
Definition of Standards and

Fundamental-and Derived
Physical Constants*

APPENDIX A

The definition of primary standards is by agreement within the International
Conferasce of Weights and Measures whose most recent general meeting was
October, 1964 in Paris. Measured and derived values of the fundamental physical
constants summarize hundreds of physical measurements made over the years by
scientists in all parts of the world. They have been subjected to exhaustive statis-
tical analysis and, with their accompanying error limits (which are given as three
standard deviations), represent the best values to date (1963). For most problem
work three significant figures suffice, and the "computational" (rounded) values
may be used. The data presented are based largely on values given in the National
Bureau of Standards Technical News Bulletin, Vol. 47, No. 10 (October 1963).

See "A Pilgrim's Progress in Search of the Fundamental Constants," by J. W. M.
Du Mond, Physics Today, October 1965.
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APPENDIX A

DEFINITION OF STANDARDS AND EQUIVALENTS

Abbre-
Standard	 viation

	 Equivalent

16

Meter m

kg

sec

OK

amu
mol

gn

atm

cal

in.
lb

1,650,763.73 wavelengths in vacuo of the un-
perturbed transition 2p,o-5d 5 in Kr

mass of the international kilogram at Sèvres,
France

9,192,631,770 vibrations of the unperturbed
hyperfine transition 4,0-3,0 of the funda-
mental state 'St in Cs 123

defined in the thermodynamic scale by assign-
ing 273.16 °K to the triple point of water

- the mass of an atom of the C 12 nuclide
amount of substance containing the same num-

ber of atoms as 12 gm (exactly) of pure C'2
9.80665 meter/sec2

101,325 nt/meter2

4.1840 joules
0.001,000,028 meter'
0.0254 meter
0.453,592,37 kg

Kilogram

Second

Degree Kelvin

Unified atomic mass unit
Mole

Standard acceleration of
free fall

Normal atmospheric
pressure

Thermochemical calorie
Liter
Inch
Pound (avdp.)

• There is no measurable difference between this and the previous standard of
time, 1/31,556,925.9747 of the tropical year at 12 l ET, 0 January 1900. For this
reason and because even more accurate maser standards may soon be available, the
Cs standard was adopted provisionally rather than "permanently."
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FUNDAMENTAL AND DERIVED CONSTANTS

Best Experimental
Name	 Symbol	 Computation3 Value	 Valorsb 	..

Speed of light
Permeability constant
Permittivity constant
Elementary charge
Avogadro constant

Electron rest mass
Proton Test mate
Neutron rest mass
Faraday constant
Planck constant

Flat structure constant
Electron charge/mate ratio
Quantum/charge ratio
Electron Compton wavelength
Proton Compton wavelength

Rydb.rg constant
Bohr radius
Bohr magneto;
Nuclear magneton
Proton magnetic moment

Universal gas constant
Standard volume of ideal gas
Bolts1nann constant
First radiation constant r 2 &c'
Second radiation constant h./3

Wien displacement constant
Stefan-Boltzmann constant
Gravitational constant

3. 0(t X 10 4 meters/sec
1.26 X 10' henry/meter
8.85 X 10'° faral/meter
1.80 X 1019coul
8.02 X 1024/mole

9.11 X 10 81 kg
1.87 X 10-27 kg
1.87 X 10kg
9.65 X 10 cool/mole
8.63 )< iO' joule Sec

7.30 X 10
1.76 X 10" cool/kg
4.14 X 10" joule soo/coul
2.43 X 10-12 meter
1.32 X 10-11 meter

1.10 X  107/taeter
8.29 )( 10" meter
9.27 X 1014joule/teslaa
5.05 X 10-27 joule/t"1.
1.41 X lO joule/teal..

8.31	 joule/OK mole
2.24 X 10-2 metar°/mole
1.38 X 10-28 joule/K
3.74 )( 10	 watt/meter5
1.44 X iO meter K

2.90 X 10 meter K
5.67 X 10' watt/meter' K4
6.67 )( lO	 ot mntar°/kg'

2.997925 * 0.000003
4v X 10 .,.actly
8.85418 ± 0.00002
1.60210 * 0.00007
6.02252 ±• 0.00028

9.1091 ± 0.0004
1.67252 ± 0.00008
1.67482 ± 0.00008
9.64870 ± 0.00016
6.6256 ± 0.0005

7.29720 ± 0.00010
1.758796 * 0.000019
4.13556 ± 0e00012
2.42621 ± 0.00006
1.32140 ± 0.00004

1.0973731 ± 0.0000003
5.29167 ± 0.00007
9.2732 ± 0.0006
5.0505 ± 0.0004
1.41049 ± 0.00013

8.3143 ± 0.0012
2.24136 ± 0.00030
1.38054 ± 0.00018
3.7405 ± 0.0003
1.43879 ± 0.00019

2.8978 ± 0.0004
5.6697 ± 0.0029
6.670 ± 0.015

C

no

S

No

X4

IMP
M.
P
A

a
5/00.

A/s

AC

AC,

R.

00

MB

MY

Mt

R

A

Cl

Cs

b
S

a

a Tools - weber/meter'.
Same units and power of ten a. the computational value.



Miscellaneous Terrestrial Data
APPENDIX B

Standard atmosphere 1.013 X 101 nt/meter'
14.70 lb/in1
760.0 mm-Hg

1.293 kg/meter*
2.458 X 10 slug/ft'

331.4 meters/sec
1089 ft/sec
742.5 miles/hr

9.80665 meters/sec'
32.1740 ft/sec'

1340 watts/m2
1.92 cal/cm'-min

3.92 X 1026 watts

6.378 X 10 6 meters
3963 miles

6.357 X 10 6 meters
3950 miles

1.087 X 10 21 meter'
3.838 X 10 22 ft$

6.371 x 105 meters
3959 miles
2.090 X 107 ft

Density of dry air at STP

Speed of sound in dry air at STP

Acceleration of gravity, g (standard value)'

Solar constants

Mean total solar radiation

Equatorial radius of earth

Polar radius of earth

Volume of earth

Radius of sphere having same volume

18



MISCELLANEOUS TERRESTRIAL DATA	 19

Mean density of earth 	 5522 kg/meters

Mass of earth

Mean orbital speed of earth

Mean angular speed of rotation of earth

Earth's magnetic field, B (at Washington, D. C.)

Earth's magnetic dipole moment

5.983 X 10 kg

29,770 meters/sec
18.50 miles/sec

7.29 X 10 radians/sec

5.7 X 10 tesla"

6.4 X 102I amp-m2

STP = standard temperature and pressure 00 C and 1 atm.
b This value, useçl for barometer corrections, legal weights, etc., was adopted by

the International Committee on Weights and Measures in 1901. It approximates
450 latitude at sea level.

The solar constant is the solar energy falling per unit time at normal incidence
on unit area of the earth's surface.

d Tesla = weber/meter1.
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THE SOLAR SYSTEM
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38

9. C08h z — sinh x

10.A arctanz —

11.—arcsinz—
dx	 z2

112. d- arcsec z	 _____
dx

d
B. —coo — —sin 

dx

14. - sin x — cos x
dz

15. tan  — sec'x

16. cot  — - csc2x
dz

17. —secx — tan x see z
dz

18.
a
- csc x — - cot x cec z
dz

APPENDIX I

9. f sinh z dx cosh x

10.
ax	

arctanx
f1+x

dx
11. - arcslnx

f\/1_x2

(	 dx
12. arceec x

fJ x'/x—i

13. f sin x dx — - cos x

14. f cos xdz= sin x

19. f tan xdx	 in Isecxl

20. f cot xdz=ln lain xl

21. f see xdx — lnlsecx + tan zl

22. f cscrdx in Jcscx - cotxj

Vector products

Let 1, j, k be unit vectors in the x, y, z directions. Then

	

= j . j =k•k 1,	 1  =j •b =k . i =0,

iXi=jXj=kxk=0,

iXj=k,	 jXk=i,	 kXi=j..

Any vector a with components a, a, a, along the x, y, z axes can be written
a — a,I + O,,i + ak.

