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Comparison of the interference patterns obtained in the scattering of x-rays by poly­
crystalline samples of hydrogen isotopes indicates the existence of isotopic poly­
morphism. The structural difference between hydrogen and deuterium and the struc­
tural proximity of the latter to tritium give evidence that the polymorphism is con­
nected not with dissimilarity of energy spectra but with difference of atomic weights. 
The observed structural differences of the hydrogen isotopes are in accord with the 
hydrogen -deuterium state diagram.1 The parametric data cited in this work as 
characterizing the structures of the hydrogen isotopes (tritium and deuterium have 
a tetragonal lattice with c/a = 1.73 and a= 3.3 and 3.35A, respectively; hydrogen 
has either a hexagonal lattice with c/a = 1.73 and a= 3.7 A or a tetragonal lattice 
with c/a = 0.82 and a= 4.5A), although in accord with density data and with the 
results of x-ray investigations of isotope mixtures, still need improvement of pre­
cision by methods permitting the production of more complete interference patterns. 

As previously1 reported, the scattering of x-rays 
by polycrystalline samples of hydrogen, deuterium, 
and their mixtures yields diffraction patterns differ­
ing from each other, depending upon the isotopic 
composition of the samples. The dissimilarity of 
the diffraction patterns secured with hydrogen and 
deuterium permitted the supposition that they had 
different crystalline structures. This difference in 
crystalline structure may be due both to inequality 
of the atomic weights and the disparity of the energy 
spectra of their molecules. To elucidate the rela­
tive influence of these factors, it appeared interest­
ing to obtain the diffraction pattern of the scattering 
of x-rays by samples of the third hydrogen isotope -
tritium, which is closer to deuterium in atomic 
weight, but closer to hydrogen in energy spectrum 
because, like hydrogen, it has a half-integral spin. 

Tritium samples were obtained and x-rayed in 
the apparatus schematically shown in Fig. 1. The 
construction of the apparatus takes into account not 
only the fact that the radioactive tritium irradiates 
the x-ray film even during brief contact with it, but 
also that the decay product of tritium is helium, the 
entrance of which, together with the investigated gas, 
into the apparatus and consequently into the evacu­
ated space of the helium Dewar flask occasions de­
terioration of the vacuum and rapid boil-off of the 
helium. In order to preclude its contact with gas­
eous helium, the x-ray film was placed outside the 
Plexiglas chamber 4, used to seal the apparatus. 
In this chamber a narrow groove is machined out, 
leaving a wall with a thickness of 0.3 mm. Such a 
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wall freely transmits x-rays but completely absorbs 
the slow electrons emitted in the decay of tritium. 

FIG. 1. Cryostat for x-ray photographs of samples of solid 
hydrogen isotopes: 1) metallic Dewar helium flask, 2) metallic 
Dewar nitrogen flask, 3) flange with fastening to seal the ap­
paratus, 4) plexiglas chamber sealed to the apparatus, 5) x-ray 
film, 6) thick-walled safety chamber of plexiglas, 7) shields at 
nitrogen temperature, 8) beryllium window for admitting x-rays 
into the chamber, 9) copper capillary cooled from within by 
liquid helium (serves as the base for condensing samples of 
solid hydrogen isotopes from the gaseous phase), 10) sharp­
focussing x-ray tube, 11) pipe branch to manometer tubes, 
12) pipe branch to pump, 13) pipe cooled by liquid helium 
(serves for removing tritium present in the apparatus after it 
has warmed up), 14) flask containing tritium, 15) palladium 
filter. 
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To prevent the possible escape of tritium into the 
atmosphere in the event of rupture of the thin plexi­
glass, a second thick-walled enclosure 6 is pro­
vided, with a beryllium window 8 for the passage of 
the x-rays. 

The helium was separated from the gas entering 
intoJhe apparatus by a palladium filter, 15. The gas 
fed -into the apparatus was condensed on a copper 
capillary, 9, cooled by liquid helium from within. 

The apparatus for x-ray photography of hydrogen 
and deuterium differs from that described above by 
having a valve with a fine adjustment in place of the 
palladium filter; the x-ray film is not situated out­
side the plexiglass chamber, but located within it, 
thus eliminating the need for an internal chamber 
with a thin wall. 

It should be noted that we did not succeed in 
eliminating all the (og from the tritium x-ray pic­
tures. Apparently, it is due to the x-rays produced 
when {3 -electrons are slowed down in the sample 
substance. The intensity of this radiation amounts 
to ~ 10-5 of the original beam intensity from the 
x-ray tube and is, of course, sufficient to produce 
considerable fogging of the x-ray film in a 2 or 3 
hour exposure. The tritium vaporized after the 
helium Dewar flask has warmed up is collected in 
a tube, 13, which is cooled by liquid helium. 

