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ABSTRACT

By measuring the refractivity and the temperature of a gas, its pressure can be calculated from fundamental principles. The most sensitive
instruments are currently based on Fabry–Perot cavities where a laser is used to probe the frequency of a cavity mode. However, for best
accuracy, the realization of such systems requires exceptional mechanical stability. Gas modulation refractometry (GAMOR) has previously
demonstrated an impressive ability to mitigate the influence of fluctuations and drifts whereby it can provide high-precision (sub-ppm,
i.e., sub-parts-per-million or sub-10�6) assessment of gas refractivity and pressure. In this work, two independent GAMOR-based refrac-
tometers are individually characterized, compared to each other, and finally compared to a calibrated dead weight piston gauge with
respect to their abilities to assess pressure in the 4–25 kPa range. The first system, referred to as the stationary optical pascal (SOP), uses a
miniature fixed point gallium cell to measure the temperature. The second system, denoted the transportable optical pascal (TOP), relies
on calibrated Pt-100 sensors. The expanded uncertainty for assessment of pressure (k ¼ 2) was estimated to, for the SOP and TOP,

[(10mPa)2 þ (10� 10�6P)2]
1/2

and [(16mPa)2 þ (28� 10�6P)2]
1=2

, respectively. While the uncertainty of the SOP is mainly limited by
the uncertainty in the molar polarizability of nitrogen (8 ppm), the uncertainty of the TOP is dominated by the temperature assessment
(26 ppm). To verify the long-term stability, the systems were compared to each other over a period of 5 months. It was found that all mea-
surements fell within the estimated expanded uncertainty (k ¼ 2) for comparative measurements (27 ppm). This verified that the estimated
error budget for the uncorrelated errors holds over this extensive period of time.

© 2021 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/10.1116/6.0001042

I. INTRODUCTION

In the SI-system of units, the pascal is defined as the force per
unit area. In practice, it is realized with mechanical devices such as
pressure balances and liquid manometers.1–5 With the revision of
the SI-system, an alternative path to realize the pascal has become
feasible.6,7 By measuring the refractivity and the temperature of a
gas, it is possible to calculate its pressure by the use of the Lorentz–
Lorenz equation and an equation of state.8–12 Such a realization of
the pascal does not depend on any mechanical actuator but instead
measures directly on the gas, thereby potentially decreasing uncer-
tainties and shortening calibration chains.

Work to realize the optical pascal takes place at multiple
national metrological institutes and universities across the world.
Some of the more prominent actors in this field are the National

Institute of Standards and Technology (NIST), the National
Institute of Metrology (NIM), the National Metrology Institute of
Japan (NMIJ), the Physikalisch-Technische Bundesanstalt (PTB),
the National Institute of Metrological Research (INRiM), the
Laboratoire Commun de Métrologie (LNE-Cnam), the RISE
Research Institute of Sweden, and Umeå University (UmU).11–18

Substantial and concerted actions presently take place within the
EMPIR initiative (the QuantumPascal project, No. 18SIB04).19

The most sensitive instruments are currently based on Fabry–
Perot (FP) cavities where a laser is used to probe the frequency of a
longitudinal mode.20–25 The realization of such systems requires
though an exceptional mechanical stability. For example, an uncer-
tainty in the assessment of pressure of 2 mPa with a 15 cm long
cavity requires a mechanical stability better than 1 pm. Despite
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these challenges, such an instrument, based on an exceptionally
well stabilized cavity, has demonstrated an impressive expanded
uncertainty (k ¼ 2) of [(2:0mPa)2 + (8:8� 10�6P)2]1=2.25

As a means to reduce the requirement of system stability and to
improve on performance, the GAs MOdulation Refractometry
(GAMOR) methodology has been developed. Refractometers encom-
passing this methodology have demonstrated impressive abilities to
mitigate the influence of fluctuations and drifts,26,27 whereby they
have provided relaxed requirements on system stability. They have
also demonstrated the highest precision to date.28–30 This has
opened up for cavity designs using alternative materials; pressure
assessments with sub-ppm (sub-ppm, i.e., sub-parts-per-million or
sub-10�6) stability over 24 h have recently been demonstrated by the
use of an Invar cavity.18 The methodology has also allowed for the
realization of transportable systems.31,32

While these instruments have impressive resolution, precision,
and stability, the uncertainty has not until now been fully assessed. In
this work, two refractometer instruments, both utilizing the GAMOR
methodology, are characterized with respect to their expanded uncer-
tainties when assessing pressure. The two systems are based on the
same basic design. One of them is an upgraded version of a previ-
ously developed and characterized Invar-based refractometer that is
built on a conventional optical table,18 but for an improved assess-
ment of temperature, it is equipped with a gallium fix point cell.33

This system is in this work referred to as the stationary optical pascal
(SOP). The other system has been constructed in a 19-in. rack and is
not equipped with a gallium fix point cell; it assesses the temperature
solely by the use of calibrated Pt-100 sensors.32 Hence, this system,
which can be seen as a transportable version of the SOP, is here
referred to as the transportable optical pascal (TOP).

The two systems are in this work characterized with respect to
their ability to realize the pascal by the use of N2. The refractometers
are first individually characterized, thereafter compared to each
other, and finally compared to a calibrated dead weight piston gauge,
which is also producing the pressure the refractometers are assessing.

