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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
where a laser is used to probe the frequency of a cavity mode, which is shifted in relation to the
refractivity of the gas in the cavity. Recent activities have indicated that such systems can
demonstrate an extended uncertainty in the 10 ppm (parts-per-million or 10−6) range. As a
means to reduce the influence of various types of disturbances (primarily drifts and fluctuations)
a methodology based on modulation, denoted gas modulation refractometry (GAMOR), has
recently been developed. Systems based on this methodology are in general high-performance,
e.g. they have demonstrated precision in the sub-ppm range, and they are sturdy. They can also
be made autonomous, allowing for automated and unattended operation for virtually infinite
periods of time. To a large degree, the development of such instruments depends on the access
to modern photonic components, e.g. narrow line-width lasers, electro- and acousto-optic
components, and various types of fiber components. This work highlights the role of such
modern devices in GAMOR-based instrumentation and provides a review on the recent
development of such instruments in Sweden that has been carried out in a close collaboration
between a research institute and the Academy. It is shown that the use of state-of-the-art
photonic devices allows sturdy, automated and miniaturized instrumentation that, for the benefit
of industry, can serve as standards for pressure and provide fast, unattended, and calibration-free
pressure assessments at a fraction of the present cost.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Refractometry constitutes an optical technique for assessment
of refractivity that, by use of the extended Lorentz-Lorenz
equation, can assess gas (molar or number) density [1–7], and,
by use of an equation of state, also pressure [8–13]. In addition,
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thanks to the implementation of the redefined International
System of Units (commonly referred to as the SI system) in
May 2019, in which the uncertainty of the Boltzmann con-
stant was eliminated [14, 15], possibilities opened up for the
realization of photon-based standards based on refractometry
for both gas molar density and pressure that are primarily lim-
ited only by the accuracy of quantum calculations of atomic
or molar polarizabilities. Hence, the technology has the poten-
tial to replace current mechanical standards of the unit for gas
pressure, the pascal, [11], which today comprise piston gauges
(also known as pressure balances) or liquid manometers, both
of which measure force per area, suffer from practical and
environmental limitations (the latter contains toxic mercury),
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and whose performance has remained essentially unchanged
over the past few decades [16–19].

A common means to realize refractometry is to base it on a
Fabry–Perot (FP) cavity (FPC) [5–8, 10, 12, 13, 20–23].When
gas whose refractivity (density or pressure) is to be assessed is
let into such a cavity, the frequencies of its cavity modes shift.
By locking a laser to one of itsmodes, the shift of the frequency
of the mode will be transferred to a measurable shift in the
frequency of the laser light. Based on this, instrumentation that
has demonstrated an extended uncertainty for assessments of
pressure in the 10 ppm (parts-per-million or 10−6) range has
been demonstrated [22, 24] and it is under further development
at a multitude of National Metrology Institutes (NMIs) and
universities in the world [9–13, 20, 23, 25, 26].

Although it is simple in theory to realize FPC-based instru-
mentation, it is not trivial in practice to carry out high precision
refractivity assessments. One reason is that FPCs, although
bored in a spacer made of a low-(or zero-)thermal expansion
glass, e.g. Zerodur or ULE® (ultra low expansion) glass, often
are exposed to various types of disturbances; not least from
changes of the length of the cavity [10]; a change in length of
a 30 cm long cavity of 1 Å (which is comparable to the ‘size’
of an atom) corresponds, for N2 at room temperature, to an
error in pressure of 100 mPa (which represents 1 ppm of the
value under atmospheric pressure conditions).

To alleviate some of these limitations, FPC-based refracto-
metry is often based on a dual-Fabry–Perot cavity (DFPC)
in which two cavities, bored in the same cavity spacer
material, are simultaneously addressed by two laser fields
[4, 5, 8, 10, 22, 23, 26–28]. An advantage of this is that any
change in length of the cavity spacer that affects the two cav-
ities equally does not affect the assessment. However, since
the lengths of two cavities also can fluctuate dissimilarly over
time, also DFPC-based refractometry will pick-up disturb-
ances, although often to a lesser extent than single FPCs.

As an additional means to improve on the performance, a
methodology based on modulation, referred to as gas modula-
tion refractometry (GAMOR), has recently been developed by
the authors of this work [24, 25, 29–31, 32, 33]. The method-
ology reduces the pick-up of various types of fluctuations and
drifts in refractometry systems, not only those from changes in
length of the cavity (e.g. those caused by drifts in the temper-
ature of the spacer material) but also those that have other ori-
gins, e.g. leakages into, or outgassing in, the reference cavity
[25, 34, 35]. For example, it has been shown that it can reduce
the influence of drifts and fluctuations in a DFPC-based sys-
tem with no active temperature stabilization more than three
orders of magnitude; from the Pa to the mPa range [25]. It has
also demonstrated a high precision (in the sub-ppm (sub-parts-
per-million or sub-10−6) range) [30, 33].

Its extraordinary abilities have also made it possible to
realize high-performance systems using a cavity spacer made
of Invar, which has a number of appealing properties. Com-
pared to commonly used glass materials, it has a five times
higher ratio of thermal conductivity to volumetric heat capa-
city, which implies that the cavity will have lower thermal
gradients, which, in turn, allows for more accurate temperat-
ure assessments; a two times higher volumetric heat capacity,
which reduces temperature fluctuations of the cavity; a 50%

higher Young’s modulus, which gives the cavity a lower pres-
sure induced deformation; a lower degree of He diffusivity,
permeation, and solubility compared to some of the glass
materials [36]; and it can be machined in a standard metal
workshop, whereby more complicated geometries can be cre-
ated more swiftly at a lower cost [30]. Utilizing an Invar-
based DFPC, the system could, when assessing pressure at
4303 Pa, provide (for measurement times around 103 s) a
minimum Allan deviation of 0.34 mPa, which corresponds
to a relative deviation of 0.08 ppm. It has recently demon-
strated an extended uncertainty (k = 2) of [(10 mPa)2 +
(10 ×10−6P)2]1/2 [24].

The GAMORmethodology is built upon two cornerstones;
(i) one is that the refractivity of the gas in the measurement
cavity is assessed by the use of a rapid gas modulation proced-
ure that allows for a repetitive referencing of the filled meas-
urement cavity beat frequency assessments to empty cavity
assessments, while (ii) the other is that the empty measure-
ment cavity beat frequency is estimated based on an interpol-
ation between two assessed empty measurement cavity beat
frequency measurements [25, 34, 35, 37].

An important prerequisite to realize systems with these
properties has been to construct systems that can allow for
autonomous and unattended operation for long periods of time
(days or weeks). An indispensable tool to achieve this has
been the use ofmodern photonic components, e.g. narrow line-
width fiber lasers emitting light in the near-IR (NIR) region
since, in this wavelength region, there is a wide range of high-
quality and sturdy components, e.g. electro- and acousto-optic
components and fiber components (e.g. circulators and split-
ter), that facilitate the locking of the lasers to cavity modes
by use of the sturdy Pound Drever Hall (PDH) technique
and make possible automatic mode jumps. The use of such
types of components has also allowed for the realization of
transportable systems [33, 38], and opens up for miniaturized
calibration-free instruments.

