2018 CODATA adjustment

From: http://physics.nist.gov/constants

Fundamental Physical Constants — Extensive Listing

Relative std.

Quantity Symbol Value Unit uncert. u,
UNIVERSAL
speed of light in vacuum c 299792458 ms~! exact
vacuum magnetic permeability 4Tah/e%c 1o 1.256 637062 12(19) x 10~° NA~2 1.5 x 10710
110/ (4T x 10~7) 1.000 000 000 55(15) N A2 1.5 x 10710
vacuum electric permittivity 1/poc? €0 8.854 1878128(13) x 10~ 1!2 Fm™! 1.5 x 10710
characteristic impedance of vacuum pgc Zy 376.730313668(57) Q 1.5 x 10710
Newtonian constant of gravitation G 6.674 30(15) x 10~11 m?kg=ls™?2 22x107°
G/hc  6.70883(15) x 10739 (GeV/c®)72 22x107°
Planck constant* h 6.626 07015 x 1034 JHz ™! exact
4.135667696 ... x 10~1° eV Hz ! exact
h 1.054571817... x 10734 Js exact
6.582119569... x 10716 eVs exact
he 197.326 9804 . .. MeV fm exact
Planck mass (fic/G)'/? mp 2.176434(24) x 1078 kg 1.1x 107°
energy equivalent mpc? 1.220890(14) x 10%? GeV 1.1 x 1075
Planck temperature (hc®/G)'/?/k Tp 1.416 784(16) x 1032 K 1.1 x 1075
Planck length ii/mpc = (hG /c3)'/? Ip 1.616255(18) x 10735 m 1.1x107°
Planck time Ip /c = (hG /c®)!/? tp 5.391247(60) x 10~44 s 1.1x 1075
ELECTROMAGNETIC
elementary charge e 1.602176 634 x 10~19 C exact
e/h 1.519267447... x 10' AJ1 exact
magnetic flux quantum 2wh /(2e) P 2.067833848... x 1071° Wb exact
conductance quantum 2¢%/27h Go 7.748091729... x 107° S exact
inverse of conductance quantum Gy ! 12906.40372. .. Q exact
Josephson constant 2e/h K 483597.8484. .. x 10° Hz V! exact
von Klitzing constant pigc/2c = 21th /e? Rx 25812.80745. .. Q exact
Bohr magneton efi/2m, UB 9.2740100783(28) x 1024 JT! 3.0x 10710
5.788 381 8060(17) x 10~5 eV T ! 3.0 x 1010
ug/h 1.399 624 493 61(42) x 100 Hz T ! 3.0 x 10710
up/hc  46.686 447 783(14) [m= T~ 3.0x 10710
us/k 0.67171381563(20) KT 3.0 x 10710
nuclear magneton ef/2m,, UN 5.050 783 7461(15) x 10~%7 JT ! 3.1x 10710
3.152451 258 44(96) x 1078 eVT! 3.1x 10710
un/h 7.6225932291(23) MHzT-!  3.1x 1010
pun/he  2.54262341353(78) x 1072 [m~! T-1F 3.1 x 10710
un/k 3.6582677756(11) x 10~ KT ! 3.1 x 10710
ATOMIC AND NUCLEAR
General
fine-structure constant e?/4meqhic o 7.297 3525693(11) x 1073 1.5 x 10710
inverse fine-structure constant a~t 137.035999 084(21) 1.5 x 10710
Rydberg frequency a?m.c?/2h = Ey, /2h cR 3.289 841960 2508(64) x 1015  Hz 1.9 x 10712
energy equivalent hcRs  2.1798723611035(42) x 107 J 1.9 x 10712
13.605 693 122 994(26) eV 1.9 x 10712
Rydberg constant Roo 10973 731.568 160(21) [m—1]t 1.9 x 1012
Bohr radius 11/ amec = 4meh®/mee? ao 5.20177210903(80) x 1011 m 1.5 x 1010
Hartree energy a’mec? = e*/4neqag = 2hcRoe By, 4.3597447222071(85) x 10718 ] 1.9 x 1012
27.211 386245 988(53) eV 1.9 x 10712
quantum of circulation nh/me  3.6369475516(11) x 10~4 m? s~ 1 3.0 x 10710
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2nth/me  7.2738951032(22) x 1074 m? 571 3.0 x 10710
Electroweak
Fermi coupling constant Gr/(he)®  1.1663787(6) x 107° GeV~? 51x 1077
weak mixing angle? Ay (on-shell scheme)
sin? Oy = 5%, = 1 — (mw/mz)? sin? Oy 0.22290(30) 1.3 x 1073
Electron, e~
electron mass Me 9.109 383 7015(28) x 103! kg 3.0 x 10710
