [K 17] 
cathode+Cl2/LiCl/AgCl/Cl2 anode [F 1] 
cathode+Cl2/LiCl+KCl !CuCl/PbCl2/Cl2 anode [L 5] 
cathode-(-Br2/LiBr/PbBr2/Br2 anode [L 7] 
: indicates a diffuse boundary. 
Data for these experiments are given in the tables. 1 — 13. 
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Table. 1. Experimental data for the enrichment experiments. The voltage is 

Experiment LiCl CdCl2 T1C1 AçCl 
Reference K 13 K 14 K 15 F 1 

Enriched isotopes heavy light heavy light 
Time, hours 48 50 190 50 
Mean current, mA 500 550 250 300 

Quantity of electricity, Ah 24 27.6 47 14.5 

Current density in column, A/cm2 5 5.5 6 

Voltage, V 52—62 95 238—250 48 

Column length, cm 22.5 25.5 27 

Column diameter, mm 4 4 
Packing material quartz quartz supremax supremax 
Packing, grain size, mm 0.1 0.1 0.3 0.10—0.12 

Free space in packing, % 
Temperature, °C 630 630 430 620 

Practical range of enrichment, 

X m a x ,  cm 14 13 10 
Maximal number of theo

retical plates, f m a x  370 

Length of theoretical unit, h, cm 0.03 

Effective coefficient of dif
fusion, D' cm2/day 10 4 

Experiment LiBr Pb('I2 PbBr2 T1C1 
Reference L 7 K 18 C 1 H l1» 

Enriched isotopes heavy light light light 

Time, hours 14 1/3 168 187 141 

Mean current, mA 239 523 447 339 

Quantity of electricity, Ah 3.43 88.1 83.5 48.0 

Current density in column, A/cm2 4.9 5.3 4.7 
Voltage, V 130-180 130 185—190 119 
Column length, cm 25 21 20 20 

Column diameter, mm 3.9 5.5 5.0 4.2 

Packing material supre- supre- pyrex AI2O3 

max max 
Packing, grain size, mm 0.15— 0.10— 0.10—0.12 0.15—0.22 

0.20 0.12 
Free space in packing, % 44 42.5 52 
Temperature, °C 590 520 400 450 
Practical range of enrichment, 

X m a x ,  cm 10 8.5 9 10 
Maximal number of theo

retical plates, f m a x  35 270 275 310 
Length of theoretical unit, h, cm 0.3 0.03 0.03 0.03 
Effective coefficient of dif

fusion, D' cm2/day 50 3.3 3.3 5.4 

11 The T1C1 run quoted here was made at the Max Planck Institute in Mainz by W. 
in connection with a more complete study of the enrichment of 35C1 in T1C1. 
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'ither given as the mean voltage or as the limits corresponding to the mean current.1' 

ZnCl2 ZnBr2 CuCl A CuCl B PbCl, A PbCl2 B 
K 16 K 17 L 5 L 5 L 4 " L 4 
light light heavy heavy heavy 1 ight 
72 58 70 80 169 235 
230 140 194 196 226 220 
16.6 8.1 13.5 15.7 38.3 51.6 
4.3 2.75 4.1 3.5 
250—350 400—430 54 49 100—120 77—105 
21 23 17 17 17 22 
4.1 3.75 3.8 4.1 3.8 
supremax quartz quartz supremax supremax supremax 
0.15—0.20 0.15—0.20 0.15—0.20 0.20—0.25 0.20—0.25 0.15—0.20 
41 46 42 
650 500 535 530 530 640 

4 8 8 5.5 5 7 

208 90 80 110 270 320 
0.02 0.09 0.1 0.05 0.02 0.02 

1.7 8.4 7.0 2.9 1.1 1.6 

ZnCl2 LiNOg A LiN03 B LiNOg C LiNOg D KNOg 
L 6 L 2 L 2 L 2 L 2 L 3 
light heavy heavy heavy heavy heavy 
198 99.5 118 48 74 145.5 
215 100 75 173 243 101 
42.6 9.93 8.88 8.30 18.18 14.6 
3.6 0.78 1.0 2.5 4.5 1.6 
415 42 48 76 150 82 
20 22 22 26 22 22 
4.0 6.0 4.7 4.5 4.15 4.1 
supremax quartz quartz quartz quartz quartz 

0.10—0.12 0.20—0.25 0.20—0.25 0.10—0.12 0.20—0.25 0.20—0.25 

47 46 42 44 47 
600 300 300 300 270 360 

8.5 3.6 8.4 7.6 

215 24 41 77 
0.04 0.15 0.2 0.1 

2.8 2 7.2 3 

JERZOG and the author. The chemical and mass analyses were made by HERZOG alone 



Table 2. Analysis of ZnCl2 run. The abundances given are adjusted values. 
For complete data see [K 16]. 

Sample 
ZnCl2 

Relative abundances 
fn Sample mg 64 66 67 68 70 
fn 

1 124 100 38.2 4.60 17.4 0.40 166.6 
2 148 100 47.1 6.28 26.2 0.73 79.4 
3 398 100 54.2 7.74 34.5 1.10 20.4 

Normal — 100 56.90 8.32 38.05 1.27 — 

Table 3. Analysis of ZnBr2 run. The abundances are adjusted. [K 17]. 

Sample 
ZnBr2 

mg 

Relative abundances 
fn Sample 

ZnBr2 

mg 64 66 67 68 70 
fn 

1 279.9 100 45.35 6.31 24.61 0.78 65.3 
2 312.8 100 53.05 7.98 33.57 1.24 19.2 
3 477.9 100 55.39 8.46 36.23 1.39 7.86 
4 840.5 100 55.47 8.52 36.58 1.41 6.42 

Normal 100 56.90 8.32 38.05 1.27 — 

Table 4. Analysis of the runs CuCl A and B. For complete data see [L 5]. 

Sample 
CuCl 
mg 

Percentage 

Measured 

63Cu 

Mean 
fn 

A 2 235.2 64.5 65.7 65.1 62.1 
3 595.1 66.8 66.9 66.85 34.2 
4 515.6 67.8 67.8 67.8 18.8 
5 317.3 68.2 69.0 68.6 5.6 

B 1 171.4 65.6 63.2 64.4 92.3 
2 289.5 66.5 65.5 66.0 60.5 
3 416.4 66.4 67.5 66.95 41.2 
4 374.5 68.9 68.2 68.55 8.2 

Normal — — — 68.94 — 



Table 5. Analysis of the run PbCl2A. [L 4]. The mass analysis was made in Berne by P. EBERHARDT and 
P. SIGNER.1' The error is quoted as three times the root-mean-square error. 

Relative abundance 
PbCl2 

mg 
Sample 

PbCl2 

mg 
measured adjusted f n  

204 206 207 208 204 206 207 208 

1 243.3 5.355±0.015 100 91.10±0.23 227.15±0.35 5.34 100 91.07 227.2 241.8 
2 590.0 5.44 ±0.015 100 90.25±0.1 223.1 ±0.55 5.44 100 90.24 223.1 163.7 
3 520.0 5.545±0.01 100 89.3 ±0.12 218.05±0.55 5.57 100 89.24 218.2 67.5 
4 678.4 5.635±0.01 100 88.7 ±0.1 215.45±0.5 5.63 100 88.61 215.5 13.8 

Normal 5.655±0.015 100 88.54±0.16 214.8 ±0.3 5.655 — — — 

Table 6. Analysis of the run PbCl2B [L 4]. The mass analysis was made in Bonn by H. FR. EHRENBERG and 
G. HORLITZ.1' The error is quoted as three times the root-mean-square error. 

Sample 
PbCl2 

mg 

Relative abundance 

f n  Sample 
PbCl2 

mg measured adjusted f n  Sample 
PbCl2 

mg 

204 206 207 208 204 206 207 208 

f n  

1 265.0 6.12±0.02 100 85.7±0.2 199.9±0.4 6.12 100 85.9 199.5 312.7 
2 461.1 6.10±0.02 100 85.9±0.2 201.0±0.4 6.09 100 86.2 200.6 289.8 
3 549.0 5.77±0.04 100 87.8±0.1 210.3±0.6 5.82 100 88.1 209.8 91.5 

Normal — 5.70±0.02 100 89.0±0.3 214.2±0.3 — — — — — 

11 The mass analysis is specially acknowledged in the tables 2—13 only when a report on the experiment has not yet been 
published elsewhere. 
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Table 7. Analysis of PbCl2 run. [K 18]. 

PbC'l2 
37Cl 

Sample 
mg % f n  

1 745 14.1±0.2 238.4 
2 1831 17.9±0.2 139.9 
3 1662 22.2±0.2 46.5 
4 1630 24.4±0.2 3.8 

Normal — 24.6 — 

Table 8. Analysis of the Pblir2 run. The abundances were measured in three ways. 
A. With mass spectrometer. B. 80mBr activity induced by neutron irradiation. 
C. 82Br activity induced by neutron irradiation. The error quoted is calculated 

at the 95 per cent confidence level [C 1] . 

Sample 
PbBr2 

mg 

Percentage of 79Br 
f n  Sample 

PbBr2 

mg A B C  
f n  

1  1480.4 56.500±0.008 55.5± 1.0 55.6± 1.0 220.4 
2 1394.6 53.621 ±0.009 52.7 ±1.0 53.4±0.9 115.7 
3 1401.6 51.699±0.007 51.4± 1.0 51.6±0.9 46.3 
4 1317.9 50.868 ±0.004 51.2± 1.5 51.0± 1.0 16.3 

Normal 50.414±0.002 

Table 9. Analysis of T1C1 run. Both chemical and mass analysis made by W. 
HERZOG in Mainz [H 1]. 

Sample 
T1C1 
mg 

37C1 
°/ /o 

fn 

1 853 8.5 263.9 
2 1523 14.5 137.5 
3 1296 19.8 58.6 
4 1286 23.2 16.2 
5 1319 24.0 6.8 

Normal — 24.6 — 
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Table 10. Analysis of Zn('l2 run. Mass analysis made by W. HERZOG in Mainz1. 
Sample 9 contains the top part of the column and also part of the cathode 
compartment. The high percentage of Z nO for this sample can be explained by 
sedimentation of oxide onto the fritted glass disc. The maximal deviation 
between two abundance measurements on the same sample was 0.1 per cent 35C1. 

Sample 
ZnCl2 

mg 
ZnO 
mg 

37C1 

% 
f n  

1 366.4 17.55 177.2 
2 315.3 8.6 19.7 118.3 
3 275.8 7.7 22.55 47.2 
4 295.4 9.5 24.1 11.3 
5 289.0 10.3 24.6 — 

6 403.6 12.3 — — 

7 396.9 13.8 — — 

8 396.9 13.9 — — 

9 5865.2 327.2 — — 

11 The mass analysis is specially acknowledged in the tables 2 13 only when 
a report on the experiment has not yet been published elsewhere. 

Table 11. Analysis of the runs LiN03 C and D. For runs A and B see [L 2]. 
The error in t he mass analysis is given on the 95% confidence level. 

Sample 
LiN03 

mg 

«Li 
°/ /o 

fn 

Normal 7.4 

C:0 117.2 6.09±0.18 24.0 
1 123.8 6.21±0.19 21.6 
2 166.5 6.21 ±0.19 21.6 
3 321.6 6.25±0.19 20.8 
4 388.1 6.36±0.19 18.7 

D:0 162 6.05±0.22 31.7 
1 304.6 5.70±0.21 41.0 
2 225.2 5.70±0.21 41.0 
3 186.6 5.69±0.21 41.3 
4 261.4 6.36±0.20 23.9 
5 354.4 6.66±0.27 16.6 
6 219.4 6.79±0.27 13.6 
7 498.1 7.25±0.29 3.2 
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Table 12. Analysis of the KN03 run [L 3]. The error in the atmndance is the 
standard deviation. 

Sample 
KNO3 

mg 

41K 
9/ /o 

fn 

1 316.1 7.64 ±0.03 76.8 
2 239.6 7.60±0.03 73.7 
3 155.1 7.15±0.03 37.9 
4 267.8 6.86 ±0.03 13.7 
5 422.5 6.72±0.03 1.7 

Normal — 6.70 — 

Table 13. Analysis of the LiBr run [L 7]. The abundance yield of sample 8 is 
taken as the normal yield. The error quoted is the standard deviation. The mass 
analysis was performed at A.E.R.E., Harwell, England by dr. G. H. PALMER.1' 

Sample 
LiBr 
mg 

PbBr2 

mg 
7Li/6Li In 

1 51.47 2037.18 14.30±0.05 3.46 
2 213.49 709.51 45.30± 0.20 32.77 
3 470.28 46.01 24.25±0.07 16.89 
4 351.13 16.33 13.83±0.05 2.61 
5 257.87 62.62 12.66±0.04 0.36 
6 347.66 59.63 12.52±0.03 0.08 
7 341.01 11.34 — 

8 4686.6 23.32 12.48±0.05 

J) The mass analysis is specially acknowledged in the tables 2—13 only when 
a report on the experiment has not yet been published elsewhere. 



C H A P T E R  I I I  

Theory of the isotope enrichment process 

KLEMM lias treated the enrichment theory in several papers [K 20, 
K 21, K 22, K 23], both the general theory — common for his method 
and other methods such as thermal diffusion and centrifugation 
[K 20] — and the special theory for his method. Independent of 
KLEMM, and in connection to the work with electromigration in aque
ous solutions ("B 1, B 2], theoretical studies have been carried out by 
WESTHAVER [ W 2] and by BREIT and FRIEDMAN | B 3]. We shall here 
only review the basis of the theory and discuss some results and for
mulae of i mportance for interpreting the experimental data. We shall 
in general follow the notation as used by KLEMM. For a few of the most 
important quantities we shall also give his German term in brackets. 

Consider a melt of a salt of a polyisotopic element. Two of the iso
topes have the concentrations and nk, the corresponding ions having 
the velocities Wj and wk. We then define the separation coefficient 
(or elementary process separation factor; in German: Elementareffekt) 

w i  f i \  
w  

By some process (in our case by introducing an electric field) we change 
the concentration ratio from n°fnk to We then define the (over all ) 
separation factor ("Trennfaktor") as 

Q  N I  .  n f c  / o )  
n °  ( 2 )  

Next we introduce the number of theoretical plates ("Vervielfachung"), 
/, by the equation^ 

11 For convenience we shall always consider both Q and q as>l, thus we 
always have />0. If the subscript j m eans the light isotope, and we enrich this 
isotope, we use Q jk, but if we enrich the heavy isotope we use Qkj when calcu
lating /. 
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Q=q f  (3) 

q is always very close to unity, so we can rewrite 

->9 (4) 

Ing q— 1 

Another quantity of i nterest is h, the length of o ne theoretical unit, 
i.e. the length over which the separation factor is equal to the separa
tion coefficient. By this definition we have 

where I is the length over which the total enrichment has been measu
red. (It should be emphazised that h is not a constant throughout a 
whole experiment; cf [ K 22]). 

Now we shall consider a practical case. We have a "one-dimensional" 
separation column with ZnCl2 along the positive axis and PbCl2 on the 
negative side. We impose an electrical field in the positive direction. 
From the discussion in the preceding chapter it follows that we get a 
sharp boundary between the two melts. By definition we have the 
boundary at £=0 the whole time. We have 2 zinc isotopes with the 
individual concentrations nt>; at the beginning n° throughout the whole 
positive space. The coefficients of diffusion Di are constant. The 
velocities wi are measured relative to the chloride ions, the mean velo
ci ty  being w°. We have (z— 1)  independent  separat ion coeff icients  q j k ,  
see equation (1), which are time and space independent, in contrast 
to wu which vary with the field strength. 

The sum of the partial streams is at any time. 

(5) 

l = Z 

1 = 1  

We have z differential equations 

(? )  

There are z initial conditions 

n i=n° for t=0 and 0<x<oo (8) 

and s boundary conditions 
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en ,  
{w i -w° )n i -D i ^=0  (9) 

for x=0  and 0<£<oo 

This system of e quations has only been solved for a few special cases. 
First we consider the case where all but one of the isotopes are so 

rare that their concentrations are very small the whole time. Then 
we have a constant conductivity, thus also the field strength and the 
velocities wi  are constant, and the system is reduced to z independent 
equations 

C JTI 
, • - — (10) 

d t  

with the 2 boundary conditions given in (9). When treating this case 
KLEMM [K 21] takes the solution from a paper by MASON and WEAVER 

[M3]. Without quoting the complete solution and KLEMM'S discussion of 

it, we shall only give an expression derived for ^ ->1 and wi /w k —>1 
Dk 

We then have 

where 

with 

and 

/=-^v(0 
'  VnD t  

i(C)=e-c,-K«C[ l-0(: 

Ci=  
2 YDA 

( i l )  

(12) 

(13) 

(14) 

It is sometimes convenient to substitute i p  (Ç)  with a function i p  (;) 
defined by 

>/r\ i y ) (C )= l—n=  for 0<t,<-
lA: 

v>'(C)=o 
,  V  71 for — — <; <oo 

(15) 
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We have i p (0 )=xp '  (0)= I 

and 

00 00 

Jy , (C)d Z=f V ' (C )d Ç=^  ( I S )  

0 0 

The practical range of t he enrichment is 

X max=V nDt  (17) 

A slight modification of the case treated here is when we instead of a 
boundary between two salts in the separation column have an infinite 
column 0<£<oo with an end volume between —X an d 0. This problem 
has also been treated by KLEMM [K 22] for a binary mixture with one 
common component. If the end volume is small, as compared with the 
penetration of the enrichment in the column (X<<J/ Dt), we find the 
same  exp ress ions  a s  be fo re  fo r  /  (11)  and  x m a x  (1 7 )  bu t  if  \»V Dt  
we have 

and 

x m „=l .S -VU (19) 

Comparing (17) and (19) shows that the existence of an end volume 
does not have much influence on the penetration depth, some 15 per 
cent as a maximum. 

BREIT and FRIEDMAN [B 3] have treated the column of fi nite length 
with a constant concentration of the components at one end. 

The general binary case where we drop the restriction that one 
isotope must be rare has been treated by KLEMM [K 23] for a column 
of in finite length. To solve the equation he makes use of a transforma
tion given by MAJUMDAR [M 4], The solution gives a complicated ex
pression for the concentration of the enriched isotope as a function of 
time and distance from the closed end of the column (i.e. from the 
boundary). For our further discussions in the following chapters we 
are mainly interested in how the separation factor increases at the 
boundary as the experiment goes on. KLEMM gives a graph [K 23, 

Fig. 1] showing how Q depends on (w}—wk) • 1 / — f°r initial concen-
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trations c0 from 0 to l.1' We find that the time required to reach a 
certain separation factor is longer the rarer the isotope is. Thus 
attaining Q—2.5 when enriching a very abundant isotope (c0— 1) 
requires roughly 3/4 of t he time it takes for a very rare isotope (c0=0). 
The difference in time required increases with the enrichment desired, 
and if we e.g. want Q=1S it takes four times as long for a very rare 
isotope (co=0) as it does for a very common isotope (c0=l). 