Although the basics and performance of theGAMORmeth-
odology have recently been reported in a series of public-
ations [24, 25, 29–35, 37–41], its use of, and dependence
on, modern optical components has not yet been described
or scrutinized in any detail. As a step toward the realization
of modern photonic-based instruments for pressure assess-
ments and standards, this work does this. It is shown that
the use of state-of-the-art photonic devices allows for the
realization of automated and miniaturized instrumentation for
assessment of pressure and standards that can provide fast and
calibration-free pressure assessments for NMIs, the Academy,
and industry at a fraction of the present cost.

2. Theory

An FPC is an optical cavity made from two highly reflecting
mirrors. Monochromatic light can enter and pass through the
cavity solely when it is in resonance with any of its cavity
modes. Maximum transmission occurs when the optical path
length for a round trip, 2 nL, (where n and L are the index of
refraction of the medium in the cavity and the empty cavity
length, respectively) is a multiple, q, of the wavelength of the

2



J. Opt. 24 (2022) 033002 C Forssén et al

light, λ. The frequencies for which this takes place are called
(longitudinal) cavity modes.

2.1. The mode structure of an ideal FPC

For the case with an FPC made up of two flat mirrors that
encompasses a gas with a refractivity of n− 1, and when neg-
lecting the influence of the penetration depth of themirrors and
the co called Gouy phase, the frequency of the qth longitudinal
mode, νm, can be written as

νm =
qc

2[1+(n− 1)]L
=

1
[1+(n− 1)]

ν0m, (1)

where the subscript m denotes the measurement cavity,
c is the speed of light in vacuum, and ν0m is the fre-
quency of the qth mode when the cavity is empty, given by
qc/(2L). The frequency difference between any two consecut-
ive modes, e.g. νm(q+ 1)− νm(q), is called the free-spectral-
range (FSR), denoted νFSR, and can, for the case with an empty
cavity, be written as c/(2L).

When high reflectivity mirrors are used (R> 0.5), an FPC is
often characterized in terms of its finesse, F. The finesse rep-
resents the ratio of the FSR and the full-width-half-maximum
(FWHM) of the cavity modes. For a cavity with two identical
high-reflectivity mirrors, it is given by (π

√
R)/(1−R).

This implies that a cavity made up of two mirrors with a
reflectivity of 99.997% has a finesse of 104, and, if the length is
15 cm, an FSR of 1 GHz. Under these conditions, the FWHM
of its cavity modes is 100 kHz.

2.2. Refractivity

The refractivity of the gas in the cavity can be measured as
the shift in the frequency of a mode in the cavity (henceforth
referred to as the measurement cavity) when it is either filled
with gas or evacuated.

2.2.1. An ideal FPC. For an ideal FPC, the shift of the qth
mode when the cavity is filled with gas, ∆νm, defined as
νm− ν0m, can, according to equation (1), be expressed in terms
of the refractivity as

∆νm =
1

[1+(n− 1)]
ν0m− ν0m =− n− 1

1+(n− 1)
ν0m. (2)

This implies that, for such a cavity, the refractivity can be
expressed in terms of the shift of the qth mode as

n− 1=
−∆νm/ν

0
m

1+∆νm/ν0m
. (3)

2.2.2. Assessment of refractivity in an ideal FP-cavity. As
is further discussed below, the frequency of a given mode can
most conveniently be assessed by locking a laser to the mode
(in reality, locking the frequency of the laser light to that of the
cavity mode). The refractivity can then be assessed, by use of
equation (3), in terms of the shift in the frequency of the laser.

However, it is not trivial to assess such a change with high
accuracy. One way to accomplish this is to make use of a
second laser that probes a second cavity, referred to as the ref-
erence cavity. By merging the two lasers on a fast photo diode,
the difference in frequency between them can be assessed as
a radio frequency (RF) beat signal, whose frequency, f, can be
assessed with high accuracy by the use of a frequency counter.
By this, any shift in the cavity mode addressed can be assessed
as a shift of f, denoted ∆f. For the case when νm > νr, where
the subscript r represents the reference cavity, this shift in beat
frequency is defined as νm− νr. This implies that, as long as
the frequency of the reference laser does not drift or change,
the refractivity can be assessed by use of equation (3) with∆f
taking the place of ν0m.

2.2.3. Assessment of refractivity in a real FP-cavity. Every
high reflectivity mirror that has a coating has also a finite
penetration depth, which is the length light effectively pen-
etrates into the coating before it is reflected (here denoted
Lpd). Furthermore, when gas is let into a cavity, the cavity will
deform and thereby change its length. This implies that L in
equation (1) and the expression for the FSR will neither be
the mirror-to-mirror distance, L0, nor be pressure independ-
ent. It needs to be seen as L0 + 2 Lpd+ δL(P) where δL(P) the
change in length when it is exposed to a pressure.

The penetration depth of the mirrors, Lpd, is given by cTg
2 ,

where, in turn, Tg is the group delay of the mirror, and can
take values that is a fraction of the wavelength. It has been
found though that for mirrors with quarter wave stacks of coat-
ings for which the outermost layer of the coating has a higher
index of refraction than the subsequent one, referred to as Type
H, Lpd is proportional to the index of refraction of the gas
[42], i.e. Lpd(n) = nLpd(n= 1), just as the optical length of the
mirror-to-mirror distance, L0, is given by nL0 in the presence
of gas. This implies that the penetration depth behaves as if it
would be a part of the mirror-to-mirror distance. Hence, for the
case with assessment of refractivity in terms of a shift on the
beat frequency, it can be assimilated into the mirror-to-mirror
distance which then can be denoted, L ′

0. It has then been found
suitable to define ν0i as ν

0
i,mes/(1+ 2Lpd/L0)where ν0i,mes is the

measured empty cavity frequency.
It has also been found convenient to express the change

in length due to the deformation in terms of the difference in
the refractivity-normalized relative changes in cavity lengths
of the two cavities due to the presence of the gas in the
measurement cavity, denoted εm and given by [(δL/L0)m−
(δL/L0)r]/(n− 1), where (δL/L0)m and (δL/L0)r are the rel-
ative changes in length of the measurement and the reference
cavity when the measurement cavity is filled with gas, respect-
ively (the filling of gas into the measurement cavity will pro-
duce a minor change in length of the reference cavity due to
strain in the cavity spacer).

