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Preface

This handbook is the result of compilations and writing of ninety authors who have worked over a
period of nine years to revise the famous Allen’s Astrophysical Quantities. The need for such a
revision had been known since shortly after the last edition edited by C.W. Allen in 1972. Even
though his 1973 edition remained in print through the late 1980s, Allen himself called for help in
revising the book in that third edition Preface. His death unfortunately prevented any revision, and
only a few attempts known to me were made by interested astronomers. By 1990, with the third
edition completely outdated, Arlo Landolt convinced the American Institute of Physics that they should
undertake extensive revisions of the Allen book. How my name came up, in late 1990, I do not know,
but once friends discovered I had been solicited by the AIP, they all encouraged me to find the various
astrophysics experts to prepare this new edition, published jointly by the AIP and Springer-Verlag.

The task of finding suitable authors and anonymous referees for the chapters was made easier by
the help of Peter Boyce at the American Astronomical Society and its publications board. Chairpersons
Caty Pilachowski, Hugh Van Horn, Jim Liebert, and Bob Hanisch suggested and helped recruit many
contributors. Numerous AAS officials, especially Roger Bell, helped me and the authors interface with
AIP and Springer.

The basic structure of the earlier Allen editions has been followed, but many changes were
necessary. For example, radio astronomy was represented by Allen with a page-long table of sources
and a few supplementary ones plus some data about solar radio emission. Today a complete chapter is
necessary, and even that does not seem to be as much as the author and I would have liked to include.
Other advances in astrophysics have required us to include new chapters for infrared, ultraviolet, X-ray,
and gamma-ray and neutrino astronomy. The explosion in observations of our solar system has resulted
in a great expansion in information about these nearby bodies, as well as for our Sun itself. Later in the
development of this book we found that we needed to add a chapter about stellar evolution because the
level of understanding essentially the entire lives of stars had matured enormously. Most dramatically,
modern large telescopes have revealed huge quantities of data about galaxies, galaxy clusters, and their
exotic emissions. Three separate chapters cover different aspects of this material. A much expanded
Cosmology chapter was needed to include our current understanding of the structure of the Universe.
Finally, we have added many supplemental tables including an attempt to list the world’s largest optical
telescopes, with the help of Kari Parker, that surely will be out of date soon.

While writing the chapters, many authors found that they needed some specialists to supply and
even write sections that were beyond their current knowledge. These section authors are not given in
the table of contents, but only at the start of the sections where they contributed. Thanks are due to
these scientists who have supplied important information that we found relevant, often rather late in
the book development. Their submissions could easily merit a mention in the table of contents, but the
complicated process of assembling this greatly revised handbook and keeping its structure in control
has resulted in this special format.

Readers must realize that a project that involves ninety otherwise very busy astrophysicists is bound
to be uneven. Some authors were able to get their material to me as early as mid-1992, while others
were not even solicited by me for last-minute data until mid-1998. Our plan to include updates to
a uniform date for all chapters could not be carried out because of its complexity, but some data as
recent as the summer of 1999 are included. Readers are invited to contact individual authors directly
for details. Our hope is that we have adequately pointed the way to the extensive literature for each
subject.
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Some astrophysicists have already decided to adopt our carefully compiled data as standard for their
own special lists. This is reasonable, since this new Allen edition has been prepared by the world’s
experts in the various areas of astrophysics. One thing we have learned is that definitive data depend
on interpretations for those last little details, and the best source for the most current and accurate data
is always the experts. We hope our authors are these.

The contents of this new edition of Allen will be available in electronic form with many
tables and graphs “live” for interactive searching, correlating, interpolating, and so forth. The
electronic version will be available by subscription and kept up-to-date on the publisher’s web site
(www.springer-ny.com) and will also be available as a CD-ROM for use on a Windows PC. At the
minimum, these electronic data will greatly assist in future editions.

Every publishing undertaking ends with regrets that some things could not be included. Thus
all should realize that our book is a good reference book, but it still misses, for example, the newly
published definitive NIST physical constants, the recent discovery of a satellite around the asteroid (45)
Eugenia, the growing list of brown dwarf candidates, a new and unexpected class of intrinsic variable
(Gamma Doradus) stars, and the latest gamma burst explosions now optically detected from the far
reaches of our Universe. The organization of these new astrophysical quantities into an additional
concise revised-again edition awaits future generations of authors, I hope as skilled and dedicated as
ours.

Los Alamos, New Mexico Arthur N. Cox
October 1999 anc@1lanl.gov
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Chapter 1

Introduction

Arthur N. Cox

1.1 Background. . . ...................... 1
1.2 Astronomical Symbols . . . ... ............ 2
1.3 Astronomical and Astrophysical Journals . . . . . . . 2

1.1 BACKGROUND

This handbook is a revision of the third edition of Allen’s Astrophysical Quantities [1], published in
1973, with further printings in 1976, 1981, and 1983. An attempt has been made to follow the original
format, but the great advances in astronomical and astrophysical subfields have made this very difficult.
More modern styles have been adopted, and many more subjects have been included. However, the
original concept to present a rather concise, but still extensive, listing of astrophysical quantities has
been retained. It is expected that scientists can use this book for quick information and also for key
references to more detailed data sources.

One concept was that this handbook be a companion to A Physicist’s Desk Reference, the second
edition of Physics Vade Mecum, edited by Herbert L. Anderson. That book also has a long author list,
and its currently planned revision will undoubtedly include even more.

To allow for space to present information for newly developed astronomical and astrophysical
subfields, some more classical material has been deleted. Reference to the older Allen editions might
be necessary.

The current fields are so extensive that we needed 90 authors. They are indicated either as
chapter authors or authors of individual sections. All were asked to present their information using
the electronic editing language I&IEX 2¢, so that the submissions to the publisher could be almost
camera ready. Not all authors could completely comply with this policy, and the editor, with help from
the publisher, occasionally needed to reformat the material. With so many involved, including the
copyeditors, it is easy to see why it is important to keep the presentation style as consistent as possible.

One hope is that the electronic files now available for this book can be revised in the coming years,
and an updated version can be published more easily. With the extensive use of the World Wide Web

1



2 /1 INTRODUCTION

by so many scientists, it is conceivable that individual chapters can be updated after some years and
made available there. At least future revisions should be easier to produce based on the very great
efforts over most of eight years by all the authors.

The editor requested authors to update their information to about the end of 1997 or later.
Obviously this has not been completely successful. For questions and corrections, readers should
consult individual authors, mostly since no one single individual can know more than a fraction of the
knowledge of the entire area of astronomy and astrophysics.

Just a small part of the Allen introduction chapter has been retained here.

1.2 ASTRONOMICAL SYMBOLS

The standard symbols for astronomical objects and zodiacal areas are given in Table 1.1.

Table 1.1. Sun, Moon, planetary, zodiacal, and orbit symbols [1, 2].

Symbol Name Symbol Name Symbol Name
* Star (O} Sun (@ Moon
o} Mercury Q Venus o) Earth
o} Mars 4 Jupiter h Saturn
P Saturn 2 o) Uranus tH Neptune
Wy Neptune 2 P Pluto t Pluto 2
v Aries (0°) bel Taurus (30°) I Gemini (60°)
€3 Cancer (90°) i Leo (120°) mo Virgo (150°)
o Libra (180°) 2 Libra 2 (180°) m Scorpio (210°)
/ Sagittarius (240°) B Capricornus (270°) w Aquarius (300°)
~= Aquarius 2 (300°) W Aquarius 3 (300°) H Pisces (330°)
0 Ascending Node U Descending Node
EaS Autumnal Equinox T Vernal Equinox

References
1. Rahtz, S. & Rose, K. ftp to sunsite.unc.edu in directory pub/packages/TeX/cmastro
2. Schmitt, P. 1992, ftp to sunsite.unc.edu in directory pub/packages/TeX/astro

1.3 ASTRONOMICAL AND ASTROPHYSICAL JOURNALS
by Sarah Stevens-Rayburn

The names of 51 journals thought to be of interest to readers with an astronomy and astrophysics
background is given together with their first publication dates and the current publisher. Many of
these journals are now available electronically on the World Wide Web. Note that the older European
journals, Annales d’Astrophysique, Bulletin of the Astronomical Institutes of the Netherlands, Bulletin
Astronomique, Journal des Observateurs, Zeitschrift fiir Astrophysik, and a few other smaller ones have
been discontinued and have been replaced by Astronomy and Astrophysics.
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Acta Astronomica

Acta Astronomica Sinica = Tien wen hsiieh
pao

Acta Astrophysica Sinica = Tien t i wu li
hsiieh pao

Acta Cosmologica

Annual Review of Astronomy and Astro-
physics (ARA&A)

Annual Review of Earth and Planetary Sci-
ences

The Astronomical Journal (AJ)

Astronomische Nachrichten
Astronomy and Astrophysics (A&A)

The Astronomy and Astrophysics Review
(A&A Rev)

Astronomy & Astrophysics Supplement series
(A&AS)

Astronomy & Geophysics The Journal of
the Royal Astronomical Society (continues
QJRAS, 1960-1996)

Astronomy Letters (continues Soviet Astron-
omy Letters, 1975-1992)

Astronomy Reports (continues Soviet Astron-
omy, 1974-1992, which continues Soviet
Astronomy AJ, 1957-1973)

The Astrophysical Journal (ApJ)

The Astrophysical Journal Supplement series
(ApIS)

Astrophysical Letters & Communications
(Astrophys. Lett) (continues Astrophysical
Letters, 1967-1987)

Astrophysics

Astrophysics and Space Science (Ap&SS)

Astrophysics Reports: Publications of the
Beijing Astronomical Observatory (contin-
ues Publications of the Beijing Astronomi-
cal Observatory, 1987-1994)

Astrophysics Reports: Publications of the
Beijing Astronomical Observatory (Sup-
plement series)

Baltic Astronomy: An International Journal

Boletin / Asociacion Argentina de Astronomia

1925

1953

1981

1973
1963

1973

1894

1823
1869

1989

1970

1997

1993

1993

1895

1954

1987

1965

1968
1994

1997

1992

1958

Warsaw: Copernicus Foundation for Polish
Astronomy

Beijing, China: Science Press Beijing: K’o
hsiieh ch’u pan she

Beijing, China: Science Press Beijing: K’o
hsiieh ch’u pan she

Krakow: Uniwersytet Jagiellonski

Palo Alto, Calif.: Annual Reviews, Inc.

Palo Alto, Calif.: Annual Reviews, Inc.

Chicago: University of Chicago Press for the
American Astronomical Society

Berlin: Wiley-VCH

Berlin: Springer, on behalf of the Board of
Directors

Berlin: Springer on behalf of the Board of
Directors

Les Ulis, France: EDP Sciences on behalf of
the Board of Directors

Bristol: Institute of Physics Publishing Ltd.
for the Royal Astronomical Society

Moscow: Maik Nauka/Interperiodica Pub-
lishing, distributed by the AIP (translation
of Pisma v astronomicheskii zhurnal)

Moscow: Maik Nauka/Interperiodica Pub-
lishing, distributed by the AIP (translation
of Astronomicheskii zhurnal)

Chicago: University of Chicago Press for the
American Astronomical Society

Chicago: University of Chicago Press for the
American Astronomical Society

New York: Gordon and Breach

New York: Consultants Bureau (translation of
Astrofizika)

Dordrecht: Kluwer Academic

Beijing, China: Beijing Astronomical Obser-
vatory, Chinese Academy of Sciences

Beijing, China: Beijing Astronomical Obser-
vatory, Chinese Academy of Sciences

Vilnius: Institute of Theoretical Physics and
Astronomy
La Plata: La Asociacion
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Bulletin of the Astronomical Society of India

Celestial Mechanics and Dynamical As-
tronomy (continues Celestial Mechanics,
1969-1988)

Chinese Astronomy and Astrophysics (contin-
ues Chinese Astronomy, 1977-1980)

Earth, Moon, and Planets (continues The
Moon and Planets, 1978-1983, which con-
tinues The Moon, 1969-1977)

Experimental Astronomy

Icarus

International Journal of Modern Physics, D
Gravitation, Astrophysics, Cosmology

The Irish Astronomical Journal

Journal for the History of Astronomy

Journal of Astrophysics and Astronomy

Journal of Geophysical Research. A, Space
Physics (J. Geophys. Res. A) (continues in
part Journal of Geophysical Research, —
1949)

Journal of Geophysical Research. E, Planets
(J. Geophys. Res. E) (continues in part
Journal of Geophysical Research, -1990)

The Journal of the Royal Astronomical Soci-
ety of Canada (JRASC)

Memorie della Societa Astronomica Italiana
(Mem. Soc. Astron. Italiana)

Monthly Notes of the Astronomical Society of
Southern Africa

Monthly Notices of the Royal Astronomical
Society (MNRAS) (continues Monthly No-
tices of the Astronomical Society of Lon-
don, 1927-1931)

Nature

The Observatory

Planetary and Space Science (Planet. Space
Sci.)

