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Transferring the unit of mass between weights kept in air and in vacuum
Lars Nielsen, DFM

Abstract

In the current watt balance and crystal density measurements used to assign a value to the Planck
constant 4 in terms of the international prototype of the kilogram 8, the unit of mass has to be
transferred from air to vacuum. In the future, when the kilogram has been redefined in terms of a fixed
value of the Planck constant, the unit of mass has to be transferred from vacuum to air. This report
describes how this mass transfer may be done in a way that enables evaluation of the standard
uncertainty associated with the mass transfer.

1. Introduction

The unit of mass, kilogram is currently defined as the mass of the international prototype of the
kilogram & immediately after cleaning and washing using a specified procedure involving solvents and
steam[1][2][3]. As the prototype & is kept and used in humid air, a natural layer of adsorbed water on
the surface of the artefact is contributing to the unit of mass. When measuring the Planck constant h in
the current watt balance experiments or the Avogadro constant N, in the current crystal density
experiment, mass standards (weights) that are traceable to the prototype & but used in vacuum are
required. Once a new definition of the kilogram in terms of a fixed value of the Planck constant is in
place, the kilogram will be realized in vacuum and needs to be transferred to air before being
disseminated.

A gravimetric method is often used to measure the mass change due to water sorption/desorption
associated with the transfer of weights between air and vacuum. This method uses at least two mass
standards (known as sorption artefacts) having the same nominal values of mass and volume, the
same surface finish, but a large difference in their surface areas. Based on the assumption that the
sorption per unit area is the same for the two sorption artefacts, the change in sorption can be
calculated from a measured change in mass difference between the two sorption artefacts when
transferred between air and vacuum.

Experiments have shown that the sorption is not always reversible. The modelling described in this
report accounts for that.

2. Modelling
Assume that sorption artefact S is cycled repeatedly between the two media air (A) and vacuum (B).
The cycling is described by a media sequence M = (A, B, A, B, ...),sothat M; = A, M, = B, M3 = A, etc.
When the sorption artefact is transferred from medium M; to medium M; ., the mass of the artefact is
assumed to change according to the model:

Mg i1 = Ms; + PsAsS;, (1)

where

e myg; is the mass of the artefact S in medium M;,
® mg;,q is the mass of the artefact S in medium M4,

e Agis the geometrical surface area of the artefact S,
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e s; is the change in sorption per unit surface area of the artefact when transferred from medium M;
to medium M, 4,

e pgis a factor for the sorption artefact S converting its geometric surface area to an effective surface
area for the sorption.

Note that the quantity s; may be negative or positive depending on the media between which the
artefact is transferred.

If a set of N sorption artefacts S4,S,, ..., Sy are cycled between the two media, equation (1) is
replaced by

Mg iy1 = Mg, ;i + Ps, As, S
Mg, i+1 = Ms,,i t Ds,As,S;

2 :2 2 2 ( 2 )

Mgy iv1 = Msy,i + PsyAsySi

The successful use of sorption artefacts rely on the assumptions that the change in sorption s; is the
same for all sorption artefacts involved in the same transfer between media A and B. In order to test
that assumption, at least three sorption artefacts need to be used. Up to now it has been usual practice
to assume that the factors pg_, ..., ps, are identical (and equal to 1 exactly). This implies that the
sorption s; is defined in terms of geometric area rather than in terms of effective area, and that the
ratio of effective area to geometrical area is the same for all sorption artefacts in a set. The factors
Ps,, -, Ps, can be interpreted as the ratios of effective area to geometric areas of the sorption
artefacts. If the surface roughnesses of the artefacts have been measured, some information about
these ratios is available. In that case, best estimates (larger than 1) and associated standard
uncertainties may be assigned to the factors pg, ..., ps,- If no information of the effective areas of the
artefacts is available, variation in the surface finish of the sorption artefacts in a set may be taken into
account by assigning a prior value 1 to all factors pg_, ..., ps,, but with non-zero standard uncertainties.