All this implies that for a real cavity utilizingmirrors of type
H, and in the presence of cavtiy distortion, the refractivity can
be expressed as

n− 1=
−∆f/ν0m

1+∆f/ν0m+ εm
. (4)
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2.2.4. Assessment of refractivity in the presence of mode
jumps. For sufficiently large changes in pressure in the
measurement cavity, the frequency of the measurement laser
cannot (because of its finite tunability) follow that of a given
cavity mode. In this case, it is customary to shift the lock-
ing of the lasers from one mode to another, referred to as
mode jumps. This implies that, as gas is let into the measure-
ment cavity, f is in reality a non-monotonic (i.e. a wrapped)
function. To take the mode jumps 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 ,
that takes these into account. In this case, such a function can
most conveniently be written as

fUW =−f+ ∆qm
q0m

ν0m−
∆qr
q0r

ν0r , (5)

where ∆qm and ∆qr denote the number of mode jumps the
measurement and reference lasers have made from the modes
at which the empty cavity mode frequencies, ν0m and ν0r , were
assessed, respectively. Although the first minus sign converts
the unwrapped beat frequency to a negative entity, it gives
more conveniently rise to an entity whose magnitude increases
as the pressure increases (opposed to that of f ). In this case, the
expression for the refractivity can be written as

n− 1=
∆fUW/ν0m

1−∆fUW/ν0m+∆qm/q0m+ εm
, (6)

where∆fUW is given by fUW− f 0UW where f 0UW is the unwrapped
beat frequency for an empty measurement cavity.

Equation (6) is valid for refractometry in general, but is par-
ticularly useful when the GAMOR methodology, with its use
of automatic mode jumps, is utilized.

2.3. Gas molar density

For pressures up to atmospheric pressures, the gas molar dens-
ity can be assessed from refractivity as

ρ=
2

3AR
(n− 1)[1+ bn−1(n− 1)], (7)

where AR is the molar polarizability [22, 24, 25] and bn−1 is
given by −(1+ 4BR/A2

R)/6, where, in turn, BR is the second
refractivity virial coefficient in the Lorentz–Lorenz equation,
all taken as the wavelength of the light [1, 29, 40].

2.4. Pressure

The pressure can be assessed from the expression for gasmolar
density as

P= RTρ[1+Bρ(T)ρ], (8)

where R is the ideal gas constant, T is the temperature of the
gas, and Bρ(T) is the second density virial coefficient.

For the case when higher than atmospheric pressures are
addressed, more terms with higher order virial coefficients

need to be included. For more detailed theoretical descriptions
of the Lorentz–Lorenz equation and the equation of state,
and for expressions valid for higher pressures, the reader is
referred to the literature, e.g. [1, 3, 10, 11, 29, 40, 43, 44].

3. Experimental setup

The setup comprises two main parts, the refractometry system
with the DFPC and the gas handling system. In addition to
the DFPC, the refractometer contains a number of photonic
devices used to control, modulate, and assess the frequency of
the light. The gas handling system contains a number of valves
and tubing that connect the cavities with a gas supply and a gas
evacuation system. Below is a detailed description of these and
an explication of their role in the system.

3.1. The refractometry system

3.1.1. The DFPC. The refractometer, shown in figure 1,
comprises an Invar-based DFPC that is precision machined
from a ∅60 mm Invar rod [30]. The outer dimensions of the
spacer are 160 × 60 × 50 mm. The cavities consist of two
∅12.7 mm highly reflective (99.997%) plano-concave mirrors
(Layertech, 106 587), producing a cavity with stability para-
meters, g1 and g2, of 0.7. The mirrors are placed in 6 mm deep
clearance holes in the 160 mm long spacer and clamped by
a back plate onto ∅6 mm bores, yielding a mirror separation
of 148 mm. This reflectivity and mirror separation result in a
finesse and an FSR of of 104 and 1 GHz, respectively.

3.1.2. The photonics in the system. The refractometer con-
sists of a number of photonic devices that make possible
the probing of longitudinal cavity modes of the DFPC. A
schematic of the system is shown in figure 2. Each cavity is
probed by the light from an Er-doped fiber laser (EDFL, NKT,
Koheras Adjustik E15) at a wavelength of 1.55 µm. Since this
wavelength is in the data communication NIR region, there is
ample of photonic devices that are fiber coupled. This does not
only facilitate the realization of the system, it is also the basis
for the sturdiness and reliability of the systems.

The light is coupled into a fiber-coupled acousto-opticmod-
ulator (AOM, AA Opto-electronic, MT110-IR25-3FIO) that
uses the acousto-optic effect to shift (and diffract) the fre-
quency of light using a sound wave. Its first order output,
which contains the frequency up-shifted component of the
laser light, is coupled to a 90/10 fiber splitter (90/10, Thorlabs,
PMC1550-90B-FC).

The 90% output from the splitter is coupled into an electro-
opticmodulator (EOM,General Photonics, LPM-001-15) that,
by phase modulation, produces sidebands (at 12.5 MHz) on
the monochromatic laser beam for the locking of the laser
light to a cavity mode by the PDH locking technique (see
below) [45].

The output of the EOM is coupled to an optical circulator
(Circ, Thorlabs, CIR1550PM-APC)whose first output is fed to
a custom built collimator (Col). The output of the collimator,
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Figure 1. The Invar cavity assembly before being equipped with temperature probes 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.

Figure 2. Schematic illustration of the refractometer setup. EDFL: Er-doped fiber laser; AOM: acousto-optic modulator; 90/10:90/10 fiber
splitter; EOM: electro-optic modulator; Circ: optical circulator; Iso: optical isolator; Ref: fast photodetector for the reflected light; Col:
collimator; DFPC: dual-Fabry–Perot cavity; Tra: large area photodetector for the transmitted light; FPGA: field programmable gate array,
VCO: voltage controlled oscillator; 50/50:50/50 fiber coupler; B. Det: fast fiber-coupled photodetector for the beat signal; and Freq.C:
frequency counter.

which is mode matched to a TEM00 mode of the cavity, is sent
to the cavity. The reflected light, which carries information
for the PDH locking, is coupled back into the collimator and
routed via the second output of the circulator and an optical
isolator (Iso, Thorlabs, IO-G-1550-APC) to a fast photode-
tector (Ref, Thorlabs, PDA10CE-EC). The light transmitted
through the cavity is monitored by a large area photodetector
(Tra, Thorlabs, PDA50B-EC).

The reflection detector is, in turn, connected to a field
programmable gate array (FPGA, Toptica, Digilock 110)
that demodulates the signal at the modulation frequency
(12.5 MHz) to produce the PDH-error signal. Its slow com-
ponents (<100 Hz) are sent to the EDFL-piezo, which
provides the ‘slow’ tuning of the frequency of the light,
while the fast components (>100 Hz) are sent to an voltage

controlled oscillator (AA OPTO-electronic, DRFA10Y-D-34-
60.150-0dB) that produces an RF-signal that drives the AOM
around 110 MHz to correct for rapid fluctuations of the laser
frequency.

To sample the beat frequency between the two cavities, the
10% outputs from the splitter in each arm are combined in
a 50/50 fiber coupler (50/50, Thorlabs, PMC1550-50B-FC).
The combined light is routed to a fast fiber-coupled photode-
tector (B.Det, Thorlabs, PDA8GS) whose RF-signal is meas-
ured by a frequency counter (Freq.C, Aim-TTi instruments,
A TF960). To account for mode jumps done by the auto-
matic relocking routine, as is further discussed below, the
voltages sent to the EDFL by the FPGA is monitored by an
analogue input module (not in figure, National Instruments,
NI-9215).
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Figure 3. The gas handling system, comprising an inlet system, which, by sustaining a constant gas flow between the MFC and EPC,
reduces the risk for contamination of the gas in the volume prior to the filling valve, a combined valve control and cavity system, which
connects the two cavities to the gas filling and evacuation systems, and a gas evacuation system, which evacuates the selected parts of the
valve control and cavity system. MFC: mass flow controller; EPC: electronic pressure controller; T: turbo pump; R: oil-free rough pump;
High: a high pressure gauge; and Low: a low pressure gauge.