In the same paper [K 23] KLEMM shows that for a column of finite 
length the maximal obtainable enrichment is limited because after a 
certain time an equilibrium is reached since we have a constant con
centration at the open end. 

A suitable practical expression for calculating the separation coef
ficient can be derived from the following discussion [K 21]. We con
sider a volume that includes the end volume and such a long section 
of t he separation column that we the whole time have the initial con
centrations n° at the far end of o ur section. (If we instead work with 
a system with more than one salt, our section starts at the boundary). 

After a certain time, t ,  the number of e quivalents of one isotope in 
our volume is 

t 

N-No_Sn°^i^fw°dt (20) 

Ô 

where S  is the cross section of the opening at the far end of our volume. 
Now the charge transported through this opening is 

t 

L =S -  F n °  f w°dt (21) 

Ö 

F  is the Faraday constant.2' 
These two equations give us 

w -w °  N i ° — N i  F -  N °  / f > f n  

w °  N°  L  }  

11 We have used the symbol n  when the concentration is measured as e. g. 

g/cm3 or moles/cm3, while c indicates the relative concentration. ci = -=J-

2) Regarding the symbols N and Nwe have N = ENi e.g. for PbCl2 N m eans 
the total number of equivalents of the salt; hence N20S and N35 are the amounts 
o f  2 0 8 P b C l 2  a n d  P b 3 5 C l 2 .  T h u s  A T

2 0 4 +  ̂ 2 0 6  +  ^ 2 07 +  ̂ 2 0 8  =  3̂ 5  +  3̂ 7 -  A l s o  n °  =  Z n ° .  
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Now if we consider tw o isotopes j  and k  we get 

' H i  N*  
N°  N k ° t  

F • N°  
L  

(23) 

One great advantage of th is expression is that we can allow convection 
in our section as long as none of t he enriched salt reaches the far end 
and leaves our volume. 

When comparing the enrichments achieved in different salts, we 
can, of course, compare the separation coefficients or our 

[w is written instead of w° i n (23)], but it is more convenient to in
troduce the mass effect [K 20] 

(m = mean mass of isotope s) 
We shall use this quantity when we compare the different experiments 
looking for regularities that might help to explain the deeper mecha
nism that rules the observed effect. 

(24) 



C H A P T E R  I V  

The salts 

The electrochemistry of molten salts has been treated in monographs 
by LORENZ [L 8], LORENZ and KAUFLER [L 9] and DROSSBACH [D 1], 
Most other books on electrochemistry devote perhaps one chapter to 
melts, as e.g. in the book by KORTÜM and BOCKRIS [K 28], 

When choosing suitable salts for our experiments we must consider 
several properties, both physical and chemical. (Neglecting here such 
important factors as price and commercial availability). We shall 
outline some important factors. 

]. Conductivity 

The salt chosen must have a conductivity at least of the order of 
O.lQ"1 cm-1, otherwise it is difficult to work with such a current den
sity that a measurable enrichment can be achieved in a reasonable 
time. The respective conductivities determine the arrangement of 
chains of several salts (cf. chapter II p. 13). Fortunately enough for 
us, the conductivities of very many salts of i nterest for us are known. 
For halides see [B 4] or [L 11] and for nitrates [S 4] or [L 11]. 

For the halides a study by BILTZ and KLEMM [B 4] has shown 
general systematics in conductivity and other properties. Their 
results have been of g reat value when planning our experiments. 

2. Thermal properties 

The melting point of t he salts determines the lowest temperature at 
which an experiment can be run. Further on in this chapter we shall 
discuss how the working temperature can be reduced by using salt 
mixtures. The boiling point must not lie too close above the melting 
point, and the salt must be stable to decomposing within a certain 
temperature range. A strong tendency for sublimation can give trouble. 
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3. Valences 

If an element has several stable valences, we must prevent oxidation 
reactions (e.g. CuCl->CuCl2) as usually only the low-valency salt has 
a good conductivity and the highest valency often corresponds to the 
most volatile compound (InCl3, SnClJ. 

4. Surface tension 

The melt must wet the powder in the column. This caused some 
trouble for FLOBERG, KLEMM and LANG [F 1] when working with AgCl. 

5. Deliquescence 

It is necessary to work with water-free melts. This is made obvious 
by a reference to the effects occurring when a melt of moist ZnCl2 is 
electrolyzed [L 10, D 1 a]. Many halides are very hygroscopic and 
when heating the moist salt a decomposition to the oxide often occurs 
to a certain extent. For this reason it is sometimes suitable to synthe-
tize the salt out of the elements, cf. [K 16, K 17]. Other salts, such as 
LiCl and LiN03, can be made water-free by melting under vacuum. 

6. Chemical reactivity 

The melt must not attack the cell (specially the column) or electrodes 
strongly. Molten LiN03 strongly attacks Pyrex and other glasses 
containing Na. [S 1, S 2, S 3, C 2, L 2], However, the melt can be kept 
for a long time in Supremax glass [L 2] or quartz [H 3]. 

The problems treated under 5 and 6 are, of course, more a question 
of c hoosing the right construction material. 

Some attempts to reduce the operating temperature 

Instead of u sing pure LiCl we have sometimes used the low-melting 
eutectic mixture of LiCl and KCl [Z 2] at the cathode [L 5] (see also 
chapter II p. 14). If we introduce such a mixture in the column we 
can expect that the components are separated quickly, the better 
conducting one moving towards the cathode. If the two salts have 
small differences both in conductivity and density, we can, however, 
expect that the demixing takes such a long time that a measureable 
isotope enrichment can be achieved before the salt solidifies in the 
column. We shall discuss a possible arrangement for enriching calcium 
isotopes at a temperature below 772°C, the melting point of CaCl2. If 



33 

°c 
800  
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Fig. 3. Phase diagram for the system CaCl2—KCl [M 18]. The horizontal line 
shows that mixtures with 55 to 80 weight per cent KCl are liquid at 700°C. The 
melting points for the pure compounds are: CaCl2 772°C, KClCaCl2 754°C and 

KCl 776°C. 

we compare CaCl2 and KCl, we find that they have only about 10 per 
cent difference in conductivity (x = 2.19 for KCl at 800° and 1.99 for 
CaCl2 at 795°C [B 4]). When we compare the densities we find that 
CaCl2 is slightly heavier. KCl can be expected to have a tendency to 
be displaced towards the cathode relative to CaCl2. Thus if we have a 
system cathode + Cl2/KCl + CaCl2/MgCl2/anode + Cl2, with the boun
dary to the MgCl2 in a separation column, we can expect the CaCl2 to 
be enriched towards the boundary. The phase diagram for the system 
CaCl2 —KCl is reproduced in fig. 3. If we have a temperature slightly 
above 700°C in our column, we can start with a melt containing 55 
weight per cent KCl and carry on the electrolysis until we have got 80 
per cent CaCl2. We can hope to get a measureable enrichment of the 
heavy calcium isotopes, while the run lasts. This has been only a 
theoretical argument, where we have neglected the difficulties that 
might occur for different reasons, such as the density of MgCl2 being 
between those of KCl and CaCl2. 

Other arrangements with binary melts can be expected to give a 

3 — Lundén. 
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decrease in operating temperature. If we compare the conductivities 
of t he halides of a metal we find that the conductivity decreases for 
the series chloride-bromide-iodide. Hence LiCl will be displaced towards 
the anode and LiBr towards the cathode, when a mixture of LiCl and 
LiBr is electrolyzed. If we start with pure LiBr and have a chlorine 
athmosphere at the cathode, we would gradually transform the LiBr 
into LiCl. LiCl being produced at the cathode, and the Br~ions being 
forced towards this electrode, gives us a countercurrent arrangement, 
where we can expect to have both LiCl and LiBr throughout the whole 
separation column. It is difficult to predict if th e proportions between 
these two components will be such that we shall have a considerable 
reduction in melting point throughout the whole column. (For phase 
diagram see [B 5]). 

The study of binary mixtures is of interest also from another point 
of view than reducing the melting point. The mass effect being higher 
the greater the mass of th e anion, see chapter XV, means that a larger 
enrichment is reached in a certain time if we st art with e.g. PbBr2 and 
end up with a mixture of PbCl2 and PbBr2, instead of having pure 
PbCl2 the whole time when enriching lead isotopes. For reasons discus
sed in chapter VI, it is more difficult to regenerate a bromide or an 
iodide than a chloride at the cathode. Hence several practical ad
vantages can be obtained if we can have a mixture of chloride 
and bromide or chloride and iodide throughout the whole co
lumn. 

These considerations resulted in our electrolyzing LiBr in a cell 
shown in fig. 4. After the cell had been filled with so much LiBr 
(lumps prepared by melting under vacuum) that the melt stood about 
one cm above the upper filter plate, two carbon electrodes were 
introduced and a stream of chlorine was led through the cathode com
partment for some minutes before the current was switched on. As 
expected, we could notice that the molten bromide decomposed slightly 
when in contact with the chlorine gas. The bromine liberated at the 
anode condensed in the cooler parts of th e outlet and was collected in 
a flask cooled with ice. As expected (see p. 61) the level of t he melt 
rose considerably at the cathode and sunk at the anode, although we 
had a higher gas pressure in the cathode compartment. There was also 
a total decrease in volume as LiBr was converted into LiCl. We made 
two runs, the results of which are summarized in table 14. After the 
run the cells were divided into pieces. By weighing the glass before 
a n d  a f t e r  t h e  s a l t  h a d  b e e n  d i s s o l v e d ,  w e  g o t  t h e  s u m  L i C l - ) - L i B r  ( a  
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+ 

5 

Fig.  4.  Cell in which LiBr was electrolyzed, with chlorine circulating through 
the cathode compartment. After the run the cell was divided into 7 samples as 

indicated schematically. 

grams). AgCl-f-AgBr was precipitated in the solution and weighed (b 

grams). The mole fraction of chloride is then 

86.86 • 6 —187.80 • a 

44.46 (b—a) 
(25) 
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Table 14. Data of runs with LiBr converting to LiCl. 

Run A B 

Time, hours 7 3 ' ¥ 24 
Mean current, mA 534 ±3 550±5 
Quantity of electricity, Ah 4.14 13.2 
Current density, A/cm2 6.0 5.9 
Column length, cm 18.5 20 

» diameter, mm 5.0 5.15 
Temperature °C 612 600 

This method of a nalysis was used for the 24 hours run (B). For the 
8 hours run (A) i t was necessary to use another method [T 7], where 
the precipitated silver halides were treated with potassium dichromate 
and concentrated sulfuric acid. The oxidation gave chlorine and bro
mine which were driven off by passing a stream of nitrogen through 
the flask in which the reaction took place. All the silver remained 
behind and could be precipitated by adding potassium iodide. The 
mole fraction of c hlorine was computed for each sample. 

The results are given in table 15 for both runs. Sample 1 contains 
the salt from the cathode compartment (A: 6.98 g B: 9.06g). Samples 
2 — 6 are from the separation column (cf. fig. 4), which held about 4 g 
of s alt. There were about 42 g in the anode compartment (sample 7). 

Table 15. Chemical analysis of the runs quoted in table 14. 

LiCl LiCl 

Sample molar % millimoles 

A B A B 

1 91.9 98 139.5 206.9 
2 31.5 95 3.4 12.4 
3 3.4 93 0.29 14.1 
4 1.8 84 0.16 13.0 
5 0.2 34 0.03 4.6 
6 3.4 27 0.24 4.8 
7 0.0 37 0 220.4 

LiCl, sum millimoles 144 476 
LiCl, expected millimoles 155 489 
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A comparison of the two runs shows that most of the salt in the cathode 
compartment is converted into chloride before there is any great 
change in the column and anode compartment. The composition is not 
at all the same throughout the whole column while the exchange 
takes place. 

We also calculated the moles of LiCl as determined by the analysis 
and compared with the amount to be expected in the melt, if 110 LiCl 
had been decomposed at the anode. As seen from table 15, the agree
ment between these two values is good. The deficits (7 and 3 per cent 
respectively) are within experimental error, including salt. lost by 
sublimation. There was thus no considerable liberation of chlorine at 
the anode. This is in agreement with what could be expected from the 
fact that the decomposition voltage is lower for LiBr than for LiCl 
[G 1], 

The conclusion from these two trials is, that it is not very likely that 
an arrangement of this type can be used for reducing the operating 
temperature considerably, at least not for long runs, but that it should 
be possible to obtain in this way a higher "over-all" mass effect than 
for a pure chloride. If the amounts of salts on both sides of t he column 
are chosen correctly, we can hope to retain during most of the run a 
fairly pure iodide or bromide at, say, a boundary between lead and 
lithium salts. 



C H A P T E R  V 

Electrical circuits1' 

Electricity is consumed both for heating and for electrolyzing the 
salts. 

The ovens are made of t wo concentric glass tubings (Pyrex, usually 
30 — 60 cm long and 4—6 cm wide) with flat resistance wire (Kanthal 
D2) 2.0 x 0.2 mm) wound round the inner tubing. The turns are about 
1 cm apart; thus it is easy to observe the cell in the oven. The heating 
current is adjusted by a variable transformer. The temperature in 
the oven is controlled by a thermocouple connected to a regulator 
(Wheelco 221 Capacitrol or AEG Stufenregler), which shortcircuits a 
resistor in series with the oven, thus balancing the heating current 
between two values on either side of the "right" value. For circuit 
diagram see [K 16], If the AC voltage fails, the heating is automatically 
shifted over to DC. A failure of heating is dangerous only if the cell 
cools down so much that the melt begins to solidify before the heating 
current returns. Remelting of the salt means a volume expansion 
that usually bursts the cell. 

Usually a second thermocouple is connected to a recorder (Negretti 
& Zambra, type E/1304), which also registers the DC-voltage across 
the cell. The recorder thus gives us a check on what is going on when 
the run is not under visual observation. 

The voltage for the electrolysis is usually taken from the DC-mains 
(240 V or 120 V), but when having the column filled with zinc salts 
(ZnCl2, ZnBr2, ZnCl2) we used a transformer-rectifier unit giving up 
to 750 V. [K 16]. To reach the desired enrichment in the shortest time 
possible, the current through the cell should be kept at a high and 
constant value. Thus we want to compensate for changes in the resi-

11 In the following chapters we shall treat certain features of the general 
experimental techniques as used in Gothenburg. Of course we cannot quote all 
the minor deviations in the arrangements of the single trials. 

2) made by AB. Kanthal, Hallstahammar, Sweden. 
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stance of t he melt, caused e.g. by the boundary moving in the column. 
In the ZnCl2 and ZnBr2 experiments we used an electronic stabilizer 
[K 16]1} to keep the current stable. The quantity of electricity was 
determined by weighing the lead deposited at the cathode. In the fol
lowing experiments the electronic device was replaced by ballast 
lamps (Philips Miniwatt C 8, 200 mA) [L 5]. As long as we were working 
with an arrangement where the whole current passed through both 
melt and stabilizer, the quantity of ele ctricity was determined accura
tely enough merely by multiplying time and current (CuCl). 

For reasons discussed in chapter XII (p. 71), we, however, found 
it valuable to have a resistance (3000 — 8000Q) in parallel with the 
cell as a bleeder, normally taking a few per cent of the total stabilized 
current (See circuit diagram fig. 5). Of co urse now the current through 
the cell fluctuated a little more than before, and there was need for 
introducing a special instrument for registering the quantity of e lectri
city. We chose a mechanical ampere-hour meter (Siemens-Schuckert, 
type A 3), calibrated for currents of the order of 200 mA. In the PbCl2 

experiments we checked the ampere-hour readings by an integration 
over time for the currents read on our mA-meter. When working with 
nitrates we sometimes had such low currents that the ampere-hour 
meter did not register the amount of c urrent correctly. For this reason 
we began to use copper coulometers [M 5]. We, however, kept the 
ampere-hour meter in our circuit as a control that the current was 
fairly stable between our instrument readings. We have sometimes 
added a commercial electrolytic coulometer (Siemens-Schuckert, type 
E 2, reconnected for low currents) in series with the copper coulometer 
and mechanical meter. In many experiments (ZnCl2, ZnBr2, PbCl2, 
T1C1, ZnCl 2) a metal, usually lead, is deposited at the cathode. The 
quantity of electricity can of course be determined by weighing this 
metal. The agreement with the Cu-coulometer value is usually good, cf. 
p. 12. 

Thus sometimes we determine the quantity of ele ctricity in three or 
four ways for the same experiment. Thanks to this on one occasion 
(an unpublished trial) we could calculate how long time the copper 
coulometer had been shortcircuited by a fringe of c opper bending out 
from a nearly dissolved coulometer anode. 

Measuring the voltage over the cell gives valuable information on 

11 The circuit shown in K 16 fig. 3 is not quite correct as the two leads from 
the 500 Q resistance to the 6AC7 valve have been interchanged in the diagram. 
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what is happening, e.g. how the boundary is displaced in the column. 
The voltage being, however, of less interest for the evaluation of the 
experiment than the quantity of electricity, permits us to place the 
voltmeter across both the cell and the low-ohmic instruments. As 
already mentioned we have often registered the voltage by connecting 
to the temperature recorder via high ohmic resistances. 

A circuit diagram typical for the runs with LiN03, KN03, PbCl2, 
PbBr2 and ZnCl2 is given in fig. 5. 

[mA 

Coulometer  Recorder  

loon 
M/yww\, 

Ah Ah.  

Cel l  

Fig.  5.  Circuit diagram showing how the current was controlled by ballast lamps 
and measured with a milliammeter (mA), a copper coulometer, and (occasionally) 
two commercial ampere-hour meters (Ahj and Ah2). The voltmeter (V) and 

recorder give the voltage including these current instruments. 



C H A P T E R  V I  

The electrodes 

The electrode arrangements used are of s everal types, depending on 
properties of the melts and on the aim of the experiment. We shall 
first give a general classification before we discuss special problems.1' 
We can, of course, make a distinction between electrodes for halide 
and nitrate melts, but we can also group them in the following wa}^: 

A. Anodes: 

a) liberation anodes. The gas liberated (Cl2, Br2, N02 + 02) leaves 
the cell. 

b) dissoluble anodes. An anode consisting of a molten metal (Pb, 
Tl, Zn, etc.) is dissolved quantitatively "in statu nascendi" by 
the discharged anions. This arrangement has been used in all 
enrichments of halide isotopes [K 18, C 1, H 1, L 6]. 

