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Gas modulation refractometry (GAMOR) is a methodology
that can mitigate fluctuations and drifts in refractometry.
This can open up for the use of non-conventional cavity
spacer materials. In this paper, we report a dual-cavity
system based on Invar that shows better precision for assess-
ment of pressure than a similar system based on Zerodur.
This refractometer shows for empty cavity measurements,
up to 104 s, a white noise response (for N2) of 3 mPa s1/2.
At 4303 Pa, the system has a minimum Allan deviation of
0.34 mPa (0.08 ppm) and a long-term stability (24 h) of
0.7 mPa. This shows that the GAMOR methodology allows
for the use of alternative cavity materials. © 2020 Optical
Society of America

https://doi.org/10.1364/OL.391708

In the SI system of units, the Pascal is defined as 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
became feasible [6]. By measuring the refractivity and the tem-
perature of a gas, it is possible to calculate its pressure by the
use of the Lorentz–Lorenz equation and an equation of state
[7–11]. Such a realization of the Pascal does not depend on any
mechanical actuator but instead measures directly the gas den-
sity, thereby potentially decreasing uncertainties and shortening
calibration chains.

The most sensitive refractometers are based on Fabry–Perot
(FP) cavities where a laser is used to probe the frequency of a lon-
gitudinal mode [12–19]. Although such refractometers have the
potential to provide highly accurate measurements, their cavi-
ties, usually bored in low thermal expansion glass, e.g., Zerodur
or ultra-low expansion glass (ULE), are sensitive to mechanical
disturbances and long-term length drifts [10,20,21].

To alleviate some of these limitations the authors have
recently developed a new type of methodology, called gas modu-
lation refractometry (GAMOR), in which the measurement
cavity is repeatedly filled and emptied with gas [18,19]. While
classical FP-based refractometry requires cavity length stabil-
ity over long measurement periods, typically days, GAMOR
refractometers rely on a length stability solely over individual

gas modulation cycles, typically around 100 s. This significantly
reduces the pick-up of fluctuations and drifts of the cavity length
on time scales longer than the measurement cycle. It also reduces
the effects of gas leaks, gas permeation, and outgassing [18,19].

These less stringent requirements for GAMOR refractom-
etry open up for the use of alternative cavity spacer materials.
One such is Invar, which, compared to commonly used glass
materials, has a number of advantages, mainly: (1) a five times
higher ratio of thermal conductivity to volumetric heat capacity,
which implies that the cavity will have lower thermal gradi-
ents, which, in turn, allows for more accurate temperature
assessments; (2) a two times higher volumetric heat capacity,
which reduces temperature fluctuations of the cavity, (3) a 50%
higher Young’s modulus, which gives the cavity a lower pres-
sure induced deformation; (4) potentially a lower degree of He
diffusivity, permeation, and solubility compared to some of the
glass materials [22]; and (5) it can be machined in a standard
metal workshop, whereby more complicated geometries can be
created more swiftly at a lower cost.

In this Letter, we describe a GAMOR system based on an
Invar cavity. We start by describing the experimental setup. To
evaluate the suitability of Invar as an alternative cavity spacer
material, we then characterize the system and compare it to
previously published results from a Zerodur cavity.

The refractometer is based on a dual-FP-cavity (DFPC).
The refractivity of the gas under scrutiny, let into one of the
cavities, the measurement cavity, can be expressed as a func-
tion of the shift of the beat frequency between the two cavities,
1 f , the shifts in mode numbers of the modes addressed in the
two cavities, 1q1 and 1q2, and a normalized relative cavity
deformation, ε, as

n − 1=
1 f +1q1

1−1 f + ε
, (1)

where 1 f is the shift of the relative beat frequency, adjusted
for possible mode jumps in the reference cavity, given by
(1 f − ν021q2/q02)/ν01, where ν01 and ν02 are the empty
cavity frequencies of the two lasers, while q02 is the number
of the mode addressed in the reference cavity. 1q1 is a short-
hand notation for 1q1/q01, where q01 is the number of the
mode addressed in the empty measurement cavity. ε is given by
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Fig. 1. Schematic illustration of the refractometer. Black arrows
represent electrical signals, blue lines optical fibers, and red lines
free-space beam paths.

(δL/L0)/(n − 1), where δL and L0 are the pressure induced
length deformation and the empty cavity length, respectively
[18,19,23].