Let a, b, c be arbitrary vectors with magnitudes a, b, c. Then
a X (b + c) a X b + a x 

(Sa) X  -a X(sb) 8(a xb)	 (sascalar).
Let 0 be the smaller of the two angles between a and b. Then

a b b a = a,b, + a,b,, + a,b, ab cos 0

ijk
aXb—hXa	 a o, a,

	

b, b b,	 + (a,b - b,a,)k

Ia XbI=ab sin e
(b X 	 b.(c Xa) = c . (a Xb)

a X (b Xc) — (a - C)h - (a.b)c



Values of Trigonometric Functions

APPENDIX J

TRIGONOMETRIC FUNCTIONS

Radians I Degrees I Sines I Cosines I Tangents

.0000
	

0	 .0000
	

1.0000	 .0000
	

90
	

1.5708
.0175
	

1	 .0175	 .9998	 .0175
	

57.29
	

89
	

1.533
• 0349
	

2
	

0349
	

9994	 .0349
	

28.64
	

88
	

1.5359
.0524
	

3	 .0523
	

9986	 .0524
	

19.08
	

87
	

1.5184
4	 0898	 • 9976	 .0699

	
14.30
	

86
	

1.5010

.0873
	

5	 .0872	 • 9962	 .0875
	

11.430
	

85
	

1.4835
.1047
	

8	 .1045
	

9945
	

1051
	

9.14
	

84
	

1.4661
.1222
	

7	 .1219	 .9925	 .1228
	

8.144
	

83
	

1.4486
.1396
	

8	 .1392	 .9903	 • 1405
	

7.115
	

82
	

1.4312
.1571
	

9	 .1564	 .9877	 .1584
	

6.314
	

81
	

1.4137

.1745
	

10	 .1736	 • 9848	 .1763
	

5.671
	

80
	

1.3963
• 1920
	

11	 .1908	 .9816	 • 1944
	

5.145
	

79
	

1.3788
.2094
	

12	 .2079	 .9781	 .2126
	

4.705
	

78
	

1.3614
• 2269
	

13	 .2250	 .9744	 .2309
	

4.332
	

77
	

1.3439
.2443
	

14	 .2419	 .9703	 • 2493
	

4.011
	

76
	

1.3265.

.2618
	

15
	

2588
	

9659	 .2679
	

3.732
	

75
	

1.3090
.2793
	

16	 .2756
	

9613	 .2867
	

3.487
	

74
	

1.2915
• 2967
	

17	 .2924
	

9563	 .3057
	

3.271
	

73
	

1.2741
.3142
	

18	 • 3090	 .9511	 .3249
	

3.078
	

72
	

1.2566
• 3316
	

19
	

3256	 .9455
	

3443
	

2.904
	

71
	

1.2392

Cosines Sines
	 Tangents I Degrees I Radians

39



40	 APPENDIX .1

TRIGONOMETRIC FuNc'rloNs (Continued)

Radians Degrees Sines Cosines Tangents Cotangents

.3491	 20	 .3420	 .9397	 .3640	 2.748	 70	 1.2217

.3665	 21	 .3584	 .9336	 .3839	 2.605	 69	 1.2043

.3840	 22	 .3746	 .9272	 .4040	 2.475	 68	 1.1868

.4014	 23	 .3907	 .9205	 .4245	 2.356	 67	 1.1694

.4189	 24	 .4067	 .9135	 .4452	 2.246	 66	 1.1519

.4363	 25	 .4226	 .9063	 .4663	 2.144	 65	 1.1345

.4538	 26	 .4384	 .8988	 .4877	 2.050	 64	 1.1170

.4712	 27	 .4540	 .8910	 .5095	 1.963	 63	 1.0996

.4887	 28	 .4695	 .8829	 .5317	 1.881	 62	 1.0821

.5061	 29	 .4848	 .8746	 .5543	 1.804	 61	 1,0647

.5236	 30	 .5000	 .8660	 .5774	 1.732	 60	 1.0472

.5411	 31	 .5150	 .8572	 .6009	 1.664	 59	 1.0297

.5585	 32	 .5299	 .8480	 .6249	 1.600	 58	 1.0123
5760	 33	 .5446	 .8387	 .6494	 1.540	 57	 0.9948

.5934	 34	 .5592	 .8290	 .6745	 1.483	 56	 0.9774

.6,109	 35	 .5736	 .8192	 .7002	 1.428	 55	 0.9599

.6283	 36	 .5878	 .8090	 .7265	 1.376	 54	 0.9425

.6458	 37	 .6018	 .7986	 .7536	 1.327	 53	 0.9250

.6632	 38	 .6157	 .7880	 .7813	 1.280	 52	 0.9076

.6807	 39	 .6293	 .7771	 .8098	 1.235	 51	 0.8901

.6981	 40	 .6428	 .7660	 .8391	 1.192	 50	 0.8727

.7156	 41	 .6561	 .7547	 .8693	 1.150	 49	 0.8552

.7330	 42	 .6691	 .7431	 .9004	 1.111	 48	 0.8378

.7505	 43	 .6820	 .7314	 .9325	 1.072	 47	 0.8203

.7679	 44	 .6947	 .7193	 .9657	 1.036	 46	 0.8029

.7854	 45	 .7071	 .7071	 1.0000	 1.000	 45	 0.7854

Cosines Sines Cotangents Tangents Degrees Radians



1901 Wilhelm Konrad Röntgen
1902 Hendrik Atatoon Lorentz

Pieter Zeeman
1903	 Henri Becquerel

Pierre Curie
Marie Curie

1904 Baron Rayleigh
1905	 Philipp Lenard
1906 Sir Joseph John Thomson

1907	 Albert A. Michelson

1908	 Gabriel Lippoaann

1909	 Guglielmo Marconi
Karl Ferdinand Braun

1910	 .Johannes Diderik van der Wasis

1911	 \Vilttelm Wien
1912	 Silo Gustaf Dalen
1913 Heike Kamerliogh-Onnes

1914 Maxvon Lan,
1915	 Sir William Henry Bragg

Sir AN 	 Lawrence Bragg

1916	 (So award)
1917	 Charles Glover Barkis

1918 Max Planck

1919	 Johannes Stark

1845-1923 . German
1`853-1928 Dutch
1865-1943 Dutch
1852-1908 French
1850-1906 French

	

1867-1934	 French
1842-1919 English
1862-1947 German
1856-1940 English

	

1852-1911	 U. S.

	

1845-1921	 French

	

1874-1937	 Italian
1850-1918 German

	

1837-1923	 Dutch

1864-1928 German

	

1869-1937	 Swedish

	

1853-1926	 Dutch

lS79-1960 German

	

1862-1942	 English

	

1890-	 English-
11i, son

	

1877-1944	 English

1855-1947 German

	

1874-1957	 German

Nobel Prize Winners in Physics 
APPENDIX K

Discovery of X-rays.
Influence of magnetism on the

phenomena of atomic radiation.
Discovery of natural radioactivity

anti of the radioactive elements
radium and polonium.

Discovery of argon.
Research in cathode rays.
Conduction of electricity through

gases.
Invention of interferometer and

spectroscopic and metrological
investigations.

Phobographiq reproduction of
colors.

Development of wireless teleg-
raphy.

Equations of state of gases and
fluids.

Laws of heat radiation.
Automatic coastal lighting.
Properties of matter at low tem-

peratures; production of liquid
hclium

Diffraction of X-rays in crystals.
Study of crystal structure by

means of X-rays.

Discovery of the characteristic
X-rays of elements.

Discovery of the elemental quan-
tum.

Discovery of the Doppler effect
in canal rays and the splitting
of spectral lines in the electric
field.

41
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1920 Charles Edouard Guillaume

1921	 Albert Einstein

1922 Niels Bohr

1923 Robert Andrew. Millikan

1924	 itlanne Siegbahn

1925 James Franck
Gustav Hertz

1926 Jean Porno

1927 Arthur H. Compton

Charles U. R. Wilson

1928 Sir Owen Williams Richardson

1929 Louis-Victor do Broglie
1930 Sir Chaodrasekhara Raman

1931	 (No award)
1932 Werner Heisenberg
1933	 Paul Adries, Maurice Direr

Erwin Schradinger
1934 (No award)
1935 James Chadwick
1936 Victor He.,

Carl David Anderson
1937 Clinton Joseph D.viseon

George P. Thomson
1938 Enrico Fermi

1939 E. 0. Lawrence
1940-
1942 (No awards)
1943 Otto Stern

1944	 Isidor lease Rabi
1945 Wolfgang Pauli

1946 Pr.ry Williams Bridgman
1947 F-r Edward Appleton

1948 Patrick Maynard Stuart Bleekett

1949 Hideki Ykav
1950 Cecil Frank Powell

1951	 Sir John Douglas Cockcroft
Ernest Thomas Sinton Walton

1952	 Felix Blurb
Edward Mills Purcell

1953	 Frit, Zernike

1954 Max Bore

APPENDIX K

1861-1938 Swiss

1879-1955 German

1885-1963 Danish

	

1868-1953	 U. S.

	

1886-	 Swedish

1882-1964 German
1887 German
1870-1942 French

	

1892-1962	 U. S.

	

1869-1939	 English

1879-1959 English

	

1892-	 French

	

1888-	 Indian

	

1901-	 German

	

1902-	 English

	

1887-1961	 Austrian

	

1891-	 English
ISM-1964 . Austrian

	

1905-	 U. S.
1881-1958 U. S.

	

1892-	 English

	

1901-1954	 Italian

1901-1958 U. S.

1888

	

1898-	 U. S.
1900-1958 Austrian

1882-1961	 U. S.

	

1892-	 English

	

1897-	 English

	

1907-	 Japanese

	

1903-	 English

	

1897-	 English

	

1903-	 Irish

	

1905-	 U. S.

	

1912-	 U. S.

