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Abstract:

A transportable refractometer for assessment of
kPa pressures with ppm level precision is presented.
It is based on the GAs MOdulation Refractometry
(GAMOR) methodology, making it resistant to fluc-
tuations and drifts. At the National Metrology Insti-
tute at RISE, Sweden, the system assessed pressures
in the 4.3 - 8.7 kPa range with sub-ppm precision
(0.5 - 0.9 ppm). The system was thereafter disas-
sembled, packed, and transported 1040 km to Umea
University, where it, after unpacking and reassem-
bling, demonstrated a similar precision (0.8 - 2.1
ppm). This shows that the system can be disassem-
bled, packed, transported, unpacked, and reassem-
bled with virtually unchanged performance.

Keywords: Refractometry; Pressure; GAMOR,;
Transportable

1. INTRODUCTION

Good knowledge of gas abundance (molar den-
sity as well as pressure) is of importance in a variety
of scientific situations and industrial processes,
from basic and applied research (including laser
spectroscopy) to process monitoring and feedback
control in industry. For this, reliable measurement
systems or gauges, traceable to primary standards,
that can assess molar density or pressure, are
needed.

In the Sl-system of units, the realization of the
Pascal relies on mechanical primary devices such as
pressure balances and liquid manometers that real-
ize pressure as a force per area [1-2]. Although cur-
rent conventional techniques demonstrate excellent
performance under optimal conditions and handling
[1, 3, 4], their performance have remained nearly
unchanged for decades. They are often limited in
terms of working range, in particular pressure bal-
ances, which have a lower limit given by the mass
of the piston, and they need to be firmly stationed in
a highly stabilized laboratory, requiring either the

system to be characterized to be transported or the
use of transportable secondary standards to calibrate
systems out in scientific laboratories or industrial
facilities.

An alternative path to realize pressure of a gas is
by the use of an equation of state, in which pressure
is given as a function of density and temperature [5,
6], and the density is related to refractivity by the
Lorentz-Lorenz equation [7-9]. This, in combina-
tion with the revision of the Sl-system [10], in
which the Boltzmann constant is fixed, allows for a
primary standard for pressure in terms of refractiv-
ity and temperature [6].

Although there are a variety of means to assess
refractivity [11-15], the most sensitive realizations
are refractometry based on a Fabry-Pérot (FP) cav-
ity [11, 16-17]. However, ordinary FP-based refrac-
tometers are often limited by the stability of the
length of the cavity [5, 18, 19]. Hence an exception-
ally good mechanical and thermal stability of the
system is required.

To remedy this, a novel refractometric method-
ology, based on gas modulation, referred to as
GAMOR (GAs MOdulation Refractometry), has re-
cently been developed [20-21]. Correctly done, it
can provide pressure assessments that are insensi-
tive to both length drifts (and relaxations) of the
cavity spacer as well as gas leakages and outgassing
in the reference cavity [20, 22]. Furthermore, it has
the potential to provide a dynamic range of at least
8 orders of magnitude, i.e. from the low mPa region
to atmospheric pressures and above.

These properties make a refractometer system
based on the GAMOR methodology ideal for use
outside well-controlled laboratories, including in-
dustrial environments, and thereby also suitable for
transportation. This implies that, whenever charac-
terized, and when shown to retain the characteriza-
tion during transportation, a GAMOR-based refrac-
tometry system can be used as a travelling standard
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by which other pressure measuring systems directly
can be characterized.

Even if not properly characterized, due to its
high precision and large linear dynamic range, such
a transportable system can be used in combination
with a local primary standard for calibration / char-
acterization of other pressure systems, including
those that do not have a measurement range that
overlap with the local primary standard.

This work presents a transportable refractometer
for assessment of pressure in the kPa range with
ppm level precision. It describes the instrumentation
and the experimental method used in some detail,
summarizes the results from a successful transpor-
tation, identifies shortcomings of the system, and
comments on upgrades that are currently being im-
plemented.

2. THEORY

The GAMOR-methodology is described in detail
elsewhere where extensive descriptions and expla-
nations of its theory, procedures, and abilities of the
method are given [20-22].

