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AN EXTENSION OF THE S.I. UNIT SYSTEM FOR
USE IN PHYSICS

0liver Johns

Nuclear Science Division
 Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
ABSTRACT
At present there are two major unit systems in use in physics:..the_cgé-
Gaussian systém of "scientific" unfts and the Systéme Internationa] (S1) of
"practical” units. It 15 shown that a single unified unit éystém sditab]e for
both scientific and practical use can be achieved by adding somerauxi1iary
"scientific" electromagnetic units to the SI. These aux11iary e]ectromégnetic
vunits,would;be used in research areas such as radiation theory, quantum:
mechaniés, etc;, for which the ordinary SI e]ectromagnetfc.units aré inappro-
priate. The definitions of the proposed auxiliary units are symmetric in fdrm
and are easily remembered. They afe chosen so.that the factors €0 and ug
do not appear in equatiohs written in auxiliary uniﬁs. vA]so, to convert
magnitudes in auxiliary units to SI magnitudes, or vice versa, only one unit

conversion factor k, need be remembered (kg ~ 900 SI units).
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I. THE UNITS IMPASSE

The hopelthat.the Syétéme Internationai d'Unités would lead to unificainn_
and simplification of scientific and engineering meééurEments has beeﬁ disapbointéd
in at least one:aheé. Many physic}sts, in particu]ér theorists, have refused to
adopt the Systeme Ihternation&l (SI) in their reSeakch work and publications.

Thus we find, for'example, é set of introductory physics texts,l' and texts

in e]ectr‘odynamics2 and quantum mecham’cs3’4 using the cgs-Gaussian unit system

ten tq twenty years after the standarization and offfﬁia] adoption of the

Giorgi syste'rn‘;5 A 4

| ‘While habit and simple inertia maylbe partly responsible, there is no doubt
thaf'one principal stuhb]ing b]ock'to the univeréaT adoption of the Systeme
International is the ineTegance of the Giorgi system of e]éctromagnetic units,
paftfcu]ar]y when applied td physics prob]ems such as the electromagnetic field
relations in empty space. In a diécussion of the emission of radiation by a

single atom, for example, factors €_ and Mo appeaf which convey'nO'physical in-

)
vformation. They are simply factoré of unit conversion. These factor; are
vﬁeWed by many physicists as an unnecesséry bother, one which they can easi]y'
avoid by retaining.the égs unft system;

On the other hand, the simu]taheous_existence of two combjete systems of
units, cgs and SI, is confusing and unsatisfactory, particu1ar1y for under-
'graduates’meeting physics for the first time. Of course there should be, and
“always will'be, special unité'for special areas of physics, such as the parsec,
angstrom, fie]d thebfy units, barn, etc. But an agreement among physiciéts}on
one system which.wouid be u§ed in téaching and to which all other units would
be universal1y referred wou]d uhdoubted1y'he1p beginnérs approach the study of
physics hqre securely.. Requfring students fo.fearn not only two complete

systéms of electromagnetic units, but also two complete systems of mechanical
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units and the conversion factors»between (joules to ergs, newtons to dynes,
etc.), seems an overly drastic solution to the inelegance of the Giorgi elec-
tromagnetic unit'system. The advantages of a universally accepted system are

: so obvious that the refusal of so many physicists to adopt the SI must be con-
~stdered-strong evidence of its inapprophiateness and unacceptabiTity in their
specialties. .

Progress toward unification of scientific measurements seems to have
reached an impasse, one which threatens to become perhanent. ‘To be useful
in escaping it, a proposed unit system modification: |

(1) Must not be yet another unit system. We do not need more unit“'
systems we need fewer, preferab]y on]y one. | |

(2) Must, 1f possible, serve the needs both of the quantum theor1st
'and the electrical engineer. Both have demonstrated that neither will compro-
mise for the convenience of the otheh.

(3) Mest be easy to remember end contenient to use.

(4) Must be pedagogically sound. No one in the present genehation of
practicing physicists can be expected to change his accustomed system of units;
the system in wh1ch he has become familiar w1th the standard magn1tudes of his
specialty. Thus, a mod1f1cat10n will be accepted only 1f it eases the task of

initiating the next generat1on of researchers.

