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The effect of intermolecular interactions on the electric properties
of helium and argon. II. The dielectric, refractivity, Kerr,
and hyperpolarizability second virial coefficients
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The dielectric, refractivity, Kerr, and hyperpolarizability second virial coefficients for the helium
and argon gases are evaluated for a wide range of temperatures using a semiclassical approach and
the high quality frequency-dependent interaction induced electric polarizabilities and second
hyperpolarizabilities of the previous paper. For helium and argon we obtain satisfactory agreement
with most of the experimental data for the dielectric and the refractivity second virial coefficients.
Our results confirm that the helium gas second Kerr virial coefficient is very small at temperatures
beyond 70 K. For argon we obtain a very good agreement with a recent experimental determination
at 632.8 nm, whereas we suggest that previous experimental results for 458 nm might be inaccurate.
The ESHG results indicate a possible disagreement between a recent experimental determination
and the semiclassical ansatz for the second hyperpolarizability virial coefficients. ©1999
American Institute of Physics.@S0021-9606~99!31046-1#
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I. INTRODUCTION

In a recent study,1 which in the following is referred to
as ‘‘Part I,’’ we calculated the frequency-dependent inter
tion induced polarizabilities and second hyperpolarizabilit
for the He2 and Ar2 van der Waals complexes using th
coupled cluster singles and doubles~CCSD! and, for He2,
also the full configuration interaction~FCI! method. A FCI
potential energy curve for He2 was obtained. Ferna´ndez and
Koch2 determined a CCSD including connected triples c
rections~CCSD~T!! potential energy curve for the Ar2 dimer.
All the calculations were carried out with extended ba
sets. We exploit here these accurateab initio data to evaluate
the dielectric, the refractivity, the Kerr, and the hyperpol
izability second virial coefficients of the helium and arg
gases in a wide range of temperatures.

Much work has been carried out on the determination
these virial coefficients, both from an experimental and
theoretical point of view. However, the accuracy of the c
culations for the virial coefficients has been hampered
particular for argon, by the limited accuracy with which i
teraction induced changes of polarizabilities and hyperpo
izabilities could be computed and by the fact that the disp

a!Present address: Forschungszentrum Karlsruhe, Institute of Nanotec
ogy, P.O. Box 3640, D-76021 Karlsruhe, Germany.
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sion contribution to these frequency-dependent proper
has not been considered.

A detailed review of previous investigations on the a
gon virial coefficients was given in Ref. 3, where the diele
tric, refractivity, Kerr, and hyperpolarizability second viria
coefficients were evaluated and reasonable agreement
experiment was obtained. A rather extensive analysis of
effects of basis set size, electron correlation, and freque
dependence of the properties suggested that the observ
were especially sensitive to the basis set and that new ca
lations with more extended and diffuse basis sets would
needed to improve the agreement with experiment. The
sults of such calculations are reported in Part I, and
evaluation of the virial coefficients is discussed here.

The dielectric virial coefficient of helium has been d
termined both by direct4–7 and indirect8–11 methods at tem-
peratures ranging from as low as 4.22 K up to 323.15
Data are also available at 3.799 K.12 The low temperature
data are highly scattered. The refractivity virial coefficien
were measured at 303 and 323 K by Achtermannet al.using
a differential-interferometric technique.9,11 The comparison
with theoretical values—based on a classical dipole-induc
dipole ~DID! model—gave rather poor results, whereas
more refined semiclassical approach, using both a D
model and estimates taken from theab initio results of
Dacre13 for the trace of the polarizability tensor, was show
to give much better agreement. Orcutt and Cole5 also mea-
ol-
8 © 1999 American Institute of Physics
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sured the refractive coefficient of helium at 323 K.
Buckingham and Dunmur measured the Kerr elect

optic effect of rare gases atl5632.8 nm in 1967.14 They
determined the dependence of the Kerr constant on the
sity and found no deviations from a linear law for both h
lium and neon, whereas a quadratic behavior was eviden
argon. Tammeret al.15 studied the dc-Kerr effect of helium
at 632.8 nm again some 25 years later. Their experim
made at a temperature of 303.7 K and in a range of press
between 76 and 97 bar, confirmed that virial coefficients
order higher than first~thus includingBK ,) are so small that
they could not be determined at ‘‘~...! the present stage o
experimental accuracy.’’

Previous theoretical studies have shown that the de
mination of the virial coefficients for linear and nonline
optical properties is a challenging task. Coupled Hartre
Fock results for the second dielectric virial coefficient
helium were obtained by Fortuneet al.16,17Dacre has studied
the second dielectric virial coefficients of both helium@at the
SCF and correlated—configuration interaction singles
doubles~CISD!—levels#13 and argon~at the SCF level!.18

Hohm determined the frequency- and temperatu
dependencies of the second refractivity virial coefficients
several atoms and small molecules.19 He used a DID based
theoretical model and observed significant deviations w
respect to the available experimental results. Hohmet al.20

studied also in detail the temperature dependence of the
ond dielectric virial coefficients of rare gases, and found t
it could not be reproduced with then existing theories.

In their experimental study of the hyperpolarizabiliti
of interacting molecular pairs, Donley and Shelton estima
the second virial coefficients of the ESHG hyperpolarizab
ity ratios using a Lennard-Jones 6-12 potential and the D
model. The procedure was not sufficiently adequate to p
vide good accuracy of the properties.21,22

Using quantum statistical mechanics, Bruchet al. de-
rived the second dielectric and upper and lower bounds
the second Kerr virial coefficients for helium.23 For the
former, at 4 K, they obtained an agreement with respec
experiment only on the order of magnitude. This reflect
lack of precision in the estimated interaction polarizability

The second dielectric and the second hyperpolarizab
virial coefficients of helium were evaluated by Bishop a
Dupuis from fourth-order Mo” ller–Plesset perturbation theor
~MP4!.24 For the former, good agreement was obtained w
the experimental data and with a previous theoretical CI
result. No experimental data are available for the latter.

Moszynski et al. used symmetry-adapted perturbati
theory ~SAPT! ~Refs. 25, 26! results for the potential curve
and for the interaction property to compute the dielec
second virial coefficient of helium.27–29 First and second
quantum corrections to the semiclassical results w
calculated.28 A considerable discrepancy was then fou
with respect to experiment at low temperatures, where
semiclassical expansion is divergent. Full quantum-statist
calculations27 allow to correct these discrepancies, and
divergence vanishes. The quality of the results allowed
authors to get some understanding of the scattering of exp
-
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mental data at low temperatures, and to suggest new ex
mental measurements.