B. Cathodes: 

a) regeneration cathodes. The liberated metal (usually Li or K) 
reacts immediately with a gas in the cathode compartment 
(Cl2, Br2, N02-j-02) and the salt is regenerated. 

b) deposition cathodes. The metal is deposited as a melt. (Some 
arrangements tried for metals with high melting points are 
discussed below.) 

Starting with the anodes we find that, except when dissoluble 
anodes were used, carbon rods (usually commercial arc lamp carbons) 

11 In all the trials of cathode arrangements discussed in this chapter, we have 
always had the possible use for enrichment experiments in view. Thus we have 
started by testing the arrangement that is easiest to build on to cells of the 
type used for isotope enrichment. This is why we have always had the highest 
current densities in the first trials. We have desisted from building and testing 
so complicated cathode arrangements that they could not have room together 
with the rest of an enrichment cell in an oven of the usual type. 
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have been used in all halide work. For the nitrates HOOVER & HOLLO-

WAY [H 3] used a thin strip of rhodium, while we used a platinum wire. 
[B 6], 2 or 3 cm long and welded to the end of a copper wire running 
inside the glass rod into which the platinum wire was melted. [L 2, L 3], 
We have, however, tested a few other materials as anodes with the 
following results: 

1. Carbon was dissolved in LiN03; cf. [M 6]. 
2. Stainless steel was attacked by LiN03. 
3. Tantalum was attacked seriously by LiNOa. The surface was 

probably covered by a layer of ox ide, giving strong local heating at 
those spots where the current passed through. 

4. Palladium was dissolved completely by LiN03. 
5. A nickel wire with an electroplated layer of rhodium was attacked 

to a certain extent by the LiN03 melt; possibly because the coating 
was too thin. 

6. Tungsten wire was dissolved by KN03. 
7. Aluminium was also tried as an anode in KN03. As expected we got 

an insulating layer of A1203 causing a big increase in voltage over 
the cell and sparks at the anode. 

No anode effect [S 5] was observed when working with carbon 
electrodes in halide melts. Nor was current density critical for our 
Pt-anodes in nitrates. 

A liberation anode cannot be used for a salt such as CuCl, where 
some of the liberated Cl2 reacts with the melt, giving an equilibrium 
2 CUC1+C12^2 CuCl2. The suspicion that such an arrangement would 
not work smoothly was confirmed in a couple of trials with carbon 
anodes in molten CuCl. After an hour or so anode effects occurred and 
despite all remedies tried, the only way to keep the run going was to 
reduce the current very much, far below what would be acceptable for 
an enrichment experiment. A simple way to avoid the problem was to 
introduce PbCl2 between the CuCl and the anode [L 5], 

As a rule problems concerning the cathodes have cost much more 
labour than the anodes, and trouble in connection with cathode reac
tions has been the most common reason for failing success in the runs. 
At cathodes of the regeneration type, naturally the critical condition 
is that all the Li (or K) reacts with the gas before it attacks the glass 
walls of the cell. Hence the distance between cathode and wall must 
not be too small, and there must always be an excess of the gas the 
metal is to react with. Carbon is the only material tried in halide melts 
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for this type of c athodes. When working with chlorine the gas from a 
commercial steel cylinder (EKA, Bohus, Sweden) bubbles through a 
wash bottle with some H2S04 to show the rate of t he gas stream, and 
passes through a second, empty wash bottle (to trap drops of t he acid 
from coming into the cell) before it is led into the cell some 8 or 12 cm 
above the melt (see figures 2 and 4). The excess of chlorine leaves 
the cell together with the Cl2 liberated at the anode. A wash bottle 
with a little H2S04 gives a check that the gas stream leaves the cell 
the right way. It should be mentioned, that usually the cathode is 
attacked to a certain extent by a LiCl melt; perhaps some makes of 
carbon were more resistant than others. 

The only attempts to regenerate LiBr were made in some runs with 
the system cathode +Br2/LiBr/PbBr2/anode-f Br2 [L 7], The bromine 
gas stream was produced by an arrangement used in the ZnBr2 ex
periments [K 17]. A stream of ar gon was led through liquid bromine in 
a round bottom flask standing in a beaker with water heated by means 
of a n immersion heater, controlled by a contact thermometer. It was, 
however, difficult to keep a stable stream of bromine gas by this 
system. In the first run the bromine was let in at the same height above 
the melt as we used to do when working with chlorine. This arrange
ment did not work, because the Li was not consumed quickly enough 
by the bromine to prevent the glass from being attacked. In the next 
run we let in the bromine in the cathode compartment just above the 
melt, but this also was a failure because our inability to regulate the 
gas stream caused the hot glass walls of t he cell to crack when struck 
by blows of cold bromine gas. In our third run we used a graphite pipe 
(30 cm long with 5 and 11 mm inner and outer diameter) through 
which the Br2 bubbled into the melt. Even with this arrangement we 
could not convert all the Li back to LiBr (probably to a certain extent 
due to the difficulties in controlling the bromine stream). It was, how
ever, possible to keep the experiment going for such a long time as we 
considered necessary to get a well measurable enrichment (see tables 
1 and 13). It can be mentioned that the bromine excess was trapped in 
an ice-cooled flask (cf. p. 34). 

When working with nitrates, metal cathodes are used. Stainless 
steel is suitable for LiN03, as already found by HOOVER and HOLLOWAY 

[H3] but is attacked by KN03, in which melt aluminium is not attacked 
[L 3], In other tests we found that tantalum could be used in LiN03, 
but that carbon was attacked by this melt; cf. [M 6, B 6], The reaction 
between Li and gas does not run as smoothly in the nitrate as in the 
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chloride case, quite naturally when considering the temperature dif
ferences and the more complicated reaction mechanism for the nitrate. 
If the current density is above 0.1 A/cm2 (for 280 — 300°C; preliminary 
experiments indicated that the limit is considerably higher at e.g. 
400°C1)) there is a tendency for dendrites growing out from the cathode. 
Such lumps on the cathode were very annoying, because they could 
suddenly burn up (specially if the cathode was taken out of the melt) 
giving such violent flashes that the glass walls of the cell c racked. We 
do not know the composition of these outgrowths (nor do we do that 
for the black stuff often appearing in the cathode volumes when 
working with LiCl or LiBr). They are not likely to be pure lithium 
metal as the temperature is above 186°C (the melting point). If they 
were Li-Fe compounds, the steel should have been corroded, and we 
should have been able to detect iron in the LiN03 after the run. 
BOGORODSKI [B 6] has suggested that the lumps are lithium oxides, 
but then we would not expect the dendrites to grow downwards into the 
melt, nor to burn as violently as they do when taken out of the melt. We did 
not notice any dendrites when working with aluminium cathodes in KN03. 

Regeneration cathodes are used conveniently when the metal is 
lighter than the salt and has a low melting point. If the metal is heavier 
than the salt, it will not flow up to the surface and react with the gas, 
cf. p. 14. For metals with low melting points it is easy to have the 
cathode in a sack, big enough to hold the metal deposited during the 
whole run, cf. p. 11 and [K 16, K 17, K 18, C 1 and H 1], Most of 
our experience comes from depositing lead. We have often noticed 
that the otherwise yellow PbCl2 melt gets black from dissolved Pb. 
We can usually stop the solution to spread throughout the whole 
PbCl2-melt, by contracting the cross-section of th e connection between 
the sack and the cell proper. It is likely that the higher current density 
at the contraction stops the diffusion of the dissolved lead. The solu
bility of metals in fused salts has been studied in many connections. A 

survey of the field has been given by LORENZ and EITEL [L 12]. See 
also [D 1 b]. It is of special interest to note that AUERBACH [A 2] found 
already in 1901, that we have a real solution and not a suspension of 
lead in PbCl2. His conclusion was not considered as full evidence [L 

12 a], but was proved to be right by the careful investigation b}r  

EITEL and LANGE [E 2]. For the interesting case of c admium in CdCl2 

reference can be given to [A 2, A 3, L 12 a and D 1 c]. 
11 The risk for thermal decomposition [C 2] at higher temperatures was the 

reason for us not to run the experiments at 400°C. 



45 

It might be mentioned that cathode polarization [K 29, 1) 1 d] is of 
no importance in experiments of our ty pe. 

When enriching the light isotopes of chlorine and bromine, the 
dissoluble anode was pressed against the column, thus giving a neg-
lible end volume, which is favourable for getting rapid results. To 
enrich the heavy isotopes of these elements, it would be convenien t to 
have a similar arrangement without any large volume between the 
column and the cathode. To prove the expected difficulty to make a 
very small cathode compartment, we ma de a trial with PbBr2 where 
the lead cathode reached up to the column, packed with Pyrex. An 
overflow ar rangement should keep the deposited lead from pressing 
against the disc at the bottom of th e column. This did not help, how
ever, since we n oticed soon after the current was switched on, that the 
molten lead had passed through the disc, and lead started to deposit 
in the column. In a couple of hours we had got a string of molten lead, 
like a "dendrite", that had grown straight through the whole column, 
which still mainly held molten PbBr2. Obviously the high surface 
tension stopped the once deposited molten metal from passing down 
through the column [F 2]. 

When working with e.g. CuCl or AgCl , the metal has a much higher 
melting point than the salt. WTe have then been forced to work with a 
salt such as LiCl as an auxiliary melt at the cathode. Hence, in our 
first trials with CuCl we had a boundary LiCl/CuCl in the volume above 
the separation column (the cathode volume). The current density was 
0.2 — 0.3 A/cm2 at this boundary. However, some CuCl always diffused 
to the cathode and caused long dendrites to grow rapidly through both 
the cathode volume and the CuCl-filled p art of t he column down to 
the PbCl2. For this reason we replaced the LiCl by an eutectic mixture 
of KCl and LiCl, thus reducing the necessary te mperature from 620° 
to 530°C. P robably because of the decrease i n diffusion, we did not 
have any more trouble with copper-dendrites from the cathode. 

We have, so far in vain, given considerable effort to developing 
cathodes at which Cu or Ag can be deposited without giving dendrites. 
According to earlier investigators [A 4, K 30] it is possible to get 
smooth deposits, when working with low current densities. KROLL 
[K 30] gives t he limit 40 mA/cm2. On on e occasion we h ad a copper 
plate as cathode (see fig. 6) when electrolyzing the system — Cu/CuCl/ 
PbCl2/Pb+ at 530°C. After 20 hours with 18 mA/cm2 at the cathode we 
cut the cell into pieces. Even if most of t he copper had deposited on 
the plate, there was, however, a long dendrite going straight through 
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CuCl 

PbCl-

Lead 

Copper 

Fig. (i. Cell in which copper was deposited on a wide disc. The lead anode is 
gradually dissolved during the run. 

the CuCl. In some other trials we tested different arrangements to stop 
the dendrites from growing beyond a certain limit, but this work was 
without success. 

Metals like Cu and Ag have several alloys with low melting points. 
For instance, if we look at the phase diagram [L 13] for the system 
Ag-Pb, we find that the melting point is below 600°C for alloys with 
less than about 30 weight per cent silver. Now, it should be possible 
to deposit Ag so slowly on a cathode of molten lead that the Ag 
dissolved in the Pb giving the alloy. To try this we made 2 runs with a 
cell shown in fig. 7. Nitrogen, free of 02 [M 7], passed through the cell 
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CATHODE ANODE 

Pb 

Fig.  7 .  Cell for electrolyzing AgCl with a lead cathode and a carbon anode. The 
lead was melted in a filler of the type shown in fig. 9. The bend in the right tube 
held the unmelted lumps of AgCl in the upper part of the cell. In the first trial 
the boundary was in the small tube but in the second trial in the wide tube as 

shown here. 

during the whole filling process. Sticks of lead were molten (m.p. 
327°C) in the filling apparatus, from which the metal was pressed out 
into the cell, while the slag stayed in the filler, thus giving an oxide-free 
lead surface, onto which molten AgCl flowe d down, when the tem-
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perature was raised above 455°C. After melting the salts, we introduced 
a carbon anode in the x\gCl and connected the lead cathode by means of 
a tungsten wire. In our first trial, (with a cell slightly different from the 
one shown in fig. 7) the boundary was in the small tube (diameter 6 
mm) and we sent 400 m A through, thus having 1.4 A/cm2 at the cathode. 
Dendrites of Ag appeared very soon in the AgCl, and advanced to
wards the anode at the rate of about 1 cm/min! In the next trial we 
had the boundary in the wide tube (21.4 mm diam.) as indicated in 
fig. 7. We sent 205 mA through, thus having only 0.057 A/cm2. Still 
we got fast growing dendrites. 

It is possible that a systematic study will give cathodes at which Ag 
and Cu form molten alloys as they are deposited at low current densi
ties. Our trials with Ag-Pb have only shown, that there are difficulties 
to overcome before an arrangement suitable for our experiments is 
developed, (cf. footnote on p. 41). LORENZ [L 8 a] electrolyzed mix
tures of molten AgCl with ZnCl2 or PbCl2 where the silver was deposited 
first, forming dendrites, which were dissolved by the zinc or lead 
depositing later on. In another experiment he started with a cathode 
of zin c or lead at which the silver dendrites first formed were dissolved. 
(The apparatus was shaken gently to make the dendrites disappear). 
LORENZ [L 8 b, L 10 a] has also used a zinc cathode when electrolyzing 
a mixture of ZnCl2 and CuCl2 where the copper dissolved in the zinc 
metal forming brass. 

One reason for using regeneration cathodes for Li and K is that we 
cannot collect the molten metal in quantity because of i ts strong reac
tivity. This restricts our field of work considerably. It would thus be 
very valuable to develop an arrangement where the deposited alkali 
metal is bound as an inactive compound, or at least diluted so much 
that its attack on the glass walls is negligible. We have tried a couple of 
arrangements similar to the described trials with a Pb-cathode for Ag. 
Because of the low melting point of the nitrates, we found it most con
venient to use them when testing our ideas. Mercury cathodes have 
been found very suitable even in large-scale electrolysis of alkali salt 
solutions. The usual arrangement is then that the depositing metal 
forms a low-concentrated amalgam with the mercury, which is cir
culated and repurified. The construction of such a circulation system 
for work on our scale would be rather difficult. This should not be 
necessary, as the cathode compartment can contain so much Hg, that 
the concentration of e. g. Li is well below say 0.5 per cent even after a 
long run. LiN03 melts at 255°C, thus determining our operation tem-
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perature to at least 270°C. The phase diagram for the system Li-Hg 
[L 14] shows that we should be able to collect up to about 1.2 weight 
per cent Li in the Hg before the amalgam solidifies. Thus when 
electrolyzing for 48 hours with 250 mA (reasonable values for an en
richment of e.g. 7Li at the anode, cf. [L 2]) we should theoretically 
need only about 270 g Hg at the cathode. Our main trials were done 
with the cell shown in fig. 8. We poured 420 g Hg in the cell and filled 
up with lumps of LiN03. We heated to 280°C. We got a boundary 
between the two melts (Hg and LiN03) about halfway up the small 
tube (diam. 5 mm). A Pt-anode was introduced and we switched on 
the current, 200 mA, thus having 1 A/cm2. We soon got trouble at 
the mercury cathode because of the evolution of s ome gas and because 
a brown or yellow compound was formed (HgO). We stopped the run, 
collected the mercury and soaked it with water. As expected we got 
an alkaline solution, showing us that some Li had formed amalgam. 
In our next trial with the same type of cell we had only 300 g Hg in 
the cell, thus giving us the contact between LiN03 and Hg in the wide 
tube. We electrolyzed about 30 hours, most of th e time with a current 
density of 0.038 A/cm2. There were interruptions when gas bubbles 
rose from the cathode and blocked the small tube. The Hg surface was 
first smooth but after a few hours the mercury appeared rather dirty 
and as the experiment went on, more and more oxide was formed. 
The surface tension of the mercury changed, and the molten metal 
seemed to be very inhomogeneous. About 5.4 Ah were transferred in 
all, giving an amalgam with 0.5 weight per cent lithium. The cell was 
cut into pieces afterwards. The LiN03 was dissolved and gave a neutral 
reaction, thus showing that the deposited lithium had not been dissol
ved (e.g. as oxide) in the molten salt. The mercury was washed to 
decompose the amalgam, giving us a very alkaline solution. We noted 
that the amount of br own and yellow oxide produced was much smaller 
than it seemed during the run. We could not notice that the glass had 
been attacked by the amalgam, an important difference between the 
amalgam and pure lithium. From the trials we can conclude that it is 
possible to use a mercury cathode when electrolyzing LiN03, but that 
the process does not run quite smoothly, mainly because of reactions 
giving mercury oxide and gas. 

A mercury cathode should be very suitable for AgN03 (m.p. 212°C), 
had it not been for the reaction between Hg and molten AgN03 observed 
in a trial. 

We decided to extend our investigation to KN03. The salt melts 

4 — Lundén. 
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Fig. 8. Cell for electrolyzing LiN03 with a mercury cathode and a platinum 
anode. In the first trial the boundary between metal and salt was at A, but in 

the second trial at B. 

at 334°C, only 23° lower than the boiling point of pure mercury 
(356.9°C). It should be difficult to keep the operating temperature 
between two such narrow limits over a time of several days, so we 
decided to try another metal as a cathode. Lead seemed suitable, as 
K-Pb alloys with up to 6 weight per cent K are liquid at about 350°C 



51 

P b  

Fig. 9. Cell for electrolyzing KNOs with a lead cathode and a platinum anode. 
Both components were melted in holders from which they were pressed (by 
nitrogen) into the cell; f irst the metal and then the salt, giving a boundary in 
the right tube. The holders were then removed and the electrodes connected. 

