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Préface

I have compiled the tables, graphs, diagrams, and formulae in this book in
order to provide a ready reference and working tool for the practicing space
astronomer and astrophysicist. Ground-based astronomers and advanced
amateur astronomers will find much here of interest, too. The material
represents a diversified selection based upon the circumstance that the
space astronomer and astrophysicist must draw upon a knowledge of
atomic physics, nuclear physics, relativity, plasma physics, electro-
magnetism, mathematics, statistics, geophysics. experimental physics. 1
cereru, in addition 1o the clussical branches of astronomy. My hope is that
this book will replace hunting through many separate works or a tripto the
reference library. In that spirit, T welcome suggestions of material for
inclusion in a later edition and. of course, corrections or criticism,

There are 19 chapters in the book. The first chapter contains gencral
data. physical constants, unit conversions, etc. Chapters 2 & cover general
astronomy and astrophysics, radio, infrared, ultraviolet, X-ray, and
gamma-ray astronomy, and cosmic rays. Chapter 9 contains information
on the Earth’s atmosphere and environment relevant to space science.
Chapter 10 deals with special and gencral relativity and chapter 11
provides relevant information in atomic physics. Electromagnetic
radiation and plasma physics are the subjects of chapters 12 and 13. The
remaining chapters essentially deal with the tools of the trade, viz.,
information on radiation and particle interactions, detectors, launch
vehicles, useful mathematical relations and statistical formulac, laboratory
radiation safety, and a comprehensive list of astronomical catalogs. Each
chapter ends with a brief bibliographical list for further reading on the
subject of the chapter or for more extensive reference material. The book
has a complete index. References are given and they should be consulted for
derivations or comprehensive explanations of the material.



The question of units is always u problem in a book of this type; sticking
to one consistent set (SI, for example) is not very useful to the practitioner.
have tried to use the unit systems common to the particular field. Thus I
have used SI, c.gs.. and Gaussian (e.s.u. ¢.g.5. units) or occasionally a
mixture, whenever customary. What is being used is usually noted and
whenever the units are not noted. any consistent system will do. Il in doubt,
perform a numerical check. Besides a complete up-to-date set of
fundamental constants in SI units, I have also provided a subset in c.g.s.
units which are more commonly used in the formulae in this book.

I wish to acknowledge colleagues throughout the scientific community
for their useful suggestions; especially Gerald Austin, Paul Gorenstein,
Charles Maxson, Robert Rosner, Stephen Murray, Daniel Schwartz, and
Daniel Fabricant of the Harvard/Smithsonian Center for Astrophysics, I
reserve my deepest appreciation for Judith Peritz who tirelessly and with
great skill prepared the typescript and never lost patience with my ‘just one
more addition’,

Martin V. Zombeck
Cambnidge, November 1989
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Fundamental physical constants (c.g.s.)

Speed of light in vacuum
Gravitational constant
Planck's constant

Electron chirge

Mass of electron

Mass of proton

Mass of neutron

Atomic mass unit {amu)
Proton-electron mass ratio
Fine structure constant
Classical electron radius
Bohr radius

Electron Compton wavelength
Rydberg constant
Boltzmann constant

Stefan Boltzmann constant

Thomson cross-section
Bohr magneton

c=2997924 58 x 10"’ cms ™!
G=6.67259x 10" %dynem?g ?
h=66260755x10 *"ergs
e=4.8032068 x 10™ ' ¢su
m,=9.1093897x 107 % ¢
m,=1.6726231x 107 2%g
m,=1.6749286 x 10" ¢
m,= 16605402 x 10" g
my,/m, = 1836132701
he/2ne® = 1ia=137.035989 3
elimct=r,=281794092x 10™ 'Y cm
R idmim e’ =a,= 0529177249 x 10" *cm
hime=d,=2.426310 58 x 10”1 %m
2imetichd =R, =109737.31534¢m !
k=1.380658x10"""erg K !
=21k 15k 2

=5.67051 x 10 “ergem 2K *s !
&nr, 3= _,0=066524616x 10" **cm™?
ehidrm, =11y, =9.2740154 % 107 2! gausscm?