Publications / Astronomical Society of Aus-
tralia (continues Proceedings of the Astro-
nomical Society of Australia, 1967-1994)

Publications of the Astronomical Society of
Japan (PASJ)

Publications of the Astronomical Society of
the Pacific (PASP)

Revista Mexicana de Astronomia y Astrofisica

Science

1973
1989
1981
1984
1989
1962
1992
1950
1970

1980
1949

1991

1907

1872

1940

1931

1869
1877

1959

1995

1949

1889

1974

1883

Hyderabad: Astronomical Society of India
Dordrecht: Kluwer Academic

Kidlington, Oxford; Elsevier Science

Dordrecht: Kluwer Academic

Dordrecht: Kluwer Academic
Orlando: Academic Press
Singapore: World Scientific

Sheffield: IAJ Editorial Board
Cambridge: Science History Publications
Bangalore: Indian Academy of Sciences

Washington, DC: American Geophysical
Union

Washington, DC: American Geophysical
Union

Toronto: Royal Astronomical Society of

Canada
Firenze: Societa Astronomica Italiana

Observatory, S.A.: The Society

Edinburgh: Blackwell Science for the Royal
Astronomical Society

London: Macmillan Magazines Ltd.

Chilton, Didcot, Oxon: Editors of The Obser-
vatory

Kidlington, Oxford: Elsevier Science Ltd.

Australia: Published for the Astronomical
Society of Australia by CSIRO, Australia

Tokyo: Astronomical Society of Japan

Chicago: University of Chicago Press for the
Astronomical Society of the Pacific

Mexico D.F.: Instituto de Astronomia, Uni-
versidad Nacional Autonoma de Mexico

Washington: American Association for the
Advancement of Science
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Solar Physics (Sol. Phys.) 1967
Southern Stars 1934
Space Science Reviews (Space Sci. Rev) 1962
Zvaigznota debess 1958
REFERENCES

Dordrecht: Kluwer Academic

Wellington, N.Z.: Royal Astronomical Soci-
ety of New Zealand

Dordrecht: Kluwer Academic

Riga: Zinatne

1. Allen, C.W. 1973, Astrophysical Quantities (Athlone Press, London)



Chapter 2

General Constants and Units

Arthur N. Cox
2.1 Mathematical Constants . . . .. ............ 7
2.2 Physical Constants . . .. ................
23 General Astronomical Constants . . . ......... 12
24 Astronomical Constants Involving Time . ... ... 13
25 Units . . . ... .. e 17
2.6 Electric and Magnetic Unit Relations . . . . .. .. .. 22
2.1 MATHEMATICAL CONSTANTS [1-3]
Constant Number Log
/4 3.1415926536 0.4971498727
2 6.2831853072 0.7981798684
4 12.5663706144 1.099209 8640
n? 9.8696044011 0.9942997454
JT 1.772453 8509 0.248 5749363
eore 2.7182818285 0.4342944819
mod = M =loge 0.4342944819 0.6377843113 —1
1/M =1In10 2.3025850930 0.3622156887

2 2.0000000000 0.3010299957
V2 1.4142135624 0.1505149978
V3 1.7320508076 0.238 560627 4
V10 3.1622776602  0.500 000 0000
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Constant Number Log
Inm 1.1447298858 0.058 7030212
e’ 23.1406926328 1.3643763538
Euler constant y 0.5772156649 0.7613381088 — 1
1 radian rad = 57°2957795131 1.7581226324

343774677078 3.5362738828
206264780625 5.3144251332

1° = 0790174532925 0.2418773676 —2
I’ = 0740002908882 0.4637261172 — 4

1”7 = 090000048481 0.6855748668 — 6

Square degrees on a sphere = 129 600/7 = 41252.961 25.
Square degrees in a steradian = 32400/7% = 32 82.806 35.

o2n 202
Probable error/Standard error = r/o = 0.674 489 750 2.
Probable error/Average error = r/n = 0.845 347 539 4.
o/n=1253314137.
p = (r/a)/v/2 = 0.4769362762.

2
for Gaussian distribution L exp (— a )

2.2 PHYSICAL CONSTANTS [4,5]

These fundamental physical constants, mostly in SI units from [5], are the latest available. A revision
by Cohen and Taylor is expected by the end of 1998. For many values, the standard error of the last
digits follows in parentheses. In the formulations the electron charge e is in esu and e in emu = e/c.

Fundamental constants

Speed of light (exact) c=2.99792458 x 108 ms™!

c? =8.98755179 x 1016 m?s—2
Gravitation constant G = 6.67259(85) x 107! m3kg~1s~2
Standard acceleration of gravity (exact) gn = 9.80665 ms™!
Planck constant 2nh=h = 6.6260755(40) x 10734 Js

k= 1.05457266(63) x 10734 Js

Planck mass (fic/G)/?2 = 2.176 71(14) x 1073 kg
Planck length (AG/c3)1/? = 1.61605(10) x 1073 m
Planck time (5G/c3)1/2 = 5.39056(34) x 1074 s
Elementary charge e = 4.8032068(15) x 10719 C

e = 1.60217733(49) x 10720 emu
€% =23.070796 x 10~20 in esu
e* =5.3226161 x 10738 inesu
Mass of electron me = 9.1093897(54) x 103! kg
= 5.48579903(13) x 10~%u



Mass of unit atomic weight
(12C = 12 scale)
Boltzmann constant

Gas constant (12C scale)

Joule equivalent (chemical, exact) [4]
Avogadro constant
Loschmidt constant
Volume of gram-molecule at STP

(T =273.15K, P = 101325 Pa)
Standard atmosphere pressure (exact)

Ice point
Triple point (H20)
Faraday

Atomic constants
Rydberg constant for 'H

Rydberg constant for infinite nuclear mass
212mee? /ch?

Fine structure constant
2me?/ he

Radius for first Bohr orbit
(infinite nuclear mass) h? /47t2mee
Time for (277)~! revolutions in first
Bohr orbit mé/ 2a3/ 2¢~1 =p3 / 8713mee4
Frequency of first Bohr orbit
Area of first Bohr orbit

Electron speed in first Bohr orbit
Atomic unit of energy

(Hartree = 2 Rydbergs) e2/ag = 2chRoo
Energy of Rydberg

(often adopted as atomic unit)
Atomic unit of angular momentum h /2x
Classical electron radius e2/mqc?
Schrédinger constant for fixed nucleus
Schrédinger constant for 'H atom

2

2.2 PHYSICAL CONSTANTS /

u = 1.6605402(10) x 10727 kg

k = 1.380658(12) x 10~ JK~!
= 8.617385(73) x 107 eVK™!
k172 =1.175014 x 1078 ergl/2 K~1/2
R = 8.314510(70) JK~ ! mol~!
= 1.987216 cal K~! mol~!
= 82.057 83(70)
cm3 atm K~ ! mol™!
= 4.184 Jcal™!
Na = 6.0221367(36) x 1023 mol~!
no = 2.686763(23) x 10 m—3

Na/no = Vo = 22.41410(19) x 1073
3

m3 mol !
Po = 1013250 dyn cm™2
= 760 mmHg
0°C =273.150K
=273.160K

Nae/c = 96485.309(29) C mol !

Ry = 10967 758.306(13) m~!
1/Ry =911.7633450 A
Roo = 10973731.534(13) m~!

1/Rso = 9112670534 A
CcRoo = 3.289841950 x 1013 s~!
a = 7.29735308(33) x 1073

1/a = 137.035989 5(61)
a? =5.32513620 x 107
ap = 0.529177249(24) x 10710 m

70 = 2.4188844 x 10717 s

=6.5796837 x 101> 571
ma? = 8.79735670 x 10~2! m?

aory ' =2.1876914 x 10° ms™!
= 4.3597482(26) x 10~18 ]
=27.211396 1(81) eV
ryd =2.1798741(13) x 10713
= 13.605 698 1(40) eV

h = 1.05457266(63) x 1073 kgm?s~!

[ =2.81794092(38) x 10~ m
872meh~% = 1.638 19748 x 10?7 erg~! cm™2
= 163730578 x 10%” erg~! cm™2

9
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Hyperfine structure splitting of 'H vy = 1420.405751768 x 10° s~!
ground state
Doublet separation in 'H atom = 0.365866231 cm™!

(1/16) Ryer®[1 + a/m + (5/8 — 5.946/n%)ar?] = 1.096 839 36x 1010 s~!
Reduced mass of electron in 'H atom me(mp/my) = 9.1044313 x 1073! kg
Mass of 'H atom =1.6735344 x 107%" kg

= 1.007 825050(12) u
Mass of proton = 1.6726231(10) x 102" kg
= 1.007276470(12) u
Mass of neutron = 1.6749286(10) x 1072 kg
= 1.008 664 904(14) u
Mass of deuteron = 3.3435860(20) x 10~27 kg
= 2.013553214(24)u
Mass energy of unit atomic mass uc? =1.4924191 x 10710J
= 931.494 2(28) MeV
Rest mass energy of electron mec? =8.1871111 x 10714
= 0.510999 06(15) MeV
Mass ratio proton/electron = 1836.152701(37)
Specific electron charge e/me = 1.758 81962 x 107 emu g~!
e/m, = 52728086 x 10'7 esu g~!
Quantum of magnetic flux h/e =1.37951077 x 10~!7 erg s esu™!
hc/e = 4.1356692 x 10~7 gauss cm?
Quantum of circulation h/me=17.2738962ergs g~!
Compton wavelength h/mec = 2.42631058(22) x 10712 m
h/2wmec = 3.86159323(35) x 10713 m
Band spectrum constant h/8m2c =27.992774 x 107 g cm
(moment of inertia/wave number)
Atomic specific heat constant =4.799216 x 10~ sK
cfc=h/k
Magnetm moment of 1 Bohr magneton up = 9.2740154(31) x 1072
1/2 5/2_-1 -1

UB= iozmc ay' ‘1 = he/dmwmec erg gauss
Electron magnetic moment e = 1.001 159652 193(10)uB
Proton magnetic moment pp = 1.521032202(15) x 10~3up
Gyromagnetic ratio of proton ¥p = 2.67522128(81) x 104

corrected for diamagnetism of H,O rad s~! gauss™!
Magnetic moment of 1 nuclear magneton Mn = 5.0507866(17) x 10~

he /4w mpc erg gauss ™!

Atomic unit of magnetic moment =2.5417478 x 10718 erg gauss~!
2up/a

Magnetic moment per mole of 1 Bohr = 5584.938 8 erg gauss~! mol~!
magneton per molecule

Zeeman displacement = 4.6686437(14) x 107
3/4nmec (e in emu) cm™! gauss~!

in frequency = 1.399 624 18(42) x 10°

s~1 gauss™!



The electron—volt and photons [5]
Wavelength associated with 1 eV
Wave number associated with 1 eV

Frequency associated with 1 eV
Energy of 1 eV

Photon energy associated with unit
wave number
Photon energy associated with
wavelength A
Speed of 1 eV electron
(2 x 108(e/mec))!/?
Speed?
Wavelength of electron of energy V in eV
h(2meEg)~1/2v~1/2
Temperature associated with 1 eV
Eo/k
Temperature associated with 1 eV
in common logs = (Eg/k) loge
Temperature associated with 1 kilo-kayser
in common logs = 103(hc/k) loge
Energy of 1 eV per molecule

Radiation constants
Radiation density constant
873k /15¢3 3
Stefan-Boltzmann constant = ac/4

First radiation constant
(emittance) = 27he?
First radiation constant (radiation density)
Second radiation constant = hc/k
Wien displacement law constant
c2/4.96511423

Some general constants [1, 5]
Density of mercury (0° C, 760 mmHg)
Ratio, grating to Siegbahn scale
of X-ray wavelengths [5]

Lattice spacing of Si (in vacuum, 22.5° C)
Molar volume of Si
Maximum density of water
Cesium resonance frequency
(defining the SI second) [6]
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Ao = 12398.4282 x 10710 m
so = 8065.538 51 cm™!
= 8.065 538 51 kilo—kayser
vo = 2.41798836(72) x 1014 s~!
Eo = 1.60217733(49) x 10719
= 0.0734986176 ryd
hc = 1.9864480 x 10723 J

= 19864480 x 1078/x erg (A in A)
=5.93096892 x 10° ms™!

= 3.51763923 x 10!! m2s~2
=V~12(12.264263 x 10°8) cm

=11604.45K
= 5039.75K
= 624.8493K

= 23060.054 2 cal mol~!

a =17.56591(25) x 10715
ergcm ™3 K™
o =5.67051(19) x 10~

ergem 2 K4 57!
c1 = 3.7417749(22) x 1073
erg cm? s~!