In the next section, we summarize the formulas used
evaluate the virial coefficients semiclassically. In Sec. III w
briefly describe the computational approach. The results
given and discussed in Sec. IV. The last section conta
some concluding remarks.

II. THEORY

In Part I we have discussed the evaluation of t
frequency-dependent interaction induced polarizabilities
hyperpolarizabilities.3 Here we only summarize the relation
between these properties and the different virial coefficie
As in Part I, we denote the interaction induced electric dip
average polarizability, polarizability anisotropy, second d
Kerr hyperpolarizability, and isotropic parallel second hyp
polarizability with Daave(v,R), Daani(v,R), DgK(v,R),
andDg i(v0 ,v1 ,v2 ,v3 ,R), respectively. Allab initio data
for the interaction induced properties are counterpoise c
rected results and their frequency dependence is descr
through dispersion relationships involving the static valu
and the Cauchy momentsDS(24) or the hyperpolarizability
dispersion coefficientsA, see Part I.

The second dielectric and the second refractivity vir
coefficients are obtained from the expansion of the gene
zation of the Clausius–Mossotti function in orders of t
molar densityr ~the inverse molar volume! of the gas.30 For
temperaturesT for which the thermal energykT—with k in-
dicating the Boltzmann constant—is large compared to
dissociation energy of the van der Waals dimer the sec
refractivity virial coefficient can be calculated from the cla
sical statistical mechanics expression,31

BR~v,T!5
NA

2

6e0
Xaave

~v,T!

5
NA

2

6e0
4pE

0

`

Daave~v,R!

3exp~2V~R!/kT!R2dR, ~1!

whereV(R) is the interatomic potential.NA is Avogadro’s
number, ande0 the vacuum permittivity. For very low tem
peratures, quantum corrections, which account for the
crete rovibrational levels of the van der Waals molecu
must be included, see, for instance, Refs. 27–29. Here
assume that the classical approximation can be used. T
we restrict our study to the determination of the zeroth-or
expansion in powers of\23,28,32as given by the semiclassica
expression in Eq.~1!. We approximate the frequency depe
dence of the refractivity virial coefficient by expanding it
a power series inv up to second order,

BR~v,T!5BR
~0!~T!1v2BR

~2!~T!1¯ , ~2!

where the static limitBR
(0)(T) is identical to the second di

electric virial coefficientBe(T).33 The coefficientsBR
(0)(T)

and BR
(2)(T) are calculated analogous toBR(v,T), Eq. ~1!,

but with Daave(v,R) replaced by the interaction-induce
static polarizability and the Cauchy moment,Daave(0,R) and
DSave(24,R), respectively.
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The interaction-induced polarizability anisotrop
Daani(v,R) is related to the pressure-dependence of the
Kerr or electro-optical effect.34 The latter is conveniently
expressed by an expansion of the molar Kerr constantmK as
a power series in the density.14 The second Kerr virial coef-
ficient BK(v,T) can be calculated as33,14

BK~v,T!5
NA

2

162e0
S 1

5kT
XK

a~v,T!1XK
g ~v,T! D

5BK
a~v,T!1BK

g ~v,T!, ~3!

with the integralsXK
a(v,T) andXK

g (v,T) given by

XK
a~v,T!54pE

0

`

Daani~v,R!Daani~0,R!

3exp~2V~R!/kT!R2dR, ~4!

XK
g ~v,T!54pE

0

`

DgK~v,R!exp~2V~R!/kT!R2dR.

~5!

Bruch et al.23 have determined an expression for the up
and lower bounds to the classical expression, Eq.~4!, within
a quantum statistical approach, and they have discusse
implications in the calculation of the second Kerr virial c
efficient of helium at very low temperatures.

Since in particular the dispersion contribution
BK

g (v,T) makes only a small correction to the dominant co
tribution BK

a(v,T), we have assumed here—as in R
3—that Kleinman symmetry35 is valid in the calculation of
XK

g (v,T) ~see Sec. III!. Thus 5g i5gzzzz14gxxzz18gxxyy

andDgK(v,R)'Dg i(2v,0,0,v,R). Kleinman symmetry is
exact in the static limit, and a~often very good! approxima-
tion for the frequency-dependent part. Again we expa
XK

a(v,T) and XK
g (v,T) as power series inv up to second

order using the corresponding expansion of the proper
Daani(v,R) andDgK(v,R).

Following the general treatment by Buckingham a
Pople,33 in Ref. 3 a virial expansion for the second hyperp
larizability was introduced,

g~V,r,T!5g~V!1Bg~V,T!r1¯ , ~6!

whereV is a shorthand notation for the usual sequence
frequency argumentsv0 , v1 , v2 , andv3 . Within the semi-
classical approximation the coefficientBg(V,T) is given by

Bg~V,T!5
NA

8pe0
Xg~V,T!, ~7!

with

Xg~V,T!54pE
0

`

Dg i~V,R!exp~2V~R!/kT!R2dR.

~8!

In ESHG experiments the hyperpolarizability of a gas, a
thus its pressure-dependence, can only be measured re
to that of a second reference gas. Thus, for comparison
experiment we report in the tables and figures of Sec. IV
the quantitybA(V,T)5Bg,A(V,T)/gA(V), where the sub-
script ‘‘A’’ identifies the system. As for the interaction
c-
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induced polarizabilities, we treat the frequency depende
of g i and Dg i approximately by using a power serie
through second-order in the frequencies,

Bg~V,T!5Bg
~0!~T!1vL

2Bg
~2!~T!1¯ , ~9!

b~V,T!5
Bg

~0!~T!1vL
2Bg

~2!~T!1¯

g i~0!~11vL
2A1¯ !

, ~10!

and

vL
25v0

25v1
21v2

21v3
2 .

III. COMPUTATIONAL DETAILS

For the evaluation of the helium and argon dielectr
refractivity, Kerr, and second hyperpolarizability virial coe
ficients we employ the frequency-dependent interaction
duced polarizabilities and second hyperpolarizabilities
ported in Part I and in Ref. 3 for the dimers He2 and Ar2.

