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This report summarizes the temporal state of thestgation of the redetermination of the
Boltzmann Constant by a gas cylindrical resonatddliM. The cylindrical resonance method
has been selected for this redetermination workdas the consideration of the difficulty in
the accurate measurement of the diameter of aisphezsonator, the interference level of the
thermal and the viscous boundary layer and theectton procedure, etc. The solution of the
theoretical model of the resonance has been obtam@umber of theoretical investigations
have been conducted to provide the useful infolwnadif the degree of the imperfect effect of
the boundary layers, the shell motion, the opeaimg) the conduct pipe on the side wall of a
resonator, the requirement of the tolerance ofsiiméace polishing and the roundness of a
cylindrical resonator, the parallelity and the oml diameter of the two ends of the cylinder,
etc. The facility of the laser interferometry igrigeconstructed for the accurate measurement
of the longitudinal dimension of a cylindrical resdor. The procedure technical details are
well known. In principle it is not difficult to linh the uncertainty contribution of the
measurement of the longitudinal dimension withipdm. We have designed and made a
current preamplifier which was tested to producen2@ output to the coupled lock- in
preamplifier. The main electronic parts have beenpted together and tested. A high
stability thermostat, which provides the expectebiity and uniformity within £0.1 mK at
273.16 K, was designed and fabricated dependedhen ptevious experience of the
construction of a £0.5 mK thermostat. A facilitygoovide the pure argon gas to the resonator
is under fabrication. The principle is to obtairrgpargon gas directly from the liquid argon so
to eliminate the possible pollution. The primarycern of this investigation is to limit and to
correct the arising imperfect effects. The thecedtresearches have been strengthened in
order to control and to correct those imperfec&# to a satisfied low level.
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In order to determine the Boltzmann constant by meeaf the dielectric constant gas
thermometer technique (DCGT), the helium pressteelavel of one part per million (ppm)
must be known. It should be measured with presbatances. In the past, several studies
have shown that the effective area of piston-c@imassemblies is dependent on the type of
gas as well as on the mode of operation. Accourftinghis dependence is indispensable
when a relative uncertainty in pressure measuresyadrabout 1 ppm is required.

Usually, the effective area of gas-operated pistgdimder assemblies used in primary
pressure balances is determined from the dimerisiooperties of the piston and the cylinder
by application of the Dadson theory in which the f§aw in the piston-cylinder annular gap
is treated as being viscous and in which the effecarea appears as a quantity being
independent of the type of gas. In reality, the fiigs along the gap is not always viscous,
especially not when the pressure balance is ogkiat@bsolute mode. In this work, the
effective area is analysed as a function of thev ftegime for piston-cylinders having the
ideal cylindrical and real shape. The theory of tiia@sition flow regime - which is the flow
regime between the viscous and the molecular floghews that the effective area is
dependent on the gas type. The theory is appliethree real piston-cylinder assemblies
having a nominal effective area of 10Tand 5 crh, which were characterised accurately by
dimensional measurements and are used at PTB amrgripressure standards for the
realisation of the pressure scale up to 2 MPa. @ufyvthe theoretical results, cross-float
experiments were carried out between the assenfillexs with different gases () He and
SFKs). The effective areas calculated by means ofrdnesition flow theory are compared with
the results obtained by the cross-float experimehie experimental results show a good
consistency with the theory, which should therefal®o be applied to the piston-cylinder
assemblies that are involved in the Boltzmann @orisgxperiments.
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The limiting uncertainty in determining the Boltznma Constant by means of a quasi-
spherical acoustic resonator is the uncertaintymesasurement of the resonator's volume.
NPL's plans to determine the Boltzmann Constardlue/determining the volume by three
independent methods involving (a) dimensional mesmants (b) pyknometry and (c)
electromagnetic methods. Our plans for a dimensiomdume determination involve
precision CMM measurements with an uncertainty ghraximately 1 micron, which are
calibrated by precision diameter and depth measemé&sn with an uncertainty of
approximately 0.1 micron. We will report prelimigaresults for our pyknometry and
electromagnetic experiments on 0.5 litre quasigshedesigned by Laurent Pitre at
LNE/CNAM/INM and our plans for precision manufacuof quasi-spheres in collaboration
with Cranfield Univeristy.
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We will re-determine the Boltzmann Const&ntsing the relatiom? = 5kT/(3m) that, in the
limit of zero pressure, connedtsto the speed of sound a noble gashe thermodynamic
temperaturd, and the mass of a gas atom. We will obtain the speed of sounchbasuring
the acoustic resonance frequencies of a heliuedfitopper-walled, quasi-spherical cavity of
known volumeV. The volume of the cavity will be determined bgasuring the microwave
resonance frequencies, and/or by three-dimensimuardinate measurements. If the
microwave method is satisfactory, the measuremekitwall be based on the ratio between
the speed of sound in helium — obtained by acousonance measurements — to the speed
of the light — obtained by microwave resonance megsents. Here, we report the result of
our two first isotherms and our primary result e tmass molar m, volume V, zero-pressure
limit of ¢ and temperature T determination.
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At present, three are the main different measuré&menethods operating for the
determination of the Boltzmann constant: acoustas dhermometry (AGT), Doppler
broadening thermometry (DBT) and dielectric-consgas thermometry (DCGT). All those
experiments require accurate thermal controls arell wefined traceability for the
temperature measurements. The Contact thermomeinp @f INRIM is involved in all of
those methods, giving significant contribution tee tthermal controls and to the accurate
temperature measurements. Under the IMERA PIusTIRF..4 project, our group cooperates
with the Acoustic group of INRiIM, with the Fundanals of Thermometry group of PTB and
with The University of Naples Il and Politecnico Milan. At INRiIM we are working on the
temperature control for the acoustic resonator #mperature controlled bath are operating
to host the spheres of different dimensions aradattteristics. The temperature traceability is
also guaranteed by means of a direct referencédgptimary national fixed points. The
cooperation with PTB is aimed at the constructidnaolarge dimensions temperature
controlled liquid bath, that will host the GermailCGT experiment. The activities with the
two Italian universities are aimed at the constamctof a special cell and its thermal
controlled chamber for the DBT experiment. Also tims case accurate temperature
measurements and the associated traceability withur job. Here we present the details of
the devices, some previous results and the plaactgdties.



