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Abstract

The redefinition of the kilogram, along with another three of the base Sl units, is scheduled
for 2018. The current definition of the Sl unit of mass assigns a mass of exactly one kilogram
to the International Prototype of the kilogram, which is maintained in airand from which the
unitis disseminated. The new definition, which will be from the Planck constant, involves the
realisation of the mass unit in vacuum by the watt balance or Avogadro experiments. Thus,
for the effective dissemination of the mass unit from the primary realisation experiments to
end users, traceability of mass standards transferred between vacuum and air needs to be
establishedand the associated uncertainties well understood. This paper describes means of
achievingthe link between a unitrealised in vacuum and standards used in air, and the ways
in which their use can be optimised. It also investigates the likely uncertainty contribution
introduced by the vacuume-air transfer process.

1. Background

As discussed elsewherein thisissue, the kilogram, the last of the base Sl units definedin terms
of a physical artefact, will soon be replaced with a definition based on a fundamental constant
of nature. As things stand the new kilogram will be defined in terms of the Planck constant
andrealised usingthe watt balance [1] or X-ray crystal density (Avogadro) experiments [2].

While the redefinition and subsequenttraceability to a constant of nature in theory ensures
the long-term stability of the Sl unit of mass, a number of issues arise from the redefinition.
One of the aims of movingaway from an artefact-based definitionis to remove the limitations
of a single point of traceability on the realisation and worldwide dissemination of the unit.
Although this will in theory be achieved, there are in fact currently only two [3,4] experiments
that can achieve the level of uncertainty of 2 in 108 required for the successful redefinition
and subsequent dissemination of the Sl unit of mass. A further issue, which will need to be
addressed for the successful implementation of the kilogram redefinition, is the necessity to
establish robust traceability from the mass unit in air to mass realised in vacuum. This is



'necessary both for the effective redefinition of the unit with traceability to the International
Prototype Kilogram (IPK) and for the dissemination of the unit from the primary realisation

experiments following redefinition.

The unit of mass is currently defined as follows: “The kilogram is the unit of mass; it is equal
to the mass of the international prototype of the kilogram.” The BIPM SI Brochure [5] gives
the additionalinformation that the definition refers to the mass of the IPK immediately after
cleaningand washingand thatitis kept (and used) at the BIPM underambient conditions.

The nature of the watt balance and X-ray crystal density (XRCD) experiments means that both
methods will realise the kilogram in vacuum. In order to fixthe Planck and Avogadro constants
with relation to the IPK, it is necessary to make as direct a link as possible between the IPK in
airand the watt balance and XRCD realisations of the kilogram in vacuum. This requiresan in-
depth understanding of the effect of moving a mass between air and vacuum and the
procedures and technical infrastructure to make the transfer repeatably and with the lowest
contribution to the overall uncertainty of transferring a value between the IPK and the watt
balance and XRCD experiments.

2. Traceability post-redefinition

In additionto the requirement for characterised air-vacuum transferin order to fix the Planck
and Avogadro constants with relation to the IPK, the post-redefinition dissemination of the
kilogram, with using primary methods?, will require the mass unit to be transferred from
vacuum to air. Figure 1 shows the pre- and post-redefinition traceability routes for the Sl unit
of mass and illustrates the added complexity, and therefore increased uncertainty, of
dissemination from the new kilogram definition. The potentialincreasein the (uncertainties
of the) Calibration and Measurement Capability (CMC) of National Measurement Institutes,
and therefore of the uncertainty provided to primary end users, is significant and must be
minimised by ensuring that the additional contribution due to the uncertainty of the vacuum
to airtransfer isas small as possible.

1 See Section 2 of the draft mise en pratique of the definition of the kilogram
http://www.bipm.org/cc/CCM/Allowed/15/02A MeP kg 141022 v-9.0 clean.pdf for details of the
primary methods to realize the definition of the kilogram
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Figure 1. Current and possible future traceability routes for the dissemination of the
kilogram from the primary realisations. All uncertainties are given at the k =1 level.
(Ptir: platinum-iridium, SS : stainless steel, Si: silicon, W : tungsten)

3. Air vacuum transfer methods
3.1 Sorption artefacts

The effect of transfer between air and vacuum on mass standards has traditionally been
characterised using a set of two or more “sorption artefacts” [6]. The artefacts used should
be matched in all parameters (mass, volume, surface finish) but have different geometric
surface areas. This is generally achieved by using one integral artefact, usually a cylindrical
kilogram standard, and further composite artefacts assembled from a series of discs. Figure 2
illustrates the typical features of a set of sorption artefacts. In order to expose all surfaces to
ambient conditions the stacks of discs need to be separated. In practice this is usually
achieved with short lengths of 1 mm diameter wire of nominally the same material as the
discs themselves.
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Figure 2. Example of design and specifications for a set of sorption artefacts

By comparing the mass of such sorption artefacts in vacuum and in air the measured
difference in mass can be used to calculate the surface sorption per unit surface area based
on the difference in the surface areas of the artefacts.

p. — (Mstk(vac) ~Mint(vac)) ~(Mstk(air) ~Mint(air))
S -_ seesssssssss sttt sssssssnns

(1)

Astk_ Aint

Where: Ps is the surface sorption per unit surface area
Mint(vac) is the mass of the integral artefactin vacuum
Mstk(vac) is the mass of the stack of discs in vacuum
IMint(air) is the mass of the integral artefactin air
Mstk(air) is the mass of the stack of discs in air
Aint is the surface area of the integral weight
Astk is the surface area of the stack of discs

The calculation of surface sorption assumes that the sorption per unit surface area is the same
for the two sorption artefacts. In practice the absolute mass values of the individual artefacts
in vacuum and in air do not need to be known, it is only the determined difference in mass
between the two artefactsin the respective media, 4nvac and Am.ir, which isimportant. Thus
we can use;

Py = 2acThMair e seseeen(2)

Astk_ Aint



The long-term stability of the sorption artefactsis therefore not critical in the determination
of their surface sorption at any given time. The mass comparisons can be made with an
uncertainty of better than 1 pg and since the volumes are nominally equal the uncertainty
due to the determinationof air densityis at the time of weighingin air negligible. In practice
the major sources of uncertainty are the absolute volumes of the artefacts, or more
accurately the uncertainty in the volume difference between the artefacts. Figure 3 shows
anintegraland 4 piece pair of platinum-iridium sorption artefacts.