(Based on constants recommended by the 1986 CODATA Committee in previous

table.)

Sun-Earth system constants

Equatorial radius for Earth

Dynamical form-factor for Earth
Gravity at Earth’s surface (mean)

Ratio of mass of Moon to that of Earth
Lunar distance (mean)

Astronomical unil

Mass of the Earth

Solar parallax

Tropical year (1900.0}

Ephemeris day

Constant of aberration (2000.0)

Obliquity of the ecliptic (2000.0)

General precession in longitude per
Julian century (2000.0)

Constant of nutation {2000.0)

Earth's magnetic dipole moment

Angular rotation rate of Earth

Average depth of ocean

Flattening of Earth

d, = 6378.140 km

J; =0.00108263
g.=980.7cms ™ ?
t=0.01230002

384401 x 10'%¢em

AU = 1495978 70 x 10" *cm
M,=5976 x 10°" g
no,=8".794 148

365.242 days

3.1557 x 10’ ephemeris seconds
86 400 ephemeris seconds

K = 20".495 52
£§=23°26"21"448

p=502%9".0966

N =97.2055

M, =8.02x10°? Am?
0=7292115x10" rads !
H = 3800m

1/ f = 29R.257
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Cosmological data

Hubble constant H,=(50-100)kms ™! Mpc

=(1.6-32)x 107 'Fy7!
Hubble time 1 Hy=1(19.6-9.78) x 10"y
Hubble distance R=cH,=1(6050 3025 Mpc
Critical density p.=3H38nG
=(5-20) % 107 gem 3
Volume R = (9-1) x 101 Mpc?
Smaothed density of galactic material
throughout universe (Allen 1973) 2x 10 Ygem™F
1x 10" 7atomem
Ix 10°M Mpe™?
Space density of palaxies 0.02Mpe~?°
[.uminous emission from galaxies 3x 108 L Mpe™?
Mecan skv brightness from galaxies 1.4(my = 10)deg ~*
Cosmic background thermadynamic
temperature 274+ 0.09K
Weak coupling constant g = 1435 x 10 **ergem?

Unit conversions

lkeV: he/E=12.39854 % 10" %fcm  LkeV = 1602177 x 10 “erg
lkeV: Eh=2417965x 10' " Hz {joule =107 erg
lkeV: E'k = 116048 x 10° K 1 calorie = 4.184 joule
1.OEHz: hv=4.13571 keV
[ parsec = 3.261633 light years = 3.085678 x 10*®cm
Ilight year = 9.460 520 x 10' " cm
1 XU = 100209 x 10 'cm
| Angstrom = | x 107" ¢m
[ amu; Me2=1.49241 x 10 F erg = 931.494 MeV
760 torr = 1.013 x 10° dyn cm ~ % = | atmos. = 1.013 bars = 1.013 x 10° Pascals
1 Rayleigh = {1/4x) % 10° photonscm ™ %s 'sr™!
1Uhuructs "= 1.7 x 10" ergem ™ 2s7' (2 6keV)
=24x 1D "ergem 257! (2 10keV)

1flux unit = 10" 2® watt m 2 Hz~ ! = 1 Jansky
10dv=10""ergem %s ' EHz™!

