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Structure of the Ne-Xe mixture near the 26-MPa demixing curve atT =275 K
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We report neutron diffraction measurements for two Ne-Xe mixturs=a275 K andP=26 MPa, having
a Xe molar fraction of 0.81 and 0.45, respectively. These thermodynamic points are chosen to be in the single
phase region, close to the gas-gas demixing surface. Total structure factors and neutron weighted pair distri-
bution functions have been extracted. Partial pair distribution functigiis) have been calculated by means
of molecular dynamics simulation using Lennard-Jones interaction potentials and the Lorentz-Berthelot mixing
rules, obtaining a good agreement with the experimental data. These partial pair distribution functions have
been analyzed in terms of density expansion and also compared with those derived in a previous experiment on
a He-Xe mixture. The main difference found between the structural properties of the two mixtures is that, in
the Ne containing mixture, a definitely larger fraction of atoms of the lighter species occupies the Xe-Xe first
neighbor shell. The model already used in interpreting the thermodynamic behavior of the He-Xe mixture in
terms of microscopic properties suggests that this structural difference is related to the different behavior of the
pressure-temperature projection of the critical line in the two mixtU®&5063-651X%96)12812-9

PACS numbegps): 61.20.Ja, 61.12.q, 61.20.Ne

[. INTRODUCTION neous except for a small excess at a distance~08.3 A,
i.e., well before the peak of the Xe-Xe first neighbor shell.

In the last decade there has been an increasing effort in These features suggested that the isobaric demixing
understanding the behavior of supercritical fllitlt Among  curves behavele factoas the liquid-gas transition of pure
these, rare gas mixtures, which exhibit gas-gas demixinge, the only difference being a shift of the critical demixing
phase transitions, are of great interest from a basic researgoint to higher temperatures and pressures when the He con-
point of view. These phase equilibria are often classified asentration in the mixture is increased. For this reason the
first or second type according to the behavior of the pressuradifference in the Xe number density between the two coex-
temperature projection of the critical lif2]. In the first type  isting phases seems to be a good order parameter in describ-
equilibria(e.g., He-Xe the branch of the critical curve which ing this gas-gas demixing transition. The increase in tem-
starts from critical point of the less volatile component hasperature occurs since the inclusion of He atoms in the Xe
always dP./dT.>0, while in those of the second type it first neighboring shell, implied by poiriii), increases the
generally starts wittd P, /dT,<0, and exhibits a tempera- effective two-body interaction between the Xe atoms them-
ture minimum before running steeply towards increasingselves. The increase of critical pressure with He concentra-
temperatures and pressufesg., Ne-Xe. tion is mainly a trivial consequence of the difficulty in con-

This is, however, a purely macroscopic classificationfining the He atoms inside the mixture. It is therefore
while it would be interesting to investigate whether the typeinteresting to determine the microscopic structure of the
of phase equilibrium is related to some microscopic propertyNe-Xe supercritical mixture in which, although the inter-
of the mixture. With this aim we have recently performed aatomic interactions are not very different from those of the
neutron diffraction measurement for the He-Xe mixture neaHe-Xe mixture, a second type of gas-gas phase equilibrium
the gas-gas demixing transition at 30 M. The analysis is known to occuf5].
of the neutron diffraction data, performed with the help of For these reasons we performed neutron diffraction mea-
molecular dynami€¢MD) simulations, has shown thé) the  surements and MD simulations for two Ne-Xe mixtures
Xe-Xe correlations in the mixture are practically unaffected(hereafter referred to as mix | and mix Ih thermodynamic
by the presence of Hefii) the He-He correlations are states having®=26.0 MPa,T=275.3 K, and Xe molar frac-
strengthened by the presence of Xe, although they are néibnscy.=0.81landcy.=0.45. These states are very close to
appreciably modulated by the Xe-Xe correlatiofis;) the  the Ne-Xe demixing curve and correspond to those already
He distribution around a given Xe atom is almost homoge-studied for He-Xd3].
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Il. EXPERIMENT For each PSD celli.e., for each scattering angleve ac-

