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ABSTRACT
We describe a primary gas pressure standard based on the measurement of the refractive index of helium gas using a microwave resonant
cavity in the range between 500 Pa and 20 kPa. To operate in this range, the sensitivity of the microwave refractive gas manometer (MRGM)
to low-pressure variations is substantially enhanced by a niobium coating of the resonator surface, which becomes superconducting at tem-
peratures below 9 K, allowing one to achieve a frequency resolution of about 0.3 Hz at 5.2 GHz, corresponding to a pressure resolution below
3 mPa at 20 Pa. The determination of helium pressure requires precise thermometry but is favored by the remarkable accuracy achieved
by ab initio calculations of the thermodynamic and electromagnetic properties of the gas. The overall standard uncertainty of the MRGM
is estimated to be of the order of 0.04%, corresponding to 0.2 Pa at 500 and 8.1 Pa at 20 kPa, with major contributions from thermometry
and the repeatability of microwave frequency measurements. A direct comparison of the pressures realized by the MRGM with the reference
provided by a traceable quartz transducer shows relative pressure differences between 0.025% at 20 kPa and −1.4% at 500 Pa.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0136857

I. INTRODUCTION
In 1998, Moldover proposed that a thermodynamic standard of

pressure could be based on the measurement of an intensive quan-
tity such as the permittivity or refractivity of a gas.1,2 In the following
two decades, this metrological concept has been well-demonstrated,
becoming increasingly competitive with pressure balances and liq-
uid column manometers in terms of both accuracy and flexibility
of use.

Much of the progress in this field must be credited to the
increased accuracy of the ab initio calculation of the electromag-
netic and thermodynamic properties of gases from fundamental
constants, quantum mechanics, and statistical mechanics. The prop-
erties of dilute helium3–5 can now be calculated with much lower
uncertainty that they can be measured. Similar calculations have sig-
nificantly reduced the uncertainty of more refractive gases, such as
neon,6 argon,7 and nitrogen,8 which may be useful for low-pressure
metrology.

Among the alternatives to mechanical pressure standards,
there are gas refractometers using fixed- or variable-length optical
cavities whose design is derived from apparatus developed to mea-
sure the density of air.9,10 A recent review11 of optical pressure
standards discusses various methods and perspectives of their fur-
ther improvement. Notable achievements include the use of dual
Fabry–Perot cavities to determine the refractive index of nitrogen12

and the realization of a pressure transfer standard with an estimated
standard uncertainty between 10 and 5 ppm in the range between
100 Pa and 180 kPa, respectively.13

Some open technical problems currently limit the performance
and range of application of these methods. In particular, the helium
used to estimate pressure distortion errors can diffuse into the ultra-
low expansion glass cavity spacers. There are also various long- and
short-term dimensional instabilities.

These issues do not affect gas-based primary thermometry
methods based on capacitors or microwave resonant cavities, which
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have been successfully used to realize primary pressure standards in
the MPa range.

In particular, refractive index gas thermometry (RIGT)14

was previously used to implement a He-based primary pressure
standard15 with a relative standard pressure uncertainty ur(p) within
9 × 10−6 between 0.8 and 7 MPa. More recently, dielectric con-
stant gas thermometry (DCGT)9 techniques have progressively16,17

reduced the overall uncertainty of a capacitance pressure standard
to ur(p) = 2.2 × 10−6 at 7 MPa. However, the range of application of
these gas thermometry methods is normally limited to above 100 kPa
by the resolution of relative capacitance or resonance frequency
measurements.

In this context, we describe the basic design features of a
prototype copper microwave resonator whose sensitivity to small
variations of the static refractivity of He is enhanced by a niobium
coating of the internal cavity that becomes superconducting at tem-
peratures below 9 K. The corresponding reduction of resistive losses
enhances the quality factor of the microwave resonances, leading to
a significant extension—by nearly three orders of magnitude—of the
range where precise measurements of the refractive index of He may
be used to implement a primary pressure standard.