=0242x 10" ergem 25 ' keV ' = 1509 x 10" *keVem ‘s keV™!
| curie: amount of material undergoing 3.7 x 10'? disintegrations s ™!
I nautical mile = 1852 m
I statute mile = 1609.344 m
intensity {ergem " 257" Hz ') = 3.33 x 107" 2%(A) intensity {ergem ™ *s7! AN
1barn = 10~ %*cm?
1tesla = 10* Gauss
0 C=27315K
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Numerical constants

n=3.1415927

g=2718 1818 = 3437747 x 10*arcmin
In2=0.6931472 = 2.002 648 x 10" arcsce

log,, 2 =0.3010300 steradian = 32400/ = 3.282R8 x 10* deg?
In 10 = 2.302 585 1 = 1.1818 x 107 arcmin?
log,,e=10.434294 3 =4.,2545 x 10'° arcsec?
(2m)t' % = 2.506 628 degree = 0.017 453 3 rad

n? = 9.869 604 arcmin = 2 908 88 x 10~ *rad

210 = 1024 arcsec = 4.848 137 x 10 ° rad

e ' =0.3678794 deg? = 3.0462 x 10 * steradian
F'in+ 1)=n!,integera arcmin = 84617 x 10 8 steradian
Tri1;2y=n'? arcsec? = 2.3504 x 10" !! steradian

Feigenbaum's number: 6 = 4,669 2016

Powers of 2 Number system conversions :

|
" 2" log2" | Decimal Octal Binary Hexadecimal
0 1 0.00 I O 0 0000 0
1 2 0.30 i 1 1 0001 1
2 4 .60 2 2 0010 2
; 8 0.90 3 3 0011 3
4 16 1.20 4 4 G100 4
5 32 1.51 5 5 0101 5
6 64 1.81 6 6 0110 6
7 128 2.11 7 7 0111 7
8 256 2.41 8 10 1000 8
9 512 271 9 11 1001 9
10 1024 3.01 10 12 1010 A
11 2048 1.3 11 13 1011 B
12 4096 3ol 12 14 1106 C
13 8192 391 13 15 1101 D
14 16 384 421 14 16 1110 E
15 32768 4,52 15 17 1111 F
20 1048 576 6.02 i6 20 10000 10
25 33554432 7.53
n 0.301n




Mathematical formulae

; nin—1) 22

(a4 x)'=d"+nad" "x+ a
o 1l |

b § x®
€ = +_\-.+2!+3!+‘--
il e + ;

S _ 5
nil + x)=x 5 +3 or
‘ ¥ % X
SiNX=X— - +—- —— 4+,

a5 7

|udr=m‘—jrdu+(‘,

™

J e 2 * dx=n'"2/2a,
0

F(u) = j flx)e ™™ dx e f(x)= '[

2

n' ~ (2n)V 2"tV 2e 7" (for large n).

A
J f(x)dx = Jf{\}d\
[ d

nin—1)n—2)
+

17

n

=3 4"

a" x4 .

* =4 NAdX
3!

where n is any positive integer.

X ;
Lis= =0 b— = — 8

2! 4 6!
fr M

9 2 n

sin“nxdx= | cos*nxdx= s

0 0 ) =
for an integer, n # 0.

[. x"e *“*dx=T(n+ 1)a"*.

Jo

.I"h{h" e.’.rrm,\‘

b 3
[ flx)dx = '[

h
Sx)dx + J f(x)dx.

u d d dr
== f[lt(\f}] = P [u(x)v(x)] = I: + u i
In y(x) = y"(x)/y(x), 2.30log,, x = log, x
X

sin(A4 + B) = sin Acos B + cos Asin B.
cos(A4 + B) =cos Acos B —sin Asin B.
e'* = cosx + isinx.
Elementary particles (short list)

Mass Magnetic Mean
Particle C hdrgt. {amui Spin  moment life" (s)
Photon 0 0 1 0 stable
n-meson +1,—1 0.14984 l 0 260x 10 8

0 0.144 90 0 0 0.83x 107'¢

Neutrino 0 <10™" 1/2 ~0 stable
Electron, positron — 1, +1 0.0005486 12 1.001 160 ;'™ stable
[-meson —1,+1 0.1134 12 0.004842 py 2.20 x 10~%
Proton +1,—1 1007276 1/2 2.792 85 uy" stable
Neutron 0 1.008 665 12 -1 9110-4“\ 917 + 14
) hdlf-llfe = mean Ilfc X In 2
® = eh/dnm.c=9.2740154(31) x 10 i’ B S

il = ¢h/4nm,c = 5.050786 6(17) x 10 27JT"".
m?rom ‘Reviews of Particle Properties’, Rev. Mod. Phys. 52, No.2

43

.April 1980)
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Elementary Particles

{The second column is the isospin ¢, while the next column is the spin and parity, J*.
Masses and lifetimes have generully been rounded; see the original reference for

error bars and a complete listing of particle properties.)