The characterizations were performed by the use of the follow-
ing procedures. First, all temperature probes in the two refractome-
ters were calibrated with the help of the gallium fix point cell.
Second, the cavity deformations of both refractometers were assessed
by the use of the procedure presented in Ref. 34. Both refractometers
were then individually characterized in the 4–25 kPa range.
Comparison measurements were thereafter carried out by several
series of assessments of the pressure produced by the piston gauge,
performed over a period of 5 months. This provided possibilities to
assess the degree of a long-term correlation between the pressure
assessments of the two refractometers and between the refractome-
ters and the piston gauge.

It was found that the expanded uncertainty for the SOP was
[(10mPa)2 + (10� 10�6 P)2]1=2, while that for the TOP was
[(16 mPa)2 + (28� 10�6 P)2]1=2.

II. THEORY

A. Refractivity

Each refractometer is based on a dual-FP-cavity (DFPC) in
which a laser is locked to each cavity, addressing the empty cavity
modes q01 and q02 by the use of light whose frequencies are ν01

and ν02, respectively. The beat frequency between the two lasers, f ,
is, at any time during the measurement, given by the difference
between the two laser frequencies, i.e., by j ν1 � ν2 j. For suffi-
ciently large changes in pressure in the cavities, the frequencies of
the lasers can no longer follow that of a given cavity mode,
whereby the lasers will make automatic mode jumps. This implies
that, as gas is let into the measurement cavity, f is a nonmonotonic
(i.e., a wrapped) function. To take the mode jumps (denoted Δq1
and Δq2, counted from q01 and q02, respectively) properly into
account in the data evaluation, it has been found convenient to
create an unwrapped (i.e., a mode-jump-corrected) beat frequency,
fUW , defined as

fUW ¼ +f � Δq1
q01

ν01 � Δq2
q02

ν02

� �
, (1)

where the + sign refers to the cases when ν1 . ν2 and ν1 , ν2,
respectively.

The refractivity can then be conveniently expressed as a func-
tion of the shift of the unwrapped beat frequency, ΔfUW , defined as
fUW(n)� fUW(n ¼ 1), and the relative cavity deformation, ε, which
is given by (δL=L0)=(n� 1), where δL and L0 are the pressure
induced length deformation and the empty cavity length,
respectively.28,29,35

When cavity 1 is the measurement cavity, ΔfUW is negative,
whereby the refractivity is given by

n� 1 ¼ �ΔfUW=v01
1þ ΔfUW=v01 þ Δq1=q01 þ ε

, (2)

while when cavity 2 is the measurement cavity, ΔfUW is positive,
whereby the refractivity is given by

n� 1 ¼ ΔfUW=v02
1� ΔfUW=v02 þ Δq2=q02 þ ε

: (3)

B. Molar density

For subatmospheric pressure, the molar density ρ can be cal-
culated from the refractivity by the use of the extended Lorentz–
Lorenz equation,

ρ ¼ 2
3AR

(n� 1)[1þ bn�1(n� 1)], (4)

where AR and bn�1 are the molar dynamic polarizability and a
series expansion coefficient, respectively. The latter is given by
�(1þ 4BR=A2

R)=6, where, in turn, BR is the second refractivity
virial coefficient in the Lorentz–Lorenz equation.8,29,35

C. Pressure

For the same pressure range, the pressure can be obtained
from the density and the temperature as

P ¼ RTρ[1þ Bρ(T)ρ], (5)
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where R is the molar gas constant, T is the temperature of the gas,
and Bρ(T) is the second density virial coefficient.11,12

D. Molecular data

In this work, the two refractometers are characterized with
respect to their ability to assess the pressure of nitrogen. Table I
provides information about the relevant gas constants for nitrogen,
AR, bn�1, and Bρ, at the temperature and wavelength used
(302.91 K and 1550.14 nm, respectively).

E. Set pressure of the piston gauge

The set pressure of the piston gauge, PPG, is calculated as

PPG ¼ (mp þ
P

i mi)g � cos(θ)

Aeff [1þ α(Tp � Tref )]
þ Phood , (6)

where mp is the mass of the piston, mi is the individual mass
placed on the piston, g is the local gravity, θ is the piston cylinder
assembly angle with respect to the gravity vector, Aeff is the effec-
tive area of the piston at the pertinent temperature, Tref , α is the
combined temperature expansion of the piston and cylinder, Tp is
the measured temperature, and Phood is the hood pressure.

To be able to accurately relate the pressures of the various
systems to each other, their differences in height with respect to a
given reference plane must be taken into account. This was done by
using the expression

ΔPh ¼ ρmgΔh, (7)

where ρm is the mass density of the gas under investigation and Δh
is the difference in height with respect to a reference plane. We esti-
mate the density to be proportional to the pressure and add a cor-
rection term of 109.5 ppm/m to all nitrogen measurements.

III. EXPERIMENTAL SETUP

The experimental setup, shown in Fig. 1, consists of two
GAMOR-based refractometers, the SOP and the TOP, that are con-
nected to a dead weight piston gauge (RUSKA 2465A) by the use
of a gas supply and evacuation system.

A. Refractometers

The refractometers, which comprise Invar-based DFPCs with
free-spectral-ranges (FSRs) of 1 GHz and finesse values of 104,
which thus have cavity modes with a full-width-half-maximum of
100 kHz, that are addressed by Er-doped fiber lasers emitting light
within the C34 communication channel, i.e., around 1.55 m, are

described in more detail in Refs. 18 and 33. They are equipped
with an automatic relocking routine that ensures that the lasers
make a controlled mode hop when their frequencies have changed
one FSR. The cavity mode numbers are continuously monitored
and unambiguously assessed by the use of the laser feedback vol-
tages and the pressure gauges.

