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Abstract guidance of the Task Group [3, 2].

This paper gives the values of the basic constants As in previous least-squares adjustments of the con-
and conversion factors of physics and chemistry resutants [5, 4, 3], the data for the 1986 adjustment were
ing from the 1986 least-squares adjustment of the fundhivided into two groups: auxiliary constants and stochas-
mental physical constants as recently published by tieinput data. Examples of the 1986 auxiliary constants
CODATA Task Group on Fundamental Constants amde the speed of light in vacuum= 299792458 m/s;
as recommended for international use by CODATA. Thiee permittivity of vacuumug = 47 x 10-'N/A?; the
new, 1986 CODATA set of recommended values repladegdberg constant for infinite mas,; and the quantity
its predecessor published by the Task Group and recdin= 4835940 x 10° Hz/V which is equal numerically
mended for international use by CODATA in 1973.  to the value of the Josephson frequency- voltage ratio
2e/h (eis the elementary charge ahds the Planck con-
stant) adopted in 1972 by the Consultative Committee

CODATA (Committee on Data for Science an@n Electricity of the International Committee of Weights
Technology} has recently published a report of th@nd Measures for defining laboratory representations of
CODATA Task Group on Fundamental Constants prthe volt [7, 6]. Quantities in this category are either de-
pared by the authors [AJunder the auspices and guidfined constants such asuo, andE with no uncertainty,
ance of the Task Group. The report summarizes theconstants such d@,, with assigned uncertainties suf-
1986 least-squares adjustment of the fundamental phyisiently small in comparison with the uncertainties as-
cal constants and gives a set of self-consistent valuesgigned the stochastic input data with which they are as-
the basic constants and conversion factors of physics &adiated in the adjustment that they can be taken as exact
chemistry derived from that adjustment. Recommendgda., their values are not subject to adjustment in contrast
for international use by CODATA, this 1986 set of valuei® the stochastic data). In the 1986 adjustment the uncer-
is reprinted here for the convenience of the many reddinty of each auxiliary constant was no greater than 0.02
ers of theJournal of Research of the National Bureau gfarts-per-million or ppni.In contrast, the uncertainties
Standardsand to assist in its dissemination througho@ssigned the 38 items of stochastic input data considered
the scientific and technological communities. The 1986 the 1986 adjustment were in the range 0.065 to 9.7
CODATA set entirely replaces its immediate predecegpm. (The 38 items were of 12 distinct types with the
sor, that recommended for international use by CODATAUmMber of items of each type ranging from one to six.)
in 1973. This set was based on the 1973 least- squdre@mples of such data are measurements of the proton
adjustment of the fundamental physical constants whigiromagnetic ratig/; (uncertainty in the range 0.24 to
was also carried out by the authors under the auspices artippm), the molar volume of silicod (Si)/p(Si) (1.15
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ppm), and the quantized Hall resistariig = h/e? (0.12 from the following comparison of the 1973 and 1986 rec-
to 0.22 ppm). ommended values for the inverse fine-structure constant

. . a1, the elementary charge the Planck constai, the

Because new results which can influence a least-

. electron masae, the Avogadro constamia, the proton

squares adjustment of the constants are reported Conetzll -

n :
o o . . ectron mass ratimp/me, the Faraday constaft, and
ually, it is always difficult to choose an optimal time p/Me y

: . . e Josephson frequency-voltage ratig 2
which to carry out a new adjustment and to revise the P a y ge rap

recommended values of the constants. In the present Uncertainty of Change in 1973
case, all data available up to 1 January 1986 were consid- Recommended value  Recommended value
ered for inclusion, with the recognition that any additional In ppm Inppm

changes to the 1973 recommended values that might re- resulting from

sult by taking into account more recent data would be Quantity 1973 1986 1986 adjustment
. L oa ! 0.82 0.045 - 0.37
much less than the changes resulting from the data avail- o 29 0.30 _ 72
able prior to that date. h 5.4 0.60 _152
Each of the 38 items of stochastic data are expressed Me 5.1 0.59 —-158
(using the auxiliary constants as necessary) in terms of Na 5.1 0.59 *15.2
five quantities that serve as the “unknowns" or variables Mp/Me 228 82(2)0 : $ '24
fthe 1 . . . L . . .
of the 1986 adjustment. These are!, the inverse fine 2e/h 26 030 + 78

