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Abstract
By measuring the refractivity and the temperature of a gas, its pressure can be assessed from
fundamental principles. The highest performing instruments are based on Fabry–Perot cavities
(FPC). Gas modulation refractometry (GAMOR) is a methodology that has the ability to
reduce the influence of disturbances to such an extent that high-precision
(sub-parts-per-million) assessments of pressure can be made by the use of FPCs of Invar. To
allow for high accuracy assessments, it is of importance to assess the uncertainty contribution
from the thermodynamic effects that are associated with the gas filling and emptying of the
cavity (pV-work). This paper presents a detailed scrutiny of the influence of the gas exchange
process on the assessment of gas temperature on an Invar-based dual-FPC (DFPC)
instrumentation. It is shown that by virtue of a combination of a number of carefully selected
design entities (a small cavity volume with a bore radius of 3 mm, a spacer material with high
heat capacitance, large thermal conductivity, and no regions that are connected with low
thermal conductance, i.e. no heat islands, and a continuous assessment of temperature of the
cavity spacer) the system is not significantly affected by pV-work. Simulations show that 10 s
after the filling all temperature gradients in the system are well into the sub-mK range.
Experiments support that refractivity assessments initiated after 40 s are not significantly
affected by the pV-work. The analysis given in this work indicates that an upper limit for the
influence of pV-work on the Invar-based DFPC system using 100 s long gas modulation cycles
is 0.5 mK/100 kPa (or 1.8 ppm/100 kPa). Consequently, thermodynamic effects will not be a
limiting factor when the Invar-based DFPC GAMOR system is used for assessments of
pressure or as a primary pressure standard up to atmospheric pressures.

Keywords: quantumpascal, GAMOR, optical pressure standard, gas refractometry, pV-work,
Invar-based

(Some figures may appear in colour only in the online journal)

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1681-7575/22/035003+14$33.00 Printed in the UK 1 © 2022 BIPM & IOP Publishing Ltd

https://doi.org/10.1088/1681-7575/ac5ef9
https://orcid.org/0000-0002-6794-5071
https://orcid.org/0000-0001-5790-2185
https://orcid.org/0000-0002-3261-9903
https://orcid.org/0000-0001-6113-6719
https://orcid.org/0000-0001-6824-3111
https://orcid.org/0000-0001-9383-1353
https://orcid.org/0000-0002-1734-1800
https://orcid.org/0000-0002-3466-381X
https://orcid.org/0000-0003-0542-1739
https://orcid.org/0000-0001-9068-6031
https://orcid.org/0000-0002-8580-9700
mailto:Tom.Rubin@PTB.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1681-7575/ac5ef9&domain=pdf&date_stamp=2022-4-14
https://creativecommons.org/licenses/by/4.0/


Metrologia 59 (2022) 035003 T Rubin et al

1. Introduction

Fabry–Pérot cavity (FPC) based refractometry is a sensi-
tive laser-based methodology for the assessment of molar
density and pressure [1–7]. By measuring the refractivity,
n − 1, where n is the index of refraction, the density of a gas
can be calculated using the Lorentz–Lorenz equation, and, if
also its temperature is known, its pressure can be assessed
by an equation of state [8–13]. The technique has demon-
strated assessment of molar densities and pressures with both
high precision and good accuracy over a large dynamic range
(for pressure, ranging from low mPa to hundred kPa). Recent
works have indicated that the methodology also has the poten-
tial to replace current pressure standards, in particular in the
1 Pa to 100 kPa range [12–16].

To be able to assess pressure with highest accuracy, which
is of particular importance if it is to be used as a primary stan-
dard, it is of importance to make use of accurately assessed gas
parameters and utilize well calibrated temperature sensors or
fixed points. The relevant gas parameters are the molar polar-
izability and the refractivity and density virial coefficients of
the gas under scrutiny. It is also of importance to certify that
the assessments are taken under adequate conditions; in par-
ticular to assess whether the gas exchange process affects the
assessment of the gas temperature [17].

If a volume of gas is flowing from a region with higher pres-
sure to one with lower, the gas particles will be accelerated
along the streamline, experiencing a net force driven by the
pressure difference in the two volumes. This implies that the
gas species entering the low pressure compartment can have
speeds that are significantly larger than both the mean ther-
mal velocity of the gas originally residing is the cavity and
the speed of sound. Hence, the gas brings in excess energy
into the ‘low’ pressure compartment. The gas transferred into
this compartment will then, by mutual collisions, increase the
mean thermal velocity of its species, which is tantamount to
that its temperature increases. The entering gas species will
similarly interact with the walls of the compartment and will
heat those up as well. The energy for both these processes is
taken from the gas species in the high pressure compartment,
whose temperature thus decreases. This takes place even if the
gas is ‘ideal’. Since this will influence the temperature distri-
bution in the system (both the temperature of the gas and the
cavity spacer), it can have an adverse influence on the ability
of the system to correctly assess the pressure.

A thorough investigation of this effect on the fixed length
optical cavity (FLOC) system at NIST (National Institute of
Standards and Technology, USA) was recently carried out by
Ricker et al. [17]. It was concluded that the filling of gas in
their system will affect the cavity temperature homogeneity
for a considerable amount of time, impeding the ability to mea-
sure the gas temperature with highest accuracy, which, in turn,
adversely affects the ability to use the system as a primary
standard for pressure. The results from modelling presented
in that paper showed that, when the measurement cavity was
filled with gas (from 1 kPa to 100 kPa), the temperature of
various parts of the system (defined as the glass elements of

the refractometer and the ‘thermal-shell’ copper chamber) is
homogeneous to within 0.5 mK only after an equilibration time
of 3000 s. If cavity materials are used, that are permeable for
the gas (e.g. ULE glass combined with helium and other gases)
then the important purity of the gas is at higher risk for longer
equilibration times [18]. In general such a long equilibration
time precludes rapid assessments and opens up for the risk to
be significantly influenced by drifts [19].

The gas modulation refractometry (GAMOR) methodol-
ogy, which previously has demonstrated an outstanding ability
to mitigate the influence of disturbances (predominantly fluc-
tuations and drifts), utilizes gas modulation cycles in the order
of 100–200 s [15, 20–24]. In order for such systems to provide
accurate assessment, it is of importance to ascertain that they
are not significantly affected by temperature effects caused by
the exchange of gas on this time scale.

Since the Invar-based dual-FPCs (DFPCs) system used with
the GAMOR methodology has a dissimilar construction as
compared to the NIST-FLOC system, it is not directly possi-
ble to draw conclusions from the work by Ricker et al. [17]
regarding properties of the Invar-based GAMOR system. On
the other hand though, it is possible to conclude that since it
originally was constructed to facilitate gas exchange processes,
there are indications that it is not strongly affected by thermo-
dynamic effects from gas exchange processes; in fact, it has
been tacitly assumed that the influence of pV-work on assess-
ments of pressure in the Invar-based GAMOR system is signif-
icantly smaller than what it is in the NIST-FLOC system and
that it is insignificant on the time scales of the gas modulation.
So far, however, this assumption has not been verified.