B. Temperature regulation and assessment

For best accuracy, the temperatures of the refractometers were
held close to the melting point of gallium (29.76�C). The tempera-
tures were stabilized in two steps. First, the breadboard onto which
the optics and the cavity oven were mounted was stabilized within
10 mK of this melting point. The temperature of the oven (in
which the Invar cavity was mounted) was then stabilized; therefore,
the temperature of the cavity spacer, measured by the use of three
Pt-100 probes bored into the spacer, was within 1 mK of the set
temperature. To stabilize also the gas handling system, the valves
1–4 were mounted on top of the oven. Before the measurement
campaign, the Pt-100 cavity probes were calibrated with respect to
a gallium fixed point cell. Since the system was used close to the
fixed point of gallium, this was found adequate.

However, the assessment of the temperature with the Pt-100s
can drift over time, adversely affecting their ability to accurately
assess the temperatures of the cavities. To alleviate this, we recently
developed an automated gallium fix point cell, working around the
melting point of gallium.37 The temperature of the SOP cavity

TABLE I. Gas coefficients for N2 at 302.91 K and 1550.14 nm.

Coefficients Value (k = 2) Reference

AR 4.396549(34) × 10−6 m3/mol 34 and 36
bn−1 −0.195(7) 25 and 34
Bρ −4.00(24) × 10−6 m3/mol 34 and 36

FIG. 1. Schematic illustration of the experimental setup. The two refractometers,
the SOP and the TOP, are connected to the same pressure inlet and evacuation
systems (shown with green and red colors, respectively). The pressure
assessed is produced and regulated by a common piston gauge. The part of
the system whose pressure is assessed is shown in blue. MFC, mass flow con-
troller; EPC, electronic pressure controller; PG, piston gauge; A and B, pressure
gauges; and 1–6, valves. See the text for details.
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spacer was then assessed also by the use of a thermocouple referred
to this gallium fix point cell.33 By this, the expanded uncertainty of
the temperature of the cavity spacer (k ¼ 2) was estimated to be
1.2 mK.

C. Gas system

The gas is controlled by a set of ten valves (Swagelok,
6LVV-DPFR4-P-C) comprising two sets of four gas modulation
valves (denoted 1–4 in the SOP and the TOP in Fig. 1), one gas fill
valve (marked 5), and a pump down valve (6). The “high” pressure
side of the refractometer is evacuated by the use of a diaphragm
pump, while the two refractometers are evacuated by the use of a
common molecular turbo pump. The hood is constantly evacuated
by a separate molecular turbo pump.

The pressure is monitored by a set of pressure gauges denoted
A or B. A represents a pair of pressure gauges (Oerlikon-Leybold,
CTR 101 N 1000 Torr) used to monitor the high pressure side of
the refractometers, while B denotes the pressure gauge used to
monitor the hood pressure (Oerlikon-Leybold, ITR90).

The gas modulation is achieved by switching the valves
between two states. State I, the gas filling state, is initiated by
opening valves 1 and 4 (while valves 2 and 3 are closed), whereby
cavity 1 is filled with gas while cavity 2 is evacuated. The length of
this state is chosen so that the assessed pressure in the measure-
ment cavity stabilizes well to that provided by the piston gauge
(50 s). In state II, the evacuation state, valves 2, 4, and 6 are open
while valve 1 is closed, whereby both cavities are being evacuated
(50 s). Valve 3 is constantly closed. Valves 1–4 and 6 are controlled
through a digital output module (National Instruments, NI-9474),
while valve 5 is controlled by the switching relay in the vacuum
gauge controller (Leybold, Graphix three).

The result of this scheme is that in state I, the gas will flow
through valve 5 into the piston gauge and the high pressure side of
the refractometer until the pressure measured by gauge A exceeds
the set pressure of the piston gauge. At this point, valve 5 will
close. As a result of this, the piston in the piston gauge will rise,
setting the pressure in the system to that produced by the piston
gauge. The piston will float for the rest of state I, while the gas
from the MFC will flow through the EPC so as to avoid the build
up of contamination on the high pressure side of valve 5.

Valve 5 will reopen in state II when the pressure assessed by
gauge A drops 10% of the set pressure of the piston gauge. To flush
the “high” pressure side of the refractometer in state II, the gas
flows through the MFC, valve 5, and out through valve 6.

D. Piston gauge

To ensure minimum friction between the piston and cylinder,
the piston was rotating during the gas filling part of the modulation
cycle. This was achieved by adding a timed relay to the cylinder
rotation motor that is triggered by the closing of valve 5. This
results in a combined rotation of the piston and cylinder during
10 s. The cylinder was thereafter stopped, whereby the piston, due
to its finite inertia, continues to rotate freely through the measure-
ment phase of the cycle.

E. Data acquisition

All data were evaluated by the use of the interpolation meth-
odology that is a part of the GAMOR methodology.28,29 The shift
in the beat frequency, ΔfUW , was taken as the difference between
the mean value of the unwrapped beat frequency, f , measured over
the last 10 s of state I (i.e., with gas in the measurement cavity and
rotating piston) and the interpolated value of two empty cavity beat
frequency measurements (state II), each averaged over 5 s.

By the procedures described above, the system could work
autonomously and unattended for any amount of time. The only
time when human interference was needed was when the weight of
the piston gauge or the gas had to be changed.

IV. RESULTS

The measurements presented here were taken during a mea-
surement campaign spanning five months, from October 2020 to
February 2021.

