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1.1 PHYSICAL CONSTANTS

The currently accepted values for the physical con-
stants are listed in Table 1.1, based on the 1986 CO-
DATA(Committee on Data for Science and Technology)
recommendations [1]. Although improved measurements
are now available for several of the entries [2], they can-
not readily be incorporated with the 1986 values until the
next complete least-squares adjustment of the constants.
The recommended values therefore remain as tabulated.
The one exception is the value of the Rydberg constant
R∞, which has been updated to reflect the fifty-fold im-
provement in its measurement in units of m−1 (or equiv-
alently in units of Hz, since the conversion factor c is a
defined physical constant) [3]. Because the uncertainties
are correlated, the full variance matrix must be used in
calculating uncertainties for further quantities in terms
of those tabulated.

1.2 ELECTROMAGNETIC UNITS

The standard electromagnetic units adopted by most
scientific journals and elementary texts belong to the
système international (SI) or rationalized MKSA (me-
ters, kilograms, seconds, and amperes) units. However,
many authors working with microscopic phenomena pre-
fer Gaussian units, and theoretical physicists often use
Heaviside-Lorentz (H-L) units. In this Handbook, SI
units are used together with atomic units. The current
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section is meant as a reference relating these different
systems.

The relations among different sets of units are not
simple conversions since the same symbol in different
systems can have different physical dimensions. To
clarify the meanings of the units, we summarize basic
electromagnetic relations for SI, Gaussian, and H-L
systems below. The Coulomb law for the magnitude F
of the force acting on each of two static charges q and Q
separated by a distance r in a homogeneous medium of
permittivity ε can be written

F =
1

4πε

qQ

r2 , (1.1)

where in a vacuum, ε is1

ε0 =


(
µ0c

2
)−1

, SI
(4π)−1

, Gaussian
1, H-L ,

(1.2)

with the closely related permeability of vacuum given by

µ0 =

 4π × 10−7 N/A2 , SI
4π , Gaussian
1, H-L .

(1.3)

1We deviate here from Jackson [4] who takes ε0 = µ0 = 1 in
Gaussian units and must introduce additional constants to relate
the units. The physically important quantities are the relative
values εr ≡ ε/ε0 and µr ≡ µ/µ0, which in traditional Gaussian-unit
notation are written without the r subscript.
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Table 1.1. Table of physical constants. Uncertainties are given in parentheses.

Quantity Symbol Value Units

speed of light in vacuum c 2.997 92458 108 ms−1

gravitational constant G 6.672 59(85) 10−11 m3kg−1m−2

Planck constant h 6.626 0755(40) 10−34 J s
h̄ = h/2π 1.054 57266(63) 10−34 J s

elementary charge e 1.602 17733(49) 10−19 C
4.803 2068(15) 10−10 esu

inverse fine structure constant, 4πε0h̄c/e2 α−1 137.035 9895(61)
magnetic flux quantum, h/2e Φ0 2.067 83461(61) 10−15 Wb
atomic mass unit, 1

12m( 12C) mu = u 1.660 5402(10) 10−27 kg
muc2 931.494 32(28) MeV

electron mass me 9.109 3897(54) 10−31 kg
5.485 79903(13) 10−4 u

muon mass mµ 0.113 428913(17) u
proton mass mp 1.007 276470(12) u
neutron mass mn 1.008 664904(14) u
deuteron mass md 2.013 553214(24) u
α-particle mass mα 4.001 506178(84) u
Rydberg constant, mecα

2/2h R∞ 1.097 373156834(24) 107 m−1

R∞c 3.289 841960305(72) 1015 Hz
R∞hc 13.605 6981(40) eV

2.179 8741(13) 10−18 J
Bohr radius, α/4πR∞ a0 0.529 177249(24) 10−10 m
Hartree energy, e2/[4πε0]a0 = 2R∞hc Eh 27.211 3961(81) eV