structure constanKy, a dimensionless quantity relating
the SI (International System of Units) volt V to the unitt is also clear from this comparison that unexpectedly
of voltage V_g| maintained at the International Burealarge changes have occurred in the 1973 recommended
of Weights and Measures (BIPM) using a value of thélues of a number of these constants (i.e., a change
Josephson frequency-voltage ratio equal numericallywich s large relative to the uncertainty assigned the 1973
E: Vse_g = Ky V, and thus 2/h = E/Ky; Kgq, a value). These changes are a direct consequence of the 7.8
dimensionless quantity relating the S| ohm to the BIPRPmM decrease from 1973 to 1986 in the quarkityand
as-maintained unit of resistance as it existed on 1 Januthg high correlation betweeéfy and the calculated values
1985,02g,85, based on the mean resistance of a particutfre, h, me, Na, andF. Since 2e/h = E/Ky, the 1986
group of wire-wound precision resistogigs = Ko Q; Vvalue of Ky also implies that the value of the Joseph-
d220, the (220) lattice spacing of a perfect crystal of pug®n frequency-voltage ratio adopted by the Consultative
silicon at 225 °C in vacuum; andx,/up, the ratio of Committee on Electricity in 1972, which was believed
the magnetic moment of the muon to that of the pré® be consistent with the Sl value and which most na-
ton. “Best" values in the least-squares sense for théewal standards laboratories adopted to define and main-
five quantities, with their variances and covariances, deén their laboratory unit of voltage, is actually 7.8 ppm
thus the immediate output of the adjustment. smaller than the Sl value. This unsatisfactory situation

i ) should be rectified in the near future [9, 8].
After a thorough analysis using a humber of least-

squares algorithms, the initial group of 38 items of Thelarge changeikyandhenceinmany otherquan-
stochastic input data was reduced to 22 items by delettifigs between 1973 and 1986 would have been avoided if
those that were either highly inconsistent with the remaiwvo determinations oF which seemed to be discrepant
ing data or had assigned uncertainties so large that théth the remaining data had not been deleted in the 1973
carried negligible weight. The adjusted values of the fiasljustment. In retrospect, the disagreement was compar-
unknowns, and hence all the other 1986 recommendgiyely mild. In view of this experience it is important to
values that were subsequently derived from them (wittcognize that there are no similar disagreements in the
the aid of the auxiliary constants), are therefore based 86 adjustment; the measurements which were deleted
a least-squares adjustment with 17 degrees of freedomere so discrepant that they obviously could not be cor-
] i rect, or of such low weight that if retained the adjusted val-
The 1986 adjustment represents ‘f" major advaqfé\s of the five unknowns would change negligibly. Thus,
over its 1973 counterpart; the uncertainties of the retis unlikely that any alternate evaluation of the data con-
ommended \{alues have been reduced by roughly an Gffered in the 1986 least-squares adjustment could lead
der of magnitude d.u.e to the enormous advances m?g%ignificant changes in the 1986 recommended values.
throughputthe precision measurement-fupdamental CRi6reover, the guality of the 1986 data and its redundancy
stants field in the last dozen years. This can be S&F6uld seemto preclude future changesinthe 1986 recom-
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mended values relative to their uncertainties comparahgleantities computed from them.

to the changes which occurred in the 1973 values. . .
g Table 4. Energy conversion factors. To use this table

The 1986 recommended values of the fundamentaite that all entries on the same line are equal; the unit at
physical constants are given in five tables. Table 1 is #ire top of a column applies to all of the values beneath it.
abbreviated list containing the quantities which should Bxample: 1 eV = 806 54410 m™1
of greatest interest to most users. Table 2 is a much more

o Table 5. Expanded covariance and correlation coeffi-
complete compilation.

cient matrix for the 1986 recommended set of fundamen-
Table 1. Summary of the 1986 recommended valuéal physical constants. The elements of the covairance
of the fundamental physical constants. An abbreviatathtrix appear on and above the major diagonal in (parts
list of the fundamental constants of physics and chemisiny10°)2; correlation coefficients appear iialics below
based on a least-squares adjustment with 17 degreethefdiagonal. The values are given to as many as six digits
freedom. The digits in parentheses are the one-standamdly as a matter of consistency. The correlation coeffi-
deviation uncertainty in the last digits of the given valueient betweeme andNa appears as-1.000 in this table
Since the uncertainties of many of these entries are cotvecause the auxiliary constants were considered to be ex-
lated, the full covariance matrix must be used in evaluatet in carrying out the least-squares adjustment. When
ing the uncertainties of quantities computed from thenthe uncertainties ofn,/me and My are properly taken
Table 2. The 1986 recommended values of the furbgtovz(;g:;r:é g}: :?lgi:at;z ;? e:tllc I?:é::i: dg and
damental physical constants. This list of the fundamentaﬁa © A gnty ’
constants of physics and chemistry is based on a least-To use table 5, note that the covariance between two
squares adjustment with 17 degrees of freedom. TdneantitiesQx and Qs which are functions of a common
digits in parentheses are the one-standard-deviation set of variables; (i = 1, ..., N) is given by
certainty in the last digits of the given value. Since the
uncertainties of many of these entnes are correlated, the N o5 Qk 9 Qs
full covariance matrix must be used in evaluating the un- Vks = Z D% m Vij
certainties of quantities computed from them. =