A. Refractometry characterizations

1. Cavity deformations

A procedure for low uncertainty assessment of cavity defor-
mation, based on two high-purity gases (helium and nitrogen) and
a high-precision refractometer, was recently presented by the
authors.34 It was demonstrated that the deformation of the cavity
addressed could, when a GAMOR-based instrumentation was used,
be assessed with an expanded uncertainty (k ¼ 2), which is a frac-
tion of the uncertainty of the molar polarizability of nitrogen, viz.,
1 ppm.

The cavity deformations of the two Invar cavities were, there-
fore, assessed by the use of this procedure. The measurement data
from the cavity characterizations are presented in Fig. 2. The cavity
deformation parameters for nitrogen (ε) were found to be 0.001972
(1) and 0.001927(1) for the SOP and TOP, respectively. Since
(n� 1) / (1� ε), as indicated in Table II, the measurement
uncertainty in the cavity deformations will contribute to the total
expanded uncertainty in pressure (k ¼ 2) with 1 ppm.38

2. Laser frequencies

The measurement campaign was started by assessment of the
frequencies of the two lasers when locked to evacuated cavities, i.e.,
ν01 and ν02. By the use of a wavemeter (Burleigh, WA-1500), these
were assessed with a relative uncertainty of 0.2 ppm.

3. Mirror dispersion

Since laser light with wavelengths in the commonly used
communication band around 1.55 m is used and there are a mul-
titude of mirrors being produced that have a minimum of disper-
sion (virtually no linear dispersion) at this wavelength, there is no
significant influence of mirror dispersion on the cavity modes.
This implies that the FSR is frequency independent, which, in
turn, implies that the influence of a mode jump on the assessment
of refractivity can, for cavity i, be assessed as Δqiν0i=q0i, as stated
in Eq. (1).
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4. Cavity mode numbers

The cavity mode numbers, i.e., q01 and q02, were determined
with no uncertainty as the closest integer to the ratio between the
laser frequency and the FSR of the cavity. The assessed mode
numbers were verified by ensuring that the assessed refractivity (or
pressure) is a continuous function when the lasers are making
(controlled) mode jumps. For the measurement cavity of the SOP,
the FSR and q01 were assessed to 1.012 597 GHz and 190 995,
respectively. For the TOP, they were assessed to 1.012 479 GHz and
191 008, respectively.

5. Long-term stability

The long-term stability of the system was estimated by
repeated system characterizations during the 5 month long mea-
surement campaign. It was found that the empty cavity mode
numbers q01 and q02, for both the SOP and TOP, remained
unchanged throughout the entire campaign, while the ν01 and ν02
drifted slowly within the mode hop free range of + half an FSR
(thus not giving rise to any undetected changes of the empty cavity
mode numbers). This is an indication of the high stability of the
cavity and laser system. It was estimated, from a set of repeated
assessments of ν01 and ν02 taken between the periods of characteri-
zation, that this drift contributes to the expanded uncertainty in
the assessment of pressure (k ¼ 2) of 3 ppm.

6. Gas constants

Although the molar polarizability of helium is known with
low (sub-ppm) uncertainty through ab initio calculations,39 the
molar polarizability of nitrogen has so far been experimentally
assessed by Egan et al. solely with an expanded uncertainty (k ¼ 2)
of 6.7 ppm; it was assessed to 4.446139 (30) � 10�6 cm3/mol at a
temperature of 302.919 K and a wavelength of 633 nm.11,25 To be
useful for assessment of nitrogen for the Invar-based GAMOR
system, this value has to be scaled from the temperature and wave-
length at which it was assessed to the ones that are used by this
system, viz., 302.915 K and 1.55 m.

As can be concluded from Sec. 4.2 of the supplementary mate-
rial to the work by Zakrisson et al.,34 the small difference in tempera-
ture (4mK) has neither any significant effect on the aforementioned
value of the molar polarizability of nitrogen nor on its uncertainty.

The wavelength used in this work (1.55m) differs though mark-
edly from that used by Egan et al. Zakrisson et al. have, in Sec. 4.3 of
the supplementary material to their work,34 derived a methodology
that, based on assessments of the refractivity at two dissimilar wave-
lengths, can provide a wavelength shifted value of the molar polariz-
ability of nitrogen at one wavelength in terms of that of another.

Peck and Khanna have assessed refractivity values for nitrogen
over a range of wavelengths.40 Although they state that all their data
could possibly be off by a common value (“The internal precision of
the data is considered to be some two orders of magnitude better
than that of the absolute value.”), the relative rms uncertainty of
their fit to their data, and thereby their assessment of the dispersion
of nitrogen, is extraordinarily low, solely 2.6 ppm (given by
0:075� 10�8/28352� 10�8). This implies that their data can be
used for the aforementioned scaling. Utilization of their data shows
that the molar polarizability of nitrogen at 1.55 m can be related to
that at 633 nm as AR,N2,1:55μm ¼ 0:988 851AR,N2,633 nm.

34 Using the

FIG. 2. Measurements from the characterization of the cavity deformations. The
ΔP in panel (a) represents the difference between the pressure assessed by
the refractometers by the use of Eqs. (1)–(6) with ε being zero and the set pres-
sure of the piston gauge, as given by Eq. (7). The ΔPTOP and ΔPSOP in panels
(b) and (c), respectively, represent the difference between the ΔP in panel (a)
and the linear fits. In all panels, red markers represent helium measurements
and blue markers represent nitrogen measurements. The cavity deformations
for the SOP and TOP were found to be (for nitrogen) 0.001972(1) and
0.001927(1), respectively.