Assume that one weight M, is permanently stored in air (medium A), and another weight Mg is
permanently stored in vacuum (medium B); both weights have the same nominal mass values as the
sorption artefacts S4, S,, ..., Sy. The goal is to measure the mass mg of the weight My stored in vacuum
in terms of the mass m, of the weight M, stored in air, or vice versa. The volumes of the weights M,
and Mg are denoted V, respectively Vg, and the volumes of the sorption artefacts S4,S,, ..., Sy are
denoted Vs, Vs, s Vs

-
At stage i in the media sequence the sorption artefacts S4,S,, ..., Sy are compared with each other and
with either the weight stored in air or the weight stored in vacuum. This comparison is modelled by

fidl; = X;m; — diag(a;)X;V (3)
where

e m; = (my, mg, Mg, j, -, mSN,i)T is a vector of the mass values of the weights and the sorption
artefacts at stage i in the media sequence,

o V=_~>VaVsVs, ., VSN)T is a vector of the volume values of the mass and sorption artefacts
involved in the comparisons,

e X, is the design matrix according to which the mass and sorption artefacts have been compared at
stage i in the media sequence,

e a; is the vector of air densities measured for each mass comparison at stage i in the media
sequence,
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e Al; is the vector of indication differences measured for each mass comparison performed at stage i
of the media sequence,
e f;isthe scale factor of the mass comparator at stage i of the media sequence.

When weighing is done in air (M; = A), the weight My stored in vacuum is not involved in the mass
comparison, so if M; = A, then the elements of the second column of X; are all zero. Similarly, when
weighing are done in vacuum (M; = B), the weight M, is not involved in the comparisons, so if M; = B,
then the elements of the first column of X; are all zero. The masses m, and mg are assumed to
constant; this assumption is plausible only if the weight M, is kept permanently in air, and the weight
Mg is kept in permanent vacuum. When weighing is done in vacuum (M; = B), the air density is
negligible, so if M; = B, then a; = 0.

The equations ( 2 ) and ( 3 ) form the necessary basis for transferring the unit of mass between air and
vacuum. These equations are easily solved by the general method of least squares developed at
DFM[4][5], known a s DFM-LSQ. To illustrate this, consider that the mass of the weight M kept in air
is known, and that we want to measure the mass of the weight Mg kept in vacuum using two sorption
artefacts S; and S,. If the shortest possible media sequence M = (A, B) is applied, three mass
differences may be measured in air,

Al 4 1 -1 0 mp a1 —a11 0 Va
f1 AII,Z = (1 0 —1) <m51,1) — | 41,2 0 —Qip V51,1 ) (4)
A11’3 0 1 _1 mSZ,l 0 a1,3 _a1,3 VSZ,l

and three mass differences may be measured in vacuum:
AL 4 1 -1 0 mg
fa| Alzz | = (1 0 —1) (msm). (5)
A12’3 0 1 _1 mSZ,Z

The masses of the sorption artefacts in air and in vacuum are related to a single (negative) sorption
coefficient s; through the equations

(morz) = (mer) +1 Ga) (6)
S2,2 S2,1 pZASZ
In this measurement there are k = 6 quantities, for which no prior information is available,

B = (ms, M1 10 TS 10 TS, 20 s, o) s, (7)

and m = 16 quantities

¢ = (1. fo Ay, ALy 3,mp, VA, Vs, |, Vs, |, As,, As,, D1, p2)" (8)

for which we have best estimates z and an associated covariance matrix X. Among the quantities # and
{ there are n = 8 constraints on the form

fB.8) =0, (9)
which are derived from equations (4 ),( 5 ),and ( 6 ) by subtraction the right hand sides from the left

hand sides of the equations. Following ref. [5], best estimates 8 and { of the quantities 8 and , as well
as the associated covariance matrix, is found by minimising the chi-square function

x=-0"THz-9) (10)
subject to the constraint f(B,{) = 0. The consistency of model and data should be checked by
comparing the observed chi-square value
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Xops = (=TT (z - D) (11)
with its expectation value, which is equal to the degrees of freedom v of the least squares adjustment:
Eetl =v=n—k, (12)
where n is the number of constraints and k number of quantities, for which no prior information is

available. Assuming that yZ, is the outcome of a chi square distribution y2(v), consistency between
data and model may be questioned if

p = Pr{y?(v) > x2ps} < Per (13)

where p is the probability that (by chance) the outcome of a chi-square distribution y?2(v) is larger
than the value actually observed, and p,. is a chosen level of significance. It is recommended to use a
level of significance in the range 0.1 < p. < 0.2.

