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A three-year 
from 1st. Oct. 
EXAFS studies of 

post-doctoral position will be available 
1985 for a project involving simulation and 
Si02 and silicates. A central feature of 

the project ~ill be the incorporation of bond-bending terms 
into the simulation codes. The project involves 
collaboration between C. R. A. Catlow (Keele as from lst. 
Oct.), M. Leslie and G. N. Greaves (Daresbury Laboratory), 
C. M. B. Henderson (Manchester University) and J. Clarke 
(U.M.I.S.T). For further details please write to 

C. R. A. Catlow 
Department of Chemistry 

University College London 
20, Gordon Street, 

LONDON 





Editorial. 

The next few months promise to be very interesting to computer 
users in the U.K .• At present the Advanced Research Computer 
Working Group, under the Chairmanship of Professor J. Forty is 
deliberating on the provision of the next generation supercomputer 
by 1987-88 and ~will report to Council by the end of July. Thus 
by August perhaps we shall hear of developments in this area. It 
seems likely that any state-of-the-art computer provided will be 
housed in one of the major computing centres; Daresbury, Rutherford 
or U.L.c.c.. in a peer reviewed dedicated environment. 
Consideration of the provision of software support, to take fullest 
advantage of the computer architecture, is also likely. We await 
the news with great interest. 

Once again we thank our contributors who make up our 
newsletter. Several of them are well-known from past submissions. 
We thank them in particular. 

Contributors: 

D.J. Evans 
G.P. Morriss 

D. Fincham 

J.H. Harding 
R. Pandey 
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W, Smith 

D.Tildesley 
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University, Ramat-Gan, Israel. 

Department of Chemistry, Royal 
Holloway and Bedford College, Egham, 
Surrey TW20 OEX. 

Theory & Computational Science Division, 
S.E.R.C. Daresbury Laboratory, Warrington, 
WA4 4AO. 

Department of Chemistry, University 
of Southampton, Southampton S09 SNH. 
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General News. 

a) The next CCP5 Conference will be held at the University of York 
from September 11th. to 13th. 1985. The subject matter will be 
'Stochastic Dynamics and Macromolecules'. The invited speakers will 
be H.J.C. Berendsen/W. van Gunsteren (Groningen), G. Bossis (Nice), 
C.L. Brooks (Harvard) and s. Toxvaerd (Copenhagen). The fee for the 
meeting will be £45, though CCP5 may refund part of the fee to 
students who submit a contribution. A registration form and a call 
for speakers is incuded with this newsletter. 

The meeting will be proceeded by the second CCPS Graphics 
Workshop which was originally scheduled for the Summer 1985. 
Further notification of this workshop will be made later. 

b) CCP5 is to organise a conference on 'The Glass Transition', 
which will be held in the Spring of 1986, probably at Oxford. More 
details will be given in later issues of the newsletter. 

The CCPS Workshop on the 'Simulation of Silica and Silicates' 
will take place at the University of Bath on 8th. and 9th. July 
1985. Though it is now unlikely that places will still be 
available, la~e applications may be possible if there are 

~ cancellations. Readers should contact Dr. S.C. Parker, Department 
of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY 
(Tel. 0225-61244 ext. 505). 

Two further wo~kshops are planned by CCPS in the year ahead. 
These are on the subjects of 'Transport Properties' and 1 Similation 
of Ceramics and High Temperature Materials'. The former is 
scheduled for January 1986 and will take place in Manchester, the 
latter will take place in March 1986, probably in London. 

c) Members of the CCPS Steering Committee are reminded that copies 
of the minutes of all CCP5 Steering Committee and Executive 
Committee meetings are obtainable on request. Please write to the 
CCP5 Secretary (Dr. W. Smith, Daresbury Laboratory, Daresbury, 
Warrington WA4 4AD). 

d) European CCPS participants may be interested to know that the 
European Community is launching a programme designed to encourage 
and improve the efficacy of European Research and Development. To 
this end it is proposing to support projects in the sciences 
proposed by university or industrial centres in the public or the 
private sector. Three fot"mS of support will be used: a) the 
twinning of laboratories, b) operations contracts to groups of 
people across Europe with a specific scientific objective and c) 
research grants to facilitate travel or attendance at other 
European establishments. Further information and the subm~ssion 

forms are available from Mr. Charles White, The Directorate General 
for Science, Research and Development (Directorate A), "Stimulation 
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Action", Commission of the European Communities, Rue de la Loi 200, 
B-1049, Brussels, Belgium. 

Support is available to individuals and groups, particularly 
where a trans-European collaboration is involved. Clearly, CCPS 
members are in an ideal position to take advantage of the proposed 
programme, either on their own or within the framework of CCP5. Any 
suggestions should be forwarded to the CCPS Chairman, Dr. J.H.R. 
Clarke, Department of Chemistry, U.M.I.S.T., Sackville Street, 
Manchester M60 1QD. 

e) At Daresbury Laboratory the access of prospective users to the 
FPS 164 is to remain limited by the delay of the introduction of 
the MVS operating system until August. Currently access is via the 
temporary ASSOOO upon which MVS is being tested and modified. For 
this reason all who have been granted some time on the FPS to 
benchmark or develop programs are being referred to the on-site CCP 
representative. In the case of CCPS this is Bill Smith. As remote 
access is not practicable users of the FPS wil have to use the 
array processor on-site. 

The new Head of Computing Systems and Electronics (CSE) 
Division at Oaresbury is Dr. Mike Elder; replacing Dr. Brian 
Davies, who moved to Rutherford as SERC Director pf Computing. Dr. 
Elder will be well known to users of the Daresbury Densitometer and 
the NMR C-13 Database and to members of CCP4, the Collaborative 
Project on Protein Crystallography. 

f) At the University of London Computing Centre the most notable 
events seem to be in the software line. On the Amdahl V8 the 
SAS/GRAPH system (with colour graphics) has been implemented and so 
to have the SIR/DBMS and SIR/EDITOR database management packages. 
On the Cray-ls the Cambridge Analytical Derivatives Package 
(CADPAC) written by R. Amos et al. has been made available. The 
trial FORTRAN compiler has been upgraded to CFT 1.14 and the COS 
1.12 BFlB operating system was introduced as the production system 
on 1st. April. 

g) The University of Manchester Regional Computing Centre is 
proposing to withdraw ICL 1900 tapes after the closure of the ICL 
1904S. They propose to start with the older 1906 tapes. Users are 
being asked to contact them if they wish to keep their tapes or 
re-use them on the AMDAHL system (if they are suitable). Users of 
the CDC 7600 and CYBER 176 are being advised of the withdrawal of 
the FTN compiler and are being advised to change to the FTN5 
compiler, which is FORTRAN 77 compatible. 

For the CYBER 205, UMRCC have announced the availablity of the 
pre-compiler known as VAST (Vector and Array Syntax Translator), 
which may be used to improve the 205 compatibilty of FORTRAN 
programs. An article on VAST appears in the Spring CYBER 205 
Newsletter. Also of interest to CCPS members is the availability of 
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a vectorised library of ~ast Fourier Transform routines, written by 
the Bracknell Meteorological office. Lastly we note that the 
maximum job time on the 205 has been increased from 1250 to 2500 
seconds, which should be good news for everyone! 

h) Readers may be interested to know of two conferences. The first 
is the 1985 Materials Research Society Symposium on Computer-Based 
Microscopic Descriptl.on of the Structure and Properties of 
Materials to be held at Boston, Massachusetts December 2-6 1985. 
The speakers include A. Angell (Purdue), A. Bakker (Delft), B. 
Berne (Columbia), J. Haile (Clemson) and W. Hoover (U.C. Davis), to 
mention a few. Additional information is available from W. Krakow 
or S.T. Pantelides at the IBM Thomas J. Watson Research Centre, 
P.O. Box 218, Yorktown Heights, N.Y. 10598, 

The second conference is the Faraday Symposium No.20 on the 
Phase Transitions in Adsorbed Layers to be held at the University 
of Oxford 17-18 December 1985. The contributors to the meeting 
include J.S. Rawlinson (Oxford), M. Fisher (Cornell), D. J, 

Tildesley (Southampton), D. Nicholson and N.G. Parsonage 
(Imperial), F. van Swol (Oxford) and R. Evans (Bristol), among 
others. The fee is expected to be £25 for RSC members and £45 for 
non-members (fee includes a set of preprints and papers). Students 
studying for ~ degree will not be charged the conference fee. The 
cost for accommodation is expected to be about £35. Enquiries 
regarding attendance at the conference should be referred to Mrs. 
Y.A. Fish, The Royal Society of Chemistry, Burlington House, 
Piccadily, London WlV OBN. A final programme will be available in 
October 1985. 

i) Following the report in the last issue of the newsletter that 
the CCPS programs MDTETRA and MDPOLY contained errors, 
modifications have been made to the programs, which are now 
undergoing tests. Users who wish to have corrected versions of 
these programs should contact the program librarian. 

Anyone wishing to make use of the CCPS Program Library is 
invited to do so. Documents and programs are ava~lable free of 
charge to academic centres upon application to Dr. H. Leslie (*) at 
Daresbury Laboratory. Listings of programs are available if 
required but it is recommended that magnetic tapes (to be supplied 
by the applicant) be used. Users wishl.ng to send magnetic tapes are 
instructed to write to Dr. Leslie for information before sending 
the tape. PLEASE DO NOT SEND TAPES WITHOUT CONTACTING DR. LESLIE 
FIRST. Delays are caused by applicants sending new tapes which have 
to be initialised at Daresbury (i.e. tape marks have to be written 
on them). Also tapes sent in padded bags have to be cleaned before 
use. Please do not uge this form of packing. (A list of programs 
available follows in the next few pages.) 

We should also like to remind our readers that we would 
welcome contributions to the Program Library. The Library exists to 
provide support for the research efforts of everyone act~ve in 
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computer simulation and to this end we are always pleased to extend 
the range of software available. If any of our readers have any 
programs they would like to make available, please would they 
contact Dr. Leslie. 

* (Full address: S.E.R.C. Daresbury Laboratory, Daresbury, 
~arrington WA4 4AD, U.K.) 
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List of Programs in the CCPS Program Library. 

MDATOM by S. M. Thompson. 

M.D. simulation of atomic fluids. 
potential function and fifth order 

Uses 
Gear 

12/6 Lennard - Jones 
integration algorithm. 

Calculates system average configuration energy, kinetic energy, 
virial, mean square force and the associated R.M.s. deviations and 
also system 
mean square 
distribution 

pressure, temperature, constant volume 
displacement, quantum correct ions 

function. 

specific heat, 
and radial 

HMDIAT by S. M. Thompson. 

M.D. simulation of diatomic molecule fluids. Uses 12/6 Lennard 
Jones site site potential functions and a fift.h order Gear 
algorithm for centre of mass motion. Angular motion i~ 

calculated by fourth order Gear algorithm with quaternion 
orientation parameters. Calculates system average configurat~on 

energy, kinetic energy, virial, mean square force, mean square 
torque and the associated R.M.S. deviations and also system 
pressure, temperature, constant volume specific heat, mean square 
displacemen~ and quantum corrections. 

MOLIN by S. M. Thompson. 

M.D. simulation of linear 
Jones site 
algorithm 
calculated 
orientation 
as HMDIAT. 

- site potential 
for centre of 

by fourth order 
parameters. List 

HDLINQ by S. M. Thompson. 

molecule 
functions 

fluids. 
and a 

mass 
Gear 

motion. 
algorithm 

Uses 12/6 Lennard -
fifth order Gear 
Angular motion is 

l.'ith 
of calculated properties 

quaternion 
is the same 

M.D. simulation of linear molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions plus a point electrostatic 
quadrupole. Uses a fifth order Gear algorithm for centre - of -
mass motion. Angular motion is calculated by fourth order Gear 
algorithm with quaternion orientation parameters. List of 
calculated properties is the same as HMDIAT. 

MDTETRA by S. M. Thompson. 

molecule fluids. 
functions and a 

mass motion. 
Gear algorithm 

Uses 12/6 Lennard -
fifth order Gear 
Angular motion is 
with quaternion 

M.D. simulation of tetrahedral 
Jones site - site potential 
algorithm far centre of 
calculated by fourth order 
orientation parameters. List 
as HMDIAT. 

of calculated properties is the same 
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MDPOLY by S. M. Thompson. 

M.D. simulat~on of polyatomic molecule fluids. Uses 12/6 
Jones site site potential functions and a fifth 
algo~ithm for centre of mass motion. Angular 
calculated by fourth order Gear algorithm with 
orientation parameters. List of calculated properties is 
as HMDIAT. 

ADMIXT by W. Smith. 