3.2. The gas handling system

A schematic view of the gas handling system can be seen in
figure 3. It consists of an inlet system, a combined valve con-
trol and cavity system, and a gas evacuation system.

The inlet system comprises a mass flow controller (MFC,
Bronkhorst, FG-201CV) connected to a gas supply, an elec-
tronic pressure controller (EPC, Bronkhorst, P-702CV), and
a diaphragm filling valve (V f , Swagelok, 6LVV-DPS6M-C)
used to connect the gas supply with the valve control system.
To reduce the risk for contamination of the gas in the volume
prior to the filling valve, the output of the EPC is continuously
evacuated by an oil-free rough pump resulting in a constant
gas flow between the MFC and EPC.

The combined valve control and cavity system comprises
four diaphragm valves (Swagelok, 6LVV-DPS6M-C) connect-
ing the two cavities to the gas filling and evacuation systems
via separate paths. The valve that connects the gas system
of the refractometer with the measurement cavity is denoted
Vm. All five diaphragm valves are controlled by solenoid
pilot valves (not in the figure, Swagelok, MS-SOL-1K) via a
digital output module (not in the figure, National Instruments,
NI-9474).

The evacuation system comprises a molecular turbo pump
backed by an oil-free rough pump.

To estimate the pressure under scrutiny, which is needed
for the assessment of mode jumps, a pressure gauge (High,
Oerlikon-Leybold, CTR 101 N 1000 Torr) is positioned
between the filling valve and the combined valve control and
cavity system. Tomonitor the residual pressure, a low pressure
gauge (Low, Oerlikon-Leybold, CTR 101 N 0.1 Torr) is posi-
tioned between the combined valve control and cavity system
and the gas evacuation system.

In addition, to produce a well defined pressure during
assessments, the pressure is regulated with a dead weight pis-
ton gauge (DWPG), connected to the combined valve control
and cavity system close to the high pressure gauge (High, not
displayed in figure 3).

The gas handling system is described in more detail in [33].

4. Methodology

4.1. Choice of lasers—Erbium-doped fiber lasers

A convenient way to realize a sturdy lock of the frequency
of lasers to those of the cavity modes is to make use of
Erbium-doped fiber lasers emitting light in the NIR region.
Such lasers do not only have a narrow line-width (<0.1 kHz)
they are also truly single mode and can easily be tuned. They
also produce light in a wavelength region in which there is a
wide range of high-quality and sturdy fiber connected com-
ponents such as electro- and acousto-optic components and
fiber components, which facilitates the realization of the sys-
tems and makes them sturdy and reliable. Such lasers have
therefore frequently been used in the refractometers that util-
ize the GAMOR methodology.

4.2. Means of locking—the PDH technique

To obtain stable and robust locking, the lasers are locked
to specific modes of the cavities by use of the PDH tech-
nique [45]. By modulating the light by a frequency fmod, side
bands around the frequency of the carrier, ν0, are generated at
ν0 ± fmod. The PDH technique utilizes the interactions between
the light fields reflected by the cavity to generate an error sig-
nal that is used in a negative feedback loop to adjust the laser’s
frequency. The reflected light field consists of four compon-
ents, viz. the carrier, the two side bands, and the intracav-
ity field. Due to their intrinsic properties (primarily their fre-
quency and relative phase shifts), the reflected field, detected
by a detector and demodulated at the modulation frequency
fmod at a phase referred to as ‘in-phase’, produces a signal that
has odd symmetry and can be used as an error signal for the
control of the locking. An example of an error signal from a
scan of a light field with side bands at 12.5MHz across a cavity
mode is shown in figure 4.

The figure shows that the PDH technique provides a steep
response around the center of the mode of the cavity. The
response has a close to linear dependence over the width of the
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Figure 4. Panel (a): reflection from the cavity demodulated at the
modulation frequency (12.5 MHz) at a phase referred to as
‘in-phase’. Panel (b): an enlargement of the response around the
center of the cavity mode.

cavity mode, which, for a high finesse cavity is in the order of
100 kHz. This implies that as soon as the laser deviates from
the center of the cavity mode (due to some disturbance) a small
fraction of its width (<1 kHz), it will experience a correction
signal that rapidly corrects for the disturbance and forces the
laser frequency to return to the center of the cavity mode. This
implies that the laser frequency can be locked to the frequency
of the cavity mode to with a fraction of a kHz.

4.3. Means to account for the finite tunablitiy of the lasers—a
scheme for automatic mode jumps

When the frequency of the cavity mode addressed has shif-
ted so it approaches the upper or lower limit of the tunablity
of the laser, the laser needs to make a mode jump. To accom-
modate this, a procedure for automatic mode jumping has been
implemented.

As is further described below, the frequency of the laser is
controlled by a digital control unit (Toptica, Digilock 110). In
this, a voltage sweep with a sinusoidal waveform is defined in
terms of a frequency (a fewHz) and an amplitude (correspond-
ing to the voltage required to shift the laser± one FSR, approx-
imately±2 V).When the frequency of the mode addressed has
been shifted so the feedback voltage has approached either a
predefined upper or lower limit, a mode jump process is initi-
ated. The control unit then first resets the voltage to the center
of its sweep before it initiates a sweep to re-lock the laser to
a neighboring mode. When the laser frequency addresses the
new mode, the PDH-locking process swiftly locks the laser to
the mode. This relocking process happens within a fraction of
a period of the sweep, thus well within one second.

4.4. Means to provide stable temperature conditions—a
temperature control system

To ensure temperature stability of the cavity spacer, it is
placed within an aluminum enclosure (an oven) placed on
an aluminum optical breadboard [39]. The temperature of
the breadboard is coarsely controlled by a process regulator
(JUMO, diraTRON 108) regulating a heat mat. The oven is, in
turn, fine tuned by a 2 × 2 Peltier element array (Laird, PE-
127-14-15-S) positioned under it. The feedback signal to the
process regulator is obtained by a Pt-100 probe (RS, PRO 457-
3710) clamped to the breadboard. The feedback to the Peltier
array is provided by four Pt-100 probes (RS, PRO 457-3710);
one bored into the oven and three into the spacer, centered and
equally spaced between the two cavities. The resistances of
the Pt-100 probes are measured by a data acquisition module
(National Instruments, NI-9216). To assess the degree of sta-
bility of the module it simultaneously assesses a 100 Ω stand-
ard resistor. Feedback is provided to the Peltier array by an
analogue outputmodule (National Instruments, NI-9263) driv-
ing two line buffers (Thorlabs, 50LD). Routinely, this system
achieves a stability of the cavity spacer temperature of 3 mK
over 40 h [39].

