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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 @) K.
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For a classical system such as krypton or xenp) is  ments of(E,) of solid neon between 5 and 22 K at mostly 1°
given by a Maxwell-Boltzmann distribution, and it is Gauss-intervals of temperature. Further, as this paper was written,
ian with a width determined by the mean single-particle ki-independent PIMC work was publishédyhich also shows
netic energy{E,). Near melting(E,) is given by classical that (E,) values computed using an HFD potential are
equipartition® For the more massive inert gases the zeroslightly smaller than those using a LJ potential.
point energy, which is inversely proportional to the atomic  Neutron Compton scatteringNCS) is the neutron analog
mass, is small and plays a minor role in shaping their physief photon Compton scattering and measures the atomic mo-
cal properties. However, the strong quantum interactions imentum distributionn(p). It is a neutron-scattering tech-
helium result in significant deviations from this Gaussiannique made possible by the construction of accelerator-based
behavior, making it the subject of many detailedsources such as the ISIS facility, United Kingdom. The mo-
investigationg. Solid neon is an intermediate system. Thementum of a particle is a fundamental concept in both clas-
shape ofn(p) is Gaussian but quantum effects are manifestsical and quantum mechanics and the Vesuvio electron volt
as an excess in the measured value§kq) above the clas- spectrometer(eVS) at ISIS is the leading instrument de-
sical prediction and the existence of a significant zero-poinsigned to accurately measure atomic momentum distribu-
energy’ tions, n(p), in condensed matt&The high-energy and mo-

In a previous studbof the kinetic energy in solid neon we mentum transfers available with eVS ensure that the
reported results which were broadly in agreement with pathinteraction between the neutron and target atom is well ap-
integral Monte Carlo(PIMC) calculations performed using proximated by the IA. In the IA, the struck atom is assumed
both modified Hartree-Fock dispersiofHFD-C2 and  to recoil freely and interatomic interactions in the final state
Lennard-Joned.J) pair potentials. This experiment was per- are negligibl€’ The quantity measured in NCS experiments
formed at very high energy and momentum transfers, wherés the longitudinal momentum distribution or neutron Comp-
the validity of the impulse approximatioftA) was assured ton profile, J(y), and the width ofJ(y) provides a direct
and corrections for final-state effects were unnecessary. Thmeasurement ofE,). Details of the Vesuvio eVS and the
results obtained were significantly lower than those of previdata analysis procedure used here can be found elsefifere.
ous measuremeritand were used to support the PIMC Another method, using Doppler broadening from resonant
method over the Wigner-Kirkwood expansion method per-uclear reactions, still is not competitive for determining
formed with the same two pair potentials. It was also showm(p) in neon'®
that the computed kinetic energy is not critically dependent Natural neon samples of volume 16 twere contained
on the model pair potential chosen, with the HFD-C2 yield-within a square-sided aluminum can of thickness 10 mm.
ing slightly lower values. Boron nitride shielding was used to limit the range of poten-

Our motivation for the present work was the publicationtial scattering angles viewed by any one detector. This
of additional calculation3® Existing experimental data are shielding proved very successful in limiting the effects of
in broad agreement with these new calculations but are limmultiple scattering in this large sample. The remaining
ited to just a few isolated temperatures. These data wermmultiple-scattering contribution was estimated by Monte
unable either to confirm the predicted temperature depercarlo simulation and then removed from the time-of-flight
dence or to estimate the ground stéfg) with confidence. (TOF) spectrum. The cell temperatures were maintained to
In this paper we report systematic, high-precision measurewithin 0.1° in the sample space of an “orange” cryostat.
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TABLE |. Values for the kinetic energy of various solid neon samples obtained by both experimental
measurements and PIMC calculations. Present experimental values were taken @t higthe impulse
approximation regime, as were those of Ref. 7.

T p Experiment(E,(p,T)) Reference T p Calculations(E,(p,T)) Reference

K)  (m) (K) (K)  (nm®) (K)

4.255) 44.97 44.010) 4 4,125 4497 41(@) 4(HFD)

4.71) 44.97 49.228) 3 4.7 44.97 41.41) 7(HFD)

5.01) 44.97 42.%8) present 5.0 a 41.71) 5(LJ)

7.01) 4494 43.09) present

8.01) 44.92 41.79) present

8(2) 37(7)° 10

9.001) 44.89 42.49) present

9.41) 44.87 49.140) 3 9.4 44.87 41.8) 7(HFD)

10.01) 44.85 43.78) present 10.0 a 42.51) 5(LJ)
10.154 44.85 42(@) 4(HFD)

10.21) 44.84 43.010) 4 10.2  44.68 41@) 7(HFD)

11.01) 44.80 43.29) present

11.42) 44.77 49.024) 3 11.4 4477 421®) 7(HFD)

12.01) 44.74 42.69) present 12.0 a 43.21) 5(LJ)

13.01) 44.66 43.39) present

14.01) 44.57 43.49) present

15.01) 44.47 43.49) present 15.0 a 44.61) 5(LJ)

16.01) 44.35 45.49) present 15.687 44.48 4615 4(HFD)

17.01) 44.23 44.%9) present 17.0 a 45.1(1) 5(LJ)

17.842) 44.12 51.229) 3 17.8  44.12 45Q) 7(HFD)

18.01) 44.08 44.39) present

19.01) 43.93 44.49) present

20.01) 43.75 47.19) present 20.0 a 48.01) 5(LJ)

20.21) 43.74 48.010) 4 20.2 43.91 47 @) 7(HFD)
20.308 43.50 47(@) 4(HFD)

22.01) 43.35 47.610) present

26.42) 43.26 57.920 3 26.4 43.26 54(1) 7(HFD)

@Adjusted “zero-pressure” densitigsee texk
®Includes possible surface effect.