[L 14 a]. In the main trial we used the cell shown in fig. 9. The lead was 
melted in the usual kind of holder while nitrogen passed through the cell. 
After the cell had been filled with oxide-free lead to the desired height, we 
introduced fused KN03 from another holder. No reaction could be 
noticed at the contact surface between the two melts, but some red 
oxide soon appeared in the lead. Nevertheless, we switched on the cur
rent after inserting the Pt-anode. We started with a cathodic current 
density of 0.1 A/cm2. We soon noticed some yellow grains of lead oxide 
in the molten salt. Gas bubbles evolved from the contact surface, which 
soon looked very rugged. The KN03 melt was gray after an hour, and 
some hour later the voltage over the cell was some 10 to 15 times 
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higher than at the start. We decreased the current to about half of 
what we had started with, and kept the experiment going for 8 hours. 
We noticed how the lead oxide covered the walls of the whole lead-
containing part of the cell. The whole run was very agitated, but it is 
of no value to describe how the running conditions changed all the 
time. Afterwards we divided the cell and put the pieces in water. We 
found that the KN03 contained very little impurities and that the 
solution gave a neutral reaction. All the other parts gave very alkaline 
solutions, showing that the deposited potassium had been dissolved in 
the lead. There was much oxide in all these samples. It is obvious that 
lead is not suitable as a cathode for molten KN03 and that the lead 
was destroyed much more rapidly here than the mercury was in the 
previously described experiment. It might be of interest to mention-
that metallic lead is corroded by solutions of Pb(N03)2 whereby lead 
oxide and nitrite are formed [R 1], 



C H A P T E R  V I I  

Construction of separation columns 

The separation columns are made by filling pulverized glass, quartz 
or aluminium oxide in a tube with one end closed by a fritted glass 
disc. When the powder is packed as tightly as possible the tube is 
closed by fusing on a second disc above the powder. (The columns used 
in the LiCl, CdCl2, T1C 1 and AgCl runs were not made this way). The 
powder (except the A1203) is made either by pressing in a hydraulic 
press or by grinding in a mill. The latter process is much more rapid, 
but it gives impurities in the powder. The distribution of grain sizes 
is very different for the two methods of pulverization. The powder is 
sieved and the fractions are classified in the DIN system by the two 
sieves between which the powder is collected. The dimensions in mm 
for the fractions used in our experiments are given in table 16. For 
readers more used to measuring grain sizes in mesh, the following 
approximation can be used: (DIN) x 2.5 = (mesh). The powder is 
cleaned carefully by boiling first with HCl (omitted for the pressed 
powder) to dissolve iron, and then with HN03. After being treated with 

Table 16. Sieves used for fractioning our pulverized glass and quartz. German 
standard DIN 1171. 

Sieve Nr Sieve opening 
DIN mm 

11 0.54 
14 0.43 
20 0.300 
24 0.250 
30 0.200 
40 0.150 
50 0.120 
60 0.102 
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the acid, the powder is soaked with distilled water repeatedly, until 
the decanted water shows a neutral reaction. The reason for this 
careful treatment is that we can expect trouble in the runs both from 
organic impurities, which could react with the fused salt, and from grains 
of metal, which might take over part of the current transport giving 
anode and cathode deposition reactions in either end of the metal 
grain. The fritted discs are made by sintering Supremax or Pyrex 
powder of t he DIN 14 — 20 fraction in an electric oven. 

In the choice of p owder for a separation column a few factors are to 
be considered. The powder must, of course, stand the temperature in 
the column without sintering or melting. For this reason Pyrex has 
been used only in the PbBr2 experiment. The chemical resistance of 
the powder is, of course, of g reat importance. Quartz was used in the 
LiN03 runs because it seemed to be still more resistant to the melt than 
Supremax (cf. p. 32). After each run the powder used is studied under 
a microscope to see if i t has been attacked by the melt. This is usually 
not the case, but sometimes the surface of the grains bears trace of 
the contact with the melt. (See the papers on the different experiments). 
The thermal conductivity of t he powder is of some importance, as the 
maximal current density allowed in the column depends on the axial 
and radial temperature distribution. For this reason Al203 is superior 
to glass or quartz. It might also be mentioned that from the glass-
blower's practical point of view it is easier to fuse on the second disc, 
if the powder has the same thermal expansion as the glass tube and 
disc. The packing material and the grain sizes used in the different runs 
are given in table 1. We shall discuss their importance for the efficiency 
of t he column in chapter XI. 

For calculating the current density we need to know the free cross 
section of our columns. This is determined in connection with the 
chemical analysis. The length and weight of e ach sample is measured 
before the salt is dissolved. If it has not been necessary to crush the 
sample to soak out the salt, we can weigh the remaining packing se
parate from the tube and measure the diameter of the tube. If the 
density of t he packing material is known, the free space in the column 
can readily be calculated. When working with salts easy to dissolve, we 
have usually made this determination for all the samples, getting 
most of the results to agree within a couple of per cent. With slow-
dissolved salts we have sometimes crushed all but one or two of the 
samples. The free spaces thus measured are given as mean values for 
each run in table 1. Neglecting the extreme value for A1203, we find 
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that they all fall between 41 and 47 per cent, independent of material 
and grain size. It is of interest to compare this result with the free 
space in the packings used by BREWER an d MADORSKY [ B 2] in their 
enrichments of potassium isotopes. For glass beads the free space was 
38 per cent, independent of the size of the beads used. It is not sur
prising that our value is higher, as our grains are very rough and of all 
odd geometrical forms, while their beads probably were about spheri
cal. For perfect spheres of uniform size the free space is 26 per cent for 
close packing and 48 per cent for loose packing, where each sphere is 
alternatively in contact with 12 or 6 others. BREWER an d MADORSKY 

found slightly lower free spaces for sand (34 — 36 %) and for silicon 
carbide (35 %) than for the glass beads. 

The free space discussed above is a pure geometrical quantity and 
not the same as the electrical free space, as the pores in the column 
are not straight but have an effective length greater than the geome
trical length of the column. BREWER and MADORSKY measured the 
electrical free space by comparing the conductivities of packed and 
unpacked columns. For their different packing materials they found 
the electrical free space to be some 75 to 80 per cent of th e geometrical 
free space. We have not made any such direct measurements, but we 
can compare the currents and voltages measured during our runs 
with the resistances that could be expected in our columns from the 
geometrical free space. Such a comparison must be very approximate, 
as we do not know the exact temperature in the columns during the 
runs, and the conductivity of a melt increases rapidly with the tem
perature [B 4], With this reservation we find that the most reliable of 
our ratios between the two types of free space lie close to the results of 
BREWER a nd MADORSKY. (Som e of our ratios seem to be much lower 
than expected from their results, but again, the values are very uncer

tain). 



C H A P T F R  V I I I  

Permeability of separation columns 

In our trials with LiN03 we noticed that there was a pronounced 
tendency for the salt level to rise in the cathode compartment if we 
had DIN 50 — 60 powder in the column [L 2]. In these experiments we 
can talk of the LiN03 flowing from the cathode compartment where 
it is produced by the reaction Li+N02 + |02=LiN03. We considered 
it of i nterest to know to what extent the observed difference in level 
merely depended on the viscosity of the melt, or in other words on 
the resistance to flow in the column. The direct way to measure this 
effect should be to fill the cell with fused LiN03 to unequal heights in 
the two compartments and take the time for a measured volume to 
flow through the column at a certain temperature. If, however, we 
want to compare the permeabilities of cells built for work with different 
salts, it is more convenient t-o use a common liquid such as water when 
measuring on all cells. It is to be expected that the data obtained for 
water and a fused salt differ only in the viscosity, because the surface 
tension of water (73 dynes/cm at 18°C) is not much lower than for 
most melts, e.g. 113 dynes/cm at 339°C for KN03 [F 2], 

We consider the column as equivalent to a bundle of N circular 
capillary tubes of radius r cm and of an effective length I cm. By means 
of a cathetometer and a stop-clock we measured the time, t sec., for 
the water to rise A h cm in a tube of di ameter D cm, if the water stands 
h cm higher on the other side of the diaphragm. We measured the 
temperature of the water to get the viscosity, 7) poise. Poiseuille's law 
gives us 

r4 D2 • Ah • 2y) 
I t • 981 • h 

(26) 

where the left membrum is to be considered as a constant, typical for 
the cell. The experimental error in the measurements themselves adds 
up to maximally 10 — 20 per cent; mainly from errors in I) and tj. 
(As for the first error, the tubes were not of a quite circular cross-section 
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or constant diameter. We measured the tube when making the cell, 
b u t  w e  di d  n o t  w a n t  t o  c u t  t h e  ce l l  i n t o  p i e c e s  a f t e r  m e a s u r i n g  A  h  
to get the diameter at this special height. The value for rj dep ends on 
the temperature in the column, while we measured the temperature in 
the water above the column. A h, h and t were all known well within 
1 per cent). We, however, only considered the values to be correct 
within a factor of 2, because there is always a certain risk that some of 
the "capillary tubes" are blocked by tiny gas bubbles. This is evident 
from the measurements on the cells A—D, where the cells were left 
with water in them for 13 months between the two measurements; see 
table 17, where the value on the left is the early one. For cell D we 
made 6 measurements with h between 30 and 6.7 cm,. 4 of the values 
agreed within 1 % while the extreme value was 15 % off, which was 
not unexpected, as the water-level was then close to a joint, the tube 
thus probably being slightly narrower in this region. These four cells 
were made specially for studying the resistivity to flow. They were 
packed with Pyrex. We also measured on 11 other cells packed with 
quartz, see table 18. When comparing different cells we must regard 
both the length (L cm) and the diameter of the column. As all of the 
cells had diameters near to 4 mm, we have confined ourselves to 
m u l t i p l y i n g  N  •  r 4 / Z  b y  L .  

There is, of course, a spread in the values, owing partly to errors of 
measurement, partly to differences in cross-sections of the columns and 
in other parameters. We see, however, that the values fall into distinct 
groups according to grain size. When comparing the tables 17 and 18, 
it must be remembered that the quartz filled columns were slightly 
wider than those filled with Pyrex. 

To calculate the effective radius of a capillary we need to know N  
and I. In order to estimate N, the grains in a weighed quantity of t he 
fraction DIN 24 — 30 were counted under a microscope giving a mean 
volume of 1.02 • 10~5 cm3, in good agreement with what is to be expected 
for the sieves in question, if t he grains are regarded to be shaped like 
prisms, pyramides, double-pyramides, etc. Nearly spherical grains 
are rare, as is evident from studies under the microscope. If the free 
space is 45 %, we find that for this fraction we have something like 
54000 grains per cm2. We can choose the number of capillaries per cm3 

to be (54000)2/3= 1400. The number of capillaries for different grain 
sizes can be considered to be proportional to the UDIN" numbers. We 
get our iV-values for the actual columns by multiplying by their (total) 
cross-sections. Assuming all our capillaries to be straight, we have 
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Table 17. Permeability of four cells with Pyrex packings. For explanation see 
text. The diameter of the columns was 3.8—3.9 mm. The values in the 3 right 

columns are based on the "March 1956" measurements. 

Cell 
Grain size 

DIN 

r i  
N'  j  'L 

lO-8 cm4 

2 r 
10-3 cm 

d 
10-2 cm 

2 r 
~d 

Febr. 1955 March 1956 
A 50—60 0.85 1.1 3.9 1.1 0.36 
B 30—40 3.7 4.1 6.8 1.75 0.36 
C 20—24 6.7 13 11 2.75 0.41 
D 11—14 44 42 20 4.9 0.41 

Table 18. Permeability of cells packed with quartz. The diameters of the columns 
varied between 4.0 and 4.2 mm. 

Cirain size 
DIN 

Number of 
cells 

r4 

N • y • L 10~8 cm4 

24—30 
30—40 
50—60 

5 
3 
3 

8.6 7.1 11.7 8.5 6.5 
4.9 4.4 4.8 
2.3 2.1 1.7 

l=L. Now we can estimate diameters, 2 r,  of the "effective capillary 
tubes". The values are given in table 17 for the Pyrex cells. This 
diameter can be compared with a grain-size parameter, d, chosen as 
the mean of t he openings of the two sieves between which the fraction 
was collected. The ratio 2 r/d is given in the table. It is close to 40 per 
cent and perhaps slightly higher for columns with coarse grains than 
for fine-grain ones. We can compare this result with the ratio 0.33 
found by BREWER and MADORSKY [B 2] between the diameters of t he 
straight capillary and of th e glass beads. Our ratio is somewhat higher, 
perhaps because there is more free space in our columns. 

Another method to study the permeability is to measure the time 
for a certain volume of air to pass through the packing [K 16]. 

It might be of some interest to estimate the total surface of the 
grains in a column. The reasonable assumption that the distribution of 
the shapes of the grains is the same for all fractions, gives that the 
surface is about twice as large for DIN 50 — 60 as for DIN 24—30, as 
the ratio surface-volume is inverse proportional to a parameter of 



length, such as our d used above. For the latter fraction we have found 
it to hold about 54000 grains/cm3. In an ordinary column (20 cm long, 
diam. 4 mm) there should be about 1.4-105 grains. If we assume the 
average surface of one grain to be 2.5-10~3 cm2, we get a total surface 
of 3.5-102 cm2. If we took the ruggedness of the grains in account, we 
should find higher values for the surface. The value we have found is, 
however, sufficient to give an idea of t he order of m agnitude. 

In some early trials with ZnCl2 w e worked without a stabilized oven 
temperature. We then found that the position of the ZnCl2/PbCl2 

boundary was sensitive to changes in oven temperature. This might 
have been due to changes in the viscosity of th e salts. 



C H A P T E R  I X  

Electro-osmosis in separation columns 

In the experiments with a boundary in the column we have usually 
noticed that this boundary is displaced somewhat towards the cathode 
from the position corresponding to a hydrostatic equilibrium [K 16]. 
When working with only one salt, there is an analogous tendency for 
the melt to rise in the cathode compartment, specially pronounced 
when using fine-grain columns and high current densities. These 
observations can to a certain extent be explained by a Poiseuille-flow 
of t he melt through the column, as discussed in the preceding chapter, 
but it seems very likely that electro-osmosis is of importance, perhaps 
often the dominating factor. Before recapitulating some observations, 
it should be emphasized that all estimations of the contribution from 
the Poiseuille-flow are very uncertain, as the viscosity of molten salts 
varies so strongly with the temperature (e.g. for LiN03 0.05 poise at 
300°C and 0.035 at 360°C [D 2]), and the generated heat gives both 
axial and radial temperature gradients in the separation columns. 
Also the contribution from electro-osmosis is temperature dependent, 
as will be discussed below. 

In a number of LiN03 trials we had DIN 50 — 60 grains in the column. 
The volume of salt in the anode compartment was to be kept small 
during the whole run. Hence, the experiment was very sensitive to 
changes in the level of the melt. The usual observation was that after 
a few hours the level had sunk so much, that the contact between anode 
and melt was broken. If we sucked with a water jet pump, we could 
of course get the melt up to the original height, but it started to sink 
again as soon as the current was switched on. The only thing to do was 
to increase the pressure on the cathode side, either by filling more 
LiN03 in the cathode compartment or by keeping different gas pres
sure in the two compartments, cf. [L 2], It seemed as if the equilibrium 
was "meta-stable", as the level could stay fairly stable for hours before 
sinking. After the pressure was increased, the level was again stable 



61 

about in the old position for a while before it started to sink again. 
(It could happen too, that the level suddenly started to rise in the anode 
compartment, but this was rare). This effect often determined for how 
long time we could keep a run going. In one trial we stopped after 29 
hours, when we had a pressure difference of about 23 g/cm2, while in 
the run LiN03 C we had 32 g/cm2 after 48 hours. In the latter run we 
expected the contribution from the Poiseuille-flow to be something 
like 9 g/cm2. It is worth mentioning that there was no appreciable 
increase in (electrical) resistance coinciding with the displacement of 
the salt, as could be expected if th e effect was caused by a large part of 
the column being blocked by gas inclusions. 

In other LiN03 trials, among them the runs A, B and D [L 2], we 
had grains of the size DIN 24—30. With current densities of the order 
of 1 A/cm2 the levels were perfectly stable and equally high in both 
compartments. With higher current densities (LiN03 D 4.5 A/cm2) 
it could happen that the level sunk at the anode, but it was brought 
back by a gentle increase in pressure on the cathode side. This excess 
of pressure was removed as soon as the level was correct. Thus in this 
run we had stable conditions without even the pressure difference of 
about 3.5 g/cm2 expected from the Poiseuille-flow measurements with 
water. 

Another experiment where we followed the levels at the electrodes 
carefully was in the runs with LiBr and LiCl in the column, see p. 34. 
We then had DIN 24 — 30 Supremax powder in the column. The 
current densities were about 6 A/cm2, and the temperature was about 
610°C. There was a pronounced tendency for the level to rise at the 
cathode. In the 24-hour run we measured a pressure difference of 13.5 
g/cm2 and in the 8-hour run 5 g/cm2. We have not made any estima
tions of the contribution from Poiseuille-flow here because the com
position of the melt changed gradually in the column. 

In an earlier paper [L 2] we considered the transport of t he melt to 
the cathode compartment to depend additively on Poiseuille-flow, 
electro-osmosis and self-transport ("Selbstüberführung"). Representing 
the column by a bundle of N capillaries we get the increase in volume 
per unit time 

-\-aE -\- ßE (27) 

The notation is the same as in the preceding chapter, except for the 
difference in pressure: Ap— 981 • h. E is the electrical field-strength in 
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the melt, a  and ß  are coefficients of electro-osmosis and self-transport. 
The former is not known for molten salts. It is likely that this coefficient 
is temperature dependent, cf. [F 2 a], ß is given by the relation [L 2]. 

where U+ =transport number, cf. p. 83, x=conductivity of t he melt, 
F=Faraday's constant, 2=valency and c—moles per cm3. (In our 
earlier paper [L 2] we assumed that £/+ = !. DUKE and LAITY [ D 3] 
have found U+ — 0.85 for LiN03). 

In equilibrium we have W=0, i.e. 

where I is the current. N - r 4 is the cell-constant which can be deter
mined according to the previous chapter. A y should thus be inverse 
proportional to r2 for the same temperature, length of column and 
field-strength. The introductory review of the observed level-differen
ces is not in good agreement with the equation (29), although it must 
be remembered that several parameters are temperature dependent 
and that the values for r, the effective radius of the capillaries, are 
very uncertain. The discrepancies might depend on a change in the 
"cell-constant" N-r* (cf. [L 2]), but it is also possible that Poiseuille's 
law does not hold exactly for our columns. The validity of this law is 
assumed in all treatments of electro-osmosis and related phenomena 
[F 2 b], Some deviations have been observed in certain cases, but it is 
doubtful whether they can be extended to cover our problem. 

ß— U + x / cFz  (28) 

(29) 



C H A P T E R  X  

Temperature distribution in the columns 

During a run heat is generated in the column over which we usually 
have more than 90 per cent of t he total voltage. When running with a 
stable current an equilibrium is soon reached, where we have both 
axial and radial temperature gradients in the column, giving the corre
sponding distributions of conductivity and viscosity. The axial tem
perature gradients are less pronounced when the column is surrounded 
by a melt, such as in most of t he "cation" runs, see fig. 2, p. 15, than 
when the column is directly surrounded by the air in the oven, such 
as in all the "anion" runs (fig. 1, p. 10). The reason is, of c ourse, the 
well known fact that the heat-transfer is much more effective from a 
solid (the outer wall of the column) to a liquid than to a gas. The tem
perature drop over the glass walls of the column can be estimated 
IS 6] to be of the order of 10 to 30°C for our runs. The radial tem
perature distribution in a normal column probably gives differences 
of the same order of magnitude between the central axis and the 
walls. 

