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ABSTRACT 
 
This report describes a comparison between two of NPL’s high vacuum pressure standards, 

SEA2 and SEA5, in the pressure range 3×10-4 Pa to 0.9 Pa, using unbaked spinning rotor 

gauges as transfer standards. The structure of the comparison and the subsequent data analysis 

is based on that of the (bilateral) comparison SIM-EUROMET.M.P.BK3 and of the wider 

comparison, EUROMET.M.P-K1.b in which SEA2 took part. 

The results demonstrate that SEA5 is equivalent to SEA2 in the measured range and in 

addition, demonstrates that SEA5 is equivalent to the EUROMET key comparison reference 

values in the range 9×10-4 Pa to 0.9 Pa. 
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1 INTRODUCTION 
The Static Expansion technique can be used to generate calculable pressures as low as 10-6 Pa. 

In its simplest form the technique requires a vacuum system consisting of two vessels 

separated by a valve and a means of measuring the pressure in the first of the vessels. Gas 

isolated in the first vessel is then shared between the two vessels by opening the connecting 

valve. The pressure after expansion is usually calculated from knowledge of the initial 

pressure, the temperature of each vessel, and the ratio between the final volume and the initial 

volume occupied by the gas. Pressure standards [1] based on the technique are maintained by 

a number of National Measurement Institutes [2]. 

 
Static Expansion was first used by Knudsen [3,4] in the development of his radiometer 

gauges. Interest in the technique increased in the 1960s with the requirement for more 

accurate calibration of ionisation gauges than was possible with the prevailing McLeod gauge 

standards [5]. At that time Static Expansion systems were largely constructed from glass 

[6,7,8] with the appearance of the first metal systems in the mid 1960s [5,9]. The papers of 

Schumann [7], Smetana [9], and Poulter [10] provide interesting descriptions of Static 

Expansion at that time and are useful sources for references to earlier work. The present state 

of the art is described in the recent papers of Jousten [11] and Jitschin [12,13]. 

 

This report describes a comparison of the performance of two of NPL’s high vacuum 

standards in the pressure range 10-4 Pa to 1 Pa. The standards are known as “SEA2”, which 

dates from the 1960s, and its replacement, “SEA5” which was constructed in the 1990s. The 

standards are briefly described in the next section. The following section of this report 

describes the technique used for comparing the standards and details the data processing that 

has been performed. It then presents an analysis of the results. The final section presents some 

concluding remarks and recommendations and is followed by an Appendix in which various 

aspects of the comparison are explained in further detail. 
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2 HIGH VACUUM STANDARDS 

2.1 SEA2 
SEA2 was built in the early 1970s when the existing standard SEA1 (dating from 1965) was 

upgraded. Since then it has been the UK’s standard for pressures in the region from 10-6 Pa up 

to about 1 Pa. The system is shown in Figure 1 the original parts of the system (SEA1) being 

located to the right of the image. 

 

 

Figure 1. High vacuum standard SEA2 

 

SEA2 is an all-metal system consisting of stainless steel chambers connected by manually 

operated, metal sealed angle valves. It is pumped using a system of oil diffusion pumps 

supported by liquid nitrogen cold traps. To achieve an ultimate pressure in the UHV region 

(<10-8 Pa) the high vacuum end of the system can be baked to temperatures in excess of 

250°C. 

 

SEA2 is one of the standards supporting the UK’s CMC table entries, summarised in part in 

Table 1.  
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Table 1: Summary of the UK's Calibration and Measurement Capability (CMC) Table entry in the 
vacuum region, December 2003. 

Instrument Type or Method Range Min 

/Pa 

Range Max 

/Pa 

Expanded uncertainty (k=2), 

Pressure p in Pa 

SEA2, “Q” expansion, BAG 1×10-6  1×10-4 2 91.2 10 5.7 10p− −× + ×  

SEA2, “T” expansion, SRG 1×10-4 2.5×10-2 3 77.0 10 3.3 10p− −× + ×  

SEA3 “T” expansion, 1 torr CDG 2.5×10-2 6×10-2 3 58.0 10 9.0 10p− −× + ×  

SEA2 “D” expansion, SRG 6×10-2 1×10+1 3 56.0 10 6.0 10p− −× + ×  

SEA3 “S” expansion, 10 torr CDG 1×10+1 1×10+3 3 33.7 10 6.0 10p− −× + ×  

 
 

Besides being very labour intensive (typically taking up to 8 hours and involving a walk of 

several kilometres with over 600 manual valve operations) there are a number of features of 

SEA2 that limit its capability to deliver better uncertainties than are currently achieved. In 

particular: there is very little space for air circulation around the system’s component parts 

resulting in measured inter- and intra-vessel temperature gradients of up to 2K. Also, the 

requirement to maintain fluid levels in liquid nitrogen traps and the lack of automation 

precludes any possibility for extended data collection to support continuous evaluation of the 

system. Finally, the physical condition of various (now obsolete) components of the system 

has made its operation increasingly unreliable. For these reasons a replacement system, SEA5 

was constructed. 