Particle I Jf
LEPTONS
e 1

:
H 3
T :
NONSTRANGE BARYONS
p 2 y!
" ! L
A 3 3"
STRANGENESS = —1 BARYONS
A 0 I
r- I 3!
P 1 1t
p3 | 5°
STRANGENESS = -2 BARYONS
=0 1+
i 2

L

2

1

2
STRANGENESS = —3 BARYON
Q- 0 3

]+
2

NONSTRANGE CHARMED BARYON

AS D i
NONSTRANGE MESONS
n* 1 Q-
n° 1 Q-
n 0 0-
I 1 1=
w 0] 1
n' 0 0°
¢ 0 1
J¥ 0 1-
T 1-
STRANGENESS = — 1 MESONS
K* 5 0~
K°, K { 0

CHARMED NONSTRANGE MESONS

D;ﬁ . % 0:
D gD 12_ 0
CHARMED STRANGE MESON

* 0 0

Mass (MeV) Mean life (s)
0.511003 Stable
105.6594 219714 x 10™*%
1784 Sx 107"
938.280 Stable
939.573 925
1232 6x 10 2¢
1115.60 263 x 1010
1189.36 8.00 x 10° 4
1192 .46 6x 1072
1197.34 148 x 10710
13149 29 % (0710
1321.3 1.64 x 10-1°
1672.5 R2x 101!
2282 I x 10713
139.567 2603 x 1078
134.963 83Ix 1077
548.8 Rx 10~ 1'%
769 43 x 10”24
782.6 6.6 x 10~ 2*
U57.6 24 x 1072
1019.6 1.6 x 10~ 22
3096.9 10x 1072
94356 1.6 x 10°2°
493,67 123710 8
4977 K 892x 107!
K :518x 108
1869.4 9x 10713
1864.7 5x 1ot
2021 2x 10713

(From Shapiro, 8. L. & Teukolsky, S. A., Bluck Holes, White Dwarfs. ur

Stars, John Wiley and Sons, 1983, with permission.)

w Neutron
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Energy conversions

lery = ldynec-centimeter = 10 7 joule
1 joule = | newton-meter

{ fool-pound = 1.356 joule

[cdlorie =4.184 joule

| Btu — 1055 x 10%joule

| horsepower-hour = 2.6845 x 10” joule

| kilowatl-hour =3.6 x 10° joule =3 413 x 10° Biu
I MeV = [6x 10 '*joule

Energy of fission of 1 atom of ***U = [99MeV =32x 10" joule
Energy equivalent of 1ton of TNT =42 x 10° joule

Energy of fission of 1kilogram of ***1J = 20kilotons of TNT

Hydrogen fusion: D+ T ,He* + n+ 17.6 MeV
Energy equivalent of Lgram of matter =9 x 10 joule

High heat value of 1ton of coal =26 x 10" Btu

High heat value of 1cord of red vak = 30 = 10° Btu

High heat value of 100 galions of fuel o1l = 15 < 10° Btu
High heat value of 20 000 cu ft natural gas = 20 x 10° B

US energy consumption = 10*%joule yr~! (proj. 1970-2000)
Earth’s daily receipt of solar energy =149 x 10*?*joule =4.2 x 10'* Mwh
Earth's rotational energy =2.2 x 10%? joule

