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Experimental Determination of the Long-Range Potential of Argon Pairs by Means
of Small-Angle Neutron Diffraction
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We have experimentally determined the static structure fast@) in low density argon gas
for 1.0 < k <3.5nm™!, by means of the small-angle neutron scattering diffractometer PAXE at
Laboratoire Léon Brillouin in Saclay. The experiment has been performed at three number densities
betweenl.51 X 10?7 and2.30 X 10?” m~3 along thel' = 138.75 K isotherm. From the data the small-
k dependence of the Fourier transforifk) of the direct correlation function(r) has been derived and
the existence of thf|* term in the behavior of(k) experimentally demonstrated. The experiment has
allowed the first direct measurement of the coeffici€ptof the London dispersion interaction in the
pair potential of argon. [S0031-9007(96)00761-2]

PACS numbers: 51.90.+r, 34.20.Cf, 61.12.Ex

It is commonly accepted that the London dispersion en- Neutron diffraction measurements, when possible,
ergy determines the form of the long-range® interaction  have been proven to be a direct method for the determi-
potential between two electronic ground state atoms, wheneation of the interaction potential between pairs in gases
r is the interatomic distance [1]. However, no direct ex-[8—10]. In particular, the experimental determination
perimental determination of this behavior in the potentialof the |k|* dependence of(k) has been attempted in
has ever been performed. Only indirect experimental evia previous experiment and preliminary results were
dence of the correctness of this theoretical prediction hagublished [11]; however, th& range used in that case
been accomplished up to now through the modeling of inwas not sufficiently low to ensure the determination of
teratomic pair potential with various techniques [2]. the correct behavior of (k).

One possibility for a direct assessment of thé long- By means of theoretical calculations afk) performed
range interaction among the particles of a fluid is giverwith the modified hypernetted chain equation, Reatto and
by the connection between the smialbehavior of the Tau [7] have shown that, in low density noble gases,
static structure facta$(k) and the long-range microscopic the k range useful for the determination of thé|?
force. This connection was pointed out for the first timedependence is the one for whith= 3 nm~!. This range
long ago by Enderby, Gaskell, and March [3]. The mainis experimentally accessible with small-angle neutron
result of that work is that for classical fluid insulators, scattering (SANS) instrumentations.
such as noble gaseS$(k) is expected to have at small In the theory of simple fluids, the static structure
k a nonanalytick|® term directly related to the © tail  factor S(k) and the Fourier transform(k) of the direct
of the microscopic van der Waals interaction potential incorrelation functiorc(r) are defined by
the fluid. Several papers have been devoted to this subject
L4—6] and recently this matter hgs been discussed in detail Sk) =1+ n[ drexplik - r)[e(r) — 11, (1)

y Reatto and Tau [7]. In particular, these authors take
into account in the theory also the effects of the three-
body long-range potential and of retardation, and show (k) = fdr explik - r)e(r) )
that, from an experimental point of view, it is preferable to ’
perform the data analysis of terms of the Fourier transform
c(k) of the direct correlation functior(r) than in terms Where g(r) is the pair correlation function and(r) is

of S(k) itself. given by the Ornstein-Zernike relation
Measurements of thg|? behavior ofc(k) can there-

fore give in principle an experimental direct verification h(r) = c(r) + ”f ar' c(rhh(r — r']), (3)

of the r ~¢ power law together with the experimental de-

termination of the van der Waals constant related .

In particular in the zero-density limit this last constant co-
incides with theCq coefficient of the London dispersion
force. h(r) =g(r) — 1. 4

with
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S(k) is an experimentally accessible quantity aif&l) can
be derived fromS(k) by using the relationship obtained

0301

o+ e

from Egs. (1)—(4): ey 5;;-..
0.26 | 0353:'-
c(k) = [S(k) — 1]/nS(k). (5) g oaf e,
Here we report the results of a measurement @f) E o} REE
in argon gas at low density and at smé&ll performed < oaf RPN

by means of SANS with the PAXE diffractometer at the
Laboratory Léon Brillouin in Saclay, from which tHe|?

behavior is experimentally detected for the first time and ~ **° ‘e
the C¢ coefficient of the microscopic pair potential of 0.14 , , , , , , b
argon measured. 00 05 10 L5 20 25 30 35 40

The experiment has been performed along the 138.75 K
isotherm at three low densities chosen in such a way
as to ensure minimization of many-body effects in theFIG. 1. Experimentalc(k) at 7 = 138.75 K. From top

N S uncertainties are within the size of the symbols. The= 0
0.03, 1.99 = (.)‘06’ and2.30 * 0.07 nm ,Wheren is the values are obtained from Ref. [11] data.
number density. Also in the present case if#&r isotope
has been used in order to benefit from its large coherent

neutron scattering cross section. The sample gas w . . : . .
kept in a low temperature flat cell of 0.65 cm thicknesjlﬁe long-range pair potential the dispersion term is the

and with quartz windows capable to withstand pressur(gomim’mt one and the irrgducible threg-body interaction
up to 50 bars. The cell was mounted in a cryostat wit Is assumed to be of the triple dipole Axilrod-Teller (AT)

temperature stability within 0.2 K. orm we can write
The experiment has been performed with neutron

k [nm™1]

— 6
wavelength of 4.0 A and the distance between the sample ¢(r) pro0 Co/1°, (7)
and the two dimensional BFgas detector was 150 cm.
The choice of these values has allowed the < k < C(r) ~ 8w/3)Bnv/rS. (8)
3.5 A=! range to be covered with an overall resolution e
Ak/k ~ 10%. Here B8 = 1/kgT, where v is the strength of the AT