5.485799 090 65(16) x 10~%  u 2.9 % 1011
energy equivalent Mec? 8.1871057769(25) x 10~ J 3.0 x 10710
0.510998 950 00(15) MeV 3.0 x 10710
electron-muon mass ratio Me /My 4.83633169(11) x 1073 2.2 x 1078
electron-tau mass ratio Me /My 2.87585(19) x 10~* 6.8 x 107°
electron-proton mass ratio Me/Mp 5.446 170214 87(33) x 1074 6.0 x 10711
electron-neutron mass ratio Me /My 5.438 673 4424(26) x 10~* 4.8 x 10710
electron-deuteron mass ratio Me/Mma 2.724 437107 462(96) x 1074 3.5 x 10711
electron-triton mass ratio Me /M 1.819200 062 251(90) x 10~4 5.0 x 10~
electron-helion mass ratio Me /My 1.819543074573(79) x 10~4 4.3 x 1071
electron to alpha particle mass ratio Me /Mg 1.370933 554 787(45) x 10~* 3.3 x 10711
electron charge to mass quotient —e/Mme —1.75882001076(53) x 101  Ckg~! 3.0 x 10710
electron molar mass Nam, M(e), M, 5.4857990888(17) x 10~7 kgmol™! 3.0 x 10710
reduced Compton wavelength 7i/mec = cag  Xc 3.8615926796(12) x 1013 m 3.0 x 10710
Compton wavelength Ac 2.42631023867(73) x 10712 [m]f 3.0 x 10710
classical electron radius aag Te 2.817940 3262(13) x 10715 m 4.5 x 10710
Thomson cross section (87/3)r2 Oe 6.652458 7321(60) x 1072 m? 9.1 x 10710
electron magnetic moment Lo —9.2847647043(28) x 10724 JT! 3.0 x 10710
to Bohr magneton ratio e/ 1B —1.001 159 652 181 28(18) 1.7 x 10713
to nuclear magneton ratio fe /N —1838.281 971 88(11) 6.0 x 1011
electron magnetic moment
anomaly |pe|/pup — 1 o 1.159 652 181 28(18) x 1073 1.5 x 10710
electron g-factor —2(1 + a,) Jeo —2.002 319304 362 56(35) 1.7 x 10713
electron-muon magnetic moment ratio He/ b 206.766 9883(46) 2.2 x 1078
electron-proton magnetic moment ratio fe/ —658.210 687 89(20) 3.0 x 10710
electron to shielded proton magnetic
moment ratio (HoO, sphere, 25 °C) ue/u; —658.2275971(72) 1.1 x 10~8
electron-neutron magnetic moment ratio fe/ tin 960.920 50(23) 2.4 x 1077
electron-deuteron magnetic moment ratio fe/ —2143.9234915(56) 2.6 x 1077
electron to shielded helion magnetic
moment ratio (gas, sphere, 25 °C) P/ 14, 864.058 257(10) 1.2 x 1078
electron gyromagnetic ratio 2| 0| /h Yo 1.760 859 630 23(53) x 10! sTIT-!  3.0x10710
28024.951 4242(85) MHzT-! 3.0 x 10719
Muon, u—
muon mass my 1.883531627(42) x 10728 kg 2.2x 1078
0.113 428 9259(25) u 2.2 x 10~8
energy equivalent myc? 1.692 833 804(38) x 10~ J 2.2 x 1078
105.658 3755(23) MeV 2.2 % 10~
muon-electron mass ratio My/Me 206.768 2830(46) 2.2x 1078
muon-tau mass ratio my/ My 5.946 35(40) x 10~2 6.8 x 107°
muon-proton mass ratio my/my 0.112 609 5264(25) 22x 1078
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muon-neutron mass ratio My /My 0.112454 5170(25) 2.2x 1078
muon molar mass Namy, M(n), M, 1.134289259(25) x 10~4 kgmol~! 2.2 x 1078
reduced muon Compton wavelength i/myc Aoy 1.867 594 306(42) x 10~ 15 m 22 %1078
muon Compton wavelength ACu 1.173444110(26) x 10~ [m]* 2.2 x 1078
muon magnetic moment o —4.490448 30(10) x 10726 JT! 22 %1078
to Bohr magneton ratio /B —4.84197047(11) x 1073 2.2 x 1078
to nuclear magneton ratio o/ PN —8.890 597 03(20) 2.2 x 1078
muon magnetic moment anomaly
||/ (eh/2my) — 1 ay 1.16592089(63) x 1073 5.4 x 1077
