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Abstract.  Helium is commonly used as a pressure transmitting medium to render the sample 
pressure hydrostatic in high pressure experiments with diamond anvil cells. On solidification 
under pressure helium begins to develop strength that is characteristic of any solid. The 
estimation of the compressive strength of helium as a function of pressure is important as it 
helps in estimating the nonhydrostatic stresses that can develop in the sample even when it 
remains immersed in helium pressure transmitting medium. The x-ray diffraction data on 
polycrystalline samples obtained with the radial diffraction geometry  are commonly used to 
determine the compressive strength of solids. This method fails in the case of helium because 
of its low scattering power. The nonhydrostatic stresses that develop in crystalline solids  
immersed in helium pressure transmitting medium were used to estimate the strength of 
helium. The diffraction data available in the literature were selected for this study. It was  
important for this study to consider the data from the experiments that were conducted 
ensuring that the samples did not come in contact with the anvils. The analysis of these data 
suggests that the strength of helium  remains low (< 0.1 GPa) at pressures below 20 GPa and 
increases to ∼2 GPa at 100 GPa.   

1. Introduction  
X-ray diffraction experiments using diamond anvil cells are routinely conducted to study a variety of 
pressure-induced effects in solids . For a meaningful interpretation of the high-pressure data and its 
comparison with the theoretical predic tions, it is important to carry out the measurements under 
hydrostatic pressure. The pressure on the sample is rendered hydrostatic by containing the sample and 
a fluid pressure-transmitting medium in a metal gasket. The performance of a fluid as a pressure 
medium depends on its inability to support shear stresses. Ideally, the pressure medium should remain 
in fluid state and fully surround the sample. With increasing pressure, the fluids exhibit increase in 
viscosity and ultimately solidify at high enough pressures [1]. This leads to the appearance of 
nonhydrostatic stresses that increase with increasing pressure. Invariably, a pressure medium is much 
more compressible than the solid sample. This can result in the sample coming in contact with the 
anvils at pressures much below  the pressure range where appreciable viscosity increase or 
solidification  of the pressure medium occurs. The presence of the pressure medium in such cases 
becomes redundant. This problem has to be dealt with through careful assembly of the high-pressure 
cell. Helium, the best-known pressure medium, crystallizes under pressure [2, 3] but retains fluid-like 
flow property to much higher pressures than any other fluid. Eventually, it is expected to develop high 
mechanical stiffness to be able to support detectable nonhydrostatic  stresses. These stresses are 
transmitted to the sample and the pressure on the sample begins to deviate from hydrostatic. It is 
therefore important to estimate the compressive strength of helium as a function of pressure. This will 
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define the lower limit of nonhydrostaticity of the sample pressure that will be present even when 
helium pressure medium is used.  

Several investigators have used helium pressure-medium and followed as function of pressure the 
parameter like diffraction line-width or the quality of Brillouin scattering signals [4−8] to detect the 
onset of nonhydrostaticity. These studies suggest a hydrostatic -pressure limit that varies between 35 
and 55 GPa. Such a wide range in the estimates , obviously , is due to the finer details of the loading of 
the sample and pressure medium in the metal gasket and the sensitivity to nonhydrostatic stresses of 
the parameter used for detection. In any case, these estimates are qualitative.  The measurement of 
stresses has to be done through the measurement of strains these stresses produce. These strains 
(lattice strains) are derived from the shift of the diffraction-peak positions. Of course, appropriate 
elastic moduli are required to convert the measured strains to the stresses that produce them. Since the 
samples are in the form of polycrystalline aggregates, estimation of the appropriate elastic moduli is 
not straightforward. This necessitated the modelling of stresses in the sample compressed between the 
anvils [9, 10] and study of the effect of such stresses on the strains measured by x-ray diffraction 
[11−17]. The equations connecting the x-ray measured strains and stresses are commonly known as 
the lattice strain equations. These equations have been extensively used in deriving from the 
diffraction data the strength and elasticity of crystalline solids as a function of pressure.  We present a 
brief account of this theory before discussing the strength of solid helium. 

2. Lattice strain equations 
The stress state of a solid sample under nonhydrostatic compression is axially symmetric about the 
load axis of the diamond anvil cell and is described by two equal stress components σ 11 along the two 
orthogonal set of axes parallel to the anvil face and a component σ33 along the load axis [9, 10]. The 
off-diagonal terms in the stress tensor are assumed to be zero. The off-diagonal terms are often present  
in actual experiments. The effect of these terms on the lattice strain equations has been discussed in 
earlier publications [18, 19]. The difference between axial and radial stress components is termed 
uniaxial stress component or differential stress denoted by t. The maximum value of t  is a measure of 
the compressive strength of the sample material at a pressure that equals the equ ivalent hydrostatic 
pressure (mean normal stress). The following relations can be written down 

 Yt σσσ ≤=− )( 1133  (2.1) 

 3/)2( 3311 σσσ +=P  (2.2) 