Table 3 is a list of related “maintained units and stamherevjj is the covariance at; andx;. In this general
dard values," while table 4 contains a number of scientfbrm, the units ofvi; are the product of the units of
ically, technologically, and metrologically useful energgndx; and the units ofis are the product of the units of
conversion factors. Finally, table 5 is an extended covaf andQs. For most cases of interest involving the fun-
ance matrix containing the variances, covariances, afamental constants, the variablgamay be taken to be
correlation coefficients of the unknowns and a numbiae fractional change in the physical quantity from some
of different constants (included for convenience) frofiducial value, and the quantiti€d can be expressed as
which the like quantities for other constants may be regapwers of physical constangs according to
ily calculated? Such a matrix is necessary, of course,
because the variables in a least-squares adjustment are N Yii
statistically correlated. Thus, with the exception of quan- Q=41 H Z g
tities which depend only on auxiliary constants, the un- j

certainty associated with a quantity calculated from Othehereq is anumerical factor. Ifthe variances and covari-

constants in general can be found only with the use of the . . .
. : ances are then expressed in relative units, eq (1) becomes
full covariance matrix.

Table 3. Maintained units and standard values. A N
summary of “maintained" units and “standard" values and Uks = Z Yii Ysjvij
their relationship to Sl units, based on a least-squares ad- L=t

justment with 17 degrees of freedom. The digitsin paren: e thes;; are to be expressed for example, in (parts in
theses are the one-standard-deviation uncertainty in _IL )2, Equation (3) is the basis for the expansion of the

last digits of the given value. Since the uncertalntlgs Olvariance matrix to include h, me, Na, andF.
many of these entries are correlated, the full covariance

matrix must be used in evaluating the uncertainties of In terms of correlation coefficients defined hy =
vij (Vi vjj )_1/2 = vjj /€i€j, whereg; is the standard de-
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viation (ei2 = vjj ), we may write, from eq (3), [2]

N N
€ = Z Yﬁei2+22 Yii Ykjrij €i€j
i=1

j<i
where the standard deviations are to be expressed in rel-
ative units.
(3]

As an exarnple of the use of table 5, consider the
calculation of the uncertainty of the Bohr magnetor‘t4]
us = eh/2me(h = h/27). In terms of the variables
of the 1986 adjustment this ratio is given by

ne =27 poRx El 1 (@ H 3 Ky

where the quantities in brackets are auxiliary constan{g’]
taken to be exact. Using eq (3) and lettiag® corre-
spondtd = 1 andKy toi = 2 give® 6]

EEB = le v11 + 2Y1Yovu12 + Y22v22

Comparing eq (5) with eq (2) yieldg = —3andY> = 1.
Thus eq (6) and table 5 lead to (7]

€4, =[9(1997) — 6(—1062 + 1(87 988] x (10~%)2

Recommended Consistent Values of the Funda-
mental Physical Constants, 1973, a Report of the
CODATA Task Group on Fundamental Constants,
CODATA Bulletin 11. CODATA Secretariat, 51
Blvd. de Monmorency, 75016 Paris, France (Au-
gust, 1973).

Cohen, E. R. and B. N. Taylor, J. Phys. Chem. Ref.
Data 2 663 (1973).

Taylor, B. N., W. H. Parker and D. N. Langenberg,
Rev. Mod. Phys41 375 (1969); also published as
The Fundamental Constants and Quantum Electro-
dynamicsAcademic Press: New York (1969).

Cohen, E. R. and J.W.M. DuMond, Rev. Mod. Phys.
37537 (1965).

Com. Intl. Poids Mes. Com. Consult. d’Electricité.

Trav. 1F Session (Bur. Intl. Poids Mes., Sévres,
France, Oct. 1972), p. E 13: Terrien, J., Metrologia
940 (1973).