8mhc = 4.9924870 x 10715 erg cm
c2 = 1.438769(12) cm K
=0.2897755

= 13.395080 g cm 3

Ag/As = 1.002077 89(70)
[As (Cu Kap) = 1.537 400 kXu]
=0.54310196(11) x 10~° m
= 12.058 817 9(89) cm> mol !
=0.999972 g cm™3
= 9192631770 Hz
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2.3 GENERAL ASTRONOMICAL CONSTANTS

by Alan D. Fiala

Astronomical unit of distance

Parsec (= 206 264.806 AU)

Light (Julian) year

Light time for 1 AU [6]
Solar mass

Solar radius

Solar radiation

Earth mass

Earth mean density

Earth equatorial radius [6]

Galactic pole (J2000.0)
Direction of galactic center (J2000.0)

Solar motion toward galactic center [7]
toward direction of galactic rotation
vertically up in north direction
Galactic rotation [8]

Sun’s equatorial horizontal parallax [6]

Moon’s equatorial horizontal parallax
at mean distance

Constant of nutation [6]

Constant of aberration [6]

27 x 206265 x AU

ct(l —e?)1/2

t = sidereal year, e = Earth orbital

eccentricity

Gaussian gravitational constant k
2,3

in n2a3 = k%(1 + m), where m = mass
of planet in solar units, n = mean daily in AU

motion, and @ = semimajor axis
(a defining constant)

k /86400 = 25 /(sidereal year in sec)

Heliocentric gravitational constant = AU3 (k)2
Semimajor axis of Earth orbit in terms of AU

= mean Sun-Earth distance
= semimajor axis of Earth orbit [2, 6].
AU = 1.4959787066 x 10! m.
pc = 3.0856776 x 1016 m.
= 3.261 563 8 light (Julian) year.
= 9.460730472 x 10! m.
= 499.004 78370 s = 0.005 77551833 d.
Mg =1.9891 x 1030 kg.
Ro = 6.95508 + 0.00026 x 108 m.
Lo =3.845(8) x 103 ergs™L.
Mg =5.9742 x 10% kg.
pe =5.515gcm™3,
= 6378.136 km.

a3 = 192285948123 &3 = 427212825120

12h51m2652755 +27°7'417704
o) = 266.40499625 §; = —28°93617242
17%45m3751991 —28°56'107221

U = 10.00 + 0.36 kms™~!
V= 523+0.62kms™!
W= 7.17+0.38 kms™!
Ro = 7.66 £+ 0.32 kpc
Veie = 237+ 12kms™!
= 87794 144(3)
=4.263521 x 1075 rad
= 34227608

= 972025
= 20749552

k =0.0172020989 5 rad

= 3548”187 607
= 0°985 607 668 6
k' =1.990983675 x 10~ rad,
for use with seconds of time
= 1.327 12440 x 10%6 cm? s~!
= 1.000001 057 266 65 AU
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Mass ratios [6, 9]

Meg/Mec — 81.30059

Mo /Mg = 332946.05
Mo/Mg + Me) = 328900 56(2)
Obliquity of ecliptic (fixed ecliptic of J2000.0) € = 23°26'2174119

2.4 ASTRONOMICAL CONSTANTS INVOLVING TIME [6]
by Alan D. Fiala

The basic unit of time is the Systéme International (SI) second which is defined to be the duration
of 9192631770 cycles of one of the hyperfine transitions of the ground state of 133Cs. Based on
this defined unit, International Atomic Time (TAI) is formed from statistical analysis of individual
frequency standards and time scales based on atomic clocks in many countries. It was introduced in
January 1972, and is a coordinate time scale.

Universal Time (UT) is the measure of time used for all civil time keeping, and conforms closely
to the mean diurnal motion of the Sun. It is directly related to sidereal time by means of an adopted
numerical formula. It does not refer to the motion of the Earth and is not precisely related to the hour
angle of the Sun.

UTO is the uncorrected observed rotational time scale derived from observation of sidereal time at a
particular station. When this time scale is corrected for the shift in longitudes caused by polar motion,
itis designated UT1. This still contains the variable rotation of the Earth and is generally implied when
the symbol “UT” is used without qualification.

Coordinated Universal Time (UTC) is the time scale distributed by radio signals, satellites,
communication media, as the basis for civil time keeping around the world. UTC is maintained within
0.9 second of UT1 by the introduction of leap seconds. UTC differs from TAI by an integer number of
seconds, which difference changes when leap seconds are introduced.

Dynamical time represents the independent variable of the equations of motion of the bodies in the
Solar System. It depends on the theory of relativity being used, as does the transformation between
barycentric and geocentric time scales. In the transformation, the constants can be chosen so that
the timescales have only periodic variations with respect to each other. The dynamical time scale
for apparent geocentric ephemerides was chosen to be unique and independent of the theories; the
barycentric timescales are theory dependent.

Terrestrial Dynamical Time (TDT), or Terrestrial Time (TT), is the idealized time on the geoid
of the Earth and is approximated as being equal to TAI + 32.184 seconds. Terrestrial Time is a
continuation of Ephemeris Time (ET), beginning 1977 Jan. 1.0 TAIL The relationship between UT
and TT changes according to the variations in the rotation of the Earth.

Barycentric Dynamical Time (TDB) is the relativistically transformed time for referring equations
of motion to the barycenter of the Solar System. It is defined to contain only periodic variations with
respect to TDT.

The time scales Geocentric Coordinate Time (TCG) and Barycentric Coordinate Time (TCB) are
the time-like arguments appropriate for coordinate systems defined with respect to the geocenter of the
Earth and the barycenter of the Solar System, respectively, including all relativistic transformations
from terrestrial time.

Up to 1984, the tropical year was used as the basis of time for reference systems and the Besselian
year was used as the epoch for such reference frames, thus designated, for example, as B1950.0. Since
1984, the Julian Century has been used as the time unit for reference frames and the standard epoch is
then designated as, for example, J2000.0.
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Sidereal time is defined by the hour angle of the equinox. The relationship between Greenwich
Mean Sidereal Time (GMST) and UT1 is specified by an adopted equation, which is often considered
to be the definition of UT1. At 0 hours UT1:

GMST = 24110.54841 + 86401845812866T, + 05093104T> — 6.2 x 107°T>

seconds of time, where T, = d, /36525, d, is the number of days of Universal Time elapsed since JD
2451545.0 UT1 (2000 January 1, 12 hrs UT1), taking on values +0.5, £1.5, etc.
The ratio of mean sidereal time to UT1 is

r’ = 1.002737909350795 + 5.9006 x 10~ 11T — 5.9 x 1071372,

where T is the number of Julian centuries elapsed since JD 2451 545.0.
The ratio of UT1 to mean sidereal time is

1/r' = 0.997269 566329084 — 5.8684 x 10117 + 5.9 x 107112,
The relationships between time scales in seconds of time are:

TT = TDT = ET = TAI + 32.184,
AT =ET — UT = TDT — UT = TT — UT,
AAT = TAI — UTC,
DUT ~ AUT = UT! — UTC,
TDB = TDT + P,

TCG — TT = 6.9692904 x 10~10(J D — 2443 144.5) x 86400,
TCB — TCG = 1.480813 x 10~3(J D — 2443 144.5) x 86400 + Ve - (X — Xe)c 2 + P,

TCB — TDB = 1.550506 x 10~3(J D — 2443 144.5) x 86 400,

P = 0.001 656 8 sin(35999.37T + 357.5) 4+ 0.000 0224 5in(32964.5T + 246)
+ 0.000013 85in(71 998.7T + 355) + 0.000 004 8 sin(3 034.9T + 25)
+ 0.000004 7 sin(34 777.3T + 230),

where T is the elapsed time from J2000.0 measured in Julian centuries and the coefficients are rounded
at their last digits [6, 10, 11]. Arguments are in degrees. Here xe and ve denote the barycentric position
and velocity of the Earth’s center of mass, the difference (x — x¢) is the vector distance of the observer
from this center of mass, and c is the speed of light.

2.4.1 Reduction of Time Scales

The variations in the Earth’s rotation rate have resulted in differences between time based on it and
that based on planetary orbits. The differences between the ephemeris and the (generally slower)
universal time are given in Tables 2.1 and 2.2 for the last 130 years. For dates back to 1620, see the
Astronomical Almanacs [12]). Even earlier to the year 1500 B.C., one can find a table in the Canon of
Lunar Eclipses [13]. Before 1884, AT = ET — UT, after 1984, AT = TDT — UT, and after 1989, the
differences are for exactly 1 Jan. 0* UTC.



Year

1 Julian year = 365.25 days = 8766 hours = 525 960 minutes = 31 557 600 SI seconds

2.4 ASTRONOMICAL CONSTANTS INVOLVING TIME

Table 2.1. Reduction of time scales from 1870 to 1974.

Year AT Year AT Year AT Year AT Year AT

1870 +1.61 1895 —6.47 1920 +21.16 1945 +26.77 1970 +40.18
1875 -3.24 1900 -2.72 1925 +23.62 1950 +29.15 1971 +41.17
1880 —-5.40 1905 +3.86 1930 +24.02 1955 +31.07 1972 +42.23
1885 —5.79 1910 +1046 1935 +2393 1960 +33.15 1973  +43.37
1890 587 1915 +17.20 1940 +2433 1965 +35.73 1974 +44.49

Table 2.2. UTC leap seconds since 1971 and starting at the given date.

Year AT  Year AT  Year AT  Year AT

1972, Jan. 1 10 1977, Jan. 16 1983, July 1 22 1992, July 1 27
1972, July 1 11 1978, Jan. 1985, July 1 23 1993, July 1 28
1973, Jan. 1 12 1979, Jan. 18 1988,Jan. 1 24 1994, July 1 29
1974, Jan. 1 13 1980,Jan. 1 19 1990,Jan. 1 25 1996,Jan. 1 30
1975, Jan. 1 14 1981, July 1 20 1991,Jan. 1 26 1997, July 1 31

1976, Jan. 1 15 1982, July 1 21

—— —
—
N

Day
1 day = 24 hours = 1440 minutes = 86400 SI seconds
Period of rotation of Earth (referred to fixed stars)

In mean sidereal time = 86 164.090 54 SI seconds.

In mean solar time = 23h56M045090 549.

1 day of mean sidereal time = 0.997 269 566 33 of mean solar time.

1 day of mean solar time = 1.002 737 909 35 of mean sidereal time.
Rate of rotation = 15"041067 17866910 s~ !.

=7.29211510 x 1073 rads~ L.

d d h m S
Tropical (equinox to equinox) 365.2421897 365 05 48 45.19
Sidereal (fixed star to fixed star) 365.256 36 365 06 09 10

Anomalistic (perihelion to perihelion) 365.259 64 365 06 13 53
Eclipse (Moon’s node to Moon’s node) 346.62005 346 14 52 52
Gaussian (Kepler’s law fora = 1) 365.256 90 365 06 09 56
Julian (based on Julian calendar) 365.25 365 06

Gregorian (based on Gregorian calendar) 365.2425 365 05 49 12

15
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Calendar Julian Dates (see Chapter 27 also)
1900 January 0.5 = JD 2415 020.0,
1925 January 0.5 = JD 2424 151.0,
1950 January 0.5 = JD 2433282.0,
2000 January 0.5 = JD 2451 544.0,
2050 January 0.5 = JD 2469 807.0,
2100 January 0.5 = JD 2488 069.0.
Length of the month
d d h m s
Synodic (new Moon to new Moon) 29.53059 29 12 44 03
Tropical (equinox to equinox) 2732158 27 07 43 05
Sidereal (fixed star to fixed star) 2732166 27 07 43 12
Anomalistic (perigee to perigee) 27.55455 27 13 18 33
Draconic (node to node) 2721222 27 05 05 36
Orbit of the Moon about the Earth
Sidereal mean motion of Moon 2.661 699489 x 107 rads~!
Mean distance of Moon from Earth 3.844 x 10 * 5 km
60.27 Earth radii
0.002570 AU
Equatorial horizontal parallax 57 027608
at mean distance 3422608
Mean distance of center of Earth
from Earth—-Moon barycenter 4.671 x 103 km
Mean eccentricity 0.05490
Mean inclination to ecliptic 52145396
Mean inclination to lunar equator 6°41
Limits of geocentric declination +29°
Saros = 223 lunations = 19 passages of Sun through node = 6585% days
Period of revolution of node 6798 days
Period of revolution of perigee 3232 days
Mean orbital speed 1023 ms~! =0.000591 AU day~!
Mean centripetal acceleration 0.00272 ms~2 =0.0003 g.
Precession

Annual rates of precession (7 in centuries from J2000.0)

general precession in longitude
lunisolar precession in longitude
planetary precession

geodesic precession (relativistic nonperiodic Coriolis effect)

507290966 + 07022222 6T,
507387784 + 07004 926 3T,

—070188623 — 07047 612 8T,
1792T.
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2.5 UNITS

The seven SI base units are: meter (m), kilogram (kg), second (s), ampere (A), Kelvin (K), mole (mol),
and candela (cd) [14]. All other units are derived from these. Units used with SI are: the time units of
minute (min), hour (h), and day (d); the plane angle units of radian (rad), degree (°), minute (), and
(arc)second (”); the solid angle unit, steradian (sr); the volume unit liter; (L); the mass unit metric ton
(t); and the land area hectare (ha). Other experimentally determined units used with SI are: the special
energy unit (eV), and the atomic mass unit (u).

Units used in astronomy and astrophysics are often not standard but unique to the special subfield.
This procedure is followed for many chapters in this book. They are frequently defined at the beginning
of each chapter.

Table 2.3 gives the SI unit prefixes.

Table 2.3. The SI prefixes.

Factor Prefix Symbol Factor Prefix Symbol

102 yotta Y 107! deci d
102! zetta z 102 centi c
108 exa E 1073 milli m
1015 peta P 10 micro w
1012 tera T 1079 nano n
10° giga G 10~12  pico P
106 mega M 10715 femto f
103 kilo k 10718 atto a
102 hecto h 10721 zepto z
10! deka da 10-24 yocto y

Unconventional (nonstandard) units sometimes used in astronomy and astrophysics are listed
below.