The term σY denotes the yield strength of the solid sample at a confining pressure (equivalent 
hydrostatic pressure) σP. The d-spacing measured under such a stress state is given by [13−15] 
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The subscripts m and P denote the quantities under nonhydrostatic (measured) and hydrostatic 
compression, respectively, and ψ is the angle between the reflecting-plane normal and load axis of the 
diamond anvil cell. The term GR

X(hkl) is the diffraction shear modulus computed from the single-
crystal elastic moduli under assumption of stress continuity across the boundaries separating the 
crystallites in the aggregate, GV is the aggregate shear modulus computed under the assumption of 
strain continuity, and α  is a weight factor [13−15, 18]. Equations (2.1−2.4) are general and valid for all 
crystal systems. It is seen from equation (2.3) that, in presence of nonhydrostatic stresses , dm(hkl) > 
dP(hkl) even though both are at same pressure σ P. The differential stress is given by the following 
relation [15]  

 〉〈= )(6 hklQGt  (2.5) 
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The term <Q(hkl)> represents the average of Q(hkl) over all observed reflections. The parameter t is 
compressive and is taken to be positive by convention. The symbol G denotes the pressure dependent  
shear modulus. The measurement of t offers a unique method of determining the compressive strength 
of crystalline solids as a function of pressure. The use of equation (2.5) to determine t requires dm(hkl) 
versus ψ data. Such data can be obtained with the radial diffraction geometry [17]. The strength of 
solid argon under pressure has been measured using radial diffraction technique, which gives the 
strength without any ambiguity. The strength of argon is small at low pressures but increases rapidly 
with pressure [20]. Helium too is expected to show similar behaviour. However, because of low 
scattering power for x-rays, recording of radial diffraction patterns of polycrystalline helium is 
challenging.  Because of this difficulty we use the high-pressure x-ray diffraction data from 
polycrystalline solids recorded with helium pressure medium. The strength of helium is derived from 
the nonhydrostatic stresses it transmits to the sample. Such data have been recorded using the 
conventional diffraction geometry wherein the incident x-ray beam passes parallel to the load axis of 
the diamond anvil cell.  In case of the cubic system, am(hkl) versus 3(1-3sin2θ)Γ(hkl) plot (gamma plot) 
is a straight line given by [17],  

 )]()sin31(3[)( 2
10m hklGMMhkla θ−+≅  (2.6) 
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Equation (2.11) suggests that the estimation of t  from the diffraction data recorded using the 
conventional geometry depends on α . The value of α  is not known a priori. In the early work in this 
field, α  w as assumed to lie between 0 and 1. However, it has been shown recently [18, 19] that this 
limit is valid only for solids with positive S, and α  = 0.5 is a good approximation in this case. For 
solids with negative S, α  is greater than 1.  

3. Strength of solid helium 
For the present discussion we use the published x-ray diffraction data on niobium [21, 22], gold [8, 23, 
24] and silver [25]. The data from these studies are chosen as the investigators ensured that the sample 
did not come in contact with anvils. Both σP and t in such cases are transmitted to the sample by the 
helium pressure medium. These studies [21−25] were conducted to measure the equation of state 
under hydrostatic pressure. The data were analyzed in these studies to assess the hydrostaticity of 
pressure by estimating t in the polycrystalline samples using equation (2.11) and assuming α   = 1. In 
view of the recent studies [18, 19] it turns out that t derived with α   = 1 for gold was underestimated 
while for niobium overestimated [21−25]. We recalculated t for gold with α  = 0.5. The t-values for 
niobium published earlier [22] were recalculated using the α  -values as a function of pressure obtained 
in a recent work [19]. The data on niobium in helium pressure medium from another study [21] show 
abnormally large values and are not considered here.  The recalculated t-values for gold and niobium 
are shown in figure 1. Also shown in figure 1 are the t-values of silver derived from the diffraction 
line-width analysis [25]. 
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Figure 1.  Recalculated values of t in niobium [22] − filled diamonds, gold [23, 24] − dots (ESRF 
data), and unfilled squares (Photon factory data). For details see [24]. Line-width analysis of 
silver data [25] − filled triangles. Suggested pressure dependence of strength of helium −  thick 
line.  
 

In case the samples are fully immersed in the helium pressure medium, the measured t should be 
independent of the sample material as it is t of the solid helium that is expected to be transmitted to the  
crystalline sample. Of course, implicit in this argument is the assumption that niobium, gold and silver 
have higher compressive strength than helium. Contrary to this expectation, the t−P data show 
considerable spread. Large spread is observed even among the data on the same material. For example, 
the t-values of gold exhibit a spread over negative to positive values. What is surprising is the 
occurrence of negative t. One set of data on niobium [22] also gave large negative t-values (not shown 
in figure 1). This situation does not arise when a solid sample is directly compressed between the 
anvils but is often observed in the experiments with helium pressure medium. Since t = (σ33  −  σ 11), 
negative t would imply σ11 > σ33. It is likely that highly compressible helium present in the cell as the 
pressure medium allows the metal gasket to collapse inward and leads to a situation where σ 11 > σ 33. 
We term this as ‘abnormal compression’ of the gasket. The magnitude of the measured t in such cases  
depends on the deformation characteristic of the helium filled gasket. This possibly can explain rather 
large scatter observed in the t−P data shown in figure 1. If it were possible to fine-tune the 
deformation of the gasket, one could possibly achieve a condition with σ 33 = σ11, which would imply t  
= 0. From practical point of view this situation is of great interest as the unit cell parameters measured 
under this condition would be free from the systematic effect of nonhydrostatic stresses defined by 
equation (2.3). This, however, does not imply that pressure is truly hydrostatic. The shear stresses in 
the form of mic ro-stresses can still be present and the signatures of the resulting micro-strains could be 
seen in the diffraction line-broadening. The strength of the sample in such cases could still be 
determined from the line width analysis [26]. It may be pointed out that equation (2.11) could not be 
used to measure t  in aluminium because it  has small S but the line-width analysis could be used 
successfully [27]. It is important to point out that M1 = 0 in the gamma plot occurs when either S or t  
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equals zero.  As it is seen from equation (2.6), the systematic effect of nonhydrostatic stresses on the 
unit cell parameter still persists in case S = 0 but t ≠  0. 