The larger the number of degrees of freedom are, the stronger is the consistency test expressed by
equation ( 13 ). In the case described above, we have v = 8 — 6 = 2 degrees of freedom for the least
squares adjustment; these two degrees of freedom would reduce to zero, if the two (redundant) mass
comparison of the sorption artefacts in equations ( 4 )( 5) were omitted. Even if the two redundant
mass comparisons were included, there would be no redundancy in the determination of the sorption
coefficient. In order to obtain such redundancy, a third sorption artefact would have to be included.
Assuming that the mass values m, and mg are constant, further redundancy would be obtained by
expanding the media cycle from just two stages to three or more stages.

In addition to the general test for consistency described above, it is recommended to test for
consistency between each measured value z; in the array z with the corresponding adjusted value ; in
the array {. This is done by calculating the normalised deviations

ERTCEON
Measured values z; for which |d;| > 2 are potential outliers, although there is a probability of about
0.05 that this could happen by chance, assuming that d; follows a normal distribution N(0,1).

i=1,..,m (14)

3. Analysis of sorption data

Unfortunately there are no data available for a mass transfer between mass and vacuum, which has
been carried out using the recommended procedure. However, in a sorption comparison carried out in
the task group CCM WGM TG 1, data were reported that have been used to demonstrate how the
method works and how accurate it is.

In the TG1 sorption comparison three sorption artefact S;, S,, and S; were circulated among a number
of participants. The sorption artefact S; was an integral weight of stainless steel identified as ‘71DD’,
S, was a stack of two stainless steel discs identified as ‘Stack 1’, and S; was a stack of four stainless
steel discs identified as ‘Stack 2’. The measured volumes and areas are listed in table 1.

St S, Ss Table 1. Measured volumes and surface areas
V/em® 1267730 126.7737 126.7700 of sorption artefacts
u(V)/em’® 0.0011  0.0014  0.0010 K48
A fem’ 140.0 188.3 285.4 (m—1kg)/mg 0.160
u(A)/em’ 23 2.6 33 u(m)/mg 0.008
V/cm® 46.4879
u(V)/em® 0.0005
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Table 2. Mass correction and volume of Danish national prototype K48

Each participating laboratory did measurements in air (medium A) and vacuum (medium B) using a
media cycle M = (A, B, ..., A) with at least one measurement in vacuum and two measurements in air.
The laboratories compared the three sorption artefacts with each other in air and in vacuum, and with
an unspecified reference standard kept in air. The sorption artefacts were not compared to a weight
kept in continuous vacuum. At each stage in the media sequence, the laboratories reported the
measured mass value of §; and the three mass differences measured by comparing S;, S5, and S3. The
average air densities associated with the mass comparisons in air were also reported.

In order to assess the uncertainty at which the mass of a national prototype kept in air could be
transferred from air to vacuum, the indication differences, which would have been observed by
comparing the integral sorption artefact S; with the Danish prototype K48 in air, were calculated using
the air densities and mass values of S; reported by the laboratories, the volume of S, listed in table 1
and the mass m and volume V of the prototype listed in table 2. The calculation was done using
equation ( 3 ) with f; = 1 (exactly). Similarly, all reported mass differences measured in air were
converted into indication differences.

Measurement data were reconstructed this way for five participating laboratories that provided the
necessary information: BIPM, LNE, PTB, METAS, and INRIM. The reconstructed measurement data
were analysed using DFM-LSQ. A common standard uncertainty u(AI) = 0.001 mg were assigned to
the reconstructed indication differences Al, and for the factors Ds,» Ps,» Ds, used to describe variations
in the sorption efficiencies of the surfaces of the sorption artefacts, a prior value equal to 1 with
standard uncertainty u(p) = 0.1 was assigned to each sorption artefact.