Length
Angstrom unit A=108cm=10"1"m
Micron M= pum= 104cm=10"%m
Foot ft =30.4800cm = 12in
Inch in = 2.540000 cm
Mile = 1.609 344 km = 5280 ft
Nautical mile [2] = 1.853 km = 6080 ft
Area
Square foot ft? = 929.03 cm
Acre = 4046.85 m? = 43560 ft*

Bamn = 1024 cm?
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Volume
Cubic foot ft> = 28316.8 cm®
= 6.229 British gallons
= 7.481 US gallons
Fluid ounce = 480 minims (British and US)
= 28.413 cm? (British)
= 29.574 cm® (US)
Mass
Kilogram (SI unit) kg = 1000 g
Pound avoirdupois British Ib = 453.59237 g = 7000 grains
US 1b = 453.59243 g = 7000 grains
Pound troy and apothecary = 373.242 g = 5760 grains
Grain (all systems) =0.0647989 g
Carat =0.2000 g
Slug = 14.594 kg
Ton = tonne =22401b
=1.016047 x 10 g
Metric ton =10%g
Energy
Joule (SI unit) J=10"erg
Calorie [4] (exact) cal =4.184J = 4.184 x 107 erg
Kilowatt-hour = 3600 x 10?3 J
= 8.6042 x 10° cal
British thermal unit BTU = 1055J = 252.0 cal
Therm = 100000 BTU
Foot-pound =1.35582.x 107 erg.
Kiloton of TNT =4.184 x 1019 erg
Power
Watt (SI unit) =10"erg/s = Js~1
British horse-power =745 W
Force de cheval =7355W
Force
Newton (SI unit) N =10° dyn
Poundal = 1.3825 x 10* dyn
Pound weight = 4.4482 x 10° dyn
Slug = 14.594 kg
Gram weight = 980.665 dyn
Acceleration
Standard gravity 1gal =1cms™2
Gravity (equator) g = 978.031 cm s™2 =32.09 ft s—2
Gravity (pole) g =983.217 cm s~2 = 32. 26 fts—2
Speed
Mile per hour = 44.704 cms~! = 1.4667 fts!

Knot = 5147 cms™!



Pressure
Pascal (SI unit)
Barye (occasionally called Bar)
Bar

Millibar

Atmosphere (standard)

Millimeter of mercury ( = 1 Torr)
Inch of mercury

Pound per square inch

Density
Kilogram/cubic meter (SI unit)
Density of water (4° C)
Density of mercury (0° C)
Solar mass/cubic parsec
STP gas density
where po is molecular weight

Temperature
Degree scales (Kelvin K,

Celsius (centigrade) C, Fahrenheit F)

Temperature comparisons

Triple point of natural water

Viscosity (dynamic)
Poise
SI unit

Viscosity (kinematic)
Stokes
SI unit

Frequency

Hertz
Kayser (a wave number unit)
Rydberg frequency
Frequency in first Bohr orbit
Frequency of free electron

in magnetic field H (gauss)
Plasma frequency associated

with electron density N, in cm™3)
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=10dyncm—2 = 10 ub
wb = 1.000 dyn cm™2
bar = 1.000 x 10 dyn cm™2
= 0.986 923 atm
= 1.0197 x 10? g-weight cm~2
mb = 1073 bar = 10% ub
= 103 dyn cm—2
atm = 1.013 250 x 10° dyn cm—2
= 760 mmHg = 1013.25 mb
mmHg = 1333.22 dyn cm 2
= 0.0013158 atm
= 3.386 38 x 10* dyn cm~2
= 0.033421 atm
= 6.8947 x 10* dyn cm—2
= 0.068 046 atm

=1.000 x 1073 gcm™3

= 0.999972 g cm™3

= 13.5951 gcm™3

=6.770 x 1078 gcm™3

= 4.4616 x 10549 g cm™3

K=degC= 1.8degF
0°C=273.150K = 32°F

100° C = 373.150K = 212°F
=273.160K = 0.010° C

P=1gcm!s ! =0.1Pas

Nsm2=10gcm!s!

=1cm?s™!

m? s~! = 10000 cm? s~}

Hz = cycle s™!
ecm~! =cHz~3 x 101°Hz
cRoo = 3.28984 x 10!5 Hz
2cRoo = 6.5797 x 101° Hz
= 2.7993 x 10 H Hz

=8.979 x 103N)/? Hz
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Angular velocity (= 2 frequency)
Unit of angular velocity
1” of arc per tropical year
1” of arc per day
Angular velocity of Earth on its axis
Mean angular velocity of Earth in its orbit

Momentum
Linear momentum, SI unit
mc

Angular momentum

SI unit

Electron momentum in first Bohr orbit

Quantum unit

Homogeneous sphere angular momentum
(R = radius, M = mass,
w = angular velocity)

Angular momentum of solar system

Luminous intensity
Luminous intensity is defined
as the luminous emission per sterad
Candela (SI unit)

Star, my = 0, outside Earth atmosphere

Luminous flux
Lumen (both SI and CGS unit)

Lumen of maximum visibility radiation
at 5550 A
therefore 1 W at 5550 A

Jansky

Luminous energy
Talbot (ST unit)

Surface brightness
Stilb

Lambert

GENERAL CONSTANTS AND UNITS

=1rads~! = 27 Hz

=1.5363147 x 10~ 13 rad s~!
=5.6112695 x 107! rad s~!
=7.2921152 x 10~ 5 rad s™!
=1.9909867 x 107 rad s™!

=10°gems ! =1kgms™!

=2.73093 x 10717 gcm s~!

=10"gem?s7! = 1kgm?s~!

=1.993 x 10719 gcms™!
h=1.0546 x 10~%" erg s
= (2/5)R*Mw

=3.148 x 100 g cm2 s~!

cd = (1/60) luminous intensity
of 1 projected cm?
black body at the
temperature of melting
platinum (2044 K)
=245x10% cd

= flux from 1 cd into 1 sr

= flux from (1/607) cm? of
black body at 2044 K

=1470 x 1073 W

= 680 lumens
=10"2 ergscm 2 s~ Hz™!
=10"26 Wm—2Hz"!

= 1 lumerg (CGS unit)
= 1 lumen second

sb =1 cd cm™2 = 7 lambert
=1 lumen cm™2 sr~!
= (1/7) cd cm~2
= 1000 millilambert
= 1 lumen cm™2 for a perfectly
diffusing surface



Apostilb

Nit (SI unit)
Candle per square inch
Foot-lambert

Im, = O star per square degree outside
atmosphere

1my = O star per square degree inside clear
unit airmass

Luminous emittance (of a surface)
Lumen per square meter (SI unit)

Illuminance (light received per unit surface)
Phot (CGS unit)
Lux (ST unit)

Foot-candle

Star, my = 0, outside Earth atmosphere

Electrical units
The general inter-relations between electric
and magnetic units are given in Sec. 2.6

Electrical charge
Coulomb (SI unit)

Electron charge

Electrical potential
Volt (ST unit)
Potential of electron at first Bohr orbit distance
Ionization potential from first Bohr orbit

Electric field
Volt per meter (SI unit)
Nuclear field at first Bohr orbit

Resistance
Ohm (SI unit)

Electric current
Ampere (SI unit)

Current in first Bohr orbit
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= 1 lumen m~2 for a perfectly\
diffusing surface

= 10~* lambert

=10"%sb= cdm2

= 0.487 lambert = 0.155 stilb

= 1.076 x 103 lambert

= 343 x 1074 stilb

= 0.84 x 1076 stilb

= 0.84 x 102 nit

= 2.63 x 1076 lambert

= 0.69 x 1079 stilb

= 10~4 lumen cm™2

= 1 lumen cm~2
1x = 1 lumen m~2 = 10~ phot
= 1 m-candle
= 10.76 lux = 1.076 x 1073 phot
= 1 lumen ft—2

=2.54 x 10710 phot

C =2.997925 x 10° esu = 0.10 emu
= —6.24151 x 10'8 electrons

e = —4.80325 x 1010 esu

e=-1.60218 x 10712 C

V =3.33564 x 1073 esu = 108 emu
= 27.211 volt = 0.090767 esu
= 13.606 volt = 0.045 384 esu

=3.33564 x 1073 esu = 10° emu
= 5.1402 x 10! voltm™!
=1.7152 x 107 esu

Q=1.11265 x 10712 esu = 10° emu

A =2.997925 x 10° esu = 0.10 emu
= —6.24151 x 108 electrons s !
=1.054 x 103 A
= 3.160 x 10° esu
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Electric dipole moment
Coulomb-meter (SI unit)
Dipole moment of nucleus and electron in
first Bohr orbit

Magnetic field
Ampere-turn per meter (SI unit)

Gauss (in free space)
Gamma
~1/2 -1
Atomic unit (me aO 75 )
Field at nucleus due to electron in first Bohr orbit
ozm,;/2 1/210'1, 0= “’0

Magnetic flux density, Magnetic induction

Tesla (SI unit)

Magnetic moment
Weber-meter (SI unit)
Atomic unit (me/ 2502 ‘1)

Bohr magneton, magnetxc moment of

electron in first Bohr orbit
1/2 5/2_-1
2c:azme ay "1,

Nuclear magneton

up(me/mp)

Earth magnetic moment

Radioactivity
Curie [4]
Roentgen

Rad

=2.4189 x 10717 5

GENERAL CONSTANTS AND UNITS

Cm = 2.9979 x 10!! esu = 10 emu
=0.8478 x 1002 Cm
=2.5417 x 10718 esu

= 47 x 1073 oersted [emu]

=3.767 x 10% esu

= 1 oersted = 79.58 amp-turnm™
y = 1073 oersted

= 1.715 x 107 gauss

= 1.252 x 10° oersted

1

= 10* gauss

= 1 weberm™2

= (1/47) 10'° emu = 0.02654 esu

=2.541 x 10712 erg gauss™!

up = 0.9274 x 10720 erg gauss~!

UK = 5.051 x 1072 erg gauss™!

=7.98 x 10% emu

= 3.700 x 100 disintegrations s~!

= exposure to radiation producing
2.082 x 10° ion pairs in
0.001293 g of air = 1 esucm™3
=2.58 x10™* Ckg~!
=10"2Jkg™!

2.6 ELECTRIC AND MAGNETIC UNIT RELATIONS

Table 2.4 on pages 24 and 25 is adapted from the previous Astrophysical Quantities edition. Many of
these quantities are now superseded by the SI units, but the older esu and emu units are still frequently

used for special cases in astrophysics.

For the SI units, the permittivity (€p) and permeability (wo) of free space are defined to be exact as
.Fm~! and 47 x 10~7 N A~2, respectively. Here F is the

(1/47mc?) x 101 Fm~! = 8.854 187817 ..

farad capitance unit, N is the newton force unit, and A is the ampere current unit.
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Table 2.4. Electric and

Quantity SI symbol and unit in esu

Charge (0] coulomb C =c x 10! esu
Current I ampere A =c¢x 107! esu
Potential, EMF V  voltV = (1/c) x 1072 esu
Electric field £ volt/m = (1/c) x 10~ “esu
Resistance R ohm = (1/c?) x 10° esu
Resistivity P ohm m = (1/c?) x 107 esu
Conductance G siemens, mho =c2 x 1079 esu
Conductivity o mho/m =c2 x 107" esu
Capitance Cc farad F =c2x 10 cm
Electric flux v coulomb C =4mc x 107! esu
Electric flux density, displacement D coulomb,/m? =4mc x 1073 esu
Polarization P coulomb/m? =c x 1077 esu
Electric dipole moment coulomb/m =c x 10! esu
Permittivity, dielectric constant € farad/m =4nc? x 107 esu
Permittivity of free space €0 (1/47c®) x 1011 F/m = 1esu

Inductance L henry H =(1 /c2) x 10° esu
Magnetic pole strength m weber Wb = (1/4mc) x 108 esu
Magpnetic flux o weber Wb = (1/c) x 10% esu
Magnetic field H ampere turn/m =4mc x 1073 esu
Magnetomotive force, magnetic potential F ampere turn AT =4mc x 107! esu
Magnetic dipole moment M weber m = (1/4mc) x 1019 esu
Electromagnetic moment m ampere m?

Mag. flux density, induction B tesla T = (1/c) x 10* esu
Intensity of magnetization J weber/m? T = (1/4mc) x 106 esu
Magnetic energy density B xH joule/m>

Permeance A henryH = (1/47c?) x 10° esu
Reluctance 1/henry =4nc? x 1077 esu
Permeability “ henry/m = (1/47c?) x 107 esu
Permeability of free space uo 4w x 1007 H/m = (1/c?) esu
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magnetic units.