 

2.2 SEA5 
Besides the age and fragility of SEA2 there are also concerns about the operability and 

flexibility of such a manual-intensive instrument in a modern laboratory environment.  

Modern products from our customers can often be handled in a near-automatic fashion and 

the collection and analysis of large amounts of calibration and characterisation data is now 

routinely achievable.  For these reasons two replacements for SEA2 were constructed. 

A series expansion standard, SEA4 was built in the early 1980s.  Originally, it was intended 

that this system would act as a test bed for different interconnecting valves before eventually 

forming the first three stages of another system.  However, the system experienced significant 
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problems.  In particular, the volume ratio measurements did not converge.  This was 

attributed to the large temperature gradients (several degrees) across the system.  SEA4 was 

therefore abandoned in 1993 after retrieving the inter-volume valves for use on the recently 

designed, SEA5. 

The most recent standard, SEA5 was constructed in 1993.  SEA5 is a four-stage expansion 

system where the final two stages are bakeable.  In particular, SEA5 is designed to allow 

improved air circulation around the system thus avoiding the large temperature gradients 

across vessels that are characteristic of SEA2. 

Like SEA2, SEA5 is an all-metal system consisting of stainless steel chambers connected by 

metal sealed angle valves. SEA5 uses turbomolecular pumps, permitting around-the-clock 

operation, and employs electro-pneumatic valve actuators allowing remote, PC controlled 

operation of the system. The system is shown in Figure 2,  illustrating the more open and 

accessible layout of the system. 

 

 

Figure 2. High vacuum standard SEA5 

In common with SEA2 a quartz bourdon tube gauge is used to measure the initial pressure of 

gas prior to expansion. 
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3 MEASUREMENTS 

3.1 TRANSFER STANDARDS 
The comparison between SEA2 and SEA5 took place in the pressure range 3×10-4 Pa to 0.9 Pa 

using unbaked spinning rotor gauges as transfer standards. 

A summary of the properties assigned1 to the rotors is given in Table 2 and Table 3 (Logbook 

“SEA5”, vol 5, p54) 

Table 2: Rotors used in this comparison 

Name Serial number 

SRG1 191375 

SRG2 SRG03 

SRG3 MKS90602 

 

Table 3: Properties assigned to the rotors for this comparison 

Property Assigned value 

Mol. weight 28.013 

Viscosity 0.00 

Accomodation factor 1.00 

Diameter 4.5 

Density 7.715 

Temperature 293.1 

 

3.2 CHRONOLOGY 
The timescale for the measurements is summarised in Table 4. During each period of 

measurements 5 repeat runs were performed on 5 separate days. 

Table 4: Chronology of data collection. 

Dates System 

13-17 Feb 2006 SEA5 

21-24,28 Feb 2006 SEA2 

3,6-9 Mar 2006 SEA5 

 

                                                 
1 The exact values for the parameters are not important in terms of the comparison of equivalence between the 
primary standards. The important point is that the same values were used throughout. 
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3.3 PROTOCOL 
The structure of the comparison and the subsequent data analysis is based on that in the report 

of the (bilateral) comparison SIM-EUROMET.M.P.BK3 and the report of wider comparison, 

Euromet.M.P-K1.b [14,15].  

 

In the comparisons cited here [14,15] the residual drag for each rotor is calculated from rotor 

frequency measurements and pre-determined frequency-drag characteristics. Although this 

technique can be applied to static expansion measurement, a more appropriate technique in 

this case is to directly measure the residual drag immediately prior to each expansion2. The 

only significant deviation this introduces is in the calculation of accommodation coefficient 

and the associated uncertainties, therefore, in place of equations (1) and (7)-(10) of [15] we 

instead have: 