; E (,—

The neutron-diffraction measurements were performed O@u&ullgéefd alpl)zpr%anlziéte:cy >6I1EO5 cc()julnEts fo:jli ;(0‘1—035)
the 7C-2 diffractometer at the Orpheeactor6] using neu-  >:0¢ 19" 10 lc, ©X of 'cq @Ndlg, and .. or
trons of A\=1.093 A obtained from a G&11) monochro- !v- Sincelcqandlg are of the order of 3% of, the statis-
mator. The samples were contained in a cylindrical cell haviical error oneachpoint of S(Q) can be estimated to be less
mm, and a height of 100 mm, only 50 mm of which were the sample scattering is only about 10% of the total scatter-
crossed by the neutron beam. The cell was made of vanddg |, -
dium in order to deal with an almost purely incoherent scat- As far as theQ range is concerned, each measurement
terer. It was mounted in a copper holder provided with aéxtends up to scattering angles af-2126° and hence up to
thermally controlled flow of cryogenic fluid. The tempera- Q=4(sing)/A~10 A, The angular resolution is 0.2° and
ture of the cell was measured by means of a thermocouplthe smallest significar® value is~0.3 A~*,
with an accuracy oft 0.1 K, and the pressure by means of a
strain-gauge detector with an accuracy of better than 0.3 [1l. DATA ANALYSIS
MPa. Temperature gradients across the cell as well as tem- ) _ ) _
perature and pressure fluctuations during the runs were Th(_e dn‘fere_nnal neutron-scqttermg cross section per atom
within the accuracy of the measurements. With the state pd? @ Pinary mixture can be written as
rameters chosen the system was always kept slightly above o
the coexistence .c.u.rvES]_, thus avoiding the risk of having _Q:(Clbl+ C,ob,)[S(Q)— 1]+
demixing instabilities inside the cell. Gas samples of
99.995% purity were supplied by the Matheson Co. The Coor
mixtures were prepared in a reserviaving a volume/, of + 2—5’2[1+ P,(Q)1, @
about 50 cni) using the following procedure. 4m
(Tﬂ)zgg ?()angtﬁllgzs\?ﬂﬁ |Fr)u|rs e I;(eep;ta; givfg:]egrézsmlfggturewhere bj andog; are, respect_ively, the coher'ent scattering
and 71 bar for mix | and mix I, respectivelythus obtaining length and the total scattering cross section of species

) ) Xe : j (j=1,2),c; its molar fraction, andP;(Q) the inelasticity
correspondingly the Xe densma%‘asobtamed from Refl7]. correction to the self-scattering contribution. Inelasticity cor-

(i) The reservoir is then cooled down to 77 K, so that therections to the interference scattering contribution are as-

Xe content solidifies occupyin a volume I
V=V XQJ Xe | here oX —2 78x 10@; r%ole/crr? (7] is sumed, as usugl, to be negligible. Th_e total structure factor
rPgas Psolid WHIETE Psolid™ £- S(Q), written in terms of the partial structure factors
the density of Xe in the solid phase &&= 77 K. S:(Q), yields
J L

(ii) The empty volume of the reservoiry(—V), is then

C10s1
4

[1+P1(Q)]

filled with Ne until the pressure reaches the val6g and 73 1 _
bar for mix | and mix II, respectivelyderived[7] for the Ne S(Q)—1= ———Z{Clblz[sll(Q)_l]
gas atT=77 K and at the appropriate density, namely, (c1bg+c2by)

_ X X : . : — N
p“fe— (1/c_x6— 1)/(Lpgas— Lpseid » Which yields _th(_e desired + 0,0, Sy Q) — 1]+ 23/C1C5 D10, Q)
mixture independently on the value of the initial volume @
v