Figure 3. Integral and four piece sorption artefacts manufactured
from platinum-iridium

3.2 Balance incorporating magnetic coupling between air and vacuum

An alternative to estimating the effect of air-vacuum transfer gravimetrically using sorption
artefacts would be to make a direct gravimetric comparison of a mass in air with a mass in
vacuum. The most obvious way to achieve thisis by usingmagnetic coupling between a mass
comparatorinair and a balance pan, onto which masses can be loaded, in vacuum.

Magnetic levitation has been used in mass and density metrology for a number of years. The
principle has been used in two main areas. The first application is for (fluid) density
determinationwhere a balancein air has been magnetically coupled to asinkerin a liquid [7,
8]. The second application has been used for the evaluation of the change in mass of samples
in controlled conditions (pressure, vacuum, gas) [9]. While the resolution of such apparatus
can be as good as 0.1 pg the loads used have been a few tens of grams at most. In order to
achieve the accuracy of 1in 108 or better necessary to successfully disseminate the kilogram
from a realisationin vacuum, a relative improvement in the uncertainty of at least an order
of magnitude is necessary. To this end NIST are developing a Magnetic Suspension Mass
Comparatorto operate at the levels of accuracy necessary to disseminate the new kilogram,
detailsare given in Section 5 of this paper.



4. Previous gravimetric determination of surface sorption

Previous work on evaluating sorption effects on materials commonly used for primary mass
standards, i.e. platinum-iridium, silicon and stainless steel, has been performed by Schwartz
[10], Picard and Fang [11], Davidson [12] and Berry et al [13]. Recently published work by
Berry and Davidson [14] has also examined the correlation between the measured sorption
coefficients and pressure for platinume-iridium, stainless steel, and silicon artefacts. These
published sorption values for the different materials and the level of vacuum at which the
measurements were performed are summarised in table 1 with additional information on the
time since the artefacts were cleaned. It can be seen that there is a significant variation
between the sorption values reported.

NRC has performed sorption measurementson platinum-iridium prototype K50 usingthe NPL
four piece sorption artefact shown in figure 3. K50 was subsequently sent to BIPM for a
second determination of its sorption using the BIPM 10 disk stack sorption artefacts. The
results of four air-vacuum cycles at NRC and BIPM are shown in figure 4. They demonstrate
good agreement with an average deviation between measurements of less than
0.005 pg cm™, well below the measurement uncertainty.
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Figure 4. Sorption of NRC K50 vs. NPL and BIPM sorption stacks.



Table 1. Published sorption values of the materials used and pressure level of the measurements.

Author(s) Material Surface Sorption Pressure Time between
Roughness value cleaning and
(R,) measurement
/nm / ugcm?? / Pa
Schwartz [9] stainless steel 120 -0.030¢ 0.1 < 8 months
Schwartz [9] stainless steel 120 -0.076! 0.1 -
(uncleaned)
Picard & Fang[10] Pt-Ir 10-100 -0.080 0.1 <1 month
Picard & Fang [10] silicon <10 -0.030 0.1 <1month
Picard & Fang [10] stainless steel 10 -0.040 0.1 <1month
Davidson [11] Pt-Ir 10 -0.162 10 <6 months
Davidson [11] stainless steel 60 -0.154 10* < 6 months
Berry et al[12] stainless steel 60 -0.13t0-0.25 0.05to 10* < 3years
Berry & Davidson [13] Pt-Ir 10 -0.070 0.1to103 < 5years
Berry & Davidson [13] silicon <10 -0.050 0.1t0103 < 5years
Sanchez et al [3] Pt-Ir 10-100 -0.162 0.1to103 > 20 vyears

1Corrected to 50 % RH using equations (1) and (2) in [15]

The published data show a significant variation between the sorption values reported. The
results reported by Schwartz indicate that there is a correlation between surface cleanliness
and sorption, with “uncleaned” artefacts giving a sorption value about 2.5 times that of
cleaned artefacts. Thereis also general correlation between the level of vacuum at which the

desorption is measured and the sorption value reported.

The work of Schwartz measured surface sorption over a range of pressure from atmospheric
to 0.1 Pa and found evidence of hysteresis in the sorption over this pressure range. The
subsequent study by Berry and Davidson confirmed hysteretic sorption over this pressure
range but additionally reported that at lower pressures, 0.1 Pa to 0.001 Pa, no significant
additional desorption/sorption was observed. Figure 5 illustrates the typical reversible
sorption isotherm for stainless steel as measured by Berry and Davidson. The small difference
between the desorption and re-adsorption legs of the isotherm at pressures below 0.1 Pa is
attributed toa (very small) time dependent desorption effect by which the surface in question
desorbs more strongly bonded molecules with increasing time in vacuum. Such a time-
dependent desorption phenomenon was also noted by Schwartz for pressures below 0.1 Pa.
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Figure 5. Sorption isotherm for stainless steel determined by Berry and Davidson

5. NIST Magnetic Suspension Mass Comparator for vacuum-to-air mass transfer

The NIST Magnetic Suspension Mass Comparator (MSMC) was designed and constructed to
provide the ability to perform a direct comparison of a mass artefact in vacuum to a mass
artefact in air using a single high resolution mass comparator. The MSMC will be used to
transfer the realization of the kilogram in vacuum from the NIST-4 [16] watt balance to
working standards in air that are used for the dissemination of mass to the United States
Measurement System. Unlike the method of sorption artefacts, which determines a
correction factor by measuringthe amount of water thatis desorbed from special masses in
going from air to vacuum, the MSMC does not depend on any empirical models, nor does it
require the artefacts being compared to be made of the same material or have the same
surfacefinish. In addition, the MSMC was built with the flexibility of being able to make mass
comparisons between vacuum and air, air and air, or vacuum and vacuum.