Lennard 
order Gear 
motion is 
qua tern ion 

the same 

M.D. simulation of monatomic molecule mixtures. Uses 12/6 Lennard -
Jones atom atom potential functions and a Verlet leapfrog 
algorithm for centre - of - mass motion. Calculates system average 
configuration energy, kinetic energy and virial and associated 
R.M.S. deviationg and also pressure, temperature, mean square 
displacements and radial distribution functions. 

MDMIXT by W. Smith. 

M.D. simulation of polyatomic molecule mixtures. Uses 12/6 Lennard 
Jones site 

algorithm for 
calculated by 

site potential functions and a Verlet leapfrog 
centre of mas9 motion. Angular motion is 

the Fincham leapfrog' algorithm using quaternion 
orientation parameters. Calculates 
energy, kinetic energy and virial 
and also pressure and temperature. 

MOMULP by W. Smith. 

system average configuration 
and associated R.M.S. deviations 

M.D. simulation of polyatomic molecule mixtures. Uses 12/6 Lennard 
- Jones site - site potential functions and point electrostatic 
multipoles (charge, dipole and quadrupole). Long range 
electrostatic effects are calculated using the Ewald summation 
method. Uses a Verlet leapfrog algorithm for centre - of - mass 
motion. Angular motion is calculated by the Fincham leapfrog 
algorithm using quaternion orientation parameters. Calculates 
system average configuration energy, kinetic energy and virial and 
associated R.M.S. deviations and also pressure and temperature. 

MDMPOL by W. Smith & D. Fincham, 

M.D. simulation of polyatomic molecule mixtures. Uses 12/6 Lennard 
Jones site - site potential functions and fractional charges to 

represent electrostatic multipoles. Long range electrostatic 
effects are calculated using the Ewald ~ummation method. Uses a 
Verlet leapfrog algorithm for centre - of - mass motion. Angular 
motion is calculated by the Fincham leapfrog algorithm using 
quaternion orientation parameters. Calculates system average 
configuration energy, kinetic energy and virial and associated 
R.M.S. deviations and also pressure and temperature. 
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DENCOR by ~. Smith. 

Calculation of density correlation functions. 
data to produce the fourier transform of the 
intermediate scattering funct~ons and the 
factors. 

Processes atomic M.D. 
particle density, the 

dynamic structure 

CURDEN by W. Smith. 

Calculation of current density correlation functions. Processes 
atomic M.D. data to produce the Fourier transform of the current 

and their density, the current dens~ty correlation functions 
temporal Fourier transforms. 

HLJl by D. M. Heyes. 

M.D. 
site 
- of 
and 

simulation of atomic fluids. Uses 12/6 Lennard - Jones site 
potential function and a Verlet 

- mass motion. Calculates system 
kinetic energy and associated 

pressure, temperature, 
distribution function. 

HLJ2 by D. M. Heyes. 

mean square 

leapfrog algorithm for centre 
average configuration energy 

R.M.S. deviations and also 
displacements and radial 

• 

M.D. 
site 
- of 
and 

simulation of atomic fluids. Uses 12/6 Lennard - Jones site 
potential function and a Verlet 

- mass motion. Calculates system 
kinetic energy and associated 

leapfrog algorithm for centre 
average configuration energy 

R.M.S· deviations and also 
pressure, temperature, 
distr~bution function and 

mean square displacements, 
veloc~ty autocorrelation function. 

radial 

HLJ3 by D. M. He yes. 

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones site 
site potential function and a Verlet leapfrog algorithm for centre 
- of - mass motion. The link - cell method is employed to enable 
large s~mulations. Calculates system average configuration energy 
and kinetic energy and associated R.H.S. deviations and also 
pressure, temperature, mean square displacements and radial 
distribution function. 

HLJ4 by D. M. Heyes. 

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones site -
site potential function and a Verlet leapfrog algorithm for centre 

of - mass motion. The algorithm allows either the temperature or 
the pressure to be constrained. Calculates system average 
configuration energy and kinetic energy and associated R.M.S. 
deviations and also pressure, temperature, mean square 

8 



displacements and radial distribution function. 

HLJS by D. M. Heyes. 

M.D. simulation of atomic fluids. Use5 12/6 Lennard - Jones site -
site shifted potential function and a Verlet leapfrog algorithm for 
centre - of - mass motion. This method removes the discontinuities 
at the potential cutoff radius. Calculates system average 
configuration energy and kinetic energy and associated R.M.S. 
deviations and also pressure, temperature, mean square 
displacements and rad~al distribution function. 

HLJ6 by D. M. Heyes, 

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones site 
site shifted potential function and the Toxvaerd 3lgorithm for 
centre - of - mass motion. This algorithm is more accurate than the 
Verlet algorithm. Calculates system average configuration energy 
and kinetic energy and associated R.M.s. deviations and also 
pressure, temperature, mean square displacements and radial 
distribution function. 

MCRPM by D. M. Heyes. 

M.C. simulation of electrolytes. Monte Carlo 
restricted primitive model of an electrolyte. The 
regarded as infinite for r d and Coulombic 

program using 
potential is 

for r d. The 
properties calculated are the 
R.M.S. deviat~on. the pair 
melting factor. 

average configuration energy and 
radial distribution function and 

its 
the 

SURF by D. M. Heyes. 

M.D. simulation of model alkalai halide lamina. Molecular dynamics 
simulation for ionic laminae using the Tosi-Fumi I 
Born-Mayer-Huggins potential and the Evjen method for evaluating 
the lattice sums. The integration algorithm used is the Verlet 
method. The program calculates the system potential and kinetiC 
energies, the pressure and the final averages and R.M.S. 
fluctuations. The program also calculates density profiles such as 
number density, temperature, energy and pressure. 

HSTOCH by W. F. van Gunsteren & o. M. Heyes. 

S.D. or M.D. si.mulation of molecule:~ in vacuo or in a rectangular 
cell with solvent or lattice atoms (i.e. Langevin or Brownian 
dynamics of large molecules). 

MDATOM by D. Fincham. 
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M.D. simulation of atomic fluids. Uses 12/6 Lennard Jones 
potential function and Verlet leapfrog integration algorithm. 
Calculates system average configuration energy, kinetic energy, 
virial and the associated R.M.S. deviations and also system 
pressure, temperature, mean square displacement and radial 
distribution function. 

MDDIAT by D. Fincham. 

M.D. simulation of diatomic molecule fluids. Uses 12/6 Lennard 
Jones site site potential functions and the Verlet leapfrog 
algorithm for centre - of - mass motion, Angular motion is is 
calculated using the constraint algorithm. Calculates system 
average configuration energy, kinetic energy) virial and the 
associated R.M.S. deviations and also system pressure, temperature 
and mean square displacement, 

MDDIATQ by 0, Fincham. 

M.D. simulation of diatomic fluids. Uses 12/6 Lennard - Jones site 
- site potential functions and a point quadrupole electrostatic 
term. Employs the Verlet leapfrog algorithm for centre - of - mass 
motion. Angular motion is calculated using the constraint 
algorithm. Calculates system average configuration energy) kinetic 
energy, virial and the associated R.M.S. deviations and also system 
pressure, temperature and mean square displacement. 

MDIONS by D. Fincham & N. Anastasiou. 

M.D. simulation of electrolytes. Uses exp/6/8 potential function 
and the Coulomb electrostatic potential. Long range interactions 
are calculated using the Ewald summation method. Uses the Verlet 
leapfrog algorithm for particle motion. Calculates system average 
configuration energy, kinetic energy, virial and the associated 
R.M,S. deviations and also system pressure, temperature, radial 
distribution functions, static structure factors and mean square 
displacements. 

MDMANY by D. Fincham & W. Smith. 

M.D. simulat1on of polyatomic molecules. Uses 12/6 Lennard - Jones 
site - s1te potential functions and fractional charges to represent 
electrostatic multipoles. Long range electrostatic effects are 
calculated using the Ewald summation method. Uses a Verlet leapfrog 
algorithm for centre of mass motion. Angular motion is 
calculated by the Fincham leapfrog algorithm using quaternion 
orientation parameters. Calculates system average configuration 
energy, kinetic energy and virial and associated R.M.S. deviations 
and also pressure and temperature. FORTRAN 77 standard program. 
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CARLOS by B. Jonsson & S. Romano. 

M.c. simulation of a polyatomic solute molecule in an aqueous 
cluster. (i.e. a molecule surrounded by water molecules). The water 
- water potential iS calculated using an analytical fit to an ab 
initio potential energy surface due to Matsuoka et al. The 
solute-solvent potential is optional, The program provides an 
energy and coordinate 'history' of the M.C. simulation. An analysis 
program CARLAN for processing the data produced by CARLOS is also 
available. 

MCN by N. Corbin. 

M.C. simulation of atomic fluids. Standard (Metropolis) Monte Carlo 
program for atomic fluids. 

SCN by N. Corbin. 

M.C. simulation of atomic fluids. Standard (Rossky,Friedman and 
Doll) Monte Carlo program for atomic fluids. 

SMF by N. Corbin. 

M.C. simulation of atomic fluids. Standard (path integral method) 
Monte Carlo program for atomic fluids. 
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REVIEW OF THE RSC/CCI?S CONFERENCE ON 'DENSE FLUIDS: ST;\TIC AND 
DY~A~IC PROPERTIES'. 

D. Fincham, 0.:-f. Heyes and w. Smith. 

This conference was Jointly sponsored by the Statts tical 
~lechanics and Thermodynamics Group of the Royal Society of 
Chemistry and CCI?S and it took place at Bristol University from 
lOth. to 12th. April 1985. Being a collaborative venture, the 
subject matter was not restricted to computer simulation alone, but 
ranged over theoretical topics and the occasional experimental 
contribution. The actual areas covered included; the gas liquid 
interface and surface induced phenomena, equilibrium properties of 
molecularly simple liquids and the computer simulation of time 
dependent properties. Over one hundred participants at·tended; from 
Europe and America and the local organisation was excellently 
handled by A.J.B. Cruickshank and C.J. Wormald of the School of 
Chemistry, Bristol. 

The first speaker of the conference was R. Evans (Bristol), 
whose lecture reviewed some of the recent work on the wetting 
transitions and the wetting films that occur at solid-fluid and 

~ fluid-fluid interfaces. In the macroscopic view, wetting is 
described by Young's equation for the contact angle: 

in which the contact angle 8 is related to the surface energies 
(tension) of the solid-gas, solid-liquid and liquid-gas interfaces. 
Complete wetting occurs when the contact angle is zero (i.e. 
((~I!. = 6'~- ~R.S ) and partial wetting corresponds to the f9 >0 case. 
~or the solid-fluid interface, density functional theories (e.g. 
Tarazona and Evans) indicate that a transition between partial and 
complete wetting occurs at a temperature -r~ and may be a first or 
second order transition, depending on the relative strengths and 
ranges of the solid-fluid and fluid-fluid potentials. Existing 
experiments establish the reality of a phase transition, but not 
the order. For temperatures exceeding the wetting transition 
temperature, the thickness of the wetting film at the solid-gas 
interface ts dependent on the deviation of the chemical potential 
from its saturation value, and diverges with a critical exponent, 
which is dependent on the long range behaviour of the solid-fluid 
potential. Similar behaviour occurs in the growth of long range 
transverse (parallel to the surface) pairwise correlations, whose 
correlation length also d~verges with its own critical exponent. A 
thick-thin film transition is predicted by theory, but has not yet 
been observed. Dr. Evans also summarised the current state of 
e~perimental and simulation studies of the wetting transition. 

In binary fluid mixtures which 
separation the surface between the gas 
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components may experience a t..ret:t:ing tt"ansit:ion in which the second 
liquid component inserts itself between the gas and the first 
liquid component. It may also be that the second liquid is denser 
than the first, and thus the balance between grovit~ nnd the 
surface forces produces a wetting film of finite thickness. This 
phenomenon and others ~ere described by Dr. Evans. 

Dr. 
P. Tarazona (Madrid) 

Evans (due to Sullivan) 
took up one of the models described by 

and described how he had overcome one 
of the model's limitations. Sullivan's model assumes, among other 
things, a local density description of the contribution of the hard 
spheres (rept"esenting the short range forces) to the free energy. 
This however ignores the fact that near the hard wall representing 
the solid surface, strong density oscillations are expected. 
Studies have shown the wetting transition to be strongly dependent 
upon the model used, thus the structural order near the surface is 
likely to be very important. Using a non-local density functional 
prescribed for strongly inhomogeneous particle distributions, Dr. 
Tarazona has extended Sullivan's model to correct for the 
inhomogeneity near the wall. The results show that the short range 
structure affects the wetting transition in two w·ays; firstly, the 
wetting transition temperature is decreased, and secondly, as the 
product of the hard sphere radius and the ~nverse decay length for 
the attractive interactions increases, the there is eventually a 
change from a second to first order transit~on. The model retains 
the original Sullivan predictions (i.e. second order transltion 
when the system is made more isotropic). 