	

1888-	 Dutch

	

1882-	 Englishe

Discovery of the anomalies of
nickel-steel alloys.

Discovery of the law of the photo-
electric effect.

Study of structure and radistione
of atoms.

Work on elementary electric
charge and the photoelectric
effect.

Discoveries in the area of X-ray
spectra.

Law, governing collision between
electron and atom.

Discovery of the equilibrium of
sedimentation.

Discovery of the scattering of
X-ray, by charged particle.

Invention of the cloud chamber,
a device to make vi.ible the
path& of charged particle..

Discovery of the law known by
his name (the dependency of
the emission of electron, on
temperature).

Wave nature of electrons.
Work on the scattering of light

and discovery of the effect
known by his name.

Creation of quantum mechanics.
Discovery of new fertile forms of

the atomic theory.

Discovery of the neutron.
Discovery of cosmic radiation.
Discovery of the positron.
Discovery of diffraction of elec-

tron, by crystal..
Artificial radioactive elements

from neutron irradiation.
Invention of the c7clotron.

Work with molecular beams and
magnetic moment of proton.

Nuclear magnetic resonance.
Discovery of quantum exclusion

principle.
High-pressure physic,.
Upper atmosphere physic, and

discovery of Appleton layer.
Diecoverias in cosmic radiation

and nuclear physic,.
Prediction of existence of meson.
Photographic method of studying

nuclear process.,; discoveries
about meson..

Transmutation of atomic nuclei
by artificially accelerated
atomic particle..

Measure of magnetic field, in
atomic nuclei.

Invention of phase contrast
microscopy.

Work in quantum mechanic, and
statistical interpretation of
wave function.



NOBEL PRIZE WINNERS IN PHYSICS 	 43

Walther Both.	 1891-1957 Germ... 	 Analy.is of cosmic rndi*tln using
the coincidence method.

1965 Willis E. Lamb, J.	 1913	 U. S. 	 Fl..e st,.ct..re of hydrogen,
Polyk.rp Euerh	 1911-	 U. S.	 Magnetic moment of electron.

1966 John Be.,deen	 1908-	 U. S.	 Invention and development of
Welter H. BrattaIn	 1902-	 U. S.	 transistor.
William B. Shockley 	 1910-	 U. 8.•

1957 Cb.n Ning Yang	 1922-	 Chinned	 Non-oona.rv.tioo of parity and
Tm.ng D..o Lee	 1926-	 Ch.ncee4	 work in elementary p,ticle

theory.
1958 Paval A. àeranko'r 	 1904-	 Russian	 Discovery and interpretation of

flyn M. Frank	 1908-	 Russian	 C.renkov effect of radiation by
Igor Y. Tnmm.	 1895-	 Russian	 feet charged particle, in matter.

1989 Owen Chamberlain	 1920-	 U. S.	 Discovery of the antiproton.
Emilio Gino Seg,8 	 1905-	 U. 8..

1960 Donald A. Cl,..,	 1926-	 U. S.	 Invention of bubble chamber.
1981 Robert L. Rofetadter 1915- U. S. Electromagnetic structure of no-

rico..s from high-energy el.o-
tron scattering.

Rudolf 1.. M8eebnuer 1929 Germ.... Discovery of recoilless resonance
absorption of gamma rays In
no.1,..

1982 Lee D. Landau 1908- Russian Theory of condensed matter;
phenomena of .oper6uidity and
superconductivity.

1963 Eugene B. Wig..., 	 1902-	 U. S. F	Contributions to theoretical
atomic and nude, physics.

M.rl. Goeppert-May., 	 1906-	 U. B..	 Shell modal theory and magic
J. H. D. Jensen	 1907-	 German	 numbers forth, atomic nucleus.

1964 C. H. Tones	 1915-	 U. S.	 Invention of the maSer and theory
Nikolai Beane	 1922-	 Russian	 of coherent atom, radiation.
Alek..ndr Prokborov	 1916-	 Russian

1965 Richard Feynman	 1918	 U. S.	 Development of quantum eItro.
Jnlian Scbs'lager 	 1918	 U. S.	 dynamic.
8h1n.Iehiro Tomonag.	 1906	 Jnp..ee.

'See N.S.f 27.. Me.. and Hi. Prize., by Schilok at .1.. Elsevier. N. Y.
b Born in G.rmacy; naturalised British clii.....

Born in England; naturalised U. 8.
'Both have permanent U. S. resident status.

Born in Italy; naturalized U. S. citizen.
'Bog.. In Hungary; naturalized U. S. ciii..,.

Born in Germany; naturalised U. S. citizen.
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The Gaussian System of Units
APPENDIX L

Much of the literature of physics is written, and continues to be written, in the
Gaussian system of units. In electromagnetism many equations have slightly
different forms depending on whether it is intended, as in this book, that mks
variables be used or that Gaussian variables be used. Equations in this book can
be cast in Gaussian form by replacing the symbols listed below under "rationalized
mks" by those listed under "Gaussian." For example, Eq. 37-26,

B =	 + M)

B 147r\fcbecomes	 - = - - H + cM
C	 \c2 / \4w

or	 B=H+47rM

in Gaussian form. S ymbols used in this book that are not listed below remain
unchanged. The quantity c is the speed of light.

Quantity	 Rationalized mks	 Gaussian

Permittivity constant 	 to	 1/4w
Permeability constant 	 Ao	 4w/ce
Electric displacement	 D	 D/4w
Magnetic induction	 B	 B/c
Magnetic flux	 4'B	 B,1C

Magnetic field strength	 Li	 cH/4ir
Magnetization	 M	 cM
Magnetic dipole moment	 p.	 cpi.

44
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In addition to casting the equations in the proper form it is of course necessary

to use a consistent set of units in those equations. Below we list some equivalent
quantities in mks and Gaussian units. This table can be used to transform units
from one system to the other.

Quantity

Length
Mass
Time
Force
Work or Energy
Power
Charge
Current
Electric field strength
Electric potential
Electric polarization
Electric displacement
Resistance
Capacitance
Magnetic hux
Magnetic induction

Magnetic field strength
Magnetization
Inductance

Symbol
	

Mks system

I
	

1 meter
M
	 1 kg

1 sec
F
	

1 newton
W, B 1 joule
P
	

I watt
q
	 1 coulomb

I
	 1 ampere

E
	

1 volt/meter
V
	

1 volt
P
	

I coul/meter2
D
	

1 coul/meter2
1?
	

1 ohm
C
	

I. farad
1 weber

B
	

1 tesla	 1 weber/
meter'

H
	

1 amp-turn/meter
M
	

1 sveber/meter2
I
	

1 henry

Gaussian system

10 2 cm
10' gm
1 sec
10 1 dynes
10' ergs
10' ergs/sec
3 X 101 statcoul
3 X 10 statamp

X 10 statvolt/cmh statvolt
3 X 10' statcoul/crn2
12w X 10' statvolt/cm
* X 10 sec cm'
9 X 10" cm
10 1 maxwells
10 , gauss

4w X 10 oersted
1/4w X 10 1 gauss
+ x i0

All factors of 3 in the above table, apart from exponents, should be replaced by
(2.997925 ± 0.000003) for accurate work; this arises from the numerical value of
the speed of light. For example the mls unit of capacitance (= 1 farad) is actu-
ally 8.98758 X 10" cm rather than 9 (= 32) x iO cm as listed above. This
example also shows that not only units but also the dimensions of physical quan-
tities may differ between the two s ystems. In the mks system (see Appendix F)
the dimensions of capacitance are .1I'L 2 T'Q 2 ; in the Gaussian system they are
simply L, the Gaussian standard unit of capacitance being 1 cm.

The student should consult Classical Electromagnetism, p. 611, by J. D. Jackson
(John Wiley and Sons, 1962) for a fuller treatment of units and dimensions.



Answers
Problems

to Odd-Numbered

Chapter 1
1. 6.00 ft - 1.83 meters.
S. 186 miles.

	

5. . (a)	 400.
(b) V./V_,,,, = 6.4 X tOe.
We assume spherical shapes and pre-
cise eclipsing.

7. 2.03 hr.
9. (a) .-. 10 meters (see Table 1-1).

(b) .-. 10 sec (see Table 1-2).
11. C, D, A, B, E (best to worse). The

criteria are first the Constancy and
second the magnitude of the daily
variation.

Chapter 2
3. The displacements should be:

(a) parallel, (&) antiparallel,
(c) perpendicular.

S. The magnitudes are: 5, 10, 11.2, 11.2,
11.2. The angles made with the
2-axis are: 323, 53.10, 26 . 5 0, 79•70,
and 260.

7. 81.0 miles; 39.5 N of E.
	9. (a) a	 -2.8 meters;

a. - -2.8 meters.
6. - 5.0 meters; b5 - 0.

- 3.0 meters; c	 5.2 meters.
(b) d, - 5.17 meters;

d5	 2.37 meters.

(c) 5.69 meters; 24 .6 0 N of E.
(d) 5.69 meters; 24.60 S of W.