Eh/h 6.579 68392061(14) 1015Hz
Eh/hc 2.194 746313668(48) 107 m−1

Compton wavelength, αa0 λC = λC/2π 3.861 59323(35) 10−13 m
classical electron radius, α2a0 re 2.817 94092(38) 10−15 m
Thomson cross section, 8πr2

e/3 σe 0.665 24616(18) 10−28 m2

Bohr magneton, eh̄/2me µB 9.274 0154(31) 10−24 JT−1

5.788 38263(52) 10−5 eVT−1

electron magnetic moment µe/µB 1.001 159652193(10)
muon magnetic moment µµ/µB 4.841 97097(71) 10−3

proton magnetic moment µp/µB 1.521 032202(15) 10−3

neutron magnetic moment µn/µB 1.041 87563(25) 10−3

deuteron magnetic moment µd/µB 0.466 975447(91) 10−3

electron g factor 2(1 + ae) gµ 2.002 319304386(20)
muon g factor 2(1 + aµ) gµ 2.002 331846(17)
proton gyromagnetic ratio γp 2.675 22128(81) 108 s−1T−1

Avogadro constant NA 6.022 1367(36) 1023 mol−1

Faraday constant, NAe F 9.648 5309(29) 104 Cmol−1

Boltzmann constant kB 1.380 658(12) 10−23 JK−1

8.617 385(73) 10−5 eVK−1

kB/Eh 3.166 830(27) 10−6 K−1

molar gas constant R 8.314 510(70) Jmol−1 K−1

molar volume (ideal gas), RT/P
T = 273.15 K, P = 101.325 kPa Vm 0.022 41410(19) m3 mol−1

T = 273.15 K, P = 100 kPa Vm 0.022 71108(19) m3 mol−1

Stefan-Boltzmann constant π2k4
B/(60h̄3c2) σ 5.670 51(19) 10−8 Wm−2 K−4

first radiation constant, 2πhc2 c1 3.741 7749(22) 10−16 Wm2

second radiation constant, hc/kB c2 0.014 38769(12) mK
Wien displacement constant, λmaxT = c2/4.965 114 23 b 2.897 756(24) 10−3 mK
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Note that ε0 and µ0 are dimensionless in H-L and
Gaussian units, but not in the SI units. Current
or electric charge is an independent quantity in the
MKSA system but can be expressed in purely mechanical
dimensions in the H-L and Gaussian systems. Thus, in
Gaussian units, 1 statcoulomb = 1 dyne1/2cm, but in
SI, even though the ampere is defined in terms of the
attractive force between thin parallel wires carrying equal
currents, there is no mechanical equivalent for the ampere
or the coulomb. To establish such an equivalence, one
can supplement the SI units by assigning a dimensionless
number to ε0 or to µ0 . Gaussian and H-L units arise
from two different assignments. The result of assigning
a number to ε0 is analogous to the relation 1 s = 3̇× 108

m established between time and distance units if one
sets the speed of light c = 1, a convention often used
in conjunction with H-L units. (Note that for simplicity,
the pure number 2.997 92458, equal numerically to the
defined speed of light in vacuum in units of 108 m/s, is
represented by 3̇.) Thus, although within the Gaussian
system, where the assignment 4πε0 = 1 is made, it
is justified to assert that 1 coulomb equals 3̇ × 109

statcoulombs, this is not true in pure SI, where there
is no equivalent mechanical unit for charge.

Maxwell’s macroscopic equations can be written

λ∇·D = ρ ,

λc′∇×H− λ
∂D
∂t

= j ,

c′∇×E +
∂B
∂t

= 0 ,

∇·B = 0 ,

(1.4)

with the macroscopic field variables related to the polar-
izations P and M by

λD = ε0E + P = εE

λH = µ−1
0 B−M = B/µ

(1.5)

(the last equalities for D and H hold only for homoge-
neous media) and

λ =
{

1, SI
ε0 = µ−1

0 , Gaussian or H-L ,
(1.6)

c′ =
{

1, SI
c, Gaussian or H-L .