The most prominent reasons why the Invar-based FPC-
system is not expected to be strongly affected by thermo-
dynamic effects are the following ones [25, 26]. The cavity
system used is ‘closed’, implying that the gas does not fill
a volume surrounding the spacer like for an ‘open’ system.
Instead the gas fills only one of the cavities. Each cavity has
been manufactured with a thin bore (with a radius of 3 mm).
This implies that the gas rapidly takes the temperature of the
cavity wall (within a fraction of a second) and that each fill-
ing of gas brings in only a small volume of gas (with a spacer
length of 148 mm, <5 cm3), and thereby only a small amount
of energy. Invar has a high volumetric heat capacity, which
implies that a given amount of energy (supplied by the gas)
only provides a small temperature increase in the spacer mate-
rial. The fact that Invar also has a high thermal conductivity and
that the system has been constructed without any heat islands
(i.e. regions that are connected with low thermal conductance)
imply that any small temperature inhomogeneity rapidly will
spread in the system (significantly faster than in systems with
cavity spacers made of glass materials or with larger gas vol-
umes). Moreover, since the temperature of the cavity spacer
is assessed by the use of sensors either placed in holes drilled
into the cavity spacer (three Pt-100) or wrapped around the out-
side of the spacer (a thermocouple) whose output is referred to
a gallium fix point cell, the assessment of gas temperature is
not affected by any possible homogeneous heating of the cav-
ity spacer; it is only influenced by the difference between the
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temperature of the cavity spacer at the position(s) of the sen-
sors and that of the cavity wall. All this points to the fact that
the Invar-based DFPC system is not significantly affected by
thermodynamic processes associated with the filling and evac-
uation of gas, which allows for the rapid gas exchanges that
are utilized in the GAMOR methodology.

To assess whether the Invar-based DFPC GAMOR system
is affected by such processes, and if so, to which degree, this
work presents, by both simulations and experimental assess-
ments, a detailed scrutiny of the influence of the gas exchange
process on its assessment of gas temperature (and thereby
pressure).

2. Theory

2.1. Thermodynamic estimates

When gas is transferred from a pressurized volume into an
evacuated one, work is carried out that leads to an increase in
its temperature. Baker showed that this work can be estimated
by considering the reverse process (i.e. a filling process) at con-
stant pressure [27]. The work done on a gas that flows out of a
vessel when its volume is reduced can be estimated by consid-
ering a piston with an area A that moves a distance l in a tube
as W =

∫ l
0 pA ds = pV = NkBT, where N is the number of gas

molecules and T the initial temperature.
The gas takes its maximum temperature in the fictitious

case when no energy is transferred to the surrounding walls.
In this case, all the work performed by the piston contributes
to the internal energy of the gas, ΔU, which, if distributed
among all degrees of freedom of the gas species, fU , is given
by fU

2 NkBΔT, where ΔT is the increase in temperature. This
shows that the maximum increase in temperature the gas can
experience is given by ΔT = 2

fU
T. For nitrogen (for which

fU = 5) at an initial temperature of 300 K the theoretical max-
imal temperature increase, when the entire internal energy of
the gas is distributed among all degrees of freedom of the
gas species, for a homogeneously distributed temperature, is
120 K.

For the more realistic case when the gas also transfers
energy to the walls, the increase in gas temperature will be
lower (although the total energy transferred to the originally
evacuated vessel is the same). This was experimentally ver-
ified by Jousten for a situation in which helium as well as
argon were expanded from a small constant volume vessel
with pressures between 30 and 300 kPa into a larger evacuated
one [28].

Irrespective of which peak temperature the gas reaches dur-
ing this process, the gas will inevitably, by collisions with
the cavity walls, rapidly thermally equilibrate with the cav-
ity walls whereby all of the associated energy eventually will
be transferred to those. It can be estimated from gas dynamic
considerations that, for the narrow bore system scrutinized in
this work, and under sub-atmospheric or atmospheric pres-
sure conditions, this should take place at a sub-second time
scale.

The energy delivered by the gas to the cavity material,
which for a system with a tiny volume is small (<0.5 J for

a system with a volume <5 cm3 filled to atmospheric pres-
sure), will diffuse into the spacer material according to the
equation of heat. The characteristic time scale for this depends
on the geometry of the cavity spacer, the thermal conductivity
of the spacer material, and the presence (or absence) of any
possible heat islands. For the Invar-based DFPC system under
scrutiny here, the characteristic time scale for this process can
be estimated to be in the few or ten seconds range. This implies
that, at the time when the refractivity assessments are being
made, which normally takes place 40–50 s after the initiation
of the filling of gas, any spatially inhomogeneous tempera-
ture distribution in the cavity spacer material caused by the
introduction of gas is expected to have decayed several orders
of magnitude (typically to sub-mK levels). Consequently, the
Invar-based DFPC system utilizing the GAMOR methodology
is not expected to be significantly affected by thermodynamic
processes that are associated with the exchange of gas.

These estimates are supported by simulations presented in
section 4 and verified by cycle-resolved measurements shown
in section 5.

2.2. Refractometry and GAMOR

GAMOR-based refractometry is based on the same funda-
mental principle as ordinary (unmodulated) FPC-based refrac-
tometry; it measures the change in refractivity between two
situations, with and without gas in a cavity (henceforth referred
to as the measurement cavity), as a change in the frequency of
laser light that is locked to a mode of the cavity. Moreover,
for best stability, it has so far been implemented in DFPC sys-
tems. This implies that the change in refractivity, in practice,
is assessed as a shift in the beat frequency between the fre-
quencies of two lasers, one addressing the measurement cav-
ity and one probing the reference cavity when gas is let into
(or evacuated) from the measurement cavity [15, 20, 22–24].

Assessment of gas refractivity from the measured shift
in beat frequency, both for refractometry in general and the
GAMOR methodology specifically, are made by the conven-
tional means, as has been described in the literature [29]. The
assessments of gas density and pressure from gas refractivity
have likewise been given in the literature [8, 11, 21, 29–31].

3. Experimental

The Invar-based DFPC-refractometer used in this work is,
to a large extent, identical to the one presented in detail in
some other publications [15, 25, 26]. The heart of the system
is the cavity spacer, which is machined from a rod of Invar
(see figure 1). In the spacer, two throughgoing holes for
the measurement and reference cavities, and three likewise
throughgoing holes for temperature sensors (seen on the short
end and on the top of the cavity assembly, respectively) have
been drilled. In the middle of each cavity, a vacuum tube is con-
nected from the side in order to either supply the cavity with
gas or evacuate it. To mount the cavity mirrors to the spacer
the mirrors are placed in a machined inset with O-rings press-
ing against the back of the mirror substrates. Vacuum tight
seals are obtained by pressing the mirrors, via the O-rings, by
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Figure 1. Panel (a): the Invar cavity assembly before being equipped with temperature sensors and mounted inside the aluminium oven. The
plates screwed into the spacer at its short ends press the mirrors, via O-rings, onto the spacer. Panel (b): a schematic drawing of the cavity
assembly. Units in mm. Reproduced from [32]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

plates (with the same cross section as the cavity spacer) that
are screwed onto the spacer.

The cavity spacer is placed in an aluminum enclosure
(referred to as the oven) and is supported by four sharp pegs at
the points of minimum deflection. By this, all thermal bridges
to the spacer are minimized ensuring that the spacer is heated
uniformly by the air inside the oven. On top of the oven, four
pneumatic vacuum valves, used to control the flow of gas via
vacuum tubing to and from the cavities, are mounted. This
ensures that the temperature of the valves and tubing leading
into the cavity spacer will follow that of the oven.