(iv) The reservoir is finally heated ahove the demixing here the partial structure factors are defined in terms of the
temperature. The homogeneity of the mixture is favored” P

stimulating convective motions by the application of thermalP&!f distribution functiong;;(r) and the partial number den-

gradients opposite to the gravitational field. sitiesn; as
The following neutron diffraction measurements have
been performed. S;(Q)-8;= \/r”JJ eier[gi,—(r)— 1]d%. (3)
(2) Cell filled with samplec, (IE), with =1 or 2 cor-
responding to mix IEor mix Il, respectively. The neutron weighted pair distribution functigqr) is
(2) Empty cell (¢). defined as the Fourier transform of the total structure factor
(3) Vacuum backgrounéno material in the beaj(I5). being
E(4) Cadmium rod having the same dimensions of the cell
(I1E). .
C((1-3) Vanadium rod having the same dimensions of the S(Q)_lznf e'*"g(r)—1]d%, (4)
sample ().
For each run the counts of the 640 cells of the positionswheren is the total number density of the mixture.
sensitive detectaiPSD) [8] were recorded in blocks of equal ~ In order to derive the total structure factdsg(Q) from

monitor counts (18 monitor counts correspond to approxi- the measured intensiti¢§(26) we follow the procedure de-
mately 1 B. In such a way we have checked that no spuriousscribed in[3] [steps from(a) to (d)] for background, empty-
fluctuations occurred during the run since all the blockscell, multiple-scattering, and absorption corrections. In par-
agreed within their statistical errors. At the end of each rurticular, the single-scattering intensitié% can be expressed
the total counts of each PSD cell were normalized t8 10in terms of the background-corrected intendityusing the
monitor counts, obtaining the quantities labeled s relationship
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TABLE |. Average values for the parameters employed in the

data analysis. Average values are reported since the calculated an- 20 oo T e e
gular dependence is found to be extremely weak. '5*
Ya m, A. 1.5
Mix | 0.952 0.108 0.805 5
Mix Il 0.979 0.105 0.844 4 ; mix II
1.0
|a:A_[|a_ ’YaIC_ma|(|a_’VaIC_ma)/(ma+1)|Q—>OO]! 0.5 @?ﬁ
a . T T T T T T T T T
(5) 0 1 2 3 4 5 6 7 8 9 10

-1
wherey,, m,, andA, are smooth functions of, calcu- QAD

lated following Ref.[8]. In these calculations the neutron-
beam profile has been assumed to be Gaussian with a fy|l
width at half maximum of 1.5 cm as already found in previ-

ous measurements which used the same collimators and the spectrometer luminosity. The inelasticity corrections

similar cells[3]. - _ _ _ P;(Q) have been evaluated using the first-order Placzek ex-
The atomic number densities of the investigated m'Xturei)ansion which readil2]

are needed in order to determing,, m,, andA,. Since
these are presently not accurately known we have used an kT
iterative procedure based on the internal intensity calibration Pi(Q) =g (1~ BQ?), (10
using the absolute cross section values. The starting density o
values have been derived from the van der Waals equatiofnerem
using the usual Lorentz-Berthelot combination rule. ThesqnaSS’E0 the incident neutron energy, amlis determined
density valuesm(ao) have been used to calculate the quantitiesOy the detector efficiency and WT/E, (see alsd6,8]). The
_entering Eq.s(5), thus deriving zero order single sca_ttering values ofb_andas for V. Ne, and Xe have been taken from
intensities[15(Q)]®. These are then used to obtain NEW[10]. Total structure factors obtained in such a way for the
density valuesi(? from the normalization to the vanadium two mixtures are reported in Fig. 1 and are availablesaii
intensity and from the knowledge of the atomic cross secformat on requesfii].
tions being From the total structure factors, neutron weighted pair
s 0) 1) distribution functiongy(r) are obtained inverting Eq4) af-
[12(Q)]g= _ Ne Ta 6) ter introducing the modification functiod (Q), described in
1 QALY T nyoy Ref.[4], in order to reduce spurious oscillations arising from
the noise in the higQ data; in the present case we have used
whereny and oy are the atomic number density and the Q,=4 A andQ;=7 A. As an example we show in Fig. 2 the
incoherent cross section of vanadium afff'is the intensity g(r) obtained for mix I.
scattered by the vanadium sample corrected for multiple Exploiting the physical constraint that(r) must vanish
scattering, absorption, and inelasticisee Ref[9]). Iterat-  for distances less than the minimum approach distance, we
ing this procedurétypically four times we obtain values of can further account for minor inadequacies in the corrections
(nW—n*Dy/n™ which are less than 0.01. We find calculated above subtracting a low-order polynomial from
n=0.00785 A2 for mix I, andn=0.00525 A3 for mix Il.
Final values fory,, m,, andA, are reported in Table I.