 
Accommodation coefficient, σ, defined as 
 

ref

control

rotor
ind

p
T
Tp

Δ

Δ
=σ           (1) 

 
where 

Trotor is the rotor temperature 

Tcontrol is the temperature programmed into the SRG control unit 

Δpind is the change in SRG indication after exposure to the change of  Δpref in the reference 

pressure 

 
Uncertainty in the mean value for n measurements of σ is therefore 
 

( ) ( ) ( ) ( )222222

3
1

refrefctlctlrotrotindind SuSuSuSus
n
nu ++++
−
−

= σσ     (2) 

 
where  
sσ is the standard deviation for the n repeated measurements 

uind is the uncertainty in the indicated difference, calculated from the displayed 
resolution of the A and B indications 

urot is the uncertainty in the rotor temperature 

                                                 
2 This approach is not possible with the continuous expansion technique of [14], adopted by [15] for uniformity 
of approach and analysis. 
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uref is the uncertainty in the reference pressure change introduced by expansion 

uctl is the uncertainty in the programmed controller temperature, = 0 

S are the relevant sensitivity coefficients 
 

ref

control

rotor

ind p
T
T

S
Δ

=           (3) 

 

rotor
rot T

S
2
σ

=            (4) 

 

ref
ref p

S
Δ
−

=
σ            (5) 

 

3.4 DATA PROCESSING 
All data has been processed using Excel workbooks to implement the methods outlined above 

and in the associated references. 

Besides the measured data the following inputs were required: 

 

3.4.1 SEA2 reference uncertainty 
The uncertainty in the generated change in pressure over residual pressure for SEA2 was 

calculated from the relations: 

( ) ( )222 7
2 0.00297 1.9 10SEAu p −= × + ×  for p ≤ 0.02 Pa     (6) 

( ) ( )222 5
2 0.00239 8.55 10SEAu p −= × + ×  for p > 0.02 Pa     (7) 

These values were used for Euromet.M.P-K1.b [15] and are slightly smaller than the CMC 

entries as they represent only the uncertainty associated with the reference standard. 

Uncertainties are expressed at coverage factor, k = 1. 

 
3.4.2 SEA5 reference uncertainty  
Estimation of the uncertainty in the generated change in pressure over residual pressure for 

SEA5 is described in the Appendix to this report. The uncertainty can be represented by: 

5SEAu a p b= × +           (8) 

where, a and b are given in Table 5. Uncertainties are expressed at coverage factor, k = 1. 
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Table 5: Coefficients of equation for evaluating estimated uncertainty in generated change in 
pressure over residual for SEA5. 

Pressure Range,  /Pa a  b /Pa 

4.4 × 10-7  < p < 1.3 × 10-4  0.0024 3.5 × 10-10 

1.3 × 10-4  < p < 2.6 × 10-2  0.00175 0 

2.6 × 10-2  < p < 5.1  0.0010 0 

           5.1  < p < 1000  0.0002 4 × 10-3 

 
 
3.4.3 Temperature 
In the analysis of comparisons [14,15] followed here, a single fixed value has been assumed 

to represent the uncertainty associated with the ability to determine the temperature of any 

component in the system. 

uT = 0.2 K , (k = 1) 

 

3.4.4 Drift during the comparison 
The data collected indicates either a small systematic change in the accommodation factor for 

all three transfer-standards, or the presence of a small systematic difference associated with 

the operation of SEA5 at the times of the measurements. In either case, the effect is small 

(comparable to the sum of the standard deviations for each rotor) allowing a “zero-drift” 

model to be assumed in the data analysis, i.e. the SEA5 data is assumed to be sampled from a 

single population. 
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Figure 3: Average Accommodation Factor for SRG1. Uncertainty bars at k=1. 
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Figure 4: Average Accommodation Factor for SRG2. Uncertainty bars at k=1. 
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Figure 5: Average Accommodation Factor for SRG3. Uncertainty bars at k=1. 

 

3.5 EQUIVALENCE ANALYSIS  
The equivalence analysis was performed in line with previously published comparisons. The 

Excel worksheet where the final equivalence was evaluated is reproduced in Figure 6 and 

Figure 7.  

 

3.5.1 Equivalence of SEA2 and SEA5 
The “En” values for the comparison are tabulated in Table 6 below 

Table 6: En (k=2) ratios for SEA2/SEA5 comparison 

Pressure /Pa En (k=2) 
0.0003 0.23 
0.0009 0.46 
0.002 0.63 
0.009 0.61 
0.02 0.38 
0.09 0.08 
0.2 0.03 
0.9 0.05 
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3.5.2 Equivalence of SEA5 with the EUROMET reference values 
SEA5 can be linked to the EUROMET reference values since SEA2 took part in that 

comparison [15]. Following the same arguments linking SIM and EUROMET [14] we are 

able to calculate equivalence at the common pressures as summarised in Table 7. 