J. Eggbrecht (Cornell) presented a paper comparing molecular 
dynamics and theoretical treatments of the liquid-vapour interfaces 
of Stockmayer (Lennard-Janes plus dipole) molecules. His co-authors 
were K.E. Gubbins, A. Shreve, S.M. Thompson and J.P.R.B. Walton. A 
number of interfacial profiles were calculated through ~he 

in~erphases in the Z direction. The singlet density and angular 
orientations in Z were obta~ned using spatial and angular YBG 
equations and the f- and uj - perturbation theory expansions. Both 
need an approximation to the pair correlation function in the 
interphase, which was assumed to be a linear combination of bulk 
phase correlation functions. (The bul~ phase densities being 
obtained differently on the liquid and vapour sides). Iterative 
numerical solution of the spatial integrals provided a 
self-consistent interphase. Orientational effects become more 
pronounced on increasing the magnitude of the reduced d~pole moment 
from ;v-"' "'1 to f-J"* :::r2 (0.7< T" <2.0). Orientatianal order in the 
interphase was characterised by the dipoles prefeaing to lie 
parallel to the surface on the liquid side, but perpendicular on 
the vapour side. This is contrary to MD predictions, where the 
reverse has been found. This point was taken up in the discussion 
by J. Walton. It was the sensitivity to charge interactions that 
must be borne in mind (Sluckin). Bu~ Dr. Eggbrecht thought that 
this was only a valid statement for molecules without shape. Other 
aspects of the interfaces were presented. The surface tension, 
(5 , was shown to decrease dramatically with temperature over the 

considered temperature range. The component pressure profiles 
through the interphase were resolved into components parallel and 

l3 



3 

perpendicular to the surface. The Irving-Kirkwood formulae ~ere 

used. The surface tension was biased into the vapour side of the 
interface. The mobility of the molecules was found to be markedly 
greater in the direction parallel to the interface than 
perpendicular when the vapour phase is entered. 

M.M. Tela da Gama (Cornell) presented results of a generalised 
van der Waals theory for a three phase system which was rich in two 
of the components (A and B say). The motivation was to gain 
insights into the mechanism of surfactants in reducing the surface 
tension between two immiscible phases (e.g. oil/water). This has 
been found to obey the relationship, 

where ~ is the surface excess of concentration of the surfactant 
(or C phase, above). An Ising 1/2 spin model w.as used to 
demonstrate considerable alignment (e.g. 60 percent) of C molecules 
in the interphase boundary between A and B. This had a major effect 
on the surface tension. Choosing "reasonable" parameters, 2 percent 
concentration of C in the system caused a 60 percent decrease in 
the surface tension. Surface tension, adsorption and 
density-orientation profiles were evaluated over the range of 
concentrations of C in the two-liquid phase region. The existence 
of points of twa liquid and thre·e liquid phases in coexistence were 
found on varying the nature of the intermolecula-r potentials, The 
latter "microemulsion" phase created some interest and was found to 
exhibit potential wetting transition behaviour. 

J.R. Henderson (Cardl.ff) outlined his interest in the effect 
of curvature in a liquid surface on its thermodynamics 
principally via the free enegry). He showed that 

(as measured 
the virial 

approach can be used to derive the Kirkwood-Buff expression for the 
surface tension for a planar surface and also the Laplace formula 

:2. '?1/ Rs (where R,s is the radius of tension) for spherical 
surfaces. However this route does not give the surface tension 
itself. To do this one would have to resort to the computationally 
intractable second order virial expansion, which involves many body 
correlation functions. As a result a general mathematical route was 
employed by which surface and lower d1mens1onal contributions to 
the free energy can be converted into correlat1on functl.on 
expressions analogous to the compressibility version of the bulk 
equation of state. In a field independent limit, this yields for 
the radius dependence of the surface tension, 

and for a cylinder, 

( + [CP-)/rz) 

Here is called Tolman's length. The existence and the 
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usefulness of Tolman's length was then considered. The above 
equations reveal that for a sphere cf does exist in general 
( [ (r) ~ ln(R)) but not for the cylinder. Restricting discussion 
therefore to the sphere, it was shown using mean field landau 
theory and the Penetrable Sphere model of Rawlinson, that Tolman's 
lenzth is negative and diverges as the temperature approaches the 
critical point. 

where 't" is -0.11 to -0.4 approximately. J. Walton pointed out in 
the discussion that J has been found to be positive by computer 
simulation; in contradiction to the above predictions. R. Evans 
commented on the importance of capillary waves in the context of 
the different models' predictions in this area. 

G. Aloisi (Birkbeck) and his collaborators S.M.· Clark, R.A. 
Jackson and P. Barnes applied new Monte Carlo equilibration 
procedures to assist Lhe simulation of a water/hard wall interface. 
336 TIPS2 water molecules in a 38*19*19 A lamina cell bounded by 
hard walls at the ends of the long axis were initially simulated 
using conventional MC techniques. This produced slow equilibration 
highlighted by the persistence of a density imbalance between two 
ends of the MC cell. The cage effect (by whic~ successive single 
molecule moves are likely to be ~n opposite directions) and the 
high bonding energy of the hydrogen bond (order lOkT at 298 K) were 
cited as possible causes for the ineffectiveness of the technique. 
This resulted in the development of a "cyclical'' MC method which 
involved periods of randomisation (maximum displacements of 0.5 ~. 
and temperature fluctuations of 100 K), homogenisation (to remove 
local clustering), equilibrat~on using standard MC and then finally 
sampling of the data for "production" purposes. The result was a 
much improved density profile. The pressures tn the sample were 
measured from the force per unit area and were about 800 atm. at 
the walls and 1000 atm. in the centre. Alignment of the dipoles was 
mainly parallel to the walls in the interphase but a limited number 
were disposed at 60 degrees, which gave rise to a 74mV drop in 
potential (-ve to +ve) on going from the centre to the boundary in 
the Z direction. E.B. Smith enquired about the variance of the 
subaverages which Dr. Aloisl. mentioned were particularly high. N. 
Quirke made some ~nteresting comments on the usefulness of 
simultaneous multimove MC for such studies. At equilibrium it has 
advantages because the probabill.ty of acceptance of an N-particle 
move was not the probability of a 1-partl.cle move to the power N, 
but some lower power M (where M<N). However, approach to 
equilibrium states via meltl.ng of a model crystal, for example, was 
not favourably perfomed ~n this way, because such processes require 
large moves by individual particles to initiate the process. Such 
moves are unlikely tn multimove MC. 

The evening lecture was provided by P.A. Madden (Oxford), who 
set out. to explain "what theoreticians can learn from liquid state 
experimentalists" and, perhaps more importantly, to ask why more 
hasn't been learned from experiments, about the dynamics of 
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molecular motion. The fundamental problem is undoubtedly that 
experimental results usually provide much more information than can 
be extracted. For example, information on molecular rotation may, 
in principle, be obtained from ~:.JR or depolarised Raman 

spectroscopy experiments. In NMR the experimental relaxation time 
is represented by a long time integral of the appropriate time 
dependent correlation function. Such a representation makes very 
limited use of the information within a correlation function (where 
the most interescing information occurs at very short times) and 
consequently not much is revealed about the molecular processes. A 
problem also arises in depolarised Raman spectroscopy, where the 
spectrum is formally a Fourier transform of the correlation 
function further complicated by the collision effects. The 
appearance of both phenomena in the spectra makes it very hard to 
learn about the correlation functions of interest. Progress is 
possible in a few cases however. For example accurate models for 
collision induced polarisabilities exist for molecules like 
nitrogen and carbon monoxide and realistic simulations .are possible 
(DeSantis et al), For more complex fluids it is sometimes possible 
to separate out the different effects because they occur on 
sufficiently different timescales. This permits a more detailed 
study of the system dynamics. Such studies show that when the 
molecular rotations are correctly understood, the characteristic 
lifetimes deduced from experimental NMR and depolarised Raman 
spectroscopy agree. 

• 
With regard to translational motion, Dr. Madden showed that 

matters are not as clear cut as is usually believed. The two most 
important known consequences of translational motion are diffusion 
and the velocity autocorrelation function (VACF). Diffusion is 
measurable with accuracy and the VACF is obtainable from 
simulations. The former is characterised by the equation; 

where A represents the radius of the diffusing particle. The VACF 
characteristically has a peak at the origin, followed by drop to a 
negative value with a "t""ebound" towards the zero axis and with 
perhaps further minor oscillations slowly decaying away. The 
theories held to explain these results are kinetic and mode 
coupling theories. Simple kinetic theories fail to explain the tail 
behaviour of the VACF and imply a diffusion rate half that obtained 
experimentally. More sophisticated treatment of the viscoelatic1ty 
(setting~ to "'"t.(w)) gives a better VACF but at the price of some 
unwanted artefacts (fat"" example the mass dependence of the 
diffusion is incorrect). However a theory of diffus1on in the 
Enskog fluid by Masters and Keyes appears to provide a more 
reasonable description. These thories apply to spherical molecules 
and for real, complex molecules other effects are apparent and not 
accounted for, such as the differences between the perpendicular 
and parallel VACFs in carbon disulphide. ~inally the importance of 
intermolecular interactions was underlined in a description of 
interaction induced spectra, 1n which spontaneous fluctuations in 
the "cage" of surrounding molecules breaks the symmetry of the 
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molecule and permits otherwise forbidden transitions to occur in 
the I.R. spectrum. Dt". Madden concluded his lecture with a short 
tale of the dire consequences of inadequate modelling of real 
systems. After which, the audience underwent a phase transition and 
diffused away to perform fut"ther research on liquids. 

G. Stell (Stony Brook) gave a talk entitled "Towards an 
analytical microscopic theory of simple fluids and fluid mixtures''. 
He pointed out that perturbation and integral equation theories 
break down in the critical region, which extends over quite a broad 
range of density. The first part of the talk was a description of a 
theory developed with Hoye, which is able to yield an accurate 
description for the thermodynamics in the critical region. By 
introducing appropriate scaled variables, the theory derives a 
second order nonlinear differential equation for the Helmholtz 
energy, involving the standard critical eKponents. The values of 
these are fairly well known, and so the equation can be solved 
numerically, enabling :he thermodynamics to be obtained. Agreement 
with experiment is good. The second part of the talk discussed an 
attempt to give a unified description of the critical and 
noncritical regions. The starting point is the Ornstein-Zernicke 
equation and a potential function with hard core and Yukawa tail. A 
lattice gas model is adopted. This has no virial equation, so there 
are two thermodynamic equations involving the radial distribution 
function, the internal energy and compressibility equations. The 
requirement of self consistency then leads to a solution. However 
the exponents obtained correspond to a tricritical rather than a 
critlcal point. 

J.C. Dare (Canterbury) ga•/e a paper, co-authored by M. Deraman 
and J.G. Powles, describing neutron diffraction on hydrogen 
fluor1de. This is one of the most strongly hydrogen-bonded 
molecular systems known. Measurements were made on OF and also on 
DF/HF mixture; ut1lising the isotopic substitut1on to obtain 
partial structure factors and radial distribution functions. These 
showed a well-defined peak indicating a Hydrogen bond distance of 
1.62 A. Details of the structure at larger distances do not agree 
with simulation studies on this system. This structure is 
interpreted as arising from the formation of hexamer rings. Such 
rings are known to occur in the gas phase. 

J. Fischer (Bochum) described some results 
is an extension of 
shape. In order to 

using the MBI?YB 
WCA theory to 
calculate pair 

perturbation 
.tlolecules of 

theory. This 
nonspherical 

correlation functions ].oltzmann factor angle-averaging is performed 
with respect to the soft-core repulsion and the fercus-xevick 
equations solved. The Helmholtz energy of the hard body system is 
obtained from ~oublik 1 s hard convex body equation. 

The method was initially tested for pure fluids by comparison 
with simulation of two centre Lennard-Janes (2CLJ) models. The 
theory has been extended to mixtures of spherical and non-spherical 
molecules, and can be 
was made with the 

used to study excess 
simulation results 

equimolar mixtures of spherical molecules, 
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the size and energy ratios. Excellent agreement is obtained, except 
when the unlike diameter is not additive, in which case the 
perturbation theory has severe shortcomings. A study t.ras then made 

of the concentration dependence of excess properties. The asvmmetrv 
in gE was shown to arise from size effects. The effect of. shap~ 
was studied by looking at the excess properties of equilmolar 
mixtures of lCLJ and 2CLJ mixtures. The properties vary 
monotonically with elongation of the latter, though similar effects 
can be seen by varying the cross-interaction energy parameter. 
There may however be a problem with the non-spherical theory since 
inconsistent cesults are obtained on extt"apolation to zero 
elongation. Unfortunately there are no simulations which can be 
used to check this. Finally, the theory was applied to some real 
mixtures using various combining rules for the cross-interaction. 
The spherical theory gives good results for mixtures involving 
nearly spherical and tetrahedral molecules. The effect of shape is 
important for mixtures involving ethane. 

