


A = n/(eme Ty (1)

is comparable in magnitude to atomic dimensions {Hirschfelder et al.,
1954, p. 4¥13), h in the equation is Planck's constant (6.62 x 10-27 erg-
sec}, m is the particle mass in grams, kp is Beltzmann's constant, and

T is the Kelvin temperature, 3Since, X = 0,19 B for Ne at 35¢ K, while
its atomie "diameter" is 2.75 R, diffraction effects are alsc not & major
consideration. Zero point motion may be determined by means of Wigner's
analysis of a semi-classical system (Landau and Lifschitz, 1958, pp.
96-103). He showed that, to order h®, the momentum distribution of a
semi-classical system remains Mexwellan,

an(p) = (const)exp(-p?/2mkpT o )4 Tpoap (2)

provided that the thermodynamic temperature is replaced by an "effective
temperature",

_ 2 4.2
Teff_T+ m h (a) (3)
36RB3T2
<_a2> is the mean sauare acceleration for the classical system,

<32> =

S (3,-2) (4)
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The difference, Tape - T, amounts to mbout 5 degrees in We at 350 K, Zero
point motion thus appears te be the most significant effeet. To account
for this, two computer runs are presented: one entirely classical at

35% X, and a second at a higher temperature (L41.2° K) which has a momentum
distribution corresponding to that given by equations {2) and (3). The
increase in average speed of particles of the system also changes trajec-
tories, although not entirely in a manner which would correspond to that
predicted by a semi-classical analysis of scattering.

Another consideration is the change of pair potential due to the low
temperature. There are several approaches to this problem, the most
straightforward being that of Deutch et al, (1966), who presented a semi-
classical pair potential in the simple form:

Uge = Uy * %2_ v2Ucl (5)

where Uy, is the semi-classical pair potential and U, is the ¢lassical
Lennard-Jones potential. A is again the thermal de Broglie wavelength.
It will be seen that such a consideration, while not large in determining
the radial distribution function, can be very important in properties re-
lated directly to the force law derived from eg. (5).
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METHOD

Detailed descripftions of {he methods used for computation are con-
tained in articles by Rahman {1564), Verlet (1967), and the thesis of
Chen (1974}, Essentially, the mgthod of molecular dynemics involves
computation of the total force, Fys acting upon a particle, 1, due to
other particles in the system. Then, using Newton's law,

3 =T/ (6)

the aceeleration of the particle 1s numerically integrated, by which its
trajectory can be determined. This is done for each particle In the

system over a series of steps which correspond to the time evolution of
particle motion. The foree is derived from the Lennard-Jones potential

iy = b€ [0y - ey ] @
th

where ry; is the magnitude of the distance from the i*P to the 3PP par-
ticle. 'he x-component of force in eq. {6) is then
F = 2h€ E: %3 [E(O'/rij)lz - (O'/rij)6] (8)
J=LN pg 4P
J#

T and € are for Ne 2.75 R and 4.9 x 10739 ergs, respectively, Similar
expressions are obtained for the y- and z-components. Integration of eq.
{€) is accomplished by the formula of Verlet (1967}, which gives the posi-
tion of a particle at time t+ At, knowing its position at times ¢ and t-At:

= 2
xi(t+At) = -xi(t- At) + 2xi(t) + a Xi(t) At {9}
The veloeity at time t is then

vxi(t) = xi(t+At) - xy(t- At) (10)
2 At

Terperature c¢an be obtained by the mean square momentum derived from the
distribution of eq. {2):

{9 fom = %Z(ﬁi-‘p‘i) = %Zm(\‘}‘i'*‘?i)

- %jpzcm(p} = 3/2 Ky Togs (12)



Thus,

Teer = <P2> /3y (12)