13. r0 - 2.0 miles; r1, - r, - 4.0 miles.
15. (a) 21 ft.

(6) Can be greater but not less.
(c) lOi + 12j + 14k for a particular

choice of axes.
17. 6050 mileS, pointing through the

earth from Washington to Manila.
21. (a) Scalar of magnitude 30 units'.

(b) Vector of magnitude 52 units'
perpendicular to the plane formed
by a and b.

31. (a) d - d5 - a2 ; d - - a2.
(b) b . c -a';d•c-d.b-o.

Chapter 3

I. (a) 5.7 ft/sec
(b) 7.0 ft/see.

3. (a) Infinite number.
(b) 60 miles.

S. 3000 ft/see 2, upwards.
7. OA AB BC CD

V, + 0 + +
as. - 0 + 0
Intervals OA and BC

9. 8.0 X 10' 4 mete',/sec'.
11. 10 cm; no time.
13. (a) 5.0 ft/sec2.

(b) 4.0 sec.
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(c) 6.0 sec.
(d) 90 ft.

15. (a) 15 ft/sec.
(b) 5.0 ft/sec.
(c) 23 ft.

17. No.
19. (a) 57 ft/sec.

(b) 3.6 sec.
21. 3.41 see; 187 ft.
23. (a) 3.5 X 10 it.

(b) 330 sec.
25. 40 ft /see.
27. A ft.
29. (a) 17 sec.

(b) 290 meters.
31. (a) a: LT- 2 ; ft/sec2.

b: LT-'; ft/sec'.
(b) 2.0 sec.
(c) 24 ft.
(d) -16 ft.
(e) 3.0, 0.0, -9.0, -24 ft/sec.
(f) 0.0, -6.0, -12, -18 ft/sec.2

Chapter 4

3. The third step.
7. 76°.
9. 1.9 in.

11. Yes.
13. (a) 2.0 mm.

(b) vho,	 1.0 X log cm/sec.
-0.20 X 10 9 cm/sec.

15. Electron 5.5 X 10 -15 meter.
Neutron 1.0 X 10 meter.
Neon 1.4 X 10 meter.
Oxygen 2.3 X 10' meter.
Golf ball 4.9 X 10 meter (assum-

ing lOt) meters/sec).
19. (a) vo cos 80.

(b)g.
(c) v .1. a.
(d) (v0 2 /g) cos' Oo.

21. 6.7 )( 106 meters/sec.
. 2400 meters/sec2.

(a) 4.2 meters at 45°;
5.5 meters at 68°;
6.0 meters at 90°.

(F,) 4.2 meters at 135°.
(c) 0.85 meter/sec at 135°.
(d) 0.94 meter/see at 900;

0.94 meter/sec at 180°.
(e) 0.27 meter/sec 2 at 225°.
(1) 0.30 meter/sec 2 at 180°;

0.30 meter/sec 2 at 270°.
All angles are measured counter-
clockwise from a line extending

horizontally to the right from 0
in Fig. 4-15.

27. 0.0 X 10 meter/sec'.
29. (a) r	 l(r sin wt) +j(r cos m4)
31. u -.i coo O+j sin 8.

U,	 -i sin 0 + j cos 8.
33. 2.2 meters/sec and 1.8 neters/sec.
35. (a) He should head the boat 25.1°

upstream.
(b) 12.7 mm.

37. (a) Wind is blowing from a direction
75° E of S.

(b) 30°Eof N.
Substituting \V for E in the
above yields another solutioi.

Chapter 5

1. aj/a2 m2/m1.
3. 1.0 met.ers/sec 2, 37° from F, toward

F,.
5. 1300 lb, 5.5 sec, 50 ft, 2.7 sec.
7. aa = 65 ft/nec 2 , ad.	 - 32 ft/sec2.

65t ft/see2,
Vdon - 321 ft/sec2.

9. (a) 740 nt.
(b) 610 nt.
(c) Zero.
II is mass is 75 kg at each location.

13. Lower it with an acceleration of 4.2
ft/See l or greater.

15. (a) 3.2 ft /sec'.
(6) 58 lb.

17. (a) 2.0 meters/sec2.
(6) 4.0 meters/sec.
(c) 4.0 meters.

19. (a) q sin 0 down the plane.
(6) g sin 8 down the plane.
(c) (g - a) sin 0 down the plane.
(d) (g + a) sin 8 down the plane.
(e) Zero.

21. (a) 0.50 slugs.
(6) 20 lb.

23. (a) 32 lb, 55 lb.
(6) 16 ft /see 2.

25. 3.3 meters/sec ?, 6.5 nt.
27. (a) 19 ft /sec 2.

(6) (A! + m) X 19 ft/sect.

Chapter 6

1. 110 lb.
3. (a) 0.38 ft/see', 0.79 ft/see2.

(b) 0.041, 0.028.
5. (a) 0.031 lb.

(6) 0.13.
7. 0.75.
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Chapter 8

5. (a) v 2 /g1, T 5 rng.
(b) 71.

7. 2d.

9. (a) v5	vo; VC 	 '../v02+gh.
(6) (voi + 2gh)12L.
(c) It will never reach B.

11. (a) \/5gR.
(6) P is above the horizontal by

sin' (i).
13. (a) 4.0 meters.

(6) 4.5 meters/sec.
15. (a) U(z)	 -kmjrn2/xjfU() 0.

(b)
km imzd	 -

z j (d + xj)
17. (a) F	 -kx, F	 -ky; F always

Points radially inward.

	

(6) F, - -icr, F	 0.
21. (a) 31.0 joules.

(6) 5.33 meters/sec.
(c) Conservative

23. (a) V2g1sine- cog o)
(6) 1(sm 8 - p cos 8)/p.

25. 7.2 meters/sec.
27. (a) 260 ft-lb.

(6) 45 ft-lb; 1.7 ft up the plane.
29. (a) 6700 ft-lb/sec.

(b) 2000 ft-lb.
(c) No.

31. (a) 5.8 X IO	 joule.
(6) 0.08.

33. (a) 250.010 kg; 0.023 kg.
35. 27 Mev.

Chapter 9

3. 6.46 X 1 0-11 meter, along the line of
symmetry.

S. 6.75 X lo- 13 meter below, on the
line of symmetry.

7. (a) Center of mass remains at est.
(b) 0.75 meter.

9. 5500 Slug-ft/see; 6.0 miles/hr; 13
miles/hr.

11. 13.6 ft.
13. 10 ',/i meters/see, 135 from either.
15. 1.1 X 10 ft.
17. (a) The easing and the capsule both

move forward with speeds of
24,000 and 27,000 ft/see respec-
tively.

(6) The energy increases from 9.38 X
10 ft-lb before separation to
9.40 )( log ft-lb after, Lite'in-

9. 40 lb.
H. (a) 15 lb.

(b) 6.4 ft/sec'.
13. (a) vot/4g Sin p.

(b) No.
15. (a) 1.06 Ut (in tension).

(1,) 3.63 meters/see2.
(c) 1.06 nt (in Compression)

3.62 meters/sec2.
17. 17(sin8 - V4Mscos6).
19. (a) 2700 ft.

(b) 5000 lb, upward.
21. (a) 0.0338 nt.

(b) 9.77 nt.
23. (a) 15.

(b) 0.27.
25. v 2/r - Mg/M.
27. (a) 68 ft.

(b) 18.

29.pja=

I	 gfsin 9 + scos o
- I2s. r \cOs8_, sin 8

Chapter 7

J. (a) 52 lb.
(b) -260 ft-lb.
(c) +300 ft-lb.

[(d) -40 ft-lb.
(e) Zero.
(f) Zero.

3. (a) 50 lb.
(5) No.
(c)	 es; 100 ft-lb.
(d) No.

S. (a) Zero.
(b) 30.1 joules.
(c) -30.1 joules.
(d) 0.225.

9. Boy: 4.8 meters/se
Man: 2.4 meters/sec.

11. (a) 2.9 X 10 meters/sec
(5) 1.3 X 101ev.

15. (a) 135 nt.
(5) 60.0 joules.

17. 18 ft-lb.
21. (a) 5.4 X 10I ft-lb.

(6) 1.6 X 106 hp.
23. (a) IS X j0 ft-lb.

(5) 0.55 hp.
25. 0.27 lip.
27. (6)

(c) 140 hp.
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crease coming from energy stored
in the spring.

19
W+w

21. 220 bullets/mill.
25. 5100 lb, 5600 hp.

Chapter 10

1. 2.5 meters/see.
3. 8.8 meters/seC.
S. 2mv/1.
7. Slows down to 3.0 meters/sec.
9. ml/3.

11. 310 meters/gee.
13. Block, 4.0 It/sec; ball, 8.0 ft/sec.
15. (a) 4.1 ft/see; 2.4 X 10' joules.

(b) v; - 3.3ft/eec;v 24 -5.3ft/sec.
17. (a) The left mass comes to rest;

the center mass moves to the
right with a speed vo(m - M)/
(m + M); the right mass moves
to the right with a speed 2vom/
(m + M).