An x-ray pattern of a polycrystalline tritium 
sample is shown in Fig. 2. From a comparison with 
patterns of hydrogen and deuterium (Fig. 3) it is 
evident that in interference pattern character trit­
ium is closer to deuterium than to. hydrogen. 

The character of the diffraction patterns ob­
tained for hydrogen isotopes requires some supple­
mentary remarks. As already pointed out in a 
previous communication, 1 the peculiarities of the 
method employed to obtain the samples (a trans­
parent layer of condensed gas on a copper rod 
which is not transparent to x-rays) occasion the 
appearance of extraneous lines on the pattern, the 
causes of which are clear from Fig. 4. The use of 
lead screen 7 eliminates both of the extraneous 
lines 6 and 6', while ·lead screen 8 removes one of 
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FIG. 2. X-ray pattern of tritium. Lines 200 and 111 are the 
standard copper lines from the capillary; 101 and 002 are the 
tritium lines. The extraneous line of type 6' (see Fig. 4) is 
indicated by the dashes. 
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FIG. 3. X-ray pattern of deuterium and hydrogen. 200 and 
111 are the copper lines; 101 and 002 are the deuterium lines; 
101, 100 and 002 are the hydrogen lines (the indicated indices 
are for hexagonal lattice). The dashes pomt to the extraneous 

lines in the hydrogen x-ray pattern, taken without lead screens. 
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FIG. 4. Diagram of the arrangement for getting diffraction 

pictures from a layer of gas condensed on the copper capillary 
and transparent to x-rays. 1) copper capillary, 2) layer of con­
densed gas, 3) x-ray film, 4) primary beam, 5 and 5') principal 
refracted rays, 6 and 6') supplementary (extraneous) refracted 
rays, 7) lead screen to eliminate both extraneous rays, 8) lead 
screen to eliminate one extraneous ray (6) and one principal 
ray (5'). 

the extraneous lines 6 and one of the principal lines 
5'. The patterns shown in Figs. 2, 3a, and 3b were 
taken in Fe Ka radiation with a manganese filter. 
Patterns a and b in Fig. 3 were taken with screen 7 
and do not have the extraneous lines; Fig. 2 was 
taken with screen 8 and shows one principal line and 
one extraneous one (marked by dashes). Pattern c 
in Fig. 3 was taken without screens and it displays 
all the principal and supplementary lines.* 

In previous work on the structure of hydrogen2•3 

and deuterium, 3 the extraneous lines were not sifted 

*The distance between the principal and supplementary 
lines is somewhat greater than would result from the diagram 
in Fig. 4, since the latter does not take into account the dis­
persion of the primary beam. 
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Isotope: Hydrogen I Deuterium Tritium 

Possible syngony and Tetragonal Hexagonal Tetragonal Tetragonal 
space group cs 

4 D~n cs 
4 

cs 
4 

Number of molecules 
per unit cell 2 6 2 2 

Absence of lines at 
small angles 001' 100 001 001' 100 001, 100 

Lines present in the 
110and 101 100, 002and 101 pattern 101, 002 101, 002 

sin t'J* 0.298and0.335 0.29R and 0.335 0.330 0.335 
c/a 0.82 1. 73 1. 73 1. 73 
c, A 3.75 6.49 5.86 5.78 

c** A extrap' 3,68 G.42 5.79 5.71 

a extrap' A 4 .r, 3.7 3.35 3.3 

Density at 4.2°K, g/cm• 0.08 0.089 0.205 0.324 

Data in literature on 
density at 4. 2° K o.o89 r•J o.2o5 r· 0.27[5]*** 

*Corrected for the diameter of the copper capillary and the thickness of the 
layer of condensed gas. The effective diameter of the cassette was determined 
for each pattern on the basis of the copper lines. 

**The value of cextrap for deuterium was obtained by extrapolating the graph in 
Fig. 5. Hydrogen and tritium were photographed only in Fe radiation. The same 
extrapolation law was adopted for them as for deuterium. 

***Density value cited for 20.6°K. If the variation of this density with tempera­
ture is taken to be the same as for deuterium, 4 extrapolation to 4.2°K gives a 
value of 0.32 g/cm3 , which is in good agreement with the value secured from the 
x-ray data. 

out, so that, naturally, the conclusions contained in 
these reports with regard to the structure of hydro­
gen and deuterium must be reconsidered. 

After removal of the extraneous lines, there re­
main two lines on each of the hydrogen patterns and 
one line on each of the deuterium patterns. These 
lines are seen at small angles, since with increas­
ing angle the intensity of the diffraction is sharply 
diminished on account of the angular dependence 
of the atomic and thermal factors. The small num­
ber of interference lines on the patterns of the hy­
drogen isotopes does not permit reliable indexing 
and the determination of the law of interference ex­
tinction, and thus an unambiguous selection of the 
space groups. However, this might still be attempted 
with a certain degree of reliability. 