 

Table 7: Summary of calculations for linkage between SEA5 and EUROMET reference values. 

psea2-eur /Pa upeur /Pa pSEA5-eur /Pa u(pSEA5-eur) /Pa En,eur (k=2) 

9.0020×10-4 1.8×10-6 8.9569×10-4 2.99×10-6 0.551 

9.0000×10-3 1.6×10-5 8.9545×10-3 2.30×10-5 0.715 

9.0100×10-2 1.5×10-4 9.0056×10-2 1.24×10-4 0.165 

9.0040×10-1 1.1×10-3 9.0012×10-1 1.28×10-3 0.035 

 

where 

psea2-eur  is the SEA2 EUROMET value, given in table 13 of the report describing  

Euromet.M.P-K1.b [15]. 

upeur  is the standard uncertainty associated with psea2-eur 

pSEA5-eur  is the equivalent SEA5 pressure corresponding to the EUROMET reference value. 

u(pSEA5-eur) is the uncertainty associated with pSEA5-eur 
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Figure 6: Equivalence analysis for SEA2/SEA5 comparison (p1/2) 
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Figure 7: Equivalence analysis for SEA2/SEA5 comparison (p2/2) 
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4 CONCLUSION 
A comparison was performed between NPL’s two high vacuum standards, SEA2 and SEA5, 

based upon the protocol and methodology of two key comparisons: bilateral SIM-

EUROMET.M.P.BK3 and regional, Euromet.M.P-K1.b [14,15]  

 

The high vacuum standards SEA2 and SEA5 were been shown to be equivalent in the 

pressure range 3×10-4 Pa to 0.9 Pa. According to the computed “En” value, the systems 

remain equivalent down to a coverage factor of k = 1.25. In making this comparison the 

uncertainties for SEA5 have been evaluated to be about half as large as the uncertainties for 

SEA2. This is not surprising since the uncertainty evaluation for SEA2 used a very 

conservative approach whereas the SEA5 evaluation uses a “best estimate” approach. 

 

SEA2 has been used to link SEA5 to the EUROMET reference values at the common 

pressures in the range 9×10-4 to 9×10-1 Pa. According to the computed “En” value, it remains 

equivalent down to a coverage factor of k = 1.43 
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6 APPENDIX: SEA5 UNCERTAINTY BUDGET 
This section of the Report describes the estimation of the uncertainty in the generated change 

in pressure over the residual pressure for SEA5. By necessity this section of the report refers 

to various unpublished Excel and Mathcad workbooks. The section is designed to stand alone 

and so a certain amount of repetition from the preceding sections is unavoidable. 

 

6.1 BACKGROUND 

Series Expansion Apparatus 5 (SEA5) is the replacement for the original NPL high vacuum 

standard, sea2. The new system is fully automated and incorporates a number of 

enhancements including the use of turbomolecular pumps to allow around the clock 

operation, and improved airflow around the vessels to reduce the thermal gradients between 

vessels. 

 

A buffer 

inlet pressure 
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v1d
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Figure 8. Schematic of the high vacuum standard, SEA5 

The system consists of alternate small and large vessels. The pressure of the initially isolated 

gas is measured using a high quality transfer standard - a Ruska 7050i, quartz bourdon gauge. 

Calculable reference pressures are generated in the vessel V1. Expansion into V1 is performed 

from either v1d or v1n and can be:  

“sd” - Single Expansion from v1d - where initially valves J and H are closed and the other 

inter-vessel valves are all open so that an appropriate initial pressure can be established 

throughout the connected system. Volume v1d is then isolated by slowly closing valve I, 

before the pressure of the gas trapped in v1d is measured (by the inlet gauge), and then 

expanded into the connected volumes v1d+V1. Alternatively, it can be: 
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“sn” - Single Expansion from v1n - where it is v1n that is isolated by slowly closing valve G, 

before the pressure of the gas trapped in v1n is measured, and then expanded into the 

connected volumes v1n+V1. 

Expansion can also be: 

“dd” (“dn”) - Double Expansion - where the initial isolation takes place in v2, before 

expansion into v2+V2+v1d+v1n, followed by isolation in v1d (or v1n) and then expansion into 

the connected volumes v1d+V1 (or v1n+V1).  Or expansion can be:  

“td” (“tn”) - Triple Expansion - where the initial isolation takes place in v3, before expansion 

into v3+V3+v2, followed by isolation in v2 and subsequent completion of the process as for a 

double expansion. Or: 

“qd” (“qn”) - Quadruple Expansion - where the initial isolation takes place in v4, before 

expansion into v4+V4+v3, followed by isolation in v3 and subsequent completion of the 

process as for a triple expansion. 