H.L. Friedman provided a description of the kinetics of the 
well-known ferrous-ferric electron exchange reaction 

and the models employed in determining the reaction rate constants. 
~he reaction follows a distinct sequence of steps; firstly the 
hydrated ions come into contact through random motion, secondly the 
ions pass through a transition state in which the solvation shells 
overlap and the core ions are brought very close. Thirdly the 
electron is transferred. The second and first steps are then 
followed in reverse sequence as the ions separate. The rate of the 
reaction 1s determined by the electron transfer process (the other 
steps being rapid equilibria). The rate constant is therefore 
determined by the integral; 

k 20 • J.= (r) k" (r) 4\1 r' dr 

~ 

where g~~(r) is the spatial pair correlat1on function and k~~(r) is 
a function describing the probability per unit of time of the 
electron 'jumping' from one ion to the other, as a function of 
ion-ion separation. (The electron is transferred on the picosecond 
time scale.) The function k~ 3 (r) is obtained by ab initio 
calculations using transition state theory. Professor Friedman 
described in detail the methodology for this and the physical 
factors that contribute. The function is also related to the spin 
relaxation rate for collisions between 
and is, in principle, obtainable fran 
used to verify various models and 
parameters. 

ionic species in solution 
NMR experiments. This can be 
also to fix some of the 

The spatial correlation function g23 (r), 
to the calculation of the rate constant, 

which is also central 
was calculated from 
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solvent averaged models of different kinds. The most important 
consideration here is the closeness of approach of the solvated 

ions. The electron transfer is most probable at short separations. 
Representation of the solvent shells by spheres is inadequate; 
permitting a closest approach of about 6.9 A. However a more 
structured model allows fat" the interlocking of ion-ligand bonds 
into ligand-ion-ligand bond angles on the neighbouring solvated ion 
(shoulder-in-armpit model) and permits a closest approach of 4.6 A. 
These considerations lead to the adoption of potentials like the 
modified Gurney model (MGUR) from which the spatial correlation 
function can be calculated using the Hypernetted Chain (HNC) 
approximation or Monte Carlo. This is a spherically symmetric 
potential with a switching function to allow interlocking of the 
_-;olvated ions at close approach. A second model used was the 
modified granular model (MGRAN), which resembled MGUR, but 
contained a structured hard-sphere site model for t;he ions plus the 
Percus Yevick approximation. The potentials were verified by 
comparison with thermodynamic data obtained from aqueOus solutions 
of related salts. (This raised some interesting questions about the 
rigidity of the solvation shells.) 

The resultant models were each used in the calculation of the 
rate constant k~J(r), for solutions of different ionic strength. 
The variation of the rate constant with ionic strength was 
qual.~tatively similar for all models considered, which was 
considered to be a good result, in view of the inherent 
difficulties. The activation entropies for the different models at 
different ionic strengths differed substantially from expectations 
based on the Debye-Huckel model for gl3 (r). A variation of the MGUR 
model gave best agreement with both the thermodynamic and kinetic 
data. 

N. Quirke (B.P. Sunbury-on-Thames) described his work -with o. 
Fincham and 0. Tlldesley using molecular dynamics simulation to 
study the liquid-vapour coexistence in molecular liquid mixtures. 
They use 2CI.J models, without quadrupoles, for the mixture carbon 
dioxide/ethane. The chemical potentials in the liquid are found by 
Widom's particle insertion method, and a virial expansion is used 
on the vapour side. They have developed a constant temperature 
constraint algorithm for rotational motions and showed by a careful 
statistical analysis that simulation ~s able to give the high 
accuracy pressures and chemical potentials required for this work. 
They find that it is necessary to reduce the crossed interaction 
well depth very substantially below the Lorentz value in order to 
obtain a positive azeotrope, in qualitative 
experiment. 

agreement with 

E. Enciso (Madrid) provided a description of the numerical 
solution of the Site-Site Ornstein-Zernicke (SSOZ) equation. 
Following a brief description of the method, (which is an extension 
of the method developed by Gillan), Dr. Enciso described the 
results obtained for a number of different systems. The method 
converges efficiently for nonpolar molecules such as carbon 
dioxide, nitrogen, oxygen and ethane although some difficulty was 
encountered with nitrogen/oxygen mixture. In general the energies 
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for 2CLJ systems were good but that for tetrachloromethane was 
poorer in comparison. The method gave good RDFs for the systems 
studied, including nitrogen/oxygen mixture and matched the MC 
simulation results, but the first minimum (not the first peak) of 
the tetrachloromethane RDFs were poorly e~pained. The method was 
then applied to the polar fluid chloromethane, which was modelled 
as a hard dumbell wit:h a dipole. The algorithm converged within 
three steps and preserved charge neutrality to within l percent. 
Both the internal energy and the site-site correlation functions, 
using the mean spherical approxinw.tion, were poorer than the 
hypernet.ted chain results in comparison with MC results. 

J.P. Hansen (Paris) gave a very lucid account of his interest 
in modelling colloidal dispersions by high temperature generalised 
mean spherical approximations. Typically the colloidal particles 

0 
are 100 to 10,000 A in diameter and have a surface excess negative 
charge producing a 200mV drop in potential between surface and bulk 
liquid. (e.g. Agi crystallites form such dispersions)·. Conditions 
were established under which a phase equilibrium between a 
concentrated ( 1'liquid 11

) phase would coexist with a dispersed 
("gas") phase of colloidal particles. A DLVO potential which 
contains electrostatic and Van der Waals terms was fitted to a 
Yukawa form and used to explore the phase d~agram. The form of a 
colloid-colloid potential depends on the added salt concentration. 
In dialysed suspensions the effective size ofMthe particle is much 
larger than its nominal size due to the weak screE:ning of the 
coulomb charges on the surface of the colloidal particle. As salt 
is added the importance of the Van der Waals term increases and the 
potential develops a double minimum. (Also the most favoured 
lattice goes from BCC to FCC.) To prevent coagulation the height of 
the barrier was maintained at about !Ok T to avoid overlap. The 
Hamaker constants used in the Van der Waals potential were in the 
range 4.0EJ to 7.0E4 K. A two phase (liquid-gas) region was 
observed with parameters r; ~ 0.15, 'Y\~ (the critical packing 
fraction) ~ 0.22, and (P/~ kG Tc )~0.494. A number of possible 
objections to the model were considered. The high temperature 
approximation (WCA) was shown to give Tc reasonably accurately, 
but tended to overestimate 71.,: . A real colloidal dispersion has a 
spread of particle sizes. The effect of such polydispersity 
(modelled as an effective one-component system) was not 
significant. A 20 percent polydispersity leads to a decrease in T 
but a small (3 percent) increase in critical packing fraction. 
Therefore to summarise, a liquid -gas phase change was predicted in 
charge stabilised colloidal suspensions in a physically reasonable 
potential regime (T c >270K). (It has already been seen 
experimentally in polymer stabilised colloidal systems.) In the 
discussion following, D. Tildesley queried the assumption that the 
form of polydispersity was the same in 1'gas 11 and "liquid" phases. 

Continuing 
co-author W.M. 

this theme, Y. Rosenfeld (Negev, 
Gelbart (U.C.L.A.) considered the 

Israel) with 
statistical 

mechanics of interacting charged particles of arbitrary shape and 
concentration. The approach involved a combination of Onsager's 
charge 11 smearing 11 optimisation with a variational application of 
the mean spherical approximation. The treatment involved an 
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Ewald- like formulation of the "smeared" charge interactions 
employing a neutralising background. The method was demonstrated 
for point particle systems and then generalised to line charges of 
arbitrary length. 

W.A. Steele (Pennsyslvania) spoke about the simulation of time 
dependent properties of molecules in liquids, Ht! pointed out that 
even in the simple case of single particle translational motion, 
described by the velocity autocorrelation function, our knowledge 
is limited. The short-time behaviour is quadratic with curvature 
related to the mean-square force·, the long time behaviour is 
hydrodynamic; but at intermediate times we do not have a clear 
understanding of the physical processes underlying the behaviour of 
the function. For reorientational motion the situation is worse. 
The angular harmonic correlation function Ct (t) and the angular 
velocity correlation function Cw(t) are related, but not in a 
simple way. On a random walk picture these would have separate time 
scales, but this is not the case except for very elongated 
molecules. Cumulant expansions link C wand C 2 and are exact if 
all orders are included, but the physical basis of taking a low 
order expansion is not clear. 

Professor Steele described a physical model for C ~ in the 
high-torque fluid such as carbon dioxide. A cage effect g~ves rise 
to harmonic librations, with fluctuations leading to a Gaussian 
distribution of frequencies;"~here is a finite cage lifetime. There 
is moderate agreement between the predicted C w and simulation 
results. Using first-order cumulant theory to predict the CQ from 
C w is not very successful. 

There are many manifestations of many-body dynamics in nature 
e.g. viscosity, interaction induced (forbidden) spectra, mutual 
diffusion, chemical reactions in the diffusion limited case. It is 
possible to study a time dependent pair correlation function by 
means of simulation. This has enabled the relative stability of the 
first neighbour shell to be established. 

The subject of the talk by R.M. Lynden-Bell (co-autho<s P.A. 
Hadden and R.J. Tough) was 11The spinning motion of cyanomethane 11

• 

This is a symmetric top molecule with low moment of inertia about 
the symmetry axis. It is convenient to divide the motion into 
"tumbling 11 (reorientation of the symmetry axis) and the much faster 
"spinning" (reorientation about the symmetry axis). In the tumbling 
case the correlation functions are accounted for. 
semiquantitatively, by the truncated cumulant expansion. The 
authors have performed a simulation study which shows that the same 
is not the case fo< the spinning motion. This implies that the 
non-Gaussian characteristics of the fluctuations in angular 
velocity have an important influence. 

R.C. Desai (Toronto) considered the dynamics of a fir:st order 
phase transition in the gas-liquid regime. Calculations were 
performed on a two dimensional (N~5041) Lennard-Janes system, which 
was quenched (in a variety of ways) from the one-phase region to 
the po1nt k 13 T/£. = 0.45 and 'f.o-:t :.::0.325, which is well within the 
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gas-liquid two phase region. For ''excursions'' just within this part 
of the phase diagram the phase transition takes place by 
nucleation. In contrast, more extreme quenches t"esulr;; in a more 
subtle transition call<=!d the spinodal decomposition. The system 
develops a "patch-work" appearance of highly inter-connected cegions 
of varying density, having knecks and bulges. The condensation then 
takes place via the collapsing of these regions, within which the 
density fluctuations are comparatively long ranged (i.e. with 
respect to nucleation). An analysis of the mechanism revealed that 
cluster growth was slower at constant energy than at constant 
temperature. An interesting way of characterising the growth 
mechanism was made in terms of the fractal geometry of the system. 
A fractal is an entity which maintains its form on a change of 
scale, It has a variety of definitions. There is the ''radius of 
gyration" approach, in which the mass of material at a radius r 
from an arbitrary point in space, m(r), goes as r 0 , where D, (the 
fractal dimension), equals d (the Euclidean dimension) for a 
regular/ordered material, but D<d for certain fractal systems. A 
''capacity'' definition involves the partitioning of the system into 
(square) cells of sidelength € . The number of cells occupied, 
n( € ) goes as E.- 0 

• There is also the "Information" definition 
in which g(r)-1"-r-<>< (ot-=d-D). These various means of 
characterising the system lead to a value of o~l.47 at t~80 psec 
from the start of the quench. The increase to D=2 at long times is 
very slow and so it was concluded that the fractal dimension is not 
a very sensitive probe for the spinodal decomposition process. The 
well presented talk ended with a very informative and entertaining 
film of the one phase/two phase transformation accompanied by 
Ravel 1 s Bolero (!) 

R.M.J. Cotterill (Lyngby, Denmark) and co-author J.U. Madsen 
surveyed the progress that has been made at understanding the 
underlying relationships between the crystal, glass, liquid and gas 
states of matter. A change of emphasis is being made away from the 
defect rich crystal models of the amorphous state towards a 
generalised consideration of entropy changes linked to the topology 
of the states. The potential energy surfaces of simulated states 
were considered in the light of this unified picture. Entropy 
changes take on an important role in this approach as they signal 
the mode partitioning in the system. 

