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a proton is on the average the same as that from an empty region of the same 
size ; this shows that it is legitimate to smooth out the fields produced by the 
protons and to regard the protons as though they were a continuum. An 
important point in the argument is that it fails if the electrons have not a 
certain speed, and the failure leaves room for all those substances which obey 
the L formula. The conditions for the S formula are fulfilled in the ionosphere 
and in metals. The mixture of an L medium and an S medium is considered, 
and it is shown that the correct rule for the index is to add the S’s of the two 
media together. Finally the effects of “ collision damping ” are considered 
and previous results are confirmed.
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Elements
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Hitherto the widest gap in our knowledge of the isotopic constitution of the 
elements has been in that part of the Periodic Table containing the rare earths. 
A means of obtaining the mass rays of these substances was discovered 10 
years ago.* By this it was possible to demonstrate the simplicity of lanthanum 
and praseodymium and to obtain a provisional analysis of the complex elements 
cerium and neodymium. Beyond these the only positive result was a faint 
blurr which suggested that erbium was complex and it was decided to postpone 
further attempts until an instrument of higher resolving power was available.

When this was constructed*)* it was naturally first applied to the numerous 
problems which appeared to be of more fundamental importance so that the 
complete lack of information on elements 62 to 76 remained.

Of recent years such information has become more and more desirable. 
In order to interpret the hyperfine structure of rare earth spectra some rough 
data on their isotopic constitution was clearly necessary and in October last 
experiments on other matters were set aside and efforts were concentrated on 
applying the second mass spectrograph to the problem. This paper is an

* Aston, ‘ Phil. Mag.,’ vol. 47, p. 385 (1924); vol. 49, p. 1191 (1925). 
t  Aston, ‘ Proc. Roy. Soc.,’ A, vol. 115, p. 487 (1927).
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account of the methods adopted and the results obtained. It forms a con­
tinuation to previous communications the last of which dealt with lead.*

Isotopes of Rare Earth Elements 47

Experimental Arrangements

There was no hope of obtaining stable volatile compounds of the rare earths 
so that these could only be attacked by some method of anode rays. The 
ordinary apparatus for accelerated anode rays had already been successfully 
applied to the high resolution mass-spectrograph for certain alkali metals and 
alkaline earths which were particularly favourable! so that the first problem 
was how to improve the details of this device so as to increase the intensity of 
the rays produced and, if possible, to gain a little more insight into the mechan­
ism of the discharge. There is no need to detail the experiments made to this 
end which were troublesome, tedious, and on the whole disappointing. The 
form and composition of the anode, its position and that of the subsidiary 
cathode, the form of the accelerating field and numerous other factors were 
examined. Additional bulbs and electrodes were introduced and the pressure 
and intensity of the discharge varied over very wide limits. In the end it was 
concluded that the most hopeful arrangement was virtually the same as that 
originally adopted. A full description of this is available in the literature of 
the subject^ and it will only be necessary to mention two improvements.

The first of these consisted in the connection of a second bulb of about the 
same volume to the discharge bulb at a point remote from the cathode. This 
second bulb, which tended to steady the pressure, contained an electrode 
originally designed to act as an additional cathode. No particular advantage 
resulted from its use in this way, but it became valuable as a test anode to be 
used in place of the working anode while suitable conditions of pressure were 
being obtained in the discharge. The second and much more important 
improvement was obtained by the provision of a glass tube containing a small 
quantity of solid iodine the vapour of which was allowed to flow continually 
into the discharge through a fine leak. As it was impracticable to control 
the supply by an ordinary stopcock this reservoir was attached by a wax 
joint and either immersed in liquid air or removed altogether when not required. 
The glass leak was carefully chosen in the first place and the rate of flow could 
be controlled with the greatest convenience and delicacy by immersing the tube

* Aston, ‘ Proc. Roy. Soc.,’ A, vol. 140, p. 535 (1933).
t  Aston, ■ Proc. Roy. Soc.,’ A, vol. 134, p. 571 (1932).
X Aston, “ Mass-spectra and Isotopes,” p. 65 (1933).
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48 F. W. Aston

of iodine in a thermos bottle containing water at a suitable temperature. The 
discharge thus took place in pure iodine vapour at a pressure corresponding 
to a dark space of about 1 • 5 cm. There is no doubt that an atmosphere of a 
halogen is one of the most important factors in the production of anode rays, 
and the arrangement also virtually eliminated the risk of the discharge tube 
going suddenly hard. When the inflow had been adjusted to balance the 
natural loss through the cathode slit the discharge could be run with remarkable 
uniformity over long periods with little or no attention. As in the earlier 
work a salt of lithium was usually added to the anode mixture and if at the 
beginning of the run the bright red beam of its anode rays appeared one could 
be sure at least that the surface of the graphite was working properly.