(b) The left mass moves to the
left with s speed vo(M -.
(m + M); the center mass comes
to rest; the right mass moves to
the right with a speed 2vom/
(m + M).

19. 0.25 meter.
21. 12 lb.

I M+m\l
23.vo-2E Mm)

25. (a) 4mjvj.'.
b ! vnj2vi.'

2 (Ml +mi)
(c) m 2/(m, + m,).
(d) jmi (v i,' + t'l.Vm + v') +

im2v2; zero; 100%; no.
27. 1.9 meters/Bee, 30 to initial direc-

tion; no.
29. 1170 from final direction of B; no.
31. (a) 5.0 x 10 8 cm/see.

(b) 6.9 )< 10' cm/see, at 14 to the
original direction opposite to the
neutron and in the plane defined
by the helium nucleus and the
neutron.

33. r(r + TI)2

35. 4.2 X loll transmutations/meter'
Sec.

37. 8.12 Me'.

Chapter 11
1. (a) 1200 in./min.

(b) 600 in. /min.
3. (a) 3.8 X 10' radians/see.

(b) 190 meters/em -
(a) -0.27 rdianS/5tC'.
(6) 20 rev.

7. 0.80o.
9. (a) x + y' - Rt ; a circle of radius

B; w is the angular speed of the
body.

(b) v. - .,y; r, - COX; v - .,R; y is
tangential to the circle.

(c) ax -	 ay -

a -
a points radially inward.

11. (a) 2.0 X 10- radians/sec;
3.0 X 10' meters/sec-

(b) 6.0 meters/SeC'.
13. 5.7.
15. (a) 70 radians/sec.

(6) -13 radians/sec'.
(c) 240 ft.

17. 0.12 radian/seC.

Chapter 12
1. (a) i(yF - --F,) +j(zFi- xP) +

k(xF, - yF,,).
13. 6.75 X 1012 radians/aft.
15. (a) 2.6 x 1021 joules.

(b) 2.4 X 10' years.
17. 292 ft-lb.
19. (a) -7.66 radians/eeC2.

(b) -11.7 newton meter.
(c) 4.58 X 10' joules.
(d) 624 revs.
(e) (c) can be computed and has the

same value.
21. 19 ft/sec"; 7.3 lb; 6.7 lb.
23. g/2.
25. (a) lift.

(6) 1.4 sec.
27. (a) K - mg(R - r); T5

rotational.
(6)	 mg.

29. 50mg

33. (a) Mg.
(6) MR22/4.
(c) R2c.14g.

37. Axis is 5	 ft above ground and
5 ft from the wall.

39. 5.4 meters/sec.
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Chapter 13
1. 2.0 red/sec; clockwise as seen from

above.
9. .ak.'M; L processes around the axis

of rotation, making an angle 0
tan-1 alb - tan' b/a with it.

11. (a) L.pj,,/LorbitI - *(1n./1._.)2 in
whichR,,. is the lunar radius and
R_m is the earth-moon distance.

(b) Increase or decrease by one-ha!f
of present value.

13. 0.77 red/sec.
15. (a) Linear momentum, angular mo-

mentum, and mechanical energy.

(b)	
MI2

12d2
 + ' where I is the length of

the stick.
19. 250 rev/mm.

21
1 + (I/MR')

25. '/2gr/cos Go.
27. (a) They rotate about the center of

mass (the center of the pole) with
- 6.7 r&d/see.

(b)As above, but w - 60 rad/sec.
(c) K.	 5.0 X 10' joules;

Kb - 45 X 10' joules;
difference represents work done
by the skaters.

Chapter 14

1. 
W(h(2r -

r - /i
3. 74.4 gm.
5. Along a line extending from the

center of the hole through the center
of the disk, beyond the latter point
by a distance Rr2/2(R' -. r').

9. 7.2 ft.
13. Back: 880 lb; front: 630 lb.
15. F - 120 lb; Fir	 721b; ' - 47 lb.
17. F - 5.0 lb; F.	 30 lb; d - 1.0 ft.
19. (a) W12 sin e, tangent to the chain.

(1') 4W cot O.

Chapter 15
1. 0.28 sec.
3. (a) 90 nt.

(b) 99 nt/meter.
S. (a) 4.0 sec.

(b) r/2 radians/sec.
(c) 0.37 cm.
(d) 0.37 cos (al/2), in cm.

(c) -0.58 sin (rI!2), in cm/sec.
(f) 0.58cm/sec.
(g) 0.91 cm/sec2.
(h) Zero.
(i) 0.58 cm/sec.

7. 3.1 cm.
9. k - k(1 + n)/n.

- k(1 + n).
13. (a) 1.6 X 10' meters/see2,,

2.5 meters/sec.
(b) 2.2 meters/see,

7.9 X 10' meters/sec2.
15. (a) 6.2 in.

(b) 1.2%; most of the original energy
appears as internal energy in the
block.

17. 19 lb.
19. 1. f; A/V'2;
23. 9.5 meters/sec2.

- 
J2 

+ r4/R2)

31. (a) 0.45 cycles/sec. (Does it matter
whether the nail is very smooth
or rusty?)

(b) 4.0 ft.
33. (a) 39 radians/sec.

(b) 34 radians/sec.
(c) 120 radians/sec2.

37. (a) O: 8.0 amu:HCI: 0.97 amu;
CO: 6.8 amu.

(b) 500 nt/meter.
41.	 - 6.3 X 10 jOUIC.

Kmg - 3.1 )( 10-2 joule.
43. (5) v'7.
Chapter 16
1. 1600 miles.
3. 4.8 see.
7. b) 3.2 meters.
9. (b) 8* mm.

(c) No,
11 .() G(Mj + Win/a2.

(b) OMjm/b'
(c) Zero.

13. (a) 2.6 X 10' ft/sm.
(5) 87 mm.

15. 2.5 X 10' km.
17. (a) j.

(5)	 .
(c) B, by 8.5 X 101 ft-lb.

19. (a) -GmM,/r.
(b) -2GmM./r.
(c) Falls directly down.

21. 1.88 yeare.

F- 4,
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23. (b) 1.0 X 10 1 meters/sec.
(c) Moon: 1.9 X 10 meters/sec.

Sun: 6.2 X 106 meters/sec.
25. a) 2r

(b) 2.
(c) 2.

27.
29. a/3.
31. (a) 2.2 X iO nt,'kg, .1 to line join-

ing centers.
(b) -5.3 )< iO joules/kg.

/3f
33. (a) -Gm(-+-

r
(b) Nine-tenths of the way to the

moon and at infinity.
(c) Earth: U - 6.3 X 10 joules.

g	 9.8 nt/kg.
Moon: U - 3.9 X 10 joules

- 1.6 nt/kg

Chapter 17

1. (a) 240 lb/in.2
(b) 2.3 lb/in.'

3. (b) 6000 lb.
5. (a) JpgD 2 117, JpgD1TV.

(b) f13 up from bottom.
9. IPA (h2 -

11. (a) fA/a.
(6) 2e lb.

13. 0.20 ft'.
15. 0.67 gm/cm 3., 0.74 gm/cm'.
17. 0.19, no.

19. 0.12	
- )

.
P in gni/cm3.

21. (b) p	 pgh i% here h is the vertical
depth below the surface.

Chapter 18
1. 29 ft /see.
3. 1.1 X 105 ft-lb.
7. t'	 4.1 meters/sec.

- 21 meters/sec.
Au	 8.1 X 10- meter'/sec.

11. (a) 2 /i(H - h).
(6) Yes, a distance h above the

bottom.
15. 79() lb; 250 lb (up).
17. 410 meters/sec.

Chapter 19

3. (a) 10 cm, 1.0 rib/see; 200 em/sec
200 cm.

(6) 63 em/sec.

S. (a) 12 cm.
(6) l80.

7. 130 meters/sec.
9. vs.

11. I/fr watts/meter'.
13. Intensity proportional to r"; ampli-

tude proportional to r'.
15. X 2 \/4(H + h)' + d2 -

2 %74H'.+ d2.
19. (b l Even though the displacement of

the string is zero at this instant the
transverse velocities are not so that
energy is present as kinetic energy.

21. y - 6 cos 7 (0.005x + 8.001 - 0.57).

Chapter 20

1. 17 meters, 0.017 meters.
3. 1.0 X 10 5 vib/sec.

7. (a) 
l(V - v)

VV

(6) 1600 ft.
11. 3.6 X 10 meter.
13. (a) 5.0 X 10 8 vib/sec.

(b) SBD/SAD =
15. 31 and 94 vib/sec.
21. 1130, 1500, and 1880 cycles/sec.
23. L(r - 1)r; 0.13 meter; 0.27 meter.
25. (a) 323 rib/sec.

(b) 6.
27. 387 rib/sec.
29.No.
31. (a) 970 rib/sec.

(b) 1030 rib/sec.
(c) Zero.

33. (a) 0.90 ft.
(b) 1440 sib/sec.
(c) 1080 ft/sec.
(d) 0.75 ft.