The results of the analysis of the reconstructed measurement data are shown in figure 1 in the case of
INRIM. The figure indicates that the sorption is not reversible; what is removed from the surface in the
first transition from air to vacuum is less than that removed in the subsequent transitions from air to
vacuum. Furthermore, more is added to the surface by the transfer from vacuum to air than that
removed by the preceding transition from air to vacuum. As a result, the mass in air of the sorption
artefacts increases from one stage in air to the next, and the same is true for the mass in vacuum. This
is why it is recommended to compare the sorption artefacts with a weight permanently kept in
vacuum as well as with a weight permanently kept in air. By doing so it can be tested if the mass
difference between the weight kept in air and the weight kept in vacuum is constant within the
measurement uncertainty.

In the case of INRIM, the degrees of freedom of the least squares analysis is v = 21, and the observed
chi-square value is y2,s = 2.5. In this case, there is no indication of inconsistencies between data and
model. This is confirmed by the normalised deviations shown in figure 2, which all falls well within the
range |d;| < 2.If the prior uncertainties of the factors ps_, ps,, ps, are reduced by a factor of 10 (from
u(p) = 0.1tou(p) = 0.01), the observed chi-square value increases from y2 ¢ = 2.5 to y2,s = 11.1,
which also not larger than expected. However, the normalised deviations associated the surface areas
Ag,, As,, As, and the factors ps_, ps,, s, fail to meet the criteria |d;| < 2 by a significant margin

(2.4 < |d;| < 3.1). This indicates that there is a significant difference in the sorption efficiencies of the
surfaces of the three sorption artefacts. Had only two sorption artefacts been used, such a difference
could not have been detected.

The standard uncertainties of the mass values found for the sorption artefacts in air is about 0.010 mg,
whereas the standard uncertainties of the mass values found in vacuum are about 0.008 mg. This
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means that the uncertainty associated with the mass transfer from air to vacuum (or from vacuum to
air) is about 0.006 mg.

Form the analysis of the data provided by BIPM, LNE, PTB, METAS, and INRIM in the CCM WGM TG1
sorption comparison, five sets of factors ps,, ps,, s, were found for the circulated sorption artefacts
S1,S,, and S;. These five sets are shown in figure 3. It is noted that the five sets of values are consistent
taking into account the associated standard uncertainties, and that sorption artefact S, seems to have
a sorption efficiency that is about 10 % higher than S; and Ss.

Sorption coefficient Mass of S,
0.0003 1.60
0.0002 ¢ ¥ 3 3 o 158 }
T 0.0001 £ o |1 ¢ } }
o o
S 0.0000 = 1 1 1 ! ;
E | 154 T T £s
< -0.0001 - T
: ’ 3 3 3 £
-0.0002 152
-0.0003 T T T T T T T ] 1.50 T T T T T T T T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 9
Stage in media sequence, i Stage in media sequence, i
Mass of S, Mass of S,
1.74 1.50
172 1.48 I
o o
£ 1 { 4 g } { t t
= 170 )i + = 1.46 T
= ¢ = I
| 168 i T % | 144 1—7
£ 1 { t 3 1 ¢ $
= 1.66 =~ 1.42 . +
1 ¢ 1 t
1.64 T T T T T T T T ! 1.40 — T T T T T T |
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Stage in media sequence, i Stage in media sequence, i

Figure 1. The sorption coefficients s; and masses mg_;, ms, ;, ms, ; of the sorption artefacts S;, S,

and S; measured by INRIM at the nine stages of the media sequence M = (A, B, A, B, A, B, A, B, A), where
medium A is air (odd values of stage index i) and B is vacuum (even values of stage index i). The error
bars indicate standard uncertainties.

Normalised deviations
2.00
1.00
° A 4 R A 4
* L 4 L 4
< 0.00 #‘ ‘GQ ’.‘v L XS ’.’6.3‘9 .ee’ ® < *
¢ * hd * ® ° L4
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-1.00 ¢ ®
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1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47

Measured quantity no.

Figure 2. The normalised deviations associated with the 48 measured quantities involved in the least
squares adjustment.
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Factors p of sorption artefacts
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Figure 3. The factors ps_, ps,, s, measured by five laboratories for the same set of sorption artefacts
S1,S,, and S;. The error bars indicate standard uncertainties.