The temperature stabilization of the spacer is performed in
three stages. In the first, the measurement environment, i.e. the
box that houses the refractometer, is stabilized to be within
100 mK of the melting point of gallium, TGa (302.9146 K),
by heating the covered breadboard on which the setup is
mounted.

In the second stage, the temperature of the oven is mea-
sured with a Pt-100 sensor inserted in the bottom of the oven.
This temperature reading is used to apply feedback to four
Peltier elements, placed under the oven, that regulate the oven
temperature with respect to the set temperature.

In the third stage, the temperature of the cavity spacer, mea-
sured as the mean of three Pt-100 sensors that are inserted
into the cavity spacer, Tcav, is used to apply feedback to the
set point of the oven servo stage. This feedback aims at keep-
ing the spacer at the Ga melting point. After the feedback is
engaged, the temperature of the cavity spacer stabilizes within
1 mK of TGa within 3 h.

The cavity temperature can be assessed with either three
Pt-100 sensors or by a thermocouple referred to a gallium fix
point cell [26]. When the Pt-100 sensors are used, the tempera-
ture of the cavity spacer is assessed by measuring the resistance
of the three sensors mounted in the spacer holes by a tempera-
ture input module (National Instruments, NI-9216). When the
Ga fix point cell is used, the temperature difference between
the Ga sample and the spacer is measured by the use of a type-T

thermocouple wound around the cavity spacer. As the differ-
ence in temperature is small this voltage is typically in the μV
range and is assessed by a nanovoltmeter (Keithley, 2182A).

The expanded long term (40 days) uncertainties of the tem-
perature assessment performed by the Pt-100 sensors and the
thermocouple referred to the fix point cell have been assessed
to 7.8 mK and 1.2 mK, respectively [15]. However, although
the thermocouple has a lower uncertainty (better accuracy)
than the Pt-100 sensors, it has a larger level of (short term)
noise. It is therefore not the best choice for cycle-resolved
assessments. On the other hand, on short time scales, i.e.
10 h, the difference between the two methods has been shown
to be within a fraction of a mK (for k = 2, within 220μK) [26].
This implies that, for cycle-resolved assessments, it is advi-
sory to assess temperature fluctuations by use of the Pt-100
sensors.

Figure 2 shows a schematic view of how the refractome-
ter is connected to the gas system, comprising a common gas
supply and distribution system. In the figure, the colored lines
represent gas lines where the red color relates to low pressures
while the blue one represents high pressures.

The gas modulation cycle is achieved by switching between
state I and II, which are shown in the insert in figure 2. During
the gas filling and stabilization stage (state I), the valves 2 and
3 are closed, while the valves 1 and 4 are open, resulting in
evacuation of the reference cavity (represented by the red gas
lines). During the evacuation stage (state II), the valves 1 and
3 are closed, while the valves 2 and 4 are open, resulting in
evacuation of the both cavities.

To be able to experimentally characterize this system, we
have utilized a dead weight piston gauge (DWPG) to create and
maintain a pressure that can be assessed by the refractometer.

To fill the system with gas, the gas supply system, consist-
ing of a mass flow controller (MFC, Bronkhorst, FG-201CV)
and an electronic pressure controller (EPC Bronkhorst,
P-702CV), is connected to a central gas distribution system
(in this work distributing N2). Referring to figure 2, in the
volume to the left of valve 5, gas constantly circulates to
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Figure 2. Schematic illustration of the gas supply-and-evacuation
system. Different parts of the gas lines are indicated by colors:
green: the supply part; blue: the high pressure part; red: the low
pressure part; and yellow: the DWPG hood pressure. A and B
represent pressure gauges. MFC: mass flow controller; and EPC:
electronic pressure controller; DWPG: dead weight piston gauge.
The insert shows the two valve states: state I: gas filling and
stabilization stage; and state II: the evacuation stage.

prevent contamination from building up. Valve 5 is opened
and closed by a relay that is controlled by the pressure mea-
sured by gauge A (Oerlikon-Leybold, CTR 101 N 1000 Torr).
Whenever the reading of pressure gauge A falls below a user-
defined set-pressure valve 5 opens, re-filling the system. After
the filling, the valve will close, whereby the DWPG will auto-
matically regulate the pressure to its set-pressure (by changing
the volume).

Although the GAMOR methodology normally is performed
with gas modulation cycles with a cycle time of 100 s, to more
clearly assess a possible drift of the signal caused by any pV-
work, a series of simulations and measurements were in this
work made for a variety of pressures of nitrogen with gas
modulation cycles with a cycle time of 200 s (distributed over
a 100 s filling-and-stabilization part and a 100 s evacuation
part).

4. Simulations

Let us first emphasize that the DWPG is not a part of the
Invar-based DFPC refractometer; it is used solely to produce a
pressure that the refractometer can assess under various con-
ditions. Hence, to assess the inherent properties of the refrac-
tometer, all simulations were carried out without taking the
finite response time of the DFPG into account.

The simulations considered the filling of one cavity in a
DFPC system, denoted the measurement cavity, while the
other was held at vacuum. For simplicity, the simulations were
made in two consecutive steps. The first one addressed the gas
dynamic processes that take place in the cavity when nitrogen
is let into an empty cavity while the second one dealt with the
heat transport (and distribution) processes in the cavity spacer.
As is shown below, the simulations indicate that the equilibra-
tion of pressure in the cavity takes place on a time scale of tens
of ms while the temperature of the gas equilibrates with that
of the cavity walls on a time scale of a second. They also indi-
cate that the subsequent diffusion of heat in the spacer material
takes place on a time scale of ten seconds. The fact that the gas
dynamic effects take place on a time scale that is more than one
order of magnitude shorter than the heat transport processes in

Table 1. Parameters and conditions of the simulations of the
development of the gas pressure and temperature in the
measurement cavity.

Parameters Value

Gas species Nitrogen
Initial pressure 0 kPa
Wall temperature 302.915 K
Wall interaction ‘No slip’
Gas temperature at the inlet 302.915 K
Inlet pressure 30 or 100 kPa
Length of time step during the first 10 μs 1 μs
Length of time step during the subsequent 0.50 s 50 μs
Length of time step during the following 0.75 s 500 μs
Length of time step during the last 0.75 s 5000 μs

the spacer justifies the separation of the thermodynamic effects
in the system into two consecutive steps—gas dynamics and
spacer thermalization.

4.1. Gas dynamics—pressure and thermal equilibration
of the gas after introduction into the cavity

The pressure and temperature equilibration processes in the
measurement cavity were simulated using the Ansys software
version 16.0 together with the included fluid dynamics tool
Fluent 16.0. Two different conditions were simulated; 30 kPa
of nitrogen let into the measurement cavity (representing one
of the cases studied experimentally, see below, referred to as
case 1), and 100 kPa (representing atmospheric pressure con-
ditions, case 2). Since the cavity spacer is held at the melting
point of gallium (302.915 K), the wall temperature of the cav-
ity was assumed to be the same. Moreover, since the cavity has
a volume that is similar to that of the gas lines prior to the gas
regulating valve (valve 1 for the measurement cavity) inside
the housing box, it has been assumed that also the tempera-
ture of the gas when it enters the cavity is at the Ga melting
point. The conditions used for the simulations are summarized
in table 1. To simplify the simulations, the boundary condi-
tions used were that the temperature of the cavity wall is kept
constant (due to its minor temperature fluctuations) and that
the inlet pressure is reached instantaneously.