For pressure up to atmospheric pressure, the gas density ρ
can be calculated from the refractivity by use of the extended
Lorentz–Lorenz equation

ρ =
2

2AR
(n − 1)[1+ bn−1(n − 1)], (2)

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

R)/6, where, in turn, BR is the second refractiv-
ity virial coefficient in the Lorentz–Lorenz equation [7,19,23].
From the density and temperature, up to atmospheric pressure,
the pressure can be obtained from Eq. (3):

P = RTρ[1+ Bρ(T)ρ], (3)

where R is the ideal gas constant, T is the temperature of the gas,
and Bρ(T) is the second density virial coefficient [10,11].

The setup comprises two main parts: the refractometer, to
measure the difference in refractivity between the two cavi-
ties, and a vacuum system, to fill and empty the cavities. The
instrumentation is based on an earlier work, which was based
on a Zerodur spacer block [19]. In addition to implementation
of a new cavity assembly, the system has been improved with
an updated temperature regulation and measurement system
and an upgraded vacuum system with smaller volumes. The
refractometer, illustrated in Fig. 1, is based on a DFPC con-
structed from a 150× 70× 50 mm block of Invar with two
6 mm diameter cavities. Each cavity is made of two 12.7 mm
concave mirrors (Layertec, 106587), yielding a finesse of 104.
The free spectral ranges of the cavities are around 1 GHz.

Each cavity is probed by an Er-doped fiber laser (EDFL,
NTK, Koheras Adjustik E15) emitting light at 1.55 µm
that is coupled into an acousto-optic modulator (AOM,
AA Opto-Electronic, MT110-IR25-3FIO), whose first-
order output is coupled into a 90/10 fiber splitter (Thorlabs,
PMC1550-90B-FC).

To lock the laser to a cavity mode, the light from the 90%
output of the fiber splitter is sent to an electro-optic modulator
(EOM, General Photonics, LPM-001-15) that is modulated at

12.5 MHz by means of Pound–Drever–Hall (PDH) locking.
The output of the EOM is sent through an optical circulator
(Thorlabs, CIR1550PM-APC PM) to a collimator whose
output is mode-matched to a TEM00 mode of the cavity. The
back-reflected light is picked up by the collimator and routed
through the circulator onto a fast photodetector (Ref. Detector,
Thorlabs, PDA10CE-EC). The light transmitted through
the cavity is monitored by a large area photodetector (Trans.
Detector, Thorlabs, PDA50B-EC). For each arm, the outputs
from the reflection detectors are connected to a field program-
mable gate array (FPGA, Toptica, Digilock 110). In the FPGA,
the signal from the detector is demodulated at 12.5 MHz to
produce the PDH error signal. The slow components of the
feedback (<100 Hz) are sent to the laser while the fast ones
(>100 Hz) are sent to a voltage controlled oscillator (VCO,
AA OPTO-Electronic, DRFA10Y-D-34-60.150-0dB) that
produces an RF signal that drives the AOM at 110 MHz.

To accommodate large shifts of the cavity mode frequencies,
the system comprises an automatic relocking routine that results
in controlled mode jumps. To determine the number of mode
jumps made, i.e.,1q1 and1q2, the feedback voltages sent to the
lasers are monitored with an analogue input module (National
instruments, NI-9215).

To sample the beat frequency, the light from the 10% fiber
splitter outputs of the two arms are combined in a 50/50 fiber
coupler (Thorlabs, PMC1550-50B-FC). This light is sent
to a fiber-coupled photodetector (Beat. Detector, Thorlabs,
PDA8GS) whose RF signal is measured by a frequency counter
(Freq. Counter, Aim-TTi instruments, A TF960).

The DFPC is placed inside a temperature stabilized alu-
minum enclosure (oven). The temperature is monitored by
Pt-100 probes (RS, PRO 457-3710). To stabilize the temper-
ature of the spacer, feedback is applied to four Peltier elements
mounted below the oven and one under the cavity spacer (Laird
PE-127-14-15-S). The temperature is measured using a data
acquisition module (National instruments, NI-9216), and the
feedback is applied by an analogue output module (National
Instruments, NI 9263) that drives two line buffers (Thorlabs,
50LD). In addition, a 100� standard resistor is used to monitor
the stability of the temperature measurement module.

The vacuum system, shown in Fig. 2, comprises a set of five
valves (Swagelok, 6LVV-DPS6M-C) of which the valves 1–4
are referred to as gas modulation valves while valve 5 is the
gas inlet valve. The pressure is monitored by a set of pressure
gauges denoted A, B, and C, where pressure gauge A (Oerlikon-
Leybold, CTR 101 N 1000 Torr) is used to monitor the high
pressure side, B (Oerlikon- Leybold, CTR 101N 0.1 Torr) the
low pressure side, and C (Oerlikon- Leybold, CTR 101N 0.1
Torr) the hood pressure.