Ab initio calculations of the thermophysical properties of helium
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Numerous groups of atomic and molecular physicestd chemists have calculated the
interaction potential for helium atoms, with suciesly greater accuracy. Other groups have
used analytic representations of the potentialaloutate the phase shifts for helium-helium
scattering, and applied the formalism of quantuatigical mechanics and kinetic theory to
calculate the virial coefficients of the equatioh siate, the viscosity, and the thermal
conductivity. Recent calculations will be reviewed



Foreword : SI units and fundamental constants;

M. E. Himbert
Institut National de Métrologie (LNE-INM/Cnam), @Ge du Landy, 93210 La Plaine Saint
Denis, France

There is an increasing interest of the CIPM andCibgsultative committees, including the
CCU, in the set up of new definitions for most lo¢ fpresent Sl units, based on fundamental
physical constants. This introducing paper will ggm@t an overview of the corresponding
perspectives, especially in the fields of masstetgty, chemical and thermal measurement.
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Actually, to achieve a relative uncertainty of ®1@vith the acoustic method for the
determination of the Boltzmann constant, a detaitemtielling of the acoustic field in the
resonator is still required. Several phenomena rbastaken into account including heat
conduction, shear and bulk viscosity of the gas,rdal shape of the resonator, the acoustic
input impedance of small acoustic elements flushumied on the wall (tubes, transducers)...
Significant theoretical studies have already besmedn which these perturbations (some of
them modelled at the lowest order of small quatjtiare accounted for separately, the
coupling between them being neglected.

The scope here is thus to provide a unified moaletHfe acoustic field in the cavity including
all these perturbations (modelled at a higher oitlerecessary) and the resulting modal
coupling, and to apply it on the practical confaiwn previously used at the NIST: a
spherical resonator filled with argon, acoustiosd@ucers being flush-mounted on the wall.
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We present recent results obtained while developmgxperiment for the determination of
the Boltzmann constant at INRiM. We compare thdgoerance of spherical resonators of
different volume in terms of accuracy achieved e tmeasurement of acoustic and
microwave resonances. We illustrate the curreatestof advance in developing a
mathematical method for calculating the perturbrabbthe acoustic field due to geometrical
imperfections.
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We report on a new spectroscopic method for pringay/thermometry. The method consists
in retrieving the Doppler width from the absorptibne shape corresponding to a given
vibration-rotation transition in a GQ@aseous sample at thermodynamic equilibrium. Tisere
presently a strong interest in new primary thermmimenethods, likely to be employed for
direct and highly accurate determinations of thdtzBeann constantkg), in view of a
possible new definition of the unit kelvin [1].