The neutron intensity data were corrected for the effecphotential.

tering, and detector efficiency. The absolute normalizagnalysis it can be shown [7] that the smiakéxpansion of
tion of the data has been accomplished extrapolating thg(x) is given by

data to the compressibility limi§(0) = nkgT yr, where

kg is the Boltzmann constant, the absolute temperature, ck) ~ c(0) + ek + e3lkl?, 9)
and yr the isothermal compressibility, thus obtaining the k—0

static structure factor§(k). We estimate that this data 3 . iy
analysis procedure leads to a final uncertainty on the absdhere thelk|” term is due to the-™® two- and three-
lute scale ofS(k) which ranges from 1.4% for the higher ' od.y potential tails in direct space and thecoefficient
density to 1.8% for the lower one. is given by

Thec(k)'s were then derived from th&(k)'s by means 5
of Eq. (5). c3 = (7°/12)(Ce — 8mnv/3)/kpT . (10)

Figure 1 shows the low-c(k)'s at the measured den- .
sities together withe(k = 0) values derived combining We have therefore performed a least squares fit of the
Eq. (5), the compressibility relation, and the thermody-three parameters function (9) tg our experimental)
namical data of Ref. [12]. at the three measured den_smes, in all cases_the reduced
x> was of the order of unity. In order to display the

In low density systems the interaction law can bek3 d q £ th . O it |
written retaining only the pair and the triplet Contributions| | ependence of the experlmen'@(p( ) it is more
gonvenient to plot the quantity(k) defined as

and it has been demonstrated [7] that the asymptoti
behavior ofc(r) is given b
e M) = [ek) = cOR = e + skl QD)
c(r) ~ bp(r) + C(r), (6)
" Figure 2 shows the experimental resultg, (k) for argon
where ¢ (r) and C(r) are the long-range pair potential at T = 138.75 K for the three different measured densi-
and dressed three particle vertex, respectively. When ities, together with the functioi., (k) given by Eq. (11)
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FIG. 2. Experimental results fok(k) (see text). Symbols as
in Fig. 1. n =199 and 1.51 nm™3 data are shifted upward

by 0.005 and 0.01, respectively. Straight lines represent the

We are indebted to Professor J.E. Enderby and Pro-

fessor N. W. Ashcroft for useful suggestions at the early
stages of this research. Dr. J. Teixeira for valuable dis-
cussions during the experiment, and P. Palleau of ILL
in Grenoble for technical assistance in the cell construc-
tion. Laboratoire Léon Brillouin is a Laboratoire Com-
mun CEA-CNRS.

[1] F. London, Z. Phys63, 245 (1930); Z. Phys. Chem. Bl,
222 (1930).

[2] G.C. Maitland, M. Rigby, E.B. Smith, and W.A. Wake-
ham, Intermolecular Forces(Clarendon Press, Oxford,
1981).

results obtained with the least squares fitting procedure [se€3] J.E. Enderby, T. Gaskell, and N.H. March, Proc. Phys.

text, Eq. (9)].

and wherec(0), ¢», and c; are the coefficients derived
from the least squares fit performed og, (k) with the
polynomial function (9). From this figure tHé&| depen-
dence of A, (k) and therefore thdk|® dependence of
cexp (k) are confirmed leading to the experimental demon-
stration of ther~® behavior of the interaction potential
among argon pairs.

No density dependence of(n) can be extracted from

Soc. Londomg5, 217 (1965).

[4] R. Evans and T.J. Sluckin, J. Phys.1@, 2569 (1981).

[5] I.L. McLaughlin and W.H. Young, J. Phys. @5, 1121
(1982).

[6] R.J. Bowles and M. Silbert, J. Phys. 17, 207 (1984).

[7] L. Reatto and M. Tau, J. Phys. Condens. Matferl
(1992).

[8] F. Barocchi, M. Zoppi, and P.A. Egelstaff, Phys. Rev. A
31, 2732 (1985).

[9] H. Fredrikze, J.B. van Tricht, A.A. van Well, R. Magli,
P. Chieux, and F. Barocchi, Phys. Rev. LR, 2612
(1989).

our data within the experimental uncertainties. The av{10] N.H. March, Chemical Physics of LiquidéGordon and

erage value ofc; can be evaluated and then, using
Eqg. (10), the experimental determination 6% which
gives Cs = (5.54 = 0.83) X 10778 Jnf. The present

experimental result compares rather well with the estil1?]
mated values given by Standard and Certain [13], that is,

6.42 X 1077 Jnf and by Kumar and Meath [14], that is,
6.16 X 10778 Jnf. The smallness, at these low densities,

Breach, New York, 1990).

[11] F. Barocchi, P. Chieux, H. Fredrikze, and R. Magli,

Physica (Amsterdam)}80B—181B 877 (1992).

R.B. Stewart, R.T. Jacobson, J.H. Becker, J.C.J. Teng,
and P.K.K. Mui, in Proceedings of the Symposium
on Thermophysical Propertiegdited by J.V. Sengers
(American Society of Mechanical Engineers, New York,
1982).

of the three-body contribution does not give the possibil{13] J. M. Standard and P.R. Certain, J. Chem. PB$s3002

ity of deriving a value forv from the present experimental
results.

848

(1985).

[14] A. Kumar and W.J. Meath, Mol. Phy54, 823 (1985).



