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Traditional pressure standards
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Optical pressure standard

SI brochure 9 ed.: A user is now free to choose any convenient equation of physics
that links the defining constants to the quantity intended to be measured.

Equation of state of gas Lorentz-Lorenz relation

p=pRT(1+ Byp+ Cpp® +- ~ +2_AR()+BR,9 + Crp® + .
p=a -+ | -1~ WM

Pressure: thermal energy Molar
per unit volume polarizability
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Optical measurement
of refractivity

1Pa=1J)Jm>3 N,



Helium properties l\;gnetic susceptibility TH CCM

Ap(V) = A, + A, + A;v* + Apv* + -
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How to realize an optical pressure standard TH CCM

The core part is a Fabry-Perot cavity: a pair of HR coating mirrors separated with a fixed length.

tunable laser
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How to realize an optical pressure standard TH CCM

The core part is a Fabry-Perot cavity: a pair of HR coating mirrors separated with a fixed length.
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But the cavity length changes under pressure [t} CCM

Af
n—1= ’ + nkp i = 10711 Pa~1 for ULE

e Targeting pressure uncertainty of 10°, k should be known within 104, i.e.

x-disp. (nm)
0.161
0.123
0.086
0.049
0.012
-0.026
-0.063
-0.100
-0.138
-0.175

101> /Pa.
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e Elastic property of ULE glass is not well known. FEA has large uncertainty.

e A dual cavity has been adopted by NIST and NIM. Effective k reduces to

10-12 Pa-L, still high.
 Determination of k relied on traditional pressure standards. Not primary.
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Two gas method 't CCM

34 (He) (ﬂ

Helium D = y

He

gas: N, or Ar

3Ar(gas) _ (Af
PR~ \V ) T Teas’P
gas

Two equations for two unknowns

Agp(N,) or Ag(Ar) is about 8 times of Ag(He).



Other gas properties It CCM

Most accurate results Two gas method is semi-primary!
“gss | Agcmimo) | u_| traeabilty | reference
nitrogen 4.446139 3.6 ppm NIST UIM Egan et al., Opt Lett, 40 (2015)
(633nm, 303 K) 3945-3948.
nitrogen 4.446175 3.1 ppm NIST PG Egan and Yang, Int. J. Thermophys.,
(633nm, 303 K) 44 (2023) 181.
nitrogen 4.396718 3.1 ppm NIST PG Egan and Yang, Int. J. Thermophys.,
(1542nm, 303 K) 45 (2024) 120.
argon 4.195735 3.1 ppm NIST PG Egan and Yang, Int. J. Thermophys.,
(633 nm) 44 (2023) 181.
argon 4.149749 3.1 ppm NIST PG Egan and Yang, Int. J. Thermophys.,
(1542nm) 45 (2024) 120.
argon Ag + Ay, 10 ppm Ag: PTB PG Gaiser and Fellmuth, PRL 120,
+ Ayv% + - Ay, Ay: theory 123203, 2018.
Lesiuk et al., PRA, 107 (2023)
042805.



Two color method t1CCM

Helium, 633nm p

3AR°(633) (Af
14

— + NHe KD
2RT )633

fully-primary!

345°(1542) (Af) '
=\ NyeKp
2RT L

Two equations for two unknowns

Helium, 1542nm p

But AR¢(633) and AL¢(1542) only differs by 0.5%!
Separate measurement like the two gas method doesn’t work.



Two color method — correlated measurement TH CCM

Two laser beams sense the same pressure, temperature,
and cavity length simultaneously. Too

Mirrors are dual-coated
at 633 nm and 1542 nm.