Since the calculation of the interacticns bhotween every pair of 500 parti-
eles is very lengthy, computation was restricted to pairs of particles
with distances egual to or less than 2,50, Interactions at greater dis-
tances have been shuwn to be neglipgible (Verlet, 1967). For convenience,
reduced dimensions were crmloyed by taking (F as a unit of length, € as
a unit of energy, and OYM as a unit of time. The computer algorithm
then involved locating %, %, and z coordinates for 500 particles at posi-
tions on a face-centered cubic lattice in a eell of length 9.1330 = £5.116
, which corresponds to a density of 1.062h g/cmB. The atoms were glwven
random displacements corresponding to a Gaussian velocity distribution with
mean square of about 359 K. Psing eq. {10), the coordinates were moved for
about 450 steps of A% = 10-1% see. The temperature of the system was
monitored and adjusted by multiplying veloeities with a corrective factor
at each 20th step. Afler the program had run for some time {about 7 hours
on an TBM 360ﬁ50 computer}, the system was considersd to be "equilibrated”,
and the next 400 sters were followed withouf, further velcclty adjustment.
Positions and velocities woere recorded on magnetie tape mnd caleulations
of the radial distribution fuction obtained from them., The radial distri-
bution function is defined as the ratic of the bulk denaity, fjbulk’ to
the average microscopie local density, ﬁ3i(r), at a distance r:

o) = 1 o Pl (13)

i=1 f’hu]k

This average is taken cver all particles in She asystem, end then over z
large mumber of configuraticns in bime. If there are n.(r) particles which
are situated at a distance between r - Ar/2 and r + ATF/2 I'rom a particle,
1 . is then

’ pl(""}

Pir) =n(r) T2 Ar (14}

From a knowledge of g{r), odher cquiilbriun propertiss moy be debermined,
The pressure, for instance, is given by

& : = 5
P= kT4 % P ‘r gtigr} g(r)sTreidr {15)
a

RESULTS

The termerature and fotal energy for Lthe lyo computer runs were moni-
tored during their orogress.  Averages and thelr standard dsviations are
surnmarized in fable T,




TASLE I - Averages Determined freom the Dynamics of the Computer Runs

Average Classical
Terperature, °XK
{eq. 12) 3.8 bi.2

Standard Deviation, °K G.5 0.6

Semi-Classical
Temperature (ea. 3) - 37.0

Average Energy per
Partiele, Units
of € -2.80 -2.52

Standard Deviation
of Energy, Units
of € 2.2x10"3 6.Ux10"3

Mean Sguare ficceleration
rer Particle, -
Units of £ €Y7 515. 15.
(FK&J 515 516

The temperature for the run at 51.29 K was determined iteratively from
values of the mean square acceleration at early states of the run by eq,
{3}, This overestimated the T, ep NECESSATY to yield a thertodynamie
temperature of 357, However, values of the reduced acceleration and
total potential energy are nearly identicul for Lhe lwo runs, as inspec-
tion of the radial disztribution functions also suggests, Density is obvi-
ously a more significant factor in determining these guantities than the
sliphtly different trajectories of the L41.2° run, a fact which has been
previcusly demonstrated {Reed and Gubbins, 1973, p. 249). Radial distri-
bution functions for the two runs are shown in figures 1 and 2, and are

to be compared with the radial distributicn funetion obtained from the
neutron scattering data of de Grasf and Mozer (1u/l), figure 3, Inspec-
tion of the curves {table II)* reveals that the principal differences
between the corpufer runs and the neutron scattering RDF are in the posi-
ticns of the first maxivum, the value Tor neutren sacattering being at a
slightly larger (0,12 + 0,05 R} distance. In general all three RDF's are
very similar, with the major differences being substructural "disturbances"
in the principal ocsecillaticns.