In short, the refractivity of the gas let into the
measurement cavity, n—1, can be expressed as
_ 1Af % Aq . 1)

—Af +&

Here Af = Af /v,, where, Af is the shift in the
beat frequency between the two laser fields when
the measurement cavity, after being evacuated, is
filled with the gas to be characterized, formally
given by f, —f, where f, and f; are the filled
and evacuated measurement cavity beat frequencies
respectively, while v, is the frequency of the cavity
mode addressed in the empty measurement cavity
(denoted q,). Aq represents Aq/q,, where Aq is
the number of modes the measurement laser jumps
when the measurement cavity is filled with gas. ¢
is the refractivity-normalized deformation coeffi-
cient of the measurement cavity, defined by
e(n-1) = 6L/L,, where SL is its change in
length when it is filled with gas (which includes ef-
fects both from an altered length of the cavity spacer
and distortion of the mirrors), while L, is its length
when being empty.! The conversion of a given re-
fractivity, n—1, to gas density, o, is being per-
formed through the extended Lorentz-Lorenz equa-
tion, which implies that the density can be assessed
from the refractivity by

2
p= 35 (- DIL+,(1-D), @)

n-1

1 Note that no knowledge of the length of the empty cavity is needed
since it is only the change in optical length of the cavity between an
empty and a filled cavity that is needed for the assessment of pressure.

where A, and b, , are the molar dynamic polariza-
bility and a series expansion coefficient, respec-
tively, where the latter is given Dby
—(1+4B, / A;) 16, where, inturn, B, is the second
refractivity virial coefficient in the Lorentz-Lorenz
equation [7, 20].

The corresponding pressure of the gas, P, can
thereafter be obtained from the density as

P=RTp[1+B,(T)pl, ®3)

where R is the ideal gas constant, T is the temper-
ature of the gas, and B, (T) is the second density
virial coefficient [5].

3. EXPERIMENTAL SETUP AND METHOD

3.1. Experimental setup

The transportable refractometer is based on the
GAMOR system described in Ref. [20]. As is shown
in Fig. 1, it can schematically be divided into six
modules, designed to allow for easy packing, trans-
portation, and installation.

The central part of the instrumentation, the gas
assessment module, module 1 in the figure, includes
the DFPC which consists of two cavities drilled in a
190 mm long Zerodur block with a 10 cm? square
cross section (190 x 100 x 100 mm). One of the cav-
ities acts as the reference cavity while the other
serves as the measurement cavity. The cavities are
made of high reflective (> 99.97%) concave mirrors
with a radius of curvature of 500 mm attached to the
Zerodur spacer by the use of a surrounding alumi-
num frame, yielding a finesse of ~10 000 and a free
spectral range (FSR) of ~800 MHz. To maintain a
temperature stability of 1 mK, the cavity spacer is
placed inside an aluminum enclosure whose temper-
ature is controlled by four Peltier elements.

Frequency
Counter

Refractometer module

4

Figure 1: Schematic illustration of the experimental setup
organized in separate modules; Module 1: DFPC block
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together with the optical, acousto-optical, and electro op-
tical components; Module 2: Electronic control and data
acquisition system; Module 3: Gas distribution system;
Module 4: Gas inlet system; Module 5: The device under
test (DUT), represented by a pressure balance; Module 6:
Gas evacuation system.

To assess the frequency of the cavity modes, the
system encompasses two Er-doped fiber lasers,
emitting light at 1.53 um, that are locked to longitu-
dinal modes of the cavities using the Pound-Drever-
Hall (PDH) technique [23]. The light from the two
lasers are combined in a fiber coupler and sent to a
high-bandwidth photo detector, which detects their
beat frequency.

As is shown in Fig. 2, all parts in module 1 are
placed on an enclosed optical breadboard that easily
can be attached and detached from the other mod-
ules. This allows the DFPC, which together with the
optical and electro-optical components are the cen-
tral and most sensitive parts of the system, to be
packed and shipped as one congregated unit.

Figure 2: Picture of module 1. The Zerodur spacer is
placed inside a temperature stabilized aluminum frame
that also holds the cavity mirrors in place. The tempera-
ture probes were placed in holes bored in the spacer.

The main parts of the vacuum system, which
constitute module 3, comprise valves and pressure
gauges that are mounted on a separate optical bread-
board for easy transportation.