4.5. Means to reduce the influence of disturbances—the
GAMOR methodology

The GAMOR methodology reduces swiftly and conveniently
the pick-up of various types of disturbances (drifts and fluctu-
ations) in refractometry systems; not only those from changes
in length of the cavity caused by drifts in the temperature of
the cavity spacer or aging, but also several of those that have
other origins (e.g. those from gas leakages and outgassing).
As was stated above, the methodology is built upon two prin-
ciples, referred to as two cornerstones; viz. (i) the refractivity
of the gas in the measurement cavity is assessed by a frequent
referencing of filled measurement cavity beat frequencies to
evacuated cavity beat frequencies, and (ii) the evacuatedmeas-
urement cavity beat frequency at the time of the assessment of
the filled measurement cavity beat frequency is estimated by
use of an interpolation between two evacuated measurement
cavity beat frequency assessments, one performed before and
one after the filled cavity assessments.

Figure 5 presents, in accordance with cornerstone (i), the
pressure assessed in the measurement cavity as a function of
time, i.e. Pm(t), for a 200 s long GAMOR-cycle assessing a
pressure set by the DWPG (in this case 30.7 kPa). The refer-
ence cavity is held at a constant pressure, which for simplicity
is commonly chosen to be at vacuum.

According to cornerstone (ii), the evacuated unwrapped
measurement cavity beat frequency is, for each modulation
cycle, not assessed by a single measurement; it is instead
estimated by the use of a linear interpolation between two
evacuated (unwrapped) measurement cavity beat frequency
assessments performed in rapid succession—one performed
directly prior to when the measurement cavity is filled with
gas [for cycle n, at a time tn, henceforth denoted f 0UW(tn)],
and another directly after the cavity has been evacuated
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Figure 5. The time evolution of the pressure assessed in the
measurement cavity, P(t), for a 200 s long gas modulation cycle. tI
represents the time of filling and tII the time of evacuation during the
modulation cycle, here set to 100 and 100 s, respectively. tf is the
time at which the MFC is re-filling the DWPG while ts is the time
during which the DWPG is stabilizing the pressure (i.e. when the
piston is floating). The data taken for the assessment of refractivity,
and thereby pressure, are the last 10 s of the filling cycle.

[at a time tn+1, denoted f 0UW(tn+1)]. By this, the evacuated
measurement cavity beat frequency, denoted f̃ 0UW(tn, t, tn+1),
can be estimated at all times t during a modulation cycle. For
cycle n, for which tn ⩽ t⩽ tn+1, it is estimated as

f̃ 0UW(tn, t, tn+1) = f 0UW(tn)+
f 0UW(tn+1)− f 0UW(tn)

tn+1 − tn
(t− tn). (9)

By subtracting the estimated (interpolated) unwrapped
evacuated measurement cavity beat frequency, f̄ 0UW(tn, t, tn+1),
from the measured (possibly drift-influenced) unwrapped beat
frequency during gas filling, fUW(t), a campaign-persistent-
drift-corrected net beat frequency results. The average value
of this curve, a short time period just before the gas is evac-
uated (in this case, between 90 and 100 s), represents the
∆fUW to be used in equation (6) when GAMOR is per-
formed. This shows that it is feasible to interpret GAMOR as
‘interpolated gas modulated refractometry’. The principle for
the GAMOR methodology is given with more details in the
literature [32–35, 37].

4.6. Means of characterization

4.6.1. Empty cavity laser frequency. The empty cavity fre-
quencies for both lasers, i.e. the ν0i , are regularlymeasured by a
wavelength meter (Burleigh, WA-1500). In the latest measure-
ment, ν0i was determined to 193 400.99(6) and 193 397.45(6)
GHz for the measurement and reference cavities, respectively.

4.6.2. Empty cavity mode numbers. The empty cavitymode
numbers for each cavity, q0i , (where i can either represent m or

r) are assessed, according to equation (1) and the definition of
the FSR, as the ratio of the empty cavity frequency and FSR,
i.e. as

q0i =
ν0i
νFSR

. (10)

The FSR, which is given by νFSR = c/(2L ′
0), where the

finite penetration depth of the mirrors, Lpd, is given by cTg
2 ,

where, in turn, Tg is the group delay of the mirror, is, in prac-
tice, assessed for an empty cavity according to equation (5) as
the shift in frequency the laser experiences, i.e. the∆f, when a
single mode jump is induced, i.e. for a change in∆q of unity.

The FSRs of the two cavities were found to be
1.0125870(5)× 109 and 1.0125960(6)× 109 Hz, while the
two q0i s were assessed to 190 997 and 190 992, for the meas-
urement and reference cavities, respectively.

This implies that the effective mirror-to-mirror distances,
L ′
0, for the two cavities can be assessed to 148.03 300(5) and

148.03 184(5) mm respectively.

4.6.3. Cavity deformation. The deformation parameter can
be assessed by use of the procedure developed by Zakrisson
et al [31]. To eliminate the influence of drifts and leakages of
gas, it is based on scrutinizing the difference between two pres-
sures: one assessed by the uncharacterized refractometer and
the other provided by an external pressure reference system, at
a series of set pressures for two gases with dissimilar refractiv-
ity (here, He and N2). By fitting linear functions to these
responses and extracting their slopes, it is possible to determ-
ine the difference in cavity deformations of the two cavities
when the measurement cavity is filled with gas, denoted εm
and defined as (δL/L0)m− (δL/L0)r. Such a characterization
revealed that the εm could be assessed to 1.9630(4)× 10−3 or
1.9631(2)× 10−3 for the cases when the molar polarizability
of nitrogen is traceable to a thermodynamic and a mechanical
standard, respectively [31].

4.7. Measurement methodology

4.7.1. Synchronization. Since the system is constructed for
autonomous and unattended operation for long periods of time,
it is of utmost importance to synchronize all measurement
streams in order to acquire reliable data. However, a number
of entities and devices in the system, e.g. the vacuum gauges,
the frequency counter, the nanovoltmeter, the resistance tem-
perature measurements, the laser piezo voltages, and the valve
controls, produce data with their own sampling rates. In addi-
tion, some of them are in separate units with different internal
clocks communicating over individual USB ports. A tempor-
ary glitch in the data flow from one device can de-synchronize
the signals and produce incorrect assessments. Long meas-
urement series and multiple devices tend to aggravate these
problems.

To remedy this, all data streams are made synchronous by
oversampling the data streams from all devices and resample
them to a common 4 Hz time scale by a simple average and
hold routine. To synchronize the valve timing (which is not
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regularly recorded) with the data streams, channel zero of the
valve control (which is high when the measurement is being
filled and low during evacuation) is used as a trigger. The trig-
ger signal is recorded with the analogue-to-digital converter
(National Instruments, NI-9215). All of this ensures that the
synchronization of the data is accurate to within 0.25 s.

4.7.2. Assessment of refractivity. As was alluded to above,
the refractivity can be assessed as a shift of the unwrapped beat
frequency, which, in turn, comprises the shifts of the assessed
beat frequency and modes addressed.