4. Simulation study

In order to validate the mass transfer from air to vacuum using the model described in section 2, a
simulation study was carried out. The study involved one weight M, permanently stored in air
(medium A), one weight Mg permanently stored in vacuum (medium B), and N = 3 three sorption
artefacts S, S,, and S; cycled between air and vacuum using the media

sequence M = (A, B, A, B, A, B, A B, A). At each stage in the media sequence, all six possible mass
differences between the three sorption artefacts and the weight kept permanently in the media were
assumed to be measured.

4.1. Simulation of data
In the first step, true values were assigned to the following quantities:

e The mass mg of the weight kept permanently in vacuum.

e The mass m, and volume V, of the weight kept permanently in air.

e The volumes Vs ,Vs,,Vs,, geometrical areas Ag , As,, As,, conversion factors ps_, ps,, ps, and initial
masses mg, |, Mg, , M, , of the sorption artefacts S;, S,, and S3.

e The air densities a4, as, as, a;, ag during mass comparisons in (assumed to be constant during
mass comparisons at a given stage of the media sequence).

e The balance scale factors f;.

e The eight sorption coefficients s, ..., Sg.

Using equation ( 2), true mass values of the three sorption artefacts at stage 2 - 9 in the media
sequence were calculated, and using equation ( 3 ) a total of 9 X 6 = 54 true differences Al 4, ..., Alg g
were calculated.

In a second step a realistic standard deviation g; was assigned to each quantity ¢; (except for the
factors ps,, ps,, Ps,), and a measured value z; was draw from a normal distribution N(y;, of), where y;
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is the true value of the quantity {; assigned or calculated in the first step. For the factors ps , ps,, ps,
measured values equal to 1 were assigned.

A total of twenty simulations simulation was carried out in four cases:

Case 1: Reversible sorption/desorption of the same amount of water (0.0001 mg/cm?2) at each media
transfer.

Case 2: Reversible sorption/desorption as in Case 1, but a contamination of 0.010 mg was added to all
three sorption artefacts in the transfer from media stage 4 (vacuum) to stage 5 (air) and not removed
again.

Case 3: Irreversible sorption/desorption similar to that observed by INRIM in the sorption comparison
described in section 3, see figure 1.

Case 4: Irreversible sorption/desorption as in Case 3, but a contamination of 0.010 mg was added to all
three sorption artefacts in the transfer from media stage 4 (vacuum) to stage 5 (air) as in Case 2.

In each of the four cases, the same seed of the random number generator was used for the simulations.
This means the sequence of random components is the same in each of the four cases; only the true
values of the quantities are different.

For the mass of the weight kept in vacuum, a true value mg = 1 kg was assigned, and for the mass kept
in air, the best estimates given in table 2 were used as true values of the mass m, and volume V, of the
weight kept in air, whereas the standard uncertainties in table 2 were used as standard deviations for
the simulation. For the sorption artefacts, the best estimates given in table 1 were used as true values
of the volumes Vs , Vs , Vs, and the geometrical areas As , As,, As,, whereas the standard uncertainties
in table 1 were used as standard deviations for the simulation; twenty sets of conversion factors

Ps,, Ps,» Ps, randomly selected from a normal distribution N(1, 0?) with 0 = 0.1 were used as true
values, one set for each of the twenty simulations. As initial mass values mg, ,ms, ,msg, , of the
sorption artefacts, the best estimates found by INRIM in the sorption comparison described in section
3 (see figure 1) were used as true values. The five air densities reported by INRIM in the sorption
comparison were used as true values of the air densities a4, as, as, a,, ao; the standard deviation used
for the simulation of air densities was ¢ = 0.000 05 kg/m3. For simplicity, the values f; = 1 (exactly)
were selected for the balance scale factors. For the simulation of the indication differences Al, the
standard deviation ¢ = 0.001 mg was used.

4.2. Analysis of simulated data

To each simulated value z; of a quantity {; (except the factors ps_, ps,, Ps,), a standard uncertainty
u(z;) = o; was assigned. For the factors ps_, ps,, Ps,, the best estimate p = 1 and five different but
common standard uncertainties u(p) were assigned:

Ps, =Ps, =Ps, =P =1,
u(ps,) = u(ps,) = u(ps,) = ul@), ulp) € {0.2, 0.1, 0.05, 0.02, 0.01}.