We evaluate the metrological performance of the new standard,
dubbed microwave refractive gas manometry (MRGM), by obtain-
ing measurements at pressures between 500 Pa and 20 kPa at tem-
peratures between 5 and 9 K. We consider the relevant corrections to
the measured resonance frequencies, as well as other contributions
to the uncertainty budget, and we test the validity of our model com-
paring the pressures resulting from the MRGM measurements to the
readings of a reference calibrated quartz transducer.

II. MEASUREMENT PRINCIPLE
Many pressure transducers and standards work by detecting the

mechanical action of pressure on the surface of an artifact. In this
work, we rely, instead, on a thermodynamic definition of pressure
by measuring the density-dependent refractive index of a sample of
gas maintained at a constant temperature within a microwave cavity.

The ratio of frequencies for an evacuated and gas-filled res-
onator yields to a first approximation of the value of refractive
index n(p, T), which depends only on pressure p and temperature
T. Refractive index measurements, thus, provide a way to mea-
sure either pressure or temperature if the other quantity is known.
In constant-pressure refractive index gas thermometry (RIGT),18

the measurement of n at a known pressure p is used to determine
the temperature T. Conversely, the present manometer deduces
pressure from the refractive index measured at a well-defined
temperature.

A. Relation between refractive index, pressure,
and temperature

The refractive index n of a gaseous medium is defined as

n2 = εrμr, (1)

where both the relative dielectric permittivity εr and relative mag-
netic permeability μr are functions of p and T derived as follows. At
a temperature T, the pressure of an ideal gas is proportional to the
amount-of-substance density ρN ,

p = ρN kT, (2)

where k is the Boltzmann constant. On a molar basis, the ideal
equation of state becomes

p = ρmRT, (3)

where ρm is the molar density,

ρm = ρN

NA
, (4)

R is the molar gas constant,

R = kNA, (5)

and NA is the Avogadro constant. Notably, the values of k, NA,
and, hence, R were fixed in 2019 exactly by the redefinition19 of the
International System of Units (SI).

To describe real gases, as required for accurate gas metrology, a
virial equation of state is needed,

p = ρmRT(1 + B(T)ρm + C(T)ρ2
m + ⋅ ⋅ ⋅), (6)

where B(T) and C(T) are the molar density virial coefficients, which
can be measured experimentally or determined by ab initio calcu-
lations. For many-electron atoms such as argon (Z = 18) or neon
(Z = 10), the determination of virial coefficients by experimental
means currently provides the lowest uncertainties.20 For helium,
however, the determination by ab initio calculations has surpassed
the accuracy of experiments,20 which motivated the use of helium-4
as the test gas in the present work.

The electric permittivity is related to the molar density via the
Clausius–Mossotti equations,

εr − 1
εr + 2

= ρm(Aε + Bε(T)ρm + Cε(T)ρ2
m + ⋅ ⋅ ⋅). (7)

There is a corresponding expansion for the magnetic permeability,

μr − 1
μr + 2

= ρm(Aμ + ⋅ ⋅ ⋅), (8)

where Aε and Aμ are the static, zero-density limits of the molar elec-
tric polarizability and molar magnetic susceptibility, respectively.
The coefficients Bε(T) and Cε(T) are the dielectric virial coeffi-
cients.14 By combining Eqs (3) and (6)–(8), the value of p at a given
temperature T can be derived from the measured value of n(p, T) via
an iterative calculation.