The beat frequency, which is measured by splitting the light
addressing the cavities by the use of 90/10 splitters and com-
bining the low power outputs of these onto a fast photo diode
via a 50/50 combiner, is directly measured by the use of a
frequency counter. The beat frequency can, for the particular
frequency counter used in the set-up, be addressed at a rate
of 4 Hz.

The shift of the modes addressed is assessed by the use
of the shift in the voltages supplied to the piezoelectric trans-
ducers in the lasers (which affects the output frequency of the
lasers) and the pressure in the measurement cavity, approx-
imately assessed by the use of a pressure gauge (the ‘High’
pressure gauge connected to the gas system). Jointly, this will
provide sufficient information to uniquely assess the number
of mode jumps made during the filling of the measurement
cavity.

4.7.3. Temperature. The temperature is continuously meas-
ured by a thermocouple (type-T) connected to a nanovoltmeter
(Keithley, 2182A). The thermocouple is on one end wound
around the cavity, while its other end, the reference point, is
placed in a gallium fixed point cell.

Since a gallium fixed point cell has a well defined temper-
ature while melting, measurements are performed during the
melting stage of recurrent freezing-and-melting cycles. There-
fore, before each new set of a measurements, the cell is reset
(i.e. the Ga in the cell is completely frozenwhereafter themelt-
ing process takes place). Although it takes up to 90 h before the
Ga has melted completely, the temperature is considered most
accurate in the center half of the cycle (during a 45 h period
of this process). It is during this period of time the measure-
ments of the refractivity are performed. When the cell reaches
the end of the melting cycle, it automatically restarts by a new
reset process.

As is further discussed in the section about the effect of pV
work on the assessment of gas temperature (section 5.4), the
gas will take the temperature of the spacer (to within 1 mK)
already one second after the filling of the cavity [41]. Due to
the large thermalmass of the cavity spacer (as compared to that
of the gas), the gas in the cavity will therefore not change the
temperature of the cavity spacer noticeably. The cavity spacer
temperature will be mainly given by the temperature of the air
surrounding the cavity which, in turn, is given by the temper-
ature of the oven.

It has been found that the characteristic time response of
the system (i.e. the cavity spacer) associated with a change in

Figure 6. The settling of the unwrapped beat frequency,∆fUW, for
an empty cavity after an induced mode jump. The black line shows
the average of ten induced mode jumps. The dashed lines represent
deviations of the beat frequency of ±1 kHz. The laser is typically
locked to within 1 kHz of the cavity mode frequency already 1.5 s
after an induced mode jump.

the temperature of the oven, τ , is 20 min. As all fluctuations
on a time scale faster than this can be considered as measure-
ment fluctuations, the assessments of temperature were aver-
aged over half of this response time, τ/2 (i.e. 10 min).

5. Performance

5.1. The PDH locking

The PDH-procedure provides such a robust lock of the fre-
quencies of the lasers to those of the cavity modes that the
lasers stay on the modes addressed for ‘infinite’ time. In addi-
tion, whenever a laser has become unlocked (which can take
place during gas filling or evacuation), it swiftly (on the second
time scale) accommodates to the new conditions and relocks.

Figure 6 displays ten consecutive empty-cavity measure-
ments following an induced mode jump. Since a mode jump
provides a sudden change in the beat frequency of one FSR,
which in our case is 1 GHz, the figure shows that the lock is
so sturdy, and the relocking of the system is so fast, that the
beat frequency takes the new value within a few seconds; the
deviation of the beat frequency from its settling value (which
is zero in the figure) is, after 2 s, solely 1 kHz [which is 1 ppm
(parts-per-million) of the 1 GHz it shifts as a consequence of a
mode jump], and, after 5 s, it is virtually zero. This shows that
the system fully accommodates a mode jump on a scale of a
few seconds.

In addition, the lock is so sturdy that the system can sustain
the ‘wrench test’, i.e. that it stays locked although a standard
sized wrench is dropped onto the optical table from a height
of some tens of centimeters.

5.2. The automated mode jumping scheme

Figure 7 illustrates not only a typical set of data, it also shows,
by the first 17 s of data, the ease by which the system makes
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Figure 7. The progression of the beat frequency [Panel (a)], the
mode number addressed [Panel (b)], and the unwrapped beat
frequency [Panel (c)] during a gas modulation cycle when 30.7 kPa
is assessed. At time 0, the valves between the combined valve
control and cavity system, the gas system of the refractometer, and
the measurement cavity (which, at that time is empty), i.e. V f and
Vm, open. The dashed vertical line indicates when the valve V f
closes, which thus also represents the time it takes for the entire
system to be filled up by the external gas supply system. After this,
the pressure is regulated by the DWPG. See text for details.

automatic mode jumps. At time 0, the filling valve, V f , and
the valve to the measurement cavity, Vm, which originally is
empty, open. At this time, the gas (nitrogen) that is in the inlet
system and the volume between V f and Vm rapidly (within a
fraction of a second) redistributes into the measurement cav-
ity, whereby it takes a pressure given by the ratio of the volume
of the gas handling system and the sum of the volumes of the
gas handling system and the cavity, which, for a set pressure of
30.7 kPa, is 27 kPa. After this rapid equilibration, gas continu-
ously flows through the MFC until the entire system (the inlet
system, the volume between V f and Vm, and the measurement
cavity) reaches the set pressure. This takes approximately 17 s,
after which the valve V f closes (marked by the vertical dashed
line in the figure), whereby the system settles.

After the initial, sudden change of the conditions, the panels
(a) and (b) show that the beat frequency is at 3.2 GHz while
the laser is addressing the ∆q= 13 mode.

Panel (a) shows that after the first sudden change of the
conditions in the system that followed the opening of the
valve to the measurement cavity, at time 0, the beat frequency
starts to decrease, from 3.2 to 2.8 GHz, which it reaches after
5 s, originating from a decrease in the frequency of the laser

addressing the measurements cavity. At that time, the system
makes a mode jump, from the ∆q= 13 to the ∆q= 14 mode
(assessed by the methodology given in section 4.7.2), whereby
the beat frequency makes a sudden jump to 3.8 GHz.

As more gas is let into the system, the beat frequency
continues to decrease until it reaches 2.85 GHz at which it
makes the next mode jump, to the∆q= 15 mode. After a fast
rise to 3.85 GHz, the beat frequency continues to decrease to
3.25 GHz, at which it settles.

Panel (c) shows that the corresponding unwrapped beat fre-
quency, ∆fUW, provides, during this time period, a seamless
curve from 12 up to 15 GHz, which represents the pressure of
30.7 kPa. The assessed pressure during this modulation cycle
was given by figure 5 above.

This illustrates that although the system is making mode
jumps, it produces, by its ∆fUW entity, a seamless assessment
of the pressure.Moreover, it can be added in passing that, since
the data typically is assessed either, for the case with 100 s long
gas modulation cycles, in the time window 40–50 s after the
initiation of the filling process, or, as is shown in the figure, for
the case with 200 s long gas modulation cycles, in 90–100 s
time window, the system has had plenty of time to settle after
the gas filling procedure.