35. (a) 42°.
(b) 20 sec.

37. 990 meters/sec.

Chapter 21
1. 373.15/273.16.
3. Materials, shape, absolute tempera-

ture, air currents; dimensions are
7.-I.

5. -40°: 575°.
7. 10.000 ohms. 4.124 X 10IC.

- 1.7&0 X 1r6/°C2.
9. 1.002 in.

11. The clock %% ill run about 9 see stow.
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iS. 46.4 cm.
19. +28.9 cm'.
23. (a) 1.4 )< 10 kg meter'/see;

0.41 joule.
(b) A/w AK/K	 -0.32%;

AL/L - 0.
25. 7.44 X jo-/C°.

Chapter 22

1. 1.17C°.
3. 190 wattS.
5. 0.13 Btu/lb F°.
9. 0.59 cal/gm CO.

11. Mean specific heat exceeds t,'at at

the midpoint by B

13. (a) 34 Btu.
(b) 270 F°.

15. (a) 500 C°/meter.
(b) 4.6 cal/sec.
(c) 75°C.

17. 8.6°C (Cu-Al) and 57°C (Al-brass).
19. 1.4 )< 10' keel/meter2 see;

6.2 X lo ll kçal.
21. 0.42 cal/meter sec CO.

23. (a) 6cal.
(&) -43 cal.
(c) 40 cal.
(d) 18 cal, 18 cal.

25. 8000 cal.

Chapter 23

1. 76.5% by mass.
3. 100 cm'.
5. 653 joules.
7. 27 lb/in.'
9. The mercury drops 41.7 cm.

11. (a) 565 X 10_ 23 joule,
772 X 10_ I3 joule.

(b) 3390 joule, 4630 joule.
13. (a) 1.01 X 10 40K, 16.2 X 104°K;

(b) 450°K, 7200°K.
15. Be: 1400 meters/See;

A: 440 meters/sec.

17. 6.6 x iO.
19. (a) Eleven times larger.

(b) Same size.
25. (a) 6.6 X 10- 12 gm.

(b) 40.
27. 4.13 joules/cal.
29. 1910 cal.
35. 1.41.
37. Manatomic.
39. (a) 8.0 atm.

(b) 600° K.
41. (a) 2.5 atm, 336° K.

(b) 0.41 1's.

Chapter 24

1. 3.2 )( iO cm.
3. (a) 3.5 X 10 10 molecules/em'.

(b) 160 meters.
9. (a) 7.1 X 10' meters/Sec.

(b) 2 X 10' cm.
(c) 5 < 1010 collisions/see.

11. 0, t'rm., VP-

13. 1.5cm/sec.

17. RTln b +a (f -

19. (a) 3.2 X 106 nt/meter'.
(b) 4.1 x 10' nt/meter'.

Chapter 25

1. 5.0 X iø joules.
7. (a) 2090 joules.

(b) 380 cal.
(c) 1570 joules.

9. 6.5.
ii. 1.1 X 10 joules.
5. 10' °N, iO °N, 0 °N, - iO ON

-10' °N, for example.
17. +0.20 cal/°K.
19. +0.3 cal/gm °K.
21. +0.1 cal/°K; no.
23. (a) 500 meters/sec.

(b) N2.

(c) Positive.



Index

Absolute thermodynamic temperature
scale, 631

Absolute zero, 532, 632
Acceleration, 39, 57, 80

angular, 244
average, 39
centripetal, 66, 69, 70
constant, 41, 44, 58
in free fall, 48
of gravity, 91, 393, 396
instantaneous, 40
radial, 66, 69
and relative velocity, 71
tangential, 69
in uniform circular motion, 65
variable, 41

Action force, 87
Adhesion, surface, 113
Adiabatic processes, 564

entropy changes in, 639
Aerodynamic lift, 451
Amontons, G., 112
Amplitude, 346, 469, 501

of simple harmonic motion, 346, 350
Angular acceleration, 244
Angular frequency, 350
Angular momentum, 299

conservation of, 305, 310

Angular velocity, 299
Annihilation, 173
Antinode, 504
Archimedes' principle, 430, 450
Aristotle, 48, 52
Astronomical unit, 13
Atmosphere, 433

of moon, 604
pressure variation in, 598
scale height of, 437

Atomic clock, 8
Atomic mass unit, 231
Atwood's machine, 101
Audible range, 497
Austern, N., 80
Avogadro's law, 597
Avogadro's number, 550, 580, 609

Ballistic pendulum, 219
Banked curves, 120
Barometer, 432
Barrell, H., 5
Bascom, W., 463
Beams, J. W., 114
Beats, 510
Benfield, A. E., 299
Bernoulli, Daniel, 447, 572
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Bernoulli's equation, 445
	 Colding, L A., 547

applications of, Pitot tube, 449, 460 	 Collisions, 210
Venturi meter, 448
	 in center of mass, 220

Binding energy, 174
	 in an ideal gas, 575

Blackham, E. D., 506
	 inelastic, 218

Bohr model, 77, 129	 momentum conserved in, 213
Bohr, N., 314
	 in one dimension, 215

Boltzmann, L., 572, 608
	 in two dimensions, 223

Boltzmann's constant, 641
	 Compressibility, 551

Born, Max, 124
	 Conservation of angular momentum,

Bose-Einstein distribution, 608
	 305, 310

Bowden, F. P., 112	 energy, 150, 170
Boyle, Robert., 433, 572
	 linear momentum, 173, 193

Brahe, T., 385	 mechanical cnergy, 168
British engineering system, 90

	 Conservative force, 150
British Thermal Unit, 547, 555

	 in one dimension, 158
Brown, R., 608	 and path independence, 153
Brownian motion, 608
	 in two dimensions, 166

Brush, S. G., 572
	 Continuity, equation of, 443

Bubble chamber, 32, 70, 227
	 Conveyer belt problem, 203

Bulk modulus, 500
	 Copernican, system, 48

Buoyancy, 431
	 Copernican theory, 385

Bureau of Standards, 388
	

Copernicus, N., 384
Coulomb, C. A., 112

Caculus, 36, 81	 Coulomb's law, 92
Calorie, 547, 555
	 Covolume, 612

Carnot cycle, 622, 634
	 Critical pressure, 423, 614

Carnot, Sadi, 547, 622, 629
	 Critical temperature, 613

Carno's theorem, 629
	 Critical volume, 614

Cavendish balance., 389
	 Cross product, 24

Cavendish, H., 388
	 Cross section. 227

Celsius degree, 536
	 Cycle, Carnot, 622

Celsius scale, 533
Center of gravity, 190, 323

	 D'Alambert, J., 222
Center of mass, 183, 323
	 Dalton's law. 597'

motion of, 189
	 Debye, P., 550

Center of mass frame, collisions in, 220
	 Debyc temperature, 550

Centrifugal force, 121	 Degree Celsius, 536
Centripetal acceleration, 66, 69, 70 	 Densities, some measured, 425
Centripetal force, 117
	 Density, 424

Cerenkov radiation, 518 	 weight, 427
Cesium clock, 8	 Derivative, 35
Cgs system, 90	 Derjaguim, B. V., 583
Cgs units, 11	 Descartes, Ilene, 222, 433, 460
Chadwick, J., 239
	 Dicke, R. H., 393

Chizanowski, P., 388	 Dimensions, 45
Circular motion, radial acceleration in, 	 Dipole flow, 455

69
	 Dipole moment, magnetic, 92

tangential acceleration in, 69
	 Dirac, P. A. M., 125

Classical mechanics, 79, 122	 Disorder, 640
Clausius, R., 572, 589, 628

	 Displacement vector, 34, 57
Clausius statement of second law. 639

	 Doppler, C. J., 512
Clock, cesium 8	 Doppler effect, 512

quartz crystal, 8	 Dot product, 23
Cloud chamber, 225, 226	 Drumhead, vibrations of, 509
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Dry ice puck, 82, 114
Dry" water, 442

Dulong. 544, 550
Dynamic lift, 449
Dynamics, fluid, 440

of particles, 79, 109
rotational, 295
of variable-mass systems, 202

Dyne, 90
Dyson, F., 640

Earth, as reference frame, 413
weight of, 390

Edgerton, H. E., 211
Efficiency, of engine, 625, 629
Eigenfrequency, 508
Eigenfunction, 509
Einstein, A., 123, 171, 451, 609
Eisenbud, L., 80
Elastic limit, 347
Electromagnetic force, 120
Elementary particles, 32
Emmerich, 532
Energy, 131

binding, 174
conservation of, 150, 170
equipartition of, 589
gravitational potential, 406, 410
and heat, 545
interatomic, 537, 583
interval, 560	 -
mechanical, 156. 168
of oscillations, 344
potential, 154
of simple harmonic motion, 353

Engine, efficiency of, 629
heat, 625, 627

Entropy, 619, 635
and disorder, 640
and irreversible processes, 636
and reversible processes, 633
and the second law, 638