B. Microwave measurement of the refractive index
Extremely accurate measurements of the refractive index of

gases can be obtained using a microwave cavity with a quasi-
spherical internal shape,21 where this particular geometry lifts the
degeneracy of the modes of a perfect sphere, yielding resolved,
precisely measurable resonance curves. Considering, among the
eigenfrequencies fln that satisfy the Maxwell equations in spherical
geometry, the triply degenerate modes with l = 1, which are most
suitable for precise measurements, we denote as f1n the resonance
frequencies of the transverse magnetic modes TM1n investigated in
this work.
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The refractive index of the gas is determined by measuring the
ratio of the resonance frequencies ⟨f1n + ∆f1n⟩0 and ⟨f1n + ∆f1n⟩,
respectively, measured in vacuum and when the cavity is filled with
gas at pressure p,

n = ⟨ f1n + Δ f1n⟩0[1 + κT(p/3)]
⟨ f1n + Δ f1n⟩ , (9)

where the brackets ⟨⋅ ⋅ ⋅⟩ denote the mean of the single components
of the triplet, ∆f refers to the perturbation induced by the pen-
etration depth of the electromagnetic field within the cavity wall,
and the isothermal compressibility kT accounts for the mechanical
deformation of the cavity under pressure. At the moderate pres-
sures investigated here, the compressibility correction is small and
a tabulated estimate22 for copper κT = 7.04 × 10−12 Pa−1 is suffi-
ciently precise at temperatures below 9 K. In principle, the cavity
resonance frequencies must also be corrected for the dimensional
change induced by any temperature variation occurring during the
measurements. However, between 5 and 9 K, the thermal expan-
sion coefficient αth of copper is extremely small, of the order of 2
× 10−8 K−1, compared to 1.7 × 10−6 K−1 at an ambient temperature,
and nearly temperature independent. Our own precise experimental
estimate of αth was obtained by resonance frequency measurements
in vacuum by varying the temperature setpoint by ±0.5 K.

Compared to other atomic gases, the polarizability of He is the
lowest, which limits the sensitivity of our frequency measurements
to pressure. With Aε ∼ 0.517 cm3 mol−1, a variation of the He pres-
sure within the cavity by 1 Pa between 100 Pa and 20 kPa leads to a
relative frequency change of −18 × 10−9.

The frequency resolution of the resonator can be expressed by
the following relation:18

Δ f
f
= 1

A
1
Q

1
(SNR)

√ τ
t

, (10)

where A is a dimensionless constant of order unity, Q is the quality
factor of the cavity, SNR is the signal-to-noise ratio, τ is the single-
measurement time, and t is the integration time. The measurement
of the cavity resonance frequency has a resolution that is inversely
proportional to the quality factor Q.18 With a quasi-spherical copper
microwave cavity used here, Q is of the order of 2 × 104. A niobium-
coated superconducting cavity has a higher Q, as much as 1010 at a
lower temperature.23

III. EXPERIMENT
A. Microwave resonator

The basic design features of the resonator developed for this
experiment derives from the cavities previously developed at LNE-
Cnam to perform acoustic gas thermometry24 and refractive index
gas thermometry.18

It is composed of two identical copper hemispheres (Fig. 1)
each of mass about 0.5 kg, assembled to form a triaxial ellipsoid25

of radii 24.95, 25.00, and 25.05 mm. It is internally coated26,27 with
a layer of niobium having mean thickness 3 μm, which becomes
superconducting below the critical temperature of 9.2 K. To prevent
oxidation of the niobium coating from air, the cavity is main-
tained either under vacuum or filled with inert gases throughout the
experiment.

FIG. 1. (A) One of the two hemispheres comprising the microwave resonator. The
silvery appearance of the internal surface is due to a 3 μm thick layer of niobium
deposited over copper. (B) One of the four conical plugs that are used either to
provide support for antennas or to equilibrate the pressure between the internal
cavity and pressure vessel.

Four conical copper plugs have also been coated with nio-
bium for insertion into the quasi-sphere. Two of these plugs serve as
holders for straight microwave antennas, made with non-magnetic
materials. They are used to excite and detect the transverse magnetic
modes (TM1n) of the resonator,25 with the resonance frequencies of
the lowest magnetic mode TM11 found about 5.2 GHz.