P. V. Séances Com. Intl. Poids Mes. é&ession40
(Bur. Intl. Poids Mes., Sévres, France, Oct. 1972),
pp. 22, 100.

ore,; = 0.335 ppm. An alternate approach is to evalu{g] Taylor, B.N., J. Res. Natl. Bur. Star@{l 299 (1986).

ateeh/2m, directly from table 5; them corresponds to

i =5,htoi =6,andmetoi = 7withYs = Yg = 1 and [9] Taylor,B.N., J. Res. Natl. Bur. Stan@255 (1987).

Y7 = —1. Then

eﬁB = Y52U55 + 2Y5Ygus56 + YGZUGG

+ 2Ys5 Y7057 + 2Y6 Y7067 + YZu77

[1(92109 + 2(181 159 + 1(358 197
— 2(175042 — 2(349 956

+1(349703] x (10792

which also yields,,; = 0.335 ppm.
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Endnotes 3Throughout, all uncertainties are one standard deviation

. . estimates.
1CODATA was established in 1966 as an |nterd|sc?-

plinary committee of the International Council of SciertThe variablel,2pis omitted from table 5 because there is
tific Unions. It seeks to improve the compilation, criticdittle need for its correlations with other quantities. More-
evaluation, storage, and retrieval of data of importancedeer, since the more significant and related quaritity
science and technology. Dr. David R. Lide, chief of this included (note thaNa ~ dz‘z%), there is no loss of
NBS Office of Standard Reference Data, is the currénformation by omittingdz2o.

President of CODATA. . .
®Note that in using eq (3), we sst= K, €2 = vk, Sup-

2Figures in brackets indicate literature references.  pressk as a subscript oif, and replacé with ug.
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Table 1. Summary of the 1986 recommended values of the fundamental physical constants.

An abbreviated list of the fundamental constants of physics and chemistry based on a least-squares
adjustment with 17 degrees of freedom. The digits in parentheses are the one-standard-deviation uncer-
tainty in the last digits of the given value. Since the uncertainties of many of these entries are correlated,
the full covariance matrix must be used in evaluating the uncertainties of quantities computed from them.

Relative
uncertainty
Quanity Symbol Value Unit (ppm)
speed of light in vacuum c 299792458 ms! (exact)
permeability of vacuum "o 4 x 1077 NA—2
=12.566370614 10 'NA—2 (exact)
permittivity of vacuum 14oc? €0 8.854187817... 102 Fmt (exact)
Newtonian constant
of gravitation G 6.672 59(85) 1011m3kg~ts2 128
Planck constant h 6.626 075 5(40) 10%4Js 060
h/2x h 1.054 572 66(63) 140 s 060
elementary charge e 1.602 177 33(49) 109 C 0.30
magnetic flux quanturh/2e o 2.067 834 61(61) 10> Wb 0.30
electron mass Me 9.109 389 7(54) 1031 kg 0.59
proton mass Mp 1.672 623 1(10) 10?7 kg 0.59
proton-electron mass ratio mp/me 1 836.152 701(37) 020
fine-structure constaptoce?/2h  « 7.297 353 08(33) 10° 0.045
inverse fine-structure constanty 1 137.035989 5(61) 045
Rydberg constarmece:?/2h Ry 10 973 731.534(13) mt 0.0012
Avogadro constant Na,L  6.022136 7(36) 1% mol—1 0.59
Faraday constarae F 96 485.309(29) C mott 0.30
molar gas constant R 8.314 510(70) Jmoft K1 8.4
Boltzmann constarf®/Na k 1.380 658(12) 1023 K1 8.5
Stefan-Boltzmann constant
(72/60)k*/h3c? o 5.67051(19) 108 Wm—2K—4 34,

Non-SI units used with the Sl
electron volt, &/C) J={e} J eV 1.602177 3849 107199 030
(unified) atomic mass unit
Lu=m, = 5m(*%C) u 1660540 210) 10727 kg 0.59




Table 2. The 1986 recommended values of the fundamental physical constants.

This list of the fundamental constants of physics and chemistry is based on a least-squares adjustment
with 17 degrees of freedom. The digits in parentheses are the one-standard- deviation uncertainty in the
last digits of the given value. Since the uncertainties of many of these entries are correlated, the full
covariance matrix must be used in evaluating the uncertainties of quantities computed from them.