Environment, 79, 524
EotvOs, 393
Ephemeris time, 8
Equation of state of ideal gas, 573
Equilibrium, examples of, 326

neutral. 164, 333
of rigid bodies, 320
saddle point, 334
stable, 164, 333
thermal, 525
thc'rn.odvn:t iii Ic, 556
unstable ' 1(14. 333

Equipartition of energy, 59

Equivalence, Eratosthenes, 395
principle of, 414

Erg, 134
Escape velocity, 409
Essen, L., 7, 10
Euler, L., 440
Evaporation, 604
Expansion, 535

coefficient of linear, 536, 537
coefficient of volume, 538

Fahrenheit scale, 533
Fermi-Dirac distribution, 608
Feynman, Richard, 442
Field, of flow, 453
Field, gravitational, 404, 453
Field concept, 405
First law of thermodynamics, 560
Fizeau, H. L., S
Flettner ship, 451
Flow, compressible, 441

dipole, 455
field of, 453
incompressible, 441
irrotational, 441
nonsteady, 441
nonviscous, 441
potential, 453
rotational, 441, 453
steady, 441
streamline, 453
tube of, 442
viscous, 441
vortex, 453

Fluid dynamics, 440
Fluid mechanics, conservation of

momentum in, 452
Fluid statics, 423
Force, aotion, 87

centrifugal, 121
centripetal, 117
classification of, 120
conservative, 150, 158, 166
dynamic procedure for measuring, 95
electromagnetic, 120
of friction, 109
gravitational, 120
inertial, 121
laws of, 92
nonconservative, 150, 167
nuclear, 120
and potential energy, 157
pseudo-, 120
reaction, S7
static procedure for measuring, 195
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Force, "true" measure of, 222
Force constant, 138, 346
Foucault pendulum, 422
Fps units, 11
Free-body diagram, 96
Free expansion, 565, 636, 641
Free fall, 48

equations of, 49
Freitag, E. H., 109
Frequency, 343

angular, 659
Friction, 109

kinetic, 111
as nonconservative force, 152
static, 110

Fundamental frequency, 505

g, 48
Galileo, 48, 51, 52, 59, 75, 81, 82, 384,

385
Gardner, Martin, 338
Gas constant, universal, 573
Gas, ideal, 572
Gas thermometer, 529
Gases, kinetic theory of, 571, 599
Gauge pressure, 432
Gaussian system, 90
Gaussian units, 11
Geiger, II., 230
Gerjuoy, E., 194, 310
Gibbs, J. W., 572
Glaser, D., 225
Gradient, 167
Gram, 90
Gravitation, 382

constant of, 92, 388
law of, 92, 387

Gravitational, field, 404, 453
force, 120
mass, 391
potential energy, 406, 410

Gravity, acceleration due to, 91, 393, 396
MOOT of, 190
.creu tor, 388
of a sphere, 397

INDEX

Heat capacity, 547
Heat, 169, 545, 640

conduction of, 551, 637, 641
mechanical equivalent of, 554
path dependence of, 559
of vaporization, 563
and work, 555

Heat en gine, 625
Heikes 532
Heisenberg, 124
Henri, V., 610
Hertz, 343
Hertz, H., 343
Heyl, P. R., 388
Hooke, R., 348, 386
Hooke's law, 138, 151, 348, 358
Horsepower, 145
Hydrodnamica, 447
Hydrostatic paradox, 435

Iceberg, 431
Ideal gas, adiabatic process in, 587

equation of state of, 573
internal energy of, 584
macroscopic definition of, 572
microscopic definition of, 574
specific heats of, 584, 590

Ideal gas, diatomic, 590
monatomic, 590
polyatomic, 590

Ideal gas temperature scale, 530
Impulse, 212
Inelastic collision, 218
Inertia, law of, 82

moment of, 268
Inertial force, 121
Inertial frame, 82
Inertial mass, 391
Integral, 138
Interference, 478, 511
Interferometer, 5
Intermolecular forces, 164, 582
Internal energy, 560

of ideal gas, 584
International Bureau of Weights and

Halley, E., 384
Harmonic motion, 342

combinations of, 366
damped, 370

Harmonic oscillator, 160
Harmonics, 505

organ pipe, Z4J7
Havens, 607
Hay, G. E., 16

Measures, 83
Invar, 537
Invariance, 26, 31
Irreversible process, 619

entropy change in, 636
Isobaric process, 562
Isotherms, 613
Isotope separation, 581
Isotropic, 538
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Jelley, J. V., 518
joule, 134
Joule experiment, 567
Joule, JO, 547, 554, 572

Kelvin degree, 527
Kelvin, Lord, 1, 628, 629
Kelvin-Planck statement of second law,

639
Kelvin temperature scale, 632
Kepler, J.,'385, 401, 460
Kepler's laws, 460
Kilocalorie, 547, 555

thermochemical, 555
Kilogram, standard, 83, 90
Kilowatt-hour, 145
Kinematics, 32
Kinetic energy, 142, 148, 158
Kinetic theory of gases, 571, 599
Kinetic theory of pressure, 575
Kinetic theory of temperature, 579
King-Hele, 396
Kirkpatrick, P., 76
Koppler, 610
Kronig, A., 572
Krypton-86 meter, 6
Kundt's method, 521
Kuseb, P., 606

Lagrange, J. L., 440
Laplace, 589
Lawrence Radiation Laboratory, 70
Lee, T. D., 27
Length, atomic standard of, 6
Length, standard of, 5
Lengths, some measured, 4
Leonardo da Vinci, 112
Lift, dynamic, 449

static, 450
Light year, 13
Limiting process, 37, 40
Lindsay, R. B., 171, 444
Linear momentum, conservation of, 193

of a particle, 191
of a system, 192

Linear motion with constant accelera
tion, 41, 44

Lissajous figures, 379
Locke, JO, 525
Longitudinal waves, 464

Macroscopic description, 524
Magdeburg hemispheres, 436
Magnetic dipole moment, 92
Marsden, 230
Mass, 80, 85

center of, 183
and energy, 171
gravitational, 391
inertial, 391
reduced, 368
relativistic, 171, 192
rest, 171
variable, 198
and weight, 93

Mass-energy equivalence, 173, 232
Masses, some measured, 86
Maxwell, C., 572, 590, 602, 605
Maxwellian distribution, 602, 605
Mean free path, 599
Measurement. 1
Mechanical energy, 156, 168
Mechanical equivalent of heat, 554
Mechanics, 32

classical, 79, 122
quantum, 122
relativistic, 122
relativistic quantum, 125

Mercury, 404
Meriam, J. L., 202
Meter, standard. 5
Microscopic description, 524
Miller, F. H., 371
Mks system, 90
Mks units, 11
Molar heat capacity, 550
Mole, 550
Molecular weight, 550
Molecules, diameter of, 600
Moment of inertia, 268
Moment of mass, 187
Momentum, 212

angular, 299, 305, 310
conservation of, 195, 213, 452
linear, 183, 191, 192

Moon, atmosphere of, 604
Moore, A. D., 455, 456
Morse, P. M., 572
Motion, in one dimension, 32, 36, 41

in a plane, 57
of projectiles, 59
rectilinear, 36
of translation, 33
uniform circular, 64

McNish, A. G., 11	 Mott, N. F., 594
Mach, E., 608	 Multiples and supmultiples-metric, 12
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National Bureau of Standards, 83
Negative temperature, 532
Neutron, discovery of, 239
newton, 81, 90
Newton, 1., 36, 80, 81, 82, 112, 191, 3M2,

385, 460, 580
Newtons first law, 81 121
Newton's law of cooling, 541
Newton's law of gravitation, 92
Newton's laws of motion, applications

of, 96
Newton's second law, 85
Newton's third law, 87, 194
Node, 504
Nonconservative force, 130, 167
Noriinertial frame, 121
Nuclear force, 120
Nucleus, discovery of, 230

Oliver, Jack, 407
Operational viewpoint, 2
Organ pipe, harmonies of. 507
Oscillations, 342

energy of, 344
forced, 372
frequency of, 343
life-time of, 371
period of, 343
simple harmonic, :345
two-body, 368

Ostwald, Vs'. 608
Overtones, 505
Owens, Jesse, 75

Pair production, 173
Panofaky, W., 643
Parsec, 13
Particle, :32. 79p

article dynamics, 79, 109
Particle k ineniaties, 32
Pascal, Blaise, 430, 433
Pascal's principle. 430. 577
Pat Ii hid epeiicleitee, 13
Pencluluni , ballistic, 219

conical, 118
Foucault, 422
pliysic'cil, :160
simple, 140, 167. :357
torsional,

1'(riod 343. 459
Period iv motion. 342
Perrin, J., 61(1
Pet II. 5111, 544
Phase cii:oige, 47
Phase constant, 350