For He2, this includes FCI results for Dunning’
d-aug-cc-pVTZ-3321 basis set at 25 internuclear distance
the range of 3.00–13.00 a.u. As discussed in Part I, we ad
the difference between the CCSD results evaluated with
d-aug-cc-pVTZ-3321 and thed-aug-cc-pV5Z-3321 basis
sets to the FCI results for the interaction induced proper
to account for remaining basis set errors. In the following
refer to results obtained using these ‘‘adjusted’’ properties
‘‘extrapolated FCI/d-aug-cc-pV5Z’’ data.

In Part I we determined for the helium dimer bo
CCSD~T! and FCI potential energy curves which we
shown to be very close to the reference curve determined
Aziz et al.36 in the 3.00–13.00 a.u. internuclear distan
range. Nevertheless, in order to reduce the possible sou
of inaccuracy, we employed Aziz’s potential36 as V(R) to
obtain the results for the virial coefficients of He2 given and
discussed in the next section. The dependence of the
results on the choice of the potential energy curve is qu
negligible except for the integral of Eq.~1! at low tempera-
tures. As an example, the second dielectric virial coefficie
of helium as obtained semiclassically employing our F
potential energy curve are on the average 1%–2% smalle~in
absolute value! at temperatures below 100 K than those o
tained employing the Azizet al. potential.36 The differences
are on the order of fractions of a percent at higher tempe
tures, or for other integrals.

For the Ar2 complex, ad-aug-cc-pV5Z-33211 CCSD~T!
potential was available2 and the interaction induced polariz
abilities and second hyperpolarizabilities have been co
puted at the CCSD level with thed-aug-cc-pVQZ-33211
~static contributions! and thed-aug-cc-pVTZ-33211~disper-
sion coefficients! basis sets.3 The basis set errors in the dis
persion coefficients are larger than in the static part. Ho
ever, this has a negligible influence on the final results, si
the dispersion contributions were found in Ref. 3 to be ab
an order of magnitude smaller than the static terms.3 The
CCSD~T! potential for Ar2, taken from Ref. 2, is available
for a total of 59 internuclear distances in the range betw
3.8 and 20.0 a.u. The static interaction properties were c
puted for 12 distances between 5.5 and 30.00 a.u.
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In Ref. 3 we proceeded by a determination of the valu
of the integrands in Eqs.~1!, ~4!, ~5!, and~8! for each tem-
perature at the internuclear distances of theab initio calcu-
lated interaction properties, followed by a cubic spline int
polation and a numerical integration. Whereas interchang
the first ~calculation of the integrand function! and the sec-
ond ~spline interpolation! steps did not lead to appreciab
changes in the final results in the case of argon, for the
lium dimer the integrand calculation-spline interpolation s
quence led to an inaccurate interpolation of the integr
function at the lower end of the integration range. We fou
that reversing the sequence, i.e., first obtaining cubic sp
fits of the interaction induced properties~separately for the
static and the frequency-dependent contributions! and then
determining the integrand functions in a grid of 500 points
the integration range led to a much more stable numer
integration.

The behavior of the integrands involved in the semicl
sical determination of the virial coefficients of argon w
discussed in some detail in Ref. 3. The changes induce
the use of a larger basis set are not such as to deserve fu
discussion. The functions were integrated between 5.00
30.00 a.u., an interval which was found to be suitable a
guaranteed good convergence of the results already in Re

The functions which appear as integrands in the eva
tion of the second refractivity@Eq. ~1!# and the hyperpolar-
izability @Eqs. ~4! and ~8!# virial coefficients of helium are
displayed in Figs. 1 and 2, respectively.

Figure 1 shows the integrand in Eq.~1! in the 3.00–
13.00 a.u. internuclear distance range for both the temp
tures of 7.199 K and 323.15 K and forl5632.8 nm. The
balance between the positive and negative regions of the
tegrands is not as critical as it was found to be for the2
dimer.3 The region below'6 a.u. largely dominates, and it i
apparent that the behavior of the function at short range~be-
low 3 a.u.! has no influence on the calculation of the seco
dielectric and refractivity virial coefficients of helium. As th
temperature increases, the integrand is displaced toward
short internuclear distance region, which makes this reg

FIG. 1. He2. The functionDaave(v,R)e2@V(R)/kT#R2 ~a.u.! against the inter-
atomic distanceR ~a.u.! for T5323.15 K andT57.199 K, and forl
5632.8 nm.
s

-
g

e-
-
d
d
e

al

-

by
her
nd
d
3.

a-

a-

in-

d

the
n

more and more important for the description of the prope
asT increases.

The ‘‘effective’’ region of integration becomes mor
narrow at low temperatures, and the minimum moves tow
the equilibrium distance of the dimer~5.61 a.u.!. This, to-
gether with the previously mentioned fact that the prope
seems to be more sensitive to the choice of the internuc
potential asT decreases, is an indication that even if min
mal, the differences between our FCI potential and the
determined by Aziz~and effectively employed in the calcu
lation of the virial coefficient! are important in the region
around equilibrium.

The integrand in the evaluation of the polarizability co
tribution to the second Kerr@Eqs.~4!# closely resembles the
corresponding function seen for argon in Ref. 3. The value
the integrand is far smaller; the maximum, which in Ar2 was
larger than 300 a.u., reduces to about 0.15 a.u. for He2. Fre-
quency dispersion is very small, practically undetectable
low 4 a.u. or beyond 8 a.u. An effect of frequency depe
dence is instead observable in Fig. 2, where the integra
corresponding to the polarizability contribution to the seco
Kerr virial coefficient and to the ESHG second virial coef
cient are displayed. Note that—as for Fig. 1—the negat
area largely overcomes the positive area lying beyond'7.5
a.u., and that there is no sign of a quasicancellation effec
seen for the argon dimer.3

In order to ascertain the importance of long range effe
on the virial coefficients of helium, the 25 extrapolate
FCI/d-aug-cc-pV5Z frequency-dependent interaction
duced polarizabilities and second hyperpolarizabilities w
supplemented with a set of points computed using the a
lytic fits determined in Part I~see Tables VII, VIII and IX in
Ref. 1!. Twenty three extra points, equally spaced in t
13.0–36.0 a.u. interval were added, and the integration
then extended first from 3.0 a.u. to 27.0 a.u. and then u
36.0 a.u.