In order to use the same comparator with mass artefacts in two different environments, itis
necessary to be able to independently connect each of the artefacts to the comparator’s
weighing pan. Since no solid means of attachment can span the vacuum-air boundary, a
controlled coupling magnetic force, or magnetic suspension, was chosen; this is a feasible
solution and has been made use of in the past in weighing and precision gravimetry
applications [17, 18, 19, 20, 21]. Magnetic suspension of ferromagnetic objects requires a
time-varying magneticfield. It was proveninthe early 19th century by Earnshaw [22] that no
stationary object made of charges, magnets and masses in a fixed configuration can be held
in stable equilibrium by any combination of static electric, magnetic, or gravitational forces
(thatis, by anyforces derivable from a potential satisfying Laplace’s equation). A consequence
of thisis that stable equilibrium of any object requires its energy to possess a minimum [23].



The MSMC uses both permanent magnets (dc field) and a time-dependent magnetic field
provided by a solenoid. The solenoid is part of a feedback loop that includes a Hall sensor
that monitors the suspending magnetic field and corrects it to a pre-determined value to
maintain suspension at a given vertical location.

5.1 Design and Construction

A diagram of the NIST MSMC is shown in figure 6. The housing of the MSMC is composed of
two boxes made from 3.18 cm thick 6061 aluminium plates; the boxes are joined one on top
of the other but are hermetically isolated from one another. The upper box, which we will
refer to as the upper chamber (UC) contains a high precision (0.01 mg resolution) 10 kg mass
comparator that has been specially modified for compatibility with a high vacuum
environment. The mass comparator can be operated automatically and contains a 4-position
turntable for holding mass artefacts, which it may compare independently of any massin the
lower chamber.

<
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connecting rod > Upper Masses

/

Bridge structure \
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Figure 6. NIST Magnetic Suspension Mass Comparator. Some details of
the structural support have been omitted for clarity.

The magnetic suspension system designed for the MSMC relies on the mutual attraction of
upperand lower magnet assemblies, which are shown in detail in figure 7.
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Figure 7. Detailed diagram of the upper and lower magnet assemblies.

The upper magnet assemblyis located in the upper chamber and is attached to the weighing
pan through the dial stack of masses by connecting rods that in turn attach to a suitable
adaptingplate. In orderto accommodate this adapting plate, it was necessary to remove the
5 kg dial weight that is standard equipment for this comparator. There are two other dial
masses, 3 kg and 1 kg that remain. The adapting plate in the dial mass stack consists of a
circular aluminium plate with two tabs that are spaced 180° apart. Each tab has a hole to
accommodate a conical nut that connects to an aluminium down-rod. The other end of the
two down-rods connect to the horizontal ends of a mechanically balanced bridge structure
thatis used to suspend the upper magnet assembly. The upper magnet assembly consists of
a Sm-Co cylindrical permanent magnet combined with a solenoid and a soft iron core. The
assemblyis surrounded by magneticshieldingthat shapes and concentrates the magneticflux
lines and prevents loss of magnetic energy due to stray fields. The cylindrical magnet has a
flat face and acts as the pole for this assembly. The upper and lower magnet assemblies are
separated by an aluminium flange that serves as the boundary between the evacuated upper
chamber and the lower chamber which is held at nominally atmospheric pressure. The
construction of the lower magnet assembly is similar to that of the upper magnet assembly,
usinga solid cylindrical Sm-Co magnet as the polein conjunction with a softiron core and mu-
metal shielding. Thereis no solenoid on the lower magnet assembly. As shown in figure 6, the
lower magnet assemblyis attached to a carriage containinga pan that holds a mass artefact.
The cylindrical permanent magnets in both upper and lower magnet assemblies are
magnetized in the same direction to provide an attractive force between them.

Mass standards areinstalledin the upper and lower chambers using a specially designed Mass
Transport Vehicle (MTV) thatincorporates a load-lock (which mates to a similar structure on
the upper chamber) and can be evacuated in order to transport and load masses under
vacuum conditions. The MTV is a mobile stainless-steel enclosure that is equipped with
suitable linear motionactuators and custom-designed holding jigs to capture a mass artefact
from the NIST-4 watt balance, transport it to the MSMC, and insert it into the MSCM under



vacuum. All-metal flange seals are used to ensure leak tightness, and a gate valve with
pumpingportis integrated to allow evacuation or venting prior to admitting an artefact.

Inthe MSMC upper chamber, up to four 1 kg mass artefacts may be loaded onto the turntable.
In the lower chamber, a mass exchange device for loading masses onto and off of the mass
carriage has been designed and constructed. This system can also accommodate four mass
artefacts that sit on individual pedestals, and installs or removes a mass from the carriage
prior to magnetic suspension. The lower chamber masses sit below the carriage, and a
motorized lab jack is used to lift the mass of interest to the proper height. A rotating stage
then allows the mass to be rotated into position for placement onthe carriage. The motorized
lab jack is then lowered to place the mass onto the carriage. This process is reversed for
removinga mass. A diagram of the lower chamber mass exchange device is shown in figure 8.

Lower Magnet
Assembly

4—— Carriage

i Rotatable

Stage

Motorized
Labjack

Figure 8. Lower Chamber Mass Exchange System.