Figure 3 shows the 3D-CAD model of the DFPC res-
onator that was used for finite-volume method simulations
with Ansys. To shorten the computation time, and due to sym-
metry reasons, only one half of the cavity (length-wise) was
simulated. Although the temperature and pressure fluctuations
were evaluated at all grid points of the 3D model, five so called
‘monitoring points’ as well as the center line of the cavity
were chosen for in depths observations of the system. The five
points, marked by the red points in figure 3, are positioned in
the center of the measurement cavity (i.e., with x =−12.5 mm
and y = 0 mm). They are arranged equidistantly between point
1, which is at the gas inlet, and point 5, which is half a mil-
limeter away from one of the cavity mirrors. Consequently, the
z-positions for five points (from 1 to 5) are: 0, 18.5, 37, 55.5,
and 73.5 mm, respectively. The thin, solid line represents the
center part of the cavity that is probed by the laser light.

Figure 4(a) shows, by the lower (solid) and upper (dashed)
sets of colored curves, the time development of the pressure for
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Figure 3. Schematic drawing of the DFPC spacer. The cavity
illustrated in green is the measurement cavity, which is filled with
gas during in the beginning of each modulation cycle. The five red
points indicate the positions of the five monitoring points in the
simulation. The thin, solid line represents the center part of the
measurement cavity that is probed by the laser light. The three bores
along the y-axis between the cavities are where the Pt-100 sensors
are inserted.

the first 10 ms at the five monitoring points after the introduc-
tion of 30 and 100 kPa of nitrogen into an empty measurement
cavity held at the gallium melting point, respectively. The solid
and dashed black curves indicate their averages along the cen-
ter of the cavity (the solid line in figure 3, representing the part
of the gas that is probed by the laser light).

Panel (b) illustrates, by the five colored curves, the tem-
perature of the gas at the five monitoring points for the first
2 s after the introduction of 30 kPa of gas. Again, the solid
black curve represents their average along the center-line of
the cavity. The dashed black curve illustrates the correspond-
ing average for 100 kPa. Note the difference in scales of the
x-axes; while panel (a) illustrates the pressure over the first
10 ms, panel (b) shows the temperate during the first 2 s.

Panel (c) finally, displays, by the solid and the dashed
curves, the time development of the difference between the
average temperature of the center part of the cavity (i.e. the
part of the cavity probed by the laser light) and the fixed tem-
perature of the cavity wall for the first 2 s when 30 kPa or
100 kPa are introduced, respectively.

Panel (a) shows that, after the introduction of gas, for
both pressures, the pressure in the cavity equilibrates rapidly
(within 10 ms). Panel (b) shows, on the one hand, that the max-
imum increase in the (average) temperature of the gas that is
probed by the laser is 20 and 50 K for the cases with 30 and
100 kPa, respectively, but also, on the other hand, that this
increase in temperature rapidly decays (on a sub-second time
scale).

Panel (c) illustrates, by the solid curve, that when 30 kPa of
nitrogen is let into the cavity, the average temperature of the
part of the cavity that is probed by the laser light (the center
part of the cavity) decays towards the cavity wall temperature

in an exponential manner with a time constant of 0.07 s. It also
shows that it is within 1 mK of the temperature of the wall after
around 1 s (after 1.05 s).

The dashed set of data indicates that when 100 kPa of nitro-
gen is introduced the decay is slightly slower; the gas tempera-
ture decays exponentially towards the cavity wall temperature
with a time constant of 0.14 s and it is within 1 mK of the
temperature of the wall after 1.5 s.

4.2. Thermalization of the cavity spacer

The transport and distribution of heat in the cavity spacer were
simulated with the FEM-software: COMSOL Multiphysics R©

(version 5.4) assuming that an amount of energy of 0.15 J (rep-
resenting the pV-work from a gas at a pressure of 30 kPa) is
deposited by the gas to the cavity walls. To take gas dynamic
effects into account, the energy was deposited in an expo-
nentially decaying manner with a time constant given by the
longest decay displayed in figure 4(b), i.e. 0.14 s. The con-
ditions used for the simulation are summarized in table 2,
where the mirrors were simulated using a standard glass type
(N-BK7).

Figure 5 shows some typical results of such simulations
for a few selected time instants, displayed as heat maps of a
cross section of the Invar spacer at the z-position of the first
Pt-100 sensor (i.e. at 50 mm from the center of the cavity) in
a 200 s long gas modulation cycle when 30 kPa is let into the
measurement cavity. The upper row of heat maps represents
the first hundred seconds of the gas modulation cycle (i.e. the
gas filling and stabilization part of the cycle), while the lower
one depicts the second hundred second section of the mod-
ulation period (representing the evacuation stage). The black
circular areas in the panels represent the cavity bores while
the black curves outline the outer surface of the cavity spacer.
The domains outside the black curves comprise air whose outer
boundaries have a fixed temperature.

The simulations show, first of all, that for the case consid-
ered, the energy deposited by the gas will cause heating of the
cavity spacer solely in the low or sub-mK range. The maximum
heating any part of the cavity spacer will experience after 1 s is
<5 mK, which is more than four orders of magnitude smaller
than the theoretically maximum heating of the gas, calculated
as pV .

The upper row of heat maps also shows that the heat will
thereafter rapidly (on the scale of seconds) diffuse into (and
distribute within) the cavity spacer; e.g. after 10 s, the tem-
perature of the cavity spacer has, at no point, increased more
than 1 mK, and, after 30 s, which is well ahead of the time
when the refractivity assessments are made (which, under nor-
mal working conditions, i.e. when gas modulation periods of
100 s are used, takes place 40–50 s after the filling of gas,
and, in this work, when 200 s long modulation periods are
utilized, takes place after 90–100 s), the maximum tempera-
ture increase is well into the sub-mK range. The lower row
of heat maps shows that a similar situation takes place during
the evacuation, with a corresponding decrease of the tempera-
ture. After 200 s the spacer temperature is equilibrated within
0.1 mK from the original temperature.
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Figure 4. Panel (a) shows the time development of the pressure in the measurement cavity at the five monitoring points (1: red; 2: green; 3:
cyan; 4: blue; and 5: magenta) for the first 10 ms when nitrogen was introduced into the cavity. The lower and upper sets of colored curves
represent the cases when 30 and 100 kPa were let into the cavity, respectively. The black solid and dashed curves denote the average along
the center-line of the cavity. Panel (b) displays, by the colored curves, the time development of the temperature at the same five points when
30 kPa is introduced held at the gallium melting point. The solid curve illustrates the average of the temperature of the gas along the
center-line of the cavity (i.e. the part of the cavity probed by the laser light). The dashed black curve shows the corresponding average for the
case when 100 kPa is let in. Panel (c) shows, by the solid and the dashed curves, the time development of the difference between the part of
the cavity probed by the laser light and the cavity wall when a pressure of 30 and 100 kPa of nitrogen is let into the cavity, respectively. The
dashed blue line indicates a temperature difference of 1 mK.