It is sometimes possible to estimate an average temperature for the 
column from the decrease in cell-resistance usually observed during 
the first few minutes after the current has been switched on. This 
change is, however, often so rapid, that the readings are very uncertain 
for the moment of the start. Data from the ZnCl2 and PbBr2 runs 
indicate that the temperature was of the order of 100°C higher in the 
column than in the rest of the melt. It is very often observed that the 
column glows slightly in the dark, showing that the column is at a 
higher temperature than the rest of t he cell. This glow is usually fairly 
uniform except for a couple of cm at both ends. In trials where local 
overheating occurs frequently, such as when working with LiN03/ 
RbN03 boundaries, the spots are located by their glow. 

When we have a moving boundary between two salts with a big 
difference in conductivity, such as PbCl2 and ZnCl2, the temperature 
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in the column can be estimated by measuring the change in voltage 
connected with a certain displacement in the column [K 16]. 

For all runs except ZnCl2 and ZnCl2 the temperatures given in table 1 
are the oven temperatures measured with a thermocouple, cf. chapter 
V. The actual temperatures in the columns are 10 to 100° higher, 
depending on current density, conductivity of the salts and construction 
of the column. 



C H A P T E R  X I  

On the efficiency of the separation columns 

In this chapter we shall omit discussing the properties of other 
columns than those built as described in chapter VII. 

In chapter III we reviewed the theory behind our experiments, and 
derived a few equations by means of which the efficiency of our se
paration columns can be studied. We found that a certain desired 
enrichment will be achieved quicker, the smaller h, the length of a 
theoretical unit, is. WESTHAVER [W 2] has made a theoretical study of 
the factors determining h. He considered in particular the enrichment 
of 39K by countercurrent electromigration in aqueous solutions, but 
his conclusions have a more general validity, and we shall thus sum
marize a few of his results that might be of value for us when discussing 
our experiments. 

Under certain ideal conditions he finds A-values as small as 0.002 
cm, but he shows that even fairly small disturbances in the columns, 
such as channels, give values of h of the order of 1 cm or higher. 
Channelling both along the walls and in the core is very disastrous, 
even if th e diameter of a single continuous channel is only, say, five ti
mes the mean pore size, h increases if the packing contains gas bubbles. 

WESTHAVER states that if th ermal convections are to be reduced to 
negligible velocity, the mean pore radius should be 0.002 cm or less. 
None of our columns quite fulfil this condition, but we have not noticed 
any pronounced influence of gra in size. 

Finally we shall give a relation, that follows from WESTHAVER'S 

paper, between the coefficient of pure diffusion, D, and the effective 
coefficient D', covering also the convection remixing. See also [K 22], 

?/;2r2 

Z>' —D-F-0.02 —JY (30) 

This relation is valid if the countercurrent is an ordinary flow follo
wing POISEUILLE'S law. (Chapter VIII). If we choose W;=2-10~3 cm/ 

5 — Lundén. 
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sec, r= 1 • I0~2 cm and D = 2-10~5 cm2/sec. we find that D' is 2 per cent 
higher than D. Such minor differences can be neglected when compared 
with the experimental error in the values our runs give for D'. 

We shall now see what information the experimental data give on 
the efficiency of the columns used in the runs which have been ana
lysed. For this purpose we need to know the distribution of the isotopes 
in the column during the run. There are, however, many complications, 
which make a straight-forward comparison between the analyses 
difficult. Several experiments have thus been made with elements 
consisting of more than two isotopes (K, Zn, Cd, Pb) and the theory has 
not been worked out for the general polyisotopic mixture. (Chapter 
III). Of course, when all but two of th e isotopes are so rare that their 
presence can be neglected, the problem is reduced to the binary case. 
This holds for K but not for Zn, Cd and Pb. 

Our experimental material consists only of t he abundances, amount 
of sa lt and lengths of sever al samples. We must remember that these 
samples have been prepared by cutting the cold column into pieces, 
which means that they do not necessarily represent the actual state in 
this part of the column at the end of the run. Volume contraction 
when the salt solidifies and while the apparatus cools d own to room 
temperature can sometimes give considerable dislocations in the co
lumn. This was very obvious in the runs with an end volume (LiN03, 
KNO3), when the level in the anode compartment sunk markedly. 
Looking at e.g. the run LiN03 D, we find nearly the same abundances 
for the samples 0, 1, 2, and 3 reaching some 6 or 7 cm down in the 
column. The most probable explanation for such a distribution is that 
most of th e salt in these samples comes from the end volume. 

The displacement during the cooling-down can be expected to be 
larger the higher the operating temperature was above the melting 
point of t he salts. If there is a big d ifference in the melting point for 
different components, there is always a risk that the low-melting sub
stance fills out pores in the already solid partner. We noticed this very 
clearly in a PbCl2 trial, where we had the boundary between metal 
and salt a few cm up in the column. At a temperature of perhaps 350°C 
the black molten lead suddenly shot upwards through the part of th e 
column filled with solidified PbCl2. 

When shutting down we have often made effort to cool certain parts 
of the cell fi rst, e.g. by blowing air at one critical spot, in order to 
prevent a salt exchange between the column and the rest of th e cell. 

By applying equation (4) to the experimental data we get the jn 
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values for the different samples (tables 2—13), and if we plot fn 

against x (cm or mg salt) we get a step-like curve from which we 
want to deduce the real distribution curve to get fmax (for £=0) and 
Xmax (f°r /=0), see equations (15) and (17). The xmax values are deter
mined graphically and given in table I. The error in xmax can in most 
cases be estimated to be about one cm. For LiN03 C and D, however, 
the values are much more uncertain. The first samples (C:0 — 3 and 
D:0 — 3) all have nearly the same composition and are thus considered 
as the "end volume" (cf. above). The lengths xmax are thus here measu
red about from the boundary between the samples numbered 3 and 4. 
These xmax values are thus more to be considered as a lower limit for 
the length of the enrichment; to get the upper limit we should add 
about 6 cm to the given values. It must be emphasized that we can 
expect higher xmax values for LiN03 C and D than for most other ex
periments because of the occasional displacements of the salt in the 
column during these runs (cf. [L 2] and chapter IX). 

When two runs are to be compared it is better to use the time inde
pendent quantity //instead of xmax (cf. eq. 17). 

Estimating f m a x  is a more arbitrary procedure than for xmax. A plot of 
/ versus x gives a surface between the step-curve and the abscissa 
which is to be put equal to the surface under the real / (x) -curve. If 
we start with KLEMM'S ap proximation [K 20, K 22] with a straight 
line through fmax and xmax, we find for nearly all our runs fmax values 
lower than the actual jx values, which does not seem plausible. We can 
next try KLEMM'S theo retical curve for the case where one isotope is 
rare; eq. (12). If we let this curve leave its asymptote,the abscissa, at 
the end of th e last enriched sample we get 

4 £7 N  f / n n / Q i \ 
,max~Vn ?Nn K ' 

The values obtained are often lower than f v  although they fit very well 
for some runs. Of c ourse higher values are obtained if we let the same 
curve start at the xmaa.-value determined graphically. 

We have also tried the extreme approximation of a parabola fitted 
to fmax and the end of the last sample (vertex in one of these two points). 
Then we get 

F i  N  i =O^J_n_n /09\ 
! max 2JN \ / 

which gives values fitting for some of t he runs! 
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The calculated value that has given the best value for most runs 
represents a straight line through the middle of the two first samples, 
i.e. 

/„«=/,+ jy^V(/l-/ 2) (33) 

We have compared the /max-values calculated in the different ways 
with plausible values extrapolated from graphical plots. Afterwards 
we have made a somewhat arbitrary choice of a "best" value. The 
results are given in table 1. Perhaps it is fair to consider these values 
to be correct within some 10 to 20 per cent. 

Finally we have divided x m a x  by f m a x  to get h (eq. 5, p. 26) the length 
of one theoretical unit, a quantity that can be expected to be of value 
for a comparison of dif ferent columns. 

Let us look at the values for D' and h and see what general con
clusions we can draw in spite of the big experimental errors in our 
values. These errors are much larger than the deviations we should 
expect between the different ideal values. (h being dependent of t ime 
and of in itial isotopic composition; D for each salt being temperature 
dependent). 

In this comparison we shall neglect the values for LiBr, as the presence of 
both LiBr and PbBr2 in each sample from this run indicates that the boundary 
was moving in the column, thus giving a certain mixing. Such an assumption is 
supported by the fluctuations in voltage during the run and by the fact that there 
was a crack in the cathode compartment through which LiBr leaked out during 
the last hours of the run. There is no reason to believe that enriched salt was 
lost from the column due to this leak, as the three upper samples (6, 7 and 8, 
see table 13) had the normal 7Li/6Li ratio. The fact that the h and D' values are 
doubtful, does not reduce the weight of the mass effect iti a comparison with 
other //-values. (Chapter XV). 

The temperature during the run does not seem to have any marked 
influence 011 the performance of the columns, cf. e.g. PbCl2 A and B or 
PbCl2 and PbBr2, both pairs differing 100°C or more in temperature 
but with nearly the same values for h and D'. Nor does the initial 
abundance of the isotopes, cf. PbCl2 and PbBr2, or the number of 
isotopes, cf. ZnCl2 and CuCl B or ZnBr2 and CuCl A, show up in h, which 
is in agreement with our argument on p. 29, that the runs have not 
been long enough to show a large effect of t he initial composition in 
the separation factors (Ç). 

Turning our interest to the effect of t he packings, we find that the 
grain size do es not have any strong influence (compare e.g. LiN03 C 
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and D), but when we compare the packing materials we find a marked 
difference, as all the columns packed with Supremax or Pyrex glass 
have theoretical plate heights (h) not exceeding 0.05 cm, while this 
height is at least 0.09 cm for the quartz-filled columns. This division 
in two groups of h-values according to packing material is so marked, 
that there is reason to believe it to be significant. (This is the only 
marked difference between pairs such as ZnCl2—ZnBr2 and the two 
CuCl runs). This result is somewhat surprising, as the packing material 
is not expected to take part in any reaction causing the isotope effect 
observed in the experiments. There is no difference in free space for 
the two types of packings. The only divergence is that we have the 
quartz packings in tubes of Supremax glass, thus having a different 
thermal expansion for wall and packing in this case. The tubes are 
packed at room temperature (and the free space is also measured at 
room temperature after the run) and when heating several hundred 
degrees we get a tendency for wall channelling for the quartz, but not 
for the Supremax (or Pyrex) packings. Such a channelling has disast
rous effects on the theoretical plate height, according to WESTHAVER 

[W 2], see p. 65. An estimation of the plausibility of channelling can 
be made by calculating the distance between wall and quartz packing, 
if the latter is assumed to form a rigid structure independent of the 
existence of t he wall; this assumption is, of co urse, not at all valid, but 
it represents the worst possible case of symmetrical channelling. At 
room temperature the wall and the "packing lattice" have the same 
radius, say 2 mm. After heating by 500°C the distance between wall 
and lattice will be 0.003 mm. (Thermal expansion coefficients taken as 
33-10~7 for the glass and 5.46-10~7 for the quartz. [H 4]). This channel 
width is one order of magnitude less than the effective diameter of the 
capillaries for our most fine-grained packings, see table 17. Of course 
in practice the outer grains follow the expansion of the wall, and we 
do not get anything like a symmetrical wall channel, but still there 
might be some reason to believe that the difference in thermal expan
sion can have caused the observed higher Ä-values for the quartz 
packings. If the observed difference between quartz and glass packings 
is caused by wall channelling, we would expect the length of t he theo
retical unit to increase with temperature for the quartz packings, but 
no such temperature effect has been observed. We have only one run 
(T1C1) wit h an A1203 packing in our series. The theoretical plate height 
is here the same as for Supremax (PbCl2) and Pyrex (PbBr2) packings. 
A comparison of thermal expansions (Volume expansion coefficient 
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75- 10~7 for A1203 between 20 and 600°C [L 11 a]) shows that wall 
channelling is negligib le for A1203 packings. 

There is a big spread in the effective coefficients of diffusion, D'. 
We always expect them to be higher than the coefficients of pure 
self-diffusion, I). The latter are only known for a few melts. Thus for 
PbCl2 HEVESY [H 5] found D+ = 1.7 cm2/day at 575°C. For T1C1 
BERNE and KLEMM [B 7] found £>+ = 3.25 cm2/day at 492°C and 
HERE and KLEMM [H 6] found D~= 4.57 cm2/day at 550°C. W e see 
from table 1 that some of the D' values are close to these directly 
measured coefficients, while other values in table 1 are higher, 
indicating that there were disturbances in the column during the run 
(or that the salt in the column mixed during the cooling down). 



C H A P T E R  X I I  

Disturbances caused by gas bubbles and local 

overheating in the columns 

If gas is trapped in the column during the filling of the melts into 
the cell, this can cause a local overheating of part of the column, 
because the whole current is then conducted through only a few pores 
in the packing. The boiling point of the melt can be reached in this 
part of th e packing, giving still more gas and a more effective blocking. 
Of course the volume of the occluded gas increases with temperature, 
which also makes the blocking worse. If the temperature gets high 
enough, the packing material starts to melt, which can give a perma
nent blocking of many pores. The walls of the column can also be 
deformed by the heat. The most dangerous effect of the overheating 
is that the gas may block the column completely, giving the full 
voltage of the DC-supply across a very short distance. This causes 
sparks which the column cannot stand for a long time without being 
wrecked, e.g. by a puncture in the walls through which the melt can 
leak out. 

The risk for the most disastrous results of overheating can be re
duced by introducing a resistance in parallel with the cell, thus reduc
ing the rise in voltage over the blocked part of the column. See 
chapter V and fig. 5. 

The blocking by gas often occurs in or just beneath the fritted glass 
discs, because gas bubbles rising through the column often cannot 
pass through the disc. The temperature in a vertical column is highest 
a few cm under the top, where we thus can expect gas to evolve first, 
if t he cause is thermal decomposition or boiling. Another critical spot 
is at the boundary between two salts in the column. 

Evolution of gas has caused special trouble in trials with a boundary 
between two nitrates. If we compare LiN03 and RbN03 at e.g. 370°C, 
we find that the former salt has a nearly three times better conducti
vity (1.43 cm-1 con 0.55 cm-1) and a somewhat lower density 
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(1.7 con 2.4 g/cm2). Hence, the conditions for having a sharp boundary 
between the two salts should be fulfilled in a system — LiN03/RbN03-|-. 
Nevertheless in all our trials with this system the chemical analysis has 
shown that the two salts had mixed throughout the whole cell after a 
few days run. The percentage of RbN03 in the samples from 4 runs is 
given in table 19. Sample 1 comes from the cathode compartment 
and the sample with the highest number from the anode compartment. 
The total amount of sa lt was determined by weighing the glass before 
and after the salt was dissolved. The rubidium was determined as 
RbC104. In most samples the lithium was determined both indirectly, 
as the difference between the total amount and the RbN03, and 
directly by weighing LiC104 after the separation from the RbC104. 
The latter salt is insoluble in 99.5 % alcohol. All the cells were packed 
with quartz of th e DIN 24—30 grain size. 

The first trials at 1 A/cm2 worked fairly smoothly. It was supposed 
that the lack of a sharp boundary in these runs was due to the current 
density being too low. For this reason higher current densities were 
tried in several runs. They were all disturbed by gas occasionally 

Table 19. Analysis of 3 trials with the system — LiN03/RbN03 — 
(Figures in brackets are estimated). 

Run A B C D 

Time hours 169 193.5 116.4 106.8 

Current 
density, A/cm2 1 1 3.6 3.5 

Sample RbN03 weight per cent 

1 28.4 35.4 (14) (1) 
2 65.0 57.7 14.2 2.0 
3 72.7 57.2 50.9 25.0 
4 79.1 78.5 65.9 70.3 
5 82.2 80.9 79.1 73.8 
6 93.3 85.3 83.5 73.4 
7 98.5 89.7 83.6 74.1 
8 (83.7) 79.3 
9 83.9 83.6 

10 84.2 87.3 
11 (84) 
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evolving from the column, which was bent in the same way as shown 
in fig. 4. The resistance in the melt fluctuated with the evolution of 
gas. Different parts of the columns showed a tendency to glow because 
of overheating. 

It was thus definitely worse to run a trial with two nitrates than 
with only one melt (LiN03, KN03). The reason for the trouble is obvio
usly the fact that thermal dissociation sets in at a lower temperature 
for a binary mixture of two nitrates than for the pure salts. CENTNER-

SZWER [C 4] has studied the systems LiN03—KN03 and LiN03— 
CsN03, which both have a minimum in dissociation temperature at 
about 430°C, 30° lower than for pure LiN03. 

Molten AgN03 has a good conductivity, about the same as LiN03. 
The melting point is 212°C, and thermal dissociation sets in at 291°C 
(755 mm Hg) [C 3], Thus it should be possible to enrich silver isotopes 
in molten AgN03, although much care must be taken to avoid local 
overheating in the column. 



C H A P T E R  X I I I  

The mass analysis 

The mass analysis has been performed in several laboratories. The 
results are given in the tables 2—13. The errors claimed are usually 
standard deviations (KN03, LiBr) or at the 95 % confidence level 
(LiN03, PrBr2). For elements with more than two isotopes, the 
primary values have been adjusted according to a method described in 
the ZnBr2 paper [K 17]. The principle is that the precision of each 
measurement is roughly proportional to the abundance of t he isotope. 

The analyses have been done either with a mass spectrometer 
(ZnCl2, ZnBr2, PbCl2, KN03, Pblir2, LiBr) or by neutron activation 
(CuCl, LiN03, PbCl2, PbBr2, T1C1, ZnCl 2). All the latter were pure rela
tive measurements where both a normal sample and the unknown 
sample were irradiated under the same conditions. The abundances 
for the normal samples were taken from recent nuclear tables, except 
for PbBr2 where the abundances were measured by mass spectro
meter as well as by two activation methods. This experiment shows 
that the results of the different methods are in agreement with each 
other. The 8°mBr a nd 37C1 activations (PbCl2, T1C1, ZnC l2) were done 
by irradiating with slow neutrons from an H.T. set; for techniques see 
[K 18] and [C 1]. The 82Br activity was produced in a large graphite 
modulated pile (Harwell) while the 64Cu was activated in a small 
heavy water modulated pile (Kjeller, Norway) |L 5]. A comparison of 
the precisions in these two measurements with pile activated samples 
shows the importance of having homogeneous neutron fluxes at the 
position of t he samples. Large graphite modulated piles are superior to 
small heavy water ones for mass analysis purposes. The LiN03 activa
tion was done by a method developed by Wänke and Monse [W 3], 
The accuracy of this method has been checked by mass spectrometer 
measurements by Cameron [C 5]. 