5.2 Magnetic Suspension

Electromagneticsuspension techniques are covered extensively in the literature [24] and will
not be reviewed here. For the MSMC, magnetic suspension occurs when the magnetic force
pulling up on the lower magnet assembly plus the carriage is equal to the gravimetric force
pulling down on the lower magnet assembly plus the carriage. From this point on, “lower
magnet assembly” includes the carriage thatis attached toit; there may or may not be a mass
on the carriage, but this will be clarified when necessary. The magnetic force on the lower
magnet assembly depends nonlinearly on the separation distance of the pole pieces
(cylindrical magnets, as shown in figure 5), and it is necessary to position the lower magnet
assembly so that the distance between the poles is approximately correct for achieving
levitation. Thisis done by a set of three automated lifting mechanisms, not shownin figure 6.
The Hall sensor measures the field associated with this starting position; the servo loop
includingthe Hall sensor and the solenoid current supply maintains this value of the magnetic
field by adjusting the current through the solenoid windings in response to vertical



movements up or down of the lower magnet assembly. Figure 9is a diagram of the suspension
servo loop. Thesolenoid currentis provided by a pulse width modulated (PWM) power supply
thatrunsat 100 kHz.

Desired Actual
Position C t Position
Controll urren Sol d Position

ontroller olenoi
>| Power > —>|  Ssensor
Supply

>
<

Figure 9. Magnetic suspension servo loop. The desired and actual positions are voltages that are
proportional to the magnetic field between the upper and lower magnet assembly poles

The entire feedback system resides on a field programmable gate array (FPGA) in order to
avoid jitter in the feedback loop caused by computer latency, which would produce
instabilities in the magnetic suspension. Furthermore, it was determined through magnetic
field simulations that position resolution of the magnetic suspension using the Hall sensor
would limit the stability of the suspension to something greater than the resolution of the
mass balance. In orderto reduce this lower limit, a heterodyne laserinterferometer has been
incorporated as anadditional position sensor thatis capable of detecting sub-micron variation
in the vertical suspension position. Both the Hall probe signal and the interferometer signal
are fed into the servo controller, the output of which drives the solenoid coil in order to
stabilize the suspended assembly and improve the precision of the mass measurement. A
diagram of the magnetic suspension system including the laser interferometer is shown in
figure 10. More details of the suspension system and control can be found in Stambaugh et
al [25, 26].
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5.3 Comparison Measurements

The MSMC will be completely automated using software written in LabVIEW. Any weighing
sequence can be programmed, forinstance A-B-B-A, where Aisa massin vacuum in the upper
chamber, and B is a mass in airin the lower chamber. The mass of the carriage in the lower
chamber cancels out of the difference of the measurements as the carriage is always
suspended regardless of whether a measurement is being made in the upper or lower
chamber. If a mass is being measured in the upper chamber, then the mass is first loaded
onto the weighing pan in the upper chamber. The carriage (with no mass on it) is then
suspended. If it is desired to then make a measurement in the lower chamber, the mass on
the upper chamber weighing pan is removed. Then the carriage is taken out of suspension
and loaded with the mass of interest. The loaded carriage is then re-suspended and the
measurement can begin. For comparison of two masses of the same nominal value, this
weighing sequence assures that the same nominal load is on the comparator at all times. It
should be noted that the comparison described is different to mass comparison carried out
entirely in air (or entirely in vacuum) since air buoyancy will only affect one side of the
comparison. This makes knowledge of the determination of air density at the time of
comparison a critical measurement since it directly affects the uncertainty in the mass of the
standard used in air.



5.4 Current Status

As of this writing the NIST MSMC has only been tested in air for stability of the mass reading
of a suspended artefact. In experiments using a comparator with 0.1 mg resolution, the
stability of the mass reading was limited by the noise of the comparator indication.
Furthermore, there is evidence from interferometry measurements that the stability is well
below 0.1 mg. A 0.01 mgresolution comparatoris currently beinginstalled, which will enable
an accurate measurement of the stability of the suspension. Using both the Hall sensor and
interferometer signals as feedback to the suspension control loop, we expect the ultimate
stability to be 0.02 mg or better. Vacuum-to-air comparisons are expected to commence
before summer of 2016.

6. Comparison data for sorption effects
6.1 CCM WGM TG1 comparison of stainless steel sorption artefacts

As part of the work of Task Group 1 (TG1 Mass metrology under vacuum) of the Consultative
Committee for Mass and Related Quantities, Working Group on Mass Standards, a
comparison of the sorption measured by participating laboratories was undertaken using a
set of sorption artefacts as the transfer standards. NPL piloted the comparison and circulated
three stainless steel sorption artefacts consisting an integral (cylindrical) kilogram standard
(71DD) and two and four piece weights stacks (S1 and S2 respectively) [13]. The transfer
standards were circulated in two consecutive petals, the results of the comparison are shown
in figures 11 and 12.
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Figure 11. Sorption values determined for the transfer standards in Petal 1, error bars
represent standard uncertainties (k = 1).
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Figure 12. Sorption values determined for the transfer standards in Petal 2, error bars
represent standard uncertainties (k = 1).

Theresults show good agreement between the participants with regard to the sorption values
calculated using pairs of artefacts in different combinations. However, there is a significant
and consistent systematic difference in the sorption determined with the different artefact
combinations, thisis discussed furtherin section 6.1.1.

6.1.1 Sorption pressure dependence

The vacuum pressure level during the sorption measurements was recorded by each
participantand the correlation of sorption with pressure level is shown in figure 13.
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Figure 13. Participants’ sorption values versus vacuum pressure for S1 V 71DD (blue
diamonds), S2 V 71DD (red squares) and S2 V S1 (green triangles).

According to the results shown in figure 13 there does not appear to be any significant
correlation between the level of vacuum in the participants’ apparatus and the sorption value
measured over the range of vacuum pressures used (0.000 43 Pa to 0.05 Pa). This confirmed
the earlier results of Berry and Davidson which showed no significant sorption on stainless
steel surfaces below a pressure of 0.1 Pa.