Calibrations are performed by exposing the unit under calibration (UUC) to the calculated 

reference pressure and then measuring its response.   

For spinning rotor gauges (SRGs) the results are usually presented in terms of a correction 

factor, CF, defined in terms of the change in output corresponding to a calculated change in 

reference pressure. 

CF = (change in reference pressure) / (change in output of UUC) 

For ionisation gauges (IGs) the results may be presented in terms of CF, or it may be 

expressed in terms of a calibration correction, Δcal, defined in terms of the difference between 

the calculated absolute reference pressure and the UUC output 

Δcal = (reference pressure) – (output of UUC) 

Where the UUC provides an indication in pressure units the reference pressure is usually 

converted to the same units using standard conversion factors3. Where the output of the UUC 

is not measured using pressure units, it is usually converted to the reference pressure units 

using a nominal conversion given by the manufacturer.   

The following sub-sections of this document describe the uncertainty budget for the pressure 

changes generated using this system.  

                                                 
3 1 mbar = 100 Pa = 1.333224 torr 
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6.2 UNCERTAINTY IN GENERATED CHANGE IN PRESSURE 
ABOVE THE RESIDUAL PRESSURE IN SEA5 

 
6.2.1 Error Model for generated pressure 

Following a static expansion sequence the total pressure, ptot, in the calibration vessel of 

SEA5 is given by 

ogrescaltot pppp Δ++=         (A1) 

where 

pcal is the total pressure of calibration gas in the calibration vessel, given by 

adMEMEcalcMEcal ppppp δδδ +++=        (A2) 

in which: 

pME  is the pressure calculated using the chosen measurement equation: Taking into 

account the non-ideal nature of a real gas, the simplified measurement 

equation4 for static expansion based on expansion ratios can be written: 

Eif ×= ρρ         (A3) 

where E is the overall expansion ratio, ρf is the final molar density and ρi is the 

initial molar density. The density can be calculated using 

( )( )RTpRTBTR
RTB T

T

−+=
2/122 4

2
1ρ

    (A4) 

which is a solution of the second order virial equation of state for pressure  

( )TBTRp ρρ += 1        (A5) 

where R is the gas constant and BT is the second virial coefficient for the 

particular gas species, evaluated at temperature T. 

Hence the expanded pressure is calculated from the final density and 

temperature, (ρf,Tf) using 

),( ffME Tpp ρ=        (A6) 
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The initial gas density, ρi, for initial pressure and temperature, (pi,Ti) is 

( )iii Tp ,ρρ =         (A7) 

where the initial pressure is calculated from the measured pressure, pm, after 

adding a calibration correction, Δpm, and a correction for a systematic, valve-

closing effect, Δpsys. 

sysmmi pppp Δ+Δ+=        (A8) 

 

δpMEcalc is the error in pME associated with errors in the input quantities 

(pm, Ti, Tf, E, B, Δpm, Δpsys) 

δpME is the error in pME associated with inadequacies of the model underlying the 

measurement equation for static expansion based on expansion ratios. 

δpad is the change in calibration gas pressure due to adsorption on the surfaces of the 

calibration vessel. 

 

pres is the residual pressure in the calibration vessel immediately prior to expansion, consisting 

of residual gases from earlier operations and outgassing products that originate in the vessel in 

the time since it was isolated from the pumping system. It is given by 

resresmres ppp δ+=          (A9) 

where presm is the measured residual pressure and δpres is the error associated with the 

measurement.  

 

Δpog is the change in pressure due to outgassing products, consisting of a fixed quantity of gas 

transported into the calibration vessel by the expansion process. It is given by 

ogogmog ppp δ+Δ=Δ          (A10) 

where Δpogm is the measured pressure change due to outgassing and δpog is the error 

associated with the measurement. 

                                                                                                                                                         
4 An implicit assumption of this simplified approach is that the molar density is the same throughout a system of 
connected vessels. This assumption holds under “isothermal” conditions where the temperature of the gas is 
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The total pressure can therefore be written 

oogresadMEMEcalcogmresmMEtot pppppppppp δδδδδδ ++++++Δ++=   (A11) 

where the additional term, δpo, is introduced to take account of all other random errors.  

 

6.3 UNCERTAINTY FOR GENERATED PRESSURE CHANGES 
Assuming that the errors, δp, are uncorrelated, the uncertainty for the generated pressure can 

therefore be written as 

222222
oogresadMEMEcalctot uuuuuuu +++++=      (A12) 

The uncertainty estimates are derived as follows: 

 

6.3.1 Uncertainty associated with errors in the input quantities to the 

Measurement Equation, uMEcalc 
The uncertainty associated with errors in the input quantities to the measurement equation is 

estimated using the Mathcad workbook “sea5 uncertainty in reference pressure.xmcd”.  