Each simulated set of data was analysed five times, one time for each standard uncertainty u(p)
assigned to the factors ps,, ps,, ps,- Only one of the standard uncertainties u(p) is equal to the

standard deviation o = 0.1 used to simulate values of the factors ps,, ps,, ps,- Analyses with larger and

smaller values of u(p) were performed in order to assess the importance of selecting a realistic value
of u(p). A summary of the results of the analyses performed are shown in figure 4-7.
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In case of completely reversible sorption/desorption (Case 1), the adjusted value of the mass mg of
the weight kept in air is fairly independent of the value of the uncertainty u(p) assigned to the factors
Ds,» Ds,, Ps, in the least squares analysis, see figure 4. Only in the case u(p) = 0.2, where the
uncertainty is overestimated by a factor of two, there are a few cases (simulation no. 14 and 19),
where the adjusted values of the mass mg are significantly different compared to the cases, where
u(p) is equal to or smaller than the standard deviation ¢ = 0.1 used for the simulation of the factors
Ds,» Ps,» Ps,- The standard uncertainty u(mg), the value of which is indicated with error bars in figure
4, decreases as u(p) decreases, but as there are other significant uncertainty contributions to u(mg),
e.g. from the standard uncertainty u(m,) = 0.0080 mg assigned to the mass m, of the reference
weight kept in air, the decrease in u(mg) is predominant when u(p) is reduced from u(p) = 0.2,
where 0.8 mg < u(mg) < 1.4 mg, to u(p) = 0.1, where 0.0096 mg < u(mg) < 0.0103 mg. In the case
u(p) = 0.2, the variation in the uncertainty u(mg) of the adjusted value of the mass mg is very large,
especially for those adjusted values of mg that differs mostly from the true value. What happens in
these cases is that the adjusted values of ps_,ps,, ps, are rather extreme in such a way that the
differences of the effective sorption areas ps, As,, ps,4s,, Ps,As, becomes rather small, or even get the
wrong sign. It should be noted that for all five standard uncertainties u(p), the adjusted value of the
mass mg is consistent with the true value within +2u(mg). The same is not true for the factors

Ds,, Ds,, Ps,; for these factors the true values are only expected to be recovered, if the value of u(p) is
equal to or larger than the standard deviation o = 0.1 used for the simulation of the true values of
Ps,» Ps,» Ps,- The graphs in the right column of figure 4 confirm that. The graphs in the middle of figure
4 show that the test of consistence of data with model is almost independent of the value of the
uncertainty u(p) assigned to the factors ps_, ps,, ps,- At first this might be seen as a paradox, since for
small values of u(p) the adjusted values of ps ,ps,, ps, differ significantly from the true values. The
explanation is, however, that due to the significant uncertainty in the air buoyancy correction, the
information about differences in the effective sorption areas ps, As,, ps,4s,, Ps,As, cannot be extracted
from the measured mass differences when sorption/desorption is reversible.
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b)

d)

Case 1: Reversible sorption/desorption
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Figure 4. Results of the least squares analysis of twenty simulations in Case 1 with standard
uncertainty a) u(p) = 0.2, b) u(p) = 0.1, ¢) u(p) = 0.05,d) u(p) = 0.02 and e) u(p) = 0.01 assigned
to the factors ps, ps,, ps,- The graph to the left shows the adjusted values found for the mass mg of
weight kept in vacuum compared to its true value. The graph in the middle shows observed chi-square
value y2,s compared to the expectation value v (full line) and the critical value corresponding to
significance level p. = 10 % (broken line). The graph to the right shows the adjusted values (open
dots) of the factors ps , ps,, ps, compared to their true values (closed dots). Error bars indicate
standard uncertainties.
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Case 2: Reversible sorption/desorption + 0.01 mg contamination
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Figure 5. Results of the least squares analysis of twenty simulations in Case 2 with standard
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Case 3: Irreversible sorption/desorption
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Figure 6. Results of the least squares analysis of twenty simulations in Case 3 with standard
uncertainty a) u(p) = 0.2, b) u(p) = 0.1, ¢c) u(p) = 0.05,d) u(p) = 0.02 and e) u(p) = 0.01 assigned