I justify the presentation of yet another paper on the units question by
noting that many of my colleagues appear to be unaware that such a simp]é_units
transformation as the one proposed here is even possib1e. It.wi11 perhaps be
of some value to remind the physics community that the distinction between

“scientific" and "practical" units is by no means necessary or absolute.

/



-4~

2. PROPOSAL

The SI unit system, despite opposition to it, seems at present the only
one which has any chan;e at all of becoming‘universally actgpted.‘ We propose
here a modification of the SI which would seem t0'meef most of the rationa1‘

- objections to it by physicists. It is essentially & modification by addition.
Instead .of Having two complete unit Systems, the one "scientific" (cQsAGaussian)
‘and the other "practical" (SI), a set of auxiliary "scientific" e]éctromagnetic
quantities is gggggqgg_the "practical” SI unit system. These auxiliary quan-
tities can be defined in a standard way in terms of the SI units ajready in
existehce. They can be designed for the convenience of physicists in much the
same spirit as the physio]ogica]'SI radiation units (candela, etc.) are designed
for the convenience of illumination engiheers. The objective is an augmented

SI which is acceptable to the physics community. The auxiliary quantities
(which_we denote here by the same letter as the corresponding SI unit, but
written in scribt'instead of roman lettering) are choseh to give the fkee field
éléctromagnetic equations a suitably elegant and physically meaningful fdfm.

In particU]ar, the factors e, and u, do not appear at all when theyraré uééd;
Fortunately, such auxi]iafy quantities can be defined in a‘way which ié quite
simple and easy to remember. Only one unit coﬁversion fattof, which we denote
kg» is neéded. By fortunate accident, its appréximate numerical Valﬁe_is an
easiiy remembered number. It is kg = uB% = 900 SI units to one percent aécuraty.
Aside ffom this one number kg, the numerical QaTues of €4 and y, are not used,
and do not need to be remembéred. .

A great advantage of the proposed scheme of,a0xi1iafy quantitiés is that
- the mechanica] SI units, such as the meter, joule, étc., are retained. There
are no auxiliary mechanical quantities. A]so;vthose electrical SI units such

as inductance, capacitance, etc., which are of little use in a large c]ass»of

»
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problems in theoretical and quantum physics, are not given corresponding
auxiliary quantities; -(Auxi]iary quantitieé related to inductance, etc., can
be defined, of course. But there is little point in doing so.) We want to.
emphasize that we are not proposing yet another complete unit system. By
retaining the SI, and augmenting it with auxi1fary quantities which can be
used comfortably by a large group of.researchers in physics, we hope to satisfy
the first two criteria above, unification and versatility. |

Since criterion 4 above, pedagogical usefullness, fs perhaps the most
important of the four, we choose to presenf the details of the scheme of
auxiliary quantities as it would.be presented in, say, an advanced under-
graduate electrodynamics text book. | |

To begin, the students would be introduced to electrostatics and mégneto—

statics in terms of the usual SI units. They would Tearn the usual equations

T

T 1 af 3. o TxA
4y 2

0 r r

(-I -a sb)

and the definitions 6f the hacroscopic field quantities D, P, M, and H. The
chcepts of inductance, capacitance, resistance, flux, etc., would also be
introduced in the first section, along with the energy relations for static
and quasi-static fields. The first section of the text, presented entirely in
standard SI units, could conclude with the usual plausability arguments
leading to the Maxwell equations. |

The second section of the text could begin by re-writing the Maxwell
equations in the absence of material bodies (eg., with P = 0 and M = 0) in
'fhe standard SI form, as shown in the second.co1umn of Table IIT below. The

% identified with

empty sbace wave equations would then be derived, and (eouo)'
c, the velocity of light.

