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Neutron diffraction and transmission methods are used for precision measurements of micro- 
and macrodensities of solid parahydrogen under pressure of up to 2 kbar with an aim 
at refining the data on their systematic difference. No density differences that can be attributed 
to the influence of zero-point defects in quantum crystals have been found at the 0.3% 
level. 

1. INTRODUCTION 

Small mass and weak intermolecular coupling, which 
lead to unusual physical properties, are responsible for the 
significant role played by zero-point atom vibrations in 
such substances as condensed helium and hydrogen. In 
Ref. 1 some features of quantum crystals were predicted, 
such as superplasticity and a possible existence of zero- 
point defectons down to the lowest temperatures. The dif- 
ference between isotope masses makes it possible to study 
objects with different degrees of quantization which also 
depend on pressure. 

In preceding works we have studied the role of zero- 
point vibrations in physical properties of solid and liquid 
hydrogen and their isotopic mixture. Thus, in Refs. 2 and 
3, using experimental low-temperature equations of state 
for parahydrogen (p-Hz) and orthodeuterium (0-D2), we 
have estimated the contribution of zero-point vibrations to 
the total crystal lattice energy. Neutron studies of liquid 
isotopic ( P - H ~ ) ~ ( O - D ~ )  -x solutions have revealed that 
they differ from ideal and have a weak tendency to isotopic 
stratification, which is due to the difference between the 
zero-point vibrations of hydrogen and deuterium molecules 
and leads to short-range order concentration  fluctuation^.^ 

For a long time physicists have been intrigued by a 
noticeable ( - 0.5-1 % ) difference, beyond the experimen- 
tal error limits, difference between the values found by 
different methods for the molar volume of solid molecular 
p-Hz at atmospheric pressure. For solid p-Hz diffraction 

give smaller values than thermodynamic 
ones,G8 whereas for 0-D2 no significant difference in micro- 
and macrodensities has been f~und. ' .~- '~ (Table I). 

The molar volume of solid p-H, under pressure was 
found in specific heat experiments8 and by neutron 
diffra~tion.~ Differing by 1 % at P=O, the equations of state 
V(P) 1 drew closer with pressure and practically co- 
incided for V z  16 cm3. mol-' ( P z 2  kbar). This could 
have been attributed to macroscopic defects in the speci- 
men at low pressure and, partially, to so-called zero-point 
vacancies,' which must disappear as the quantization de- 
creases with pressure. 

In this connection, the macro- and microdensity mea- 
surements on one specimen and their comparison for dif- 
ferent pressures seemed to be of interest. The experimental 

built for neutron studies of cryocrystab made 
possible such measurements, with the microdensity found 
from neutron diffraction data and the macrodensity from 
neutron transmission spectra. The aim was to check exper- 
imentally whether the above-mentioned difference in den- 
sities really existed. 

2. EXPERIMENTAL DETAILS 

The measurements were carried out in a high-pressure 
gas chamber made of Ti-Zr alloy ("zerom-matrix for co- 
herent neutron scattering1? placed in a helium cryostat. . 
Gaseous hydrogen was rid of impurities in a purification 
block at T z 77 K, converted into the para-modification at 

TABLE I. 
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19,94 
20,02 
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FIG. 1. Experimental values of u nd versus energy for solid p-H, under 
pressure equal to 1.765 kbar ( I ) ,  0.453 kbar ( 2 ) ,  and 0.013 kbar (3) and 
cross-section ratios (1/2, 1/3) at corresponding pressure. 

The measured effect being small, stringent require- 
ments were imposed on the volume-measurement accuracy 
( -0.1 % ). Whereas we had already measured diffraction 
on p-Hz to this accuracy: to measure transmission we had 
to significantly refine the procedure to permit prolonged 
stable operation of the channels detecting the incident and 
transmitted neutron beams. 

It must be noted that in our transmission experiment 
we did not aim at measuring the absolute value of macro- 
density, since it was very difficult to find the effective thick- 
ness of the specimen placed into the high-pressure chamber 
and cryostat to the necessary accuracy. It was enough to 
analyze relative variations of macrodensity with pressure. 
We measured the quantity and ,  where o=u,+a, is the 
total cross section of neutron interaction with an H2 mol- 
ecule and consists of the scattering (a,) and absorption 
(a,) cross sections, n is the macrodensity, and d is the 
specimen effective thickness. A correction for expansion of 
the high-pressure chamber body was introduced, according 
to elasticity theory, for the case of an infinite hollow 
cylinder." This correction was practically independent of 
the Poisson ratio for the chamber material and amounted 
to Sd/dz0.0012SP (if the pressure difference UP is ex- 
pressed in kilobars and the Young's modulus is taken equal 
to 2.2 Mbar), thus not exceeding 20% of the greatest pos- 
sible effect. 