The differences between results obtained with an in
gration range extended to 27.0 a.u. and 36.0 a.u. are to
negligible. Extending the upper limit of to 36.0 a.u. modifi

FIG. 2. He2. The functionDg i(v,R)e2@V(R)/kT#R2 ~a.u.! against the inter-
atomic distanceR ~a.u.! for T5298.15 K andl5632.8 nm.
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TABLE I. Helium. Extrapolated FCI/d-aug-cc-pV5Z results for the second dielectric virial coefficientBe(T),
the dispersion contributionBR

(2)(T) and the second refractivity virial coefficientBR(v,T) at l5632.8 nm. The
potential used is that of Azizet al. ~Ref. 36!. Temperatures are in K, virial coefficients in cm6 mol22 with
frequencies assumed to be given in a.u. We also list theab initio results of Moszynskiet al. ~Ref. 27! for Be and
experimental data, where available.

T Be(T) Be(T)a Be(T) ~expt! Ref. BR
(2)(T) BR(632.8 nm,T)

3.799 20.0731 20.0081 20.023b 12 20.6271 20.0763
4.220 20.0549 20.0081 0.08360.026 4 20.4840 20.0575
7.199 20.0187 20.0092 20.03660.026 4 20.1892 20.0197

13.804 20.0106 20.0104 20.01060.026 4 20.1112 20.0112
20.271 20.0105 20.0123 20.06260.010 4 20.1006 20.0110
27.098 20.0116 20.0144 20.08860.026 4 20.1001 20.0121
77.400 20.0220 20.0265 20.0260.02 10 20.1324 20.0226

100.00 20.0262 20.1471 20.0269
130.00 20.0313 20.1651 20.0322
160.00 20.0361 20.1814 20.0370
180.00 20.0390 20.1916 20.0400
200.00 20.0419 20.2012 20.0429
220.00 20.0446 20.2104 20.0456
242.95 20.0475 20.0522 20.0760.01 10 20.2203 20.0487
253.00 20.0488 20.2245 20.0499
261.00 20.0497 20.2278 20.0509
274.00 20.0513 20.2330 20.0525
287.00 20.0528 20.2380 20.0540
293.00 20.0535 20.2403 20.0547
296.00 20.0538c 20.2415 20.0551
298.15 20.0541 20.0587 20.1160.02,20.08 6, 7 20.2423 20.0553

60.01
303.00 20.0546 20.0592 20.05960.009,20.06 8,11 20.2441 20.0559d

60.01
315.00 20.0560 20.2485 20.0573
322.15 20.0567 20.0613 20.0660.04 5 20.2511 20.0580
323.00 20.0568 20.0614 20.06860.01 9 20.2514 20.0581e

323.25 20.0569 20.0614 20.0760.01 10 20.2514 20.0582
340.00 20.0587 20.2573 20.0600
375.00 20.0622 20.2691 20.0636
407.60 20.0654 20.2794 20.0669

aReference 27.
bAlso 20.03060.004, Ref. 12 for3He at 4 K.
cCf. 20.0614, calculated at the MP4 level by Bishop and Dupuis~Ref. 24!.
dDetermined as20.06860.010 by Achtermannet al. ~Ref. 11!.
eDetermined as20.06860.010 by Achtermannet al. ~Ref. 9!.
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the results for the second dielectric and refractivity vir
coefficients discussed in Sec. IV A with respect to those
tained integrating to 13.0 a.u. by an average of'2.5% at
temperatures greater than 100 K. At low temperatures, wh
the virial coefficients become small in absolute value,
percentage changes are more substantial~'20% at 27.098
K!. The variation is of about 4%–4.5% for the polarizabili
contribution and of 1%–1.5% for the hyperpolarizabili
contribution to the second Kerr virial coefficients of Se
IV B ~both static and dispersion!. Due to the near cancella
tion of the two contributions, the percentage effects becom
large in the sumBK(v,T) where this coefficient is small
Finally, for the second hyperpolarizability coefficient, Se
IV C, the average change is of about 1%–1.5% both for
static and the dispersion contributions. The helium virial c
efficients in the tables and figures in Sec. IV are those
tained extending the upper limit of integration in all integra
over the internuclear coordinates up to 36.0 a.u., with a cu
spline grid of 1000 points.

All numerical integrations were carried out wit
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Mathematica.37 The conversion factors between a.u., SI a
esu units are given in the Appendix.

IV. RESULTS AND DISCUSSION

The results are presented in Tables I–VI and in Fi
3–6. In the following, we discuss each property separa
for both rare gases.

A. The second dielectric and refractivity virial
coefficients

Table I displays the temperature dependence of our
trapolated FCI/d-aug-cc-pV5Z results for the second diele
tric virial coefficient, Be , the dispersion contributionBR

(2)

and the second refractivity virial coefficientBR in helium.
BR is evaluated at the wavelength of 632.8 nm. The availa
experimental data are included in Table I. ForBe comparison
is made with the fully quantum statistical results of Moszy
ski et al.,27 see also Fig. 1. The range of temperatures
tends from 3.799 K up to 407.60 K. In the low temperatu
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region the semiclassical result, obtained from Eq.~1!, corre-
sponds to the zero-order term in a perturbative expansio
orders of\.23,28,32It has been shown that such an expans
is divergent for very low temperatures, whereas quantum
fects altogether are negligible for temperatures greater
70 K, as Fig. 3 clearly confirms.28 Comparison with theBe

(0)

results of Moszynski and co-workers is reasonable at t
peratures beyond 100 K.28 At 3.799 K theirBe

(0) is 20.0961
cm6 mol22, compared to our20.0731 cm6 mol22 ~cf. quan-
tum statistical result in Table I,20.0081 cm6 mol22!. Taking
into account the level of sophistication of theab initio analy-
sis, the conclusion of Ref. 27 that the measures at som
the low temperature data should be repeated seems plau
This recommendation may be extended also to the exp
mental points at higher temperature, which carry error b
that do not enclose theab initio results.

Our result at 296 K is more than 10% less negative th
that obtained at the MP4 level by Bishop and Dupuis24

Around that temperature, our result is within'8% of that of
Moszynski et al., which, incidentally, are instead in ver
good agreement with results~not shown here! obtained with
FCI/d-aug-cc-pVTZ-33221 data. These differences betw
the ab initio results are a measure of the dependence of
second dielectric virial coefficients on different treatments
electron correlation and on the basis set.

For the second refractivity virial coefficient an expe
mental value of20.06860.010 cm6 mol22 has been ob-
tained by Achtermannet al.9,11 at the wavelength of 632.99
nm and for temperatures of 303 and 323 K. Our correspo
ing results are20.0559 and20.0582 cm6 mol22, respec-
tively, and compare reasonably well with experiment. Us
a more refined semiclassical approach, see above, Ac
mannet al. obtained a coefficient of20.059 cm6 mol22 at
303 K.