- The students would then be told that the SI electromagnetic units, which
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- had been used up to that point in the text, are particularly designed for
problems such as cufredfs in wires, electric ciréuits, etc., for which.it is
important to have current, inductance, capacitance, resistancé measured in
units of practfca1 size. The conversion factors e and u were in fact
introduced to achiéve_these réasonab]e unit magnitudes. But for problems

such a§ the emission of radiation, relativity théory, energy relations of
fields in space, fhese SI electromagnetic units are rather awkward. Therefore,

for the remainder of the book, all equations will be writteh, not in terms of

the standard Sf units, but in terms of auxiliary quantities which are more
convenient to use. For example, the auxiliary qUantities will be chosen to
eliminate € and M, from a11 equations,vihcluding those of fié]d Energy and‘
momentum conservation. Moreover, in regions outside material bodies (where P
and M‘vanish), the equations E=D and B=H will hold identically, both
in units and magnitude.' AiSo the units of £ and B will be the same, with
‘EZ and BZ’ having units of energy density. The faétor c¢ will appear in
equations almost always in the form of a multiplier for dt, making the -
'differehtia1 field equations easy to rémember.

The definitions of the auki]iary quantities which accomplish this sihp]i-

fication would then be derived. The students would be asked-simp]y'to re-write

egs. (1-a,b) with €, and u, each broken into two square-root factors

:'V_" > (Q/‘VEB)‘4“ S 2 ]v1ﬁ§;zfx‘¢>
ot Twm Tz i PTwm Tz (2-ab)
_One can then read off the fequired definitions, A
. . s ) 1 . ) ’
E= Ve  E ‘ B = .V_“T B : (3-a.b)
. ] _
Q = ;@i? Q T f VEE; I - .(3—cfd)-



which defihe the auxiliary quantities, E, B, @, I. -As shown in Table I,

all other auxiliary quantities are related to, and are defined in the :same .

way as, one of these four.‘ Thus P> D, P are defined like @, and. J, ' H;
M like vl; etc., as shown in Table I. The students would be asked to make
for themselves the substitufions of eqs.(3), and . p and J from Table I, into
the SI form of the Maxwell equations. The fesu]t would be the Maxwell equations
expressed entirely in terms of auxiliary quantities, as Shdwn in the third column
of Tab]e»III below. They could also be asked to repeat the derivation of the
empty space wave equations in terms of the auxiliary quantities, to see that
these equétions preserve their form and c¢ 1its meaning as the vé1ocity of light.
| The sfudents would be asked to try to remember the definitions in eqgs. (3).
But they should rea]izé that if they do forget them, they can always go back to
eqns; (1-a,b) which they presumably ‘do know, and repeat the two step derivation
of egs. (3). Thé,é]ementary SI equations themsé]ves thusvservé as a handy

mnemonic to remember the definitions of the auxiliary quantities.

The numerical values of €5 Ho? Veo, and vmo do notfneed to be taught
or remembered. Rather, the text wdu1d define'the conversion factor k0 and use

_ _ 5 .
the just-derived relation ¢ = (g, ug) ° to write

k o
v = 0 (4-a,b)

o ¢

cﬁ\*

1
%

where k0 zy = 900 SI units to- one-percent accuracy and ¢ = 3 x 108 m/s.

o
(Approximate values of k0 and c¢ to various levels of accuracy are given in
Table II.) The students would thus need to memorize outright only the defini-

tion and approximate value of ko'
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But, actually, not even equations (3) and (4) need to be memorized. When

written in terms of ko_and c, the definitions eqs. (3) take the symmetric and

easily remembered form

ko
E=— E | : : B = ko B - (5-a,b)
C 1 _ |
Q@ =—— Q : I=—1 (5-c,d)
. ko , kO | |

in which the. E and B definitions differ only by the divisor ¢ in the
former. Many students would find it eésier simp]y to memorize eqs. (5) and
the vélue ko’ rather than remehbering eqs. (3) and (4). .A1though these studehts
shdu]d be able to derive egs. (3) in order to feel secure with the auxiliary
quantities, they will in facf‘not usé‘eqs. (3)vvery much in problem solving or
research. This is because problems and problem éreas will in'generai be treated
~either ent1re1y in terms of standard SI units or entirely in terms of aux111ary
quantities. Thus the only use of the aux111ary def1n1t1ons will be in numer1ca1_
evaluations of aux111ary quant1t1es at the beg1nn1ngs and ends of ca]cu]at1ons,
in which the data are given in SI units and the final numerical result are to be’
standard SI magnitudes. VSuch'numerical evaluations can be made_easiTy using
only egs. (5) and the vaides of k0 and c¢c. We note that the four eqs. (5) and
the value of ko should pdse much less of a burden on the memory than that posed,
for example, by the many cdnversion factoks betWeén cgs-Gaussian and‘Si.units.
 After introduction of thé auxiliary quantities, the remainder of the.téxt
caﬁ then use them-exc]usive]y, with reference back to Slrunits,on1y when exp]icit
magnitudes are discussed. Thus Maxwell's equations,.the energy and momentum
re]at1ons of e1ectromagnet1c f1e1ds wave propagat1on emission and absorpt1on