to the factors ps , ps,, s,
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Case 4: Irreversible sorption/desorption + 0.01 mg contamination
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Figure 7. Results of the least squares analysis of twenty simulations in Case 4 with standard
uncertainty a) u(p) = 0.2, b) u(p) = 0.1, ¢) u(p) = 0.05,d) u(p) = 0.02 and e) u(p) = 0.01 assigned
to the factors ps, ps,, s,
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In case 2, where the reversible sorption/desorption is disrupted by adding 0.010 mg contamination to
all three sorption artefacts between stage 4 and 5 in the media cycle, it is only possible to obtain
consistency between data and model if the adjusted values of the factors pg , ps,, ps, are so that the
differences in effective sorption areas ps, As, ps,4s,, bs,As, are close to zero. This is achieved if

ps, = 1.2,ps, = 1 and ps, = 0.6 as in the graph to the right of figure 5 a). That is, to achieve
consistency a large value of u(p) is required, such as u(p) = 0.2. However, as the differences in the
effective sorption areas ps, 4s,, ps,, As, s, As, are close to zero, the uncertainty u(mg) becomes
extremely large as seen in the graph in the left in figure 5 a). For u(p) = 0.05, the uncertainty u(mg)
reaches a useful level, but the adjusted values of mg are significantly biased compared to the true
value, see figure 5 c). For smaller values of u(p), this bias disappears as seen in figure 5 d)-e).
However, the results would not (and should not) be trusted by the experimenter, as the consistence
test shows a significant inconsistency between data and model, which is due to the fact that a
contamination of 0.010 mg was added between stage 4 and 5 in the media cycle without accounting for
it in the model used to analyse the data.

Contamination of the sorption artefacts is a problem only if it is not uniformly distributed over the
surfaces of the sorption artefacts. In fact, uniformly distributed contamination allows the ratios of the
effective sorption areas to be measured fairly accurate. This is illustrated in Case 3, where uniform
irreversible sorption/desorption has been assumed. As seen in the graphs in the left column of figure
6, the adjusted values of the mass mg of the weight kept in vacuum are virtually independent of the
value assigned to u(p). The associated standard uncertainties u(mg) also have only little dependence
of the value assigned to u(p) in the least squares analysis; on the average it decreases from

u(mg) = 0.0096 mg for u(p) = 0.2 to u(mg) = 0.0087 mg for u(p) = 0.01. In contrast to case 1, the
test of consistency depends on the value assigned to u(p), as seen in the graphs in the middle column
of figure 6. However, even for u(p) = 0.01 the observed chi-square value falls below the critical value
for a test of consistence at a 10 % level of significance in eleven out of twenty simulations. As shown in
the graphs in the right column of figure 6, the adjusted values of the factors ps_, ps,, ps, are consistent
with the true values as long as the uncertainty u(p) is equal to or larger than the standard deviation

o = 0.1 used for the simulation. For u(p) = 0.1, the standard uncertainties associated with the factors
Ds,» Ps,, Ps, are about 30 % smaller in Case 3 than in Case 1. The reason is that the gain in mass of the
sorption artefacts from one stage in given media to the next stage in the same media is measured by
comparing the sorption artefacts with the weight stored in that media, which is assumed to have the
same mass at all stages in the media cycle. The larger these mass gains are, the more information there
would be regarding the values of the factors pg_, ps,, Ps, -

In case 4, the uniform irreversible sorption/desorption was disrupted by adding a 0.010 mg
contamination to all sorption artefacts between stage 4 and stage 5 in the media cycle. As seen in the
graphs in the left column of figure 7, this lead to a significant bias in the adjusted values of the mass mp
of the weight kept in vacuum, which is larger the larger the value assigned to u(p) is. For u(p) = 0.2,
the average bias is —0.0300 mg, and for u(p) = 0.01, the average bias is —0.0061 mg. For comparison,
the average biases found in Case 3 were —0.0034 mg for u(p) = 0.2 and —0.0028 mg for u(p) = 0.01.
As seen in the graphs in the right column of figure 7, the adjusted values of the factors ps_,ps,, ps,
seek to reduce the differences in the effective sorption areas ps, 4s, , ps,, As,Ps, 4s,, just as in case 2. It
is less pronounced in Case 4, however, due to the additional amount of information about the effective
sorption areas. For the majority of the simulations, the chi-square test indicates the inconsistency
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between data and model created by adding the 0.010 mg contamination to the data without
accounting for it in the model; see the graphs in the right column of figure 7.