Temperature sensors and heaters were positioned at the tbpfore continuing with the measurements.

and bottom of the sample to maintain a minimum- Analysis of the data was performed by fitting in time of
temperature gradient across the sample. The neon sampliéight; the details of this procedure can be found elsewfere.
were prepared by filling through a vertical capillary of Only the dominanf’Ne scattering was retained for analysis;
0.5-mm i.d. connected to pressure gauges and a ballast vdhe other isotope contributions were removed using the pro-
ume of about 1 liter all at room temperature. The observeg¢edure outlined in Timmet al* The mean atomic kinetic
pressure changed little throughout the experiment, implyingnergy was obtained by fitting the 32 recoil spectra obtained
that a relatively constant level of liquid neon was maintainedat each temperature with a Voigt resolution function convo-
in the capillary. The solid neon sample was prepared by firstuted with the Gaussian momentum distributi@®e Timms
liquefying the sample and then cooling the sample until itet al.* and Andreankt al*? for detaily and the mean atomic
solidified. At a long TOF £2000us), the eVS spectra Kinetic energy (E,) was determined from the Gaussian
show peaks arising from neutron diffraction within the width. At the large momentum transfers used hef@ (
sample and these peaks were used to confirm the polycrys=750 nm ) corrections for final-state effects SE are un-
talline nature of the sample. Good agreement at all temperarecessary and the values(@,) listed in the table are with-
tures, between the observed lattice parameters and thoset FSE correction.

expected! indicates both that the sample temperatures are Values for(E,) of solid neon obtained by both experi-
accurately known and that the sample was not constraineshental measurement and recent PIMC calculations are given
within the cell. For each sample approximgtd h of run  in Table I. Note that these may apply to somewhat different
time was used. The sample was then cooled to a new tenzonditions. The present work applies t8Ne. The nuclear
perature and left fo 1 h to reach thermal equilibrium resonance dat3were taken orf!Ne. Among the PIMC cal-
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Present NCS spectra show the total scattering for all neon
isotopes, but the recoil spectra overlap and are of insufficient
precision to distinguish possible differences betwéEp)
for different isotopes. We note that PIMC methods have been
extended to study thermal expansion of neon isotdpasgd
the results on a relative basis show agreement with anoma-
lies at high temperature first demonstrated by experi-
ment!* Results for relative isotopidE,) values are not
given, however.

Acocellaet al. have used the improved effective potential
Monte Carlo and improved self-consistent theories to study
the thermal and elastic properties of solid néd&uch cal-
culations, unlike a PIMC simulation which uses an experi-
mentally given density, pass the more demanding test of pre-
cisely obtaining the equilibrium density owing to equilibrium

Prasent
Timms
Timms-HFD|
Cuccoli-LJ
NZ-HFD

7

odbme

8

%

Excess Kinetic Energy (K)
B

15

10 15

Temperature (K)

FIG. 1. Kinetic-energy excess above (3gJ in solid neon as a

function of temperature.@®), present data;l) and (A), experi-
mental measurements and PIMC calculations, respectively,
Timmset al. (Ref. 4; (V) and (¢ ), PIMC calculations by Cuccoli
et al. (Ref. 5 and by Neumann and ZopfRRef. 7), respectively.

thermal expansion. These authors conclude that although

frorineir realistic potential is the best currently available, it is not

significantly superior to a suitably chosen nearest-neighbor
Lennard-Jones potential in their calculations. Their Table |

lists a calculated zero-point energy of 77.94 K, from which a

harmonic division would yield 39.0 K for the kinetic energy.
culations, those of Timmet al* were for mass 20 amu, Presumably, however, strictly harmonic division is not ap-
those of Neumann and Zoppiere for mass 20.184 amu, at Propriate, because of known anharmonicity in solid neon.
the specified densities, and those of Cuceslal® were for ~ Unfortunately, kinetic energies versus temperature are not
“neon” and the density is unspecified except through thediven.
statements'’ .. density was adjusted in such a way as to Traditional thermodynamic tests of lattice-dynamics mod-
get a practically vanishing pressur...zero-pressure densi- €ls rely on comparisons with experiment of derivatives of the
ties turned out to be very close to the experimental ones.” free energy, such as temperature dependence of the lattice

The temperature dependence of the kinetic-energy excegmrametet!'* bulk modulust' and internal energl To

above the classical equipartition value is shown in Fig. 1those scalar quantities one can now usefully add the kinetic
Previous eVS measuremehtre of precision similar to the energy.

present ones, but are limited to just three temperatures, mak- _ . .
ing an accurate estimate of the zero-point energy difficult. 1S research was supported by the UK EPSRC with the

The figure shows agreement between our present data aRgeVision of beam time. R.0.S. was supported by the US
these earlier results, and the increased density of present dd$?E: Division of Materials Sciences, Contract No.
points allows the zero-point energy to be determined fronPEFG02-91ER445439. We are grateful to J. Dreyer, I. F.
data points below 10 K as ) K. The figure also shows Bailey, J. Bones, and other technical staff from the ISIS fa-
that the theoretically predicted temperature dependence 6flity, Rutherford Appleton Laboratory, for their assistance
(Ey) is observed. Agreement is also evident between the newith these measurements. We are also grateful to A. Cuccoli
PIMC calculations” and those presented in our previous for making the results of his PIMC simulations available to

study?

us before their publication.
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