of radiation by charge systems, the covariant formu]at1on of e]ectromagnetlsm,
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etc., would all be.treatéd'entire]y in terms of auxiliary quahtities, The

standard SI forms of equations in these areas would not:even be quoted.

Equations in advanced theory would be Tearned and remembered in their simplest
and most physically meaningful forms, as relations among the’auxiliary quantities.
vaat'any‘point in the text the students are made curious or perturbed by this
procedure, they can always use the easily derived eqs. (3) to return any expression
to the étandérd.SI_form.v Thus the students will bé reéassured that -they are not
being asked to desert the familiar SI unit system, but only to use some new
‘quantities which make the presentation of electromagnetic fheory more elegant, -
symmetric, and easy}to remember. |

~ Although it may be an arguable point, it seems to us more in keépinngith
the idéa] of a single unified unit system to urge the students not to take the
actual magnitudes of the auxiliary quantities too seriously. One should consider
the auxiliary quantities just as stand-ins for the real SI units which express
fhe réa] physical magnitudes. Also, although the auxiliary quantities do have
units which can be derived and quoted, the students should probably be urged not
to write these units out in detail. Thus instead’of B = 900(jou1e/m3)%, one
should write B = 900 ASI units. (ASI is an abbreviation for "Auxiliary Systeéme
International"). Then »B = kO B = 900 ASI units leads to B = 1 weber/mz, which
is the real measure of the magnitude involved. On the other hand, the emphasis
on SI magnifudes should not prevent, for example, presentation of the fact fhat
%BZ is an energy density and hence that the magnitude of B has in that sense an
absolute significance. | |

Table II1 presents several standard electromagnetic equations in both SI

and auxiliary form. One can go back and forth between these forms by the use
of eqs. (3).

For completeness, Table IV presents possible definitions of auxiliary
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quantities which should probably not be emphasized in teaching because the
ordinary SI units are preferable for problem areasbinVO1V1n9 these quantities. -

The only stsiblé exception is the conductivity oy which could be useful when

using auxi]iary quantities in the physics of plasmas. The relations in Tables I

and IV, taken all together, define an internally consistent MKS Heaviside—Lorentz
unit system of auxiliary quantities. But, as we have emphasized above, we are
not proposing the adoption'of_such a comp]eté set of auxiliary quantities as

- yet aﬁother unit system. UWe propose that, by.using the standard SI units in

some problem areas and the selected auxiliary quanfities of Table I in other
problem areas, and by continuing to quoté all physicai.magnitudes in standard

SI units, one gajns the simplicity of Heaviside-Lorentz field équations and

energy relations without losing the universa]ity,of the Systeme Intérnationa].

Yy
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3. CONCLUSION

The subject of electromagnetic units is so worked over that almost any

idea is:1ikely to have,béen proposed before by someone. We have not seen the

. particular substitution of eqs. (3) before, but the general idea of simple

substitutions to convert between unit systems is an old one. For example,
Panofsky and Phi]]ips6 give simple rules for conversion of SI equations to
Gaussian ones. Besides eqs. (3) themselves, the novel parts of our proposal
seem to be the mnemonic trick of using the familiar eqs. (1) to- remember egs.
(3), énd use of ko = 900 SI units and ¢ = 3 X‘108m/s instead of,VEg and \ﬁi;
in numerical evaluations, as in egs. (5).