Dimensions

in emu, etc. ESU EMU SI

L M T « L M T pemi L M T I
=10"" emu % Y -1 Y% W% ¥ 0 -1 1)c 0 0 1 1
=10"" emu o V-2 Y, Y Y -1 - 1)c 0 0 0 1
= 10% emu h %=1 - ¥%H h =2 h ¢ 2 1 =3 -]
= 10°% emu = -1 = Y Y =2 Y o 11 -3 -1
= 10° emu -1 0 1 -1 1 0 -1 1 ¢ 2 1 -3 =2
= 101! o 0 1 -1 2 0 -1 1 ¢ 3 1 -3 =2
=10"% emu 1 0-1 1 -1 0 1 -1 1/* =2 -1 3 2
=10"!! emu 0 0 -1 1 -2 0 1 -1 1/¢2 =3 -1 3 2
=102 emu 1 0 0 1 -1 0 2 -1 1/c* -2 -1 4 2
=4n x 10~ emu 3 Y —1 Y Y Y 0 = e 0 0 1 1
=4n x 1075 emu — Y =1 Y =3 Y 0 =l 1k -2 0 1 1
= 107> emu = B -1 Y =3 Y 0 - 1) -2 0 1 1
= 10 emu S Y -1 ¥ 3pH 1 0 -4 1/fc 1 0 1 1
=47 x 107! emu 0 0 0 1 -2 0 2 —11/% -3 -1 4 2
= (1/c?) emu 1/c2
=10°cm -1 0 -1 1 0 0 1 ¢ 2 1 =2 =2
= (1/4m) x 108 emu b Y 0 =1 3B Y -1 Y 2 1 -2 -1
= 10° maxwell (Mx) B 1 0 =% h % -1 % ¢ 2 1-2-1
=47 x 10 oersted Oe) Yo Y =2 V= Y -1 =l 1/c -1 0 0 1
=47 x 107 gilbert (Gb) 35 1 -2 Y 1 Y —1 —lh 1/c 0 0 0 1
= (1/47) x 10! emu % Y 0 =Y Kb Y -1 Y ¢ 3 1 -2 -1
= 10° emu h Y =2 Y, Hh ¥ -1 - 1/c 2 0 0 1
= 10* gauss (Gs) =% B 0 - - ¥ -1 1h ¢ 0 1 -2 -1
= (1/47) x 10* emu =3 Y 0 =l =l 1 =1 14 ¢ 0 1 =2 -1
= 407 Gs Oe -1 1 =2 0 -1 1 -2 0 1 -1 1-2 0
= (1/4m) x 10° Mx/Gb -1 0 2 -1 1 O 1 ¢ 2 1 =2 =2
=47 x 1072 Gb/Mx 1 -2 1 -1 0 -1 1/c*? =2 -1 2 2
= (1/47) x 107 emu -2 0 2 -1 0 0 0 1 ¢ 1 1 =2 =2
= 1emu c?
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3.1 ONLINE DATABASES AND OTHER SOURCES

The National Institute of Standards and Technology (NIST) gives access to extensive
physical and atomic data (http://physics.nist.gov). The Plasma Laboratory of the Weiz-
mann Institute (http://plasma-gate.weizmann.ac.il) and the Southwest Research Institute
(http://espsun.space.swri.edu/spacephysics/www.atomic.html) provide, besides their own data, many
useful links to other databases. For astrophysical applications, among the most extensive databases
are those of the Harvard—Smithsonian Center for Astrophysics (http://cfa-www.harvard.edu/amp/data)
(giving, e.g., searchable access to the data by R.L. Kurucz and R.L. Kelly) and of the Opacity Project
(http://astro.u-strasbg.fr/OP) (with monochromatic opacities, collision strengths, and other atomic
data). A further source of important data is the Iron Project (http://www.am.qub.ac.uk/projects/iron).
Gary Ferland’s Web Page (http://www.pa.uky.edu/gary/cloudy) has references to CLOUDY (‘Pho-
toionization Simulations for the Discriminating Astrophysicist”), which contains pointers to the atomic

27
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databases they use and maintain (e.g., http://www.pa.uky.edu/verner/atom.html, “Atomic Data for As-
trophysics”). The CHIANTI group (http://www.solar.nrl.navy.mil/chianti) has installed a database
with information suitable for extreme-UV applications. The Particle Data Group (http://pdg.lbl.com)
makes available periodically its newest releases of particle properties. Other sources of information
are the recent Atomic, Molecular, and Optical Physics Handbook [1], the results of the work of the
Collaborative Computational Project No. 7 (United Kingdom) [2], and the Handbook of Chemistry
and Physics [3].

3.2 ELEMENTS, ATOMIC MASS, AND SOLAR-SYSTEM ABUNDANCE

Atomic masses (weighted by the fractional abundances of the stable isotopes in normal terrestrial
composition [4]) are scaled to 12C = 12.00. Standard values abridged to five significant digits are
given (from the International Union of Pure and Applied Chemistry (IUPAC); see [5]). For some
elements, atomic masses can be accurately measured to seven or more significant figures. ITUPAC
regularly publishes these values irrespective of interest to any user. For many users, however, it is often
desirable that the published data remain valid over an extended period, which is helpful for textbooks
and numerical tables derived from atomic-mass data. IUPAC has recognized this need and approved
the use of the designation standard to its abridged atomic-mass table, with the hope that the quoted
values may survive for at least a decade.

The solar-system abundances (formerly denoted as cosmic abundances) are expressed logarithmi-
cally on a scale for which H is 12.00 dex. The intention is that they express cosmic abundance [6].
Thus, abundances are taken mainly from meteorites and the Sun’s photosphere. In both cases, values by
number are quoted. The agreement between meteoritic and solar data has improved remarkably since
the 1970s. Discrepancies have mostly gone away as the solar values—thanks especially to improved
transition probabilities and other atomic data—have become more accurate [6]. The two principal ex-
ceptions are the solar photospheric Li and Be abundances that are smaller than the meteoritic ones by
2.15 and 0.27 dex, respectively. The reason is that these elements are destroyed by nuclear reactions at
the bottom of the solar convection zone. For most other elements the agreement is better than £0.04
dex (for this, and exceptions, see [6]). In the case of iron, a previous controversy has been solved: the
solar and meteoritic values agree now [7]. For details on isotopic abundances, see [1] and [4].

The group abundance ratios given in Table 3.1 are derived from Table 3.2. The H ratio is set to 100.

Table 3.1. Group abundance ratios.
Stripped

Element group Number Mass electrons

H 100 100 100
He 9.8 39 20
C,N, O, Ne 0.145 2.19 1.1
Other 0.013 0.44 0.21
Total 109.96 141.63 1213

The composition by mass [2] is as follows:

fraction of H, X 0.707 &+ 2.5%
fraction of He, Y 0.274 + 6%
fraction of other atoms, Z 0.0189 £ 8.5%
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Mean atomic mass of cosmic material 1.30
Mean atomic mass per H atom 1.41
Mean atomic mass for fully ionized cosmic plasma 0.62

Table 3.2. Atomic masses and solar-system abundances.

. . Log abundance [2]
Symbol Atomic Atomic

Element [1m number mass Meteoritic Solar
Hydrogen H 1 1.0079 12.00¢ 12.00
Helium [3] He 2 4.0026 10.994 10.99%
Lithium Li 3 6.941 331 1.16
Beryllium Be 4 9.0122 1.42 1.15
Boron 5 10.811 2.8 2.6°
Carbon C 6 12.011 8.56% 8.56
Nitrogen N 7 14.007 8.05¢ 8.05
Oxygen (0] 8 15.999 8.93¢ 8.93
Fluorine F 9 18.998 448 4.56
Neon Ne 10 20.180 8.09 8.094
Sodium Na 11 22.990 6.31 6.33
Magnesium Mg 12 24.305 7.58 7.58
Aluminum Al 13 26.982 6.48 6.47
Silicon Si 14 28.086 7.55 7.55
Phosphorus P 15 30.974 5.57 5.45
Sulphur S 16 32.066 7.27 7.21
Chlorine Cl 17 35.453 5.27 5.5
Argon Ar 18 39.948 6.56¢ 6.56¢
Potassium K 19 39.098 5.13 5.12
Calcium Ca 20 40.078 6.34 6.36
Scandium Sc 21 44.956 3.09 3.10
Titanium Ti 22 47.88 493 4.99
Vanadium A" 23 50.942 4.02 4.00
Chromium Cr 24 51.996 5.68 5.67
Manganese Mn 25 54.938 5.53 5.39
Iron [2] Fe 26 55.847 7.51 7.54
Cobalt Co 27 58.933 491 4.92
Nickel Ni 28 58.693 6.25 6.25
Copper Cu 29 63.546 4.27 4.21
Zinc Zn 30 65.39 4.65 4.60
Gallium Ga 31 69.723 3.13 2.88
Germanium Ge 32 72.61 3.63 341
Arsenic As 33 74.922 237
Selenium Se 34 78.96 3.35
Bromine Br 35 79.904 2.63
Krypton Kr 36 83.80 3.23
Rubidium Rb 37 85.468 2.40 2.60
Strontium Sr 38 87.62 2.93 2.90
Yttrium Y 39 88.906 222 224
Zirconium Zr 40 91.224 2.61 2.60
Niobium Nb 41 92.906 1.40 1.42
Molybdenum Mo 42 95.94 1.96 1.92
Technetium Tc 43 98.906
Ruthenium Ru 4 101.07 1.82 1.84

Rhodium Rh 45 10291 1.09 1.12
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Table 3.2. (Continued.)

. . Log abundance [2]
Symbol Atomic  Atomic

Element [1] number mass Meteoritic Solar
Palladium Pd 46 106.42 1.70 1.69
Silver Ag 47 107.87 1.24 0.94¢
Cadmium Cd 48 112.41 1.76 1.86
Indium In 49 114.82 0.82 1.66¢
Tin Sn 50 118.71 2.14 2.0
Antimony Sb 51 121.76 1.04 1.0
Tellurium Te 52 127.60 2.24
Iodine I 53 126.90 1.51
Xenon Xe 54 131.29 2.23
Cesium Cs 55 13291 1.12
Barium Ba 56 137.33 2.21 2.13
Lanthanum La 57 138.91 1.20 1.22
Cerium Ce 58 140.12 1.61 1.55
Praseodymium Pr 59 14091 0.78 0.71
Neodymium Nd 60 144.24 1.47 1.50
Promethium Pm 61 146.92
Samarium Sm 62 150.36 0.97 1.00
Europium Eu 63 151.96 0.54 0.51
Gadolinium Gd 64 157.25 1.07 1.12
Terbium Tb 65 158.93 0.33 -0.1
Dysprosium Dy 66 162.50 1.15 1.1
Holmium Ho 67 164.93 0.50 0.26¢
Erbium Er 68 167.26 0.95 0.93
Thulium Tm 69 168.93 0.13 0.00°¢
Ytterbium Yb 70 170.04 0.95 1.08
Lutetium Lu 71 174.97 0.12 0.76¢
Hafnium Hf 72 178.49 0.73 0.88
Tantalum Ta 73 180.95 0.13
Tungsten w 74 183.85 0.68 1.11¢
Rhenium Re 75 186.21 0.27
Osmium Os 76 190.2 1.38 1.45
Iridium Ir 77 192.22 1.37 1.35
Platinum Pt 78 195.08 1.68 1.8
Gold Au 79 196.97 0.83 1.01¢
Mercury Hg 80 200.59 1.09
Thallium Tl 81 204.38 0.82 0.9¢
Lead Pb 82 207.2 2.05 1.85
Bismuth Bi 83 208.98 0.71
Polonium Po 84 209.98
Astatine At 85 209.99
Radon Rn 86 222.02
Francium Fr 87 223.02
Radium Ra 88 226.03
Actinium Ac 89 227.03
Thorium Th 90 232.04 0.08 0.12
Protactinium Pa 91 231.04
Uranium U 92 238.03 —-0.49 < —045¢
Neptunium Np 93 237.05
Plutonium Pu 94 239.05
Americium Am 95 241.06



3.3 EXCITATION, IONIZATION, AND PARTITION FUNCTIONS / 31

Table 3.2. (Continued.)

. Log abundance [2]
Symbol Atomic Atomic

Element [1 number mass Meteoritic Solar
Curium Cm 96 244.06
Berkelium Bk 97 249.08
Californium Cf 98 252.08
Einsteinium Es 9 252.08
Fermium Fm 100 257.10

Mendelevium Md 101 258.10
Nobelium No 102 259.10
Lawrencium Lr 103 262.11

Notes
%Based on solar data.
bBased on stellar observations and solar models 1,3, 4].
¢Uncertain.
4Based on other astronomical data.
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3.3 EXCITATION, IONIZATION, AND PARTITION FUNCTIONS
3.3.1 Introduction

Finding the occupation of individual levels of atoms and ions and the fractions of ions of any given
chemical element in a plasma is a complex task. The difficulty arises from the interaction of the
plasma with the atoms. Therefore, in principle, the problems of modified atoms and of their statistical
occupation should be solved simultaneously and self-consistently. The typical task of quantum-
statistical mechanics consists of the calculation of a density operator (ensemble) for the system of all
particles. The partition function, i.e., the trace over the density operator, not only gives the occupation
of all states, but it also leads to a thermodynamical potential.

It is evident that various approximations are necessary before this procedure can be carried out.
One such approximation consists of treating the motion of the heavy particles (nuclei, atoms, ions)
according to classical mechanics. Once the heavy particles are separated out, quantum-mechanical
electrons remain. In the treatment of electrons, we find a bifurcation into two distinct classes of
approach, the “chemical picture” and the “physical picture.” While in the more conventional chemical
picture, bound configurations (atoms, ions, and molecules) are introduced and treated as new and
independent species, only fundamental particles (electrons and nuclei) appear in the physical picture.
In the chemical picture, reactions between the various species occur. Thus the thermodynamical
equilibrium must be sought among the stoichiometrically allowed set of concentration variables by
means of a maximum entropy (or minimum free-energy) principle. In contrast, the physical picture
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has the aesthetic advantage that there is no need for a minimax principle. The question of bound states
is dealt with implicitly through the Hamiltonian describing the interaction between the fundamental
particles.