TABLE II. Uncertainty budget of the pressure assessments by the use of the SOP
[U(PSOP)] and the TOP [U(PTOP)]. All uncertainties are given as k = 2. The uncertain-
ties of the bn−1, Bρ(T ), and the pressure-volume (PV) work are given for the highest
pressure addressed (25 kPa).

Components USOP UTOP Type

Constant terms
Empty cavity repeatability, Δf 7 mPa 11 mPa A
Outgassing and leaks, AR 5 mPa 11 mPa A
Residual pressure, P 5 mPa 5 mPa A
Linear terms
Molar polarizability, AR 8 ppm 8 ppm B
Temperature assessment, T 4 ppm 26 ppm B/A
Laser frequency, ν0 3 ppm 3 ppm A
Cavity deformation, ε 1 ppm 1 ppm A
Gas purity (N2), AR 0.6 ppm 0.6 ppm B
Quadratic terms (@25 kPa)
bn−1 in Eq. (4), BR 0.5 ppm 0.5 ppm B
Bρ(T) in Eq. (5), Bρ(T) 3 ppm 3 ppm B
PV work, T 2 ppm 2 ppm A
Total: U(PSOP) [(10 mPa)2 + (10 × 10−6 P)2]1/2

Total: U(PTOP) [(16 mPa)2 + (28 × 10−6 P)2]1/2
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aforementioned value for AR,N2,633 nm assessed by Egan et al., this
implies that an adequate value of AR,N2,1:55μm for the Invar-based
GAMOR system presented here is 4:396 569� 10�6 cm3/mol.

The uncertainty of this value can be considered to originate
from three sources, viz., the uncertainty in the dispersion of nitro-
gen assessed by Peck and Khanna, the influence of the offset in
their assessments, and the difference in the second order refractive
virial coefficients at the two wavelengths.

It is plausible to assume that the uncertainty in the dispersion of
nitrogen assessed by Peck and Khanna is limited to the relative rms
uncertainty of their fit, i.e., to 2.6 ppm. Section 4.3 of the supplemen-
tary material to the work by Zakrisson et al.34 shows that the influ-
ence of the offset in their assessments can be assumed to contribute
to the uncertainty in the molecular polarizability of nitrogen by up to
2.5 ppm, while the uncertainty of the difference in the second order
refractive virial coefficients contribute solely with 0.78 ppm.

Summing all these uncertainties in quadrature provides a
value of 7.6 ppm, which here is rounded off upward to 8 ppm.

The virial coefficients, BR and Bρ(T), are not known with the
same degree of accuracy as AR. On the other hand, the nonlinear
terms in the Lorentz–Lorenz equation and the equation of state that
comprise these play a successively smaller role in the assessment of
pressure the lower the pressure. They contribute to the uncertainty
budget of the pressure assessment by 0.02 and 0.13 ppm/kPa, respec-
tively. Hence, they play a minor role for the pressures addressed in
this work. The values given in Table II, 0.5 and 3 ppm, respectively,
are for the highest pressure addressed in this work (25 kPa).

7. Gas purity (nitrogen)

Any impurity in the N2 will affect the assessments of pressure.
This gas was taken from a university central system, in which the
gas is produced from a supply of liquid nitrogen. A trace gas analy-
sis of this gas (performed 2019) revealed that it contained 2 ppm
H2O and 1.6 ppm O2. Since the refractivity of these two constitu-
ents differs from that of N2 by 10% and 25%, it was assumed that
impurities in the gas supply of N2 can contribute to an expanded
uncertainty in the assessment of pressure (k ¼ 2) of 0.6 ppm. The
fact that this uncertainty was significantly below those of the total
system was verified by pressure assessments of N2 made on 6N N2

from a gas cylinder. No detectable difference between assessments
of pressure using the two different sources of N2 was observed.

8. Temperature assessments

The expanded uncertainty of the temperature assessment of
the cavity spacer in the SOP, assessed by the thermocouple with
respect to the gallium fixed point cell (k ¼ 2), was estimated to
1.2 mK (4 ppm).33

By the use of this system, it was possible to estimate the stability
of the Pt-100 temperature assessment in the SOP by a comparison of
the two temperature assessment systems. The uncertainty in the tem-
perature assessment of the Pt-100 sensors was estimated as the sum
of the root-mean-square of the difference in the measured tempera-
ture by the two systems over 10 melting cycles (�40 days) and the
uncertainty in the assessed temperature of the combined thermocou-
ple and gallium cell (i.e., assuming they are correlated). The
expanded uncertainty in the temperature assessment by the Pt-100

(k ¼ 2) was assessed to 7.8mK (26 ppm). Although this assessment
was done for the Pt-100s in the SOP, it was assumed that the Pt-100
measurements in the TOP had the same uncertainty.

9. PV work

When gas is let into an empty volume, the gas molecules can
gain an amount of energy that is up to the product of the pressure
and the volume (PV).41,42 When the molecules have passed the
valve, this energy will be transferred, by collisions, to the walls of
the subsequent tubing and the cavity, which thus will be heated.

When this volume is emptied (pumped out), the molecules
will, in turn, carry this energy with them from the walls of the
tubing and cavity, which, therefore, will be cooled. The net amount
of energy gained/lost by a complete gas modulation cycle is thus
expected to be virtually zero.

The error associated with PV work will be given by the tem-
perature difference between the gas in the center of the cavity and
that of the temperature probes. If the modulation cycle is substan-
tially longer than the time it takes for thermalization of the system,
there will be no such temperature difference. As will be shown in
an upcoming work by Rubin et al.,43 the limiting factor for ther-
malization will be the dissipation of energy from the cavity wall
into the spacer, resulting in an exponential decline of the tempera-
ture of the gas with a time constant that is less than 10 s.