The resonator is suspended in a copper pressure vessel. The
other two conical plugs have central holes that allow the free cir-
culation of gas between the pressure vessel and resonant cavity.
Equilibrating the pressure between the inside and outside of the
resonator limits mechanical stress.

B. Experimental setup
Since the aim of this experiment is to realize a thermodynamic

definition of pressure by the measurement of gas density, the tem-
perature must be accurately measured and controlled. Therefore, a
custom cryostat has been developed (see Fig. 2) whose lowest stage
holds the resonator suspended in a pressure vessel. The pressure ves-
sel comprises an indium-sealed, cylindrical copper enclosure with
an internal height of 117 mm and an internal diameter of 85 mm.
The pressure vessel is suspended in a vacuum chamber comprising
an indium-sealed, cylindrical stainless steel enclosure of an internal
height 175 mm and internal diameter 112 mm. Finally, the entire
cryostat is inserted into a cylindrical cryogenic storage Dewar (20 L
capacity), filled with liquid helium.

The two antenna plugs located in the upper hemisphere bear
RF connections to coaxial cables. These cables have a dedicated
access to the pressure vessel and vacuum chamber, passing through
liquid helium inside the Dewar. A central stainless steel tube pro-
vides mechanical support to the vacuum chamber and is used for its
evacuation, also providing a feed-through passage for wire connec-
tions to two heaters and two temperature sensors. One heater and
one temperature sensor are fixed in thermal contact with the upper
part of the resonator. The second heater and temperature sensor are
attached to the pressure vessel.

Near the cryostat, a pressure generator in a temperature-
regulated enclosure makes it possible to maintain a stable pressure
around a selectable setpoint. It includes two Digiquartz® model
745 pressure sensors,28 respectively, used to accurately control the
pressure around the setpoint value, to provide a traceable pressure
reference for the sake of comparison to the microwave pressure
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FIG. 2. Cryostat sectional view: (1) vacuum chamber, (2) pressure vessel, (3)
superconducting quasi-spherical resonator, (4) heaters, (5) CernoxTM RTD tem-
perature sensors, (6) pressure tube, (7) platinum RTD temperature sensors, (8)
coaxial RF cables, and (9) electrical wiring to temperature sensors and heaters.

standard. The overall uncertainty of the reference pressure sensor is
u(p) = 0.25 Pa at 1 kPa.

The gas line connecting the pressure generator to the pressure
vessel is the inner duct of a coaxial tube, where the outer tube is
maintained under vacuum, to limit the heat exchange between the
gas and liquid helium bath. Since the pressure measured by the res-
onator is compared with a standard located over 1 m above it, a
precise evaluation of the hydrostatic pressure correction is necessary.
For this purpose, five Pt1000 thermometers are fixed at differently
spaced locations along the pressure tube to provide the temperature
profile needed to calculate the correction.

The helium gas used for the experiment is of purity
≥99.9999% mol, as stated by the manufacturer. Due to the high sen-
sitivity of the refractive index of helium to even trace amounts of
impurities, assessing and maintaining the purity of the helium sam-
ple is a crucial issue. The gas handling system is entirely made of
electropolished stainless steel components and is kept constantly
filled with pure helium to avoid any contamination. In addition,
working at 5 K, far below the freezing point of most common
impurities, reduces the risk of possible contamination.

To perform microwave measurements, the antennas in the
resonator are connected to a vector network analyzer locked to a
rubidium clock, providing a stable frequency reference to 1 part in
1010 per year. The network analyzer is controlled by a computer to

measure the spectrum of the transmission coefficient S21 around the
resonant frequencies.

Active temperature regulation of the resonator and pressure
vessel is achieved by computer control of the power supplied
to the corresponding heaters from a current source (Yokogawa
GS210-7F28), based on the readings of a resistive temperature sen-
sor by an ohmmeter (Keithley 200228). The pressure vessel and
resonator are regulated at the same temperature to reduce thermal
gradients across the apparatus.

A simplified, functional schematic diagram of the apparatus is
shown in Fig. 3. A photograph of the whole apparatus is shown in
Fig. 4.