Also, the idea of adding to the SI a set of auxiiiary quantities with
standard definitions in order to satisfy fhe'needs of the physics community
hés'not, to fhe best of our knowledge, been proposed before. The candela,
lumen, etc., were tacked on to the SI td meet the needs of 111Qmination '
engineers, but no one seems to have proposed doing a similar favor for physicists.

- Students exposed .to a course of study such as the one outlined

- above should emerge with the feeling that no necessary conflict exists between

"practical" and "scientific" unit systems. Such a feeling might eventually lead
to the édoption by the physics community of a Systéme International which had
been suitably modified, in a way such as the one we suggest above, to meet the

special needs of physicists.
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APPENDIX: AN ALTERNATE DEFINITION OF CURRENT

The observant cr%tic will have'noticed that the auxiliary quéntities‘
form whét is Ca]Ted a mixéd unit sy;teh, 1n_wh1ch' J s a "magnetic" unit .
and p* is an "e]ectrdstétic“ unit. That is, we have treated J primarily
as the source of the magnetic induction field B. This choice is 1afge1y a
matter of taste, and we rea11ze that most modern non-SI texts use -an e]ectro-
static def1n1t1on of both current and charge.'

The advantages of our choice are that the factor 1/c mu1tip1yfng' J -

is absent from such equat1ons as 02 A= J F = pxi +J x B and

VxB=d+ E' gf . Also 3, pX forms a four—vector like (Z, V), and
e .y . 6 . T 1 apx nan : :

the continuity equation J + < Sif-- 0 has a "c" multiplying the

“dt" in just‘the_fami1iar way.

The disadvantages of our choice are the necessity to remember that J

is a special quantity, defined by J=p -and not J = py as one might

X C
expect. Thus J and Py have the same units, which may bother some peop]e.

Also, Ohm's law J = l-p E conta1ns a "c" factor, as does the Joule heat1ng
formula cJ * FE = Oy E2 = (Ci) . These latter obJect1ons can be overcome
somewhat by simply noting that Ohm's law and Joule heating always involve

the "electrostatic" current cJ.

We feel that, 'particu1ar1y for radiétioﬁ\theory, quantum theory, and
covar1ant field expressions, our choice is preferab]e Also, the definitions v
in eq (3) fo]]ow completely symmetrically from eqs. (2), which may have some

pedagogical value. But, an é]ectrostatic definition of cufrent is also

(e]ec) (elec).

possible. We denote it below by J and I The only change in

definitions of auxiliary quantities is that the last of eqs. (3), eq. (3-d),
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(elec)

is dropped. The definition of current I is not read directly from eq.

efec) . 1

(2-b). Instead, in Table I, the definitions I( and

(elec) _ 1 : o374 O e .
J = —= J are added to the class of "auxiliary quantities ‘defined 1like

Vo |

Q". Also, I and J are removed from the class "auxiliary quantities defined
like I" and the class has its name changed to -"auxiliary quantities defined

inverse to B". Otherwise, Table I is unchanged. - In Table III, the only change

is to substitute o =~ Js(elec)

s everywhere that J appears, and ‘to cancel

'some redundant "c" factors which then appear. The only change in Table IV

is that the auxiliary inductance becomes L(e]ec)v= éOL, and J i(%_J(e]ec)
and I = %— I(e]ec) are substituted as in Table IIIL.
Needless to say, the important point is not whether J or J(e1ec) is

used, but that one or the other choice be universally and officially adopted.
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TABLE I