As regards the main difficulty, namely, the concentration of the beam exactly 
in the right direction, this still appears almost entirely a matter of pure chance. 
The apparatus was set up as symmetrically as possible about the axis of the 
slits and a photograph of the lithium lines taken. If the intensity of these 
was judged unsatisfactory the apparatus was taken down and any small 
tentative adjustment which suggested itself was made. This procedure was 
repeated until a good setting was obtained which could then with reasonable 
care be used for a considerable time. Thus the first was obtained in the 
middle of November and yielded the mass spectra of six rare earths before the 
deposits on the neck of the discharge bulb necessitated dismantling. The 
second in January was not so good and after some weeks work during which 
results on thulium and dysprosium were obtained another overhaul was 
decided upon. This had the most fortunate results, the setting made on 
February 6, which at the time of writing is still serviceable, is the best so far 
experienced. With it the survey of the rare earths was completed and many 
other interesting analyses were made.*

With respect to the discharge itself attempts to use high intensities were 
soon abandoned as useless. A current of one milliampere was regarded as 
the upper limit. Fortunately owdng to the adoption of a high speed pump the 
vacuum in the slit system and camera was so excellent that unusually low 
energy rays could be employed. The potential applied to the deflecting 
plate was 160 volts corresponding to about 19 kilovolts in the accelerated 
beam. The discharges actually employed were surprisingly small. Satis­
factory effects were obtained with less than 0-5 milliampere with a primary 
current in the induction coil corresponding to 12 watts. These low values

* Aston, ‘ Nature,’ vol. 133, p. 684 (1934).
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Isotopes of Rare Earth Elements 49

were a great technical convenience as they allowed exposures of indefinite 
periods without the necessity of any cooling devices to protect the wax joints.

The only change in the mass-spectrograph related to the slits employed. 
Improved vacuum technique had rendered the use of large slits possible and 
as the object of the work was the revelation of as many isotopes as possible, 
rather than the measurement of their packing fractions, resolution was 
deliberately sacrificed to increase the intensity to the utmost possible useful 
limit. The slits were about 0 • 1 mm wide and made of steel. The resolution 
given was still ample for isotopes of the rare earths differing by two units, but 
where these occurred in a series differing by only one unit identification of 
faint isotopes was difficult and estimation of relative abundance rough.

For the purpose of discovery and identification of isotopes, as has already 
been emphasized, the method of accelerated anode rays is practically ideal. 
The freedom from any trace of lines ascribable to compounds in the spectra 
obtained during this work was almost incredible. With the best settings the 
ordinary rays of the discharge were so completely obstructed by the position 
of the anode that notwithstanding the fact that the bulb was filled with pure 
iodine, an element abnormally sensitive to positive ray analysis, the line 127 
was often too faint to distinguish. In consequence of this entirely unexpected 
phenomenon it was necessary to add a trace of caesium chloride to provide a 
standard line with which to identify the mass numbers on the rare earth 
spectra.

Material Employed in Analysis

From the point of view of mass-spectrum analysis purity of the material 
is usually of small importance. The most likely impurity, another element of 
the same chemical group, is generally too far away on the scale of mass to be 
of any significance. With the rare earths it is otherwise. Any outlying 
faint line must be looked upon with suspicion as possibly due to a neighbouring 
element unless and until the constitution of that neighbouring element is 
known to be such as to disprove this. I t was clear that the purest possible 
material should be used whenever it was reasonably certain that the analysis 
would be successful. Luckily the method only requires amounts of a few 
milligrams if things go well and most of this may be recovered as residues if 
sufficiently valuable. The writer was fortunate in having obtained in 1924, 
through the kindness of Professor G. v. Hevesy, a presentation set of samples 
from the late Auer v. Welsbach which contained salts of all the rare earths 
in the highest state of purity then available. This precious material was only