muon g-factor —2(1 + ay) 9u —2.002 331 8418(13) 6.3 x 10710
muon-proton magnetic moment ratio o/ top —3.183345142(71) 2.2 x 1078
Tau, T~
tau mass ¥ me 3.16754(21) x 10727 kg 6.8 x 107°
1.90754(13) u 6.8 x 1075
energy equivalent mec? 2.846 84(19) x 10~ 10 J 6.8 x 107°
1776.86(12) MeV 6.8 x 107
tau-electron mass ratio M/ Me 3477.23(23) 6.8 x 107°
tau-muon mass ratio me /My 16.8170(11) 6.8 x 107°
tau-proton mass ratio me/mp 1.89376(13) 6.8 x 107°
tau-neutron mass ratio me/my 1.89115(13) 6.8 x 107°
tau molar mass Nm. M(t), M, 1.90754(13) x 1073 kgmol™! 6.8 x 107°
reduced tau Compton wavelength /i /m.c Act 1.110538(75) x 1016 m 6.8 x 107°
tau Compton wavelength Act 6.97771(47) x 10716 [m]* 6.8 x 107°
Proton, p
proton mass mp 1.67262192369(51) x 10727 kg 3.1x 10710
1.007 276 466 621(53) u 5.3 x 10711
energy equivalent mpc? 1.50327761598(46) x 10710 J 3.1x 10710
938.272 088 16(29) MeV 3.1 x 10710
proton-electron mass ratio mp/Me 1836.152673 43(11) 6.0 x 10711
proton-muon mass ratio mp/my 8.88024337(20) 22 %1078
proton-tau mass ratio mp/me 0.528051(36) 6.8 x 107°
proton-neutron mass ratio mp/my 0.998 623478 12(49) 4.9 x 10710
proton charge to mass quotient e/mp 9.578 833 1560(29) x 107 Ckg! 3.1 x 10710
proton molar mass Nam,, M(p), M, 1.00727646627(31) x 10  kgmol™! 3.1 x 10710
reduced proton Compton wavelength i/my,c ~ Xcp 2.10308910336(64) x 107¢ m 3.1x 10710
proton Compton wavelength ACp 1.32140985539(40) x 10~ [m]* 3.1 x 10710
proton rms charge radius o 8.414(19) x 10716 m 22 %1073
proton magnetic moment L 1.410 606 797 36(60) x 10726 JT-! 4.2 x 10710
to Bohr magneton ratio tp/ B 1.521 032202 30(46) x 1073 3.0 x 10710
to nuclear magneton ratio tp/ N 2.792 847344 63(82) 2.9 x 10710
proton g-factor 2/, / pin 9p 5.585 694 6893(16) 2.9 x 10710
proton-neutron magnetic moment ratio fip/ fin —1.459 898 05(34) 2.4 x 1077
shielded proton magnetic moment 1, 1.410570560(15) x 1026 JT-! 1.1 x 1078
(H50, sphere, 25 °C)
to Bohr magneton ratio B/ 1B 1.520993128(17) x 1073 1.1 x10°8
to nuclear magneton ratio fop/ BN 2.792775599(30) 1.1 x 1078
proton magnetic shielding correction
1 — !, /pp (HO, sphere, 25 °C) o), 2.5689(11) x 10~ 4.2 x 1074
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proton gyromagnetic ratio 2/, /A Yo 2.675221 8744(11) x 108 sTIT™1 42x10719
42.577478 518(18) MHz T~} 4.2 x 10710
shielded proton gyromagnetic ratio
2u,/h (Ho0, sphere, 25 °C) Y% 2.675153151(29) x 108 sT'T7! 1.1x1078
42.576 384 74(46) MHzT ! 1.1x1078
Neutron, n
neutron mass My 1.67492749804(95) x 10727 kg 5.7 x 10710
1.008 664 915 95(49) u 4.8 x 10710
energy equivalent Mnc? 1.505349 762 87(86) x 10710 J 5.7 x 10710
939.56542052(54) MeV 5.7 x 10710
neutron-electron mass ratio My /M 1838.683 661 73(89) 4.8 x 10710
neutron-muon mass ratio M /My 8.892 484 06(20) 2.2x 1078
neutron-tau mass ratio My /My 0.528 779(36) 6.8 x 107°
neutron-proton mass ratio My /My 1.001 378419 31(49) 4.9 x 10710
neutron-proton mass difference My — My, 2.305 574 35(82) x 10739 kg 3.5 x 1077
1.38844933(49) x 1073 u 3.5x 1077
energy equivalent (mn —mp)c?  2.07214689(74) x 10713 J 3.5 x 1077