Definitions of Auxiliary quantities

Class Name of S.1. S. 1, Auxiliary .. Auxitiary Rule for
unit symbol units symbol - quantity numerical
definition evaluation
. ) ko
Auxiliary Electric E volts/m E E ="Eo E E=—— £
quantities field
are ) ko
defined Electric v volt v 1% =\/E_o v V==V
like £ potential
Charge qQ coulomb Q Q= ] Q Q= —E— Q
‘N o - 0
Auxiliary Charge ) 3 1 c
quantities density P coulombs/m P p. = === p, = p
are - X D x Ky
defined ‘Electric 2 _ __c
1ike @ displacement D coulombs/m b b Ve D b —E D
Polarization P cou]ombs/m2 p P= -l— P P= ——E— P
) 0
M . . 2 -1
agnetic B webers/m B B = i B B = ko B
Auxiliary induction V 0
quantities 2 1
are Vector A amperes/m A A= iR A A= ko A
defined potential . V v}
Magnetic o weber ® = == o, =
flux X X V¥ X 0
Current 1 ampere I I= ‘(”o 1 I= + I
0
Auxiliary Current : 2 J = J J o=
quantities density | J amperes/m J Mo T: J
are
defined Magnetic H amperes/m H H= qfuy H H = —%—— H
like I field (s
1
Magnetization M amperes/m M M =\, M M= M
)
N.B.  The subscript "x" is used for Greek-letter auxiliary symbols.

_g'[..

i

!
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Table 11

Approximate values of the conversion
factors to various levels of accuracy

Quantity Approximate value Approximate va]Uev Approximate value
to 1% accuracy to 100 ppm to .004 ppm.
(blackboard accuracy) accuracy accuracy’

ko' 900 892 '892.062058
c 3 x 108 2.998 x 10° 299792458,

‘N.B. The exact value of k  is k = (4w x 10'7)'%.

0
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Table III

Some equations of electromagnetic theory

written both in standard SI units and in terms of auxiliary quantities

of energy

Comment Equation in S.I, units Same equations in terms of
) auxiliary quantities
Maxwell's AR —%—- P V2= Py
equations 0
VvV B= 0 TF=0
LB .%_ _ 1 3B
AR ViEe-oox
1 _ 3t > 1 F
uo'v’x'é-jfeoat VxB=5F+- 5
"”Empty space (- V2 + ¢ u lﬁﬁqfi= 0 (- v2 + 17. _fﬁyi =0
wave equations ' oo 3t ¢t ot
*.(Same for B) {Same for B)
Continuity . I _ a1 ¥y
equation voJe 3%'_‘0 V.J+ c At 0
Lorent
volur?le'z F=p(®+VxB) F= px(f + %-V x B)
foree. F =pt+IxB o E+Ix3
R 2, 1 B2
Energy density €, E
of field, U U= 5 o y= E*B
Poyntin 1 ¥
vector,gN f= ~g; (E x B) N= c(x3)
Maxwell > ’ ']
stress. T=¢c EE- e E? 3 T-22. %.Ez 3
“tensor, T 0 °-- , ; -
' sl 3.l g3 +35-1p2%
M 2 u 2
o 0
Lorentz . oV _ . 1 oV .
condition VR o+ - 0 vods z -0
Potentials
from o A - Ho J 2 d=7
sources 1
(Lorentz gauge) a2 V= - 0 02 y = Py
: =6
Fie1d§,fromf _ >
potentials §—§xKaK B=¥x1 N
N v = 2 R R.AR = _l..a_;.l.
E= Wi -3
Macroscopic _ 1 1
fields e E=D-P
B=u H+u M B=H+M
Conservation



Table IV

. Auxiliary quantitfes and relations which are
not useful, and which are given here only for completeness

Name of

Joule heating
rate W in
conducting
med{um

=
]

¢ = ’.a._Ji
=J‘E=og E‘ -

W=cJ 'E=

S.1. Auxiliary Auxiliary Rule for
unit units symbol quantity numerical
definition evaluation
- ; 1 R
Inductance henry L L=—1 L=k2L
. : } L 0

) L - 1 C 2

Capacitance farad c. c= —E—-C C=
. : o
Resistance v ohm R R=¢ R ( )

- - orm) 1 .l c
Conductivity (m-ohm)~!. 9, 9, = o -15; o
Comment Equation in S,1. units Same equation in terms of

auxiliary quantities - .
b
‘ ®
Electrostatic .1 @ <1 @
energy U, V=7 "8— V=3 Jg"'
Magnetostatic s ] 2 1 2
energy U, Up=z L1 Un"zLI
_ Magnetic flux - =
of current: o=L1 o P I
_distribution
o ‘ . dr
Induced e.m.f. V=L gtl ve-c i E
" Ohm's law J=oE J -’%- o F

‘4

o .Ez -M
X g
X

- s
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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