To evaluate the performance of the refractometer, a dead
weight pressure balance (RUSKA 2465A) was connected to the
system. Such a device regulates the pressure to a set-pressure by
the use of a floating mass-equipped piston [24]. To ensure a gas
supply with high purity, N2 is continuously flowed through a
mass flow controller (MFC, Bronkhorst, FG-201CV) before
being evacuated by a diaphragm pump through an electronic
pressure controller (EPC Bronkhorst, P-702CV). The gas inlet
valve (#5) is controlled by a pressure gauge A. When the pressure
reading drops below a low set point, the valve opens, whereby
the system is filled up until the pressure exceeds an upper set
point. This raises the piston in the pressure balance to a floating
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Fig. 2. Schematic illustration of the vacuum system. The gas sup-
ply part is shown in green, the part where the pressure is assessed is
displayed in blue, and the evacuation part is illustrated in red.

state, resulting in a regulated pressure. By simultaneously mon-
itoring the hood pressure with pressure gauge C and the piston
temperature (averaged over 5 min.), the actual pressure set by
the pressure balance, PSet, can then be estimated.

The gas modulation is achieved by switching the valves
between two states. State I, gas filling, is initiated by opening
valves 1 and 4, whereby cavity 1 is filled with gas, while cavity
2 is evacuated. The length of this state is chosen so that the
pressure in the measurement cavity stabilizes to that provided by
the pressure balance (50 s). In state II, valves 2 and 4 are open,
while valve 1 is closed, whereby both cavities are being evacuated
(50 s). The valves are controlled through a digital output module
(National Instruments, NI-9474).

All data are evaluated by the use of the interpolation meth-
odology that is a part of the GAMOR methodology. In this
methodology, the shift in the beat frequency, 1 f , is taken as
the difference between the mean value of the beat frequency, f ,
measured over the last 10 s of state I (i.e., with gas in the mea-
surement cavity) and the interpolated value of two empty cavity
beat frequency measurements (state II), each averaged over 5 s
[18,19].

The measurement campaign starts by assessment of the
frequencies of the two lasers when locked to evacuated cavities,
i.e., ν01 and ν02, which, by the use of a wavemeter (Burleigh,
WA-1500) are assessed with an uncertainty of 2× 10−7, and the
mode numbers addressed for empty cavities, i.e., q01 and q02, are
assessed uniquely (i.e., with no uncertainty).

Furthermore, the DFPC has recently been preliminary
characterized [25]. It was found that the normalized rela-
tive cavity deformation for the measurement cavity for N2,
ε, is 1.968(1)× 10−3. The characterization also provided a
deformation independent correction term, ψ , that originates
from a combination of systematic errors in the assessment
of the temperature, the molecular polarizability of N2, and
the pressure from the pressure balance, which amounts to
−373.1(1)× 10−6. The main contribution to this is attributed
to the temperature assessment [it is in parity with the standard
uncertainty of the Pt-100 sensors used (200 mK)].

To evaluate the performance of the system, a pair of long-term
measurements on N2 at 296.15 K were performed, one with
the pressure balance set to 4303 Pa and one in which no gas was
supplied to the refractometer. Figure 3 shows a set of measure-
ment data taken over 24 h [26], presented as the difference,
1P , between the pressure measured by the refractometer, PRef,
assessed from Eqs. (1)–(3) using molecular parameter values

Fig. 3. Difference between the pressure of N2 measured by the
refractometer (corrected by ψ), PRef, and the estimated pressure
supplied to the refractometer, PSet, denoted 1P , for an empty cavity
(blue) and at 4303 Pa (red), respectively. The black curves represent
moving averages of 10 samples. The dashed lines correspond to±2σ of
the assessed pressure difference.

Fig. 4. Allan deviations, σA , of pressure assessments made by the
GAMOR methodology. Green markers: data previously obtained
at 4303 Pa from a Zerodur cavity [19]; red markers: data taken at
the same pressure by the Invar-based system presented in this work;
blue markers: data taken by the Invar-based system with an empty
measurement cavity; dashed horizontal line: Allan deviation of 1 mPa;
dashed-dotted slanting lines: Allan deviations corresponding to a white
noise level of 7 and 3 mPa s1/2, respectively.

from [18], corrected byψ , and the estimated set-pressure of the
pressure balance, PSet.