It is obvious that these self-consistent approaches require extensive analytical and numerical work.
For a recent realization of the chemical-picture approach, see, e.g., [8—10]. For the physical picture, the
most detailed work so far was done as part of the OPAL opacity project [11-14]. In the OPAL project,
the physical picture was not only used to model excitation and ionization processes, but for the first time
also to yield the highly accurate thermodynamic quantities needed in computations of stellar models
[15]. The book by Ebeling et al. [16] contains further information and references on the physical
picture. The most recent addition to the set of stellar equations of state is based on the formalism
of the path integral in the framework of the Feynman—Kac representation. This formalism leads to a
virial expansion of the thermodynamic functions in the power of the total density of a Coulomb plasma
([17, 18], and references therein).

For many lower-density applications, especially stellar spectroscopy, adequate qualitative and
quantitative information can be extracted from simpler considerations, in which atoms are assumed to
have an unperturbed structure. In this case, excitation fractions are given by the Boltzmann factor, and
the ionization degree follows from the Saha equation, which is the mass-action law for the ionization
reaction. The Saha equation contains the internal partition functions for bound systems. A fundamental
theoretical flaw of this approximate approach is that isolated atoms would have infinite partition
functions because of their infinite number of excited states. Many heuristic recipes to truncate partition
functions exist. However, only the physical picture comes to a satisfactory solution, which then can
often be used to justify the intuitive concepts [19]. In many cases, neglecting all excited states, that is,
assuming ground-state-only internal partition functions, is a reasonable approximation. The following
simple treatment of excitation, ionization, and partition functions is, with reasonable care, still very
useful for many qualitative and semiquantitative astrophysical applications.

3.3.2 Approximate Methods and Results

For practical applications, a useful introduction to the statistical mechanics of plasmas is the book by
Eliezer et al. [20]. The number of atoms existing in various atomic levels 0, 1, 2, . .. when in thermal
equilibrium at temperature T is approximately described by the Boltzmann distribution

Nz/N1 = (g2/81) exp(—x1,2/kT),
N2/N = (g2/U) exp(—xo0,2/kT).

Numerically
log(N2/N1) = log(g2/81) — x12(5040/T) (x12 ineV),

where N is the total number of atoms per cm3, Ng, Ni, and N, are the numbers of atoms per cm” in
the zero and higher levels, go, g1, and g2 are the corresponding statistical weights, x;,2 is the potential
difference between levels 1 and 2, and U is the partition function.

The degree of ionization in conditions of thermal equilibrium is given by the Saha equation

3

Ny+1 Uy+1,, (2em)3/2(kT)>/2
Ny P = Uy 2 P exp(—xy,y+1/kT).
Numerically
N 5040 2U
log ( Y+l Pe) = —Xyry+1—— + %log T —0.4772 + log Y+l
Ny T Y
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or

N 2U
log [ =N, ) = —xr.y+10 — 3 log © +20.9366 + log )
Ny Ur

where Ny and Ny are the numbers of atoms per cm’inthe Y and Y +1 stages of ionization (Y =1,
neutral; Y = 2nd, st ion; etc.), N, is the number of electrons per cm3, P, is the electron pressure in
dyncm™2, xy y+1 the ionization potential in eV from the Y to the Y + 1 stage of ionization, ® = 5040
K/T, Uy and Uy are the partition functions, and the factor 2 represents the statistical weight of an
electron.

The degree of ionization, when ionizations are caused by electron collisions and recombinations
are radiative, can be approximately given by

Ny+1/Ny = §/a,

where the effect of both collisional ionizations from state of ionization Y + 1 and of recombinations
of Y + 2 in the abundance of ions in Y + 1 is neglected, and the possibility of multiple-ionization
events is excluded. In the formula, S is the collision ionization coefficient (such that SN. Ny = rate of
collisional ionization, see Sec. 3.6), and « is the recombination coefficient (such that « Ne Ny 1 = rate
of recombination, see Chap. 5).

Detailed calculations of partition functions are given by Irwin [21] (atoms and molecules) and
Sauval and Tatum [22] (molecules). However, for the approximate purposes of this section, the
partition function may simply be regarded as the effective statistical weight of the atom or ion under
existing conditions of excitation. Except in extreme conditions it is approximately equal to the weight
of the lowest ground term. The ground term weight go is therefore given and this can normally be
extrapolated along the isoelectronic sequences to give the approximate partition function for any ion.
The partition functions, given in Table 3.3 in the form log U for ® = 1.0 and 0.5, are not intended
to include the concentration of terms close to each series limit. The part of the partition function
associated with these high-n terms is dependent on both T and Pe. This part is usually negligible unless
the atom concerned is mainly ionized in which case the high-n terms may be counted statistically with
the ion.

Lowering of xy y+1 in the Saha equation to allow for the merging of high-level spectrum lines
gives [23]

Axyy+1 =1.0 x 1077 NPy2/3,

with Ay in eV and N, in cm™3, and where Y is the charge on the Y + 1 ion.

Table 3.3. Partition function [1-3].

Y=1I Y=1 Y=1
logU logU

Element gy ©=10 ©=05 g ©=10 =05 £0

1 H 2 030 0.30 1 000 0.00
2 He 1 0.00 0.00 2 030 0.30 1
3 Li 2 032 0.49 1 0.00 0.00 2
4 Be 1 001 0.13 2 030 0.30 1
5 B 6 0.78 0.78 1 0.00 0.00 2
6 C 9 097 1.00 6 078 0.78 1
7 N 4 061 0.66 9 095 0.97 6
8 O 9 094 0.97 4 0.60 0.61 9
9 F 6 075 0.77 9 092 0.94 4
1N Ne 1 aon nnn A N2 n1s Q
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Table 3.3. (Continued.)

Y=1 Y=1II Y=
logU logU

Element go ©=10 ©=05 g ©=10 ©6=05 £0
11 Na 2 031 0.60 1 0.00 0.00 6
12 Mg 1 0.01 0.15 2 031 0.31 1
13 Al 6 0.77 0.81 1 000 0.01 2
14 Si 9 098 1.04 6 0.76 0.77 1
15 P 4 0.65 0.79 9 091 0.94 6
16 S 9 091 0.94 4 0.62 0.72 9
17 Cl 6 0.72 0.75 9 089 0.92 4
18 Ar 1 0.00 0.00 6 0.69 0.71 9
19 K 2 034 0.60 1 0.00 0.00 6
20 Ca 1 007 0.55 2 034 0.54 1
21  Sc 10 1.08 1.49 15 136 1.52 10
22 Ti 21 148 1.88 28 175 1.92 21
23V 28 1.62 2.03 25 1.64 1.89 28
24 Cr 7 102 1.51 6 086 1.22 25
25 Mn 6 0381 1.16 7 0.89 1.13 6
26 Fe 25 143 1.74 30 1.63 1.80 25
27 Co 28 1.52 1.76 21 146 1.66 28
28 Ni 21 147 1.60 10 1.02 1.28 21
29 Cu 2 036 0.58 1 0.1 0.18 10
30 Zn 1 000 0.03 2 030 0.30 1
31 Ga 6 073 0.77 1 0.00 0.00 2
32 Ge 9 091 1.01 6 0.64 0.70 1
34 Se 9 0.83 0.89 4 9
36 Kr 1 0.00 0.00 6 0.62 0.66 9
37 Rb 2 036 0.7 1 0.0 0.00 6
38 Sr 1 0.10 0.70 2 034 0.53 1
39 Y 10 1.08 1.50 1+15 118 1.41 10
40 Zr 21 153 1.99 28 1.66 1.91 21
48 Cd 1 0.00 0.02 2 030 0.30 1
50 Sn 9 0.73 0.88 6 0.52 0.61 1
56 Ba 1 036 0.92 2 062 0.85 1
57 La 10 141 1.85 21 147 1.71 10
70 Yb 1 0.02 0.21 2 030 0.31
82 Pb 9 026 0.54 6 032 0.40 1

References
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The degree of ionization in the material of stellar atmospheres is given in Table 3.4, relating gas
pressure Py, electron pressure Pe, and temperature 7. The data are averaged from [24] (rather high
heavy-element abundance) and [25] (rather low heavy-element abundance).
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Table 3.4. log P,.

@and T
® 0.1 0.2 04 0.6 0.8 1.0 1.2 1.4
logPe T (K) 50400 25200 12600 8400 6300 5040 4200 3600
-2 -1.9 -1.8 -1.70 -167 -—-154 +0.78 +20 +24
-1 -0.8 -0.74 -070 -066 —0.01 2.57 3.1 39
0 +0.27 4029 +031 +035 +1.90 39 4.5 5.3
1 1.27 1.30 1.33 1.47 3.87 5.2 6.0 6.7
2 227 2.30 2.34 298 5.65 6.7 7.7 8.5
3 3.28 3.30 335 4.87 7.0 83 9.4 10.4
4 4.28 431 443 6.84 8.7 10.0 11.2 12.4
5 5.59 5.30 5.87 8.66 104 11.8 13.2 14.4

3.4 IONIZATION POTENTIALS

Table 3.5 gives the energy in eV required to ionize each element to the next stage of ionization. I
(Y = 1) denotes the neutral atom, II the first ion, etc. Dividing lines between shells and subshells are
added to assist interpolation. Part of the data is based on an especially accurate compilation for selected
ions [6-20], made available by the National Institute of Standards and Technology (NIST, see Sec. 3.1
for online access). If the data are given in wave numbers, the currently recommended conversion factor
to energy is 1 eV = 8065.541 cm™! [26].

3.5 ELECTRON AFFINITIES

Electron affinity is the energy difference between the lowest state of the atom (or molecule or ion)
and the lowest state of the corresponding negative ion (see Table 3.6). It is positive for those atoms or
molecules that form stable negative ions. Regarding the astrophysically important H™, it was thought
earlier that a second stable state exists [27]. Later, however, it was proven rigorously that there is only
one stable state [28, 29].

3.6 ATOMIC CROSS SECTIONS FOR ELECTRONIC COLLISIONS

Definitions of symbols are presented below:

0 Atomic cross section [= Q(v)].

v Precollision electron velocity.

na} Atomic unit cross section = 8.797 x 10717 cm?.

Ne, Na, N;  Electron, atom, ion densities (per cm3).

L=v0 Collision rate for each atom per unit Ne.

N.L Collision rate per atom (or ion).

NeN,L Collision rate per cm>.

P Collisions encountered by an electron per cm at 0° C and 1 mm Hg.

pressure, then Q = 2.828 x 10°17p, =0.3215 na%Pc.
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Table 3.5. (Continued.)

Stage of ionization

Atom I I m v v VI vi v KX X
31 Ga 599930 20514 3071 64 87 116 140 170 212 243
32 Ge 7900 15935 34224 4571 935 112 144 174 207 250
33 As 98152 18633 28351 50.13 6263 127.6 147 179 212 242
34 Se 975238 21.19 30820 42944 683 817 1554 184 218 250
35 Br 1181381 218 36 473 597 88.6 1030 1928 224 257
36 Kr 1399961 24360 3695 525 647 785 1110 126 2309 263
37 Rb 417713 27285 40 526 710 844 92 136 150 2771
38 Sr 569484 11030 4289 57 716 908 106 1223 162 177
39 Y 6.217 1224 2052 618 770 93 116 129 1462 191
40 Zr 663390 1313 2299 3434 815 99 117 140 155
41 Nb 675885 1432 2504 383 5055 1026 125 142 16l
42 Mo  7.09243 1616 2713 464 612 68 1268 153 163
43 Tc 728 1526 2954 46 55 80 187
44 Ru 1736050 1676 2847 50 60 92 -

45 Rh 745890 1808 3106 48 65 97

46 Pd 83369 1943 3293 53 62 9 110 130 155 180
47 Ag 157624 2149 3483 56 68 8 115 140 160 185
48 Cd 899367 16908 3748 59 72 9 115 145 170 195
49 In 578636 18870 2803 544 77 98 120 145 180 205
50 Sn 734381 14.632 30503 40734 7228 103 125 150 175 210
51 Sb 864 16531 253 442 56 108 130 155 185 210
52 Te 90096 186 2796 3741 5875 707 137 165 190 220
53 1 1045126 19.131 33 42 66 81 100 170 200 230
54 Xe 1212987 2121 32123 46 57 82 100 120 210 240
55 Cs 38939 23157 35 46 62 74 100 120 145 250
56 Ba 521170 10.004 49 62 80 95 120 145 160
57 La 55770 1106 19177 52 66 80 100 115 145 165
58 Ce 5387 1085 20198 3672 70 8 100 120 140 165
59 Pr 5.464 1055 21624 3895 5745 89 105 120 145 160
60 Nd 55250 1073 110 130 150 170
61 Pm 555 10.90 135 155 175
62 Sm 56437 1107 160 180
63 Eu 56704 11241 190
64 Gd 61500  12.09

65 Tb 58639 1152

66 Dy 59389 1167

67 Ho 60216 1180

68 Er 61078 1193

69 Tm 618431 1205 2368

70 Yb 625416 12.176 25.05

71 Lu 542585 139 20959

72 Hf 682507 149 233 333

73 Ta 789 16 2 33 45

74 W 7.98 18 24 35 48 61

75 Re  7.88 17 26 38 51 64 79

76 Os 87 17 25 40 54 68 83 100

7 I 9.1 17 27 39 57 72 8 105 120

78 Pt 9.0 18.563 28 41 55 75 92 110 125 145
79 Au 922567 205 30 44 58 73 9% 115 135 155
80 Hg 1043750 18756 342 46 61 77 9% 120 140 160
81 TI 6.10829 20428 2983 507 64 81 98 115 145 165
82 Pb 741666 15032 31937 4232 688 8 103 120 140 175
83  Bi 7.289 1669 2556 453 560 883 107 125 150 170
84 Po 841671 19 27 38 61 73 112 130 155 175
85 At 93 20 29 41 51 78 91 140 160 185
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Table 3.5. (Continued.)
Stage of ionization
Atom I 1 m v v VI vl vl X X
8 Rn 10.74850 21 29 44 55 67 97 110 165 190
87 Fr 4 22 33 43 59 71 84 115 135 195
88 Ra 527892 10.147 34 46 58 76 89 105 140 155
89 Ac 5.17 12.1 20 49 62 76 95 110 125 165
90 Th 6.08 11.5 20.0 28.8 65 80 94 115 130 145
91 Pa 5.89 84 100 115 140 155
92 U 6.19405 104 120 140 160

93 Np 6.2657
94 Pu 6.06
95 Am 5.993
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Table 3.6. Electron affinities [1-2].