Table 2. Parameters and conditions of the simulations of
thermalization of the cavity spacer.

Parameters Value

Material Invar
Thermal conductivity 13.5 W m−1 K−1

Specific heat capacity 515 J kg−1 K−1

Density 8.15 g cm−3

Initial temperature 302.915 K
Time steps 200 μs
Duration of gas modulation cycle 200 s
Gas filling and stabilization 0–100 s
Gas evacuation 100–200 s
Surrounding air pressure 1013 hPa
z-position 50 mm

The spatial and temporal distribution of heat is similar at
other cross sections. For the case with 100 kPa (not shown),
the heating and cooling of the spacer will be 3.3 times larger
than illustrated in figure 5. It is notable though that, after 30 s,
it is still in the sub-mK range.

To more clearly visualize the transport and distribution of
heat in the cavity spacer, figure 6 shows the temperature devi-
ation along the x-axis of the Invar-spacer in the middle of
the cavity (i.e. at Δy = Δz = 0 mm) for the ten time instants
displayed in figure 5. The green and the blue fields mark

the measurement and the reference cavity bores, respectively,
while the gray areas represent the air outside the spacer.

The figure shows that while the temperature deviation close
to the walls of the measurement cavity (i.e. at xm1 and xm2)
takes values in the low mK range for the first part of the gas
modulation cycle (during the first few seconds), it reaches
sub-mK values already after 10 s (and for times thereafter).
At the center of the spacer (in between the two cavities),
where the Pt-100 sensors are placed (i.e. at xPt), and at the
rim of the spacer, where the thermocouple is placed (i.e. at xs1

and xs2), the temperature deviation stays (for all times) in the
sub-mK range. This demonstrates that the heat supplied (and
subsequently removed) by the gas does not have any significant
influence on the overall temperature of the cavity spacer; it has
predominantly only a restricted temporal and spatial influence
on the temperature distribution in the spacer that does not inter-
fere with the temperature assessment (which is carried out as a
cycle-averaged temperature at xPt100 when the Pt-100 sensors
are used and at xs1 and xs2 when the thermocouple is used).

4.3. Assessment of the temperature of the gas

It is of importance to note that since the GAMOR-based
Invar cavity system is constructed with sensors that incessantly
assess the temperature of the cavity, the assessment of pres-
sure is not affected by any homogeneous steady-state heating
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Figure 5. Time evolution of the temperature distribution of a full
200 s long gas modulation cycle, represented as heat maps of a cross
section of the Invar spacer at the z-position of the first Pt-100 sensor
(i.e. at a position 50 mm from the end of the cavity), when 30 kPa of
nitrogen is introduced and evacuated from the measurement cavity.
The first row of heat maps (1–100 s) corresponds to the filling of gas
into the left cavity while the second row (101–200 s) depicts the
subsequent evacuation. The black areas represent the cavity bores
while the black curves outline the outer surface of the cavity spacer.
The domain outside the black curve comprises air whose outer
boundary has a fixed temperature (29.765 ◦C). Since the refractivity
assessment when gas is present is performed between 90 and 100 s
and the assessment when the cavity is empty between 190 and 200 s,
the last heat maps in each row represent well the situations when the
measurements are taken.

of the cavity spacer; it is only influenced by the difference
between the temperature of the cavity spacer at the position(s)
of the sensor(s) and that of the gas inside the cavity, which,
for the given design, according to figures 4(b) and (c), almost
instantaneously (i.e. within a fraction of a second) takes the
temperature of the cavity walls. It is therefore of importance to
monitor the temperature at a number of positions in the spacer.

Figure 7(a) illustrates the time development of the devia-
tion of the temperature at seven different Δx positions in the
cavity spacer at the Δy and Δz positions of one of the Pt-100
sensors (i.e. at Δy = 0 mm and Δz = 50) with respect to the
temperature of the spacer before the initiation of the gas mod-
ulation procedure during the two first consecutive fillings and
evacuations of 30 kPa of nitrogen in a series of gas exchanges.
The seven curves represent the seven Δx positions marked
in the upper part of figure 6. The dashed horizontal lines
represent ±0.3 mK, which correspond to ±1 ppm.

The curves show that the increase in temperature that the
measurement cavity initially experiences (which is out of scale
in figure 7(a)) spreads, in due time, to all positions of the cav-
ity spacer. However, they also show that, after 50 s, none of the
monitored positions has increased its temperature more than
0.3 mK (1 ppm). The xm1 and xm2 curves additionally indi-
cate that the temperature of the measurement cavity has been
increased merely 0.26 mK after 50 s (given by the average
of 0.22 and 0.28 mK) and 0.20 mK (the average of 0.18 and
0.22 mK) after 100 s.

It is important to emphasize though that when the tem-
perature is assessed by use of the sensor(s), the assessments
are likewise affected by the altered temperature at their posi-
tions. However, it has experimentally been found most reli-
able to average the measured temperature signal(s) over a

Figure 6. Temperature deviation along the width of the spacer (i.e.
along a horizontal center line in the x-direction) at Δy = Δz = 0
mm for the ten time instances of the gas modulation cycle addressed
in figure 5. Curve notations: 1–100 s represent the time after the
introduction of gas while 101–200 s represent the following 100 s
during the evacuation of the gas. All temperatures deviations are
given with respect to the steady-state cavity temperature. The green
and the blue fields represent the measurement and reference cavity
bores, respectively, while the gray areas correspond to the air
outside the spacer. Seven points of particular interest for the analysis
are identified and marked at the upper x-axis. They represent: xs1,
the position of the leftmost outer surface of the spacer (at
Δx = −30 mm); xm1 and xm2, the left- and rightmost positions of
the measurement cavity (at Δx = −15.5 and −9.5 mm); xPt, the
position of the Pt-100 sensor (at Δx = 0 mm); xr1 and xr2, the left-
and rightmost positions of the reference cavity (at Δx = 9.5 and
15.5 mm); and xs2, the position of the rightmost outer surface of the
spacer (at Δx = 30 mm).

number of modulation cycles. This implies that the assessment
of temperature is affected by an uncertainty that constitutes the
difference between the spatially average temperature of the
wall of the measurement cavity (xm1 and xm2) and the time-
averaged temperature at the positions of the sensor(s) (either
as the average of the three xPt-positions or the average of xs1

and xs2).
Based on panel (a), figure 7(b) therefore displays, by the red

curve, marked Pt-100, the time development of the difference
between the spatially average temperature of the measurement
cavity wall and the time average of the temperature of the
spacer at the positions of the three Pt-100 (the time average
of three xPt curves of the type that is displayed in panel (a))
and, by the blue curve, marked TC, the time development of
the difference between the spatially average temperature of the
measurement cavity wall and the time average of the spatial
average of the two positions at the outer surface of the spacer
(i.e. the xs1 and xs2 curves) during a gas modulation cycle when
addressing 30 kPa of nitrogen.