1.293 332 36(46) MeV 3.5 x 1077
neutron molar mass Nam, M (n), M, 1.00866491560(57) x 1072 kgmol=t 5.7 x 10719
reduced neutron Compton wavelength ii/muc ~ Xcn 2.100194 1552(12) x 10~ 16 m 5.7 x 10710
neutron Compton wavelength ACn 1.319590 905 81(75) x 1015 [m]f 5.7 x 10710
neutron magnetic moment fin —9.662 3651(23) x 1027 JT! 2.4 x 1077
to Bohr magneton ratio tn/ 1B —1.04187563(25) x 1073 2.4 x 1077
to nuclear magneton ratio fn /PN —1.91304273(45) 2.4 x 1077
neutron g-factor 24, /i In —3.826 085 45(90) 2.4 x 1077
neutron-electron magnetic moment ratio fn/ e 1.040 668 82(25) x 1073 2.4 x 1077
neutron-proton magnetic moment ratio [in/Hp —0.684 979 34(16) 2.4 x 1077
neutron to shielded proton magnetic
moment ratio (HzO, sphere, 25 °C) fon/ H —0.684 996 94(16) 2.4 x 1077
neutron gyromagnetic ratio 2|, | /% Tn 1.83247171(43) x 10% sTIT™! 24x1077
29.164 6931(69) MHzT-! 24x1077
Deuteron, d
deuteron mass mq 3.343 583 7724(10) x 1027 kg 3.0 x 10710
2.013 553 212 745(40) u 2.0 x 10~
energy equivalent mqc? 3.00506323102(91) x 10710 J 3.0 x 10710
1875.612 942 57(57) MeV 3.0 x 10710
deuteron-electron mass ratio ma/me 3670.482 967 88(13) 3.5 x 1071
deuteron-proton mass ratio ma/mp 1.999 007 501 39(11) 5.6 x 1071
deuteron molar mass Namg M(d), Mgy 2.01355321205(61) x 1073 kgmol~! 3.0 x 10710
deuteron rms charge radius rq 2.12799(74) x 10715 m 3.5 x 1074
deuteron magnetic moment fd 4.330735094(11) x 10~27 JT-! 2.6 x 107
to Bohr magneton ratio pa/pB 4.669 754 570(12) x 10~4 2.6 x 107°
to nuclear magneton ratio fa /N 0.8574382338(22) 2.6 x 107°
deuteron g-factor puq/un Jd 0.8574382338(22) 2.6 x 107°
deuteron-electron magnetic moment ratio fa/ e —4.664 345 551(12) x 1074 2.6 x 107°
deuteron-proton magnetic moment ratio fia /B 0.307 012209 39(79) 2.6 x 107
deuteron-neutron magnetic moment ratio ta/ fn —0.448206 53(11) 2.4 x 1077
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Triton, t
triton mass my 5.007 356 7446(15) x 10727 kg 3.0 x 10710
3.015500716 21(12) u 4.0 x 10711
energy equivalent myc? 4.500 3878060(14) x 10710 J 3.0 x 10710
2808.921 13298(85) MeV 3.0 x 10710
triton-electron mass ratio me/Me 5496.921 535 73(27) 5.0 x 10711
triton-proton mass ratio my/my 2.993 717034 14(15) 5.0 x 1011
triton molar mass Nam M(t),M;  3.01550071517(92) x 10~ kgmol™! 3.0 x 10710
triton magnetic moment 1t 1.504 609 5202(30) x 10726 JT-! 2.0 x 107?
to Bohr magneton ratio e/ 1B 1.622 393 6651(32) x 1073 2.0 x 107°
to nuclear magneton ratio e/ N 2.978 962 4656(59) 2.0 x 107°
triton g-factor 2 /N gt 5.957924931(12) 2.0 x 107?
Helion, h
helion mass mp 5.0064127796(15) x 10727 kg 3.0 x 10710
3.014932247175(97) u 3.2 x 1071
energy equivalent myc? 4.4995394125(14) x 10710 J 3.0 x 10710
2808.391 607 43(85) MeV 3.0 x 10710
helion-electron mass ratio My /Me 5495.885 280 07(24) 4.3 x 1071
helion-proton mass ratio my/my 2.99315267167(13) 4.4 x 1071
helion molar mass Namy, M(h), My, 3.01493224613(91) x 1072  kgmol~! 3.0 x 10~1°
helion magnetic moment fin —1.074617532(13) x 10726 JT! 1.2x 1078
to Bohr magneton ratio th/pB —1.158 740958(14) x 1073 1.2x 1078
to nuclear magneton ratio Hh/ N —2.127625307(25) 1.2 x 1078