Relative
uncertainty

Quanity Symbol Value Unit (ppm)
GENERAL CONSTANTS
Universal constants
speed of light in vacuum c 299792458 mst (exact)
permeability of vacuum "o 4 x 107 NA—2
=12566370614... 10'NA—? (exact)
permittivity of vacuum 14oc? €0 8.854187817... 1012 Fm1! (exact)
Newtonian constant
of gravitation G 6.6725985) 10 m3kgls2 128
Planck constant h 6.626 075 540) 1034Js 060
in electron voltsh/{e} 4.135669 212) 10 %evs Q30
h/2n h 1.054 572 6663) 1034Js 060
in electron volts:h/{e} 6.582122 @20 10 16evs Q30
Planck massghc/ G)/? mp 2.176 7114 108 kg 64
Planck lengtth/mpc = (hG/c®)Y2  |p 1.616 0510 103> m 64
Planck timdp/c = (hG/c?)Y/2 tp 5.3905634) 107%s 64
Electromagnetic constants
elementary charge e 1.602177 3849) 1019¢C 0.30
e/h 2.417 9883672 1014 A1 0.30
magnetic flux quanturh/2e o 2.067 834 6161) 10-15Wb 0.30
Josephson frequency-voltage quotiente/12 4.835976 714) 1014 Hz v-1 0.30
quantized Hall conductance e?/h 3.874046 1417) 10°S 0045
quantized Hall resistance
h/e? = poc/20 RH 25812805 612) Q 0.045
Bohr magnetoreh/2me B 9.274 015 4(31) 1074011 0.34
in electron volts;ug/{e} 5.7883826352) 105evT? 0.089
in hertz: ug/h 1.399 6241842 1010 Hz T-1 0.30
in wavenumbersug/ hc 46.686 43714) m-1T1-1 0.30
in kelvins: ug/k 0.671709 957 KT-1 8.5
nuclear magnetoeh/2m, UN 5.050786 617) 1027311 0.34
in electron volts:un /{€} 3.152451 66298) 108evT1? 0.089
in hertz: un/h 7.622591423) MHz T-1 0.30
in wavenumbersun/hc 2.5426228177) 102m111 0.30
in kelvins: un/k 3.658 24631) 104KT1 85
ATOMIC CONSTANTS
fine-structure constaptoce?/2h o 7.297 353 0833) 103 0.045
inverse fine-structure constant a1 137.035989 %61) 0.045
Rydberg constamieca?/2h Ry 1097373153413) m! 0.0012
in hertz: Ry,C 3.289841949@9) 10¥Hz 0.0012
in joules: Rychc 2.179874 113 107189 060
in eV: Ryohc/{e} 13.605 698 140) eV 0.30
Bohr radiusx /47 Reo o 0.52917724%24) 10 19m 0.045



Relative
uncertainty

Quanity Symbol Value Unit (ppm)
Hartree energg?/4rsoao = 2Rhc By 4.359 748 226) 10718 060
ineV: En/{e} 27.211 396 181) eV 0.30
quantum of circulation h/2me 3.6369480733) 10*mést 0.089
h/me 7.273 896 1465) 104m?st 0.089
Electron
electron mass Me 9.109 389 754) 1031 kg 0.59
5.485 799 0313) 104 u 0.023
in electron voltsmec?/{e} 0.510999 0615) MeV 0.30
electron-muon mass ratio Me/ My, 48363321871 103 0.15
electron-proton mass ratio Me/ My 5.4461701811) 104 0.020
electron-deuteron mass ratio Mg/ My 2.724 437 076) 104 0.020
electrone-particle mass ratio Mg/ My 1.370933543) 104 0.021
electron specific charge efme -1.758 819 6253) 1011 C kgt 0.30
electron molar mass M(e), Me 5.4857990813) 107 kg/mol 0023
Compton wavelength/mec Ac 2.426 31058%22) 10 12m 0.089
Ac/2m = adp = a?/41 Ry Ac 3.861593 2335) 1013 m 0.089
classical electron radiug?a, re 2.81794092398) 1075 m 0.13
Thomson cross sectiong3)r2 Oe 0.665 246 1618) 1028 m2 0.27
electron magnetic moment e 928477 0131) 1026911 0.34
in Bohr magnetons e/ 1B 1.001 159 652193.0)
in nuclear magnetons e/ UN 183828200G437) 0.020
electron magnetic moment
anomalyue/ug — 1 e 1.159 652 19810) 1073 0.0086
electrong-factor 2(14ae) Oe 2.002 319 304 38¢20)
electron-muon
magnetic moment ratio e/ 206.766 96130) 0.15
electron-proton
magnetic moment ratio e/ p 658210688 166) 0.010
Muon
muon mass m, 1.883532711) 10~28kg 0.61
0.11342891817) u 0.15
in electron volts:mucz/{e} 105658 38934) MeV 0.32
muon-electron mass ratio m,./Me 206768 26230) 0.15
muon molar mass M(u), M,  1.13428913817) 104 kg/mol 015
muon magnetic moment ™ 4.490451 415) 1026311 0.33
in Bohr magnetons M/ HB 4.8419709771) 1073 0.15
in nuclear magnetons M/ N 8.890598 113 0.15
muon magnetic moment anomaly
[, /(€h/2m,)] — 1 a, 1.165 923 §84) 1073 7.2
muong factor 2(1+a,,) O 2.00233184617) 0.0084
muon-proton
magnetic moment ratio o/ p 3.1833454747) 0.15
Proton
proton mass Mp 1.672623 110 1027 kg 0.59
1.007 27647012 u 0.012
in electron volts:mpc2 /{e} 9382723128) MeV 0.30
proton-electron mass ratio Mp/Me 183615270137) 0.020
proton-muon mass ratio mp/m,, 8.880244 413 0.15
proton specific charge e/mp 9.578830929) 10’ Ckg?t 0.30