The workbook implements a Monte Carlo simulation of the measurement equations (A3) to 

(A8) in which errors are sampled from distributions describing the standard uncertainty for 

each of the input quantities, as summarised in Table 8 with N=50000 cycles. 

 

                                                                                                                                                         
constant throughout. See [16] Greenwood, J.C. Vacuum (2006) 80, 548-553. 
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Table 8. Input distributions for Monte Carlo estimation of uncertainty associated with errors in the input 

quantities to the ME, uMEcalc, calculated by Mathcad workbook 

“sea5 uncertainty in reference pressure.xmcd” 

Input quantity p.d.f. (normal distributions) 

pm+Δpm μ = 0 mbar; 

σ = 0.00319533 + (0.0000902075) p + (6.99726×10-9) p2   /mbar  

Source: “ruska ppi 7050i 59240 & 59241.xls” 

Ti, Tf μ = 293 K; σ = 0.0135 K 

Source: “Edale CD 192.xls” 

Eqn μ = 2281682379,      σ = 1162110 

Eqd μ =   764953077,      σ =   412989 

Etn μ =     11604162,      σ =       4331.8 

Etd μ =       3890392,      σ =       1571.2 

Edn μ =           58741,      σ =           11.895 

Edd μ =           19693,      σ =             4.58970 

Esn μ =               298.31, σ =             0.023780 

Esd μ =               100.01, σ =             0.011029 

Source: “SA simulation results.xls” 

B μ = 0 Pa-1, σ = 0.1×BT 
  / Pa-1;  BT = 2.4×10-7 T – 7.62×10-5  / Pa-1  

Source: fit to data in [4] 

Δpsys μ = 0 Pa, σ = uv × p /Pa 

 uv = 2×10-5  for “sd” expansions 

 uv = 5×10-5  for “sn” expansions 

  uv = 0  for directly generated pressures 

 uv = 1×10-4    for all other expansions 

Source: “valve effects.xls” 

 

The results are summarised in Figure 9.  
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Figure 9. Summary of relative uncertainties in the calculated pressure, uMEcalc, associated with errors in 

the input quantities to the ME for a range of expansion regimes. The figure also shows the uncertainty for 

pressures established by comparison “c”. 

 

It should be noted that the relative uncertainty calculated by the model is about a factor of 10 

smaller than the expected total uncertainty. 

The “d” expansions show a larger uncertainty than the “n” expansions due to the larger 

relative uncertainty of Esd compared with Esn. 

 

6.3.2 Uncertainty associated with the model underpinning the ME, uME 
The measurement equation based upon expansion ratios is used by necessity because of the 

difficulty in measuring the system volumes. Unfortunately the model relies on a number of 

assumptions that are known to be weak. The errors associated with the ME are simulated in a 

Mathcad workbook “SEA5 expansion equation v1.xmcd”. 

Errors are calculated as the relative difference between the pressures calculated using the ME 

and the “true” pressure calculated using a sophisticated gas distribution model [1]. The model 
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uses estimates for the system volumes that are calculated 5 using the measured ratio data and 

estimates for small vessel volumes from earlier work.6 

The validity of the model is demonstrated here by considering Figure 10, which shows the 

modelled errors for operation with v1d operating at a temperature difference of 0.6 K 

compared with the remaining vessels 7. This condition was experienced in practice during 

collection of the data shown in Figure 11 (where the air circulation around v1d was 

inadvertently restricted). The agreement between model and measurement is extremely close, 

showing an error in the calculated pressure at 2 Pa of about 0.15%. 
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Figure 10. ME errors calculated for SEA5 with ΔT1d = 0.6 K 

                                                 
5 Worksheet “measured ratio data” in workbook “sea5 uncertainty in expansion ratios.xls” 
6 sea5 logbook vol.1, p200 
7 The measurement equation takes no account of such intermediate temperature differences. 
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Figure 11. CF data for an SRG calibrated on SEA5 when temperature of v1d was 0.6 K higher than other 

vessels. (Data are average of 12 measurements except lowest point, which is average of 18 points. See 

“0602 SEA5 SRG summary.xls”) 

 

There are several ways in which this type of result could be used: a correction could be 

applied to the measured data – a process that would be applied on a case by case basis; 

alternatively a “typical” temperature distribution could be used to determine corrections; or 

the errors could remain uncorrected and an uncertainty envelope representing the “most 

probable error” could be calculated. 