This implies that it is solely of importance what the differ-
ence between the temperature of the wall of the measurement
cavity (which represents the gas temperature) and the time-
averaged temperature of the spacer at the positions of the sen-
sors is when the filled measurement cavity assessment is taken,
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Figure 7. Panel (a). Time development of the deviation of the temperature at seven different Δx positions in the cavity spacer at the Δy and
Δz positions of one of the Pt-100 sensors (i.e. at Δy = 0 mm and Δz = 50) with respect to the temperature of the spacer before the initiation
of the gas modulation procedure during two consecutive 200 s long fillings and evacuations of 30 kPa of nitrogen. The seven curves show
the temperature deviation at the seven Δx positions marked in figure 6. Panel (b). Time development of the temperature difference between
the wall of the measurement cavity and the time-averaged temperature of the sensor positions; for the blue curve, marked Pt-100, the
positions of the three Pt-100 sensors, and, for red curve, marked TC, those of the thermocouple after the filling of 30 kPa of nitrogen.

i.e. at the end of the gas supply-and-filling sections (for the
situation displayed in figure 7, for the first modulation cycle
between 90 and 100 s, and, for the second one, between 290
and 300 s); the temperature of the cavity wall when the mea-
surement cavity is being filled or evacuated, or when the empty
measurement cavity assessments are made, has no influence on
a pressure assessment.

Figure 7(b) shows that the difference between the temper-
ature of the wall of the measurement cavity and the time-
averaged temperature of the sensor positions, 50 s into the
supply-and-filling section, are 0.16 and 0.15 mK for the
assessments by the Pt-100 and the thermocouples, respec-
tively, and, after 100 s, 0.12 and 0.10 mK, for the same two
sensors, respectively. Hence, when the filled measurement
cavity refractivity assessments are made, the differences in
temperature are, for the two types of sensors, when 100 s
long modulation cycles are used, both within 0.5 ppm, and,
when 200 s long modulation cycles are used, even below
0.4 ppm.

Taking into account that these numbers correspond to a
pressure of 30 kPa implies that we can assess an upper limit
for the influence of pV-work on the Invar-based DFPC sys-
tem in its present configuration of, for 100 s long modulation
cycles, 0.5 mK/100 kPa (1.8 ppm/100 kPa) and, for 200 s long
cycles, 0.4 mK/100 kPa (1.3 ppm/100 kPa).

5. Experimental results

A series of measurements were performed for a variety of pres-
sures of nitrogen in the 4–30 kPa range with gas modulation

cycles times of 200 s. Figure 8 displays, by the four pairs of
panels, the 100 s long filling part of each cycle from four such
pressures, viz 4.3, 10.2, 16.0, and 30.7 kPa.

The top panel in each pair shows the pressure settling pro-
cess of the system as assessed by the refractometer. Each panel
displays ten consecutive gas fillings, plotted as colored curves,
while the solid black curve represents their average. The initial
(15–20 s) parts of the data, which are out of scale, represent
the combined effect of settling of the piston gauge and fill-
ing of the cavity. The dashed lines represent ±3 ppm, which
correspond to a variation (drift) of the temperature of ±1 mK.

To assess the presence of any possible cycle-correlated tem-
perature drift, the lower panel in each pair of panels shows,
by the colored sets of data, the measured unaveraged temper-
ature deviation of the same 10 modulation cycles expressed
as the mean of the temperature of the three Pt-100 sensors
located between the cavities. To enhance the assessment, the
black curves in these panels represent the average of 100 con-
secutive such gas modulation cycles. In both cases, the devia-
tions are expressed with respect to the mean value of the black
(averaged) curves.

The xPt curve in figure 7(a) above presented the sim-
ulated time development of the temperature of the spacer
at the position of one of the three Pt-100 sensors. Of this
data, the first 100 s correspond to the gas supply-and-filling
section of the cycle. The latter part of this section predicts
that the modulation-induced variation of the temperature of the
spacer at the position of the Pt-100 sensor is below 0.3 mK.
The figures 8(b), (d), (f ) and (h) present the correspond-
ing measured time evolution of the temperature deviations
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Figure 8. The upper panels in each pair of panels, i.e. the panels (a), (c), (e), and (g), display, by their coloured curves, the gas filling part
(0–100 s) of 10 individual consecutive gas modulation cycles (each with a total modulation time of 200 s) for four different set pressures of
the DWPG, viz 4.3, 10.2, 16.0, and 30.7 kPa. The black curves show the mean of the ten individual coloured curves. The dashed black
curves represent ±3 ppm deviations from the measured pressure. The lower panels in each pair, i.e. the panels (b), (d), (f), (h), illustrate, by
the colored curves, the mean temperature of the three Pt-100 sensors in the cavity spacer during the same 10 cycles in terms of the average
temperature of 100 consecutive temperature assessments of the three Pt-100 sensors. The black curves depict the mean of 100 consecutive
temperature assessments normalized to their individual averages.

during the gas filling assessed as the mean of the three
Pt-100 sensors. These measurements do not show, for any
pressure, any modulation-correlated temperature variation.
The reason for this is attributed to the finite resolution of
the temperature measurement, which is similar to the simu-
lated modulation-induced dependence. The lack of any clear
modulation-correlated temperature dependence indicates that
the simulations can be seen as an upper limit of the true
temperature variation.

Since the Pt-100 sensors are closer to the gas modulated
measurement cavity than the thermocouple, it can also be
argued that it should be more strongly affected than the ther-
mocouple by any modulation-induced temperature variation.
Since the temperature variations at the Pt-100 sensors are too
small to be resolved by the measurement system, it is like-
wise unlikely that there should be any detectable modulation-
correlated fluctuations in the response of the thermocouple.
This is in agreement with observations (not explicitly shown).

6. Analysis and discussion

The FLOC system developed by NIST was recently carefully
scrutinized for its use as a primary temperature standard with
respect to its response to the thermodynamic effects of gas
exchanges [17]. The system was found to be adequate under
the condition that it is given enough time to equilibrate after a

gas filling (in the order of 3000 s to reach an uncertainty level
of 0.5 mK). The merits of the Invar-based DFPC system scruti-
nized in this work with respect to its response to pV-work can
therefore most conveniently be estimated and appreciated by a
comparison with that system.

6.1. Gas dynamics

Figure 4 shows that the pressure and temperature variations
that originate from filling the cavity with gas can be substantial
on the shortest time scales but also that they rapidly decay to
an equilibrium. As was alluded to above, panel (a) shows that
the pressure in the cavity equilibrates on a time scale of some
tens of ms. Panel (b) reveals that the maximum increase in the
temperature of the gas is 20 and 50 K for the cases with 30 and
100 kPa, respectively, but also that the gas rapidly adopts the
temperature of the cavity walls. More specifically, panel (c)
illustrates that the decay is exponential with a time constant of
0.07 s for the case with 30 kPa and 0.14 s for 100 kPa. Since a
process with an exponential decay will have decayed 6 orders
of magnitude after 11 time constants, this implies that the aver-
age temperature of the center part of the cavity will rapidly
(within a couple of seconds) decay to temperatures well within
sub-mK of that of the cavity wall. For example, under atmo-
spheric pressure conditions, the temperature of the gas will
differ from that of the cavity wall only by 1 mK already after
1.5 s. This implies that the temperature difference between the
wall and the center of the cavity will be negligible after the
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initial part of a gas modulation cycle (in reality, after a couple
of seconds). It also implies that the actual temperature of the
gas at the cavity inlet is (for temperatures a few degrees around
the working temperature) of practically no importance for the
assessments; the temperature of the gas will still differ from
that of the cavity wall by less than 1 mK already after a couple
of seconds.