Relative
uncertainty

Quanity Symbol Value Unit (ppm)
proton molar mass M(p), Mp 1.007 27647012 103 kg/mol 0012
proton Compton wavelengtly mpc ~ Acp 1.3214100212) 10 m 0.089
Acp/27 Acp 2.1030893719) 107%m 0.089
proton magnetic moment Ip 1.410607 6147) 1026311 0.34
in Bohr magnetons Itp/ 1B 1.52103220215) 1073 0.010
in nuclear magnetons p/ N 2.792847 38@63) 0.023
diamagnetic shielding correction
for protons in pure water,
spherical sample, 2, 1— up/up  oH,0 25.689(15) 106
shielded proton magnetic moment ., 1.410571 3847) 1026311 0.34
(H20, sph., 25C)
in Bohr magnetons Ip/ 1B 1.52099312917) 1073 0.011
in nuclear magnetons Ip/ AN 2.792 775 64264) 0.023
proton gyromagnetic ratio Yo 26752212881) 10¢0s 1711 0.30
Yo/ 2m 42577 46913 MHz T-1 0.30
uncorrected (KO, sph., 25C) Yo 26 751525 581) 10¢0s 171 0.30
Vol 2 42576 37513 MHz T-1 0.30
Neutron
neutron mass Mn 1.674928 610 102" kg 0.59
1.008 664 90414) u 0.014
in electron volts:mnc?/{e} 939565 6328) MeV 0.30
neutron-electron mass ratio Mp/Me 1838683 66240) 0.022
neutron-proton mass ratio Mp/Mp 1.001 378 4049) 0.009
neutron molar mass M(n), M, 1.00866490414) 103 kg/mol 0014
neutron Compton wavelengtfmac ~ Ac.n 1.319591 1012 10 15m 0.089
Ac.n/2m Acn 2.100194 4519 107 m 0.089
neutron magnetic momeht Un 0.966 237 0740) 1026311 0.41
in Bohr magnetons Un/ B 1.041 875 6325) 103 0.24
in nuclear magnetons Un/ AN 1.9130427%45) 0.24
neutron-electron
magnetic moment ratio Un/ e 1.040668 8225) 103 0.24
neutron-proton
magnetic moment ratio n/ p 0.684 979 3416) 0.24
Deuteron
deuteron mass mqg 3.343586 (20) 1027 kg 0.59
2.013553 21424) u 0.012
in electron voltsmgyc?/{e} 18756133957) MeV 0.30
deuteron-electron mass ratio Mg,/ Me 3670483 01475) 0.020
deuteron-proton mass ratio Mg/ Mp 1.999 007 4966) 0.003
deuteron molar mass M(d), Mg 2.01355321424) 102 kg/mol 0012
deuteron magnetic momént “d 0.433073 7%15) 1026311 0.34
in Bohr magnetons nd/ 1B 0.466975447®1) 103 0.019
in nuclear magnetons Ud/ N 0.857 438 23(24) 0.028
deuteron-electron
magnetic moment ratio nd/ e 0.466434546 (1) 103 0.019
deuteron-proton
magnetic moment ratio Hd/ Mp 0.307012203 1) 0.017