The results for the second dielectric and second ref
tivity virial coefficients of argon are displayed in Table II. A
clearly stated above, in this paper we are not concerned
the frequency dependence of the properties for argon, an
assume the same dispersion contribution as computed in

FIG. 3. Helium. Temperature dependence of the second dielectric v
coefficientBe(T). Comparison with experiment and with the fully quantu
statistical results of Moszynskiet al. ~Ref. 27!.
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3. Thed-aug-cc-pVQZ-33211 (‘‘dQZ’’ in Table II and Fig.
5! basis set correction increases the second dielectric co
cients ~on the average by 2%–3%!. The comparison with
experiment is difficult due to the large uncertainty of some
the experimental data. In Ref. 3 we discussed the partic
sensitivity of the classical integrals to the balance betw
positive and negative regions of the integrands in argon
feature that depends on the temperature and which is pr
cally absent in the case of helium. The changes introdu
by the change of basis set are not such as to alter sig
cantly this ratio. This, on the other hand, was shown to
less critical for these properties than for the polarizabil
contribution to the Kerr constant and for the hyperpolar
ability coefficients.3 As an example, atT5298.15 K the ratio
between the positive and the negative regions in the inte
for Be of argon is of about 4:1.

al

TABLE II. Argon. The second dielectric viral coefficientBe(T), the disper-
sion contribution BR

(2)(T) and the second refractivity viral coefficien
BR(v,T) at l5632.8 nm. Results with two different basis sets~d-aug-cc-
pVTZ-33221—dTZ below—vsd-aug-cc-pVQZ-33221—dQZ in the Tables
heading! are shown forBe(T). The dispersion@BR

(2)(T)# it obtained with the
dTZ set. The viral refractivity coefficients at the wavelength of 632.8 nm
computed fromdQZ dielectric contributions plus thedTZ dispersion.T is
given in K, and the virial coefficients in cm6 mol22 with frequencies as-
sumed to be given in a.u.

T
Be(T)
dTZ

Be(T)
dQZ

BR
(2)(T)
dTZ

BR(632.8 nm,T)
dQZ1dTZ

242.95 1.4598a 1.4926 5.4882 1.5211
253.00 1.4410 1.4738 5.4351 1.5020
261.00 1.4268 1.4597 5.3927 1.4877
273.15 1.4066 1.4397 5.3281 1.4673
274.00 1.4053 1.4384 5.3236 1.4660
287.00 1.3852 1.4186 5.2545 1.4458
293.00 1.3765 1.4100 5.2226 1.4371
296.00 1.3722 1.4058 5.2068 1.4328b

298.15 1.3691c,d 1.4028 5.1954e 1.4297f,g,h

303.15 1.3622i,j 1.3961 5.1690 1.4229k

305.00 1.3597l 1.3936 5.1592 1.4203
315.00 1.3464 1.3807 5.1067 1.4072
322.00 1.3374m,n,o,p 1.3720 5.0701 1.3983q

340.00 1.3155 1.3509 4.9768 1.3767
370.00 1.2770 1.3143 4.7991 1.3392
407.60 1.2449r 1.2842 4.6383 1.3082

aExpt, 1.8460.07. Ref. 10.
bExpt, 2.52~34!, l5594.096 nm—1.73(34),l5543.516 nm—1.81(34),l
5325.530 nm,T5296.82 K, Ref. 42.

cCalc 1.53, at 300 K, Ref. 19.
dExpt 0.7960.10, Ref. 6.
eCalc 9.41, at 300 K, Ref. 19.
fExpt, 1.5760.58, l5632.8 nm—1.5560.74, l5514.5 nm—1.5860.69,
l5488.0 nm—1.5360.32,l5457.9 nm,T5298.2 K, Ref. 43.

gExpt, 2.1660.34,T5298.2 K, l5632.99 nm, Ref. 44.
hExpt, 1.4960.15, at 298.2 K,l5632.99 nm, Ref. 45.
iExpt, 1.2260.09, Ref. 10.
jExpt, 1.2360.05, Ref. 46.
kExpt, 1.7560.05,l5632.99 nm, Ref. 11.
lExpt, 1.062.1, T5306.15 K, Ref.47.
mCalc, ~SCF! 0.48, Ref. 18.
nExpt, 0.3960.20, Ref. 5.
o0.726 from CIS measurements, Ref. 48.
pExpt, 0.7260.13, at 323 K, Ref. 49.
qExpt, 1.7660.05,T5323 K, l5632.99 nm, Ref. 9.
rExpt, 0.160.3, Ref. 10.
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B. The second Kerr virial coefficients

As discussed in Sec. I, in experimental studies even
recent as 1992 no appreciable deviations from the linear
persion law with the density has been detected for the K
constant of helium.14,15 The contributions to the second Ke
virial coefficient of helium are reported in Table III an
shown in Fig. 4. The coefficientsBK are evaluated for the
wavelength of 632.8 nm. The range of temperatures exte
from 77.40 K to 407.60 K. We computed the coefficien

FIG. 4. Helium. Temperature dependence of the second Kerr virial co
cient BK(v,T)5BK

a(v,T)1BK
g (v,T). Also, BK

a(v,T)5BK
(0),a(T)

1v2BK
(2),a(T) and BK

g (v,T)5BK
(0),g(T)12v2BK

(2),g(T). The second Kerr
virial coefficient is shown for a wavelengthl5632.8 nm.

TABLE III. Helium. The second Kerr viral coefficientBK(v,T)
5BK

a(v,T)1BK
g (v,T). The two contributions are further expanded

BK
a(v,T)5BK

(0),a(T)1v2BK
(2),a(T) and BK

g (v,T)5BK
(0),g(T)

12v2BK
(2),g(T). BK(v,T) is also given for the wavelength of 632.8 nm.T

is given in Kelvin, and virial coefficients in V22 m8 mol22310236 with fre-
quencies assumed to be given in a.u.