Module 3 is connected to, in addition to the
DFPC, the modules 4 - 6 2. Module 4 represents the
gas inlet system, which consists of a needle valve to
set a suitable flow and a solenoid valve connected
to a locally available N2 supply (at either RISE or
UmU). Module 5 comprises, at both sites, the device
under testing (DUT), in this case a pressure balance
(RUSKA 2465-754). Module 6 represents the gas
evacuation system, here a turbo molecular pump.

Module 2 comprises electronic control and a data
acquisition system. The control unit is a standard

2 The modules 4-6 are not necessarily parts of the transportable system
and can be chosen depending on what is available at different sites.

% The total time for each cycle and the times for each state also depend
on the capacity of the gas supply and the vacuum system. In this work
the times were chosen to ensure sufficient time for both the stabilization

laptop running custom-made LabVIEW software
that measures and regulates the cavity spacer tem-
perature, controls the valves, and collects the beat
frequency. The temperature is measured with a data
acquisition module and feedback is applied to the
Peltier elements. The valves are controlled through
a digital output module and the beat frequency is
collected from the frequency counter through a USB
interface. The LabVIEW panel displays a data over-
view, performs real-time preliminary data analysis,
and saves all data to a binary file. The final data
analysis is thoroughly performed using MATLAB.

3.2. Experimental method

The transportable refractometer utilizes the
GAMOR-methodology, which is described in detail
elsewhere [20]. In short, it comprises a number of
recurrent measurement cycles that each provides an
independent measurement point. At the end of each
cycle, to acquire a zero-pressure reference point, the
measurement cavity is evacuated. The measurement
cycle, which is divided into two states whose
lengths were chosen to be suitable for the DUT, was
taken as 200 s. The first, representing the gas filling
and stabilization state, lasted 180 s, while the sec-
ond, which encompassed gas evacuation, was main-
tained for 20 s°. The lengths of the filling and stabi-
lization states were found to be sufficient for the gas
in the FP-cavity to thermalize with the cavity walls.

The DUT, which also provided a stable pressure,
was, in this work, at both sites, represented by a
dead-weight pressure balance. For each cycle, dur-
ing the evacuation state, the piston in the pressure
balance drops to its resting position and consequen-
tially resets for each measurement point “.

3.3. Transportation of the system

The modules are constructed so they can be
packed and shipped individually (depending on
what is available at the host laboratory). To assess
to which extent the performance of the system (pri-
marily its precision) is affected by disassembling,
packaging, transportation (in this case withstand a
rugged road-haulage), unpacking, and reassembling
it, measurements were carried out at three different
set pressures, both before and after the transporta-
tion. To accomplish this, five of the modules (all
modules except module 5, the DUT) were packed
and shipped together in a custom-built wooden box
(see Fig. 3). The transportation was performed dur-
ing sub 0° C temperatures, partly on uneven Nordic
winter-roads, and carried out with no extra care
taken to protect the equipment.

of the pressure balance and evacuation of the gas. The procedure was
thus not optimized for speed.

4 In practice, the DUT can be separated from the refractometer and the
pressure can be assessed using a suitable high-performance differential
pressure measurement instrument.
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Unpacking and reassembling of the system (in-
cluding minor optical alignments) took approxi-
mately 4 hours. However, to minimize the amount
of contaminations in the system from its exposure
to atmosphere during the transportation, the system
was thereafter continuously pumped down for 24
hours before any measrements were attempted.

Figure 3: Picture of the box in which the refractometer
was transported. The picture also manages to capture a
rare proof of a last author performing practical work.

4. RESULTS

4.1. Precision

A set of measurements, comprising three meas-
urement series, representing three different set-pres-
sures of the pressure balance, was first performed at
RISE before the system was transported to UmU,
where a similar set of measurements was performed.

Since dissimilar pressure balances were used at
the two premises, the set-pressures at the two prem-
ises were slightly dissimilar. At RISE they were
4303.36(63), 5766.47(67), and 8691.73(76) Pa,
whereas at UmU, they were 4306.60, 5769.79, and
8695.23 Pa. The pressure balance at RISE is, by cal-
ibration, traceable to the Sl-system, and provides,
according to the CMC values of RISE a pressure
dependent uncertainty of 0.5+30x10%p Pa (k =
2).° Although expected to have a similar perfor-
mance, the pressure balance at UmU was last cali-
brated in 2010, whereby no trustworthy uncertainty
can be assigned for this work.