(1.7)

In Gaussian or H-L units, fields E,B,D,H, and polar-
izations (dipole moments per unit volume) P,M all have
the same dimensions, whereas in SI units the microscopic
fields E and B have dimensions that are generally distinct
from each other as well as from P (or D) and M (or H)
respectively. In all three unit systems, the dimensionless
ratio ε/ε0 is called the dielectric constant (or relative per-
mittivity) of the medium, and the (dimensionless) fine-
structure constant is
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α =
1

4πε0

e2

h̄c
(1.8)

with a numerical value α−1 = 137.035 989 5 (61) .
In atomic units (see Sect. 1.3), the factor e2/ (4πε0),

the electron mass me, and h̄, Planck’s constant divided by
2π, are all equal to 1. In Gaussian and H-L systems, these
conditions determine a numerical value for all electro-
mechanical units. Thus in Gaussian units, the electronic
charge is e = 1 whereas in H-L units e =

√
4π . In

the SI system, on the other hand, the three conditions
e2/ (4πε0) = me = h̄ = 1 determine numerical values
for mechanical units but not for electromagnetic ones.
A complete determination of values requires that ε0 also
be assigned a value. The choice most consistent with
previous work is to take e = 1 = 4πε0 . This choice is
made here.

Since a volt is a joule/coulomb and a statvolt is
an erg/statcoulomb, 1 volt corresponds to (but is not
generally equal to, since the physical dimensions may
differ)

107 erg
2 997 924 580 statcoulomb

=
1

3̇00
statvolt . (1.9)

In Gaussian units, the unit of magnetic field, namely
Gauss (B) or Oersted (H) has the same physical size
and dimension as the unit of electric field, namely
statvolt/cm, which in turn corresponds to an SI field of
3̇ × 104 V/m. However, the tesla (1 T = 1 weber/m2),
the SI unit of magnetic field B (older texts refer to B as
the magnetic induction), has the physical dimensions of
V s/m2. To find the correspondence to Gaussian units,
one must multiply by the speed of light c:

1T c = 3̇× 108 V/m (1.10)

which corresponds to 104 statvolt/cm and hence to 104

gauss.
Below are two tables relating basic mechanical and

electromagnetic quantities. Caution is required both
because the same symbol often stands for quantities of
different physical dimensions in different systems of units,
and because factors of 2π sometimes enter frequencies,
depending on whether the units are cycles/s (Hz) or
radians/s. The double-headed arrows (↔) indicate a
correspondence between quantities whose dimensions are
not necessarily equal. Thus for example, the force
on an electron due to a Gaussian electric field of 1
statvolt/cm is the same as due to an SI electric field
of 3̇× 104 V/m. The correspondences between Gaussian
and SI electrostatic quantities become equalities if and
only if 4πε0 = 1 . Thus they are equalities within the
Gaussian system but not within the less constrained
SI scheme. The SI and Gaussian units of magnetic
field have different dimensions unless both ε0 and c
are set equal to dimensionless numbers. Natural H-L
by G. W. F. Drake, AIP Press, New York c© 1996.
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Table 1.2. Conversion factors for various physical quantities.

Quantity SI units Gaussian units Natural H-L units: h̄ = c = ε0 = 1

length 1 m = 102 cm = 1 m
mass 1 kg = 103 g ↔ 3.519 341 3 (21)× 108 m−1

time 1 s = 1 s ↔ 2.997 924 58× 108 m
velocity 1 m/s = 102 cm/s ↔ 3.335 640 951 98 · · ·× 10−9

energy 1 J=1 kg m2/s2 = 107 erg ↔ 3.163 026 2 (19)× 1025 m−1

action 1 J s = 107 erg s ↔ 0.948 251 40 (57)× 1034

force 1 N = 1 J/m = 105 dyne ↔ 3.163 026 2 (19)× 1025 m−2

power 1 W = 1 J/s = 107 erg/s ↔ 1.055 071 97 (63)× 1033 m−2

intensity 1 W/m2 = 103 erg/cm2 ↔ 1.055 071 97 (63)× 1033 m−2

charge 1 C = 1 A s ↔ 3̇× 109 statcoul ↔ 1.993 684 01 (61)× 1013

potential 1 V = 1 J/C ↔ 1/3̇00 statvolt ↔ 1.586 523 3 (11)× 1012 m−1

electric field 1 V/m = 1 N/C ↔
(
3̇× 104

)−1
statvolt/cm ↔ 1.586 523 3 (11)× 1012 m−2

magnetic field 1 T = 1 N/(Am) ↔104 gauss ↔ 4.756 277 3 (32)× 1020 m−2

Table 1.3. Physical quantities in atomic units with
h̄ = e = me = 4πε0 = 1, and α−1 = 137.035 989 5 (61).