5.3. The GAMOR methodology

As was alluded to above, the Hallmark of the GAMOR meth-
odology is that it has an ability to reduce the influence of vari-
ous types of disturbances. The works by Axner et al [34, 35]
provide a detailed scrutiny of the ability of the GAMOR
method to reduce the impact of fluctuations and drifts in the
system, respectively.

The former of these [34] gives a theoretical explanation,
in terms of the length of the modulation cycle, of the extent
to which gas modulation can reduce the pickup of fluctu-
ations, defined as regular disturbances with a given frequency,
e.g. encompassing, but not being limited to, disturbances that
are synchronous with the frequency of the power distribu-
tion system (at 50 or 60 Hz), those take place on the scale
of minutes (e.g. regulation of heating of various components),
which corresponds tomHz frequencies, or those that take place
on 24 h cycles, which take place at rates of tens of µHz. It
is indicated that a rapid modulation can significantly reduce
the influence of fluctuations with Fourier frequencies lower
than the inverse of the modulation cycle periods (which cor-
respond to those with periods longer than 100 or 200 s), which
often are those that dominate3. The predictions are confirmed
experimentally.

3 Reference [34] indicates that the methodology is capable of reducing the
fluctuations the system picks up to a larger degree the shorter the length of
the modulation cycle, both over a larger range of frequencies and, for each
frequency component, to a larger extent. It also shows that the methodology
has the ability to reduce the influence of other frequency components than
what the conventionally used averaging processes do (which decreases the
influence of fast fluctuations, i.e. the components of the fluctuations whose
Fourier frequencies are higher than the inverse of the integration time).
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The latter one [35] provides an explication of to what
extent modulated refractometry in general, and GAMOR in
particular, can mitigate the influence of drifts, predominantly
those of the cavity lengths, gas leakages, and outgassing. It is
indicated that the methodology is insensitive to the linear parts
of so-called campaign-persistent drifts and that it has a signi-
ficantly reduced susceptibility to others4.

It is concluded in these works that these properties make
the GAMOR methodology suitable for high-accuracy assess-
ments and out-of-laboratory applications.

5.4. The influence of PV work in the Invar based GAMOR
system

The GAMOR methodology requires that at least one of the
cavities is repeatedly filled and evacuated of gas. When an
empty cavity is filled with gas, energy of an amount equal to
pressure times volume, i.e. PV, often referred to as pV work, is
transferred into the system. This can potentially affect the tem-
perature distribution in the cavity system, which can adversely
affect the assessment of temperature, and thereby pressure.

An investigation of the effect of pV work on the Invar-based
DFPC system described above has recently been performed
[41]. It was found that although the gas momentarily can heat
up substantially (by up to 20 K), since the cavity volume is
small (<5 cm3), the gas transfers only a small amount of
energy into the system during the gas filling process (for the
case when 30 kPa is introduced,<0.5 J). In addition, due to the
small dimensions of the cavity, the temperature redistribution
in the cavity will be fast. It is shown that, due to these features,
the gas will equilibrate with the cavity wall so that the temper-
ature of the gas species at the center line of the cavity (where
the laser beam is located) is within 1 mK of the cavity wall in
less then 1 s.

Moreover, since both the heat capacity and the thermal
conductivity of Invar are large, the subsequent heating of the
spacer is small and the redistribution of energy of the cavity
spacer is fast. Since the system is constructed without heat
islands the temperature will also rapidly redistribute in the cav-
ity spacer. After 10 s, the temperature of the spacer has, at no
point, increased in temperature more than 1 mK.

It is finally shown that, at the end of the gas filling part of
a modulation cycle, the difference in temperature between the
gas and locations of the temperature probes in the spacer block
are less than 0.3 mK, and, at the end of the evacuation cycle, a

4 Reference [35] shows that modulated methodologies in general have a sub-
stantial ability to reduce the influence of drifts, and more so the shorter the
gas modulation cycle length. It also demonstrates that it does so even more
efficiently when interpolation is used for the assessment of the empty meas-
urement beat frequency (i.e. when GAMOR is performed); for a specific case
considered, and with modulation cycle length of 100 s, which is normal for
GAMOR, the methodology could reduce the influence of drift from a system
under stabilization by more than 4 orders of magnitude (from 24 Pa to 2 mPa).
Naturally, for the cases with less drifting refractometry systems, the relative
advantage of the modulated methodologies might not be as large as this, since
they can only reduce the uncertainties to levels corresponding to other sources
of disturbances, but they will, nevertheless, in all cases mitigate the influence
of drifts.

Figure 8. Panel (a): an enlargement of 70 s of refractometry data
taken by two Invar-based DFPC systems utilizing the GAMOR
methodology (the TOP and the SOP) at a pressure of 16 kPa. Panel
(b): a correlation plot of the same data. The x- and the y-axes
represent the pressures assessed by the SOP and the TOP,
respectively. In the latter, time is represented by the color, where the
first data points are marked with orange color while the last ones are
in black. Reproduced from [33]. CC BY 4.0.

similar change but with opposite sign, takes place. The effect
of an entire gas modulation cycle on the temperature of the
cavity spacer is therefore virtually zero.

This implies that assessments made by use of the GAMOR
methodology are not significantly affected by any temperature
fluctuations due to the filling and evacuation of gas.

5.5. Assessment of pressure

5.5.1. Precision. The precision and the short-term perform-
ance of two Invar-based DFCP systems (the TOP and the SOP)
utilizing the GAMORmethodology were recently assessed by
simultaneous assessment of the same pressure, viz. that pro-
duced by a DWPG [33]. By this, their precision and short-
term properties could be assessed without being compromised
by any pressure fluctuations produced by the piston gauge or
the gas delivery system. As is displayed in figure 8, it was
found that the two refractometer systems have significantly
higher degree of concordance (in the 10−8 range at 1 s) than
what either of them has with respect to the piston gauge. This
shows that the refractometry systems under scrutiny are cap-
able of assessing rapidly varying pressures (with bandwidths
up to 2 Hz) with a precision in the 10−8 range.

5.5.2. Accuracy. The (k = 2) expanded uncertainty of the
system described in this work (denoted the SOP) for assess-
ment of pressure was recently estimated to be [(10 mPa)2 +
(10 × 10−6P)2]1/2, mainly limited by the uncertainty in the
molar polarizability of nitrogen (8 ppm) [24].

The same work simultaneously assessed the uncertainty
of a similar transportable system (referred to as the TOP),
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previously described in [33]. The (k= 2) expanded uncertainty
of that system, whichwas not equippedwith any galliumfixed-
point cell, was found to be [(16 mPa)2 + (28 ×10−6P)2]1/2,
limited by the uncertainty in the temperature assessment
(26 ppm).

5.5.3. Dynamic range. As optical measurements do not util-
ize any mechanical actuators, the highest pressures that can
be measured tend to be limited by the gas handling system
used. Currently, this is limited by our EPC that can maxim-
ally provide a pressure of 100 kPa. The lowest pressure shifts
that can be resolved are in turn limited by the laser locking.
In practical terms, the dynamic range can be as high as eight
orders of magnitude, typically covering the range from 1 mPa
to 100 kPa.