The (sorption) results of all the participants can be seen to agree within the estimated
uncertainties. This shows that, for a given set of sorption artefacts, the sorption is
independent of the vacuum equipment and mass comparator used to make the
measurements. However, the sorption values calculated from the comparison of the three
artefacts varies depending on which pairs of artefacts are used to calculate the value. The
likely source of this discrepancy is eitheran error in the measured volumes of the weights or
an inhomogeneityin the surfaces of the artefacts. Because the difference between the mass
values of the artefacts needstobe determinedin airandin vacuum the measured (differences
inthe) volumes of the artefacts is a major contributionto the uncertainty in the sorption value
calculated. However, the volumes of the artefacts were re-determined between Petal 1 and
Petal 2 of the comparisons and the valuesused for the comparisons were found to be correct.
Thus, it was assumed that the differences in the pair-wise sorption values determined were
due to differences in the (behaviour of the) surfaces of the artefacts. Evaluation of such

discrepanciesis discussed in Section 9.



6.2 Comparison of sorption pressure dependence

Based on the results of the comparison and the findings of Berry and Davidson a pressure
range of 0.1 Pa to 0.001 Pa is recommended for weighingin vacuum, and for the operation of
watt balance experiments. A comparison was undertaken to confirm the uniformity of surface
sorption over this pressure range for stainless steel, platinum-iridium and silicon kilogram
artefacts. Theresults of bilateral comparisons between NPLand NRC and between INRIM and
CMl are shown in figure 14 to figure 16. For each participant the gravimetricsorption effects
at lower pressure are reported relative to their sorption at value 0.1 Pa. Previous results for
the same artefacts, reported by Berry and Davidson [14] are also given.
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cleaned before both sets of measurements and error bars represent the standard
uncertainty (k = 1). Open markers represent previously published values.
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cleaned before the NPL measurements. Error bars represent the standard
uncertainty (k = 1). Open markers represent previously published values.
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With the exception of the CMI data, which show a rather large variation, the results of the
comparisons confirm the pressure range of 0.1 Pa to 0.001 Pa can be recommended as
suitable for the measurement in vacuum of masses used in the dissemination of the mass
scale, the gravimetric effect on mass standards used in thisrange being less than 2 pg for all
measurements.

7. Desorption dynamics

Figure 17 shows the results of gravimetric desorption measurements made at NPL on a
stainless steel kilogram moved from air to vacuum (pressure 0.001 Pa). The transfer was
carried out 4 times to determine the repeatability of the process, the mass difference being
relative to a kilogram standard which had been stored in vacuum for 1 month.
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Figure 17: Gravimetric determination of desorption from a stainless steel
kilogram moved from air to vacuum (pressure 10 Pa). The nominal atandard
uncertainty of each measurement is + 1.0 pg.

The results show that the desorption of mass from the surface of the weight follows a very
similar pattern forall 4 measurements. The initial weighing was made about 2 hours after the
introduction of the weight into vacuum so the total (air to vacuum) mass change is not
apparent but was of the order of 20 micrograms. The desorption follows an exponential
decrease of the form;

AM = AMgp € % oo ene s (3)



Where Am is the mass loss at time t afterinitial vacuum exposure (in hours), Ams, is the total
mass loss for air-vacuum transfer, and ais a constant relatingto the desorption of the surface
of the mass standard (in the case of the weight used for thistest, a = 0.19). The results show
thata period of 24 hours s sufficient to obtain a stable value for a mass standard transferred
to vacuum from ambient air.

At NRC additional surface analysis measurements were made on surfaces transferred
between air and vacuum. A typical desorption process at a vacuum pressure of 10 Pa is
shown in figure 18a. Data was acquired by X-ray photoelectron spectroscopy (XPS) on a Kratos
Axis Ultra spectrometer and shows the desorption of carbonaceous species as a function of
time afterintroductionto vacuum. The nominal values and error bars represent the average
and standard deviation respectively of 3 distinct measurement areas on a single sample of
Ptir foil. While water is expected to represent the major portion of total sorption change
between airand vacuum, the majority of the massin the form of wateris likely to be removed
at higher pressures duringpump-down (as can be seen in figure 5). For Ptlr, water remaining
at 1 x 10” Pa is strongly bound to the metal (or metal oxide) surface or the carbonaceous
overlayer. Analysis of the C1ls peak envelope shows that it is largely hydrocarbon bonds
(~50 % of the overlayer), but it also contains carbonyls, alcohols, and other oxygen containing
functional groups. Figure 18a shows the surface as a function of time for the total Cls
envelope with the desorption following kinetics in which the rate is proportional to the
surface coverage. Fitted accordingto the exponential decrease with time, it takes a similar
form as shown in figure 17 though the rateis slower with the desorption of hydrocarbonson
the Ptlr surface studied showing an exponential dependence of 0.049(t-t,). After
approximately 24-40 hours of vacuum exposure it can be seen that the desorption rate
reduces to near zero indicating the approximate stabilisation time at this level of vacuum. It
should be noted that the desorptionrate reaches zero at non-zero layer thickness (~1.3 nm),
so that surfaces with cleaner initial state on introduction to vacuum have the potential to
increase theirinitial overlayerthickness and therefore to gain mass. This steady state surface
coverage is not only governed by the properties of the metal and contaminant overlayer but
also of the residual gas content in the vacuum chamber since sorption is a combination of
adsorptionand desorption processes.