6.2. Gas-to-cavity-wall transfer of heat—heating of spacer

Despite the fact that the temperature of the gas in theory can
increase up to some tens of percent of the absolute tempera-
ture when it is let into empty space (120 K for nitrogen) and,
as shown by figure 4, some tens of K when let into a cavity
of the dimensions of the system under study, figure 5 indicates
that the maximum initial heating of the cavity walls will only
be a small fraction of that of the gas (in this case only a couple
of mK, i.e. four orders of magnitude smaller). This originates
mainly from the fact that a solid material has a significantly
higher volumetric heat capacity than a gas; e.g. the volumetric
heat capacity of ULE-glass is 1.7 × 106 J m−3 K−1 while it is
1.2 × 103 J m−3 K−1 for nitrogen [33]. This is particularly
emphasized when a metallic cavity is used since metals in gen-
eral have higher volumetric heat capacity than glass; that of
Invar is 4.3× 106 J m−3 K−1.5 Hence, although a gas can expe-
rience a significant increase in temperature when let into the
cavity, its corresponding energy is only expected to give rise
to a small temperature increase of the spacer material.

Of importance is also the amount of gas being brought into
the refractometer by a gas filling. The Invar-based DFPC sys-
tem scrutinized in this work only let <5 cm3 of gas into the
system per filling. This implies that it brings in a minuscule
amount of energy into the cavity spacer. Under atmospheric
pressure conditions, this represents an energy of <0.5 J. In
contrast to conventional refractometry instrumentation, this
only leads to a small temporary increase in the temperature
of the walls of the cavity. For example, it is estimated that for
the NIST FLOC system, for which 172 cm3 of gas is let in in
each filling, the gas brings in ca 17 J [17]. This implies that,
for a given pressure, the amount of heat introduced into the
Invar-based DFPC system is only 3% of that brought into the
FLOC system. Furthermore, since the volumetric heat capacity
of Invar is a few times larger than that of glass, a given amount
of heat will produce a temperature increase in the Invar-based
DFPC system that is a few times smaller than in a glass spacer
(for the case with ULE-glass, 2.5 times smaller). It is therefore
reasonable to assume that the momentary temperature increase
in the Invar-based DFPC system should be at least two orders
of magnitude smaller than what it is in the NIST FLOC system.

There is also a third reason why the maximum initial heat-
ing of the cavity walls in the Invar-based DFPC refractome-
ter should be significantly smaller than those in many other
types of refractometry systems, viz that the length scales in the

5 The volumetric heat capacity of the Invar-based DFPC system is 4260 J
(l−1 C−1), calculated as the product of the specific heat [520 J (kg−1 K−1)]
and the density (8.2 kg l−1). The same entity for ULE glass (which is used in
the NIST FLOC system) is 1690 J (l−1 C−1), calculated as the product of the
specific heat [767 J (kg−1 K−1)] and the density (2.2 kg l−1).

system are small. The energy brought into the cavity by the
gas is proportional to the cavity volume, which in our case
can be estimated as πr2l, where r and l are the radius and
the length of the cavity, respectively. This energy is rapidly
distributed over the cavity walls, whose area can be approxi-
mated by 2πrl. This implies that the heat load on each wall area
element scales with r, which, for the Invar-based DFPC sys-
tem is small (only 3 mm, smaller than any other documented
FPC-based refractometry system).

6.3. Thermalization of the cavity spacer

In order for the Invar-based DFPC refractometer utilizing the
GAMOR methodology to assess the gas temperature accu-
rately, it is also of importance that the transfer of heat in the
system is fast. It should preferably be so swift that the energy
supplied by the gas during the gas exchange processes does not
give rise to any remaining spatial temperature inhomogeneity
when the refractometry assessments are made.

The figures 5 and 6 illustrate that the diffusion of heat
from the walls of the cavity into the spacer material takes
place on approximately a ten second scale. It is shown that
for the case with 30 kPa, the measurement cavity wall temper-
ature has decreased (from a few mK) to sub-mK levels already
after 10 s.

One reason for this fast heat diffusion is that the system is
constructed without heat islands (i.e. with no internal isolation
layers). This implies that the time scale of the heat propagation
is predominantly governed by the thermal conductivity of the
spacer material.

A second reason can be attributed to the fact that the cavity
spacer is made of Invar, which has a ten times higher thermal
conductivity than many types of glass (e.g. Invar has a ther-
mal conductivity of 12–15 W m−1 K−1 [34] while ULE-glass
has 1.3–1.4 W m−1 K−1 [33]) [25]. Hence, in an Invar-based
DFPC any temperature inhomogeneity will dissipate one order
of magnitude faster than it will in a glass-based one. This
improves on the radial gradient of the temperature distribution
in the cavity spacer and reduces significantly the time it takes
for a given temperature change to level off to its steady state
value.

After the heat has dissipated into the spacer (i.e. after some
tens of seconds), the simulations (the figures 5 and 6) indi-
cate that the temperature change of the spacer is in the sub-mK
range. This is in agreement with the estimate of the maximum
energy that is introduced by the gas. Since the heat capacity
of the Invar cavity spacer is in the order of 1.7 × 103 J K−1,
the maximum energy supplied by the gas (0.5 J) corre-
sponds, assuming an even distribution of heat in the cav-
ity spacer, to a temperature increase of only 0.3 mK. This
is also favorable in comparison with the NIST FLOC sys-
tem, in which the overall steady-state temperature rise after
a gas filling was estimated to be one order of magnitude larger
(3.4 mK) [17].

Moreover, since each gas filling is followed by a rapid gas
evacuation process, in which a similar amount of energy is
removed from the cavity (and thereby from the cavity spacer),
the long-term net effect of the gas filling and evacuation
process (comprising a number of gas filling and emptying
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cycles) on the spatially averaged (steady-state) temperature of
the cavity spacer is virtually null (�1 mK).

6.4. Assessment of the temperature of the gas and its
influence on the assessment of pressure

Since the Invar-based GAMOR system assesses the pressure
from the molar density by use of a temperature measured by
sensors placed in, or at the surface of, the cavity spacer, it
is not significantly affected by any homogeneous heating of
the cavity spacer; the system is only affected by a possible
temperature gradient between the cavity wall and the posi-
tions in the spacer where the sensors are placed. Figure 7(b)
illustrates that the difference in the temperature of the wall
of the measurement cavity (which is assumed to be the same
as that of the gas already after a couple of seconds) and that
measured by the sensors (which is time-averaged over a few
cycles) is on the sub-mK scale for large fractions of the gas
modulation cycles. Thus, the temperature assessed by the sen-
sors is a good representative of the actual temperature of the
gas. Its uncertainty, which, for 100 s long modulation cycles,
is 0.5 mK/100 kPa (1.8 ppm/100 kPa) and, for 200 s long
cycles, 0.4 mK/100 kPa (1.3 ppm/100 kPa), also represents
the uncertainty in pressure when pressure is assessed from
refractivity.