Two color method — correlated measurement TH CCM

< fiber splitter [ _r
<= fiber collimator -

dichroic mirror

V'é
2 photodetector
>

phase detector ——— Two frequencies should be

servo controller e ‘ ALY i measured synchronously!

gps-do —"t o
————— <J--F->x---- -1 |
|
HeN | ©
comb "le _ | @
— I
Iz ' t )
_f?\:- visgen| ‘L____ PG R S
ecd| ‘:"D_“xl
m— ol e | synchronous
e op
HelNe |
— | | |
|




Noise of synchronous frequency It CCM

Frequencies drift due to helium

diffusion into the ULE glass Synchronous frequency doesn’t drift
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Uncertainty analysis 't CCM

¥)...” &)

- 5 A d A

P _ ( 4 red 4 blue _ fred Vblue fb lue
OpbS 1.5 x 10712 pa—1 711

Synchronous frequency

Pa

100 Hz is equivalent to 0.14 Pa, i.e. 1.4 ppm @ 100 kPa



Uncertainty analysis 't CCM
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|

Ar(V) = A, + A, + Av* + A0 +

l

4 ppm

Puchalski et al., PRA
93, 032515, 2016

1014 Hz

Retardation correction: 40 ppm

Puchalski et al., PRA 99, 041803, 2019




Uncertainty analysis 't CCM

[ Af <Af>
Pops = —\
3AZ(Vblue Vred) v blue

0.3 mK .
e Calibration of cSPRT against ITS-90 | §
T e Temperature gradient 5 1o Tom=Tom
% Thode — Toprt
2.5 O e T T Tee " Ngas chamber
. p p m time since fill /h
0.7 mK Gaiser et al., 2022 Update for the Differences Between

Thermodynamic Temperature and ITS-90 Below 335 K,

* Converting ITS-90 to Journal of Physical and Chemical Reference Data, 51,
thermodynamic temperature T 043105 (2022).




Helium impurity It CCM
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Fully-primary optical pressure scale It CCM

T: 5 86 U( Pops) - 20 component Ur (Pops) /1078wy (k) /1077
o / + *+ T He theory Ar(v). B,, ... 4.0 < 0.1
1_';:, 9824 1 } 10 o temperature T 2.5 < 0.1
= T 1" B - pressure p — 1.0
o 9.822 - 6 : + + ++ M frequency Af/Avg, 0.2 < 0.1
2 | = diffusion 3 0.6 0.2
5 9.820 1 E impurity 0.7 0.2
S . B L El statistical 3.0 1.7
S 9.818 - ) -

S u(Az) - combined k =1 5.7 2.0

9.816 -

0.1 0.2 0.3 0.4 0.5
pressure, p /MPa

Comparison with NIST 2 ppm piston gauge: 2.2 ppm £ 5.7 ppm



Neon, Argon, and nitrogen It CCM

Using k determined from helium measurement, and p from piston gauge calibrated by
the optical pressure scale.

3(A, + A, + AyV2a? + AgVeaa ™ + - A
ca3mr p(e u T A2V633 4V633 )=(_f

+ Ngas kP
gas
2R1 v )633

1542nm p

3(143 + A” + A21_/154_22 + A41_115424 - ) Af
=\ + NgasKP
2R v 1542 5%

Two equations for two unknowns
- s e




Neon 't CCM

pressure p (MPa)
0.0 0.1 0.2 0.3 0.4 0.5

0.994716 -

0.994714 - I I* # Bl /(cm®/mol) | /(10 *cm?/mol)

m3/mol)
3 /mol

S 0.994712 - A aa A4 246005 ©0.9946(1) 2.461(5)  Theo. [1]

< LY L 0.994711(2) Exp. [2]

5 0.994710 - N

: F 40000 o 0.994709(8)  2.46000(8)  This work
0.994708 - ® A A A

Theo. [1]: Lesiuk et al., PRA 102, 052816 (2020).

Exp. [2]: Gaiser and Fellmuth, PRL 120, 123203 (2018).