The talk by R. Vallauri (CNR, Florence) was concerned with an 
experimental and molecular dynamics investigation (with A. De 
Santis and M· Sampoli) into the structure of the Raman band of 
fluid nitrogen. Dr. Vallauri began with a detailed description of 
the factors contributing to the observed spectrum, in particular 
the collision induced effects, which were accounted for by the 
Dipole-Induced-Dipole (DID) model. The nitrogen molecule was 
represented by a 2CLJ model with a point quadrupole. The 
correlation function of the Raman polarisability tensor was 
calculated via a MD simulation with 108 molecules over 15,000 time 
steps. Two different densities were studied. The resulting 
correlation function resembled very closely the experimental 
result. The experimental depolarised Raman spectrum of nitrogen was 
thus shown to be dominated by single particle orientational 
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dynamics. 

L.IJ, Woodcock (Bradford) described his simulations of 
particulate fluids w·hich t.Jere designed to discover the origins of 
non-linear flow phenomena. Using soft-sphere fluids he established 
a series of first order phase transitions which are linked to 
changes in rheological behaviour. A wide range of such phenomena 
(e.g. shear thinning, sheat" thickening, thixotropy, shear 
flocculation and the transition from Poiseuille to plug flow) are 
related to the shear induced changes in the thermodynamic state of 
'the material. By using the modified phase diagram, these and 
related properties, such as normal stress and viscoelastic 
behaviour could be accounted for. R. Evans commented that the shear 
induced modifications to the equation of state (by o.J. Evans and 
H.J.M. Hanley) are only likely to be valid at comparatively small 
shear rates (too small for the present purpose). 

c. Hoheisel (Bochum) described a molecular dynamics 
investigation of binary Lennard-Janes mixtures with differing a
parameters. Insight into the structure of the mixtures was obtained 
through appropriately constructed static and dynamic 
cross-correlation functions. The static correlation function was 
based on the local mole fraction of each component, written as a 
function of interparticle separation (i.e. Xs (R)-1, where 
Xs (R) =Xq (r) + Xl~(r); departure of this function from zero 
1nd1cated departure from an 1deal mixture). The dynamic correlat1on 
function used was the mutual diffusion coefficient 0 1'-. (obtained 
through integration of the centre-of-mass velocity correlation 
function) divided by the pure mutual diffusion coefficient D~~ 
(i.e. D,l./D;'l. where 0,2. "'integral of CMVCF and D~l"' (X~ D1 +X 1 Dl)) 

The Lennard-Janes mixtures were classified by four parameters 
(~. •f'J.•l.•Y ,Y,)..), where ;v.. "'Oi./<r, 1 ,;U'l."'o;-l;a;:", V "'Eu/6" and 

V,l.,. E,~ IE,",.". MD simulations were performed on systems with 500 and 
864 particles with special care taken for simulations where phase 
separation may result (i.e. longer runs, more averaging etc,). The 
results showed that as the parameter Y,'l... decreased from l (i.e. as 
the mucture departed more from the ideal value) the cross 
correlation functions underwent marked changes. indicating that 
these are very sensitl.ve to the phenomenon of phase separation. In 
general as V,~ decreased the cross correlation functions grew in 
magnitude. In addition, there was a strong tendency for the systems 
to show a long tail behaviour (in temporal ~ spatial 
correlations) as they became less ideal. Dr. Hoheisel described how 
these results provided a good insight into the nature of phase 
separation in binary mixtures. 

The meeting concluded with a number of short contributions. E. 
Dickinson (Leeds) described his Brownian dynamics simulations of 
cotloid aggregates deforming and dissoc1ating under shear flow 
( (1' - 6 s-' ) . A variety of fragmeo.tation mechanisms seem to occur 
to form a disordered floc. R.E. Goldstein (Cambridge) talked about 
critical point behaviour in metallic/insulator systems. W.A.B. 
Evans (Canterbury) outlined some aspects of attempts to derive 
thermal conductivity by non-equilibrium MD from the relaxation of 
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imposed temperature profiles. The somewhat ambiguous definition of 
the specific heat within this framework -was discussed. Apparently 
neither c '~ nor c p should be used, but a thermodynamically 

defined ''specific heat'' which is typically less than c v (!). 

Throughout the meeting many posters were on display, 
exhibiting a very broad range of subject matter. 
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D.M. Heyes, D.J. EVans and G.P. Morriss 

we would like to follow on from a useful article in a recent CCP5 

Newsletter by Brown and Clarke( 1 ) and consider methods for establ~shing a 

desired kinetic energy within a MD system using the Verlet leapfrog 

algorithm. Three methods will be considered: 

1. Ad-hoc velocity rescaling {i) AH 

(ii) AH* 

2. Gaussian isokinetic MD, G 

3. Velocity rescaling BC 

Introduction 

Consider the Verlet Algorithm run at constant energy, 

r.(t) := r.(t) + i.(t + 6.t/2) 6.t, 
~~ ~L ~L 

' I 1 I 

where r. ( t) is the position of molecule i at time t, t:.t is the time step 
~l 

and i. ( t + 6.t/2) is the half-time step velOCLty, 
~l 

It+ 6t/21 = i:. (t- t:.t/2) +F. (t) 6.t/m. + o(t:.t3) • 
~L ~L L 

121 

where F. (t) is the force on molecule i at timet and m, is the molecular 
~l l 

mass. 

N 
F. I tl 
~l 

= - E (!;,· /r ;J· I 
j*-i ..... ... 

$1rl I 3 I 
r = 

r .. = r. - r. 1 $(r) is the pair potential and N is the number of molecules 
"-'LJ "-'L ~J 

in the MD cell. The "time-step" velocity is, 
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i:. (t) = i:. (t- .L\t/2) + 1/ . .,F. (t}/m. + O(t.t2). 
"'l ,..... l. """'l. l. 

I• I 

Now we will consider how the above equations can be modified in order to 

perform isokinetic MD. 

1 • A.H 

'l'he modifications to the above algorithm are: 

t. (t) "'i:. (t- C!t/2) * f(t) + l;,.,F. (t) llt/m., 
"'l. "'l v.. .L J. 

i:.(t+6t/2)) =i:.{t-L\t/2) * f(t) +F.(t) 6t/m., 
,..., ]. ..... l. ""l. l. 

where, 

N 
fltl " [13/21 Nk

8
T/k E 

i""-1 

m. f_2(t- L\t)]l/2 
.l. ""l. 

and T is the required temperature; k
8 

is Boltzmann's constant. 

15 I 

I 6 I 

I 7 I 

(*NB 3N should be replaced by 3N-4 because the three components of momenta 

and the kinetic energy are cons~ained. However the definition of the 

kinetic energy/temperature relationship above has become so prevalent that 

equation ( 7) is retained.} 

A modification of AH uses the more accurate half-time step velocities 

as a basis for determining the velocity scaling factor. Let this new 

method be called AH*. Then 

r. 1 < t + ~tl • ( ~t) F. I tl t:\t/m. , = E t- 2 + _, 2 _, 
' 

Is I 

N 2 
+ ~t)Jl12, fl tl = [13/21 NkBT/k E m. ;,1 ( t 

' 
_, I 9 I 

' 
• ( ~ t) r 1 ( t + ~t) f( t) , Ei t + 2 = X _, I 1 o I 

For the purpose of determining transport and thermodynamic properties at 
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time t we need i:. (t) • Here the approximation _, 

• 1 ·r 6tJ r. t) "' r. t +-
~]. "'J. 2 

is made. 

2. G 

Let us constrain the system to have a total kinetic energy 

proportional to time, i.e. 

N 
1 

" m.r. 2 " ~t 
i=1 2 J..~]. 

where t is the time and ~ is a posJ.tive or negative constant. Then on 

differentiating with respect to time, 

N 

" i=1 

Then if 

m. r. { t) r·. ( t) = ~ 
). "']. ..... ]. 

r'. (t) = F.(t)/m. - a(t)t./m. 
"' J.. "'l. l. "' l. ..... J. 

where a: ( t) is a function of time. 

On substituting equation (14) in equation (13) we get, 

N 

" i. ( t) IF. It) - a(t)i.(t)l " ~ 
i=1 

_, _, _, 

N N 
cd tl " ( " F. ( t) r. < tl - ~)! r r. 2 ( tl 

i=1 
_, _, 

i=1 
_, 

'l'herefore verlet•s algorithm is modified as follows, 
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Let 

Then, 

• ( 6 t) r t + -
2 _, :C.(t- 6t/2) + F.(t)6t/m.- a i.(t) 6t/m. 

""l. ''<L l. ""l. l. 

f.l(t)::: i:.(t- 6t/2) + F.(t) 6t/2m. 
........ l. "' J. "' l. l. 

i. (t) ""f.l(t)- cr.(t):C. {t) 6t/2m. 
....... J. "" l. ....... J. l. 

Hence, 

i.l (t) = i:. (t) [1 +edt) 6t/2m.J 
""l. "'l. J. 

and 

r. (t) "'" r~ (t)/{1 + o:(t) 6t/2m.) 
"'l. "'l. l. 

Therefore, 

where 

a:(t) = (1 + o:(t) 6t/2m,)A, 
' 

N N 
A " ( l: rlltl • F. ltl 

"'1. "'l. 
- ~)/( r. 

i=1 

Therefore, 

altl = A/11 - ~t/2ml 

' 

i.,.,, 

Having obtained an expression for r.(t) we can exploit equation (17), _, 
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o.:(t)~t/m. 

r. <t + ~t/2J "" _, r . ( t - ~ t I 2 ) + F . ( t) l\. t /m - 0(71 -,--,-;c:-:-:-c':;,---;
...... l. 1. 1. + o.:(t)~t/2m.) 

L 

• [r.(t- t.
2
t) + F.ltlt.t/2m} 

""1. "'1. l. 

Consequently if al "" a(t)/mi then, 

r.(t + t.tl = r.(t- t.t/21(1- a't.t/(1 + alllt/21} 
"'1. 2 "'1. 

+ F.ltlt.t (1- a'llt/2(1 + alt.t/21} _, m 
i 

Therefore 

r.(t +H)= r.lt- t.t/21 (1 - alllt/21/(1 + alt.t/21 
"'1. 2 "'1. 

+ F.(t) ~t/m. (1 + o.:lt.t/2) 
-1 L 

(25) 

I 2 6 I 

I 27 I 

At constant temperature, ~ "" 0, but a finite ~ can be used to achieve the 

desired temperature (i.e.~ aT- T(t)). 

3. BC 

These equations of G can be profitably compared with a velocity 

scaling method of the same general form (equations (17) - (21 )) proposed by 

Brown and Clarkel (their Alg3). They used a different prescript1.on for 

a: ( t) • 

If, 

where 

Then, 

i:.(t) :ff.l(t) 
...... 1. "'1. 

N 
f2 "" 3Nk

8
T/ E 

i=1 
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by comparison with equat~ons (21) and (28). Therefore 

2(1 - f) 6t-l ( 31 I 

f.L.(t + 6
2
t) = f:.(t- 6t/2} + F.(t)6t/m. - al ff:.t ·- ~~ -~ ~ 

• (r.(t- ilt/2) + E'.(t) !It/2m.), 
~~ ~~ ~ 

(32 I 

which reduces to 

r• ( t + !It) = 
. 2 -L 

F.(t)6t 
-L m 

i 
( 1 - f !It) 

= r.(t- 6
2
t)<zf- 11 + f F.<t> 

...... ~ ~l. 
( 33 I 

The Gaussian isokinetic algorithm G, does not make use of the desired 

temperature T once the system is started at that temperature. Cons~quently 

the degree of constancy of temperature is a good measure of the stability 

of the solution of the equations of motion. In order to achieve a tempera

ture of T, ~ is assigned a non-zero value so that the desired ternpera·ture 

should be attained within Nl time steps. (Nl = 10 was found to be satis

factory.) 

~ = (T- T(t=O))/Nl ( 34 I 

In practice this procedure needs to be repeated several times if the jump 

in temperature from initial (t=O) to desired temperature is> 0.1. 

The BC algorithm although formally the same as G employs T at each 

time step and consequently will suppress any instabilities in the equations 

of motion (which may came from another perturbation such as an applied 

shear strain rate} and could have other unsuspected side effects. 
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Algorithm G would reveal this and indicate other essential changes that may 
be needed, In addition although both G and BC are formally equivalent they 

will have different implementation errors when incorporated in a MD 

program. 