T BK
(0),a(T) BK

(2),a(T) BK
(0),g(T) BK

(2),g(T) BK(632.8 nm)

77.400 10.5336 21.3451 22.0979 28.6081 8.4572
100.000 8.2653 16.6453 22.2240 28.9982 6.0343
130.000 6.4822 12.9635 22.3794 29.4879 4.0716
160.000 5.3644 10.6643 22.5204 29.9347 2.7963
180.000 4.8230 9.5541 22.6070 210.2096 2.1596
200.000 4.3874 8.6630 22.6885 210.4678 1.6353
220.000 4.0288 7.9311 22.7653 210.7110 1.1936
242.950 3.6878 7.2367 22.8482 210.9732 0.7634
253.000 3.5572 6.9713 22.8829 211.0829 0.5956
261.000 3.4602 6.7742 22.9098 211.1681 0.4697
274.000 3.3141 6.4779 22.9525 211.3027 0.2780
287.000 3.1808 6.2077 22.9938 211.4329 0.1006
293.000 3.1230 6.0909 23.0124 211.4915 0.0230
296.000 3.0950 6.0342 23.0216 211.5205 20.0148
298.150 3.0752 5.9942 23.0282 211.5412 20.0415
303.000 3.0317 5.9061 23.0429 211.5874 20.1007
315.000 2.9293 5.6993 23.0785 211.6994 20.2409
322.150 2.8718 5.5833 23.0993 211.7646 20.3205
323.000 2.8652 5.5698 23.1017 211.7723 20.3297
323.150 2.8640 5.5674 23.1021 211.7736 20.3314
340.000 2.7383 5.3141 23.1496 211.9228 20.5074
375.000 2.5118 4.8583 23.2430 212.2153 20.8327
407.600 2.3341 4.5019 23.3242 212.4690 21.0960
s
s-
rr

ds

also at low temperature, and observed that—as it could
expected—the polarizability contributionBK

a becomes rap-
idly dominant, being at 3.799 K two order of magnitud
larger than the one computed at 77.4 K, and about 500 ti
larger than the contribution at 303 K. The increase is o
order of magnitude ‘‘slower’’ for the hyperpolarizability
contribution. Due to near cancellation of the two contrib
tions (BK

a andBK
g ), the ratio for the actual Kerr virial coef

ficient BK at 3.799 K and 303 K is if'10 000. Bruchet al.23

estimated from their quantum statistical analysis that the
tio of BK

a(4.2 K) andBK
a(300 K) should be of'39. At 300 K

the authors obtain, through a coupled perturbed Hartr
Fock approach, a value of 2.56310236V22 m8 mol22 for
their BK , which includes however only the polarizabilit
term. Our result at 300 K lies around 2.
310236V22 m8 mol22, in reasonable agreement with the e
timate by Bruchet al.23 In conclusion, the frequency depen
dence ofBK for helium is quite negligible in the whole rang
of temperatures, and the near cancellation of the polariza
ity contribution with the hyperpolarizability contribution
leads to predict that there is a temperature~our estimate is
around 295 K! where the second Kerr virial coefficient o
helium goes to zero. There is thus a striking difference w
respect to what is seen for argon, whereXK

a is two orders of
magnitude larger thanXK

g and clearly dominatesBK up to
very high temperatures.

In Table IV we list the results, both the different contr
butions and the overall coefficient, for the second Kerr vir
coefficient of argon evaluated at a wavelength of 458.0 n
The comparison with experiment38 is central to the scope o
Fig. 5. Improving the basis set has minor effects on the
larizability anisotropy contribution, whereas the hyperpol
izability term changes substantially. Since the total coe
cient is dominated by the polarizability contribution, th
overall variation is in the order of about a 3%. The expe
mental second Kerr virial coefficients by Dunmuret al.38 at
458 nm for several temperatures carry large error bars, wh
nevertheless do not include either of our results~cf. Fig. 5!.
The currentdQZ results are only slightly closer to thes
experimental values than the previousdTZ estimates.3 On
the other hand, if we consider the much more recent K
study of Shelton and Palubinskas,39 and as in Ref. 3 compute
the ratiobfit /afit of the virial expansiongeff

K 5afit1bfitr from
the dc-Kerr hyperpolarizability atl5632.8 nm which is
taken from Ref. 39 (77.8310263C4 m4 J23'1248 a.u.) and
from our new value of BK at 632.8 nm (5.57
310233V22 m8 mol22), we obtain a value of 8.70
31025 m3 mol21 at 296 K. This compares very favorabl
with the experimental measurement~bfit /afit58.9
60.331025 m3 mol21 at l5632.8 nm andT5296.15 K).

The neat dominance of the contribution arising from t
integration in Eq.~4! with respect to that arising from th
Kerr interaction hyperpolarizability and which is related
the integral in Eq.~5!, rules out possible causes of inaccur
cies in our numbers due to the critical balance of positive a
negative contributions to the hyperpolarizability classical
tegrals mentioned above. Also, the neglect of long ran
effects @i.e., having limited the integration in Eq.~4! to 30
a.u.# is of no consequence for our conclusions; at 298.15

-
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TABLE IV. Argon. The second Kerr viral coefficientBK(v,T)5BK
a(v,T)1BK

g (v,T). The two contributions
are further expanded asBK

a(v,T)5BK
(0),a(T)1v2BK

(2),a(T) and BK
g (v,T)5BK

(0),g(T)12v2BK
(2),g(T). The

static contributions are computed with thed-aug-cc-pVQZ-33221~dQZ! set, whereas the dispersion is obtain
with the smallerd-aug-cc-pVTZ-33221~dTZ! basis set.BK(v,T) as obtained from the results for the tw
contributions is given forl5458 nm. T is given in Kelvin, and the virial coefficients in V22 m8 mol22 with
frequencies assumed to be given in a.u.

BK
(0),a(T) BK

(2),a(T) BK
(0),g(T) BK

(2),g(T) BK(458.0 nm,T)
31033 31033 31035 31035 31033 31033

T dQZ dTZ dQZ dTZ dQZ1dTZ Expt. from Ref. 38

242.95 7.0613 34.8792 2.1983 229.5492 7.7678
253.00 6.7123 33.1552 2.2944 227.7828 7.3860 5.460.9
261.00 6.4588 31.9027 2.3611 226.5227 7.1086 4.960.9
273.15 6.1093 30.1757 2.4482 224.8213 6.7262
274.00 6.0863 30.0621 2.4537 224.7110 6.7010 4.360.7
287.00 5.7555 28.4276 2.5299 223.1477 6.3389 4.060.7
293.00 5.6151 27.7333 2.5603 222.4984 6.1852 3.960.7
296.00 5.5474 27.3992 2.5745 222.1892 6.1111
298.15 5.5000 27.1648 2.5843 221.9737 6.0592
303.15 5.3929 26.6354 2.6058 221.4911 5.9419
305.00 5.3543 26.4449 2.6134 221.3190 5.8997 3.860.7
315.00 5.1555 25.4620 2.6506 220.4438 5.6819 3.860.7
322.00 5.0251 24.8178 2.6733 219.8828 5.5392
340.00 4.7194 23.3066 2.7210 218.6100 5.2042
375.00 4.2233 20.8549 2.7787 216.6952 4.6606
407.60 3.8497 19.0089 2.8027 215.4031 4.2509
ur
b

-
th
w

en
om

n is
At

of

effi
d

t.

p

when we carry out the integration forXK
a in a interval re-

duced by 10%~i.e., up to 28.8 a.u. instead of 30 a.u.!, the
integral is reduced by'0.08%.