The desorption curve by XPS in figure 18a agrees in form with gravimetric observations for
Ptlr (see figure 18b), however unlike the XPS results and the vacuum cycling of figure 17,
figure 18b is a differential measurement between two Ptir artefacts, which are changing
dynamically together duringpump-down. Theresultis onlyasmall residual change less than
1 pg. XPS can be considered an absolute measurement in which the magnitude of the
detected signal is approximately proportional to the quantity of surface atoms. Gravimetric
measurements on the other hand are performed in a comparator and are relative
measurements so only the difference in sorption kinetics between compared masses will be
observed. When weighing masses with similar surface characteristics and surface areas, in
theory no kinetic trends would be observed from a (gravimetric) comparison in a vacuum
balance, unless the masses compared had been storedin vacuum for different periods. Since,
like XPS, watt balances are absolute measurement devices any kinetic change occurring in
vacuum would be observablein the form of a driftin the measured mass value.
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Figure 18: Carbonaceous overlayer thickness on Ptir surface measured by XPS at successive
times after vacuum exposure at 1 x 10 Pa. The error bars are derived from the standard
deviation of 3 measured locations. The inset (b) shows the similar kinetics for gravimetric
measurements between two Pt-Ir artefacts (0.0002 mg nominal uncertainty).

8. Evaluation of venting cycles.

Previous work by Davidson [27] noted the accelerated accretion of hydrocarbon
contamination on platinum-iridium mass standards transferred between air and vacuum
when compared with similar standards stored permanently in either of the two media.
Davidson’s work used both XPS and gravimetric measurements to monitor the stability of
mass standards. Recently experiments have been undertaken at METAS and at NPL to
evaluate the effect of different venting cycles on the stability of the transfer standards. The
ventingcycles used were;

1. Vacuum-Air-Vacuum
2. Vacuum-Nitrogen-Vacuum
3. Vacuum-Nitrogen-Air-Vacuum

The use of nitrogen to passivate the (baked) surfaces of vacuum chambers before air exposure
is well known [28]. The use of nitrogen as an intermediate stage in vacuum air transfer has
been evaluated to quantify the potential beneficial effect on maintaining the cleanliness of
the surfaces of mass transfer standards. Work undertaken by METAS studied the
recontamination of surfaces following plasma cleaning[29] for the three venting cycles using



a quartz crystal microbalance (QCM) with gold plated crystals. The results are shown in
figure 19.
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Figure 19: Sorption and desorption measurements using a gold-coated quartz crystal
microbalance: The left hand graphs show reversible sorption (adsorption: dots and
desorption: circle) and the right hand graphs show irreversible sorption
(contamination: star) for three different venting cycles.

The results show that the cleaned surfaces accrete significant contamination (irreversible
sorption) on the first venting cycle with the vac-N,-air-vac cycled sample gaining the most.
Subsequent cycles show much smaller levels of irreversible sorption. The total reversible
sorption is approximately the same for the two air-vacuum cycles with the intermediate
nitrogen step not affecting the amount of water sorbed onto the surface. However, the
repeatability of the vac-N2-air-vac cycled sample is much poorer than that of the sample



cycled only between air and vacuum. The vacuum-nitrogen cycled sample shows much lower
surface (water) sorption levels, which is to be expected since nominally dry nitrogen was used.

METAS also conducted similar tests using samples of various metals under investigation as
candidate materials for new mass standards (gold, gold-platinum alloy, platinum-iridium,
pure iridium and copper samples plated with rhodium and with gold). The (non-reversible)
surface contamination of the samples was monitored using XPS. The results for the tests
showed similar behaviour to that of the QCM crystals. The results for the gold-platinum alloy
sample are typical of the results for all the test samples and are shown in figure 20.
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Figure 20: The overlayer thickness of hydrocarbon on gold-platinum alloy is
calculated from XPS measurements for cyclic venting between vacuum and air
and/or nitrogen. The data are fitted by the self-limited growth model [30, 31]

The results show that the increase in the contamination layer is similar for both the air-
vacuum cycles and that the inclusion of the intermediate nitrogen stage does not significantly
inhibit overlayer growth. After approximately 4 cycles the increase in layer thickness
approaches a self-limited value. The value for the gold-platinum sample is approximately
0.2 nm and was between 0.1 nm and 0.3 nm for all the surfaces tested. The vacuum nitrogen
sample remains cleaner but it may be supposed that with further cycling the overlayer will
also approach the self-limitingvalue.

NPL also conducted an evaluation of the effect of different venting cycles on the growth of
the contamination layer using XPS. Samples of platinum-iridium and silicon were cleaned
usingthe UV-Ozone cleaning process [32] and then cycled five times between vacuum and air
or nitrogen using the three venting cycles described previously. The results of the tests are
given in figures 21 and 22. Three samples of each material were used, the initial and post-



clean results represent the average value for the three samples. The variation in these values
was less than 0.1 nmin all cases.
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In comparison with the METAS results the NPL measurements show that both the Vac-
Nitrogen-Vac and Vac-Nitrogen-Air-Vac cycles give a slight improvement in restricting the
recontamination of the samples but the difference to the Vac-Air-Vac results is not very
significant (about 0.1 nm for both materials). It is likely that as the number of cycles is
increased the re-contamination of all samples would approach the self-limited value as
indicated by the METAS results.

9. Sorption correlation with surface roughness

Sorptionvaluesin table 1 showthat thereis as much variation in sorption between artefacts
manufactured from the same material as there is between artefacts made from different
materials. This suggests that sorption values are not influenced as much by the bulk material
the artefacts are made from, but by other factors. Equations 1 and 2 estimate the sorption
coefficient per unit surface area with the assumption that the average roughness of the
integral artefactis equal to that of the stack(s). This assumptionis an over simplification since
perfect homogeneity in surface roughness of the integral and stack of the sorption artefact
pairis not easily obtained during the polishing process, and even more difficult to maintain
duringuse.

Studies have been undertaken at INRIM and NPL to examine the correlation of surface
roughness with sorption between air (50 % relative humidity) and vacuum (p < 0.1 Pa) on
artefacts of varied surface quality and material. In the study by NPL masses were not cleaned
before testing, in the study by INRIM all masses were cleaned. INRIM examined one platinum-
iridium and four stainless steel artefacts, with sorption coefficients ranging from 0.05 pg cm™
t0 0.16 pg cm™. NPL measured four stainless steel artefacts, with sorption coefficients ranging
from 0.13 pg cm™ to 0.24 pg cm™.