In order to evaluate performance in terms of pre-
cision of the transportable system, a two-hour win-
dow of each measurement series was selected by the
criteria that a steady-state of the system had been
reached, indicated by a stable reading of the mean
of the three temperature sensors (+1 mK).® The se-
lected data for the six measurement series are shown
in Fig. 4 with their corresponding standard devia-
tions, which for the three set-pressures (ca. 4300,

5 Data taken from https://kcdb.bipm.org/appendixC/M/SE/M_SE.pdf.

6 The difference in time it took to reach a steady temperature state at
RISE and UmU can be attributed to a difference in performance in the
climate control of the laboratories.

5775, and 8700 Pa) were assessed to 3.7 mPa (0.9
ppm), 5.1 mPa (0.9 ppm), and 4.3 mPa (0.5 ppm)
for the measurements performed at RISE, and 4.1
mPa (1.0 ppm), 12 mPa (2.1 ppm), and 7.3 mPa (0.8
ppm) for those made at UmU, respectively. This
shows that the system can be disassembled, packed,

RISE UmuU
« 8704.03' 0=43mPa (0 5 ppm) 8708.35! 7 = 7.3mPa (0.8 ppm)

< B704.00 cagmeatstmmtstst i ition,  gong o v e st Tt 3
0.78703.97 e
3 4 5 15 16 17

o 577459 o= 51mF'a (0.9 ppm) | 577849 0= 12mPa (21ppm)
o

— 5774.56 « ,-..--'.°""'-.'.-'-.. "t 5778.46 |«
07577453 5778.43
1 2 3 12 13 14

© 4309.34 o =3.7mPa (09ppm) 4313.14 o =4.1mPa (1 ppm)
- 4309 31 sraetiaegstesatntelt 431311 tmtteatisiecant ey 0t ey
a” 4309.28 4313.08

1 2 3 12 13 14
Time /h Time /h

Figure 4: Two-hour windows of data selected from three
measurement series performed at each location. Each dot
represents an independent measurement.

transported, unpacked, and reassembled with a re-
mained precision at the sub- or low ppm-level.’

4.2. Linearity

It is of interest to investigate the linearity of the
system and to assess to which extent this can be af-
fected by transportation. Figure 5 shows, by the in-
dividual markers, the assessed values of each meas-
urement cycle (taken under quiescent conditions
with the deformation coefficient, ¢, being zero) as
a function of set pressure of the pressure balance
(black points, data taken at RISE; red points, data
from UmU). In the main window in panel (a), all
data points from a given set value (4300, 5775, and
8700 Pa) are, with the scale used, overlapping
within the size of the markers. The inset displays an
enlargement of a fraction of the data in the main
window. This shows that, even on this scale, all data
points taken at each of the premises still merge to a
single data point, indicating the high precision of the
system.

A scrutiny of the linearity of the system was per-
formed both before and after transportation. Linear
functions of the type y = kx + m were fitted to the
data both before and after the transportation. The
deviations of the various data points with respect to
the fits are displayed in panel (b). Since these devi-
ations are smaller than the uncertainties of the pres-
sure assessments provided by the DUTSs, this indi-
cates that the linearity of the system (in the pressure
range investigated here, i.e. 4.3 — 8.7 kPa) was not
compromised by the transportation.

" The slightly higher values of the standard deviation of the assessments
at UmU are presumed to originate from differences in laboratory con-
ditions, predominantly drifts of the surrounding temperature.
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Figure 5: Panel (a): Assessed pressure by the refractom-
eter plotted versus the nominal value of the pressure bal-
ance, (RISE: Black, UmU: Red). Solid lines: linear fits to
the data from each measurement location. Inset: A three
orders-of-magnitude zoom of the data around 5768 Pa.
Panel (b): The residuals to the fit.

4.3. Accuracy

Since the assessments presented here consist-
ently were performed with no account taken regard-
ing the pressure-induced cavity deformation (i.e.
with ¢ = 0), it is expected that the slopes of the fits
in Fig. 5 should deviate from unity. The results also
show this. For the data taken at RISE, k =
1.0014371(8) and m = -0.215(5), while for the data
taken at UmU, k = 1.0015004(9) and m = 0.039(5).