We exclude from the present discussion the negative t-values and consider only the data bound by 
the shaded region. The positive t-values show a lower limit predominantly determined by the t-P  data 
(dots) of gold. The t-P data of silver and niobium mark the upper limit. Noting that t-values of gold 
also could be influenced by the abnormal compression of the gasket, it is tempting to conclude that the 
upper limit represents the strength of solid helium. However, we give credence to the data close to the 
lower limit and obtain a weighted average of the two limits. The t-values  for niobium are influenced 
by the larger uncertainty in α  for niobium in the low pressure range [19]. We assign arbitrarily higher 
weight (2:1) to the data lying close to the lower limit for pressures below 30 GPa. At higher pressure 
the weights are reversed. The averaged data are smoothened by fitting a function containing a three-
parameter sigmoidal function and a linear term. The resulting curve is shown by the thick line in figure 
1. To express the strength data as a fraction of the pressure-dependent shear modulus , we used the 
experimental data between 13 and 32 GPa [28]. We fitted a two-parameter logarithmic equation to the 
measured data and used this equation to compute shear moduli at required pressur es. The commonly 
used finite strain equation [29] could not be used because only six data points were available for this 
fit. The strength of solid helium remains small (< 0.005G) at pressures below 20 GPa and increases to 
0.03G at 100 GPa. These data should be considered only rough estimates because of the uncertainties 
in the extrapolation of the shear modulus data over a large pressure range.  

4. Discussion 
The analysis of diffraction data recorded under nonhydrostatic compression gives the uniaxial stress 
component t. For t to be equal to the yield strength it is important that the maximum value of t, which 
the sample material can support, should develop in the experiments. In most cases, this condition is 
achieved by compressing the solid sample directly between the anvils without any pressure medium. 
In such cases, the gasket begins to deform upon compression by outward flow. Such deformation is 
essential for the development of maximum t in the sample. The situation is different when the gasket 
contains highly compressible material like helium . The deformation of the gasket may begin with 
inward flow of the gasket. This gives rise to the  t-values that are lower than the maximum and, in the 
extreme case, can result in negative t. There is no way of ensuring the development of maximum t  in 
these experiments. For this reason, the strength of helium obtained here may have been 
underestimated. The t-values derived from the diffraction data recorded with the conventional 
geometry is influenced by the choice of α . Uncertainty in t arising from the uncertainty in α  could be 
as high as ±20%. The uncertainty in t from this source could be eliminated if the radial diffraction data 
become available but the effect of abnormal compression of the gasket will continue to persist. 

Tempere and Silvera [30] recently analyzed the pressure distribution inside the cell containing solid 
sample (pressure marker) and helium pressure medium using finite element analysis. These 
investigators show that the pressures of the sample and pressure medium differ. This difference is a 
function of the elastic properties of the sample and pressure medium. Further, pressure gradients exist 
in the pressure medium in the vicinity of the sample. In th e present study, the pressure of the medium 
is inferred from the pressure of solid sample. The difference between the two pressures is expected to 
be only a few gigapascal at the highest pressure. The second factor does not affect the diffraction line-
shift and, therefore, will not affect t determined from the gamma plots. However, the strength of silver 
inferred from the line-width analysis may be in error. In view of the overall uncertainty in estimating 
the strength of solid helium, the influence of both the factors is not significant. 

  The strength of argon, another inert gas, was determined as a function of pressure from the radial 
diffraction data in an earlier study [20]. The strengths of argon and helium are compared in figure 2. 
The strength of argon is nearly zero at low pressure and increases steeply as the pressure is increased. 
The strength, however, is unlikely to continue increasing at this rate and is bound to exhibit a 
gradually decreasing slope such that the strength asymptotically approaches infinity at infinite 
pressure. In comparison, he lium also has near-zero strength at low pressures and increases with 
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increasing pressure but not as steeply as for argon. At 50 GPa, the strength of argon is nearly seven 
times the strength of helium.   
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Figure 2. A comparison of 
the compressive strengths of 
helium and argon. Thick line 
− helium (this study). Thin 
line −  argon.  The strength of 
argon was determined from 
the radial x-ray diffraction 
data [20]. 
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