Algorithms AH, AH*, G and BC were compared in a MD program employing 

(N=) 108 Lennard-Janes molecules at p* ~ 0.6 and T* = 2.5 with an inter

action cut-off, rc, of 2.823 a and a time step of duration 0,005 c(mjg), 

Also the state p* = 0.8442 and T* = 0.722 rc = 2.519 o was considered, 

Some details about the simulations are given in Table 1. 

In Fig.1 the instantaneous temperature at each time step for 300 time 

steps is plotted for the algorithms BC, G and AH, starting from the same 

half-time step velocities and positions. The BC method by definition fixes 

the temperature toT*(= 2.5 or 0.722) within machine round-off errors. 

However algorithm G shows a small temperature fluctuation about (but no 

drift from) the desired mean. This is << 0.01 for T* = 2.5 and << 0.001 

for the T* ~ 0,722 state. This is acceptable for most problems. This 

fluctuation about the mean could be due to the fact that time-step veloci

ties (wh1.ch are made great use of in G) are. an order of 6t less accurate 

than the half-time step velocities (which is usually considered to be 

essential for accurate integration of the constant energy equations of 

motion - hence the success of the Verlet algorithm). 'The AH algorithm, 

although it gives the correct average value for the temperature (as for BC) 

it shows quite large fluctuations about the mean, in comparison. 

Equation (30) enables an f(t) to be obta~ned for all methods (although 

J.t is not explicitly used for method G). 'l'hese are compared in Fig,2 for 

the methods BC, G and AH, again starting from the same point in phase 

space. They are indistinguishable for NT~ 200 in the case of BC and G at 

both dens~ ties. One problem was encountered with the BC algorithm which 

was not observed for G. Certain starting conditions which were different 

to the des1.red ones could initiate a rapid oscillation in f(t) about the 

mean of unity; f(t) changed from <1 to >l at each successive time step. 

See the highly oscillatory outercurve in fig.3 for an example of this. 

This did not affect the f:uctuations of first order thermodynamic proper

ties (the UJldulatians in f( t) being too rapid to couple to them). This 
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rapid oscillation in f{t) was present at p*: 0.6 and T*: 2.5 {but not in 

the other state). The equivalent a(t) were also monitored during these 

simulations. For p* = 0.6 and T"' = 2.5, p* = 0,8442 and T* = 0.722 a*(t) 

fluctuated between ± 2.5 approximately. 

Figure 4 shows superposed potential energy, total energy and pressure 

profiles for the same 300 time step subaverages. The G and BC examples are 

indistinguishable for p* = 0.8442 and only just distinguishable for 

p* = 0,6 beyond NT ~ 200. The AH method also fares quite well in this 

respect. The G algorithm can also be used in conjunction with SLLOD and 

MHS shear NEMD without serious complications,! as figs.S-8 reveal2-7. 

conclusions 

It is straightforward to implement the Gaussian isokinetic equations 

of motion in a stable manner in their original form within the Verlet 

leapfrog algorithm form. This is favoured over the BC recasting of this 

algorithm as the BC method could potentially mask instabilities introduced 

from other external fields, 
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Table 1. Details of the isothermal simulations+ 

(a) p' , 0.6, T* , 2 .5 

Method T' (ol -<I;• lol u• ( ol P' lol 

AH 2.50 10.02) 3.54 (0.141 0. 21 (0.141 2.70 (0. 5) 

AH' 2,50 10.00) 3.55 I 0.15 I 0.20 I o. 15 I 2.69 I o. 51 I 

G 2.47 (0.00) 3.53 I o. 1 6 I 0. 1 7 I o. 1 6 I 2.69 IO. 6) 

BC 2.50 IO.OO) 3.53 I o. 16 I 0.22 10.16) 2,73 I o.s I 

(b) p' , 0.8442, T' = 0 .722 

AH 0.722 10.006) -6. 1 0 I o.o71 -5,02 (0,07) 0.06 (0.33) 

G 0.722 (0.000) -6.09 I o. 07 I -5.01 10.07) o. 09 (0. 371 

llC o. 722 (0.000) -6.10 I o. o8 I -5.02 10.08) 0,04 (0.38) 

+ cr is the standard deviation, ~~ is the potential energy per particle, U* 

is the total energy per particle and P* is the pressure. The simulations 

were for ~ 6,000 time steps of 6t* ~ 0.005, The s~mulations were separate 

from those used to generate the figures (hence T"' * 2.47 in fig.1 for the 

p* = 0,6 and T* = 2.5, G state in the figure). 
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Table 2. Details of the NEMD simulations+ 

Y = 1.0, U* is the average total energy per molecule; P* is the pressure, 

Tlk is the kinetic component of the shear viscosity. n is the total 

viscosity from the stress tensor. 1l 2 is the viscosity from viscous 

dissipation. a is the standard deviation, NT > 2300. 

Method p• T* u• I crl p• I cr I a nk n1 n, 

G~·MHS Oo3 2o5 ·1 .94 (0 ,1 0) o. 75 I o o 1 B I 0.04 0,05 0. 1 4 

G+SLLOD Oo3 2,5 1.94 I o o 1 o I o. 77 I o o 1 B I 0. i 6 0,22 0,37 Oo37 

G+MHS Oo6 2o5 o. 22 I o o 1 5 I 2,76 10 o 55 I 0.13 o. 08 0.67 

G+SLLOD Oo6 2o5 0.22 IOo141 2.68 IOo4BI 0.1 9 o. 23 0.84 0.84 

G+MHS 0,8442 0.722 -4.79 IOo091 1 • 18 IOo441 1.16 0,05 2. 15 

G+SLLOD 0,8442 0.722 -4.78 IOo091 1.22 IOo471 1.16 0.07 2.14 2.1 3 

0 

•• 
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Captions to the Figures 

Fig.S. The temperature profiles for 2000 time step subaverages taken from 

NEMD simulations at a shear rate Y ~ 1.0 (a) p"' = 0.3, T* = 2.5, 

method: MHS + Gaussian isokinetic (b) p"' = 0.3, T"' = 2.5, method: 

SLLOD + Gaussian isokinetic (c) p* = 0.8442 1 •r* = o. 72 1 method: 

MHS + Gaussian isokinetic (d) p"' = 0.8442, T* = 0. 72, method: 

SLLOD + Gaussian isokinetic. 

Fig.6. As for fig.S except that the velocity scaling factors a(t) are 

shown for the same simulations (a) to (d). 

Fig.7. As for fig.S except that the total energy, U, (potential plus 

kinetic) per particle averaged over all N molecules in the MD cell 

is given. 

Fig.B. As for fig.5 except that the pressure, P, is given. 
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HOW BIG IS A 'riMESTEP? 

David Fincham 

The question of what timestep to use in a molecular 

dynamics simulation is an important one. 'I'he larger the 

timestep we can use the more rapidly we can sample phase space, 

reducing our demand for computer time. In my choice of timestep 

I have usually been guided by a rule of thumb, namely tha·t the 

fluctuations in total energy should not exceed a few per cent of 

the fluctuations in potential (or kinetic) energy. This seems 

reasonable, but how many per cent is "a few"? Would a 

requirement of "no appreciable temperature drift 11 be as adequate? 

And how do we choose the timestep when using the alternative 

ensembles and dynamics which have become popular recently? For 

example, in the constrained temperature method of Evans and 

Hoover as implemented by Brown and Clarke [1] the only constant 

of the motion is the temperature, and this is identically 

conserved whatev~r the timestep. 

To answer these questions we need a more systematic way of 

relating algorithm errors in the trajectories to the quantities 

we are actually trying to measure in the simulation. In this 

article I describe the results of an empirical investigation into 

this problem. 

My technique was to run a series of simulations, starting 

from the same configuration, and each rllnning for the same time, 

120 ps. They differed in the tirnestep llSed, and hence total 

number of steps. I used both conventional NVE dynamics, and 

also the constrained temperature dynamics mentioned above. The 

system was Lennard-Janes argon, at p* = 0.6 and T* = 1.52. The 

simulations were of 192 molecules inside truncated-octahedral 

boundaries, with the maximum allowed cut-off (about 3.7cr). The 

algorithm was the simple leapfrog, which is known to have good 

stability properties [2], and single precision arithmetic was 

used (except in the evaluation of means and fluctuations). 

43 



2 

Results for thermodynamic and other quantities are shown in 

the table. To enable proper comparisons to be made the errors 

quoted for U* and P* are true standard errors. 

obtained as follows. 

These are 

Let X be a quantity for which a value is obtained at every 

step of the simulation, and we measure its mean square 

fluctuation 

E = < (X-<X>) 2 

= 

where <> refers to a mean over the N steps of the simulation. 

Then the standard error in the mean <X> is 

SE = 

where t, called the statistical inefficiency, takes account of 

the fact that successive steps of an MD simulation do not 

constitute a random sample from a distribution, but are 

correlated. It is possible to find t as follows. 

Suppose X0 is the average value of X over n successive 

steps of the simulation, and that we find the mean square 

fluctua·tion of these subaverages 

In this case<> represents the mean of the (N/n) subaverages in 

the run. (Note that 2: 1 = E) Then it can be shown [3] that if 

we call 

then t = lim tn. 
n~ 

We analyse the run by taking subaverages 

over different lengths n and look for a plateau 

Figure 1 shows a typical example. We see from 

in t
0

• 

the table of 

results that t tends to decrease as the timestep increases; 
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·this is to be expected since the correlation between successive 

steps will be reduced, The actual values of t may be somewhat 

unreliable with the largest timesteps, as the number of data 

values is then rather small for analysis. 

Looking at the results without temperature constraint we see 

that for DT = 10, 20 and 30 fs the thermodynamic results agree 

within the standard errors. Also the reduction in t leads to 

standard errors which are essentially identical in the three 

simulations. Thus we can increase the timestep, and hence 

reduce the computer expense, by a factor of three without 

producing any systematic errors, or any increase in the 

statistical errors. Note that the ratio of total to potential 

energy fluctuations is as much as 13% in the 30 fs simulation, so 

in practice ''a few'' is quite a loti It may also be surprising 

to note how accurately the pressure can be measured in 

simulation; the standard error in the pressure corresponds to 

only about four atmospheres. The radial distribution functions 

and velocity auto-correlation functions showed no detectable 

differences between these three simulations. 

However, with a timestep of 40 fs the simulation has 

completely destabilised with poor energy conservation leading to 

The thermodynamic results are a large rise in temperature. 

therefore meaningless, though the distortions in the rdf and vacf 

are far from dramatic (Figure 2). 

The results with constrained temperature dynamics agree with 

the unconstrained results for DT = 10, 20 and 30 fs to wi·thin one 

or two standard errors. I had hoped that it would be possible 

to use a larger tirnestep with constrained dynamics, but the 

results show a definite, if small, systematic error in energy and 

pressure with DT = 40 fs even though the temperature is 

controlled, As DT is increased the energy and pressure rise 

because of the consequent closer approach of the molecules; this 

can be seen in the rdf for DT = 60 fs although the vacf shows 

very little distortion (Figure 3}. 
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I have deliberately concentrated on errors in the quantities 

measured in the simulation, rather than in the t.rajectories 

themselves. As Nigel Corbin has recently pointed out [41 the 

trajectories are unlikely to be accurate over times greater than 

a couple of picoseconds. The relevance of this to the 

measurement of equilibrium properties, even time correlation 

functions, is unclear. The study of time correla-tion functions 

at long times is likely to be difficult anyway, because of sys-tem 

size effects. For these reasons I have only shown velocity 

correlations out to 1.2 ps, where there is no evidence of any 

substantial effect due to algorithm errors. 

This work was carried out on the DAP at Queen Mary College 

using a general purpose liquids program DYNAMO[sJ developed in 

collaboration with Dominic Tildesley. Nick Quirke introduced us 

to the method of error analysis. It is a pleasure to 

acknowledge a fruitful collaboration with these gentlemen which 

has made the work possible. 