C. Measurement procedure
Prior to any experiment, to minimize the outgassing of impu-

rities that might contaminate helium, the resonator is maintained
under high vacuum with a turbomolecular pump for at least a week
at an ambient temperature. The resonator, still under vacuum, is
then cooled down to its operating temperature near 5 K, allow-
ing time for thermal equilibration until the temperature is stable
with a standard deviation of repeated measurements at the level of
50 μK. The resonance frequency of mode TM11 is measured first
under vacuum, with a residual pressure below 10 μPa. The valve
connecting the resonator to the turbomolecular pump is then closed
and the pressure generator outlet valve is opened to fill the res-
onator with helium at the desired pressure. At each successive filling,
the adiabatic heating due to compression alters the temperature
stability of the gas within the resonator. Only once the pressure
and temperature of the gas have recovered to acceptably stable

FIG. 3. Schematic of the electronic, pressure, and vacuum connections between
the cryogenic part of the experiment and the laboratory instrumentation.
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FIG. 4. Experimental setup: (1) pumping station composed of a turbomolecular
pump backed by a dry scroll primary pump, (2) vacuum connection to cryostat,
(3) computers, (4) vector network analyzer connected to the microwave res-
onator, (5) rubidium frequency standard, (6) tube linking a turbomolecular pump
to the microwave resonator, (7) helium gas connection to the cryostat, (8) liquid
helium Dewar, and (9) thermostated chamber for pressure reading, regulation, and
control.

conditions are measurements of the resonance frequency under
pressure carried out. Periodically, self-heating offsets of the ther-
mometer readings are evaluated. Depending on the pressure range
investigated, the evaluation of the pressure at the inlet of the cryostat
may require a correction to account for the thermomolecular effect.
This effect, sometimes referred to as thermal transpiration, occurs
when a rarefied gas (i.e., in the molecular flow regime) having a uni-
form pressure is subjected to a temperature gradient. A difference
of pressure then arises between the warm and cold parts of the gas
enclosure.29 It originates from the movement of molecules moving
from a higher-density (colder) to a lower-density (warmer) region
of the gas. This process stops once the probabilities of forward and
backward molecular movement equalize.

IV. EXPERIMENTAL RESULTS
In this section, we present and discuss the results of several

tests of the metrological performance of the MRGM. These were per-
formed to assess the resolution, precision, stability, and repeatability
of microwave frequency measurements over several consecutive
temperature runs between an ambient temperature and 5 K (each
identified by a chronological number) and pressure cycles in the
range between vacuum and 20 kPa. We complete this discussion by
presenting a detailed uncertainty budget of the microwave pressure
standard.

In the following, we denote f11,1, f11,2, and f11,3 the three sin-
gle components of, for example, the TM11 microwave triplet, in
ascending frequency order with respective half-widths g11,1, g11,2,
and g11,3.

A. Temperature dependence of microwave
resonance frequencies

Whether the cavity is superconducting or not, the electromag-
netic wave penetrates the walls of the resonator, over a characteristic
distance. The resonance frequency corresponds, therefore, to that of
a sphere of slightly greater volume than that defined by the diameter
of the cavity.21 For a superconductor below its critical temperature
Tc, the temperature-dependent penetration depth λ(T) represents
the penetration of an alternating magnetic field at the surface of the
superconductor.30 Figure 5 shows the amplitude of the measured
transmission coefficient S21 of the central resonant frequency f12,2
of the mode TM12 as a function of temperature when the cavity is
progressively cooled from above to and below the superconducting
transition temperature of niobium at about 9.2 K. The peaks clearly
sharpen for temperatures below 9.2 K.