helion g-factor 2/, /pix h —4.255 250 615(50) 1.2 x 10-8
shielded helion magnetic moment W —1.074553090(13) x 10726 JT-! 1.2 x 1078
(gas, sphere, 25 °C)
to Bohr magneton ratio /B —1.158671471(14) x 1073 1.2x 1078
to nuclear magneton ratio N0 —2.127497719(25) 1.2 x 1078
shielded helion to proton magnetic
moment ratio (gas, sphere, 25 °C) o/ —0.761 766 5618(89) 1.2 x 1078
shielded helion to shielded proton magnetic
moment ratio (gas/H2O, spheres, 25 °C) iy, /p;, —0.761786 1313(33) 4.3 x 107°
shielded helion gyromagnetic ratio
2|ui | /R (gas, sphere, 25 °C) o 2.037894569(24) x 10® sTIT-1 12x1078
32.434099 42(38) MHzT-! 1.2x1078
Alpha particle, o
alpha particle mass My, 6.644 657 3357(20) x 10727 kg 3.0 x 10710
4.001506 179 127(63) u 1.6 x 1011
energy equivalent Mec? 5.9719201914(18) x 10710 ] 3.0 x 10710
3727.379 4066(11) MeV 3.0 x 1010
alpha particle to electron mass ratio Mo/ Me 7294.299 541 42(24) 3.3x 1071
alpha particle to proton mass ratio Me/Myp 3.972599 690 09(22) 5.5 x 10711
alpha particle molar mass Namg, M (o), My, 4.0015061777(12) x 1073 kgmol~! 3.0 x 10710
PHYSICOCHEMICAL
Avogadro constant Na 6.022 14076 x 10?3 mol ! exact
Boltzmann constant k 1.380 649 x 10723 JK! exact
8.617333262... x 107° eVK! exact
k/h 2.083661912... x 1010 Hz K1 exact
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k/hc 69.50348004 . .. [m~! K-t exact
atomic mass constant|!
my = %m(lQC) = 2hc Roo /0 A (e) My 1.660 539 066 60(50) x 10727 kg 3.0 x 10710
energy equivalent myc? 1.49241808560(45) x 10710 J 3.0 x 10710
931.494 102 42(28) MeV 3.0 x 10710
molar mass constant|! M, 0.999 999999 65(30) x 10~3 kg mol ! 3.0 x 10710
molar mass/ of carbon-12 A, (*2C) M, M(*2C)  11.9999999958(36) x 1072 kg mol ! 3.0 x 10710
molar Planck constant Nah 3.990312712... x 10710 JHz ' mol~! exact
molar gas constant Nak R 8.314462618. .. Jmol~! K~} exact
Faraday constant Nae F 96 485.33212. .. C mol ! exact
standard-state pressure 100000 Pa exact
standard atmosphere 101325 Pa exact
molar volume of ideal gas RT'/p
T =273.15 K, p =100 kPa Vi 22.71095464 ... x 1073 m? mol ! exact
or standard-state pressure
Loschmidt constant Ny / Vi, ng 2.651645804 ... x 10%° m—3 exact
molar volume of ideal gas RT'/p
T =273.15 K, p = 101.325 kPa Vi 22.41396954 ... x 1073 m? mol ! exact
or standard atmosphere
Loschmidt constant N / Vi, ng 2.686780111... x 10%° m—3 exact
Sackur-Tetrode (absolute entropy) constant™*
5+ In[(mukTy/275%)3/ 2T} /o)
Ty = 1K, po =100 kPa So/R —1.151707 537 06(45) 3.9 x 10710
or standard-state pressure
T, = 1K, po = 101.325 kPa —1.164 870 523 58(45) 3.9 x 10710
or standard atmosphere
Stefan-Boltzmann constant
(n2/60)k*/h3c2 o 5.670374419... x 1078 Wm2 K™ exact
first radiation constant for spectral
radiance 2hc¢? st~ ! i 1.191042972... x 10716 [Wm?sr~ 1T exact
first radiation constant 2whc? = Tsr ¢, ¢ 3.741771852... x 10716 [W m2]ft exact
second radiation constant hc/k Co 1.438 776 877...x 1072 [m K]t exact
Wien displacement law constants
b= AmaxI = c2/4.965114231... b 2.897771955... x 1073 [m K] exact
b = Vmax/T = 2.821439372...¢/cy b 5.878 925757 ... x 1010 Hz K1 exact