It is additionally worth to emphasize that since the GAMOR
methodology has the ability to eliminate the influence of the
linear parts of drifts on its baseline (the signal from an empty
measurement cavity), the linear part of any temperature drift of
the spacer will not contribute to any offset or drifting baseline.
The change of the temperature of the spacer from the pV-work
during a modulation cycle, on the other hand, represents a non-
linear type of drift that will affect an assessment of refractivity
by changing the lengths of the cavities during the modula-
tion cycle. However, since DFPC refractometry measures the
change in the beat frequency between the two cavities, the
assessed refractivity will be affected by such a temperature
change of the spacer only if the lengths of the two cavities
change dissimilarly. This will, in turn, take place only if the
temperature of the two cavities changes dissimilarly, i.e. if the
pV-work will change the temperature distribution in the spacer
within the modulating cycle.

Panel (a) in figure 7 indicates that, during the last part of
the filling section. the average temperature of the walls of the
measurement cavity is about 100 μK higher than that of the
reference cavity while, during the last part of the evacuation
section, it is 100 μK lower. Since the coefficient of thermal
expansion of Invar is in the order of 10−6 K−1, a change of the
temperature difference of the walls of the cavities of 200 μK
will lead to a change of the relative lengths of the two cavities
(and thereby the refractivity) of (less than) 2 × 10−10, which
for 100 kPa of nitrogen corresponds to an error that is (smaller
than) 0.7 ppm6.

6 Since the mirrors are in contact with the spacer at their rims, the change in
mirror-to-mirror distance is given by the change in length of the spacer at some
finite distances from the cavity walls at which the temperature differences are
smaller than at the walls. This will therefore lead to a change in the difference
in the lengths that is smaller than that at the walls of the cavities.

Since the change of the lengths of the cavities (<0.7 ppm)
will produce an effect on the refractivity that has opposite
sign to that of the change of the gas temperature (estimated
to 1.3 ppm/100 kPa), both for a 200 s long modulation cycle,
the real uncertainties will be smaller than latter, given by the
difference of the two.

6.5. Experimental assessments

The conclusions above are in good agreement with experiment
results. The panels (b), (d), (f ), and (h) in figure 8 show that
the temperature is virtually constant during the gas filling-and-
settling process; the measurements do not show (within their
levels of noise), for any pressure, any temperature dependence
that can be attributed to any type of modulation-induced tem-
perature variation. We interpret this as there is no influence of
pV-work on the temperature of the gas at the time in the modu-
lation cycle when the refractivity assessments are made, which
is after 40 (or 90) s7.

The panels (a), (c), (e), and (g) in the same figure show
that the reproducibility of the assessment of pressure between
individual gas filling cycles (i.e. the precision) are, for each
pressure, better than their short-term noise. This indicates that
the assessments, and in particular their averages (the black
solid curves), are trustworthy assessments of the pressure in
the cavity during the filling-and-stabilization process. Since
the dashed horizontal lines represent ±3 ppm, these curves
indicate that their variations during the last 75 s of the filling-
and-stabilization period are all in the low ppm range; they drift
slightly (less than 1 ppm) over the measurement time, with
a slowly increasing pressure with time. There can be at least
three possible explanations for this trend, viz: (i) a drifting tem-
perature; (ii) a drifting molar density; or (iii) a drifting length
of the cavity. A comparison with the data in the panels (b),
(d), (f ), and (h) indicates that it is improbable that the varia-
tions are due to drifts in the temperature. It is also improbable
that it is due to a drifting cavity length since the interpolation
process that takes place in the GAMOR methodology elim-
inates the influence of the linear part of drifts (in theory, it
could be due to a non-linear drift that is not eliminated by the
GAMOR methodology [19]). It was instead assumed that this
was caused by a drift in the pressure provided by the DWPG
(related to the height of the piston). Since it has previously
been noticed that the pressure created by a DWPG can have a
weak dependenceon the height of the piston [35], it is plausible
that the observed effect has this origin. Further investigation of
this phenomenon will be undertaken in future studies.

All this indicates that the presented Invar-based DFPC sys-
tem is significantly less affected by thermodynamic effects
related to the gas exchange process than the NIST FLOC sys-
tem. In fact, such effects should be virtually negligible (in the

7 If the cycle-resolved experimental results had indicated a detectable amount
of modulation-correlated effects, they could have been attributed to either the
refractometry or the DWPG. However, since the data do not show evidence
of any such effects, it is possible to conclude that neither the refractometry,
nor the DWPG, give rise to any modulation-correlated temperature variations
in the system and that the system therefore is not affected noticeably by any
pV-work.
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sub-mK range) despite the use of gas modulation cycle times
of 100 s, as is the case when using the GAMOR method.

7. Conclusion

This work has presented a detailed scrutiny of the influ-
ence of the gas exchange process on the assessment of gas
temperature (and thereby pressure) on the Invar-based dual-
Fabry–Pérot cavity (DFPC) instrumentation used with the
GAMOR methodology [15, 25, 26]. Simulations show that the
equilibration of pressure in the cavity when nitrogen is let in
takes place on a time scale of ten milliseconds and that the gas
adopts the temperature of the cavity wall on a time scale of less
than a couple of seconds.

Since the cavity volume is small (<5 cm3), the gas transfers
only a small amount of energy (<0.5 J) into the system during
the gas filling process. This will give rise to only a minor local
heating of the cavity spacer. Because of the fact that the system
is constructed without heat islands and due to the large thermal
conductivity of Invar (one order of magnitude larger than for
typical glasses), this minor local heating will rapidly dissipate
into the material.

Moreover, since the system assesses temperature by the use
of sensors placed either in holes drilled in the cavity spacer or
wrapped tightly around the outside of the spacer, any possi-
ble homogeneous heating of the cavity spacer affecting the gas
temperature (and thus the pressure assessments) can be mea-
sured and will directly be accounted for. Therefore, the pres-
sure assessments are only influenced by the difference between
the temperature of the cavity walls and that of the cavity spacer
at the position(s) of the sensors. It was found that, under nor-
mal conditions (for pressures up to 100 kPa and when the gas
modulation times are 100 or 200 s), this difference will, when
the refractivity assessments are made, only be in the sub-mK
range.

It has been estimated that an upper limit for the influence
of pV-work made by nitrogen on the Invar-based DFPC sys-
tem, is, for 100 s long modulation cycles, 0.5 mK/100 kPa (or
1.8 ppm/100 kPa) and, for 200 s long cycles, 0.4 mK/100 kPa
(or 1.3 ppm/100 kPa). These estimates were compared with
experiments performed in the 4–30 kPa range. Since none of
these assessment showed any resolvable effect from pV-work,
they support the estimates.

Simulations analogous to those of the heat exchange of
nitrogen with the walls were performed also for argon and
helium (although not shown above). It was found that for
argon, the heat exchange takes place on the same time scale
as for nitrogen, while for helium, it is (significantly) faster.
Hence, the conclusion that the pV-work has a negligible effect
on the temperature of the cavity walls when the filled mea-
surement cavity assessments are made can be extended also to
these gases.

Currently, the lowest expanded measurement uncertainty
(k = 2) reported for an Invar-based dual-Fabry–Pérot cavity
system is [(10 mPa)2 + (10 × 10−6p)2)]1/2 [15]. This implies
that thermodynamic effects of gas exchanges (pV-work) are
currently not a limiting factor when the Invar-based DFPC

GAMOR system is used for assessments of pressure or as a
primary pressure standard up to atmospheric pressure.
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