In conclusion the experimental Kerr data of Dunm
et al.38 are most likely inaccurate, and should therefore
re-examined.

C. The second hyperpolarizability virial coefficients

The results for the helium hyperpolarizability virial co
efficients are given in Table V and Fig. 6. Once again,
range of temperatures goes from 77.4 K to 407.60 K, but
have results also for lower temperatures. Due to the abs
of a proper quantum statistical treatment, we refrain fr

FIG. 5. Argon. Temperature dependence of the second Kerr virial co
cient BK(v,T) for l5458 nm. Comparison of results of Ref. 3—obtaine
with thed-aug-cc-pVTZ (dTZ) basis set—and of experiment~Ref. 38! with
the currentd-aug-cc-pVQZ~static!1d-aug-cc-pVTZ~dispersion! results.
e

e
e
ce

discussing them at this stage. The dispersion contributio
far more important here than for the former coefficients.
296 K Bishop and Dupuis24 determined the staticb @Eq.
~10!# at the MP4 level as21.41 cm3 mol21. This compares
reasonably well with our corresponding static result

-

TABLE V. Helium. The second hyperpolarizability virial coefficien
Bg

(0)(T), Bg
(2)(T), and b(V,T) for an ESHG process (v15v25v,v3

50,vL
256v2) at 632.8 nm as a function of temperature~Kelvin!. To com-

pute b, we assumedg i(22v;v,v,0)543.104 a.u., as obtained by Bisho
and Pipin ~Ref. 50!. Bg is given in C4 m7 J23 mol21310268 and b in
cm3 mol21. Frequencies are assumed to be given in a.u.

T Bg
(0)(T) Bg

(2)(T) b(632.8 nm,T)

77.40 20.2498 21.0252 21.0482
100.00 20.2649 21.0716 21.1095
130.00 20.2834 21.1299 21.1851
160.00 20.3002 21.1831 21.2537
180.00 20.3105 21.2159 21.2959
200.00 20.3202 21.2466 21.3356
220.00 20.3293 21.2756 21.3729
242.95 20.3392 21.3068 21.4133
253.00 20.3433 21.3199 21.4302
261.00 20.3465 21.3300 21.4433
274.00 20.3516 21.3461 21.4640
287.00 20.3565 21.3616 21.4841
293.00 20.3588 21.3686 21.4932
296.00 20.3599 21.3720 21.4977a

298.15 20.3606 21.3745 21.5009
303.00 20.3624 21.3800 21.5080
315.00 20.3666 21.3933 21.5253
322.15 20.3691 21.4011 21.5354
323.00 20.3694 21.4020 21.5366
323.15 20.3694 21.4021 21.5368
340.00 20.3751 21.4199 21.5599
375.00 20.3862 21.4547 21.6053
407.60 20.3959 21.4850 21.6448

aBishop and Dupuis~Ref. 24! determined MP4 staticb521.41 cm3 mol21.
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21.3349 cm3 mol21. The lack of experimental data preven
a further discussion of our results forb of the individual
gases. The behavior of the integrand in Fig. 2 is—at
temperatures—very smooth, with the negative contribut
to the integral in Eq.~8! largely dominating the positive con
tribution.

In Table VI we summarize the results for the seco
hyperpolarizability virial coefficient of argon. The static co
tribution changes considerably going from thed-aug-cc-
pVTZ-33211 to thed-aug-cc-pVQZ-33211 basis set. As
consequence a significant change is seen in theb(v,T) re-
sults. No experimental data are available forBg , but using
the same procedure as in our previous paper,3 we can esti-

FIG. 6. Helium. Temperature dependence of the second hyperpolariza
virial coefficients Bg

(0)(T), Bg
(2)(T), and b(v,T) for an ESHG process

(v15v25v; v350, vL
256v2) at l5632.8 nm.

TABLE VI. Argon. The second hyperpolarizability virial coefficien
Bg

(0)(T), Bg
(2)(T), Bg(T), and b(v,T) for the ESHG process (v15v2

5v,v350,vL
256v2) at l5514.5 nm as a function of temperatur

~Kelvin!. To computeb, we usedg i(22v;v,v,0)51577 a.u.~Ref. 51!.
Static results are obtained with thed-aug-cc-pVQZ-33221 (dQZ) basis set,
whereas the frequency dispersion was that computed using ad-aug-cc-
pVTZ-33221 (dTZ) basis set.Bg is given in C4 m7 J23 mol21310268 andb
in cm3 mol21. Frequencies are assumed to be given in a.u.

T
Bg

(0)(T)
dQZ

Bg
(2)(T)
dTZ

Bg(T)
dQZ1dTZ

b(514.5 nm,T)
dQZ1dTZ

242.95 2.6179 235.1908 0.9620 0.0978
253.00 2.7324 233.0872 1.1755 0.1195
261.00 2.8119 231.5865 1.3256 0.1348
273.15 2.9156 229.5603 1.5247 0.1551
274.00 2.9222 229.4289 1.5374 0.1564
287.00 3.0129 227.5671 1.7157 0.1745
293.00 3.0492 226.7939 1.7883 0.1819
296.00 3.0661 226.4257 1.8226 0.1853
298.15 3.0777 226.1690 1.8463 0.1878a

303.15 3.1033 225.5943 1.8990 0.1931
305.00 3.1123 225.3892 1.9176 0.1950
315.00 3.1566 224.3470 2.0110 0.2045
322.00 3.1837 223.6789 2.0695 0.2105
340.00 3.2405 222.1631 2.1976 0.2235
375.00 3.3092 219.8827 2.3736 0.2414
407.60 3.3378 218.3439 2.4747 0.2517

aThe static value is 0.8074, which can be compared to the estimated val
229.8610.8, Ref. 24, obtained from theab initio result of He and the
experimental density ratios of Ref. 21.
ll
n

mate the quantityb(ArH2)1b(H2He). At l5514.5 nm and
at T5298 K we obtainb50.188 cm3 mol21 for argon and
b521.58 cm3 mol21 for helium. The ratiosg(Ar)/g(H2)
andg(H2)/g(He) as a function of the gas density were me
sured by Donley and Shelton.21 Combining these data, we
computeb(ArH2)1b(H2He)523.20 cm3 mol21, in contrast
to the experimental value21.468.0 cm3 mol21.21