PHYSICO-CHEMICAL CONSTANTS



Relative
uncertainty

Quanity Symbol Value Unit (ppm)
Avogadro constant Na,L  6.022136736) 1023 mol1 0.59
atomic mass constant
my = 5m(*2C) my 1.660540210) 10 2"kg 0.59
in electron volts:m,c?/{e} 9314943228) MeV 0.30
Faraday constanta e F 96 48530929) C mol?! 0.30
molar Planck constant Nah 3.9903132836) 10 10Jsmott 0.089
Nahc 01196265811 Jm mol? 0.089
molar gas constant R 8.31451Q70) Jmolr1 K1 8.4
Boltzmann constariR/ Na k 1.38065812) 10023kt 8.5
in electron voltsk/{e} 8.617 38573 10 5evK1 8.4
in hertz:k/h 2.08367418) 100 Hz K1 8.4
in wavenumbersk/hc 69.503 8159) m1K-1 8.4
molar volume (ideal gadRT/p
T =27315K, p=101325Pa Vn 0.0224141019) m3mol~1 8.4
Loschmidt constania / Vi no 2.686 76323 10?5 mol—3 85
T =27315K, p=100kPa  Vp 0.0227110819) m3mol-1 8.4

Sackur-Tetrode constant
(absolute entropy constaht)
3 + In[(2rmyk Tr/ h?)¥2kT1/ po]

T1 = 1K, pp = 100kPa /R -1.15169321) 18
T1 = 1K, pp = 101325Pa -16485621) 18.
Stefan-Boltzmann constant
(r2/60)k*/h3c? o 5.67051(19) 108 Wm—2K* 34,
first radiation constantzhc? c1 37417749220 1018w m? 0.60
second radiation constame/ k (073 0.0143876912 mK 8.4
Wien displacement law constant
b=AnaxT =2/496511423. b 2.897 75624) 103mK 8.4
Notes:

The scalar magnitude of the neutron moment is listed here. The neutron magnetic dipole is directed
oppositely to that of the proton, and corresponds to the dipole associated with a spinning negative charge
distribution. The vector sunug = up + wn, is approximately satisfied.

The entropy of an ideal monatomic gas of relative atomic welghs given byS = & + % Rin A —
R1In(p/po) + 3R In (T/K).



Table 3. Maintained units and standard values.

A summary of “maintained” units and “standard” values and their relationship to Sl units, based on a least-squares
adjustment with 17 degrees of freedom. The digits in parentheses are the one-standard-deviation uncertainty in the last
digits of the given value. Since the uncertainties of many of these entries are correlated, the full covariance matrix must
be used in evaluating the uncertainties of quantities computed from them.

Relative
uncertainty
Quanity Symbol Value Unit (ppm)
Non-si units used with the Sl
electron volt, &/C) J={e} J eV 1.602177 3349 107199 030
(unified) atomic mass unit
Lu=my = 5m(*%C) u 1660540 210) 1027 kg 0.59
Standard values
standard atmosphere atm 101325 Pa (exact)
standard acceleration of gravity On 9.806 65 m 52 (exact)
“As-maintained” electrical units
BIPM maintained ohnf2gg_pg
Qpigs = Qe9_pi(January 1, 1985) Qgigs 1-1.563(50% 106 = 0.999 998 437(50) £ 0.050
Drift rate of Qggo_p; dQgg_pgi/dt —0.056 6(15) w2/a
BIPM maintained volt
V76-p = 4835940 GHz (h/2€) V76—l 1—7.59(30)( 10_6 =0.999992 41(30) V 30
BIPM maintained ampere
AgsipM = V76-81/ 269-BI Agigs 1-6.03(30x10°°=0.99999397(30) A 30
X-ray standards
Cu x unit: A\(CuKa) = 1537400 xu  XxUCuKe1) 1.002077 8970) 10713 m 0.70
Mo X unit: A(MoKaq) = 707.831xu  XxUMoKa1) 1.002099 3845) 10713 m 0.45
A* : A\(WKaz) = 0.2090100 A Ax 1.000014 8192 1071%m 0.92
lattice spacing of Si
(in vacuum, 22.5C)? a 0.5431019611) nm 021
dp20 = a/+/8 dooo 0.192 015 54040) nm 021
molar volume of Si
M (Si)/p(Si) = Naa®/8 Vin(Si) 12058 817 989) cmi/mol 0.74
Notes:

The lattice spacing of single-crystal Si can vary by parts ihdipending on the preparation process. Measurements
at PTB indicate also the possibility of distortions from exact cubic symmetry of the order of 0.2 ppm.