The first spectroscopic determinationkgthas been recently performed in the mid-infrared by
Daussyet al.on thev, asQ(6,3) line of the ammonia molectH; at a frequency of 28 953
694 MHz, using a C@laser frequency stabilized against a @8Qe [2]. Operating at the ice
melting point under low pressure conditions (betwé&eand 10 Pa), in order to stay as close
as possible to the Doppler limit, the French grmeasured the width of the absorption line as
a function of the pressure. Hence, extrapolatingeim pressure, they deduced the Doppler
width, which yielded the determination of the Battann constant with a relative uncertainty
of 1.9x10" [2]. This approach allows for a very simple spalc@nalysis but requires an
accurate determination of the absolute pressures.

Here we present a radically different implementatad laser absorption spectroscopy for
primary gas thermometry. In particular, we dematstthat it is possible to retrieve the gas
temperature from a molecular absorption profilenewden the gas pressure is sufficiently
high that the line shape is far from the Dopplenitj but sufficiently small that one can
neglect the averaging effect of velocity-changinflisions, so that the line shape is given by
the exponential of a Voigt convolution. We perfoahsorption spectroscopy in the near-
infrared on a C@gas sample at thermodynamic equilibrium using sributed feed-back
diode laser (with a mirror-extended cavity confagion), probing the R(12) component of the
v1+2v;° +v3 combination band.

By doing Doppler broadening measurements as aiamaf the gas temperature, ranging
between the triple point of water and the galliueltmg point, we determined the Boltzmann
constant with a precision of ~9x1@3]. These measurements were found to be inseaditi
the gas pressure. More precisely, for Qidessures below a few hundred Pa, we did not
observe any influence from Dicke narrowing or spdedendent effects, at the present
precision level.

[1] B. Fellmuth et al., Meas. Sci. Technol. 17, B12006).
[2] C. Daussy et al., Phys. Rev. Lett. 98, 250801007).
[3] G. Casa et al., submitted to Phys. Rev. L&teq; 21, 2007).
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The establishment of a new temperature scale inahge from 4 K to 26 K in 2007 using
dielectric-constant gas thermometry (DCGT) is désct. Compared with the 1996 DCGT
scale, the uncertainty with respect to thermodycat@mperature could be decreased by a
factor of about two. A detailed uncertainty buddst presented and the progress in
determining the different measuring quantities &aance changes, pressure, temperature) is
explained. The uncertainty estimates are suppditedeveral comparisons with literature
data: Constant-volume temperature scale NPL-7heMNational Physical Laboratory, being
the basis of the currently valid International Temgiure Scale ITS-90 in this temperature
range, experimental and theoretical data for tlverse density virial coefficient of helium-3
and helium-4, experimental results for the thiraigigy virial coefficient, and the CODATA
value for the Boltzmann constant.

New data concerning the properties of helium-3 helium-4 are presented concerning the
second and third density virial coefficient as waslthe polarizability. The uncertainty of the
results for the polarizability is limited by the aertainty of the thermodynamic reference
given by the NPL-75 copy available at PTB, corregfiog to a relative uncertainty of
30 ppm. Nevertheless, the value obtained for heBuia the first one on this uncertainty
level. Above 3.4 K, the agreement of the resultdlie DCGT temperatures with the NPL-75
and the virial coefficients with literature datasigrprisingly good for both isotopes. But below
3.4 K, deviations both concerning the polarizapiihd the virial coefficients are observed for
helium-4. This could be explained by a specialaative bosonic interaction between the
helium-4 atoms.

The new results obtained with DCGT at low tempeesuare encouraging concerning the
determination of the Boltzmann constant at thedrgoint of water because they verify the
potential of this primary-thermometry method. Thegress directed to the determination of
the Boltzmann constant is described with respethéofollowing activities: development of
new measuring capacitors (cylindrical and ring sr@spacitors, the latter as originally
developed at NIST), design of a high-precision iwstat (application of the experience
gained at and cooperation with INRiM), developmeha measuring system, which enables
the comparison of two cylindrical capacitors ana tng cross capacitors. The use of quite
different capacitors will aid in investigating sgstatic error sources as especially the
influence of the effective compressibility.
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We report our progress in the direct determinatidnthe Boltzmann constant by laser
spectroscopy. The value kf is inferred from the Doppler profile of the linegvsorption line

in an ammonia vapour. Ammonia is contained in asogition cell located inside a
thermostat operating with an ice-water mixture &raperature around 273.15 K referenced
to the triple-point of water. We have recorded theppler profile of the asQ(6,3)
rovibrational line in the, band of**NHs, atv = 28 953 694 MHz. Our earlier measurements
yielded to a value of the Boltzmann constant with uncertainty of 2x16 [1]. Recent
developments of the experimental set-up and a rnppsoach to the data processing using a
Voigt line shape will be described. The new deteation ofkg has a relative uncertainty at
the 10° level and possible systematic errors are presemfijored to go beyond.