6. Summary, discussion, and conclusions

Interferometry is a powerful technique that has been in use for
more than a century. The most famous application is presum-
ably the Michelson–Morley experiment from 1887, in which
Michelson and Morley made attempts to detect the existence
of the ether, a supposed medium permeating space that was
thought to be the carrier of light waves [46].

FP based refractometry is a method to, by interferometry,
assess the refractivity and molar density of gases. Early
demonstrations of its applicability were made in the second
part of the twentieth century [1, 2]. Despite this, it was not
until the beginning of the second decade of this century that
refractometer systems started to be realized for assessment of
pressure or for realization of the pascal, e.g. by Egan et al and
Mari et al [8, 9]. However, not even since then has the devel-
opment of the field been particularly rapid with only a lim-
ited number of works published during the subsequent years
[10, 22, 47].

An important reason for this is that FP-based refractometry
systems are notoriously sensitive to disturbances (drifts, fluc-
tuations, and noise). For example, as was alluded to above, an
unaccounted drift of the length of a 30 cm long cavity of 1 Å
(which is comparable to the ‘size’ of an atom) corresponds,
for N2 at room temperature, to an error in pressure of 100 mPa.
This puts severe restrictions on the conditions under which the
assessments need to be done that often increases the complex-
ity of the instrumentation.

Owing to the authors’ experience with modulation method-
ologies to reduce disturbances in spectroscopic measurement
systems, primarily thewavelength-modulation [48, 49] and the
noise-immune cavity-enhanced optical heterodyne molecular
spectroscopy [50–53] techniques, they anticipated that also the
field of FP-based refractometry could benefit from an imple-
mentation of modulation.

They therefore initiated a program in which they invest-
igated to which extent modulation could improve on the
conditions for detection of refractivity, molar density, and
pressure by FP-based refractometry. The first works provided
the grounds for the use of modulation in FP-based refracto-
metry, at that time conceptually referred to as drift-free

DFPC-based optical refractometry (DF-DFPC-OR) and, when
realized by a rapid switching of gas in the measurement cav-
ity, fast switching DFPC optical refractometry [40, 54, 55].
While the first work provided accurate expressions for assess-
ments of gas refractivity and density from a drift-free system
[40], the second one scrutinized the influence of fast switch-
ing of the presence of gas on the performance of refractometry
[54]. It thereby provided the first experimental demonstration
of the properties of gas modulation on refractometry. The third
work predicted the properties of FP-based refractometry if it
could be performed during drift free conditions [55]. It also
estimated the anticipated precision, accuracy, and temperat-
ure dependence of an FP-based refractometry system realized
by fast switching.

Based on these works, a number of subsequent works, deal-
ing with the basics and performance of the GAMOR method-
ology, were then produced. They have all in common that they
are built upon the two cornerstones of GAMOR, viz. mod-
ulation and interpolation. While the first of these works, in
which the term GAMOR was coined, demonstrated the ability
to reduce the influence of drifts [25], the second one presen-
ted an alternative way GAMOR could be performed, instead
of regularly evacuating the measurement cavity, by equilib-
rating the gas in the measurement and reference cavity [29]. A
third work showed that the extraordinary disturbance-reducing
properties of the methodology allowed for realizing refracto-
metry in an FP-cavity bored in an Invar spacer [30]. It has been
demonstrated in a number of works that systems utilizing the
GAMORmethodology can provide measurements with preci-
sion in the sub-ppm (sub-parts-per-million or sub-10−6) range
[25, 29, 30, 32].

A subsequent work demonstrated that, owing to its high
precision, the technique allows for the development and use
of a methodology for assessment of the cavity deformation
parameter that eliminates the influence of several types of dis-
turbances (e.g. drifts of the length of the cavity and outgass-
ing into, and leakage of, the reference cavity) [31]. Another
work demonstrated how the assessment of the temperature
of an Invar-based DFPC system utilizing GAMOR could be
improved by referring the temperature assessment to a Ga
fixed-point cell [39]. A recent work demonstrated that, despite
the frequency modulation of gas in the measurement cavity,
our GAMOR-based system utilizing the Invar-based DFPC is
not significantly affected by any pV work done by the gas [41].
Yet another paper assessed the extended uncertainty (k = 2)
of our Invar-based GAMOR-utilizing system to [(10 mPa)2 +
(10×10−6P)2]1/2 [24], in parity with the so far most accurate
system in the world [10].

In addition, two papers have scrutinized the basic abilit-
ies of GAMOR to reduce the influence of fluctuations and
drift [34, 35]. A pair of other papers demonstrate that the
extraordinary disturbance-reducing properties of the meth-
odology have allowed for the construction of transportable
systems [33, 38]. Yet other papers deal with other aspects of
the methodology [32, 37].

What these papers have in common is that they all rely on
an experimental system that is sturdy and that they can auto-
matically accommodate a rapid modulation of the amount of
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gas in the measurement cavity. Most of all, this requires a firm
and stable locking of the lasers to cavity modes and a pro-
cedure for automatic mode jumping. As was alluded to above,
this has been made possible by the use of modern Photonic
components.

Since the EDFLs used produce light in the data communica-
tion NIR region, there is ample of high-quality and sturdy fiber
connected components available, e.g. electro- and acousto-
optic components, circulators, and fiber integrated detectors.
While the refractometer setups comprise single-mode EDFLs
for production of laser light, they utilize a set of fiber based
Photonic components, viz. AOMs, EOMs, optical circulat-
ors, fiber couplers, optical isolators, and fiber-coupled or free
space detectors for manipulation, steering, control, and detec-
tion of the light. In addition, the systems rely on FPGAs pro-
grammed to make the locking fast and sturdy and able to
perform autonomous mode jumps. Finally, the systems also
encompass a fast readout frequency counter. This facilitates
the realization of the systems and makes them truly robust and
reliable. Without access to all these modern Photonic compon-
ents, very few (if any) of the aforementioned works dealing
with GAMOR could have been realized.

This shows the importance of Photonic components on the
development of modern measurement techniques in general,
and on FP-based refractometry for assessment of pressure in
particular.

It is finally worth to mention that the GAMOR program
has throughout its entire duration been conducted as a close
collaboration between an NMI, i.e. RISE in Sweden, and a
university, Umeå University, likewise in Sweden. Thanks to
this, the program has been effectively developed with both
the greatest possible width and depth. During an early three-
year period (2015–2018), the program enjoyed support from
the EMPIR program’s Pres2Vac project while it is currently
(2019–2022) thriving in the corresponding QuantumPascal
project. It has also, for most of its duration, received support
from the Swedish Research Council (swe. Vetenskapsrådet),
UmeåUniversity Industrial doctoral school (IDS-18), Vinnova
(the Vinnova Metrology Programme), and a private found-
ation (Kempestiftelserna). It is most probable that the pro-
gram could not have developed at the rate, width, and depth
it has been (and is) developed without all this support and
cross-fertilization.
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