vol. cxlvi.— A. E
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50 F. W. Aston

used when absolutely necessary. A few samples, old but quite pure enough 
for provisional work, originating from Drossbach & Co., were available through 
the kindness of Professor Sir William Pope. Other sources of supply will be 
mentioned under the elements concerned. The rare earths were all added to 
the anode mixture in the form of bromides. For the photography Ilford 
“ Q ” plates were usually used, and occasionally Hilger Schumann plates.

Results
For convenience these will be given in order of atomic number which approxi­

mates to that in which the actual analyses were made. As the results obtained 
from the simple elements (57) lanthanum and (59) praseodymium by means of 
the first mass-spectrograph appeared satisfactory these were not repeated.

(58) Cerium—The two isotopes 140, 142 of this element had already been 
identified but the ratio of their abundance had not been measured. New 
spectra were obtained from the cerium bromide previously used, and by means 
of these it was estimated photometrically that 142 was present to the extent 
of 11% giving a mean mass number 140*22 Az 0*05.

(60) Neodymium—Some of the bromide, made from Drossbach oxalate, used 
in the original analysis was available, and with this much improved spectra 
were obtained. The mass numbers previously identified were confirmed and 
the element shown to contain five isotopes in the following approximate pro­
portions :—

Mass numbers................  142 143 144 145 146
Percentage abundance . . 36 11 30 5 18

These correspond to a mean mass number 143*6 i  0*2.
(62) Samarium—For this element bromide made from Drossbach oxalate was 

used. Samarium is the most complex of the rare earths. The results obtained 
with the first setting showed five main isotopes and more intense spectra 
obtained later revealed two more. Photometry gave the following figures :—

Mass numbers.............  144 147 148 149 150 152 154
Percentage abundance 3 17 14 15 5 26 20

corresponding to a mean mass number 150*2 ±0*2.
(63) Europium—The only source of this was the pure sample of sulphate 

prepared by Welsbach. Some of this was dissolved and treated with strontium 
bromide. The resulting solution yielded a salt which worked well as an anode. 
During its use an interesting and unique phenomenon was observed. Under
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Isotopes of Rare Earth Elements 51

the impact of the intense beam of cathode rays the surface of the anode, 
which with other elements merely got red hot, fluoresced strongly and during 
most of the exposure glowed with a dazzling blue light. This observation is 
in excellent agreement with the reports on the effect of traces of the element 
on the blue fluorescence of fluorite which were published soon after.* This 
remarkable property suggests that europium, the rarest of the known rare 
earths, may in the future be of great technical importance in obtaining visual 
effects from cathode rays.

The mass spectrum of europium shows twin lines 151, 153. These are nearly 
equal in intensity so that their relative abundance can be measured photo­
metrically with the maximum accuracy. The lighter isotope is slightly more 
abundant the percentage being 50-6 and 49*4 respectively. These give a 
mean mass number 151*988 ^  0*005.

(64) Gadolinium—This element was first analysed by means of a Drossbach 
preparation. On the spectra obtained, in addition to a group clearly due to 
gadolinium, there were two faint lines 152, 154. As their relative intensities 
corresponded to these two constituents of samarium they were ascribed to 
traces of that element present as an impurity. This conclusion was confirmed 
when a more intense spectrum was obtained from a sample prepared by 
v. Hevesy from the pure Welsbach sulphate which showed no trace of these 
two lines. Photometry gave the following figures :—

Mass num bers.............. 155 156 157 158 160
Percentage abundance 21 23 17 23 16

corresponding to a mean mass number 157*0 ^  0*2.
(65) Terbium—The Welsbach sample of this element was in the form of the 

brown superoxide which was easily converted by heating with hydrobromic 
acid. This gave a single line of satisfactory intensity showing that terbium 
is a simple element of mass number 159.