Quantity Unit Value

length a0 0.529 177 249 (24)× 10−10 m
mass me 0.910 938 97 (54)× 10−30 kg
time h̄/Eh 2.418 884 326 555 (53)× 10−17 s
velocity vB ≡ αc 2.187 691 42(10)× 106 m/s
energy Eh 4.359 748 2(26)× 10−18 J
action h̄ 1.054 572 66 (63)× 10−34 J s
force Eh/a0 0.823 872 95 (49)× 10−7 N
power E2

h/h̄ 0.180 237 98 (11) W

intensity
E2

h

h̄a2
0

64.364 142 (39)× 1018W/m2

charge e 1.602 177 33 (49)× 10−19 C
potential Eh/e 27.211 396 1 (81) V
electric

field
Eh

ea0
0.514 220 82 (15)× 1012 V/m

magnetic
field

Eh

ea0αc
2.350 518 09 (71)× 105 tesla
units can be considered SI units supplemented by the
conditions ε0 = c = h̄ = 1. They are listed here in
units of meters, although eV are also often used: 1 eV =
5.067 728 9 (15)×106 m−1×h̄c. The correspondences may
be considered equalities within the natural H-L system
but not within SI. More electromagnetic conversions can
be found in Jackson [4]. The data here are based mainly
on the 1986 adjustment by Cohen and Taylor [1] with the
1993 correction to the Rydberg constant[3].

A few additional energy conversion factors are

1 eV = 1.602 177 33 (49)× 10−19 J
= 2.417 988 36 (72)× 1014 Hz× h
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= 8 065.541 0(24) cm−1 × hc

= 3.674 930 9 (11)× 10−2 Eh

= 1.106 044 5 (10)× 104 K× kB

= 23.049 524 (20) kcal/mol
= 96.485 309 (82) kJ/mol

The basic unit of temperature, the kelvin, is equivalent
to about 0.7 cm−1, i.e., the value of the Boltzmann
constant kB expressed in wavenumber units per kelvin
is 0.695 039(6) cm−1/K. Since K is the internationally
accepted symbol for the kelvin [5], this suggests that the
use of the letter K as a symbol for 1 cm−1 (1 kayser)
should be discontinued.

1.3 ATOMIC UNITS

Atomic and molecular calculations based on the
Schrödinger equation are most conveniently done in
atomic units (a.u.), and then the final result converted
to the correct SI units as listed in Table 1.3. In atomic
units, h̄ = me = e = 4πε0 = 1. The atomic units of
length, velocity, time, and energy are then

length : a0 =
h̄2

mee2 =
h̄

αmec
,

velocity : vB = e2/h̄ = αc ,

time : τ0 =
h̄3

mee4 =
h̄

α2mec2 ,

energy : Eh = e2/a0 = α2mec
2 ,

where, from the definition (1.8), the numerical value of
c is α−1 = 137.035 9895(61) a.u. For the lowest 1s
state of hydrogen (with infinite nuclear mass), a0 is the
Bohr radius, vB is the Bohr velocity, 2πτ0 is the time
to complete a Bohr orbit, and Eh (the Hartree energy)
is twice the ionization energy. To include finite nuclear
ted by G. W. F. Drake, AIP Press, New York c© 1996.
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Table 1.4. Values of e, π, Euler’s constant γ, and the
Riemann zeta function ζ(n).

Constant Value

e 2.718 281828459 045235360 287471352 66
π 3.141 592653589 793238462 643383279 50
π1/2 1.772 453850905 516027298 167483341 14
γ 0.577 215664901 532860606 512090082 40
ζ(2) 1.644 934066848 226436472 415166646 02
ζ(3) 1.202 056903159 594285399 738161511 45
ζ(4) 1.082 323233711 138191516 003696541 16
ζ(5) 1.036 927755143 369926331 365486457 03
ζ(6) 1.017 343061984 449139714 517929790 92
ζ(7) 1.008 349277381 922826839 797549849 80
ζ(8) 1.004 077356197 944339378 685238508 65
ζ(9) 1.002 008392826 082214417 852769232 41
ζ(10) 1.000 994575127 818085337 145958900 31
mass effects, replace me by the electron reduced mass
µ = M/(M + me).