[1] C. Daussy, M. Guinet, A. Amy-Klein, K. DjerrduY. Hermier, S. Briaudeau,
Ch.J. Bordé, and C. Chardonnet, Phys. Rev. Lett298801 (2007).
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In 2005 it was decided to join the experience eflthmiversity of Valladolid (Uva) in the field
of acoustic measurements and the experience denéro Espafiol de Metrologia (CEM) in
thermometry to transform the acoustic resonator Unfa, that was being used for
thermophysical measurements, into a primary theretemwith the target to measure the
value of the Boltzmann constat.

The progress of the works carried out and the diana very next future will be showed. The

facilities that are being setting up and the impraents of the existing ones will also be
presented together with the results that are balimgined.
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The thermal motion of atomic or molecular speciesults in a Doppler shift of resonances
with interacting light. It has therefore been swglgd [1] and demonstrated [2,3] that the
Boltzmann constant could be obtained in a veryctineay by an accurate measurement of the
Doppler width of spectral lines. A generalized Isteape will be derived for these lines from
the thermal Green function for a canonical ensenalblatoms. The connection with atom
interferometry will be outlined. An important theon will be presented concerning the
absence of transit broadening in a low pressure gas Beer-Lambert law will be extended
to include the effect of saturation in opticallyickh media. Finally, quantum limits to such
measurements will be discussed within the framafofmation theory.

[1] Ch. J. Bordé, Metrologia 39, 435-463 (2002).

[2] C. Daussy, M. Guinet, A. Amy-Klein, K. Djerroud. Hermier, S. Briaudeau, Ch. J.
BORDE and C. CHARDONNET, Physical Review Letters 280801(2007).

[3] C. Daussy, Ch. J. Bordé et C. Chardonnet, , Imdgéa physique 2006
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Since 2001, NIST has been developing a Johnsore ibesmometry system that uses
precision waveforms, synthesized with a quantizalthge noise source (QVNS), to calibrate
the electronics measuring the noise power. NISTaénngoals for the Noise Thermometry
program are to improve thermodynamic temperatureasomements and to link
thermodynamic temperature to fundamental physiaaisi@ants through quantum-based
electrical measurements. In particular, noise tloenetry offers an electronic approach that is
distinctly different from the various gas-thermorgeand other approaches that have been
pursued as possible methods for determining Bolturisaconstant (current relative standard
uncertainty 1.7x10).

Because we match electrical power and thermal-nmiseer at the triple point of water,
our noise thermometer measures the ratio of thézBainn and Planck constankgh. The
current relative standard uncertainty in the Bolimm constant is 1.7xF0Since the relative
standard uncertainty in the Planck constant is msmialler than this (i.e. 5x¥0 2006
CODATA), the uncertainty in the inferred value betBoltzmann constant is not limited by
the uncertainty in the Planck constant.

Improvements to the QVNS and the cross-correlatimasurement electronics have
significantly reduced systematic errors and measent uncertainty. We have improved our
understanding of the contributions of preamplifieises, transmission-line effects, common-
mode signals, non-linearities of the electronic sae@ement system, and computational and
statistical issues, In particular, a lower-noisephiler and improved transmission-line
matching has allowed us to significantly expandlibadwidth of the system and reduce the
integration time required for a given uncertain@ur improved circuit has a 600 kHz
bandwidth, and has achieved all@K Type A uncertainty with a measurement time wst|
36 h. The indicated temperature is consistent wighSl-assigned temperature for the water
triple point at 273.16 K, yielding a relative temgtire difference 08 puK/K (much less than
the uncertainty). Our present circuit configuratioould achieve a Type A uncertainty of
5 uK/K with an integration time of only 20 days, whidh short compared to other noise
thermometers and a 5-fold improvement over ouriptesvJNT system.
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