(66) Dysprosium—The bromide was prepared from a pure sample of the 
oxide supplied by v. Hevesy. The work with dysprosium was carried out 
during a rather poor setting of the discharge tube and the spectra obtained 
were weak. They indicate four isotopes of nearly equal abundance, the 
estimates being :—

Mass numbers.....................  161 162 163 164
Percentage abundance ___ 22 25 25 28

indicating a mean mass number 162-6 i  0-2.
* Haberlandt, Karlik, and Przibram, ‘ Nature,’ vol. 133, p. 99 (1934).
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52 F. W. Aston

(67) Holmium—The bromide was prepared by the action of barium bromide 
on the Welsbach sample of the sulphate. I t  gave entirely satisfactory results 
which showed that holmium is a simple element of mass number 165.

(68) Erbium—Erbium bromide had been prepared in 1924 for use with the 
first mass-spectrograph from an old sample of Drossbach oxalate. As this 
material had already given positive results it was used in the preliminary work 
as a convenient indicator to test the efficiency of the apparatus in its various 
settings as a generator of rays of the rare earths. The spectra obtained were 
very complex, and at one time it was suspected that erbium might contain 
even more isotopes than tin, which has eleven. On the other hand, it was 
quite probable that many of the lines were due to neighbouring rare earth 
elements present as impurities so that efforts were made to obtain the purest 
possible sample for the final analyses. A determination of the atomic weight 
of erbium had recently been made in the laboratory of Honigschmid by means 
of material purified by Prandtl. Through the kindness of these chemists a 
sample of this was available in the form of the oxide which was converted 
into bromide and incorporated in the anode in the usual way. Many spectra 
were obtained, the best of which gave consistent and convincing results. These 
showed that erbium contained only four isotopes in any appreciable abundance. 
Rough estimates by photometry gave the following figures :—

Mass numbers.....................  166 167 168 170
Percentage abundance . . . .  36 24 30 10

giving a mean mass number 167*24 ±  0*2.

There were no indications of any neighbouring lines so that the purity of 
the sample was amply confirmed, but the isotopic constitution makes the 
value of the chemical atomic weight 165*204 obtained by Honigschmid* with 
the same sample impossibly low. No adequate explanation has yet appeared 
for this remarkable discrepancy.

(69) Thulium—Bromide made from the Welsbach sample of oxide was used 
in the analysis of this element and some trouble was experienced as the 
apparatus was not working well at the time. In the end a line of satisfactory 
intensity at 169 was obtained on a Schumann plate. No trace of a companion 
could be seen so that thulium appears to be simple.

(70) Ytterbium—The bromide was prepared by the action of barium bromide 
on the Welsbach sulphate. Good spectra were obtained, but owing to the

* ‘ Z. anorg. Chem.,’ vol. 214, p. 97 (1933).
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Isotopes of Rare Earth, Elements 53

closeness of the lines the relative abundance could only be estimated roughly. 
The results are as follows :—

Mass numbers.............  171 172 173 174 176
Percentage abimdance 9 24 17 38 12

corresponding to a mean mass number 173-3 ±  0-2.

(71) Lutecium,—A sample of the pure oxide of this element was supplied by 
v. Hevesy and the bromide made from this gave good spectra showing con­
clusively that lutecium is a simple element of mass number 175.

Table I—Showing Constitution

Symbol Mass
number

Percentage
abundance Symbol Mass

number

La 139 s Eu " 151 
J 5 3

j 140 88Cg 1 142 11 "155
156

Pr 141 s Gd «< 157
158

" 142 36 c 160
143 11

Nd - 144 30 Tb 159
145 5

L.146 18 f  161

f 144 3 Dy <j 162 
163

147 17 164
148 14

Sm -< 149 15 Ho 165
150 5
152 26
154 20

(s =  si:

of the Rare Earth Elements
Percentage « , , Mass Percentage
abundance 0 number abundance

50*6 Ir i66 36
49-4 'C' J1 167 24Jrbr <| 168 30
21 1J 7 0 10
23
17 Tm 169 8
23
16 "171 9