Two kinds of instabilities of the measuring channels 
presented the main difficulty in neutron transmission mea- 
surements: a slow drift and rare random overshoots. The 
problem of precise determination of the source integral 
intensity is afundamental one, since the quantity u nd was 

Trr2O K [with Fe(OH)3 catalyst], pressurized to a maxi- found from the relation 
mum pressure -2 kbar by a ball membrane compressor, 
and condensed along a capillary into the high-pressure 
chamber cooled to a temperature 2-3 K higher than the 
solidification temperature corresponding to the given pres- 
sure. The pressure chamber was then cooled abruptly to 
the helium temperature to obtain a fine-grained polycrystal 
for precise diffraction measurements. To preserve the spec- 
imen quality, the measurements were carried out at de- 
creasing pressure, i.e., without adding hydrogen to the 
chamber. In some experiments, to monitor a possible in- 
fluence of macrodefects on the measured macrodensity of 
the specimen, the latter was annealed at temperature 1-2 K 
lower than the melting point. A noticeable change in the 
specimen block structure manifested itself in a change in 
diffraction maximum intensities, but neutron transmission 
was not seriously affected. The specimen was 18 mm in 
diameter and its height was 50 mm. 

TABLE 11. 

where N,(E) and NH(E) are the spectra of neutron trans- 
mission by the empty high pressure chamber in the cry- 
ostat and the chamber filled with parahydrogen respec- 
tively, while M, and MH are the corresponding monitored 
values of these spectra. The relative measurement errors 
for Mc and MH (SMJMc and SMH/MH) for sufficient 
statistics of the Nc(E) and NH(E) spectra give the abso- 
lute error 

To provide lasting stability of the spectrometric equip- 
ment (better than 0.15% for more than 100 hours of con- 
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( ' ~ 4  - vp>Ivp orid P, kbar Diffraction volume, 
cm3. mol-' 

Run of measurements No. 1 
0,0043 2 0.0012 

-0.001 1 r 0.0015 
-0.0032 2 0,0015 I 16,665 k 0,010 

0.453 19,855 k 0,014 
0,013 22.843 5 0.017 

2.1545 + 0.0023 
1,8153 k 0,0025 
1.5804 k 0.0020 

Run of measurements NO. 2 
-0.0021 2 0.001 1 
0.0021 k 0,0019 

1.98 
0 

16,359 k 0,010 
23.002 5 0.021 

2,4439 +. 0.0022 
1.7288 5 0.0028 



\ FIG. 2. The deviation of experimental dependence of 
the p H 2  molar volume found by macroscopic method 
(see Ref. 8) from the "microscopic" dependence: 
whose region of reliability is shown by dashed lines. 
The results of the present study are shown by points. 

1-=- To place them, it has been arbitrarily assumed that 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ - - - - - - - - - -  

mean values of relative deviations of macrovolumes 

0 from diffraction ones in each run are equal to zero 
(see Table 11). 

0.01 1 

I 
0. I 

-0.4 

tinuous operation) we introduced a large amount of dc two runs in which the specimen quality and its location on 
feedback in the preamplifiers of the monitor and of the the neutron beam differed slightly. The macrodensities 
main detectors and also took stevs to stabilize in temver- from different runs were not related to one reference value 
ature the thresholds of the discriminator-shapers of-the and only their relative changes with pressure (within each 
above mentioned channels. The computer program in- run) were analyzed, a comparison being made with similar 
cluded control of random equipment overshoots: the sums changes in the diffraction volume. 
of pulses registered by the monitor and main detectors over Analyzing the experimental point distribution, we may 
definite time intervals were compared and a decision was conclude that there is no systematic difference between the 
made either to add this information to the balance file or to pressure dependences of macro- and microvolumes at the 
reject it. level of 0.3%. Thus, it seems unlikely that the macro- and 

Note also that to increase the accuracy we enhanced microdensities differ by 1%. As far as the possibility of a 
the quality of the neutron beam: the inlet and outlet colli- noticeable quantity of equilibrium defects existing at 
mators were moved right up to the cryostat. Extra reliabil- "zero" temperature is concerned, further precision mea- 
ity of the data was achieved by duplication of both the surements are needed. 
monitor and the direct beam detector channels. The authors are grateful to C. L. Isakov, G. A. Ko- 

In the final analysis, the refinements introduced into vachev, M. D. Miroshnichenko, and to A. S. Pastukhov for 
the method at the equipment and program levels made it their help in preparing and carrying out experiments. 
possible to achieve a controlled accuracy 0.2-0.3% of mac- 
rodensity determination. 

3. RESULTS 

Figure 1 shows experimental values of a nd versus en- 
ergy for different pressures and also the ratios of these 
values. In the energy range - 500 meV the ratios are prac- 
tically independent of energy, which made it possible to use 
them to find the relative change in macrodensity, though 
the cross sections themselves have not yet reached their 
asymptotic values corresponding to scattering by free pro- 
tons. In the low-energy region the changes of the cross 
sections are related not only to density variations but also 
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