Table 4. Energy conversion factors.
To use this table note that all entries on the same line are equal; the unit at the top of a column applies to all values
beneath itExample: 1 eV = 806 544.10 m!

J kg nrt Hz
1/{c?} 1/{ hc} 1/{ h}
1J= 1 111265006x 1017 5.034112 %30) x 1074 1.509 188 9790) x 1033
{c?} {c/h} {c?/h}
1kg= 8987551 78% 1016 1 4524434 727) x 101 1.356 391 4081) x 10°°
{hc} { h/c} {c}
1ml= 1.9864475%12) x 102>  2.210220913) x 10742 1 299792458
{h} {h/c?} 1/ c}
1Hz= 6626 075%40) x 10734 7.372503244) x 10°1  3.335640952% 10° 1
{k} {k/c?} { k/hc} { k/h}
1K= 1.38065812) x 1023 1.53618913) x 1040 69.503 8759 2.08367418) x 1010
{e} {e/c?} {e/hc} {e/h}
leV= 16021773849 x 10°1° 1.7826627054) x 10736 806 55410(24) 2.417 988 3672) x 10
{myc?} {mg} { myc/h} { myc?/h}
lu= 1492 4190988) x 10710 1.660540210) x 10727  7.5130056367) x 10  2.2523424220) x 10?3
{2Rxhdc} {2 Roh/c} {2 R} {2 R}
1hartree= 4B59748226) x 10718 4.850874129) x 10°3° 21947 463067(26) 6.579683899 078) x 10'°
K eV u hartree
14k} 1/ e} 1/{ myc?} 1/{2 Rychc}
1J= 7242 92461) x 1072 6.241506 419) x 108 6.700530 840) x 10° 2.293710414) x 107
{c?/k} {c?/e} 1 my} { c/2Rxh}
1kg= 6509 61655) x 1039 5.609586217) x 10%° 6.022 136 736) x 10%° 2.061484112) x 1034
{hc/k} { hc/e} { h/myc} 142 Ry}
1m1l= 0.0143876912) 1.2398424437) x 106  1.3310252212) x 10 1° 4.556335267 254) x 108
{h/k} { h/e} { h/myc?} 142 R}
1Hz= 479921641) x 10711 4.135669212) x 10715 4.4398222440) x 10724 1.519829850818) x 1016
{k/e} { k/myc?} { k/2Rxhc}
1K= 1 861738573) x 10°° 9.25114Q78) x 10714 3.16682927) x 10°©
{e/k} { e/myc?} { e/2Rhc}
leV= 11 60445(10) 1 1.0735438%33) x 102  0.036 749 30911)
{myc?/k} { myc?/e} { myc/2Rch}
lu= 1080947 §91) x 103 9314943228) x 10° 1 34231772%31) x 10’
{2 Rchc/k} {2 Rohc/e} {2 Rsh/myc}
1 hartree = 3157 73327) x 10° 27.211 396 181) 2.9212626926) x 108 1




Table 5. Expanded covariance and correlation coefficient matrix for the 1986 recommended set of fundamental

physical constants.

The elements of the covariance matrix appear on and above the major diagonal in (patt% iadielation
coefficients appear ialics below the diagonal. The values are given to as many as six digits only as a matter of
consistency. The correlation coefficient betwegrandNa appears as -1.000 in this table because the auxiliary
constants were considered to be exact in carrying out the least-squares adjustment. When the uncertainties of
mp/ me andM,, are properly taken into account, the correlation coefficient is -0.999 and the variamegard

Na are slightly increased.

a ! Ky Ko  wu/ip e h m Na F
a”l 1997 -1062 925 3267 -3059 4121 @ -127 127  -2932
Kv ~ —0.080 87988 90 -1737 89050 177038 174914 -174914 -85864
Ke 0.416 Q006 2477 1513  -835  -744 1105 -1105 -1939
wu/p 0.498 -0.040 0207 21523 -5004 -6742  -208 208 4796
e —0.226 0989 —0.055 —0.112 92109 181159 175042 -175042 -82933
h —0.154 0997 -0.025 -0.077 0997 358197 349956 -349956 -168797
Me —-0.005 Q997 Q038 -0.002 Q975 0989 349702 -349702 -174660
Na 0.005 -0.997 -0.038 0002 -0.975 -0.989 -1000 349702 174660
F -0.217 -0.956 -0.129 -0.108 -0.902 -0.931 -0.975 Q975 91727