In addition, given the small volume in the Invar-based
GAMOR system (5 cm3) and that the pressures addressed are
restricted (�30 kPa), each gas filling brings solely in a small
amount of energy (�0:15 J) into the measurement cavity. Hence, at
the time for the acquisition of data (which is after 40 s when 100 s
long cycles are used), the temperature assessed is, for all practical
purposes, that of the gas. The simulations indicate that the contri-
bution of the PV work to the total expanded uncertainty (k ¼ 2) is
below the ppm level.43

This conclusion is largely supported by data taken continu-
ously during a 200 s long gas filling cycle. Figure 3 shows that,
from the time when the pressure has settled to such a value that its
value is within the scale of the figure, which takes place after �18 s,
the assessed pressure drifts less than 2 ppm over the remaining 80 s
(the dashed horizontal lines correspond to +3 ppm). To allow for
any unforeseen processes not accounted for in the simulations, we
estimate the total expanded uncertainty (k ¼ 2) due to PV work to
be 2 ppm.

10. Empty cavity repeatability

The precision of the system was evaluated by empty cavity
measurements, performed as a series of measurements with both
cavities continuously pumped down (i.e., with valves 2 and 4 con-
stantly open). Six hours of data, analyzed as if the gas in the mea-
surement cavity were modulated, is presented as the measurement
series (i) in Fig. 4. In agreement with the previous empty cavity
assessment by the use of the GAMOR methodology,18 the system
does not show any drifts on this scale, only stochastic noise. The
standard deviations of this noise, which predominantly originate
from cavity and laser fluctuations, were, for the SOP and TOP,
assessed to (over 6 h) 7 and 11 mPa (k ¼ 2), respectively (which
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correspond to fluctuations of the beat frequencies of less than 4
and 6 kHz, respectively).

11. Outgassing and leaks

To estimate the influences of outgassing and leaks in the
system, measurements were performed with no filling or flushing
of the system (i.e., with valves 5 and 6 closed), with valve 4 con-
stantly open, while valves 1 and 2 were alternatively open and

closed (as in ordinary GAMOR). The first six hours of data taken
after a change of weight in the piston gauge (thus after when the
hood compartment of the piston gauge has been exposed to
ambient air) is presented as the measurement series (ii) in Fig. 4.
The first part of the data shows a decreasing signal that levels off
within a few hours. This initial signal is attributed to the exposure
of the piston gauge to ambient air. After a couple of hours of stabi-
lization (with repeated evacuating empty cavity assessments), the
background signal in the system was found to settle to 30 and
70 mPa for the SOP and the TOP, respectively (assuming the gas is
nitrogen). Since the cavity filling process extracts 5 cm3 of gas once
per gas cycle (100 s), this corresponds to outgassing and leaking
rates of 0.6 and 1:4� 10�12 mol/s, respectively.

When pressure is assessed, however, the actual influence of
these processes on the evaluated pressure is solely a fraction of this,
given by the relative difference in refractivity of the outgassed (or
leaked) gas and the gas addressed (nitrogen). Since the most
common contaminants, e.g., water, air, and oxygen, have refractivi-
ties that differ from that of N2 by less than 13% [it is basically only
hydrogen that has a refractivity that differs markedly from that of
N2 (44%)], it is feasible to assume that outgassing and leaks will
not add to the total uncertainty with more than a fraction of the
settling pressures, viz., 5 and 11 mPa. The difference in the two
values is currently attributed to different lengths of gas lines in the
two systems.

12. Residual pressure

The refractometers effectively assess the difference in refractiv-
ity between the filled measurement cavities and the reference cavi-
ties. Any residual pressure in the reference cavities will, therefore,
affect the assessments. The residual pressure in the gas line to the
turbo was found to be less than 5 mPa. As the refractometer signals
are affected by the residual pressure in the gas line, the errors from
a residual pressure in the reference cavities are likewise assumed to
be smaller than 5 mPa.

13. Total expanded uncertainty

The total expanded uncertainty can be calculated by combin-
ing all of the entities above. As is presented as the last two lines in
Table II, it was found that the expanded uncertainty (k ¼ 2) for
the SOP (using the gallium fix point cell) was [(10 mPa)2 + (10
�10�6 P)2]1=2 while that for the TOP (which assesses the tempera-
ture by the Pt-100 sensors) was [(16 mPa)2 + (28 �10�6 P)2]1=2.
The difference in the constant term stems from the difference in
outgassing and leaks in Fig. 4, while that in the linear dependence
originates from a larger uncertainty in the temperature assessments
of the TOP.

B. Comparison of the two refractometers—The SOP vs
the TOP

To assess the long-term stability and the degree of concor-
dance of the two refractometers, a series of measurements was
taken over a five-month period, each comprising a set of pressures
(up to 25 kPa) produced by the piston gauge (thus for a set of
weights). To reduce the disturbance, an opening of the piston

FIG. 3. Cycle-resolved pressure assessments by the SOT. To visualize the tem-
perature equilibration processes in the system, gas modulation cycles with a
length of 200 s were used. The figure shows, by the colored curves, the 100 s
long gas filling state of ten such cycle-resolved assessments of pressure in the
SOP at a pressure of 25 kPa. The thick black line displays their average.
Dashed horizontal lines: +3 ppm from the mean evaluated pressure. For the
first 18 s, the assessed pressure is mainly outside the scale of the plot.