The roughness parameters were measured using two different variants of profilometry; 3D
profilometry at INRIM and 2D profilometry at NPL. To obtain a value representative of the
whole artefact, roughness was measured at different points on the surface. The 3D
measurements were performed at 25 sampling areas of 1.00 mm x 1.27 mm each, whereas
the 2D surface roughness parameters were measured at 3 profiles approximately 8 mm long.
The standard deviation of the measurements are given as the measurement uncertainty,
though probe shape, dynamic response and sampling will all contribute to the measured
roughness value. Therefore direct comparison of absolute roughness values between the 2D
and 3D profilometry should be treated cautiously. In the case of the 2D profilometry the two
parameters Ra and Rz [33] were analyzed;in the case of the 3D profilometry, amongthe many
3D parameters available, the most suitable to describe the influence of the surface quality on
the sorption were Sa, Sz, Sq, Sv, Sdr and S10z [34]. However, for both approaches, no
particular roughness parameter emphasized a stronger correlation with sorption than
another. The results obtained at NPL with the Ra parameter and at INRIM with the Sa (Ra
parameter measured over an area) are shown in figures 23 and 24, respectively.
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From the NPL results, only the weight with the highest roughness (OIML F1/F2 equivalent)
[35] shows significantly different sorption characteristics. The other artefacts with roughness
values measured to be compliant with OIML recommendations for Class E1 weights, show no
significant variation in sorption. This supports the conclusion by Schwartz [36] that the
sorption behaviorof OIML Class E1 masses cannot be altered significantly by improvingtheir
surface roughness further (OIML E1 specifies Ra <100 nm). From Kochsiek [37] it was shown
that a tenfold increase in roughness produces a 100 ng/cm? increase in sorption (over the
range 0.1 um to 3 um Rz). For the NPL results, in which Rz scales approximately as 10x Ra, a
similarbehavioris observed, the sorption difference between artefacts with Rz roughnessin

the range 0.07 um to 2.2 um is also approximately 100 ng/cm?.
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The artefacts of the INRIM study (figure 24) span a larger range, from 100 nmto over 500 nm
(Sa). With the exception of artefact NPL SS, a linear correlation is apparent and the sorption
values are significantly lower thanthose observed in the NPLstudy. This difference is probably
due in part to the surface cleanliness of the artefacts. In the work of Schwartz [10, 36]
uncleaned masses showed about 2.5 times greater sorption than cleaned ones,
approximately the difference between the sorption reported in the NPL and INRIM studies.
The origin of the difference in behavior of NPL SS artefactis not known butis possibly dueto
surface scratches or an increased depth in the oxide layer of these artefacts. The NPL SS
artefact used in the INRIM study was a disc of stainless steel, part of a stack usedin the CCM
WGM TG1 comparison [13]. The unexpected value may be due to surface damage or other
defects in locations of the discwhich were not analyzed during the roughness measurements
or are not observable by profilometry. Additionally, sorption is known to be dependent not
only on cleanliness but also oxide thickness and identity [37]. The influence of the bulk
material and surface preparation, which can change the oxide thickness and chemical
makeup, will also play a role. The massesin the INRIM study were each acquired at different
times from different manufacturers and therefore these influence parameters could not be
controlled.

Based on theresults of this study, itis not possible to establish a firm correlation between the
sorption coefficient and the surface roughness, however it is clear that particular attention
should be paid to the roughness of the sorption artefacts especially when Ra roughness
exceeds 100 nm (OIML E1). The contact surfaces of stacked disc weights are subjected to
scratches, oxide formation and contamination, all of which will increase the sorption. Without



careful control during use the sorption coefficient per unit surface area for the stacks and
integral could deviate leading to significant errors in the sorption determination using
artefacts.

10. The robust determination of sorption values from gravimetric data and uncertainty
calculations

In order to be able to validate the transfer of the unit of mass between air and vacuum, it is
recommended to follow a procedure, where at least one massstandard is permanently stored
invacuum and one massis permanently storedin air. Although a set of two sorption standards
are sufficientin principle, itisrecommended to use a set of at least three sorption standards,
which are cycled between air and vacuum a number of times. In each cycle the differencesin
mass of the sorption standards and those kept in air and in vacuum should be measured.
Assumingthat the masses of the standards permanently stored in airand vacuum are stable,
the cyclic repetition allows any contamination of the sorption standards taking place during
the cycle to be quantified. The use of sorption standards for the air-vacuum mass transferis
based on the assumption that all sorption standards experience the same
desorption/adsorption (including any contamination) per unit surface area during the
transfer. In order to test the validity of this assumption, at least three sorption standards
should be used.

Assumethat a sorption standardSis cycled repeatedly between airand vacuum. Initially, the
standard Sis in air and has mass value mg . When transferred to vacuum for the first time,
water and other molecules desorb from the surface, and as aresult the standard Shas a new,
lower mass value mg ;. When transferred back to air, some contaminating molecules might
be adsorbed to the surface before being protected by an adsorbed layer of water, and as a
resultthe standard Shasanew massvalue mg,, which could be either smaller or larger than
the initial mass value mg ;. Let Ag be the surface area calculated from the geometry of the
sorption standard S. Assuming that all partsof the surface of the sorption standard experience
the same sorption, the change in mass due to the sorption taking place in transfer no. i
between air and vacuum may then be modelled by

where sg ; is a sorption coefficient (mass of adsorbed/desorbed layer per unit area), which is
specific for the particular surface of the sorption standard S but might vary from one transfer
between air and vacuum to the next. When manufacturing a set of sorption
standards S4, ... Sy, N = 2, theirsurfaces might have different sorption efficiencies (e.g. due
to differences in surface roughness) leading to different sorption coefficients sg_;, ... Ss, ; for
the sorption standards S4, ... Syinaspecifictransfer (no.i)between airandvacuum. In terms
of an average sorption coefficient s; for transferno. i, this variation may be modelled by