Concerning the analysis with mass spectrometers, the normal 
values given for ZnCl2 and ZnBr2 are nuclear table values, in good 
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agreement with the abundances measured for samples from the far 
end of t he separation column, while the normal abundances for PbCl2 

A and B, LiBr and KN03 were measured on samples of the salt used 
in the actual run. (The slight deviations between the normal values of 
the two lead runs can be caused by the fact that PbCl2 from two dif
ferent firms was mixed in one of the runs while PbCl2 from only one 
of the se firms was used in the other run). The standard used in the mass 
spectrometer measurement on PbBr2 came from another source than 
the salt used in the run; a careful investigation by CAMERON and 
LIPPERT [C 6] has, however, shown no significant difference in the 
isotopic composition of b romine in nature. For discussion of th e errors 
in the measurements with the mass spectrometers see the individual 
papers [K 16, K 17, L 3, C 1, L 4, L 7]. 



C H A P T E R  X I V  

The accuracy of the determined mass effects 

Before drawing any conclusions from a comparison of the mass 
effects calculated from the experimental data of th e individual runs, 
it is necessary to estimate how accurate the results obtained by means 
of eq uation (23) are. 

Aw\ PN "N\FN 
<2-ia) 

with 

n = 2 n <  <;i4> 

1  =  1  

n n 

iN=^Ni
iXi, *N=^Ni

hxi (35) 
i =  1  i =  1  

The notation is the same as in chapter III except for the indices. The 
superscript to the left indicates the isotope, the subscript to the right 
is the number of the sample and the superscript "o" to the right indi
cates initial conditions. jx{ is the abundance of the isotope j in the sample 
i. In the ordinary way we can obtain the total relative error by adding 
t h e  r e l a t i ve  e r r o r s  i n  t h e  t h r e e  f ac t o r s  ( j N / i N 0  —  k N / k N ° ) ,  N  a n d  L .  
The two latter errors are easier to estimate than the first one. 

The error in N  is determined by the accuracy of th e chemical ana
lysis of t he samples; eq. (34). This of course depe nds on the analytical 
method used, for which a brief desc ription is given in the special publi
cations. Very often the amount of one salt in a sample has been 
determined by two independent methods, e.g. gravimetrically (weigh
ing AgCl, PbS04, etc.) and by weighing th e sample both before a nd 
after the salt was dissolved. For examples of analy tical procedure see 
chapter II. The accuracy is often much better than one per cent, but 
sometimes the errors in single samples have been considerably higher 
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for special reasons. In runs with end volumes there is always the risk 
that some salt has been lost by evaporation, cf. chapter XVI. 

On one occasion there was a certain risk that all the salt had not been reco
vered when the sample was soaked out. This was in the run LiN03 D, when the 
platinum anode was fused into a holder of lead glass, which did not at all stand 
the contact with condensed drops of LiN03. The remains of this holder were 
boiled with water to recover all the LiN03 for the sample D:0, but it is possible 
that some of the lithium had replaced sodium in the glass, see p. 32 and [S 1, 
S 2, S 3, C 2]. For non-hygroscopic salts the results of the differential weighing 
have usually been considered as the most accurate determination. 

The error in L comes from two sources. First there is the instrument 
error. When copper coulometers were used, the measured value must 
be considered as very accurate; for the other experiments the error is 
of the order of one per cent. (Cf. chapter V). A much larger source of 
error occurs in the runs where all the enriched samples contain more 
than one salt. The problem then arises how much of the current has 
been transported by each salt. This question is complicated by the 
fact that the conductivity of a salt mixture is not an additive quantity, 
cf. [L 5]. Lacking a better method we always estimated the effective 
quantity of electricity transported by each component as being 
proportional to the concentration and conductivity of the different 
salts. The corrected amounts of current might have errors of several 
per cent. Such corrections have been made for the following runs: 
C(1C12 [K 14], AgCl [F 1] and CuCl [L 5], 

There now remains the error in the expression in brackets. Each 
term is a sum of products, see eq. (35). Thus the total error depends 
on the accuracy of both the mass and the chemical analyses. The 
latter can usually be neglected because the individual Ni occur in 
both, nominator and denominator, their errors thus tending to vanish 
in the quotients. Besides, the result of the chemical analysis is often 
very accurate, see above. It is thus nearly always sufficient to consider 
the error in the mass analysis, the methods of which have been dis
cussed briefly in chapter XIII. (The errors quoted in the tables 2 — 13 
are not always calculated on the same confidence level). 

Let us first assume that we have only two isotopes j—a and k=b. 
Thus 

ax i
J

r
hx i=\) aN i+ bN i=N i  (36) 

The error 

A ax i— — Abx i=Ax i \  AaN i= — AbN i=N iAx i  (37) 
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Using the ordinary principles of error estimation, we introduce 

is the root-mean-square error. We have here made the assumption 
quoted as nr 2 below. We shall first treat the case where the error in 
x° can be neglected: Ax°<^Axi. The total error in the expression in 
brackets is 

(aN±A biV+z!\ / aN bN\_ A A Äx • N2  _ Ax 
1 ajyo bjyo J~ U^V° bN°)~ bjy°~~ajyo .  b^V"°—  a x° fc^o 

This simple relation gives a rapid estimation of the error in Aw/w, 
provided that certain conditions are fulfilled: 

1. There are only two isotopes, a condition that is fulfilled by all runs 
but ZnCl2, ZnBr2, CdCl2 and PbCl2, if we neglect the isotope 40K 
in the KN03 run. 

2. All the samples are of about the same size; if there is a big spread 
in the individual Ni and Axit the error given by (38) can be very 
inaccurate. In this case the can be introduced as weights for the 
corresponding (Ax^ thus giving 

For our purposes this refinement is hardly ever worth the effort. 
3. The error in the normal abundance has been neglected. For all our 

mass analyses by neutron irradiation, our ax i  are based on the ax° 
values given in tables on nuclear data. Thus equation (39) is valid for 
all the induced-activity measurements. For the mass spectrometer 
measurement on PbBr2 (table 8) the error in the standard can be 
neglected beside the errors in the samples. For the other runs 
analysed with a mass spectrometer we can derive a relation in the 
same way as (39) was worked out,  provided that aN ~ aN°, bN ~ bN° 
and that the Axi and Ax° are small. We then get the total error 

A = A aN=NAx 
where 

(38) 

(38a) 

(40) 

Ax° is assumed to be a positive quantity. 
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The absolute error given by (39) or (40) is independent of N ,  the 
total amount of sa lt in the enriched samples. This is, however, n ot 
the case with the relative error, because a given mass effect can either 
correspond to a high value for NfL and a low value for the expression 
in brackets, or the opposite. In the first case we have a weak abundance 
gradient in the column and a large relative error in the determined 
mass effect. The condition for ac curate measurements of mass effects 
is thus to work with high current densities and other column conditions 
that give short theoretical units, our h of equatio n (5) and of chapter 
XI. 

In nearly all r uns the contributions from N  and L  to the error in 
the mass effect are much smaller than what comes from the error in 
the mass analysis. Thus this analysis must be done as carefully as 
possible, i f th e aim of t he experiment is to determine the mass effect. 



C H A P T E R  X V  

Empirical and theoretical systematic relations 

between the determined mass effects 

When calculating the mass effect (eq. 24) from the determined 
Aw/w (eq. 23), we use the arithmetic mean m=^(wi+mfc). We should 
then also use the arithmetic mean \{Wj-\-w^), instead of the experi
mentally determined Aw/w, which is the physical mean (x^w^x^wk) 
/(Xj+Xx). (Subscripts as in chapter I II; x3= abundance of isotope j). 
The difference between these two mean velocities is, however, less 
than 1 per cent even for LiCl [K 13], and can thus be neglected in 
comparison with the experimental error in Aw/w. 

The reason for using the arithmetic means for m and w is that e.g. 
for electromigration in diluted solutions the mass effect is calculated 
independent of the isotopic composition [K 40], (The last figure in 
the mass effect given in table 20 for KN03 is one unit higher than the 
previously published value, 0.036 [L 3], which was calculated with 
m==39.10, instead of t he arithmetic mean 40). 

The mass effects calculated for the different runs are given in table 
20 for the cations (//+) and in table 21 for the anions (/vr). In the first 
table the mass effects for LiN03 and CuCl each are mean values from 
two runs, while the values for both PbCl2 runs are given because one 
(run A) concerns enriching the heavy and the other (B) the light iso
topes. (The used systems of melts were thus different, see chapter II, 
and the mass analyses were done in different laboratories. Hence, the 
two runs can be considered as more independent of each other than 
the different LiN03 or CuCl runs). The two LiCl runs quoted were 
made about 8 years apart with different arrangements and using dif
ferent methods of mass analysis, so that there is no reason to expect 
any systematical errors being common for these two runs. The mass 
effect for Agi (table 21) is not determined experimentally but calcula
ted from the fact that in the modification a-Agl the whole current is 
transported by the cations. Some of the mass effects are given with 
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Table 20. A comparison of h ow the measured mass effects for cations agree with 
two empirical formulae. 

Salt Mass effect 
-1JL + 

Confidence 
level 

% 

Mass effect 
expected from 

equation 
Refe
rence 

Salt Mass effect 
-1JL + 

Confidence 
level 

% 
(41) (42) 

Refe
rence 

LiCl 0.135 0.137 0.202 K 13 
LiCl 0.141 0.137 0.202 M 8 
Li Br 0.26 ±0.03 95 0.144 0.226 L 7 
IJNO3 0.050±0.013 95 L 2 
KNO3 0.037 ±0.006 95 L 3 
K+ (aqueous) 0.077 B 2 
CuCl 0.080 0.0809 0.0796 L 5 
Cu+ + (aqueous) 0.022 M 2 
ZnCl2 0.078 0.0799 0.0781 K 16 
ZnBr2 0.11 0.108 0.126 K 17 
AgCl 0.064± 0.006 0.0617 0.0540 F 1 
a-Agl (solid) 0.11 0.107 0.124 K 12 
C<1C12 0.067 0.0598 0.0523 K 14 
T1C1 0.040 0.0401 0.0318 K 15 
PbCl2 A 0.024 0.0397 0.0314 L 4 
PbCl2 B 0.024 0.0397 0.0314 L 4 

Table 21. The mass effects for chlorine and bromine. 

Salt 
Mass effect Confidence 

level 
°/ /o 

Ref. 

Cl- (aqueous) 0.037 M 1 
ZnCl2 0.043 ±0.003 95 L 6 
T1C1 0.086 H 1 
Pb€l 2  0.052 ±0.003 K 18 
PbBr2 0.044±0.001 95 C 1 
a-Agl (solid, calc.) 0 K 31 

errors estimated according to the previous chapter. The confidence 
levels are given when known. 

It is tempting to try to find systematic relations between all the 
known mass effects. We shall first look for empirical relations and 
then discuss their physical interpretation. After determining the mass 

6 — Lunden. 
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effects for LiCl, CdCl2 and T1C1, KLEMM [K 15] stated that the mass 
effect seemed to depend on the atomic weight. When also the effect 
for ZnCl2 was known, he worked out an empirical relation [K 26] for 
the chlorides, with which also the sole measured iodide, solid a-Agi, 
fitted in. KLEMM'S formula can be written1' 

"+=-°-i5(i+2T^r <4,) 
ra+ is the mass of the cation and m~ of the anion (Cl, Br, I). This for
mula was tested by the subsequent experiments, where the mass 
effects for ZnBr2, AgCl and CuCl gave agreements well within the 
experimental error. (The formula has never been claimed to be an 
"exact" relation, and real deviations of at least ten per cent should be 
allowed without questioning the validity of the formula). The only 
remarkable deviations have shown up for PbCl2 and LiBr. The mass 
effects calculated from eq. (41) are given in table 20. Since twice as 
many mass effects are known now as when KLEMM gave the formula 
(41), it is tempting to see if a "better" formula can be derived from 
the increased lot of information. If the mass effect for each salt is 
given the same weight (LiCl and PbCl2 are only counted once. The 
different accuracy of the values is neglected) a least-squares fit gives 
the formula: 

/ m+ \-1 
u+ = — 0.249 1+- (42) 
H \ ^ 0.843m-/ v ; 

The mass effects corresponding to this new formula are also given in 
table 20. We see that the new formula is not an improvement, since 
only the experimental values for LiBr and PbCl2 fit better with the 
new formula (42), and the values for CuCl and ZnCl2 f it about as well 
for both (41) and (42), while the remaining six values fall closer to eq. 
(41). 

The two mass effects measured in nitrates fall far below what has 
been found in the halides. If we summarize these two effects in the 
same way as in (41) and (42) we get 

/ w+\—1 

^+ = -0.054^1+—^ (43) 

It is obvious that the constants in this formula are very approximate, 
but certainly there is a marked difference between the mass effects for 

The superscripts + and — have been interchanged in fig. 5 of ref. [K 17]. 
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halides and nitrates. Some problems in connection with this fact will 
be discussed in chapter XVI.1' 

No attempt has been made to summarize the known mass effects 
for anions in molten halides, table 21. The large difference between 
the effects found in PbCl2 and T1C1 gives doubt as to the value of a ny 
such attempt. 

The atomic weights have always been used for m+ and mr in the 
formulae (41), (42), and (43). It is of course of no importance if e.g. 
arithmetic means are used instead, when the expected mass effect is 
estimated for a salt where no experimental determination has been 
made. The value of these formulae lies in the possibility to estimate 
the enrichment that can be expected in a planned experiment. Eq. (41 ) 
has thus been a valuable guide in all enrichment work carried out 
after KLEMM had proposed the formula. 

The mass effects derived from the published experiments with 
aqueous solutions are lower than those found for molten halides, but 
higher than the nitrate effects. There are, however, not experimental 
data enough for a general comparison between melts and aqeous solu
tions. 

KLEMM has given much effort to finding a physical interpretaion of 
the observed mass effects. Already in connection with the a-Agl 
experiments [K 12] he discussed the kinetics of ion migration from 
the point of view that the probability for an ion to change place in a 
lattice (or lattice-like structure) depends on the frequency with which 
the ion oscillates. KLEMM worked out these ideas to give a relation of 
the same form as the empirical eq. (41) between the mass effect and 
the masses m+ and mr. The first version [K 17] was later modified 
[K 31] to the following expression: 

ju=— ̂  • U • — (l-f-m/Jf)-1 (44) 
2 z 

U is the transport number ("Selbstüberführungszahl"), z is the total 
number of jumps (per unit time) the mobile ions make in a lattice-like 

1 ' Note added in proof: M. CHEMLA [C 14] has recently fractionated the lithium 
isotopes by electromigration in a zone of LiN03 on a strip of asbestos paper 
impregnated with a molten mixture of KN03 and NaN03. The ratio 7Li/6Liwas 
reduced from 11.5 to 5.0. The relative difference in velocity was estimated to 
3%, corresponding to a mass effect of -0.2 — about 4 times more than what 
we have found in our experiment with molten LiNOs. It is difficult to say if 
the accuracy of CHEMLA'S Zlw/w is great enough to confirm the existence of a 
real discrepancy between the mass effects measured in the two experiments. 
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structure. Of these jumps only z s  a re spontaneous, while the other 
jumps are induced by processes in the surrounding part of the lattice. 
Only the former are mass dependent, as they depend on the frequency 
of oscillation of the ion with mass m relative to the "surrounding" 
mass M. 

KLEMM has also studied the transport mechanism from the point 
of vie w of t hermodynamics of irre versible processes [K 27], He expres
ses the conductivity, the mass effect, fi+ and fx-, and the coefficient of 
self-diffusion, D+ and D~, as functions of rjk, the coefficient of fr iction 
be tween  the  componen ts  j  and  k .  

If we assume that z j z  in eq. (44) is a constant (at least to a first 
approximation), we can expect a formula of th e type (41) or (42) to be 
valid if U+, the transport number for the cations, does not vary much 
from salt to salt. Unfortunately this quantity is not known for most 
salts. The first measurements were reported in 1954 by DUKE and 
LAITY [D 4] for molten PbCl2. They have later continued their work 
on T1C1 [D 5] and the nitrates LiN03, NaN03 and KN03 [I) 3] (cf. 
chapter XVI). For the halides they have found 

PbCl2 U +  =  0.24 U ~ =  0.76 
T1C1 £7+= 0.51 C7-=0.49 

It is very interesting to compare the U +  ratio for these two salts 
with the ratio between the mass effects. Hence, fi+Pb//u + Tl=0.6 and 
U+pb/U+ 

Tl—0.5 This agreement is a support for the theory, but on 
the other hand we have for the anions (table 21) /jrpblf^rm—0-6 and 
U~pb/U~Ti—1.5, which is in contrast to what is expected from (44). It 
is obvious that the transport numbers must be determined for many 
more molten halides before a definite test of the theory can be made. 
It should be mentioned in this connection, that the transport numbers 
for most halides have been measured in the solid state by TUBANDT and 
coworkers [T 2], They found that nearly all uni-bivalent halides are 
pure anion conductors but that uni-univalent halides are predomi
nantly cation conductors, where the anion transport number becomes 
significant with increasing temperature. (For a review of ionic conduc
tance in solid salts see [J 2].) 

There is no indication from the experimental data that the mass 
effect is temperature dependent. The two runs with PbCl2 thus give 
the same result, although there was a difference of about 100°C in 
the operating temperature. This can be compared with the strong 
temperature dependence of the mass effect for electromigration in 
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molten metals (the Haeffner effect) [L 16], where the number of 
mobile ions increases strongly with temperature. 

The mass effect is proportional to the percentage of spontaneous 
jumps (eq. 44). The ratio zjz might be different in mixtures of s alts 
from in a pure melt, because in the mixture all the ions surrounding a 
"hole" in the "lattice" are not of the same element, and the tendency 
for induced jumps might be different for e.g. Li+ and Pb++ ions in a 
molten mixture of LiCl and PbCl2. When measuring the mass effect for 
LiCl KLEMM and coworkers [K 13] found that there was 2 molar per 
cent of KCl present as an impurity. The heavy isotope 41K had been 
enriched together with "Li. The mass effect for potassium was found 
to be —0.32, which is about three times more than what can be expec
ted for pure KCl (eq. 41). This extreme value has been explained by 
the ratio zjz being higher than usual for the diluted KCl. The fact 
that the conductivity for a molten binary mixture is not an additive 
quantity, cf. chapter XIV, makes the uncertainty higher for this mass 
effect than for the effects measured in pure melts. MONSE [M 8] has 
made a systematic investigation of the mass effect for LiCl in the 
binary mixture of LiCl and PbCl2. He has found the same mass effect 
(within experimental error) for the whole range from 10 to 100 volume 
per cent of LiCl. 