This article is an informal version of a paper which will be 

submitted to Computer Physics Communications. 
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TABLE THERMODYNAMIC QUANTITIES 

Steps DT t(U*) U* t(P*) P* 
(fs) 

- ------ I 

Without temperature constraint 

12000 10 20 -3.941 + 0.003 24 0.818 + 0. 010 

6000 20 11 -3.939 + 0.003 15 0.811 ± 0.012 

4000 30 7 -3.935 + 0.003 10 0.812 ± 0.011 

3000 40 6 1-3.757 ± 0.007 6 1.566 ± 0.029 
~~·------

With temperature constraint 

12000 10 20 -3.941 ± 0. 003 20 0.800 ± 0.011 

6000 20 12 -3.940 ± 0.003 10 0.818 ± 0.011 

4000 30 6 -3.9 37 ± 0.003 8 0.834 ± 0.013 

3000 40 5 -3.927 + 0. 004 5 0.866 ± 0. 012 

2400 50 4 -3.876 ± 0 .004 4 0.922 ± 0. 015 

2000 60 3 -3.730 ± 0.006 3 1.433 ± 0.019 

E* T* (l:E* I l:O*)' 

-1.663 1.52 0.005 

-1.674 1. 51 0.018 

-1 .67 3 1.51 0.133 

-0.986 1.86 3.570 

-1.661 1.52 1.0 

-1.660 1.52 1.0 

-1.657 1.52 1.0 

-1.647 1.52 1.0 

-1.596 1.52 1.0 

-l. 450 1.52 1.0 
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DYNAMO: A Program for Molecular Dynamics on the DAP 

David Fincham and Dominic Tildesley 

DYNAMO is a program for molecular dynamics simulation which 

runs on the ICL Distributed Array Processor. It was developed 

primarily to study liquid mixtures whose two components consist 

of rigid polyatomic molecules, and chemical potentials can be 

obtained by means of the particle insertion method. The 

intermolecular interactions are of the Lennard-Janes site-site· 

form; the sites may also carry electrical charges. The program 

will also handle efficiently spherical molecules and single

component fluids, and could be applied to the study of molecular 

solids. It can therefore be regarded as a general purpose MD 

program capable of handling much of the 11 bread-and-butter 11 work 

for which the CCPS library programs are used on conventional 

processors, as well as having additional features. We hope 

eventually to release the program generally to DAP users, and 

perhaps even to implement it on the long-rumoured mini-OAF, as 

well as remove some of the restrictions listed below. In the 

meantime colleagues in CCP5 who would like to use the program 

on a trial basis are invited to contact the authors. 

for additional features would also be welcome. 

Features 

Spherical or rigid polyatomic molecules 

Pure fluids or two-component mixtures 

Mul ti'pole moments produced by charges on sites 

Usual thermodynamic averages, plus sophisticated 
error analysis 

Centre-centre and site-site radial distribution 
functions 

Suggestions 

Chemical potential obtained by particle insertion 

Velocity auto-correlation function calculated during run 

Cubic or truncated-octahedron boundary conditions 

Force centres (sites) need not coincide'with mass-
centres (atoms) 

Microcanonical, constrained temperature or loosely
coupled heat-bath ensembles. 
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current restrictions (version 4.01) 

No long-range electrostatic sum: not suitable for 
ions, or molecules with large dipole moments. 

No neighbour list algorithm: inefficient for 
simulations with very large numbers of molecules. 
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A GAUSSIAN MODEL FOR MOLECULAR INTERACTIONS. 

w. Smith and K. Singer 

Introduction 

In an earlier newsletter article (1) we described a method of 
performing semiclassical molecular dynamics on systems such as neon 
where quantum effects are known to be important. The fundamental 
feature of this method is the use of gaussian wavepackets to 
represent the molecules. In the ~nitial work of Corbin and Singer 
(2), the gaussian wavepackets were allowed to possess a distinct 
ellipsoidal shape. Experience showed that such wavepackets do not 
realistically resemble monatomic systems like neon, which possess 
no rotational degrees of freedom, and we shelved the model in 
favour of the simpler (and more successful (3)) spherical 
gaussians. Ho~ever, putting aside the quantum mechanical aspect of 
our work, it is apparent that ellipsoidal gaussians may be a useful 
model for classical simulations of molecules which do possess 
rotational degrees of freedom. (The model is of significance to the 
study of liquid crystals). It is this aspect that we explore in 
this article • 

The idea of using gaussian density functions to represent 
structured molecules is certainly not new. Everyone is probably 
familiar with the gaussian overlap model of B.J, Berne and his 
colleagues (4,5). In fact the model we propose here closely 
resembles that of Berne and Pechukas in its original presentation, 
but because of its origins in our gaussian wavepacket study we have 
developed a different formalism and the final farm is s~gnificantly 
different. However, we anticipate that the method will be as 
versatile as the Berne-Pechukas model, though it remains to be seen 
if it is computationally cheaper or better and it is probably wiser 
to regard our method as an extension of their model) rather than as 
a substitute. 

We outline the basis of our method below. 

The Model 

Our model assumes two basic properties of the system to be 
simulated. Firstly, we assume that each molecule may be represented 
by a gaussian probability distribution of interaction sites written 
in the form <1> 

<1> 
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in which X -' 
G; 
R· _, 

represents 
locates the 

"' £·, - .B.i and 
the gaussian dens~ty function, 
centre of the i'th gaussian (l.e, 

the molecule), 

2 

the centre of 

Nj is the normalising factor, which ensures that the total 
probability is unity. 

is a matrix defining the shape, orientation and size of the 
gaussian function. 

Secondly, ~e assume that 
describing the interaction 
neighbouring gaussian molecules 
gaussian functions <2> 

the potential energy 
between infinitesimal 

can be represented by 

u(r · ·) "' 
OJ 

cfl exp(-d1'\ 
~ 

r.. ) 
' J 

function 
parts of 

a sum of 

<2> 

in which the parameters Cn and dn have to be determined using a 
method described below. We refer to <2> as the primitive gaussian 
potential. 

(The use of a gaussian potential function to describe the 
interaction between infinitesimal parts of neigtbouring gaussians 
was suggested in a footnote to reference (3). However, the object 
there was to show the similarity between the gaussian overlap model 
and the 'line interaction potential' (LISP) model. Here we are 
making a more general statement about the nature of the potential 
function u(rjJ) and will draw upon methods of parameter fitting 
which permit us to represent many of the known useful potentials in 
this way.) 

The Ai matrix mentioned above is of central importance to the 
model proPosed, as it is this which allows us to set the shape of 
the gaussian. ~i is a real, symmetric Jx3 matrix:, which" is defined 
initially with--only three parameters; the diagonal elements. (Only 
these are required because it is always possible to diagonalise the 
matrix by an appropriate rotation of the molecule with respect to 
the laboratory frame.) It is the relative magnitudes of the 
diagonal elements which determine the shape of the gaussian e.g. 

A .. -A" -An - spherical gaussian, 

A., -A, < Azz - 'discus' shaped gaussian, 

A .. -A"' ) Azz 'fat cigar' shaped gaussian, 

A" ,. A;, r An - 'lozenge' shaped gaussian. 

Within this range of shapes it is possible to recognise the rough 
outline of some common molecules, vis. benzene • discus, 
nitrogen q fat cigar, ethene =lozenge etc •• Admittedly some of 
these resemblances require imagination, but molecular dynamicists 
have never been short of this facility ! 

54 



FIGURE 1 

55 

• 



Finally we note 
above is calculated from 

that 

the 
the normalisation 
integral 

= 

N;fexp(-~i-~i· &i) d~i"' 1. 

- "" 

3 

factor N i mentioned 

In a one-component system, in which all molecules are identical, 
all gaussians will have the same normalisation factor. i.e. 

The Potential Energy 

In Figure 1 we show a pair of gaussian molecules in 
arrangement. A volume element d~; of the gaussian G; 
with a volume element dlij of the gaussian Gj via the 
u(rij ) • The contribution of this interaction to the 
energy of the pair of molecules is 

) d2S 1 d:lij 

a typical 
interacts 
potential 
potential 

Integrating over d~j gives the interaction of the whole of Gj with 
d3i as: 

where 

and 

' N exp(-1S,i, A i•lii ) Hij d~j 

H . 
'J 

-' + d,,v 

<3) 

<4> 

<S> 

Integrating once again, over d.l:S.j , gives the potential energy of 
the molecule pair as 

where 

and 

"~ '"c"'Jig_ijnl\ exp(-dl'\ 
_, 

+A. 
=> 
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We see from these fo~mulae that 
dependent 
<8>. It is 
symmetric. 

via the involvement 
also apparent that 

the potential energy is angularly 
of the ~-~ and ~j matrices through 
the matrices ~j(\ and ~ ij" are 

The Intermolecular Force and Molecular Torque 

The force between the centres of two gaussian molecules is 
given simply by the usual differentiation: 

from which we easily obtain the force expression <9> 

<9> 

The molecular torques are obtained 
force acting on the volume elemea.t d~\ 
given by 

by a 
due 

less d1rect route. The 
to the gaussian Gj is 

which is equivalent to 

• N exp(-~i·~i·!ii )d~;L2dn gj 0 .(~ij + ~~ 
" 

) H', 
'J 

This force exerts a torque around the centre of the gaussian 
Gi , which is given by the vector product ~i""!~; or: 

~j-"N exp(-~'i·~i·~; )d~i[2dn Rin·<~l.i + 15.i )Hij 

0 

Integrating over 
G j as 

where: 

dx· 
-I 

gives the torque acting on G i 
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Vector ·ff~; G; c, U,j(c,j) d!Sj dl;_j 

and 

Matrix. ~ ij . ss~~· !;i IG; Gj u;;(c;jl d~i d"i 

and we have introduced the operations: 

(1' y) .. 

(i.e. the matrix product of two ve!tors) 

and 

' (u,. v,.) \ 
(u':l vz.) 1 

(u 2 v'Z.)j 

"' (A~:-: B-z;,.. +A~':l Bz_j +A'::l 2 B-z.2 -Aoq<.B':jlol-AZ::J B':l~ -A-u. 8~ ) _!. 
+( Az.::.o. 8;.<.,._ +A-;e'j Bx'j+A:;z.z B,..:z. -A.,.)lBz.,. -A,.~ 8-;o_~ -Ay:z, 8-..;:) 1 
+( A:-:x B:l)o.. +A-,t:j ~ ':l +Ax:z. B'j'l.. -A 'j:o; B "'::<.-A 'j ':1 B"'j -A'j~ 8,..'2. ) k 

(i.e the vector product of two matrices. This operation 
visualised by regarding each row of a matrix as 
vector. and then performing a vector product, 
product when mult1plying the rows together.) 

an element 
but using a 

The integrals g '1J and ~;j we give explicitly as: 

where V ij" is given by <7>. 

Parameterisation of the Model 

5 

<11> 

<12> 

may be 
of a 

scalar 

There are two sets of parameters to be defined in this model: 
the fl i matrix (requiring three diagonal components) and the 
potential parameters (exponents dn and coefficients Cn (see 
equation <2>)). The number of potential parameters will depend on 
the number of terms in the primitive potential <2>. We have not yet 
established a general procedure for obtaining these parameters, 
indeed, a completely general procedure may not be possible. However 
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the following scheme appears to be sensible for molecules which are 
not too anisotropic in shape. Other schemes will need to be found 
for more d1fficult cases, 

We assume firstly that an eff~ctive spherical potential for 
the molecule concerned exists or can be manufactured (the inversion 
potentials of J.W. Austin et al (6) would seem to be good 
candidates for this purpose). Next we note that for spherical 
gaussian molecules, (i.e. ~·1 ""A J ), the pair potential, 
integrated over the primitive potential, is given by. 

'12 
E;J"' exp(-dn E,j" 

which is itself a sum of gaussian functions. It has been shown (7) 
that a number of common potentials can be accurately represented by 
a sum of gaussian functions, which in most cases require two or 
three terms only to obtain a good fit. We assume that such a fit 
has been obtained of the effective spherical potential, which we 
may represent by: 

V•· 
'J 

n 

' ' exp(-d" R·j ) 

It is immediately apparent that if our gaussian molecules are to 
model the system realistically and give the correct thermodynamics, 
we must choose our parameters to satisfy the conditions: 

' do • do E ;j" 
and 

E .. J/l. ' Co • Cn ''" 

From which. we obtain our expressions for the dl"' and c., parameters 

' ' dn • d!"\ /(l-2d(\ /A) 
<13> 

cl"\ • c~ /( 1+2dn /A) 

In the case of spherical gaussian molecules, the system will be 
completely defined, once we choose a reasonable value of the 
parameter A. The actual value chosen does not matter, provided we 
recognise that A must be greater than 2d~ for all d~ , otherwise 
the exponent may take a zero or negative value, If this procedure 
is adhered to, the dynamics of our gaussian system will correspond 
exactly to a standard simulation using the effective spherical 
potential. 

For molecules possessing 
introduce some anisotropy into the 

59 

a nonspherical shape 
model. That is, we must 

we must 
distort 



7 

the spher~cal gaussian into a more elllptical shape. How much 
anisotropy is required needs to be determined from trial-and-error, 
though one would expect the anisotropy of the model to resemble 
that of the molecule (however it is def~ned) for a simulation to 
provide the correct rotational dynamics. In the meantime we suggest 
the following approach. Firstly, the parameter A1 representing a 
spherical n1olecule, is chosen to be 4d~ where d~ is the 
largest of the exponents d:., • Next, the values of the ~,matrix 
diagonal elements (Ax>< ,A':1J ,A2.:z..) are chosen to give the required 
molecular anisotropy and then finally, the magnitudes of the 
diagonal elements are scaled by a common factor so that the mean 
(either geometric or arithmetic) of all three equals the 
(spherical) A parameter. In this way, it is hoped, the anisotropy 
is introduced without unduly affecting the thermodynamic quality. 

