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Neutron measurements of the single-particle kinetic energies in solid neon
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Direct measurements of the mean atomic kinetic energy of solid neon have been made at 16 temperatures in
the range 5–22 K and saturated vapor pressure. The measurements were made at high momentum and energy
transfers using the technique of neutron Compton scattering. These extensive data have been compared with
published calculations, and there is general agreement. The ground-state kinetic energy in condensed neon has
been determined to be 41~2! K.
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For a classical system such as krypton or xenonn(p) is
given by a Maxwell-Boltzmann distribution, and it is Gaus
ian with a width determined by the mean single-particle
netic energy,̂ Ek&. Near melting,̂ Ek& is given by classical
equipartition.1 For the more massive inert gases the ze
point energy, which is inversely proportional to the atom
mass, is small and plays a minor role in shaping their ph
cal properties. However, the strong quantum interaction
helium result in significant deviations from this Gaussi
behavior, making it the subject of many detaile
investigations.2 Solid neon is an intermediate system. T
shape ofn(p) is Gaussian but quantum effects are manif
as an excess in the measured values of^Ek& above the clas-
sical prediction and the existence of a significant zero-po
energy.3

In a previous study4 of the kinetic energy in solid neon w
reported results which were broadly in agreement with pa
integral Monte Carlo~PIMC! calculations performed usin
both modified Hartree-Fock dispersion~HFD-C2! and
Lennard-Jones~LJ! pair potentials. This experiment was pe
formed at very high energy and momentum transfers, wh
the validity of the impulse approximation~IA ! was assured
and corrections for final-state effects were unnecessary.
results obtained were significantly lower than those of pre
ous measurements3 and were used to support the PIM
method over the Wigner-Kirkwood expansion method p
formed with the same two pair potentials. It was also sho
that the computed kinetic energy is not critically depend
on the model pair potential chosen, with the HFD-C2 yie
ing slightly lower values.

Our motivation for the present work was the publicati
of additional calculations.5,6 Existing experimental data ar
in broad agreement with these new calculations but are
ited to just a few isolated temperatures. These data w
unable either to confirm the predicted temperature dep
dence or to estimate the ground state^Ek& with confidence.
In this paper we report systematic, high-precision meas
0163-1829/2003/67~17!/172301~4!/$20.00 67 1723
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ments of̂ Ek& of solid neon between 5 and 22 K at mostly 1
intervals of temperature. Further, as this paper was writ
independent PIMC work was published,7 which also shows
that ^Ek& values computed using an HFD potential a
slightly smaller than those using a LJ potential.

Neutron Compton scattering~NCS! is the neutron analog
of photon Compton scattering and measures the atomic
mentum distributionn(p). It is a neutron-scattering tech
nique made possible by the construction of accelerator-ba
sources such as the ISIS facility, United Kingdom. The m
mentum of a particle is a fundamental concept in both cl
sical and quantum mechanics and the Vesuvio electron
spectrometer~eVS! at ISIS is the leading instrument de
signed to accurately measure atomic momentum distr
tions,n(p), in condensed matter.8 The high-energy and mo
mentum transfers available with eVS ensure that
interaction between the neutron and target atom is well
proximated by the IA. In the IA, the struck atom is assum
to recoil freely and interatomic interactions in the final sta
are negligible.9 The quantity measured in NCS experimen
is the longitudinal momentum distribution or neutron Com
ton profile, J(y), and the width ofJ(y) provides a direct
measurement of̂Ek&. Details of the Vesuvio eVS and th
data analysis procedure used here can be found elsewhe4,8

Another method, using Doppler broadening from reson
nuclear reactions, still is not competitive for determinin
n(p) in neon.10

Natural neon samples of volume 16 cm3 were contained
within a square-sided aluminum can of thickness 10 m
Boron nitride shielding was used to limit the range of pote
tial scattering angles viewed by any one detector. T
shielding proved very successful in limiting the effects
multiple scattering in this large sample. The remaini
multiple-scattering contribution was estimated by Mon
Carlo simulation and then removed from the time-of-flig
~TOF! spectrum. The cell temperatures were maintained
within 0.1° in the sample space of an ‘‘orange’’ cryosta
©2003 The American Physical Society01-1
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TABLE I. Values for the kinetic energy of various solid neon samples obtained by both experim
measurements and PIMC calculations. Present experimental values were taken at highQ, in the impulse
approximation regime, as were those of Ref. 7.

T r Experiment̂ Ek(r,T)& Reference T r Calculationŝ Ek(r,T)& Reference
~K! (nm23) ~K! ~K! (nm23) ~K!

4.25~5! 44.97 44.0~10! 4 4.125 44.97 41.6~1! 4~HFD!

4.7~1! 44.97 49.2~28! 3 4.7 44.97 41.2~11! 7~HFD!

5.0~1! 44.97 42.5~8! present 5.0 a 41.7~1! 5~LJ!

7.0~1! 44.94 43.0~9! present
8.0~1! 44.92 41.7~9! present
8~2! 37~7!b 10
9.0~1! 44.89 42.4~9! present
9.4~1! 44.87 49.1~40! 3 9.4 44.87 41.9~3! 7~HFD!

10.0~1! 44.85 43.7~8! present 10.0 a 42.5~1! 5~LJ!

10.154 44.85 42.6~1! 4~HFD!

10.2~1! 44.84 43.0~10! 4 10.2 44.68 41.8~3! 7~HFD!

11.0~1! 44.80 43.2~9! present
11.4~2! 44.77 49.0~24! 3 11.4 44.77 42.5~2! 7~HFD!

12.0~1! 44.74 42.6~9! present 12.0 a 43.2~1! 5~LJ!

13.0~1! 44.66 43.3~9! present
14.0~1! 44.57 43.4~9! present
15.0~1! 44.47 43.4~9! present 15.0 a 44.6~1! 5~LJ!