Phase of simple harmonic motion, 350
Phillips, M., 643
Piano, waveform of, 506
Piezoelectric effect, 497
Pitot tube, 449, 460
Planck, Al., 625
Planck's constant, 124
Plane, motion in, 57
Plane wave, 466
Planets, 341

energy of, 412
Plasma, 423
Poiscuille, 462
Porneranz, K. B., 203
Potential energy, 154

intermolecular, 164, 537
and work, 161

Potential flow, 453
Pound, 90
Power, 145

in wave motion, 476
Poynting, 388
Prefixes, metric, 12
Pressure amplitude, 502
Pressure, 424

of atmosphere, 428
in fluid at rest. 425
gauge, 432
kinetic theory of, 575

Principia, 81, 191, 384
Principle of equivalence, 414
Process, adiabatic, 564

irreversible. 619
isobaric, 562
quasi-static, 621
reversible, 619
thermodynamic, 556

Projectile motion, 59
Pseudo-force, 82. 120
Ptolemaic system, 48
Ptolemy, :184

Quantities, physical, 2
Quantum mechanics, 122

relativistic, 125
Quantum theory , 593
Quartz crystal clock. 8
Quasi-static process. 621
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lbolir,a,I i e deca y , 196. 212
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lyne, 3., 532
Reaction, 211

eaction force, 87
leections, nuclear, 231

Ractilinear motion, 36
Rddick, H. W., 371
Reduced mass, 368
Reference frame, 3, 12€

absolute, 4
earth as, 413
inertial, 4

Reference frames, and kinetic energy,
145

and relative velocity, 71
and work, 145

Refrigerator, 625, 627
coefficient of performance of, 644

Rekveid, J., 484
Relative velocity and acceleration, 71
Relativistic mass, 171, 192
Relativistic mechanics, 122
Relativistic quantum mechanics, 125
Relativity theory, 3, 171

general, 404
Resonance, 372, 488
I'cet mass, 171
Reversible processes, 619

entropy for, 633
Rezneck, S., 555
Ricci, M. A., 433
Itigid body, equilibrium of, 320
Rocket, 201

thrust on, 451
Rogers, W. E.. 455, 456
Root-mean-square speed, 577
Rotational dynamics, 295, 811
Rotational flow, 453
Rotational inertia, 268
Rotor, 119
Rowland, H. A., 555
Rumford, Count, 546, 567
Ru3sel, B., 384
Rutherford, Lord, 230

Saddle point, 334
Satellite 67, 396, 401

energy of, 412
cilar product, 23, 30, 134

Scalars, 16
Sebrodinger, 124
Second law of motion, 85
Shock wave, 517
Simple harmonic motion, 345, 348

aznplit.idc of, :146,
angular. 359

Simple harmonic motion, applications
of, 357

energy of, 353
equation of motion of, 347, 348
frequency of, 350
period of, 350
phase constant of, 350
phase of, 30
two-body, 368
uniform circular motion and, 363

Simple harmonic oscillator, 345
Sink, 455
Slater, J. C., 560
Slug, 91
Smyth, H. D., 581
Sommerfeld, A., 303
Sound, sources of, 505

speed of, 500, 509, 521, 587
Sound waves, 497
Source, 455
Specific heat, 547

at constant pressure, 549, 586
at constant volume, 549, 586
of hydrogen, 542
of an ide.l gas, 584

Specific heats, ratio of, 501, 590
Speed, average, 603

molecular, 602
most probable, 603
root-mean-square, 577, 603
of sound, 521
of waves, 472

Spherical wave, 466
Standard, of time, 7
Standards, 2
Standing wave, 483, 486, 489
Static friction, 110
Statics, fluid, 423
Statistical mechanics, 525, 571

at negative temperature, 628
Stern, 0., 605
Streamlines, 442, 454
Stukeley, 382
Superconductivity. 552
Superposition principle, 470
Surface adhesion. 113
System, 24

Tabor, D., 112
Tacoma Narrows Bridge, 4
Temperature, 524, 526, 532, 561

absolute zero of, 632
Celsius scale of, 533
1 )el	 550

vilicit scaic of, 533
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Temperature, ts:d points of, 535

ideal gas sca l e of, 530
International Practical Scale of, 534
Kelvin scale of, 632
and kinetic theory, 579
negative, 532, 628
thermudynrmic scale of, 631

Temperature expansion, 535
Temperature gradient, 552
Temperatures, some measured, 533
Terminal velocity, 107
Thermal conductivity, 552
Thermal equilibrium, 525
Thermal expansion, coefficient of, 551
Thermodynamic process, 556
Thermodynamic temperature scale, 631
Thermodynamics, 524, 556, 571

first law of, 560, 561, 627, 633
at negative temperatures. 628
second law of, 619, 626, 633, 638, 639
third law of, 633
zeroth law of, 525, 633

Thermometer, constant volume gas, 529
Third law of motion, 87
Thompson, 8., 545
Thomsen, J. S., 526, 621
Thomson, W., 1, 629
Thrust, 200
Tides, 376
Time, ephemeris, 8

standard of, 7
universal, 8

Time intervals, some measured, 7
Tolman, R. C., 525
Top, 296
Torricelli, E., 432
Torricelli's law, 459
Translational motion, 33
Transverse waves, 464
Triple point, 527, 533
Tube of flow. 442

Uncertainty relation, 124
Uniform circular motion, 64, 116, 363
Units, 2, 11, 45

British engineering, 90
cgs, 90
Gaussian, 90
mechanical, 90
mks, 90

Unit "ccto, 10, 30
in pdar coordinates, 67

U.S. Sta.idard Atmosphere,
Universal gas constant, 573
Universal time, S	 -.
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Vectors, 15
addition of, 16, 18
components of, 18
and laws of physics, 26
multiplication of, 23
resolution of, 18
subtraction of, 17

Vector product, 24, 30
Velocity, 57

angular, 299
average, 33
escape, 409
instantaneous, 35
relative, 71
terminal, 107
variable, 36

Venturi meter, 448
Venturi tube, 458
Vibrating systems, 505
Vibration, of string, 506
Violin, waveform of, 506
von Guericke, Otto, 433, 436
von Helmholtz, H., 547
von Mayer, J., 547
von Neuman, John, 442
Vortex flow, 453

van der Waals' equation, 611
van der Waals, J. D., 611
WWv, 11
Water, density of, 539

specific heat of, 547
Waterston, J. J., 572
Watt, 145
Watt, J., 145
Wave, intensity of, 503

plane, 466
spherical, 466
standing, 486
traveling, 467

Wave speed, 427
Wavefront, 466
Wavelength, 459
Waves, audible, 497

complex, 481
elatic, 463
infrasonic, 497
interference of, 478
longitudinal, 464, 498, 501
mechanical, 463
power in, 476
sound, 497
standing, 483, 489, 504
transverse, 464
ultrasonic, 07
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Weight and mass, 93
Weiglt density, 427
Weinstock, R., SO
Wilson, C. T. R., 225
Work, 131

as an area on a p-V diagram, 138, 559
by a constant force, 132
and heat, 555
path dependence of, 559
and reference frame, 148

Work, as a scalar product, 134
by a variable force, 136, 139

Work-energy theorem, 141 144, 150
in fluid flow, 445

Yang, C. N.,27
Young's modulus, 501

Zeroth law of thermodynamics. 525



SELECTED NUMERICAL CONSTANTS

- 3.14	 - 9.87	 e - 2.72	 - 1/ - 0.388

1n2 —0.893	 loge -.0.434	 N52 — 1.41	 V3 - 1.73

sin 30 - co. 60 - - 0.500

cos 30 - ala 60 - V312 - 0.868

tan 30 - cot 80 - sf3 13 - 0.577

tan 60 - cot 30 - V3 - 1.732

sin 45 - co. 45* - r212 - 0.707

tan 45 - cot 45 - 1.00



SELECTED CONVERSION FACTORS
Si. Ap.ndlz H for mom se*pl.. list)

180° - . rad
1 radian - 57.30 - 0.159 rev
I slug - 32.2 lb (mu.) - 14.6 kg
1 kilogram - 221 lb (mu.)	 -
1 pound (mu.) - 0.454 kg
1 atomic maw unit - l.66)( 10" kg
1 meter - 39.4 in. - 3.28 ft; 1 inch 	 2.54 cm
l mile -5280ft1.6Ikm
1 angstrom unit - I0 0 meter 0.1 mpt
I mihimicron - 10' meter
1 liter - 61.0 in.3
1 ft' - 28.3 ii
I day - 86,400 we
I year - 3.16 X 107 see - 365 days
1 mile/hr - 1.47 ftaee - 0.447 meter/sec

pound - 4.45 nt; 1 newton - 0.225 lb
1 atmosphere - 29.9 in.-Hg— 76.0 cm-Hg 1.01 X 10' nt/metert

1 Btu - 778 ft-lb - 252 cal - 1060 joule.
1 calorie	 4.19 joule.; I joule - 0.239 cal 	 2.78)( 10 7 kw-hr
I electron volt - 1.60 X 10" joule
1 horsepower - 550 ft-lb/sec 746 watts
1 weber/meter' - I tp.la - iO g*uas