FIG. 1. Experimental structure facto®Q) for mix | and mix
The former has been shifted upwards by 0.5.

j is the mass of the atorp relative to the neutron

Using these values and Efl) the total structure factors 2.0 } ' ' ' '
are then obtained as .
15} |
S.(Q)—1= Q——Q—Z[L;lli(@ |
(c1by+c3by) = 1.0
3
Cfo's,l o
T [1+P1(Q)] (7) o5k il
%% ey ® ecasss——
AT 2 ’ 0 2 4 6 8 10
A
where r(A)
A n.|cor FIG. 2. Experimental neutron weighted pair distribution func-
L(Q)= LR Sy (9)  tion g(r) for mix | (dashed lingtogether with the refined®(r)

nyoy (solid line).
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FIG. 3. Total structure factors fdg) mix I; (b) mix Il. Refined FIG. 4. MD partial pair distribution functions fdia) mix I; (b)
S9(Q) (open circley polynomial correction(dashed ling MD mix 1. gxexe(r) (solid line), gnexdr) (dotted ling, gnendr)
simulation(solid line). (dashed ling

the data. The coefficients of the polynomial have been deter- IV. DISCUSSION
mined using a least square procedure which minimizes the
resulting g(r) up to the minimum approach distance. The
resultingg(r), quoted agy®"(r), is also reported for mix |

The agreement between the experimental and the simu-

lated S(Q), as shown in Fig. 3, is very good for both mix-

n g 2 e mproved sctre aoc(Q),as wel as [, 10 o4 o ne Lot LTS et et

the polynomial found for both mixtures, are shown in Figs.’, . . L . P :

3(a) and 3b). defined in the preceding section, well reproduce the micro-
For a deeper understanding of the neutron diffraction re-

sults we have also performed a molecular dynamics simula-

. . . . . . . . 2.5 T 1 M LI T T M T
tion in order to evaluate the partial pair distribution functions !
gij(r). The following Lennard-Jones parameters have been 20F X
used: Lsh
6XeXe/k:230 K, (Txexe:3.85 A, ENeNe/k:35-1 K, 1.0
0.5F
ONeNe=2.72 A, €nexe/ K= (€nencExexe) . 0.0
%S f
-
Tnexe™ (ONeneT Txexe) /2. (11 o0 20k
The reliability of the pair potential used in the present simu- 1.5 i
lation for the pure species has been successfully tested in a 1.0
previous paper by comparing the numerical results with -
those of a neutron diffraction experime]d]. 051 ]
For both mixtures a time step of 5 fs and a total number of 0.0 [ - I
500 particles has been used. Pair distribution functions ' L L -
gi;(r) are calculated as an average ovet fihe steps after 0 2 4 6 8 10
thermalizing the samples for aboutk20* time steps; they r (&)
are reported in Figs.(d) and 4b). From theg;;(r) we have
evaluatedS(Q) and S;;(Q) through Egs.(2) and (3). The FIG. 5. gyexe(r) Obtained using Lennard-Jones potentials(&r

S(Q) so obtained are also reported in Fig. 3. For comparisomix I; (b) mix I . Zeroth-order contributiorg®(r) (dashed ling

we also evaluated analytically the first-order density expanfirst-order correction due to the surrounding Xe atofo®sses

sion of g;;(r) as already done in Eq$8)—(10) of Ref. [3]; first-order correction due to the surrounding Ne atdoesh-dotted
they are shown in Figs. 5 and 6 for Xe-Xe and Ne-Ne, redine); full density expansion up to the first-ordgk(r) (dotted
spectively. line); MD results(solid line).
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05F - FIG. 7. MD partial distribution functionsgyexe(r) for mix I
from present experimen(solid line) and for mix | from Ref.[3]
(crossel gnexdr) for mix | from present experimeritlashed ling
D i s—— andgpexdr) for mix | from Ref.[3] (dotted ling.
0 2 4 6 8 10

better definition of the first neighbor shell. Moreover, among
the first-order terms of the density expansion, those involv-
ing only Ne-Ne interactions give a practically negligible con-

tribution to gnendr)-

r(A)