FIG. 4. Zero measurements without gas filling (i.e., with valves 5 and 6 closed)
during the first six hours after a change of weight in the piston gauge. Curves
(i) with continuous pumping (i.e., with valve 2 continuously open), thus showing
the precision of the system. Curves (ii) with valves 1 and 2 alternatively open
and closed (as in ordinary GAMOR measurement procedures), thus indicating
the amount of outgassing and leaks in the system. Blue markers: the SOP; red
markers: the TOP.
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gauge hood can give rise to (exemplified by the first part of the
data sets (ii) in Fig. 4), each weight was measured over 24 h, while
the pressure was assessed solely as the mean of the last 50 modula-
tion cycles (thus over the last 1.4 h).

Figure 5 shows the difference between the assessed pressure
from the SOP and TOP as a function of pressure. The data comprise
four sets of measurements, taken during the months of October,
November, December (2020), and February (2021), represented by
crosses, circles, squares, and diamonds, respectively. The error bars
represent two standard deviations of the spread of the data.

The expanded uncertainty of this difference (k ¼ 2) was esti-
mated from the uncorrelated sources of uncertainty, i.e., from the
laser frequency, the temperature assessment, the repeatability, and
the residual pressure, to 27 ppm. This uncertainty is illustrated by
the black horizontal dashed lines in Fig. 5. The figure shows that all
data points taken over the five-month long measurement campaign
are within the estimated uncertainty. This verifies that the error
budgets for the uncorrelated errors given above hold over this time
period. It can also be seen that the spread within each set of mea-
surements (crosses, circles, squares, and diamonds) is considerably
smaller than the spread of the entire set of data. This is mainly
attributed to drifts of the Pt-100 modules assessing the temperature
in the TOP.

C. Comparison of the refractometers with the piston
gauge

The two refractometers were also compared with the set
pressure of the piston gauge.

1. Uncertainty of the piston gauge

The pressure of the piston gauge is estimated by the use of
Eq. (6). The components contributing to its expanded uncertainty,
which are given in Table III, were estimated as follows.

The effective piston area Aeff , the piston mass mp, and the
individual masses mi have all recently been calibrated at RISE
(calibration protocols 105102-2P00494-K11, 105102-2P00494-K08,
and 105102-2P00494-K09). The uncertainty in the effective piston
area Aeff was assessed to 34 ppm. The uncertainties of the masses
used for each individual set pressure were summed (i.e., assuming
they were correlated). The largest of these (31 mPa) was taken as
the mass uncertainty. The thermal coefficient α of the effective area
of the piston was taken from the user manual (15 ppm/K). Its accu-
racy is here estimated (by the use of a rectangular distribution) to
be 10% of this value. As the system was operating close to 29.76 �C,
this contributes to the expanded uncertainty (k ¼ 2) from the tem-
perature dependence of the effective piston area with an amount of
17 ppm. The hood pressure was continuously monitored and cor-
rected for. Its uncertainty was taken as 20% of the largest hood
pressure recorded (which was 250 mPa). The value for the local
gravity was calculated by an interpolation from surrounding gravity
observations using a remove-interpolate-restore technique by The
Swedish Mapping, Cadastral and Land Registration Authority
(swe. Lantmäteriet). The piston cylinder assembly was leveled with
the help of a bull’s eye level placed on the piston before the mea-
surement. The accuracy of this method was estimated to be 0.3�,
which provides a contribution to the error budget of 13 ppm.

The total expanded uncertainty of the piston gauge (k ¼ 2),
U(PPG), was calculated by combining all of the entities above.
As is shown by the last line of Table III, it was estimated to
[(60 mPa)2 þ ð41� 10�6 P)2]1=2.

It is interesting to note that the total expanded uncertainties
of both refractometers are smaller than that of the piston gauge.

2. Comparison with the piston gauge

Figure 6 shows the difference between the assessments of the
two refractometers and the set pressures of the piston gauge taken
during the last two measurement series (December and February)
as a function of piston gauge set pressure. The assessment made by

FIG. 5. Difference in pressure measured by the TOP and SOP, defined as
PTOP –PSOP , for a series of measurements taken during a period of 5 months
(taken in October, November, December, and February, represented by crosses,
circles, squares, and diamonds, respectively). Each weight was measured over
24 h with the pressure assessed as the mean of the last 50 modulation cycles
(thus over 1.4 h). The error bars represent a two standard deviation spread over
these points. The dashed lines represent the estimated uncertainty (k ¼ 2) from
the uncorrelated sources of uncertainty (i.e., the temperature assessment, the
laser wavelength, the repeatability, and the zero pressure).

TABLE III. Expanded uncertainty components of the pressure set by the piston
gauge, U(PPG). All expanded uncertainties are expressed as k = 2.

Uncertainty components uPG Type

Constant terms
Hood pressure, Phood 50 mPa A
Mass, mp þ

P
mi 31 mPa B

Linear terms
Piston area, Aeff 34 ppm B
Temperature expansion, α 17 ppm B
Horizontal level, θ 13 ppm B
Local gravity, g 3 ppm B
Sum: U(PPG) [(60 mPa)2 + (41 × 10−6 P)2]1/2
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the SOP and the TOP is given by the blue and red markers, respec-
tively. The error bars of the individual data points represent the
expanded uncertainties (k ¼ 2) of the pressure assessed by the
refractometers, i.e., for the SOP and TOP, U(PSOP) and U(PTOP),
respectively. The black dashed lines in Fig. 6 correspond to the esti-
mated uncertainty of the piston gauge, U(PPG).