The first approach is the best from a metrological standpoint, however the resulting 

uncertainties are likely to be much lower than currently accepted values and further 

supporting evidence would be required in justification.  

The second approach would also require additional evidence before it was accepted, even 

though the residual uncorrected errors would result in a higher uncertainty than the first 

approach. 

For the above reasons, until further supporting evidence becomes available, the third approach 

is taken (even though it is the least robust in metrological terms). 
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Figure 12 shows the ME errors associated with a 0.5 K temperature difference between small 

and large vessels. Although this distribution appears to be somewhat artificial it still 

represents realistic temperature differences in a poorly controlled temperature environment. 

The uncertainty associated with the ME errors is estimated by the envelope of these errors, 

which is taken to represent the limits of a rectangular distribution.  
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Figure 12. ME errors associated with a 0.5 K temperature difference between small and large vessels, 

shown as a percentage of the reference pressure. 
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6.3.3 Uncertainty associated with errors due to adsorption of calibration gas, 

uads 
When following historical recommendation, the vacuum system is “preconditioned” 

following bakeout whilst the system IG and UUCs are switched ON. The purpose of the 

conditioning is to ‘occupy the adsorption sites therby reducing adsorption of N2 by the 

system. Following this procedure adsorption is expected to be very small and a correction is 

not made. Historically, in NPL uncertainty budgets a figure of 40 ppm has been used, though 

there is no reference to where this figure originates8. 

In a simple model, to calculate the number of molecules, neq, adsorbed onto unit area of a 

surface in equilibrium conditions we equate rates of adsorption and desorption to give [17] 

( )
j

B

eqeqj
eq Tkm

S
pn

/1

2/1
/1

2 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

π
τ

        (A13) 

where  

p is the pressure of the gas 

S is the sticking probability  

τ is the mean time of residence 

m is the molecular mass 

kB is the Boltzmann constant 

T is the thermodynamic temperature of the gas 

j is the order of the desorption process 

eq indicates that the values correspond to equilibrium conditions 

 

The simplest adsorption model assumes that: j = 1; S and τ are independent of n, yielding a 

linear dependence of n with p (Henry’s Law). This model is reasonable at low pressures but 

not so good at higher pressures since it predicts that, contrary to observed behaviour, there is 

an ever-increasing adlayer thickness as pressure is increased. 

                                                 
8 First mention is on p24 of SEA vol.1 1977. No reference is supplied. 
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A more realistic model requires the use of an appropriate adsorption isotherm. The simple 

model can however be used to calculate an upper limit on the amount of adsorption. 

Assuming that S = 1, and taking a value9 of τ = 1×10-11 s we can calculate the adsorption 

coefficient, η, to be 

Table 9: Estimated adsorption coefficient. 

gas η ×10-11 /(Pa-1 m-2) 

N2 2.9 

Ar 2.4 

CO2 2.3 

 

where 

( ) 2/12 Tkm
S

B

eqeq

π
τ

η =          (A14) 

For any given vessel of volume, V, and surface area, A, containing gas at a pressure, p, we can 

estimate the proportion of the gas adsorbed on the surface, from 

ηApnads =           (A15) 

and the total amount of gas molecules in the system 

Tk
Vp

n
B

in =           (A16) 

hence 

σ×= Tk
V
A

n
n

B
in

ads          (A17) 

for expansions using N2 in SEA5 we can calculate the proportion of gas adsorbed during each 

expansion stage 

                                                 
9 Value appropriate for Ar, N2, CO2 from Table 10.1 in [17]. See also Steinherz [18] who gives 2×10-11 s for N2 
adsorption on Fe. 
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Table 10: Estimated proportion of N2 adsorbed on system vessels 

Expansion vessels V /m3 A /m2 nads/nin ×106 

E1d v1d+V1 0.1137 1.3850 0.012 

E1n v1n+V1 0.1129 1.3530 0.011 

E2 v2+V2+ v1n+ v1d 0.0212 0.5323 0.024 

E3 v3+V3+ v2 0.0211 0.4668 0.021 

E4 v4+V4+ v3 0.0212 0.4670 0.021 

 

This simple calculation indicates that adsorption effects are virtually zero for SEA5. This is 

supported by recent data collected from hot filament ionisation gauges. 