An Example Simulation 

Purely to provide an example of the method, we have carried 
out a short simulation of a nitrogen-like system using our program 
MDZOID. The simulation was not intended to be a realistic study, 
but merely to provide some idea of how the method performs in 
practice. We also recognise that the parameters calculated are more 
appropriate to systems of spheriCal molecules, than to anisotropic 
ones. However, we hope to provide better results, including perhaps 
the calculation of order parameters etc. at a later date. 

The molecules have been given the following parameters: 

Molecule Mass • 4.6514E-26 kg 
Principal moments of inertia ~ (6.9035E-47,6.9035E-47,0.0) kg m2 
A matrix parameters a (2.7196E 20,2.7196E 20,2.35E 20) m-2 
Potential parameters c a 6.3444E-17,-9.4727E-21 J 

d • 1.35988 20, 9.9373E 20m-2 
(These parameters are equivalent to a well depth of 112 K and a 
hard-sphere radius of .3634 nm). 

The molar volume of the system was set to 3.5E-5 cubic metres, 
the temperature to 100 K and a time step of z.OE-15 seconds was 
used. The results of this simulation are given in Table 1. The 
associated RDF and VACF are given in Figures 2 and 3 respectively. 

Table 1. Thermodynamic Results for 2000 Timestep Run 

Potential Energy • -(4.510 +- .07) kJ 
Virial • -(8.98 +- 1. 2) kJ 
Translational Kinetic Energy • (1.43 +- .08) kJ 
Rotational Kinetic Energy - (1 .18 +- .05) kJ 
Classical Total Enet"gy • -(1.8964 +- .0002) kJ 
Translational Temperature • (114.4 +- 6.5) K 
Rotational Temperatue • (94.8 +- 3.9) K 
Pressure • ( 119. +- 10.) mPa 
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Apart from noting 
the only comment we would 
lower than expected. 
equilibration. 

the good energy conservation in this run, 
make is that the rotational energy is 
This is probably due to inadequate 

The computing time required per time step, for a 108 molecule 
system, was ,26 seconds on the U.L.C.C. Cray-Ls. We stress however 
that the program used was not vectorised and the simulation did not 
explo1t the symmetry of the molecules to reduce computational 
labour. Both of these factors, correctly exploited, would make a 
marked difference to the execution speed of the program. 

The translational 
the well-known Verlet 
equations of motion 
Fincham (8). 

equations of motion were integrated using 
1 leap-frog 1 algorithm, The rotational 

were integrated using the algorithm of D. 

We conclude that this method is quite suitable for application 
to realistic MD simulations. 
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The square root revisited 

D.C. Rapaport 

In most molecular dynamics and Monte Carlo simulations of many-particle 

systems the evaluation of square roots consumes a significant proportion of 

the overall computation time. Ways of reducing the effect of this bottle

neck have been discussed in several issues of this newsletter and a number 

of more rapid alternatives to the standard algorithms provided in the com

puter manufacturers 1 software libraries suggested [1]. 

A typical standard method [2] involves the following steps: i) Reduce 

the range of the floating point argument by separating exponent and mantissa, 

the r_ange of the latter generally being (4,1), or (1/16,1) in the case of 

IBM 370 type processors. ii) Compute a preliminary estimate of the root 

based on a low order polynomial or rational function. iii) Refine this es

timate using an appropriate number of iterations of the Newton-Raphson algo

rithm. iv) Reincorporate the exponent after suitable adjustment. 

An alternative approach that merits consideration recognizes the fact 

that computation time is currently a more expensive resource than computer 

memory by using auxiliary tables to eliminate a substantial portion of the 

calculation. The underlying idea is to divide the argument. range, after re

moval of the exponent, into a relatively large number of subranges and to use 

a separate approximation for each; the technique is an extension of the idea 

of segmented approximation [3]. The approach can of course be applied to a 

variety of functions in addition to the square root example discussed here 

(e.g., inverse square roots, exponentials, etc.). 
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The initial step lTI the evaluation of y = X 
lz 

(x , 0) is the separation 

of exponent (E) and mantissa ( z) ' namely X = 2E* z' where }-z < z < 1; this 

corresponds to the actual representation of a floating point number in many 

computers (the IBM 370 uses an exponent based on 16 -- this case will not be 

covered here), The required result is then y = 2E/Z*z~; if E 15 an even num

ber the halved exponent is easily handled, otherwise zCE-l)/Z is used instead 

' "' and the additional factor of 2~ included in the calculation of z 2 (see below). 

The key step is to split z into two components -

o ::;: t < z-n-l (1 a) 

where (1 b) 

in this decomposition, which is achieved using masking or equivalent operat-

ions, bk contains the (n+l) most significant bits of z (note that provided x· 

is a normalized floating point number the most significant bit of z is always 

unity for x > 0) and t contains the remaining lower order bits. Each value 

of k defines a distinct range of the argument for which a separate inter

polating polynomial will have to be defined; there are a total of 2n such 

ranges, 

~ One possibility of proceeding from (1) is to expand z as a power series 

in t; since the domain of t is very limited (see la) the series can be trun-

cated after only a few terms. An alternative is to expand using Chebyshev 

polynomials, but the evaluation of the coefficients is itself a non-trivial 

undertaking. Yet another approach is the method described below which has 

the advantage of providing significantly improved accuracy over the straight-
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forNard expansion in t for a given order of approximation, but involves co-

efficients that are very easily evaluated. Thus the required table of coR 

efficients can be rapidly generated at the start of any job using this ver-

sian of the square root routine. 

The proposed method involves rewriting (1) as 

where 

and 
-n-2 

u = t - 2 

~ The expansion of z in terms of u is 

1 -3/2 2 
8 ck u 

-n-2 -n-2 
-2 :;; u < 2 

1 -5/2 3 
+ IT ck u 

• 

5 -7/2 4 
128 ck u 

(2a) 

(2b) 

(2c) 

(3) 

Quadratic (p = 2) and cubic (p = 3) polynomial approximations to z~ are ob-

tained by suitably truncating (3); upper bounds to the relative errors so in-

-3n traduced are (1/128)2 for p = 2, and (5/2048)2-4n for p = 3. Typical 

values of these errors are 4.7*10-lO for the case n = 8, p = -13 
2, and5.7*10 

for n = 8, p = 3. Normal 24-bit single-precision arithmetic requires, for 

example, n = 6, p = 2, while for full 56-bit double-precision computations 

n = 12, p = 3 suffices. 

A small amount of algebra yields the required formulae for the polynomial 

coefficients. Consider for simplicity the case p = 2 and rewrite the trun-

cated expansion (3) in terms of t -
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-n-2 
- 2 ) - 1 -3/2( 

8 ck t 
-n-2 2 

- 2 ) 

= dk3 * (dk2 + t * (dk1 + t)) (4) 

,. 

where Horner's rule has been used for efficient polynomial evaluation. The 

coefficients introduced in (4) are 

-n-1 = -4ck - 2 

z = -Bck + 

d1.3 = 

2 -n + 2 -Zn-4 
ck 

1 -3/2 
8 ck 

(Sa) 

(Sb) 

(5 c) 

and, since 
-n-'1 

from (lb) and (2b), ck = !.:! + 2 (k - !z), it is clear tha.t the ex-

pressions (5) are readily evaluated. " 1~e problem of the 2 2 factor which arises 

for odd E is resolved by defining two versions of (Sc), the version to be used 

for even E is as shown~ while that for odd E includes the additional 2 " 
Insofar as timing requirements are concerned it is apparent from (4) that 

only 2 floating-point additions and 2 multiplications are needed for p = 2; 

opera~ions associated with exponent manipulation and range selection do not 

involve floating-point instructions and therefore should not contribute sig-

nificantly to the computation time on most processors. Comparison with the 

other methods mentioned previously [1,2] reveals a marked reduction in the 

operation count for a prescribed accuracy; in particular the absence of Newton-

Raphson refinement eliminates the need for any (relatively slow) division 

operations. The actual improvement in throughput that can be expected from 
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this approach is, of course, very much a function of processor type (and even 

model) and whether the algorithm is implemented in a high-level or assembler 

language; in view of these highly variable factors no attempt will be made 

to give timing estimates, but the expected gain should be significant owing 

to the reduced amount of arithmetic involved. 

The penalty to be paid for using the segmented approach is that storage 

must be set aside for the interpolation coefficients (5). If two sets of 

dk3 are used, corresponding to odd and even E, the total ri.umber of coeffi

cients is (p + 2)2n; for n = 8, p = 2 this amounts to just 1024 words of data, 

hardly a noticeable drain on the resources of a modern computer. 

Supercomputer designers have yet to agree on whether the square root 

merits a separate machine instruction; thus the Cyber 205 has such an inst-

·ruction, whereas the Cray does not [4]. Array processors from FPS use a 

software approach based on a combination of table lookup and interpolation; 

~ a machine instruction exists to facilitate the decomposition (1), z is then 

evaluated ,, 
values bk, 

' ' by factorizing it as b~(l + v)~. where v = t/bk, and using the 

-1 ' bk and the first few coefficients of the expansion of (1 + v)~ 

that appear in a special high·speed table memory. Finally, square root ext

raction on the highly parallel ICL DAP is even faster than multiplication [4], 

a somewhat unexpected consequence of the bit-serial arithmetic used on this 

machine. 
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Calculation of the oxygen potential of the mixed oxide (U,Pu)o 2 -x 

J.H. Harding and R. Pandey 

Oxygen partial pressure (oxygen potential) of mixed oxide fuel, 

(U,Pu)o
2 

is an important determinant of chemical reactions in fast--x 
reactor fuel pins. It will affect the fuel-clad corrosion interaction, 

oxygen and actinide redistribution across fuel pins and other transport and 

diffusion properties. 

It is generally held that the oxgen potential of an oxide of composi-

tion U Pu o
2 

depends on a quantity called the plutonium valence, 
1 -y y -x 

defined as 

VPu = 4 -

and not on the non-stiochiometry x and the plutonium concentration, y 

separately, This is the so-called Markin-Mciver rule. 

Simple theories of the defect structure have been proposed to explain 

this. It was assumed initially that the only defect cluster of importance 

was a vacancy next to one or two reduced plutonium ions. Catlow and 
( 1 } 

Tasker advanced a more complex model. they argued that the statistical 

defect structure could be obtained by first assuming a random array of Pu 3+ 

ions and that the oxygen vacancies then find the configurations of lowest 

free energy. This is an improvement on earl~er models, since it recognises 

that we are dealing with a defect system containing many I?OSSible arrange

ments of vacancy and Pu3+ ions. Its shortcoming is that it ignores any 

tendency of the electrons on the sub-array of plutonium ions, i.e. the Pu3+ 

ions, to react to the presence of vacancies. 

our new model acknowledges that the electrons are likely to occupy 

those Pu atom sites close to vacancies first, and only when these are full 

(or nearly full) will they occupy Pu sites far from any vacancy. We there

fore constrain the electrons to occupy the site!'l nearest and next-nearest 
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to anion vacancies to find the sites of lowest free energy. 

Our results show that the model of Catlow and Tasker is a reasonable 

approximation in the limit of high vacancy concentration and high plutonium 

concentration. However, the simple cluster models originally advanced by 

schmitz( 2 ) are never a good approximation to the structure we find, even in 

the limits of low vacancy concentration and/or plutonium concentration. 

The comparison of our theory with experiments by Woodley{)) and 

Tetenbaum ( 4 ) is shown in Figure 1. The theory is clearly capable of 

reproducing the main features of the observed behaviour over a wide temper-

ature range. Figure 2 shows the oxygen potentials calculated by the 

model for various plutonium concentrations. The model reproduces the 

Mark~n-Mciver rule for plutonium concentrations above about 15%, but below 

this concentration it does not. This is due to the assumption of a random 

distribution of plutonium through the lattice. 

The exper1mental methods used to prepare samples are intended to 

ensure that a true solid solution is obtained. However, few detailed 

experiments have been performed to see if the plutonium distribution is" 

truly random. The results of this analysis suggest that the observation of 

the Markin-Mciver rule, at least at low plutonium concentration, is due to 

inhomogeneities in the sample. There is a need for detailed and careful 

experiments to consider this point. Also, mare experiments at high temper

atures, using samples of varying plutonium concentrat~on, would be useful. 
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