The highest pressure in this work (25 kPa) is within the calcu-
lated uncertainties, while some of the lower ones are not. The data
also show that there is a trend in the data, with the lower pressures
diverging more from the estimated piston gauge pressure than the
higher. This trend needs further investigation, but presently, we
attribute it to a nonlinearity in the piston gauge, viz., a transition
between the molecular and viscous flow in the piston cylinder gap,
which causes a change in the effective area of the piston gauge.44

V. SUMMARY AND CONCLUSIONS

It has previously been shown that refractometers based on GAs
MOdulation Refractometry (GAMOR), due to their extraordinary
abilities to mitigate the influence of fluctuations and drifts,26,27 are
capable of providing high-precision (sub-ppm) assessments.18,28–30

This has also allowed for the realization of transportable systems.31,32

This work presents a characterization of two Invar-based
DFPC refractometers utilizing the GAMOR methodology, one sta-
tionary (SOP) and one transportable (TOP), for their ability to
realize the pascal. The main aim of the work is to provide a first
assessment of their expanded uncertainty regarding assessment of
pressure of N2 in the 4–25 kPa range. In addition to this, it serves
the purpose of identifying their remaining shortcomings, which
will be addressed in future developmental works with the aim of
realizing refractometers with improved performance.

Although the two refractometers utilize the same procedure
for regulation of the temperature of the experimental system
(which is done by the use of Pt-100 sensors placed in drilled holes

in the cavity spacer), they differ by the means they assess the tem-
perature of the gas. While the TOP utilizes the Pt-100 sensors, the
SOP assesses, for improved accuracy, the temperature by the use of
a thermocouple with respect to a gallium fixed point cell.

The two refractometers were first individually characterized.
The cavity deformations were assessed by the use of the methodol-
ogy presented in Ref. 34. The uncertainty budget that resulted from
the characterization, which is given in Table II, reveals an expanded
uncertainty for assessment of pressure (k ¼ 2) by the SOP
and the TOP of [(10 mPa)2 + (10� 10�6 P)2]1=2 and [(16 mPa)2

+ ð28� 10�6 P)2]1=2, respectively. While the uncertainty of the SOP
is mainly limited by the uncertainty in the molar polarizability of
nitrogen (8 ppm), the uncertainty of the TOP is dominated by the
temperature assessment (26 ppm). It was concluded that the total
uncertainties of both refractometers were smaller than that of the
piston gauge, which was assessed to [(60mPa)2 þ ð41� 10�6 P)2]1=2.

The refractometers were thereafter compared over a period of
5 months at various pressures in the 4–25 kPa range both with
each other and with the piston gauge. As is shown in Fig. 5, the
comparison of the two refractometers revealed that, over the time
of the campaign, which comprised four sets of data, taken during
the months of October, November, December (2020), and
February (2021), all measurements were within the calculated
uncertainty for comparative measurements, which was 27 ppm
(mainly attributed to the uncertainty in the temperature assessment
of the TOP). This verified that the estimated error budgets for the
uncorrelated errors hold over this length of time. It was also found
that the spreads within each set of measurements were smaller than
the spread of the entire set of data. This was attributed to long-term
drifts in the temperature assessing Pt-100 probes in the TOP.

The comparison of the refractometers to the piston gauge
showed that the pressure assessed with the refractometers jointly
and consistently diverged from the calculated set pressure of the
piston gauge and more so for the lower pressures than the highest.
While these effects need further investigation, we currently attribute
it to a change in the effective piston area of the piston gauge. The
effective area of the piston had been calibrated by cross floating the
piston gauge in the gauge mode, i.e., at atmospheric pressures.
Under such conditions, there will be a contribution to the effective
piston area from the drag force from the laminar flow through the
cylinder piston gap. Since we in this work operate the piston gauge
in an absolute mode, the pressures will be lower, resulting in a tran-
sition from a viscous to molecular flow through the cylinder piston
gap. The contribution of this effect to the assessment of pressure
has not been assessed for the particular piston gauge used in this
work. However, it has been reported for a similar piston gauge that
this effect is in the order of 50 ppm.44 Hence, it is plausible that the
main part of the discrepancy between the pressure assessments of
the refractometers and those of the piston gauge (in particular,
those at the lowest pressures) is due to this effect.

It can finally be concluded that the expanded uncertainty of
the SOP is similar to that given by NIST for their highly stabilized
ultralow expansion glass-based refractometer system, which is
claimed to be [(2.0 mPa)2 + (8.8 �10�6 P)2]1=2,25 which likewise is
predominately limited by the uncertainty in the molar polarizabil-
ity of nitrogen for kPa pressures. This shows that the GAMOR
methodology performed in an Invar-based DFPC-refractometer is

FIG. 6. Difference between two series of pressures measured by the refractom-
eters and the set pressure of the piston gauge taken over 3 months (one in
December 2020 and one in February 2021, represented by squares and dia-
monds, respectively). Blue markers: PSOP –PPG. Red markers: PTOP –PPG. The
error bars represent the expanded uncertainty of the pressure (k ¼ 2) assessed
for the SOP as U(PSOP) and the TOP as U(PTOP ). The dashed lines represent
the (k ¼ 2) uncertainty of the piston gauge U(PPG).
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capable of obtaining a realization of the pascal that is similar to
what has been obtained by the so far most sophisticated refractom-
eter system.

The results presented in this work will serve as the basis for
further development of the refractometers. One of the goals of this
developmental work will be to address higher pressures.
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