16.0~1! 44.35 45.4~9! present 15.687 44.48 46.5~1! 4~HFD!

17.0~1! 44.23 44.5~9! present 17.0 a 45.1~1! 5~LJ!

17.8~2! 44.12 51.2~28! 3 17.8 44.12 45.9~1! 7~HFD!

18.0~1! 44.08 44.3~9! present
19.0~1! 43.93 44.4~9! present
20.0~1! 43.75 47.1~9! present 20.0 a 48.0~1! 5~LJ!

20.2~1! 43.74 48.0~10! 4 20.2 43.91 47.9~2! 7~HFD!

20.308 43.50 47.8~1! 4~HFD!

22.0~1! 43.35 47.6~10! present
26.4~2! 43.26 57.9~20! 3 26.4 43.26 54.1~1! 7~HFD!

aAdjusted ‘‘zero-pressure’’ densities~see text!.
bIncludes possible surface effect.
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Temperature sensors and heaters were positioned at th
and bottom of the sample to maintain a minimum
temperature gradient across the sample. The neon sam
were prepared by filling through a vertical capillary
0.5-mm i.d. connected to pressure gauges and a ballast
ume of about 1 liter all at room temperature. The obser
pressure changed little throughout the experiment, imply
that a relatively constant level of liquid neon was maintain
in the capillary. The solid neon sample was prepared by
liquefying the sample and then cooling the sample unti
solidified. At a long TOF (.2000ms), the eVS spectra
show peaks arising from neutron diffraction within th
sample and these peaks were used to confirm the polyc
talline nature of the sample. Good agreement at all temp
tures, between the observed lattice parameters and t
expected,11 indicates both that the sample temperatures
accurately known and that the sample was not constra
within the cell. For each sample approximately 4 h of run
time was used. The sample was then cooled to a new t
perature and left for 1 h to reach thermal equilibrium
17230
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before continuing with the measurements.
Analysis of the data was performed by fitting in time

flight; the details of this procedure can be found elsewhe8

Only the dominant20Ne scattering was retained for analys
the other isotope contributions were removed using the p
cedure outlined in Timmset al.4 The mean atomic kinetic
energy was obtained by fitting the 32 recoil spectra obtai
at each temperature with a Voigt resolution function conv
luted with the Gaussian momentum distribution~see Timms
et al.4 and Andreaniet al.12 for details! and the mean atomic
kinetic energy ^Ek& was determined from the Gaussia
width. At the large momentum transfers used hereQ
.750 nm21) corrections for final-state effects~FSE! are un-
necessary and the values of^Ek& listed in the table are with-
out FSE correction.

Values for ^Ek& of solid neon obtained by both exper
mental measurement and recent PIMC calculations are g
in Table I. Note that these may apply to somewhat differ
conditions. The present work applies to20Ne. The nuclear
resonance data10 were taken on21Ne. Among the PIMC cal-
1-2
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culations, those of Timmset al.4 were for mass 20 amu
those of Neumann and Zoppi7 were for mass 20.184 amu, a
the specified densities, and those of Cuccoliet al.5 were for
‘‘neon’’ and the density is unspecified except through t
statements ‘‘ . . . density was adjusted in such a way as
get a practically vanishing pressure . . ..zero-pressure dens
ties turned out to be very close to the experimental ones

The temperature dependence of the kinetic-energy ex
above the classical equipartition value is shown in Fig.
Previous eVS measurements4 are of precision similar to the
present ones, but are limited to just three temperatures, m
ing an accurate estimate of the zero-point energy diffic
The figure shows agreement between our present data
these earlier results, and the increased density of present
points allows the zero-point energy to be determined fr
data points below 10 K as 41~2! K. The figure also shows
that the theoretically predicted temperature dependenc
^Ek& is observed. Agreement is also evident between the
PIMC calculations5,7 and those presented in our previo
study.4
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FIG. 1. Kinetic-energy excess above (3/2)kBT in solid neon as a
function of temperature. (d), present data; (j) and (n), experi-
mental measurements and PIMC calculations, respectively, f
Timmset al. ~Ref. 4!; (¹) and (L), PIMC calculations by Cuccoli
et al. ~Ref. 5! and by Neumann and Zoppi~Ref. 7!, respectively.
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Present NCS spectra show the total scattering for all n
isotopes, but the recoil spectra overlap and are of insuffic
precision to distinguish possible differences between^Ek&
for different isotopes. We note that PIMC methods have b
extended to study thermal expansion of neon isotopes,13 and
the results on a relative basis show agreement with ano
lies at high temperature first demonstrated by exp
ment.14 Results for relative isotopiĉEk& values are not
given, however.

Acocellaet al. have used the improved effective potent
Monte Carlo and improved self-consistent theories to stu
the thermal and elastic properties of solid neon.15 Such cal-
culations, unlike a PIMC simulation which uses an expe
mentally given density, pass the more demanding test of
cisely obtaining the equilibrium density owing to equilibriu
thermal expansion. These authors conclude that altho
their realistic potential is the best currently available, it is n
significantly superior to a suitably chosen nearest-neigh
Lennard-Jones potential in their calculations. Their Tabl
lists a calculated zero-point energy of 77.94 K, from which
harmonic division would yield 39.0 K for the kinetic energ
Presumably, however, strictly harmonic division is not a
propriate, because of known anharmonicity in solid ne
Unfortunately, kinetic energies versus temperature are
given.

Traditional thermodynamic tests of lattice-dynamics mo
els rely on comparisons with experiment of derivatives of
free energy, such as temperature dependence of the la
parameter,11,14 bulk modulus,11 and internal energy.16 To
those scalar quantities one can now usefully add the kin
energy.
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