172 24
s Yt - 173 17

174 38
22 .176 12
25
25 Lu 175 s
28

s

Atomic Weights deduced from Mass-spectra

In order to obtain these it is only necessary to correct the mean mass numbers 
for the packing effect and for change of scale. The experiments were not 
suitable to the determination of the packing fractions, but these can be roughly 
inferred from the curve. We may expect them to range from about —5 for 
the lightest to —3 for the heaviest member of the group. There will also be 
a decrease of about 2 in 10,000 for the change of scale. It is clear that a sub­
traction of 0*09 of a unit from the mean mass number of each element will 
give the atomic weight on the chemical scale with sufficient accuracy. The 
only mean mass number known with high accuracy is that of europium, for 
both its isotopes have been detected and their relative abundance exactly
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54 F. W. Aston

determined. The statistics of the isotopes of odd-numbered elements show 
that the probability of a third isotope being present in abundance too small 
for detection may be neglected. If only one line is seen the probability of a 
second isotope two units higher or lower diminishes with the strength of the 
line but has always to be taken into consideration in estimating the mean mass 
number. In Table II are given the atomic weights on the chemical scale 
deduced from the observations on mass-spectra and the latest international 
values for comparison.

Table II—Atomic Weights
International Mass-spectrum Difference

values values

57 La 138-92 138-91 ±  0-05 —

58 Ce 140-13 140-13 ± 0 -0 5 —

59 Pr 140-92 140-91 ±  0 -05 —

60 Nd 144-27 143-5 ± 0 - 2 0-6
62 Sm 150-43 150-1 ±  0-2 0-3
63 Eu 152-0 151-90 ±  0-03 —

64 Gd 157-3 156-9 ± 0 - 2 0-4
65 Tb 159-2 158-91 ± 0 -0 5 0-3
66 Dy 162-46 162-5 ± 0 - 2 —

67 Ho 163-5 164-91 ± 0 -0 5 1-4
68 Er 165-20 167-15 ±  0-2 1-9
69 Tm 169-4 168-91 ± 0 -0 5 0-5
70 Yb 173-04 173-2 ± 0 - 2 —

71 Lu 175-0 174-91 ± 0 - 0 5 —

The differences are given where these are regarded as serious. I t is evident 
that revision is desirable in several cases, most particularly those of holmium 
and erbium. The action of the International Committee in changing, for 
1934, the atomic weight of Er from 167*64 to 165*20, and that of Os from 
190 • 8 to 191 • 5 is peculiarly unfortunate. The mass-spectrum data for osmium 
are quite clear and convincing, and the value deduced 190*31* cannot possibly 
be out by much more than one-tenth of a unit. I t appears that whereas the 
values previously in use were accurate enough for most chemical purposes 
the new ones are more than a whole unit out and among the worst in the wdiole 
table.

General Conclusions

Elements 57 to 71 form much the largest continuous group differing little 
in their chemical properties. If there is any direct connection between the 
latter and the structure of nuclei it was just possible that some unusual regular­
ity might have been detectable in their isotopic constitutions. This does not

* Aston, ‘ Proc. Roy. Soc.,’ A, vol. 132, p. 487
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Isotopes of Rare Earth Elements 55

appear to occur in any marked degree. I t is interesting to note that all the 
odd ones are simple, except 63, and also that the groups of fairly abundant 
isotopes dovetail into each other filling up all the available numbers with few 
isobares. The absence of these must not be unduly stressed, for element 61, 
if it exists, will provide at least one isobare and there is little doubt that many 
more isotopes exist than have been detected. The one unique atomic species 
discovered in this work is samarium 144 which is the only one found so far 
which differs from its nearest isotope by three units. Which of the numerous 
isotopes of samarium is responsible for its radioactive properties, recently 
discovered by v. Hevesy, is an interesting problem which has already received 
attention.*

In conclusion, the author wishes to express his most cordial thanks to the 
chemists mentioned who so kindly provided the valuable material with which 
the work was done.

Summary

Experiments are described by means of which adequately intense beams of 
anode rays of the rare earth elements have been obtained.

The results of analysis of these by the mass-spectrograph are given providing 
a provisional survey of the isotopic constitutions of all the elements in the 
group. During the work more than thirty new isotopes have been discovered.

Estimates of the percentage abundances of each isotope are given from 
which the chemical atomic weights of the elements are calculated. Serious 
errors in the international table of atomic weights for 1934 are indicated.

* Curie and Joliot, ‘ C. R. Acad. Sci. Paris,’ vol. 198, p. 360 (1934).
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