# The autheors will supply detailed (3.0% E) tables of g(r} upon request,
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Radial Distribution Funetions Determined From Computer And
Newtron Seattering Experiments
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TABLE II - A Comparison of Radial Distribution Functions for Neon
bDetermined from Computer and Neutron Scattering Experiments

Computer, Computer, Neutron Scattering,
3.8 x h1.2% K 35% K (de Graaf and
Mozer, 1571)

First Maxioum, & 3,00 ¥ 0,05 3.00 £ 0.05 3.10 ¥ 0.05

glr } 2.35 2.38 2.31
max

First Minirum, X .55 %.50 b, b5

a(ri,) 0.75 o.72 0.71

Second Maximm, R 5.80 5,85 5.85

g(rmx) 1,16 1.16 1.17

Considering that random flucinations in a Lime-averaged property are pro-
porticnal to the inverse square root of the number of measurements, we
estimate these, by comparison with the work of Verlet (1567}, to be about
1.7% in gl{r) for the computer runs. There is a current controversy as to
whether such small substructural features in g(r) correspond to real eon-
figurgtional substructure in the liquid or are the result of experimental
uncertainties (Fehder, 1970; Tsien and Vallesu, 197%). The computer
experimcnis presented here do not resolve that guestion, but it is to be
noted that the initial configuration for the %1.2° computer run was one of
the latter configurations of the 34.8° run. Thus with a common point in
phase space, the time evolution of the two runs results in different sub-
structural features in their radial distribution functions. RDF's derived
from different porticns of the two computer runs indicate that the sub-
structural differences persist over an appreciable period of time {ecompared
to the total run time). Much longer runs would be needed, though, before
the issue could be delinitely settled.

Pressures caleulated from eq. (15} for the varisus computer runs and
the g(r) derived from neuiron seattering are presented in table IIT, using
both the classical Lennard-Joncs pair potential, eq. (7}, and the semi-
classical pair potential, eq. (5). The wide range of results indicates
the sensitivity of this property to details of the computation, De Graaf
and Mozer {(1G71) report the ewperimental value of P/kaBT to be 0.142 at
35° K.



Table III - P/p}gff Calculated Irom the Radial Distribuilon Funeiflions
by eq. {15).

Corputer, Carputer, Neutron Seattering,
4, B9 K hl.29 K 250 X {de @Graaf and
Mozer, 1471)

Classical Ulr), eq. {7} I -0.12 -03.36
Semi-Classical U{r),
oy, (9) - .64 o Its
DISCUSETON

Wepative predsures, calentated from egq. {15) suggest in molecular dy-
namics caleslations the possibility of a phase separation {see also Riess,
1950), a phenomencn not identical to the real event in nature becauvse of
the periodic boundary comditions. For neon, the freezing point under its
QWIL VApor wressure ia 34,59 K., and such a result would not be surprising.
There are possibilities other than a phase transition which could acecount
for this effect in neon, however, spocifically neglect of guantum mechani-
cal factors, Indeed, the large positive pressure obtained from the neutron
zoatteriag RIF using fthe memd-clasdical potential funetion sugeests that
this is likely the case, even though eq. {9) may aot be adequate,

In general, the effect of a semi-classical palr potential wpon g(r)
ean he understood by examining the parareters € and( in the Lennard-
Jones equation. The result of cuantum behavior is to shift € to smaller
and 0 to larger values in the zemi-classical function from the classical
potential.  Studies upon the effects of density on g{r) (Fender, 1270;
Verlet, 1%68) indicabe that the principal maximum depends mainly upon the
cormonent of repylsive tforce which is related to . A larger ¢ would
likely move the glvr) in the direction of the neutron seattering gl{r).
This would alse bave = gignificant contribution to the pressure virial,
eq. {19}, Tae smaller € , which characterizes n smaller attractive force,
would affect the subseguent principal structure, Thus, it appears that a
sarewhat more precise semi-elassiecal potential function, used for the
comp:tation of parbicie trajectories by eq. {9), could account for the
differcnoes in the principal muximum of gr) as well as give bebter re-
asults for the pressure calculated from eg. {15),



It would also be of Interest to ewxamine the microscopic transport and
time dependent correlations in the fluid using an effective terperature
and a semi-classical pair potential. This would uelp decide whether such
an approach does represent the state of affairs in a real fluid under
ncderate conditions of temperature and pressure.
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