The data show, over a period of 24 h, a±2σ spread of 0.7 mPa
for the empty cavity data (corresponding to spreads in refractiv-
ity and beat frequency of 2× 10−12 and 370 Hz, respectively).
For 4303 Pa, the data have a spread of 3 mPa (0.7 ppm) and a
mean deviation of −4.7 mPa (1.1 ppm). These spreads are in
parity with the best GAMOR data taken with a Zerodur cavity
[19]. The difference in spread is attributed mainly to drifts
in the temperature assessments and pressure gauge C within
the measurement period. The mean deviation between the
pressure measured by the refractometer and the set-pressure
of the pressure balance at 4303 Pa originates mainly from
drifts in the temperature assessments between the instances of
characterization and measurements.

Figure 4 displays the Allan deviation of the data presented in
Fig. 3 (blue and red markers) together with the best published
GAMOR data from a system with a Zerodur spacer (green) [19].

As is expected of GAMOR, which is insensitive to long-term
drifts of the cavity length, the Allan deviation of data taken from
an empty cavity (in which temperature drifts become irrelevant)
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does not show any noticeable drift (blue in Fig. 4). Such mea-
surements are solely limited by white noise, in this case at a level
of 3 mPa s1/2, providing a deviation of 0.03 mPa (which corre-
sponds to a deviation of the detected beat frequency of 16 Hz) at
104 s. This shows that the system does not pick up any fluctua-
tions or drifts from the cavity within this time period. The data
taken at 4303 Pa (red markers) show, for measurement times up
to 500 s, a slightly higher white noise level of 7 mPa s1/2, after
which disturbances start to affect the system.

This is a clear improvement from the previously used Zerodur
cavity for which the white noise levels of the empty cavity
measurement and that at 4303 Pa were 10 and 22 mPa s1/2,
respectively (where the latter are displayed by the green mark-
ers in Fig. 4) [19]. Furthermore, the Allan deviation of the
empty cavity measurements in the Invar system was, at longer
times, five times better than that of the Zerodur-based system,
indicating a reduction in fluctuations or drifts from the cavity
[19].

For the present system, the optimum integration time for the
4303 Pa measurement (red in Fig. 4) was found to be around
1000 s (corresponding to 10 gas modulation cycles) at which
the Allan deviation has a minimum of 0.34 mPa (∼0.08 ppm).
For longer integration times, the deviation increases before it
reaches a plateau of 0.7 mPa (at 7000 s). The level of the min-
imum is significantly better, and that of the plateau is slightly
better, than the 0.9–1 mPa reached with the Zerodur cavity
[19]. The increasing Allan deviation between 1000 and 7000 s
is attributed to fluctuations in the temperature measurement
module.

In conclusion, this work demonstrates that the GAMOR
methodology, with its unique ability to reduce the pick-up
of fluctuations and drifts, allows for the use of a wider range
of materials as cavity spacers for ultra-sensitive refractome-
try. It is shown that it is possible to construct a DFPC-based
refractometry system based on an Invar spacer that, when used
with GAMOR, on time scales between 100 and 104 s, outper-
forms the previously best Zerodur-based system [18,19]. For
an empty cavity, the system shows a pure white-noise-limited
response up to 104 s, at which it provides, for assessment of
N2, a standard deviation of 0.03 mPa. This indicates that the
GAMOR-based system, under these conditions, does not pick
up any fluctuations or drifts from the cavity.

Moreover, since deviations between the real and the measured
gas temperature affect the assessment of finite pressure, the
improved performance at 4303 Pa indicates that the Invar spacer
has a more homogeneous temperature distribution than the
Zerodur spacer.

It could also be concluded that, on longer time scales (at
around 104 s), the present realization reaches a stability that is
similar to its earlier Zerodur counterpart. This shows that at
these time scales, the refractometer is capable of assessing pres-
sure with a precision that is given by the temperature assessment.
The system is presently limited by drifts in the temperature
measurement module. In a future version of the system, this
module will therefore be upgraded, whereby the true long-term
properties of the Invar-based GAMOR system can be more
clearly assessed.

Finally, taking into account that Invar has a number of advan-
tages with respect to conventionally used spacer materials, and
that the system is more compact, has a smaller operating vol-
ume, and a lower fabrication cost than previous refractometry

systems, it can be concluded that the Invar system presented here
is a clear improvement with respect to a similar Zerodur-based
system. This shows that the GAMOR methodology allows for
the realization of refractometry systems based on alternative
spacer materials that up to now could not be used due to their
large thermal expansion.
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