Argon 't CCM

F - 24,1340
S 4.140710 A ‘“ .# ) A, A, Ref.
= +. ‘A‘ ANEECISEN /(cm>/mol) | /(10~*cm?3/mol)
B @ E
S t G 4.1408(7) 24.16(1) Theo. [1]
., 4.140705 1 AA - 24,1330 §
p a = 4.14069(1) Exp. [2]
S 4.140700 - A &‘ ® A A 4 241325 < 4.14070(3)  24.1320(8)  This work

0.0 0.1 0.2 0.3 0.4 0.5
pressure p (MPa) Theo. [1]: Lesiuk et al., PRA 107, 042805 (2023).

Exp. [2]: Gaiser and Fellmuth, PRL 120, 123203 (2018).




Nitrogen 't CCM

E 4.3869250 - 6 0085 B A, A, Ref

o & Sl /(cm3/mol) |/(107*cm3/mol)

5 4.3869225 - ™

= + | o& 900 O 4.388 25.70 Exp. [1]
< 1

= 4.3869200 - = 4.3877(2) Exp. [2]
- < 438692(3)  25.997(5)  This work

00 01 02 03 04 05

pressure p (MPa) Exp. [1]: Kumar et al., Theor. Chim. Acta 82, 131 (1992).

Exp. [2]: Schmidt and Moldover, Int. J. Thermophys. 24,
375 (2003).




Argon and nitrogen: trend in A,(p) 1t CCM

argon nitrogen
__24.1340 _
_O @]
E € 25.9985 -
£ 24,1335 - o~
£ £ 25.9980 A
= S 25.9975 A
< 24.1325 - 2 =
< < 25.9970 -
00 01 02 03 04 05 0.0 0.1 0.2 0.3 0.4 0.5

pressure, p /MPa pressure, p /MPa




Argon and nitrogen: trend in A,(p) It CCM

3AR 5 3 ) 3
Poorm P B(RT)2 (4% — 4AgB, + 4Bg) + o(p®)

n—1=

By(v) = B, + B2




Argon: adjusted BY> for no trend in A,(p) 't CCM

Unit: cm®/mol?

£ 2413221 T/(K) | B. |UB,) [B® | B By Ref.

€ 24.1321 633 nm | 1542 nm

G A

L 2413204 _+_ __+ ____________ 300 171 011 479 173 171 Theor.
- +3 ppm :

;\1 541310 - + Pp 300 1.71 0.11 8.76 1.75 1.71 This work

pressure, p /MPa

Theor. : Garberoglio and Harvey, J. Res. Natl. Inst. Stand.
Technol. 125, 125022 (2020).




Practical optical pressure scale using argon

tCCM

Using A, A,, and Blgz) obtained in this work, solving p and k from the two-color equations.

T 9.841 < |
5 2 £p i  Primar
T 9.83 A ® . _ _ _ ] S y
S | | = * No diffusi bl
= 5 e ‘1 i 1¢ 0® %o o = No diffusion problem
x . - | .
> *I * | A“A ‘hl Y e Less sensitive to impurity than helium
= 1 1 1T*X 1 - —-——-——- C
E 9I81 | 55(ié\‘
7 >
{ ]
E 9.807 L _10 v Sub-ppm noise at high pressures
8 | 1 1 1 1
0.1 0.2 0.3 0.4 0.5

pressure, p /MPa




Practical optical pressure scale using argon TH CCM

Using k determined at high pressures, then apply single wavelength calculations.

2 -
5 ¢, °
= 1- ++ +. Y, ¢¢
S sed ¢ ¢ - .
3 S © Statistic uncertainty
- 0 -
Q
[ below 1 ppm!
5 _1- o ® £,633
® £,1542
Oil 0i2 Oj3 0j4 0j5

pressure, p /MPa




Summary 't CCM

First realization of a fully-primary optical pressure scale based on the

dispersion property of helium.
Most accurate dispersion data for neon, argon, and nitrogen.
Pressure trend in A,(p) with current literature data of B2

Practical optical pressure scale using argon can achieve statistic

uncertainty below 1 ppm.




Thank you!
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