B. Quality factor vs temperature
Since below its critical temperature, the surface resistance of

the superconducting niobium coating is a function of temperature,30

and the quality factor is also a function of temperature. Figure 6
shows the quality factors Q11,1, Q11,2, and Q11,3 of the TM11 triplet
components as a function of temperature. As expected for niobium,
which is a type-II superconductor, they progressively increase as the
temperature is lowered below the critical temperature Tc = 9.2 K

FIG. 5. Variation of the transmission coefficient ∣S21∣ spectrum for resonant
frequency f12,2 of the mode TM12 at different temperatures.

FIG. 6. Quality factors of the TM11 triplet resonant frequencies vs temperature
measured under vacuum.
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and tend to become constant at low temperature.31,32 Therefore,
the lowest working temperatures correspond to the highest-quality
factors enhancing the resolution of frequency and pressure mea-
surements.18 Following the test shown in Fig. 6, coupling to the
cavity modes was reduced by reducing the insertion depth of the
antennas, increasing the quality factor Q of the TM11 mode up to
3.8 × 106 at 5.4 K. Compared to a copper resonator, the quality factor
of a superconducting resonator is increased by a factor of 100.

C. Relative frequency uncertainty
Figure 7 shows the relative uncertainty of a least square fit to

the three single resonance frequencies composing the TM11 triplet,
using a suitable function and a Levenberg–Marquardt33,34 opti-
mization algorithm, as in the procedure described in Ref. 21. The
measurements shown in Fig. 7 were recorded while the resonator
was cooling down between 9.5 and 5 K. It is evident that, within the
triplet, the highest resonance frequency f11,3 yields the lowest uncer-
tainty. The points marked (1) and (2) correspond to measurements,
in stable temperature conditions, of the relative uncertainty of the
frequency f11,3 at 5.1 and 7.6 K, respectively. It is clear that the lowest
uncertainty is obtained at the lowest temperature.

D. Choice of the setpoint for the temperature
regulation of the resonator

Tests conducted at different temperatures confirmed that the
lowest uncertainty in the determination of the resonance frequency
could be obtained near the lowest temperature achieved by the cryo-
stat at about 4.7 K. Nevertheless, the setpoint temperature for all
subsequent measurements and tests was fixed at 5.4 K, slightly above
the critical point temperature of helium-4 at 5.2 K, to reduce the risk
of pre-condensation phenomena.35

E. Stability under vacuum
The stability of resonance frequency measurement and the

possible influence of undetected sources of noise or drifts were
estimated by repeated measurements over 2 h under vacuum at a
temperature of 5.4 K.

Figure 8 shows the Allan deviation of this measurement series,
with the slope marked −1/2 identifying the region where Gaussian
noise is prevalent. In this region, the signal can be integrated to

FIG. 7. Relative fitting uncertainty of the frequency of the TM11 mode triplet com-
ponents vs temperature recorded while the resonator was rapidly cooling from
9.5 to 5.1 K. Measurements in stable temperature conditions at (1) at 5.10 K and
(2) 7.56 K.

FIG. 8. Allan deviation of the resonant frequency with the resonator under vacuum
at 5.4 K.

reduce the standard deviation of the mean, reducing the correspond-
ing uncertainty contribution. After 85 s of integration time, the Allan
deviation is 3 × 10−10, corresponding to 15 mPa when converted
into pressure; after 10 min of integration time, the Allan deviation
reduces to 1 × 10−10, equivalent to less than 6 mPa.

F. Experimental pressure resolution
The pressure resolution was estimated during the first tests. In

the initial state, the resonator was under vacuum and at a temper-
ature of 5.4 K. A helium pressure of 20 Pa was applied to it for
about 45 min, at the end of which the gas was pumped out to restore
the resonator to the initial state. As Fig. 9 shows, a pressure vari-
ation of 20 Pa changes the resonant frequency by 2.5 kHz, while
the fitting precision of the resonant frequency is about 0.27 Hz for
the TM11 mode. The frequency resolution of the present instrument
corresponds to a pressure resolution of <3 mPa.