Ss,,i = €s,,iSi

...(5)

Ssy,i = €sp,iSir



where the sorption efficiency factors €5, ) €5y fulfilsthe constraint

Under the assumptions that all surfaces are almost identical, the best estimates of the
sorption efficiencies are

s, = =€ = Ll ( 7)
but with standard uncertainties

u(es,) = = u(eSN) = UD) > 0 (8)

In order for the sorption standards to be useful, the standard uncertainty u(e) should ideally
be in theinterval

0 Su(e) SO et eerensee e (9)
The resultingmodel for the change in mass of the sorption standards,
Mgt = Mgj T €5;Ag i (10)

hasto be combined with the models for comparingthe masses of the sorption standards with
the mass keptinairand thatkeptin vacuum, respectively. The model for the mass comparison
inairincludestheairbuoyancy correctionsin terms of the air density and the volumes of the
sorption standards and the mass kept in air. In order to be able to separate changes in
sorption from changes in air buoyancy, the uncertainties in the volumes of the sorption
standards should be as small as possible. By performing several cycles of mass comparisons
in air and vacuum, the assumed stability of the masses permanently stored in air or vacuum
and the assumed model forthe change in mass of the sorption standards duringthe cycle can
be tested using the method of least squares followed by a test of consistency between data
and model.

Numerical simulationsindicate that the procedure described above allows the unit of mass
to be transferred from air to vacuum (or reverse) with an associated standard uncertainty
component of lessthan 0.006 mg. The simulations also indicate thatif the assumptions made
are not fulfilled in reality, there can be a significant error in the transferred mass value that
might not be detected by the consistency test in a single experiment with a limited number
of cycles. Thereliability of the mass transfer using a particular set of sorption standards should
therefore be evaluated by repeatingthe experiment several times using the same standards
permanently keptin air andin vacuum.

11. Discussion

A considerable amount of data has been published with regard to the effect of air-vacuum
transfer on the value of mass standards. While the phenomenon of the sorption of water on
the surface of the transfer standards is ostensibly well understoodit is clear that there is



considerable variationin the magnitude of the air-vacuum mass change and in the amount of
water adsorbed or desorbed from the surfaces of the transfer standards. Factors such as
artefact material and surface roughness and cleanliness have been shown to affect the
magnitude of the surface (water) sorption but these alone cannot fully explain the variation
in the sorption phenomena seen in the published results. It is likely that additional factors
such as the depth and composition of the surface oxide layer also have a significant effect on
the amount of water adsorbed. Further work lookingat the parameters which affect surface
sorption would be beneficial in order to optimise the material and in particular the finishing
process used in the manufacture of future transfer standards for the establishment of
traceability between massin vacuum andin air.

Comparisons using a set of surface sorption artefacts as described have shown good
repeatability between vacuum balance equipment at different NMIs and have allowed an
optimum operating level of vacuum to be recommended. Uncertainty contribution of less
than 6 micrograms for the transfer of mass between airand vacuum is achievable using a set
of sorption artefacts but care needs to be taken that potential variations in surface sorption
between the components of the set are fully assessed and accounted for as described in
section 10 of this paper. Further practical work in this area will ensure that a robust
uncertainty estimate can be achieved.

An alternative to the use of sorption artefactsis the direct linking of mass in vacuum and air
via the Magnetic Suspension Mass Comparator described in section 5. This eliminates the
sorption variability issues described but is currently limited in accuracy mainly by the
repeatability of the magnetic couplingbut also by the need to support a larger tare load than
isnormal for a kilogram mass comparator. Further developmentin the equipment will reduce
the uncertainty and will provide a useful alternative vacuum air transfer process.

12. Conclusions and recommendations

The transfer of mass between vacuum and air will be necessary in order to disseminate the
unit of mass following its redefinition in 2018. To minimise the additional uncertainty
contributionto the dissemination, the transfer process between vacuum and air needs to be
well characterised and repeatable. The following recommendations are made in order to
achieve this;

1.  An operating pressure range of 0.1 Pa to 0.001 Pa is recommended for vacuum
comparators and watt balance experiments. No significant change in surface sorption
has been seen over this pressure range so the compatibility of different experiments
can be optimised.

2. Real time sorption measurements should be made for transfer standards rather than
using extant or published data. This will minimise the uncertainty contribution from
variationsin surface sorption effects.

3. Thedirecttransfer of artefacts between vacuum and airis recommended. The use of an
intermediate nitrogen stage has been shown to have little benefit to the repeatability
of the transfer process.



10.

When using sorption artefacts maximise surface area ratios to optimise the accuracy of
the sorption calculation.

The use of more than two artefacts in a set will allow a more robust assessment of the
uncertainty in the surface sorption of the transfer standard. The assessment of the
repeatability of the transfer process is also recommended as described in section 10 of
this paper.

A surface roughness (R,) of betterthan 0.1 um should be realised for sorption artefacts
to minimise the magnitude and optimise the repeatability of sorption effects. There is
little variation of surface sorption with surface finish provided R, is less than 0.1 um.
The surface quality of the sorption artefacts, and in particular the discs, should be
closely monitored due the likelihood of scratching due to the stacking of the discs.

The material and finish techniques used to produce sorption artefacts for air vacuum
transfer should be considered particularly with respect to the potential thickness of the
surface oxide layer produced and the surface hardness (scratch resistance).
Determination of the density of sorption artefacts is usually the most significant
uncertainty component when determining vacuum-air sorption effects with artefacts
and ideally uncertainties of 0.001 cm?® or better in the volume differences between
artefacts should be achieved.

Methods such as the Magnetic Suspension Mass Comparator can provide alternative
traceability route to directly achieve the link between masses in vacuum and in air. Here
the determination of the density of the air at the time of the (vacuum-air) comparison
is a critical measurementin assigninga mass value to the weight in air.
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