In Ref. 3 we made a conservative estimate of t
changes expected in the integralXg for argon at 298.15 K
based upon improving the basis set from triple-zeta
quadruple-zeta quality. We made this prediction consider
the balance of negative and positive regions and its effec
the result in Eq.~8!. We predicted a possible change of sig
and a decrease of about one order of magnitude inBg(v,T)
and b. The integral ~which at T5298.15 K and l
5514.5 nm was'24 000 a.u., and was predicted to chan
to ' 22000 a.u.! becomes instead'11000 a.u. Thus, our
prediction was certainly conservative, but the effect rema
impressive.

V. CONCLUSIONS

We have carried out a detailed study of the second
electric, refractive, Kerr, and hyperpolarizability virial coe
ficients of helium and argon. Our study, which assumes
validity of a semiclassical approach, is extended to a w
range of temperatures and employs the FCI and CCSD
sults for the frequency-dependent interaction induced po
izabilities and hyperpolarizabilities for He2 and Ar2, respec-
tively, which were reported in Refs. 1 and 3. We compa
our virial coefficients with those obtained in other recentab
initio calculations and with the available experimental da

The present results for the second dielectric virial co
ficient of helium are in reasonable agreement with a rec
quantum perturbation study of Moszynskiet al.,28 and the
fully quantum statistical results of Ref. 27 in the range
temperatures between 70 and 410 K. For the second re
tivity virial coefficient of helium our study is the first repor
of a theoretical determination based onab initio results for
the frequency-dependence of the interaction induced pola
ability of He2. For temperatures higher than 70 K the agre
ment with most of the experimental data is satisfactory. T
is also the case for the very few experimental data for
refractivity virial coefficient.

For the second dielectric virial coefficients for argon w
obtain results which are about 3% larger than the val
obtained in a previous study3 where we employed a smalle
basis set in the calculation of the interaction induced po
izability of Ar2. Since this is a small change compared to t
error bar and the scattering of the experiment results
makes no significant effect on the agreement between
theoretical and experimental results, which is reasona
good for the temperature range between 242 and 303 K,
unsatisfactory for higher temperatures.

For the Kerr constant of helium the very weak quadra
dependence on the gas density is confirmed; in fact, aro
room temperature the second Kerr virial coefficient—who
frequency dependence is negligible—practically vanish
This explains the difficulties the experimentalists still e

ity
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counter in detecting any deviations from the linear press
dependence ofmK.

For the second Kerr virial coefficient of argon, the im
proved calculations for the interaction induced polarizabi
and hyperpolarizability of Ar2 reduced the theoretical resul
for BK by about 3%. Our results of 8.7031025 m3 mol21 for
BK /AK at 632.8 nm and 296.15 K is in favorable agreem
with the recent accurate experimental Kerr result of (
60.3)31025 m3 mol21 which was obtained by Shelton an
Palubinskas.39 The present calculations substantiate the s
nificant disagreement with earlier experimental results
458 nm by Dunmuret al.38 found in Ref. 3. We sugges
therefore an experimental reinvestigation of the latter resu

As anticipated in Ref. 3, the reevaluation of the intera
tion induced second hyperpolarizability of Ar2 leads to a
significant change in the theoretical results for the relat
hyperpolarizability second virial coefficientb(v,T) of
argon—at 298 K and 514.5 nm from 0.6822 cm3 mol21 to
0.1878 cm3 mol21.

Combining the present results forb for argon and helium
with the pressure ratios employed in the experimental de
mination of b(ArH2) and b(HeH2), we obtain a theoretica
estimate forb(ArH2)1b(HeH2) of 23.2 cm3 mol21, which is
even less in agreement with the experimental value fr
Ref. 21 of21.468.0 cm3 mol21, than the previous theoreti
cal result of Ref. 3. The remaining discrepancy between
theoretical and the experimental result can likely not be
plained by shortcomings in theab initio results forDg i of
He2 and Ar2, since the present calculations account for
frequency-dependence of the interaction induced hyperpo
izability of both He2 and Ar2 and they are—in particular fo
He2—essentially converged with respect to the one-part
basis sets and the correlation treatment. More likely they
due to either the neglect of quantum effects in the calcula
of the hyperpolarizability virial coefficients23 or to approxi-
mations made in the comparison with the experiment, e.g
the ansatz for the~pressure-dependent! local field factors.21
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APPENDIX: CONVERSION FACTORS

Conversion factors from atomic units to SI and esu40

See also Ref. 41.

~1! 1 a.u. of r[a0
23 mol>6.7483331030 m23 mol

56.7483331024 cm23 mol ~esu!;
~2! 1 a.u. ofv[\a0

22me
21>4.1341431016 s21;
re

t
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r

s.
-

e

r-

e
-

e
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e
re
n

in

-

rch

t.
-

~3! 1 a.u. of a[e2a0
4me\

22>1.64878310241 C2 m2 J21

51.48186310225 cm3 ~esu!;
~4! 1 a.u. of g[e4a0

10me
3\26>6.23538310265 C4 m4 J23

55.03669310240 esu;
~5! 1 a.u. of AR(v,T), b[a0

3 mol21>1.48135310231

m3 mol2151.48135310225 cm3 mol21 ~esu!;
~6! 1 a.u. of BR(v,T)[a0

6 mol22>2.19587310262

m6 mol22

52.19587310250 cm6 mol22 ~esu!;
~7! 1 a.u. of mK(v,T), AK(v,T)[e2a0

9me
2 mol21\24

>5.60408310255 V22 m5 mol2155.03672310240 esu;
~8! 1 a.u. of BK(v,T)[e2a0

12me
2 mol22\24>8.30439

310286 V22 m8 mol2257.46365310265 esu;
~9! 1 a.u. of Bg(v0 ,v1 ,v2 ,v3 ,T)[e4a0

13me
3 mol21\26

>9.23988310296 C4 m7 J23 mol2157.46361310265

esu.
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