FIG. 6. gnendr) Obtained using LJ potentials fga) mix I; (b)
mix Il. Zeroth-order contributiorg®(r) (dashed ling first-order
correction due to the surrounding Xe atorftsossey first-order

correction due to the surrounding Ne atofdash-dotted ling full C. Ne-Xe correlations
density expansion up to the first-ordgiiy{r) (dotted ling; MD These correlations show a well defined peakaB8.6 A
results(solid line). [see Fig. 4a)]. Since this value is rather close to the Xe-Xe

minimum approach distance there is a significant overlap

scopic structure of the real system. In particular we can conbetween the Ne-Xe and Xe-Xe first neighbor shells. A deeper
clude that the three partial pair distribution functionsunderstanding can be achieved by comparing the present re-
OnendT)s OnexdT), Oxexe(r) obtained from MD can be sults with those of the previous experiment performed with
safely used to discuss also the structure of the real Ne-XEle-Xe mixture at similar temperature and dengiy; this
mixture. We will discuss first the results relative to mix 1. comparison is shown in Fig. 7 from which we derive that the
number of first neighbor atoms of the lighter species around
the Xe atoms is in both cases about 0.7. However if we
calculate the fraction of first Néor He) neighbors around a

The Xe-Xe correlations in the mixture appear to be veryXe atom which are not overlapping with the first neighbor
weakly affected by the presence of Ne atoms. The reducede atoms(i.e., forr<3.5 A) we obtain 0.33 in the case of
influence of Ne atoms on the Xe-Xe correlations in the mix-the Ne-Xe mixture and 0.47 in the He-Xe one. Following the
ture can be better understood by comparing thexe(r) conclusions of Ref[3], reported also in the Introduction of
function in the mixture and the one obtained by MD simula-the present paper, this increased overlap influences the
tion of pure Xe having the same Xe number density as mix I;)Xe-Xe two-body effective interaction and therefore the criti-
the two are found to coincide well within 1%. This is con- cal demixing temperature.
sistent with the fact that the contribution of the Ne atoms to As far as mix Il is concerned, the conclusions about the
the first-order term irgy.xo(r) density expansion is practi- partial distribution functions are substantially the same as in
cally negligible[see Fig. %a)]. the case of mix | except that in the present case the behavior

The same conclusion, concerning the influence of thef the various partiab;;(r) functions is more gaslike. The
lighter species on the Xe-Xe structure, was reached for thdensity expansion up to first order is indeed sufficient to
He-Xe mixture[3]. Moreover, the Xe-Xe distribution func- reproduce the MD results; these points are clearly shown in
tions yield in both cases a value of about 5.6 atoms in thdrigs. §b) and Gb).
first neighbor shelli.e., up to the 5.7 A

A. Xe-Xe correlations

V. CONCLUSIONS

B. Ne-N lati . . .
e-e correlations Our neutron diffraction measurements, together with MD

The structural implications of the MD results for these simulations, exhibit the following relevant features.
correlations can be understood by looking at Fi@) vhere (1) The Xe-Xe correlations in the mixture are only very
the density expansion @fyendr) is reported. It appears that weakly affected by the presence of Ne atoms.
the position of the first peak is mainly determined by the (2) The Ne-Ne correlations are strengthened by the pres-
Ne-Ne interaction[it has indeed the same position as inence of Xe but they are not appreciably modulated by the
9%udr)] while the Xe-Ne interactions act only to increase Xe-Xe correlations.
the peak intensity and to produce a clear minimum giving a (3) Compared to what happens in the He-Xe mixture, a
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definitely larger fraction of atoms of the lighter species oc-ences in the unlike atomic pair distributions.

cupy the Xe-Xe first neighbor shell. However, we want to stress that these considerations
These conclusions, compared with those obtained for thehould be taken as rather qualitative guesses which require

He-Xe mixture, imply that the different kind of supercritical further and more quantitative investigations. A theoretical

demixing transitions exhibited by the two mixtur@s deter- approach in this direction based on the van der Waals equa-

mined by the sign ofiP./dT.) could be related to differ- tion of state is in progress.
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