G. Pressure cycles
The temperature of the microwave resonator being regulated

at 5.4 K, three series of measurements were performed varying
the pressure between 20 kPa and 500 Pa in steps of 2 kPa. The
pressure values were set, and the measurements were carried out
automatically. Each step corresponds to about 4 h of measuring time.

FIG. 9. Frequency shift induced by a 20 Pa variation of helium gas pressure at
5.4 K.
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Figure 10 shows pressure steps taken from a typical pressure cycle.
Temperature spikes occur each time the pressure is changed because
of adiabatic compression or expansion, and the time lapse needed to
recover equilibrium by temperature regulation is around 1 h.

Figure 11 shows the stability of the reference pressure around
20 kPa and the stability of temperature regulation at 5.4 K measured
simultaneously over several hours.

Figures 12, 13, and 14 show the relative and absolute differ-
ences between microwave pressure standard and a reference sensor,
traceable to national standards, over three cycles carried out succes-
sively and identified by the numbers 1, 2, and 3. For the sake of

FIG. 10. Simultaneous evolution of the measured pressure (upper plot), resonator
temperature (middle plot), and the resonant frequency of the TM11 mode (lower
plot) during a pressure cycle at a mean resonator temperature of 5.4 K.

FIG. 11. Stability of the reference pressure (A) and the resonator temperature at
5.4 K (B) measured simultaneously.

FIG. 12. Relative pressure difference ∆p/p = [(pMRGM − pref )/p] between the
microwave manometer and a calibrated reference pressure transducer for three
successive cycles where the pressure was reduced from 20 to 2 kPa.

FIG. 13. Relative pressure difference ∆p/p = [(pMRGM − pref )/p] between the
microwave manometer and a calibrated reference pressure transducer for the first
two successive cycles between 4 kPa and 500 Pa. The last cycle could not be
completed due to a lack of liquid helium.

comparison, the correction to account the thermomolecular effect
was calculated following the recommendation of a guide to the
realization of the ITS-90 used.36

Figure 14 shows that the results obtained over subsequent
pressure cycles are not reproducible with the difference between
the microwave standard and reference sensor increasing at low
pressure.

As a possible justification for the unsatisfactory repeatability,
we observe that the stability of the 8.5-digit multimeter used to mea-
sure the temperature of the resonator was inadequate, being heavily
affected by ambient temperature variations, and presumably drift-
ing over several weeks of measuring time. Regarding the difference
between the MRGM and reference pressure sensor, which increases
at low pressure, we suppose that the thermomolecular pressure cor-
rection used is not adequate to account for some defects of the
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FIG. 14. Absolute difference ∆p = (pMRGM − pref ) between the microwave
manometer and a calibrated reference pressure transducer for three successive
cycles where the pressure was reduced from 20 kPa to 2 kPa.

present cryostat. It is possible that traces of glue or soldering tin in
the pressure tube at the inlet of the cryostat increase the thermo-
molecular effect in a way difficult to estimate. We anticipate that a
future improved apparatus will allow the measurement of this effect
in situ to quantify this correction with greater confidence.

H. Provisional uncertainty budget
Table I shows the provisional uncertainty budget of the

microwave sensor for helium pressure of 500 Pa and 20 kPa, with the
superconducting resonator temperature at 5.4 K. The listed uncer-
tainties were determined by the influence coefficient method37 by
evaluating the contribution of each factor to the measured pressure
by iterative calculations from their physical expressions. Uncertainty
estimates attributed to the temperature reference thermometer cor-
respond to their calibration uncertainty. The temperature control
uncertainty “T regulation” is evaluated from experimental runs. The
relative uncertainty estimate for the isothermal compressibility κT is
1% as from Ref. 22. The uncertainties of the ab initio coefficients Aμ,
Aε, Bε, Bρ, Cρ, and Dρ are interpolated, at the working temperature,
from published estimates of ab initio calculations.14,38 The frequency
uncertainty “fm measurement and corrections” include contribu-
tions from fitting, microwave instrumentation, and corrections for
thermal expansion.