Electron Electron Electron

Atom  affinity (eV) Atom affinity (¢V) Molecule affinity (eV)

H +0.754 Na +0.479 (0 )1 +0.451

He -0.3 Mg -0.4 03 +2.1028

Li +0.618 Al +0.441 OH +1.82767

Be —-04 Si +1.385 SH +2.314

B +0.277 P +0.747 Cy +3.269
C3 +1.981

C +1.263 S +2.077

N -0.2 Cl +3.612 CN +3.862

o +1.461 Br +3.48 NH; +0.771

o~ —6.7 1 +3.17 NO +0.026

F +3.401 K +0.501 NO, +2.273

Ne -0.7 Ca +0.018 NO3 +3.951
CH +1.238

References

1. Astrophysical Quantities, 1, §17; ‘2, §17; 3, §17
2. Handbook of Chemistry and Physics, 77th ed. (CRC, Boca Raton, FL, 1996)



40 / 3 ATOMS AND MOLECULES

3.6.1 Ionization Cross Section

The classical cross section of atoms for ionization by electrons [30] is

1 X
=dnmal— (1- %),
01 nmag e ( p )
where x is the ionization energy in rydbergs (Ry), € the electronic energy before collision in Ry, and »
the number of optical electrons.
The general approximation for cross sections of atoms for ionization by electrons (see, [30-33]) is

2

5 1 nrag
Q1=mrao;;F(Y,e/x)= 22 q

=1.63 x 107 “n(1/x3)(x/€)F (Y, €/x),

where Y is the charge on the ionized atom (or next ion stage) and xev is the ionization energy in
eV. The function F (Y, €/x) is given and also g = (x/€)F (Y, €/x), which is sometimes called the
reduced cross section in Table 3.7. The Y = 1 and ¥ = 2 values are from experiment and ¥ = oo
from calculation. About £10% accuracy may be expected for hydrogenic ions. In other cases £0.3
dex may be expected. Other empirical forms have been suggested (see, e.g., [34-36]).

Table 3.7. Numerical functions F(Y,€/x) and q(Y, €/x).

€/x 10 12 15 20 3 5 10
F(classical) = 4(1 — x/€) 000 067 133 200 267 320 3.60
F,€/x) 00 031 078 160 29 46 64
F(2.€/x) 000 053 1.17 202 33 47 64
F(co,€/X) 000 074 154 256 38 50 64
g(classical) = 4(x/e)(1—x/e) 000 056 089 100 089 0.64 036
qU,€/x) 000 026 052 080 097 092 064
q2.€/x) 000 044 078 101 109 094 0.64
q(c0, €/X) 000 062 103 128 128 100 064

The maximum ionization cross section for the classical case is

2

Omax = mragx" ate = 2x.

The value of Qmax is approximately the same in actual cases but the maximum occurs near € = 4x.
The rate of ionization by electrons (see [30-32]) is

Ly =vQ:.
The neutral atom approximation (with k7 < ionization energy) gives
Ly = 1.1 x 10782712 21075040%ev/T ¢ 51,
The coronal ion approximation (with kT < ionization energy) gives

Ly =2.1 x 10780 71/2y 3 21073040%ev/T ¢ 51,
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3.6.2 Excitation Cross Section (Permitted Transitions)

An approximation for Qex, the excitation cross section of an atom (see [30,37]), is given. The
approximation applies fairly well when An > 1 (notation of Chap. 5). For An = 0 the approximation
tends to be small:

8n L f
= — —b
Qex ﬁﬂaoew

= 1740 alr>(W/e) fb
=1.28 x 1075 (f/eW)b cm?,

where f is the oscillator strength, W is the excitation energy in Ry (= 0.0912/A with A in um), and €
is the electron energy before collision, also in Ry. See Table 3.8.

Table 3.8. Numerical factors b and bW /e.

/W 1.0 1.2 1.5 2.0 3 5 10 30 100
b, neutral atoms 000 003 006 0.1 021 033 056 098 133
b, ions 020 020 020 020 024 033 056 098 133
bW /e, neutral atoms 000 003 004 006 007 007 0.06 003 001
bW /e, ions 020 0.17 0.13 0.10 0.08 007 006 0.03 0.01

The maximum excitation cross section is as follows:

e The neutral atom approximation gives

Qmax = 125n'ag)uzf near € = 3W.

e The ion approximation gives

Omax = 3507a2r2f neare = W (A in um).

The rate of excitation (see [34, 35,37]) is

f

— — —-4__ J
L =vQe =17.0x 10 T Wey

1075%M40Wev/T p (W /kT),

where Wy and W are the excitation energy in eV and in ergs (with 11 600W.y/kT = W/kT) and
P(W/kT) is tabulated from [37] (see Table 3.9).

Table 3.9. Numerical factors P(W /kT) and W /kT.

P(W/kT)
W/kT Neutral atoms Ions
< 0.01 0.29E(W/kT)?
0.01 1.16 1.16
0.02 0.96 0.98

0.05 0.70 0.74
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Table 3.9. (Continued.)

P(W/kT)
W/kT Neutral atoms Ions
0.1 0.49 0.55
0.2 0.33 0.40

0.5 0.17 0.26

1 0.10 0.22

2 0.063 0.21

5 0.035 0.20

10 0.023 0.20

> 10 0.066/(W/kT)!/2 020

Note
4 E1() is the first exponential integral.

The tabulated P(W/kT) are too small when the total quantum number of Chap. 5 is unchanged.

The approximations quoted should be replaced by quantum calculations when available (see
[30,38-40]). A Coulomb approximation for ions [41] gives b = geg(2L + 1)/g1 (L in Chap. 5).
The tabulations of ge, the effective Gaunt factor, range from 0.5 to 0.9.

3.6.3 Deexcitation Cross Sections

Deexcitation cross sections (2 are related to excitation cross sections Q12 (2 being the upper level)
through

2262021 = g1€1012,

where €2 = €; + W, and g and g are statistical weights.
The deexcitation rate L3 and excitation rate Lj; are related by

82L21 = g1L12 exp(W/kT).

3.6.4 Excitation Cross Sections (Forbidden Transitions)

The collision strength €2 for each line is defined by (see [33, 42])

Qr = nQ/g1k) = nayQ/ g€
¥ Q

T 4.21Q/g1v?,

where k, /27 is the wave number of the incident electron (then k,z, in atomic units = € in Ry), v is the
electron velocity, g is the statistical weight of the initial (lower) level, and Qs is the forbidden line
cross section for atoms in this level. Then 1, (excitation) = 251 (deexcitation).

3.6.5 Collision Strengths: Extensive Databases

Crude recipes to estimate the order of magnitude of collision strengths (for allowed and forbidden
transitions) can be found in older references [43]. In recent years, however, a wealth of accurate
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collision strengths have been obtained for a very large number of transitions. They are based on
extensive UV and IR emission-line observations and on theoretical calculations. Data are available,
e.g., from the Opacity Project, the Iron Project, and the Harvard-Smithsonian Center for Astrophysics
(see Sec. 3.1 for information about online access of these sources).

3.6.6 Total Atomic Cross Section (Elastic and Inelastic)
An approximation for the total cross section is (see [31,32, 44])
Q ~ 180mar/e'/?  (Ain um, € in Ry),

where A is the wavelength of the strongest low-level lines.

3.6.7 Ionic Collision Cross Section
Cross section for collision deflection of at least a right angle (see [45])

Q) = (Y — D3 (E?/mvH)? = n(¥ — 1)%(e?/2¢€hcR)?
= mal(Y — 1)?/€* (e inRy),

where Y — 1 is the ionic charge.

The effective ionic collision cross section is usually concerned with the more distant collision
involving deflections much less than a right angle. These increase the effective Q by a factor depending
logarithmically on the most distant collisions that enter the integration and also on the circumstances.
The factor is usually between 10 and 50 (see Sec. 3.10). We may write a general approximation:

Q(effective) ~ 20 a3 (Y — 1)%/€2.

3.7 ATOMIC RADII

Atomic radii are defined through the closeness of approach of atoms in the formation of molecules
and crystals. The radius r so derived is approximately that of maximum radial density in the charge
distribution of neutral atoms (see Table 3.10). For ions the appropriate radius measures to the point
where the radial density falls to 10% of its maximum value. The atomic mass divided by the atomic
volume (4/3)rr> gives the density of the more compact solids. 2r is approximately the gas-kinetic
diameter of monoatomic molecules.

Table 3.10. Atomic radii [1-5].

Atom r(A) Ion3] r@A) | Atom r@&) Ion[3] r@A) | Atom r() Ion[3] r(A)

H 0.7 H™ 1.8 S 1.05 S~ 1.70 | Br 1.2 Br— 1.82
He 1.2 cl 1.02 CI- 1.67 | Kr 1.82

Li 1.58 Lit 068 | Ar 1.6 Rb 254 Rbt 1.66
Be 1.06  Be?t 039 | K 237 Kt 1.52 Sr 23 Szt 1.32

B 083 B3t 028 | Ca 197 Ca¥t 114 | Ag 144  Agt 1.29
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Table 3.10. (Continued.)

Atom r(A) Ion[3] rA) | Atom: r(A) Ion[3] r@A) | Atom r(@A) Ion[3] r(A)
C 077 C* 022 | Sc 164 SS3+ 089 | cd 1.6 cd>*t  1.09
N 070 N3- 192 | Ti 146  Ti*t 075 | Sn 1.62 Sn*t 076
o 066 02~ 126 |V 139 v 061 |1 1.4 I~ 2.06
F 062 F~ 1.19 | Cr 1.28 Xe 2.00
Ne 1.3 Mn 126 Mn2t 081 | Cs 273 Cst 1.81
Na 191 Nat 1.16 | Fe 127 Fe?* 075 | Ba 224 Ba’t 149
Mg 1.62 Mgt 086 | Co 125 Co** 079 | Pt 1.38
Al 143 APt 067 | Ni 129 N2t 083 | Au 144  Aut 1.51
Si 1.09  Sitt 047 | Cu 128 Cut 091 | Hg 157 Hg*t 116
P 1.08 Pp3- 23 Zn 139  zZa2+ 077

References

1. Astrophysical Quantities, 1, §19; 2, §19; 3, §19
2. Teatum, E., Gschneidner, K., & Waber, J. 1960, Los Alamos Scientific Laboratory, Report No. LA-2345
3. Shannon, R.D. 1976, Acta Cryst., A32, 751
4. Allen, FH., Kennard, O., Watson, D.G., Brammer, L., Orpen, A.G., & Taylor, R. 1987, J. Chem. Soc. Perkin II,

S1

5. Alcock, N.W. 1990, Bonding and Structure: Structural Principles in Inorganic and Organic Chemistry, (Ellis

Horwood, New York)

3.8 PARTICLES OF MODERN PHYSICS

A representative selection of particles is given in Table 3.11. Hadrons include mesons, nucleons, and
baryons. Possible proton decay is not included. I denotes the isotopic spin, J the spin, and P the
parity. The lifetime is that in free space. In the column labeled “Decay” are given the main decay
products. The mean life T for W and Z bosons is given as the linewidth I" (zI" = h).

Table 3.11. Selected particles of modern physics [1-3].

Mass Mean life
Name Symbol  Charge  (amu) I JP (s) Decay
Bosons
Gauge bosons
Photon y 0 0.000 0,1 1~ 00
w w +1, -1 86.24 1 I =2.1GeV ev, etc.
Z z 0 97.90 1 I =2.5GeV ete, etc.
Mesons
w-mesons (pion) at, ™ +1,-1 014984 1 0~ 2.603 x 108 nv
=0 0 0.14490 1 0~ 0.83 x 10~16 yy
K meson (kayon)  K{, K~  +1,-1 053015 s 0~ 1.237 x 108 wv, w0
K3 0 0.53438 15 0~ 0.892 x 1010 atne=, n0n0
K? 0 0.53438 h 0 5.38 x 1078 wev, wuv, 30
Fermions
Leptons
e Neutrino Ve 0 <5x 1078 %) 00
u Neutrino vu 0 <5x1074 1A [e)
t Neutrino vr 0 <0.2 15 o0
Electron, Positron € —1,+1  0.0005486 1A 00
1 meson (muon) m —1,+1 0.1134 73 2.197 x 10~6 evv
T meson (tauon) T -L+1 1915 1h (34£05)x10713  evp
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Table 3.11. (Continued.)