* The energy of a photon with frequency v expressed in unit Hz is £ = hv in J. Unitary time evolution of the state of this photon is given by

exp(—iEt/h)|e), where |p) is the photon state at time ¢ = 0 and time is expressed in unit s. The ratio E't/% is a phase.

T The full description of m™!

agreed upon.

¥ Value recommended by the Particle Data Group (Tanabashi, et al., 2018).

is cycles or periods per meter and that of m is meter per cycle (m/cycle). The scientific community is aware of
the implied use of these units. It traces back to the conventions for phase and angle and the use of unit Hz versus cycles/s. No solution has been

§ Based on the ratio of the masses of the W and Z bosons mw /myz recommended by the Particle Data Group (Tanabashi, ef al., 2018). The
value for sin?fy they recommend, which is based on a variant of the modified minimal subtraction (35) scheme, is sin?fw (Mz) = 0.231 22(4).

Y This and other constants involving my are based on mzc? in MeV recommended by the Particle Data Group (Tanabashi, et al., 2018).

I The relative atomic mass A, (X) of particle X with mass m (X)) is defined by A,(X) = m(X)/mu, where m, = m(*2C)/12 = 1 u is the
atomic mass constant and u is the unified atomic mass unit. Moreover, the mass of particle X is m(X) = A;(X) u and the molar mass of X is
M(X) = Ay (X)M,, where M, = Na u is the molar mass constant and N4 is the Avogadro constant.

** The entropy of an ideal monoatomic gas of relative atomic mass A, is given by S = Sy + %R In Ay — R In(p/po) + %R In(T/K).

2 1

T The full description of m? is m~2 x (m/cycle)?. See also footnote for m~*.
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