C H A P T E R  X V I  

Halides and nitrates — a comparison 

of physical properties 

As we have already seen, the measured mass effects for LiN03 and 
KNO3 far outside the systematics that seems to fit fairly well for 
all the halides investigated so far. The only systematic difference 
between the nitrate experiments on one hand and the work with the 
halides on the other hand, is that in the latter runs the enrichment was 
produced at a boundary between two salts in the separation column, 
while in the former runs we only worked with one salt and enriched 
the heavy isotope in the small anode compartment, from which a cer
tain amount of salt was lost by evaporation. We were always very care
ful to collect all the salt, that had condensed in the upper, cooler parts 
of t he apparatus. Let us consider the KN03-experiment [L 3], Assume 
that the mass effect was — 0.070, which would about satisfy the "halide 
rule" (eq. 41) with w+ = 39.1 and m~=15.5.1) A rough calculation 
shows that in order to achieve this mass effect, instead of t he observed 
value, we must assume that some 600 mg KN03 with the final isotopic 
composition of sample nr 1 (7.64 % 41K) have been lost by evaporation. 
It is obvious that we would have noticed if any such quantity had 
condensed in the upper part of the apparatus or passed 011 with the 
gas stream to the wash bottle with paraffin oil that the outgoing gas 
bubbled through. In the actual experiment we could collect only 13.8 
mg of condensed KN03 from the upper part of the anode compartment. 
In the experiments with LiN03 we collected the salt in the upper part 
of the anode compartment as special samples C:0 and D:0 [L2]. In the 

11 When applying eq. (41) to nitrates it can be discussed if m~ is to be taken 
as the mass of the whole nitrate ion or as the average mass of the oxygen and 
nitrogen atoms in this ion. In the former case the "vibrating unit" is the nitrate 
ion as a whole. The latter case, where each atom is a "vibrating unit", (m~ = 15.5, 
mean mass of the atoms) has been chosen here, since this case gives the lowest 
mass effects for the nitrates. 
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mass analysis we found for D:0 an isotope composition (6.05 per cent 
Li) between the normal value (7.4 per cent) and that of the most en
riched sample D:1 (5.70 per cent), which showed that the salt in this 
sample had been separated from the bulk volume at the anode gra
dually during the course of the run. In this special case the LiN03 

melt had violently attacked some lead-glass in the glass-tube holding 
the platinum anode. Some lithium might, of c ourse, have been lost by 
diffusion in the attacked glass, although the remains of the rod were 
crushed and boiled with water to recover all soluble salts (p. 77). 

Summarizing, we might say that although the measured mass 
effects might be systematically somewhat low because of loss of salt 
by evaporation, there is no reason to believe that such a process can 
explain the observed deviations between the nitrates and the halides. 

Before trying to find an explanation for the observed difference 
between the two groups of salts it might pay to look for other syste
matical deviations in physical properties. The equivalent conducti
vities [B 4] are given in table 22 for nearly all the salts in which mass 
effects have been measured so far. The third column gives the quantity 

V 
x  —, where x=conductivity and V / n — volume of one gram equivalent. 

The values are chosen close to the operating temperatures of the 
enrichment runs. The value for ZnCl2 falls so far out from the others, 
that we cannot consider the equivalent conductivity as a quantity 
for which there is a general difference between the two groups of sa lts. 
If we limit our comparison to the alkali halides and nitrates, we find 

Table 22. Equivalent, conductivities [B 4], 

Salt 
Melting 

point 
°C 

x-F/n 
Q-1 era2 eq_1 

LiN03 255 42.1 at 300° 

KNO3 334 37.2 » 355° 

LiCl 613 167 » 620° 

CuCl 422 96.3 » 533° 

ZnCl2 262 2.35 » 500° 

AgCl 453 126 » 600° 

CdCl2 568 55.8 » 623° 

PbCl2 501 42.0 » 508° 

T1C1 430 50.2 » 450° 
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the same systematical decrease in conductivity when we go f rom Li 
to Cs [L 11], while systematically the halides are the better conductors. 
This indicates that the halide ions are more mobile than the nitrate 
ions, which also is to be expected from the considerations below. It 
might be mentioned in this connection that AgN03 is as good a con
ductor as LiN03, while AgCl falls between LiCl an d NaCl. 

So far very few measurements have been done on transport numbers 
in pure fused salts. The following values for U + (transport number of 
the cation) have been measured by DUKE and LAITY [D 4] 

LiN03 0.85 ±0.04 [D 3] 
NaN03 0.74 ±0.02 [D 3] 
KNO3 0.62 ±0.02 [D 3] 
PbCl2 0.242±0.014 [I) 4] 
T1C1 0.51 [D 5] 

It is impossible to make definite conclusions without more experi
mental data, as the nitrates are measured for light and the halides for 
heavy elements, but there is some support for our assumption from 
the conductivities that the nitrate ions are less mobile than the halide 
ions. 

One obvious fact is that for LiN03 and KN03 the ratio between 
the mass effects (iu+Li/f^+k— 1.35) coincides within experimental error 
with the ratio between the transport numbers (U+

Li/U+
K—1.37). 

If we evaluate M and zjz (assuming these two quantities to be approxi
mately equal in the two salts) by inserting the experimental fi+ and 
U+ in eq. (44), we find that M (the mass of th e surrounding) is very 
great, and that about 12 per cent of th e jumps are spontaneous. This 
attempted estimation is of course very uncertain, and one must be 
very careful when drawing conclusions from the experimental data. 

Viscosity is another property that might be of interest for us. 
HARRAP and HEYMANN [H 7] have treated data for 2 nitrates (NaN03 

and KN03) and 6 halides (PbCl2, PbBr2, AgCl, Ag Br, CdCl2, CdBr2) 
when applying different theories of viscosity to ionic liquids. When 
considering the viscosity as a function of the specific volume they 
found a certain difference between the two groups of sa lts, which they 
ascribed to the large difference in effective size between the halide and 
nitrate ions. They, however, also found differences of ne arly the same 
order between the cadmium halides and the other salts, which is 
consistent with the assumption that the melts of th e cadmium halides 
contain autocomplexes. (The fact that the mass effect for CdCl2 [K 14] 
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follows the "halide rule" (eq. 41) does not support such an assump
tion). 

HARRAP and HEYMANN also compare for several salts thermo-
dynamical quantities, such as activation energy of viscosity, latent 
heat of fusion, work of cohesion, and energy of vaporization. There 
seems to be no systematic difference in the values given for halides on 
one side and nitrates on the other. FISCHMEISTER1' [F 3] compares the 
entropies of fusion for the halides (F, Cl, Br, I) and nitrates of Li, Na, 
K, Rb, Cs, Ag and Tl. Again it is impossible to find deviations between 
the two groups of salts as a whole, although there is support for the 
assumption that a certain amount of ag gregation or association occurs 
in the nitrate melts, which has earlier been postulated by DAVIS, 

ROGERS and UBBELOHDE [D 6], FISCHMEISTER [F 3] has also compared 
the increase in volume when melting for the alkali halides and nitrates. 
The values for KN03 and RbN03 are much smaller than for the corre
sponding halides. 

This brief comparison of different physical properties of t he molten 
salts is of course somewhat restricted by the lack of c omplete data on 
all the salts that interest us, but it does not seem to have shown any 
real systematic differences between halides and nitrates. We have 
found some evidence that ''aggregation" occurs in the latter, but why 
should this give such a difference in mass effect, when the assumed 
existence of autocomplexes in CdCl2, at least as strongly supported by 
the physical data, does not show up as a deviating mass effect. 

We can now turn our interest to "intra-molecular" properties. It 
might be interesting to compare the degree of covalency [P 2, C 7] for 
the two groups of s alts, but the existing data do not cover all salts of 
interest, and are not accurate enough [H 8, H 7] to be of real value 
for our discussion. 

It is a well known fact, cf. e.g. [S 7], that the structure of t he solid 
often remains to a certain extent in a melt. Thus BUES [B 8] has shown 
by Raman spectroscopy that molten ZnCl2 and CdCl2 keep much of 
the layer-structure of t he crystal. X-ray studies of other molten salts 
have given similar results; e.g. [L 17], Thus it might pay for us to 
compare the structures of the salts in the solid state [L 15], LiN03 and 
KNO3 both melt from a calcite-like structure. (This is also the case for 
NaN03, RbN03 and AgN03). FISCHMEISTER [F 3] argues from the 

11 I am much obliged to Dr. H. FISCHMEISTER for lending me his unpublished 
manuscripts [F 3] and [F 4]. 
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entropies of fu sion and the densities that we have this structure in all 
molten alkali nitrates, i.e. we have a CsCl -> NaCl transition coinciding 
with the melting of CsN03 and NH4N03 (also T1N03). If we reduce 
our interest to halides with measured mass effects we find several 
different types of structure in the solid state, thus LiCl, LiBr and 
AgCl are of th e NaCl type, T1C1 of th e CsCl type, CuCl of the ZnS type, 
ZnCl2, ZnBr2 and CdCl2 of t he CdCl2 type and PbCl2 and PbBr2 of t he 
PbCl2 type. All these halides can, in contrast to the nitrates, be joined 
in under the same *'{j.-rule", (eq. 41 or 42), although there is much more 
similarity e.g. between the calcite and the rock salt structures than 
between the latter and a layer structure of the CdCl2-type or a chain 
structure of the PbCl2-type. 

There is, however, one fact to be pointed out, which might be 
significant. The halide ions, consisting of one atom, have spherical 
symmetry, which is not the case with nitrate ions, where four atoms are 
in the same plane [L 15, P 2, W 4, F 4], It was earlier assumed, [W 4] 
that the nitrate ion could achieve spherical symmetry by rotation, but 
recent investigations have shown [F 5, F 4] that the spatial require
ments for free rotation are not satisfied in the nitrate crystals. Accor
ding to FISCHMEISTER [F 4] this is not the case even in the melts. The 
lack of spherical symmetry is a further support for our conclusion from 
conductivity data and transport numbers, that nitrate ions are less 
mobile than halide ions. 

Summing up this discussion, we have found no explanation why 
the ratio zjz in eq. (44) is more than twice as high in the halides as in 
the nitrates. We have found it difficult to point out systematic dif
ferences in other physical properties although there is the fundamental 
difference in the structure of the anions themselves. On the other hand 
we have found no reason why the mass effects should follow the same 
rule. The conclusion is that collecting further data on mass effects 
might be of v alue for the study of t he nature of ioni c melts. More data 
on transport numbers and self diffusion coefficients are also needed 
for the same purpose. 



CHAPTER XVII 

Review of isotope enrichment applied 

to certain elements 

Klemm's method has so far been used for enriching isotopes of ten 
elements, giving relative enrichments of at least about 10 per cent. 
(Separation factors at least ~ 1.01). It is of interest to make a com
parison with enrichments achieved by other methods. It can be 
appropriate to extend a review to cover also some elements where 
Klemm's method has not yet been tried, but where there is reason to 
believe that their light or heavy isotopes can be enriched with the 
present techniques, perhaps slightly modified e.g. for work at tem
peratures round 700° or 800°C. This survey does not claim to be com
plete, but we hope most work published up to the end of 1955 is covered. 
References on the enrichment of is otopes of o ther elements than those 
treated here can be found in the bibliography compiled by BEGUN and 
ALLEN [B 9]. It is to be observed that isotopes of all the elements 
treated here are now available commercially from the calutrons at 
Oak Ridge [K 32] and Harwell [A 5, A 6, D 7]. Reference to these 
sources shall not be repeated for each element.1' 

It might be pointed out that most investigators in the 1920-ies and 
30-ies used so crude methods for measuring the isotopic composition 
(by determining density of crystals, atomic weight, etc.), that they 
could not detect the minute enrichments that may have taken place 
in some of their experiments. Specially due to the great development 

11 It might be remarked, that a distinction between mass spectrographs, 
mass spectrometers and isotope separators always is somewhat arbitrary, as 
they all use electrostatic and magnetic fields to separate isotopes according to 
their masses; cf. [T 3]. Here we shall note only those investigations where the 
aim is said to be either producing pure isotopes for nuclear physics work or 
developing a separator unit for the production of pure isotopes. Concerning 
other work with mass spectrographs, reference must be given to monographs 
on this subject, e.g. [B 10, E 3]. 
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in mass spectrometry, it is now possible to detect very small changes in 
abundances. On the other hand there is reason for doubting the results 
of some work, specially where the enrichment claimed is very close to 
the experimental error. In some cases the results reported by different 
authors using similar methods are not in good agreement. We have, 
however, not attempted to examine the reviewed work critically, as 
a discussion of t his kind is beyond the scope of thi s review. Hence, the 
positive or negative results claimed in the original papers are always 
quoted without comment. 

In a few cases reference is given to papers that have not been avail
able for our study. When possible at least two abstracts of these papers, 
or other quotations of th e contents, have been studied. Still it is some
times possible that minor misunderstandings might occur where the 
second-hand sources are brief or even in contradiction with each other. 

Lithium 

7.4 % 6Li 92.6 % 'Li1' 

Very much effort has been spent on separating the isotopes of 
lithium, obviously because the great relative mass-difference (14.4 per 
cent) made such differences in the physical properties of the two iso
topes plausible, that measurable enrichments could be expected even 
after fairly simple manipulations. Lithium being the lightest metallic 
element also meant that its compounds were suitable for enrichment 
methods that cannot be applied to the two lighter elements hydrogen 
and helium. 

The first, unsuccessful, attempts reported were by diffusion in 
lithium salts [M 9], a method for which positive results were reported 
first in 1952 when RASCH [R 2] studied the diffusion of m etallic Li in 
molten Pb metal. He obtained a mass effect of — 0.47, or in other 
words the ratio of the coefficients of diffusion 6D/"D was very nearly 
1/7/67 

The methods to be tried next were both of electrolytic nature: 

11 The percentages given in the head of each section are taken from recent 
papers without special effort being paid to selecting the "correct" abundance in 
cases where there is a considerable deviation between the values given by 
different authors. When quoting the results of different enrichment experiments, 
the abundances stated in the papers will be given. The separation factors will 
also be calculated on these original figures. 
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electromigration in aqueous solutions [K 1, K 2, K 3], cf. chapter I, 
and electrolysis [K I, K 2, K 9, K 33, E 4, C 8, T 4, T 5, T 6, H 9, J 3].1' 

Concerning the latter method, solutions of different lithium salts 
were electrolyzed, mostly with mercury cathodes, from which the 
deposited lithium was extracted. Although the first of these experi
ments were unsuccessful [E 4, C 8], HOLLECK [H 9] could report in 
1938, that he had enriched the light isotope from 7.8 to 12.8 per cent 
(over all separation factor Q= 1.7; cf. eq. 2.) Further successful work 
with this method has been reported [J 3], 

Another early method that gave positive results was chromato
graphy (we shall not distinguish between pure chromatography and 
ion exchange processes in resins). TAYLOR an d UREY [T 4, T 5, T 6] 

showed in 1937 that 6Li was preferentially held by the resin in a 
zeolite column. Also later work with ion exchange has given positive 
results [D 8, G 4, G 5], but it seems that so far this method has not 
been as successful as expected, although GLUECKAUF, BARKER and 
KITT [G 4] reported that in one successful run the first drops of the 
eluted lithium salt contained as little as 0.5 per cent 6Li. The total en
riched quantity of "Li was about one tenth of what was expected from 
theory. 

LEWIS and MAC DONALD [L 18] were very successful with a counter-
current extraction process, utilizing the difference in distribution 
coefficients for the lithium isotopes when fine drops of lithium amalgam 
fell through a column filled with a solution of LiCl in C2H5OH or of 
LiBr in a C2H5OH-dioxane mixture. 6Li was enriched in the solution 
with an increase in abundance from 8 to 16.3 per cent (Q= 2.2). 

Other chemical exchange methods have been tried. An Austrian 
group [W 5] has enriched 7Li in Li2C03 by fractional crystallization, a 
method that was tried unsuccessfully already around 1923 [K 2]. 
An enrichment attempt by extraction of an aqueous solution of LiBr 
with methyl-amyl-alcohol was unsuccessful [T 4], UREY [U 2] has cal
culated equilibrium constants of so me chemical exchange reactions. 

Many other enrichment methods have been tried on lithium; thus 
there have been reported attempts by thermal diffusion in aqueous 
solutions [S 8] and by an electrogravitational method based on dif
ferences in mobility for cations in solution [M 10]. Among the methods 

11 We shall use the term (countercurrent) electromigration for processes 
where differences in ion velocities cause the enrichment, while the term electro
lysis will be reserved for methods where the enrichment is caused by the proces
ses at the electrodes (e.g. differences in discharge potentials). 
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suggested by different authors might be mentioned: distillation of 
liquid lithium metal, of LiH or of other compounds [Y 1], partition 
between molten Li and Na [Y 1] and solution of Li in liquid NH3 

[Y 1], 
HOLLECK [H 20] has shown in a statistical treatment of t he problem, 

that isotopic effects cannot be expected for lithium in the sedimentation 
of pa rticles even as small as of the colloidal size. 

It is probably no overstatement to say that among all the statistical 
methods applied so far, the greatest success has been achieved by 
electromigration in molten LiCl. After the first successful experiment 
[K 13] KLEMM has reported other work where the aim was to produce 
strongly enriched samples of either the light or heavy isotope [K 19, 
K 24]. In the latest experiment [K 24] 7Li was produced, where the 
abundance of 6Li was as low as between 0.1 and 0.01 per cent. Because 
of the smaller mass effect [L 2], LiN03 is not as suitable as LiCl for 
producing extreme enrichments. Work is in progress with counter-
current electromigration in aqueous solutions [C 9]. 