5. Discussion

When transferring the unit of mass from air to vacuum, a traditional assumption has been that only
water is adsorbed and desorbed, and that that the adsorption/desorption is reversible. The sorption
comparison carried out in CMM WGM TG1 shows, that adsorption/desorption is irreversible in
general, so that the sorption artefacts gain masses as they are repeatedly cycled between air and
vacuum. The irreversibility seems to be most pronounced if the sorption artefacts are cleaned just
before the media cycling experiment. After some cycles between air and vacuum, the
sorption/desorption seems to approach reversibility, and the masses of the sorption artefacts tend to
stabilize in air as well as in vacuum.

The simulation experiment shows that irreversibility of the sorption/desorption is in fact useful as it
enables a measurement of the relative absorption efficiencies pg,, ..., ps, of the surfaces of a set of
sorption artefacts S;, S5, ..., Sy. The quantities pg, ..., ps, may therefore be determined by performing
an air-vacuum cycling experiment on freshly cleaned sorption artefacts. Once these quantities have
been measured, their values and associated covariance matrix could be used as input to the analysis of
subsequent air-vacuum cycling experiments without cleaning of the sorption artefacts, where the
irreversibility of the sorption/desorption process might be less pronounced.

In case of reversible sorption/desorption, at least three sorption artefacts are needed in order to test
the hypothesis that the mass of the sorption is proportional to the geometrical area of the sorption
artefacts. If a sorption artefact is made up of n discs (with spacers) having the same nominal mass, the
uniformity of the sorption efficiencies among the discs could be tested in a separate air-vacuum
cycling experiment in which the mass differences among the discs (with spacers) are measured in air
and in vacuum.

The simulations were performed on an air-vacuum cycling experiment, in which the weight stored in
air was a platinum-iridium standard, whereas the weight stored in vacuum and the sorption artefacts
were made of stainless steel. This was done in order to evaluate the standard uncertainty with which
the mass of a weight kept in vacuum could be measured in terms of a national prototype kept in air
using the sorption standards circulated in the CCM WGM TG1 sorption comparison. This uncertainty
turned out to be on the order of 0.010 mg and was actually dominated by the standard uncertainty
0.008 mg assigned to the prototype itself. The validity of this uncertainty can only be proven by
performing a rather large number of air-vacuum cycling experiments (similar to the performed
simulation) that leads to consistent mass values of the weight stored in vacuum, taking into account
the measurement uncertainty. In such an experiment, the weight kept in air should have the same
nominal volume as the sorption artefacts in order to reduce the uncertainty due to buoyancy effects
when measuring in air. For the same reason should the volumes (or volume differences) of the
sorption artefacts and the weight kept in air be measured with the smallest possible standard
uncertainty.

6. Conclusion

A procedure for transferring the unit of mass between a weight kept in air and a weight kept in
vacuum has been presented. The procedure involves the use of sorption artefacts that are repeatedly
compared to the weight kept in air and to the weight kept in vacuum in an air-vacuum cycle. A model
of the measurement based on homogeneous absorption/desorption has been described. The model

DFM-2015-R03 Page 15 of 16



has been tested on adapted measurement data provided by participants in a sorption comparison and
on simulated data. The sensitivity to modelling errors has been tested by simulation as well.

It has been shown that a mass value in air having a standard uncertainty of 0.008 mg can be
transferred to a mass value in vacuum with a standard uncertainty of 0.010 mg, which means that an
uncertainty contribution of 0.006 mg from the air-vacuum transfer can be achieved, at least in
principle. The model is based on the crucial assumption that sorption/desorption is homogenous over
the surfaces of the sorption artefacts. If this assumption fails in reality, the mass value calculated for
the weight kept in vacuum might be significantly biased. Although the proposed method for analysing
the data from an air-vacuum cycling experiment includes a tool for testing the consistency among data
and model, there is a rather large probability, that an invalid assumption might not be detected in a
single air-vacuum cycling experiment.
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