Atomic energies are often expressed in units of the
Rydberg (Ry). The Rydberg for an atom having nuclear
mass M is

1 Ry = RM = M(M + me)−1 R∞ , (1.11)

with

R∞ = mecα
2/(2h) = 10 973 731.568 3(3) m−1 ,(1.12)

which is equivalent to 13.605 698(4) eV. The Rydberg
constant R∞ is thus the limit value for infinite nuclear
mass.

The energy equivalent of the electron mass, mec
2,

is 510.99906(15) keV. This energy is a natural unit
for relativistic atomic theory. For example, for inner-
shell energies in the heaviest elements, the binding
energy of the 1s electron in hydrogenic Lr (Z=103) is
0.338 42 mec

2.

1.4 MATHEMATICAL CONSTANTS

A selection of the most important mathematical con-
stants is listed in Table 1.4. More extensive tabulations
and formulas can be found in the standard mathematical
works [6, 7] (see also Chap. 9).

1.4.1 Series Summation Formula

The Riemann zeta function defined by ζ(n) =∑∞
i=1 i−n (see Table 1.4) is particularly useful in sum-

ming slowly convergent series of the form

S =
∞∑
i=1

Ti . (1.13)

For example, suppose that the series

Ti = t2i
−2 + t3i

−3 + · · · (1.14)

for the individual terms in S is rapidly convergent for
i > N , where N is some suitably large integer. Then

S =
N∑
i=1

Ti + t2ζ
N (2) + t3ζ

N (3) + · · · , (1.15)

where ζN (n) = ζ(n)−
∑N
i=1 i−n is the zeta function with

the first N terms subtracted. For N sufficiently large,
only the first few tj coefficients need be known, and they
can be adequately estimated by solving the system of
equations
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TN = t2N
−2 + t3N

−3 + · · ·+ tk+2N
−k−2 , (1.16a)

TN−1 = t2(N − 1)−2 + t3(N − 1)−3 + · · ·
+ tk+2(N − 1)−k−2 , (1.16b)

...
TN−k = t2(N − k)−2 + t3(N − k)−3 + · · ·

+ tk+2(N − k)−k−2 , (1.16c)

where k + 1 ≤ N is the number of terms retained in Eq.
(1.14).

REFERENCES

1. E. R. Cohen and B. N. Taylor, Rev. Mod. Phys. 59, 1121
(1987).

2. B. N. Taylor and E. R. Cohen, J. Res. Natl. Inst. Stand.
Technol. 95, 497 (1990); E. R. Cohen and B. N. Taylor,
Physics Today, 44 (8), BG 9 (1995).

3. F. Nez, D. Plimmer, S. Bourzeix, L. Julien, F. Biraben, R.
Felder, Y. Millerieux, and P. De Natale, Europhys. Lett.
24, 635 (1993); F. Nez, D. Plimmer, S. Bourzeix, L. Julien,
F. Biraben, R. Felder, O. Acef, J. J. Zondy, P. Laurent,
A. Clairon, M. Abed, Y. Millerieux, and P. Juncar, Phys.
Rev. Lett. 69, 2326 (1992).

4. J. D. Jackson, Classical Electrodynamics, 2nd edition
(Wiley, New York, 1975), Appendix.

5. The International System of Units (SI), NIST Spec. Publ.
330, edited by B. N. Taylor (U. S. Government Printing
Office, Washington, 1991), p. 29.

6. M. Abramowitz and I. A. Stegun, Handbook of Mathemat-
ical Functions (Dover, New York, 1965).

7. I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals,
Series, and Products (Academic Press, New York, 1965).
d by G. W. F. Drake, AIP Press, New York c© 1996.


	Table of Contents
	1. Units and Constants
	1.1 PHYSICAL CONSTANTS
	1.2 ELECTROMAGNETIC UNITS
	1.3 ATOMIC UNITS
	1.4 MATHEMATICAL CONSTANTS
	1.4.1 Series Summation Formula

	REFERENCES