It remains to review the work with the electromagnetic method. 
In 1927 MORAND [MIL] developed a mass spectrometer with which 
he separated the lithium isotopes. He considered it possible to collect 
quantities of the order of 0.01 mg of 7Li. In 1934 the first experiments 
were reported, where the purpose was to produce separated isotopes and 
use them for nuclear physics research. This was done independently by 
OLIPHANT, SHIRE and CROWTHER [0 1] in England and SMYTHE, 

RUMBAUGH and WEST [S 9] in U.S.A. Many other successful separations 
have been reported over the last 20 years [R 3, Y 2, W 6, B 11, A 5]. 
More as a curiosity it might be mentioned in this connection, that an 
ion current of 2.7-10~8 A 7Li has been obtained by means of a radio-
frequency electric field [Y 3], 

Magnesium 

78.6 % 24Mg 10.1 % 25Mg 11.3 % 26Mg 

PILLEY [ PI] tried to separate the isotopes by electromigration of 
Mg2+ ions from an anode volume containing MgS04 into an agar-agar 
diaphragm with 0.5 n (NH4)2 S04. The expected enrichment could not 
be detected. MARTIN [M 12] has suggested for MgS04 a countercurrent 
electrochemical exchange process where the enrichment was due to 
the exchange reaction between Mg+ +aq-ions and undissociated MgS04-
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aq molecules. The first experiments with this method showed some 
enrichment of 26Mg [M 13, J 4] although not of the expected order, 
which was presumed to be caused by imperfections in the experimental 
arrangement. Further work is in progress with magnesium salts 
[M 13]. A successful enrichment of D20 by this method showed that a 
chemical exchange effect was of importance here [M 14], 

No attempts have been made so far to enrich magnesium isotopes 
by Klemm's method. From the general systematics (eq. 41) we can 
expect a mass effect of —0.11 for Mg in molten MgCl2. This melt has a 
suitable conductivity [B 4], although experimental difficulties might 
be expected from thermal decomposition when in contact with oxygen or 
water vapour [G 2], 

Early attempts to utilize differences in the discharge potentials in 
the electrolysis of solutions of magnesium salts have been reported 
[K 2]. Chemical methods have also been tried [N 4], The only successful 
enrichments so far have been made by the electromagnetical method. 
Magnesium isotopes have thus been separated both by the calutrons 
and by several smaller isotope separators [B 23, B 11, T 3, B 12, B 13, 
Z 1, A 7, E 5, N 1]. 

Chlorine 

75.4 % 35C1 24.6 % 37C1. 

Diffusion seems to be the method first tried for the enrichment of 
chlorine isotopes. HARKINS and coworkers [H 10, J 8] studied the 
diffusion of HCl gas through tubes of porous clay. The best result of 
these experiments was an increase in atomic weight of 0.055 for a 
heavy fraction and a decrease of 0.039 in a light fraction (Over-all 
separation factor $=1.30). A couple of unsuccessful experiments 
with diffusion of s alt solutions have been reported [M 9, V 1]. A "free 
diffusion'' method has been tried without success. [L 19]. 

In contrast to gas diffusion, thermal diffusion has proved to be a 
very successful method for separating the chlorine isotopes. This was 
evident already after the first reports by CLUSIUS and DICKEL in 1939 
[C 10]. Working with HCl gas, they produced a light fraction with 99.6 
per cent 35C1 and a heavy fraction with 99.4 per cent 37C1. Good separa
tions have also been reported from other laboratories working with 
HCl gas [A 8, S 10, K 34], Theoretical calculations have been carried 
out on the thermal separation ratio [B 25], the energy consumption 
[Sil] and the dimensions of units for large scale production [R 4], 
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Thermal diffusion has been used in the liquid phase by FOURNIER 
[F 6], working with CC14 and by ALEXANDER and DREYER [A 9] with 
C2HC13. It seems from the latter work as if th ermal diffusion is about as 
effective in a liquid as in a gas. 

A distillation method1' was tried already in 1921, when BRÖNSTED 
and HEVESY [B 14] partially evaporated a strong solution of HCl at 
about —50°C by which means 35C1 was slightly enriched in the conden
sed part of the HCl. Rectification has been tried for several liquids, 
such as Cl2 [G 6, D 9], CC14 [G 7, S 12, R 5, B 15], CHC13 [B 15] and 
CH2C12 [H 11, S 12] but, when achieved at all, only a slight shift in 
isotopic composition could be reported, the best result being found for 
CHCI3, where the isotopic ratio was shifted by amounts up to 12 % 
[B 15]. For a discussion of t he observed effect see [B 24], 

A so called diffusion-distillation process has been tried for the 
separation of the chlorine isotopes using o-dichlorobenzene [W 7], 

BEAMS and co-workers have applied their evaporative centrifuge 
method to CC14 [B 16] and C2H5C1 [A 10] for separating the chlorine 
isotopes. In their experiment with C2H5C1 the isotopic ratio in the 
first and last samples differed by 12 per cent. 

No isotope enrichment could be reported, from the first experiments 
with chemical exchange [N 2], but a slight enrichment of 35C1 in the 
liquid phase was obtained in a study of t he exchange between HCl-gas 
and HCl in H20 [U 1], The equilibrium constants of certain exchange 
reactions have been calculated [U 2], LANGVAD [L 20] has studied the 
isotope shift obtained by ion exchange chromatography. He obtained 
a small but significant fractionation of the isotopes. 

Fractional crystallization of s alts [O 2] and fractional desorption of 
HCl [S 13] have been attempted unsuccessfully for separating the 
chlorine isotopes. Some attempts have been made to enrich the chlorine 
isotopes by means of photochemical reactions [H 12, K 35, K 39], A 
slight enrichment was reported from the latter attempts [K 35, K 39]. 

Electrolysis of aqueous solutions (cf. note on p. 93) was first tried 
by KENDALL i n 1923 [K 1, K 2]. An investigation on residues from 
large-scale industrial electrolysis of NaCl and KCl [D 9] showed no 
effect exceeding the limits of error for the atomic weight determinations, 

X) The term distillation is used to cover two methods where the isotope 
effect depends on entirely different mechanisms. In the free evaporation 
method [B 14] the effect depends on the difference in rate of evaporation in 
vacuum, while in the fractional distillation (rectification) process the effect is 
caused by differences in the vapour pressure of the two compounds. 
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but YACOUBYAN [Y 4] found a slight but evident enrichment of 37C1 
in the residue (1/1400 of the initial volume) when electrolyzing a 
HCl—NaCl solution. JOHNSTON and HUTCHISON [J 5, H 13] found an 
isotopic effect when electrolyzing NaCl solutions with Pt-anodes. 

The early electromigration work was unsuccessful [K 1, K 2, K 3, 
P 1], but in the 1940-ies MADORSKY an d STRAUS [M 1] enriched 35C1 
from 75.76 to 80.7 per cent in the anode compartment of an electromi
gration cell with NaCl as the electrolyte in a 474 hours run. Successful 
enrichments of 35C1 have been carried out by electromigration in molten 
PbCl2 [K 18], T1C1 [H 1] and ZnCl2 [L 6]. HERZOG has produced T1C1 
with 98.4 per cent 35C1 (Ç=20) [H 1]. 

The chlorine isotopes have, of course, been separated electromagne-
tically, e.g. by collecting CuCl+ ions [C 11]. 

Summarizing, we find that very many processes have been investi
gated for effects that lead to an enrichment of one of the chlorine 
isotopes. The measured over-all separation factors have mostly been 
too moderate to encourage further work on a large scale. The best 
results have been obtained by thermal diffusion, by electromigration 
in molten salts and with mass separators. 

Potassium 

93.26 % 39K 0.011 % 40K 6.73 % 41K. 

The first successful separation was made electromagnetically in 1934 

by SMYTHE, RITMBAUGH an d WEST [S 9], They produced 1 mg 39K in 
7 hours. (See also [S 14].) The modern mass separators of t he calutron 
type have, of co urse, a much larger production rate [L 21], 

Among the statistical methods, fractional crystallization [K 2], ion 
exchange chromatography [T 5, T 6, D 8, E 7], chemical exchange 
[J 7] and distillation (free evaporation) [H 19] have been tried. Still 
other methods have been proposed [B 22]. HUTCHISON [H 14] has mea
sured the electrolytic separation coefficient for aqueous solutions of 
KCl at a flowing-Hg cathode. A team led by BREWER, MADORSKY and 
WESTHAVER [B 1, B 2, W 2] has studied countercurrent electromigra
tion in aqueous solutions of potassium salts. They succeeded in 
changing the abundance ratio (39K/41K) from normally 14.2 to 24 or 
to 9.1 when enriching 39K or 41K, respectively. The runs took about 500 
hours. Other work in aqueous solutions is in progress [C 9], Electro
migration in molten salts has also been tried successfully. KLEMM and 

7 — Lunden. 



98 

coworkers [K 13] found that the abundance ratio changed from 14.0 
to 11.3 in 48 hours for KCl present as an impurity in LiCl. No work 
has so far been done with pure molten potassium halides, but from 
the general systematics (eq. 41) we can expect a mass-effect of about 
— 0,098 for KCl. The only pure molten salt investigated so far is KN03 

[L 3] where the abundance ratio was decreased from 13.9 to 12.1 in 
145 hours. It might be of interest to mention that both 39K and 41K 
were enriched in the same experiment [L 22] when a direct current was 
passed through molten K-metal in capillary tubes. In 355 hours the 
41K abundance was changed to the extreme values 7.03 and 6.30 per 
cent. 

Calcium 

96.92 % 40Ca 0.64 % 42Ca 0.13 % 43Ca 
2.13 % 44Ca 0.003 % 46Ca 0.18 % 48Ca 

An enrichment effect has been reported for work with ion exchange 
[E 7, L 23]. No attempt has yet been made by electromigration in 
molten halides, but we can expect (eq. 41) a mass effect of t he order 
of —0.098 for CaCl2. 

The calcium isotopes have, of course, been separated electromagne-
tically. 

Copper 

68.94 % 63Cu 31.06 % 65Cu 

Isotope enrichment has been carried out by countercurrent electro-
migration in a solution of Cu2S04 [M 2] and in molten CuCl [L 5]. The 
light isotope was enriched in both cases, with an over-all separation 
factor of 1.02 in the solution and of 1.19 in the melt, although the 
melt was electrolyzed about 20 per cent of the time used for the solu
tion experiment. The isotopes have been separated electromagneti-
cally at several laboratories, cf. [M 17, W 8]. Another method that has 
been tried with success is diffusion. KLEMM [K 25] reached a separation 
factor of 1.055 for the diffusion of c opper ions into silver sulfide. 

Zinc 

48.89 % 64Zn 27.81 % 66Zn. 
4.07 % 67Zn 18.61 % 68Zn 0.62 % 70Zn 

A slight fractionation of the isotopes by distillation of the metal 
[E 6] was reported already in 1923. KORSCHING and WIRTZ [K 36] 
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have reported a certain fractioning of the zinc isotopes by thermal 
diffusion in a ZnS04 solution. The light isotopes have been enriched by 
electromigration in molten ZnCl2 [K 16] and ZnBr2 [K 17]. The isotopes 
have been separated electromagnetically in many laboratories [B 23, 
Z I, B 12, B 13, A 7, L 24]. 

Gallium 

60.2 % 69Ga 39.8 % 71Ga 

The isotopes have been enriched electromagnetically [B 17] and by 
sending a direct current through the molten metal [N 3]. It is doubtful 
whether Klemm's method can be applied without difficulties, because 
of t he tendency GaCl2 has to decompose thermally into GaCl3 and Ga 
[L 25, C 12, cf. G 3]. Only the bivalent chloride is a good conductor 
[G 3, H 15], 

CLUSIUS and HITZIG [C 12] have suggested that the gallium isotopes 
could be fractionated in the reaction between metallic gallium and 
Ag35Cl. 

Bromine 

50.4 % 79Br 49.6 % 81Br 

Isotope enrichment by fractional crystallization of NH4Br was 
tried in vain already in 1925 [R 6]. SHERR [S 15] obtained a slight sepa
ration of the isotopes when studying the diffusion of CH3Br gas in a 
set of mercury diffusion pumps, and HUMPHREYS [ H 16] studied the 
effect of a centrifugation of C 2H5Br. Electromigration in molten PbBr2 

gave an increase in the 79Br abundance to 56.5 per cent [C 1]. Two 
papers have been published on separation with the Oak Ridge calutrons 
[C 11, B 18]. The isotopes have also been separated in other separators, 
e.g. [K 37], Work is in progress with thermal diffusion [C 9], a method 
that has been studied theoretically [B 25]. The equilibrium constants 
of som e exchange reactions have been calculated [U 2], 

Rubidium 

72.8 % 85Rb 27.2 % 87Rb 

The occurrence of a natural radioactive isotope, 87Rb, has given a 
special interest to the problem of separating the isotopes. This was 

7 * — Lunden. 
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done electromagnetically already in 1937 by HEMMENDINGER and 
SMYTHE [ H 17] and by WALCHER [W 9]. It might be of interest to 
mention that separations have been made also with a pure electric 
mass filter [P 3, O 3], RAMIREZ [R 7] has enriched 85Rb from 72.7 to 
73.8 per cent by coimtercurrent electromigration for 200 hours in a 
RbOH solution. KLEMM'S m ethod has not been tried on the halides, 
where we can expect a mass effect of a bout —0.070 in RbCl. A study 
of e lectromigration in molten RbN03 is in progress [L 26], 

Strontium 

0.5 % 84Sr 9.8 % 86Sr 
7.0 % 87Sr 82.7 % 88Sr 

The only successful separations reported have been made electro
magnetically [B 19]. We can expect a mass effect of about —0.069 for 
electromigration in molten SrCl2. 

Silver 

51.9 % 107Ag 48.1 % 109Ag 

109Ag has been enriched in solid a-AgJ [K 11, K 12] and 107Ag in a 
AgCl-melt [F 1], both times by electromigration. A search for an iso
tope effect when electroplating silver on a rotating stainless-steel 
cathode was in vain [R 8]. The isotopes have been separated in quantity 
both by calutrons and smaller separators [W 10 a, W 11, M 17]. Also 
other methods have been tried [B 26], 

Cadmium 

1.2 % 106Cd 0.9 % 108Cd 12.4 % 110Cd 12.7 % mCd 
24.1 % 112Cd 12.3 % 113Cd 28.8 % 114Cd 7.6 % 116Cd 

The light isotopes have been enriched by electromigration in a 
CdCl2-melt [K 14], while an electroplating method [R 8] failed to give 
any separation. Distillation of the metal in high vacuum gave a nega
tive result [S 16]. Isotope separators have, of course, been used with 
success, cf. e.g. [B 13], 
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Indium 

4.2 % 113In 95.8 % 115In 

Enrichments have been made with isotope separators [B 20, M 15], 
and by sending a direct-current through the molten metal ("Haeffner 
effectv') [L 16], The existence of mono- di- and trivalent halides gives 
rise to complications if the isotopes are to be enriched by Klemm's 
method. 

Tin 

0.9 % 112Sn, 0.7 % 114Sn, 0.3 % 115Sn, 14.4 % 116Sn, 7.5 % 117Sn 
24.2 % 118Sn, 8.5 % 119Sn, 33.1 % 120Sn, 4.6 % 122Sn, 5.8 % 124Sn 

A diffusion-distillation method working with Sn(C2H5)4 has been 
tried [W 7], The isotopes have been separated electromagnetically in 
quantity, e.g. for superconductivity investigations [S 17, M 16, A 11], 

It is likely that Klemm's method can be used e.g. on SnCl2 in spite of 
the existence of t wo valencies. 

Tin isotopes have been enriched by sending a direct current through 
the molten metal ("'Haeffner effect") [K 40], 

Rare earths 

The separation of the rare earth elements is a problem that has 
challenged the chemists for about a century. This is not the place to 
review the work in this field, but a few words shall be spent on recent 
progress in developing good separation methods because of the simi
larity with isotope enrichment problems. SPEDDING, e .g. [S 18], and 
co-workers have had striking success with the ion exchange method, 
and WEAVER and co-workers at Oak Ridge have developed and app
lied a continous countercurrent extraction process to the preparation 
of un usual quantities of these elements [W 12], 

It is of interest to note that electromigration in aqueous solutions 
has given a more or less quantitative separation of some of the rare 
earth elements [K 4, K 5, K 8, K 9, C 13]. Electromigration in a molten 
mixture of the chlorides has not been tried, but data available on the 
conductivities of some chlorides [B 4] make it plausible that a good 
separation of at least some of the elements can be achieved in reaso
nable time. 
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The only successful enrichments of isotopes of rare earth elements 
have been made electromagnetically [K 32, A 6], The mass assignment 
of the natural activity of 147Sm can be mentioned as an example of 
such separations [W 13, K 38, L 27]. 

Thallium 

29.5 % 203T1 70.5 % 205T1 

The only statistical method with which success has been reported 
is electromigration in molten T1C1 [K 15]. The first electromagnetic 
separation was made by WALCHER [W 10, W 11]. 

Lead 

1.4 % 204Pb 25.1 % 206Pb 
21.1 % 207Pb 52.4 % 208Pb 

The possible identity of the chemical and physical properties of the 
lead isotopes was much discussed in the early days, when the existence 
of s table isotopes was discovered. 

Attempts were made to separate the lead isotopes by fractional 
crystallization of Pb(N03)2 [R 9], by centrifuging the molten metal 
[J 6], by distillation of P bCl2 [H 18] and metallic Pb [H 18, R 10] and 
by a chemical reaction (Grignard process) [D 10, B 27, R 10]. — No 
appreciable separation was achieved in these early investigations. 
Electromigration in molten PbCl2 has been used for enriching both 
the light and the heavy isotopes [L 4], Concerning separation in 

calutrons see [B 21]. 

Conclusions 

This review of work on the enrichment of the isotopes of some 15 
elements shows that electromigration in fused salts has proved to be, 
on the whole, perhaps the most successful of the statistical methods 
tried on elements which have halides with a good conductivity in the 

molten state. 



Summary 

A series of isotope enrichments by electromigration in molten salts 
lias been carried out during the last, years. The running conditions are 
summarized in table 1 and the enrichments achieved are given in 
tables 2—13. Practical details such as the arrangement of the electrical 
circuits and the construction of the separation columns are discussed. 
The number of theoretical plates has been calculated for all samples. 
A comparison of all the data shows that the length of a theoretical 
unit is about twice as great for columns packed with quartz as for those 
with glass, but this length seems to be fairly unaffected by other 
parameters, such as grain size of packing or temperature during the 
run. 

An attempt to reduce the necessary operating temperature by using 
salt mixtures in the column is described as well as trials of new cathode 
arrangements which, if suc cessful, could have increased the versatility 
of t he enrichment method. 

There is an obvious systematics in the mass effects for the cations 
in halide melts, in fair agreement with the model given by KLEMM. 
The cation mass effects are much smaller for nitrates than for halides. 
A review of o ther physical properties of these melts does not show any 
corresponding division between nitrates and halides. It is possible 
that the observed divergence has something to do with the fact 
that the nitrate ion is a polyatomic unit lacking spherical sym
metry. 

The last chapter gives a review of attempts by various methods to 
enrich isotopes of Li, Mg, Cl, K, Ca, Cu, Zn, Ga, Br, Rb, Sr, Ag, Cd, In, 
Sn, rare earths, Tl, and Pb. On the whole, electromigration in molten 
salts has proved to be a widely applicable method, useful for at least 
some 15 elements. 
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