Knowing the densities of hydrogen, deuterium, 4 

and tritium5 it can be shown (if consideration is 
restricted to the simplest cubic, tetragonal, and 
hexagonal syngonies) that the lines present in the 
patterns do not represent reflections from the 
planes with the smallest indices. This immediately 
permits the establishment of a series of extinctions 
at the smallest angles and thereby reduces the range 
of possible space groups. Thus it proves possible 
to propose one most probable space group for 
deuterium and tritium, and two for hydrogen be-

tween which a final choice could not be made on the 
basis of the available patterns. The results of the 
calculations are presented in the table. 

In calculating the lattice parameters on the basis 
of lines not only few in number, but also arrayed at 
small angles, the following method was employed to 
render possible extrapolation up to 90°.* Using the 
same object under identical conditions, x-ray photo­
graphs were taken with different radiation sources. 
The lattice parameters calculated according to the 
lines in these photographs, located in dependence 
upon the wavelength at the different respective an­
gles, furnished the set of values needed for execut­
ing the extrapolation. Fig,ure 5 shows the extrapo­
lation line for the parameter c of the deuterium 
lattice, calculated on the basis of the single line 
002, taken with four radiation sources. 

The accuracy of the calculated lattice par am­
eters shown for hydrogen and deuterium in the 
table, as well as the choice of the space group for 
deuterium, is corroborated by the results of x-ray 
structural analysis for samples of hydrogen-deuter­
ium mixtures: in the range of solid solutions an in­
crease in the concentration of deuterium occasions 

*To reduce the relative error in determining the lattice 
parameters. 



488 KOGAN, LAZAREV, and BULATOVA 

c.!J~~""t'l l .f,.90 

.f,85 

5,80 

5.75 0.1 O.Z f/.1 0.4 f( B) 

FIG. 5. Extrapolation graph for the parameter c of deuter­
ium (the value of c is determined in accordance with line 002, 
in patterns taken with each of four radiation sources: Cu Ka, 
Fe Ka, Cr Ka, Ti Ka). The abscissas represent 

1 [cos• 6 cos' 6] 
f (S)= 2 sin' a + -6-

a decrease of the average volume per molecule, 
while an increase in the concentration of hydrogen 
causes a decrease of this volume. This agrees with 
the tabulated data, from which it is seen that the 
volume per molecule in the deuterium lattice 
( ~ 33 A 3 ) is smaller than the value in the hydrogen 
lattice ( ~ 38 A 3 ). At both of the solid -solution 
limits (15% and 80% deuterium by volume) the 
mean volume per molecule is RJ 35 A 3• 

Patterns of deuterium samples with large hydro­
gen admixtures (20% hydrogen by volume) have not 
one line, like those of pure deuterium, but two 
closely spaced lines. This corresponds to a change 
in the ratio of the tetragonal lattice axes up to val­
ues at which coincidence of the lines 101 and 002 
no longer occurs. A magnified pattern of such a 
mixture is presented in Fig. 6; it was taken with­
out a filter and without lead screens, so that the 
lines of Fe Kf3 and the extraneous lines of type 6 
(Fig. 4) are visible in it. 

The foregoing data on the structures of the hy­
drogen isotopes should not be considered definitive 
until they have been confirmed by some other 
method permitting the display of a larger number 
of interferences. The most effective would prob­
ably be the neutron diffraction method, which pos­
sesses the advantage that its application is not sub­
ject to so sharp a decrease of interference intensity 
with increasing scattering angle. Thus the use of 
neutron diffraction would in considerable measure 
remove the difficulty encountered in the observa­
tion of interferences in the scattering of x-rays in 
such light objects as the hydrogen isotopes, and 
which yields only one or two interference lines at 
small angles. 

FIG. 6. Enlarged pattern 
of a hydrogen-deuterium mix­
ture (80% deuterium by vol­
ume). 101 and 002 are the 
lines of a solid solution of 
hydrogen in deuterium. The 
dashes point to the extrane­
ous lines of type 6 and 6' 
(see Fig. 4). 

However, independently of the results of the ex­
periments which will be undertaken for the more 
accurate determination of the structures of the 
hydrogen isotopes, it is already possible, from the 
character of the interference patterns, to affirm a 
difference in the structures of hydrogen and deuter­
ium and a close similarity of the structures of deu­
terium and tritium. The solid -liquid phase diagram 
for the hydrogen -deuterium system, 1 in which there 
is no region occupied by a continuous series of solid 
solutions right up to the melting point, is also in ac­
cord with the fact that these isotopes crystallize in 
lattices of different structure. 

The existence of the phenomenon of isotopic 
polymorphism, observed in the hydrogen isotopes,3 

was recently corroborated by studies of the struc­
ture of helium isotopes, in which it was shown that 
He3 has a second modification, different in struc­
ture from He4•6 

The authors express their thanks to M. N. Mas­
salitin for the construction of the cryostats used in 
this work. 
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