The average deviation from unity of the two k
parameters is 0.1469 % while their difference is
only 63 ppm. The major reason for the large average
deviation of the response comes from the fact that
the deformation was not considered. Other possible
reasons are uncertainties in the temperature deter-
mination of the gas, the molecular polarizability, A,
, the local gravity, and the gas purity.

The fact that the pressure independent offsets of
the fits were found to be -0.215 and 0.039 Pa, which
agree well with the uncertainties of the pressure bal-
ances, which amount to 0.5 Pa®.

5. OUTLOOK AND RECENT UPGRADES

Since the measurements in this work were made,
we have implemented some upgrades. The system
has been made more compact. The vacuum system
has been upgraded with components utilizing %4
Swagelok tubes and moved to module 1, electronics
have been custom built in a much more compact for-
mat, fiber optics have been moved to a separate
module together with the AOMs and EOMs, all
placed on a single 300 x 450 mm breadboard. The
Zerodur spacer has been replaced with an Invar cav-
ity spacer for better thermal stabilization [24, 25].

All these upgrades have enabled the possibility
of placing the entire system in a single rack cabinet.

8 They can predominantly be attributed to uncertainties in the set values
of the pressure balances (possibly by an offset in the pressure gauge
assessing the hood pressure).

Hence, we are presently conducting a project with
the goal of being able to ship the complete system
without any need of disassembly or reassembly, so
as to further simplify transportation and setup. The
idea is that the system simply needs to be connected
to a gas supply, vacuum and a DUT at a site on
which the system arrives. Furthermore, a promising
procedure for characterizing a cavity (in terms of
deformation, €) has been developed [26].

6. CONLCUSION

A first version of a transportable refractometer
for pressure assessment is presented. The refractom-
eter was constructed around robust and exchangea-
ble modules, which allows for easy transportation as
well as a choice of different types of equipment de-
pending on availability at various premises (e.g.
pressure balances, vacuum pumps, and gauges).

It was shown that the system assessed pressures
in the 4.3 — 8.7 kPa range at the National Metrology
Institute at RISE, Sweden with sub-ppm precision
(0.5 — 0.9 ppm). The system was thereafter disas-
sembled, packed and transported 1 040 km to Umea
University, where it, after unpacking and reassem-
bling, demonstrated a similar precision (0.8 — 2.1
ppm). This shows that the system can be disassem-
bled, packed, transported, unpacked, and reassem-
bled with virtually unchanged performance.

The results indicate that this type of system is
suited for a variety of applications. For example, it
can be used as a travelling standard by which vari-
ous pressure measuring systems at dissimilar prem-
ises can be characterized with respect to each other.
It can also be used, in combination with a local pri-
mary standard, for calibration of pressure systems,
including those that do not have a measurement
range that overlap with the local primary standard.
It is also possible to use the system for benchmark-
ing or characterization of other refractometry sys-
tems with respect to pressure induced cavity defor-
mation and wavelength dependence of refractivity.

Based on this work, several upgrades of the sys-
tem can be envisioned, both to increase the perfor-
mance of the system (in particular its accuracy) and
to improve on its transportability. Some of these are
under implementation. Following these, a more rig-
orous measurement campaign involving the trans-
portable refractometer is planned, using fully cali-
brated pressure balances, in the form of a circle
comparison involving multiple laboratories, which
should provide information about the repeatability
and the accuracy of the system.

Parallel to the improvement of the transportable
system, a number of actions are presently being pur-
sued to address the accuracy of the technique, e.g.;
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assessment of the cavity deformation [26]; im-
proved assessment of temperature [24]; and the use
of (or assessment of) updated gas coefficients with
less uncertainty, parts of which are scheduled to be
carried out within the ongoing EMPIR initiative
QuantumPascal (No. 18SIB04).

This project (QuantumPascal, 18S1B04) has re-
ceived funding from the EMPIR programme co-fi-
nanced by the Participating States and from the Eu-
ropean Union's Horizon 2020 research and innova-
tion programme. The authors acknowledge support
from the Swedish Research Council (VR) (Project
No. 621-2015-04374); the Umea University Indus-
trial Doctoral School (IDS); the Vinnova Metrology
Programme (Project Nos. 2018-04570 and 2019-
05029); and the Kempe Foundations (Project No.
1823, U12).
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