The data demonstrates that it is the IG itself that is conditioned, not the system, i.e. N2 is not 

adsorbed by the system but does affect the IG sensitivity. This is clear from the results of 

Figure 13 and Figure 14, which show the measured correction factor, CF, for a Stabil-Ion 

gauge having two filaments, calibrated in ascending order of pressure with no system 

conditioning. The data for the first filament indicate that a change occurs at some point during 

the first run, ‘070117’ and that the change is completed by the time of the following runs 

‘070118’ and ‘070119’. The key point is that the same behaviour is observed for the second 

filament. If the behaviour had been caused by conditioning of the vacuum system rather than 

the filament then no difference would be expected between the runs for the second filament. 

For this reason no term due to adsorption will be included in the uncertainty budget. 
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Figure 13: IG correction factor for first filament of a Stabil-Ion gauge, measured on three separate days 
with no "conditioning" of the system. 
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Figure 14: IG correction factor for second filament of a Stabil-Ion gauge, measured on three separate 
days with no "conditioning" of the system. Measurements follow those of first filament. 
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6.3.4 Uncertainty associated with residual pressure, ures 
For CF-type calibrations the residual pressure is not required.10 

For Δcal –type calibrations requiring the uncertainty in the total system pressure a contribution 

of ures = 0.25 presm is applied. This is based on the estimated uncertainty for a measurement 

made using an IG that has been calibrated at higher pressures and whose characteristics have 

been extrapolated back down to the residual pressure. The figure is relatively large to account 

for extrapolation and fitting errors and for the possible additional complication of the IG x-ray 

limit. 

 

6.3.5 Uncertainty associated with outgassing, uog 
The outgassing product that is transported into the system is measured (using the UUC) by 

performing dummy expansions. These are performed for all types of UUC and all types of 

calibration. 

When computing the total system pressure the uncertainty contribution is estimated from the 

scatter in repeated dummy expansion measurements. An upper estimate of 1×10-8 Pa is 

derived from data in “0511 sea5 sea2 sea5StabilIon IG summary.xls” 

 

6.3.6 Uncertainty associated with other effects, uo 
The uncertainty due to random errors in the reference pressure is difficult to isolate since it is 

only observed in the random repeatability of measurements made by a UUC when is exposed 

to the pressure change. In this case the random effects associated with the UUC and the 

measuring system also influence, and probably dominate, the repeatability. In this sense 

therefore the uncertainty due to random errors of the reference pressure on its own is not a 

particularly meaningful concept.  For this reason, no estimate is made. Strictly speaking any 

statement of the uncertainty in the established pressure change should state that the estimate 

excludes estimates of uncertainty due to short-term repeatability, though this is usually taken 

                                                 
10 It is an implicit assumption in CF-type calibrations that the change in response of the UUC for a change in 
reference pressure is independent of the underlying system pressure. In practice, at low reference pressures 
where the residual pressure represents a significant proportion of the total pressure, all of the UUCs likely to be 
calibrated on sea5 have an essentially linear response over the range covered by the reference pressure change, 
hence the assumption is valid. At higher pressures where the response of the UUC may become non-linear the 
residual pressure is in any case negligible compared with the reference pressure and again the assumption is 
valid. 
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to be an implicit condition when single measurements (as opposed to mean values) of a 

quantity are reported. 

 

6.3.7 Total uncertainty in reference pressure 
Taking into consideration all of the above comments, for CF-type calibrations, the total 

uncertainty in the change in system pressure is  

222
ogMEMEcalctot uuuu ++=         (A18) 

whereas for Δcal-type calibrations the uncertainty in the absolute system pressure is 

2222
ogresMEMEcalctot uuuuu +++=        (A19) 

In fact the difference between these two equations is negligible except at the lowest of 

pressures at which CF-type calibrations are not usually performed. For this reason only 

equation (19) is evaluated. For the conditions outlined above, and a residual pressure of 4×10-

8 Pa, the uncertainty has been evaluated11 and is summarised in Figure 15. 

For ease of statement, a functional fit to the data has been made. The functional fit is of the 

form  ( ) bpau +×= ; where the coefficients for each pressure range are summarised in Table 

11 

Table 11.  Coefficients of fit to uncertainty in total pressure 

Pressure Range,  /Pa a  b /Pa 

4.4 × 10-7  < p < 1.3 × 10-4  0.0024 3.5 × 10-10 

1.3 × 10-4  < p < 2.6 × 10-2  0.00175 0 

2.6 × 10-2  < p < 5.1  0.0010 0 

           5.1  < p < 1000  0.0002 4 × 10-3 

 

                                                 
11 In excel workbook “sea5 uncertainty in reference pressure.xls”  
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Figure 15. Estimated overall uncertainty (k=1) for the various expansion regimes {qn,qd,…,sd} and fit to 

the envelope of uncertainties.  Also shown is uncertainty for sea2. 
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