Mass Mean life
Name Symbol Charge (amu) 1 JP (s) Decay
Nonstrange baryons
Proton p +1,-1  1.007275 14 1ht 00
Neutron n 0 1.008 664 15 1t 0.932 x 103 pe v
Strangeness-1 baryons
A A 0 1.1976 0 1Kt 2,632 x 1010 pr~, nx 9, etc.
=+ =+ +1,-1 12768 1 1Lt 0.800 x 10~10 pr®, nrt, etc.
x0 0 0 1.2802 1 Bt <10-19 Ay, etc.
== == -1,+1 12854 1 1Bt 1.482 x 1010 nr~, etc.
Strangeness-2 baryons
g =0 0 14116 h 1t 2.90 x 10~10 A7, etc.
E- o -1,+1 14185 1h 1Kt 1.641 x 1010 Am~, etc.
Strangeness-3 baryons
Q- Q- —1,4+1 1795 0 3t 0.819 x 10-10 AK™, etc.
Nonstrange charmed baryons
Ac Ac —1,+1 2450 0 pt 23x 10713 AK™, etc.
Composite particles
Hydrogen (25 2) 'H 0 1.007 82 )
Deuterium Sy /) 2H 0 201410 00
Deuteron D +1 2.01355 o)
« particle o +2 4.00140 00
References

1. Astrophysical Quantities, 1, §20; 2, §20; 3, §20
2. Barnett, R.M. et al. 1996, Rev. Mod. Phys., 68, 611
3. Barnett, R.M. et al. 1996, Phys. Rev., D54, 1

3.9 MOLECULES

Some definitions follow:

Na, N, NaB
mAB

ro

Do

80

Number of atoms A, B, and molecules AB per cm3.
Reduced mass = mamp/(ma + mp).
Internuclear distance (lowest state).
Dissociation energy (lowest state).
Electronic statistical weight (lowest state), or
Multiplicity, = 25 + 1 for X states, = 2(2S + 1) for other states.
= 1 for heteronuclear molecules, = 2 for homonuclear molecules.
Vibrational quantum number.
Rotational constants [46,47].
Energy change = hcB = h?/8n%1 = h?/8n2mapr2.
Vibrational constants.
Ionizational potential.
Atomic partition functions (Sec. 3.3).
Molecular partition function, = Qrot Qvib Qel, €ach term dimensionless.
Moment of inertia, = m Agrg.
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Molecular diameters (diatomic) are
~3rg~3.4A.
Molecular dissociation is represented by
NaNB/NaB = QumapkT/h?)*/*e~P/* T UpUs/ Qs.
Numerically,
log(NANB/NaB) = 20.2735 + %log maB + % log T —5040D/T + log(UaUs/QAB)
3

with m in amu, D ineV, N incm™,

QOrot = kT /ohcBy = (T /1.439 K)o By,
By = Be — (v + 3),

1.439 K
Qvib =) _exp (——T—[wev — wexe (v + v)]) ;
v

1.439 K
Qe = del exp ("——-T—Td) s
el

with By, we, T¢) (= electronic excitation energy) in cm™ L,
The main ground-level constants are given in Tables 3.12 and 3.13, but upper level constants

[46,47] are required for dissociation calculations.

Table 3.12. Diatomic molecules [1-3].2

Dy maB Be e we WeXe ro P
Molecule gy o (eV) (@am) (m™!) (em™!) (em™l) (@em™l) QA (eV)
H, 1 2 44781 0504 6085  3.06 4401 121 0.741 15426
Hyt 4 2 26507 0504 302 1.68 2321 66.2 1.052
He, 1 2 ob 2.002 2222
BH 1 1 34 0923 1202 0412 2367 494 1232 977
BO 2 1 828 6452 178 0017 1886 11.8 1205 70
C 1 2 629 6003 182 0018 1855 133 1243 1215
CH 4 1 3465 0930 1446  0.53 2859 63.0 1.120  10.64
CHt 1 1 4085 0930 14.18 049 2740 1.131
Cco 1 1 11092 6856 193 0018 2170 1329 1128 1401
cot 2 1 8338 6.859 1977 0019 2214 1516  1.115 268
CN 2 1 176 6462 190 0017 2068 13.09 L1172 1417
N, 1 2 9759 7002 1998 0017 2359 1432 1.098  15.58
N} 2 2 8713 7.001 1932 0019 2207 16.10 1116 27.1
NH 3 1 347 0940 16699 0649 3282 7835  1.036 13.63
NO 4 1 6497 7467 1672 0017 1904 1408 1151 926
0, 3 2 5116 7997 1445 0016 1580 1198 1208 12.07
ot 4 2 6663 7997 1691  0.020 1905 1626  1.116 242
OH 4 1 4392 0948 1891 0724 3738 8488 0970 12.90
OHt 3 1 509 0948 1679 0749 3113 7852  1.029
MgH 2 1 134 0967 5826 0.185 1495 31.89 1730
AIH 1 1 306 0972 6391 0.186 1683 29.09  1.648
AlO 2 1 527 10042  0.641  0.006 979 697 1618 953
SiH 4 1 306 0973 7500 0219 2042 1520  8.04



3.10 PLASMAS / 47

Table 3.12. (Continued.)

Do maB Be ae we wWeXe ro P
Molecule gy o (eV) (@mu) (em™Y) (em™!) (@Em™!) (@em) (V)
Sio 1 1 826 10.177 0727 0005 1242 597 1510 1143
SiN 2 1 45 9332 0731 0006 1151 647 1572
SO 3 1 5359 10661 0721  0.006 1149 563 1481 1029
CaH 2 1 1.70 0983 4276 0097 1298 19.10  2.003 5.86
CaO 1 1 438 11423 0445 0003 732 481  1.822
ScO 2 1 696 11797 0513 0.003 965 420
TiO 6 1 687 11994 0535  0.003 1009 450  1.620 6.4
\'(e} 4 1 64 12.173 0548  0.004 1011 486  1.589
Cro 1 44 12220  0.541  0.005 898 675 1615 8.2
FeO 1 420 12438 0513 0.004 965 8.71
YO 2 1 129 13.556  0.388  0.002 861 293 1.790
ZrO 6 1 785 13579 0423 0.002 970 490 1712
LaO 2 1 823 14343 0353 0.001 812 222 1.825 4.95
Notes

4See Sec. 4.11 for further molecular data and references.
bThe lowest electronic state supports no bound state. However, the ground-state energy (as a function of
nuclear separation) has a potential well. Its depth is De = 0.0009 eV.

References

1. Astrophysical Quantities, 1, §21; 2, §22; 3, §21

2. Herzberg, G. 1950, Spectra of Diatomic Molecules (Van Nostrand, New York)

3. Huber, K.P, & Herzberg, G. 1979, Molecular Spectra and Molecular Structure IV. Constants of Diatomic
Molecules (Van Nostrand, New York)

Table 3.13. Selected polyatomic molecules [1-2).

1P D Diameter

Molecule eV) V) A
H,0 12.61 5.11 3.5
N,0 12.89 1.68 4.0
CO, 13.77 5.45 3.8
NH;3 10.15 43 3.0
CH,4 13.0 44 3.5
HCN 13.91 5.6

References

1. Astrophysical Quantities, 1, §21; 2, §22; 3, §21

2. Herzberg, G. 1966, Electronic Spectra of Poly-
atomic Molecules (Van Nostrand, New York)

3.10 PLASMAS

Some definitions follow:

Ne, Nj, Np, N Electron, ion, proton, total heavy-particle densities.

Z; Charge on i ion (denoted Y; — 1 in other sections).
L Characteristic size (e.g., diameter) of plasma.
T,B,p Temperature, magnetic field, density.

A Mass in amu.
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The Debye length, electron screening, the distance from an ion over which N, can differ appreciably
from ) ; NiZ; is

D = (kT /4me*Ne)'/? = 6.92(T/Ne)/? cm,

with 7 in K and N, in cm™3.
The plasma oscillation frequency is

Vpl = (Nez/zrme)l/2 = 8.978 x 10° el/zs‘2 (in cgs).
The gyrofrequency for electrons is

Vgy = (e/2mmec) B
=2.7994 x 10°B 57!,
and for ions is
vgy = (Ze/2mmic)B
=1.535x 10°Z;B/A s,

with B in G.
The gyroradius for electrons is

a. =mev)c/eB
=5.69 x 1078, Bcm
~2.21x 1072T2/B cm,
and for ions is
ay =mjivic/ZieB
=1.036 x 10%v, A/Z;B cm
~0.945T'2AY2/Z;B cm,

where v is the velocity normal to B.
The most probable thermal velocity for electrons is
v = (2kT/m¢)'/?
= 5.506 x 10°T'/? cruys,

and for atoms and ions is
v=(QkT/m)'/?

= 1.290 x 10*(T/A)/? cs.

For rms velocities increase v by the factor 4/3/2 = 1.225.
The velocity of sound is

vs = (vkT/m)'2[(N + N.)/N1'/?,

comparable with thermal velocity.
The Alfvén speed (magnetohydrodynamic or hydromagnetic wave) is

va = B/(4np)'/? = 0.282B/p/2.
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The phase velocity is c(1 + 4mpc?/B?)1/2.

The electron drift velocity in crossed magnetic and electric fields is 108E, /B cm/s, with E| in
V/cm and B in G.

The electron drift velocity in magnetic and gravitational fields is

megc/eB = 5.686 x 10~ 8g/B cmys,

with g in cm/s? and B in G.
The collision radius p for right-angle deflection of electrons by an ion is

po = Zie*/mev? ~ 3 Z1€* /KT
=83x107*Z,/T cm.

The corresponding collision cross section is
mpy = 2.16 x 10723772 em®.
The cross section for all electron collisions with an ion is

:rrp(z) InA,
with
d
In A = In(d/c) =f pldp
c

and where c is the minimum of p in circumstances and d is the maximum of p in circumstances.
c is the largest of

c1 =83x 10“421/ T cm from the right-angle definition

or
cy = 1.06 x 10°°7" Y2 cm  from electron size.
d is the smallest of
dy=N""Y3cm fromion spacing
or
dy = D =69T'2N~Y2 (the Debye length)
or

d3 =18 x 100TY2 /v for collisions giving free—free absorption of frequency v radiation.
The most general approximation for A is

InA =9.00+3451log T — 1.15 log Ne.

The collision cross section for neutral atoms and molecules is ~ 10~!5 cm?2.

The collision frequency for electrons is Njve x(cross section) = 2.5(In A)N T-3/27; s~
The collision frequency for ions with ions is 8 x 1072(In A)N.A~1/2T~3/272 s~1,

The mean free path of electrons among charged particles is 4.7 x 10°T2N 1 IN L 2 em.
The mean free path of electrons among neutral particles is 105N ~! cm
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The electrical resistivity [48] is

ATOMS AND MOLECULES

n=28x102(0n A)T32 (emu)

=9x10~%(n A)T 372

applying when the energy gains during free path < kT.

The thermal conductivity [48-50] is 1.0 x 10-675/2 erg cm~ls 1K1,

The life of a magnetic field in a plasma is

For approximate parameters for some plasmas, see Table 3.14.

T= 471L2/77 (n in emu)

(esu),

=1.5x 10712L2(In A)~173/25.

Table 3.14. Approximate parameters for some plasmas.® Values are logarithmic.

Interstellar.”
Definition Quantity Unit Ion? Inpl® ©Cor? ©Rev¢ HHE Hu”
log L cm 70 130 10.0 7.0 195 195
log Ne cm™3 55 05 8.0 125 -30 00
log N cm™3 110 05 8.0 16.5 00 00
log T K 30 50 6.0 3.7 20 40
log B G -10 -50 0.0 0.0 -50 -50
Plasma freq. 4.0+ }log N s~1 68 42 8.0 10.2 25 40
Debyelength 0.7+ 3log T — 1logNe  cm -06 30 -03 -3.6 32 27
Gyro freq.

Electron 6.4 + log B s~1 54 1.4 6.4 6.4 1.4 1.4
Ton 3.2+1log B s~! 22 -18 0.7 3.2 -18 -18

Collision freq.
Electron 1.7+1log Ne — 3 log T s~ 22 59 32 8.7 -18 -43
Ton 02+1log Ne— 3log T 5! 12 -74 -08 72 -58 —58
Electrical 63+ 3log T esu 108 138 153 119 93 123

conductivity
—146+3log T emu —101 -71 -56 —9.0 -11.6 -86

Mean free path
Ion 5.7+ 2log T —log N cm 62 152 9.7 0.6 127 137
Neutron 150 —log N cm 40 145 7.0 -15 150 150

Gyroradius
Electron —1.74 31og T —log B cm 08 58 13 0.1 43 53
Proton 0.0+ %log T —log B cm 25 7.5 3.0 1.8 6.0 7.0
Alfvén v 113~ Llog N +1log B cm/s 75 6.1 73 5.1 78 63
Sound v 424 3log T cm/s 57 67 72 6.0 52 62
B decay —13.1+2log L+ 3log T s 54 194 159 6.5 299 319
yr -21 119 8.4 -1.0 224 244
Notes

“For spectral emission from high-temperature plasmas, see Chap. 14.