The prevalent uncertainty contributions are from the temper-
ature measurements and poor repeatability, which is apparent from
the scatter of frequency results over repeated measurement cycles.
We remark that, for future work, the use of a rhodium–iron stan-
dard thermometer calibrated against an acoustic gas thermometer
(AGT) would reduce the uncertainty contribution of temperature
measurement by a factor of 21 with the combined uncertainty of the
standard becoming 28 mPa (53 ppm) at 500 Pa and about 1,900 mPa
(97 ppm) at 20 kPa.

The search for a possible explanation of the poor repeatability
of microwave frequency measurements over repeated measurement
cycles stimulated several tests, including: a verification of the influ-
ence of an external magnetic field on the measured resonance
frequency, with the apparatus being tested with and without an

TABLE I. Helium gas pressure measurement uncertainty budget for a superconduct-
ing microwave cavity at T = 5.4 K. Key: P, pressure; κT , isothermal compressibility;
T , thermodynamic temperature; Aμ, molar magnetic polarizability; Aε, molar electric
polarizability; Bε, second dielectric virial coefficient; Bρ, Cρ, and Dρ, density virial coef-
ficients; and fm, measured frequency. Uncertainty components less than 20 μPa are
either omitted or replaced by ⋅ ⋅ ⋅.

Working pressure 500 Pa 20 kPa

Uncertainty unit (mPa) (mPa)

p uncertainty components, type B

κT 0.7 26
T calibration 200 7900
Gas impurities ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
Aμ20 0.2 6
Aε15 0.1 4
Bε15 0.06 36
Bρ38 0.06 47
Cρ38 ⋅ ⋅ ⋅ 7
Dρ38 ⋅ ⋅ ⋅ 1

p uncertainty components, type A

T regulation 7 49
Repeatability 20 1900
fm measurement and corrections 16 136

p combined uncertainty (A and B) 200 8100

anti-magnetic shielding in place; several reference oscillators
(10 MHz) were tested, including a rubidium frequency standard and
a Global Positioning System (GPS) reference to achieve better long-
term stability; the vector network analyzer used to measure resonant
frequency was serviced and had a new calibration; the resonator
temperature measurement uncertainty was checked by temporarily
using a high-performance resistance bridge; microwave acquisition
and curve fitting algorithms were improved and different types of
low-noise amplifiers, microwave isolators, and antennas were tested;
the position and type of control thermometers were varied; the clo-
sure of the resonator hemispheres was refined; and heater positions
were modified. Finally, tests were also performed at a temperature of
80 K using argon instead of helium to assess the possible influence
of pre-condensation effects.

Despite all these tests, a convincing explanation of repeatability
issues still requires further investigation.

V. CONCLUSION
We have described a primary pressure standard for the range

500 Pa to 20 kPa aimed at providing better calibration and measure-
ment capabilities in this range than those currently available using
pressure balances. In the present work, pressure is measured by
refractive index gas manometry using helium-4. The refractive index
is measured using microwave resonance (from 5.0 to 11.7 GHz) with
a quasi-spherical niobium-coated copper resonator. As far as we
are aware, this is the first time a superconducting microwave cavity
has been used to measure pressure. This proof-of-principle study is
complementary to work using argon gas in a (non-superconducting)
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copper microwave resonator, whose performance is currently under
evaluation.

A preliminary uncertainty evaluation of the microwave pres-
sure standard presented here yields a standard uncertainty of 0.2 Pa
at 500 and 8.2 Pa at 20 kPa, with a major contribution from ther-
mometry, which might be substantially reduced in future work,
using a rhodium–iron thermometer directly calibrated on the ther-
modynamic temperature scale, e.g., by acoustic gas thermometry,7
and a resistance bridge to increase measurement repeatability. At
20 kPa, roughly half of the present uncertainty arises from the lim-
ited repeatability of the measurements reported here, whose origin
requires further investigation.
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