Earth’s total heat content =3 x 10* joule

| D-cell flashlight battery = 10* watt-s = 10% joule

Prefixes and symbols
(used with SI units to indicate decimal multiples and submultiples)

Multiples

Submultiples

Factor Prefix Symbol Factor Prefix Symbol
108 cxa E 1071 deci d
10'* peta P 102 centi ¢
10! tera T 10-° milli m
10° giga G 10~ micro 7
10" mega M 10 nano n
103 kilo k 10 !¢ piCo p
102 hecto h 10°1° femto f

a

10 deca da 1018 atto
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Periodic table of the elements

GAGUP
| &
) reorer PERIODIC TABLE
ELEN
el s OF THE ELEMENTS
uor
HYDROGEN A
3 6.939 g eoez ATOMIC KEY
1330 L o S ATCMIC
1803 L | 1277 Be 8OILING 30 6537 4— -~ T
.53 188 POINT, C 506
LITHIUM | BERYLLIUM :'r[nL-:TN'(‘J’ "‘i: Zn<. — SYMADL
1] 229896 12 24 22 DENSITY - ZINC=—— - —mrnE
asz ner (g/m
ara &30
o7 NG 1T Mg
SODIJM | MAGHESIUM e ve va viB VIl B I NI ————
|© 3902 20 9008 2| 94956 (9D 4vs0 23 5094z 24 51996 [ DH 54938 | PG 55847 27 e |ng sen
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37 94 38 8762 39 84 305 40 o 22 41 22 506 42 35 94 43 148} 44 101.07 45 108 905 46 1664
11,3 1380 2927 EET 5400 [T — LET.E P A880
Wy Tea 1409 183z [ET T 2610 7140 e, | 2500 R 1968 Rh 11T Pd
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E&T e BT7 r () —_ ]] 7 54 L U ?Bg
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Greek alphabet

x Alpha

A N v Nu

B fi Beta = Xi

r - Gamma O o Omicron
A d Delta mr Pi

E « Epsilon P p Rho
VAN Zela Lo Sigma
H 5 Eta T Tau
e Theta T v Upsilon
I Iota (U Phi
K« Kappa X 7 Chi

A s Lambda ¥ Psi

M Mu Qo Omega

-—
o~
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The Solar System

The Sun

Mass

Radius

Magnetic ficld strengths {(typical):
Sunspots
Polar field
Bright, chromospheric network
Ephemeral (unipolar] active regions
Chromospheric plages
Prominences

Mean density

Gravity at surface

Mean distance from Earth

Solar constant (1980}

M,

m,

M,

Myl

Effective temperature

Luminosity

Spectral type

Inciination of equator to ecliptic

Sidereal rotation {func. of lat.)

Synodic rotation (func. of lat.)

Central denstty

Central temperature

Surface area

Volume

Moment of inertia

Specific surface emission

Specific mean energy production

Escape veloony at surface

6.9599 x 10'%cm

000G

1G

235G

206G
200G
10 100G
1.410gcm?
2.7398 x 10*cms ™ ?

1AU = 149598 x 10" cm

0.1368 wattscm ~?
+ 4,83

—-26.74

+4.75

—26.82

5770 K

3826 x (0% ergs !
G2V

715

14-.44 — 3 Osin’ ¢ per day
13-.45 — 3" 0sin® ¢ per day

140 180 gem ™
(14.9-15.7) x 10° K
6.087 x 102 cm?
1412 x 10 cm”
5.7 x 0% gem?

6.329 x 10’ ergem s

1 .-1

1.937ergg™ " s
6.177 x 107 cms™!

19891 x 1033 g
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The Sun (conrt.)

Annual mean sunspot number, AD 1610 1975 (From Eddy. J. in The
Solar Output and its Vuriation, O. While, ed., Colorado Association
University Press, 1977
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The Sun (cont )

Temperature and density as a function of distance lrom the solar
surface. (Courtesy of G. Withbroe, Harvard/Smithsoman Center for
Astrophysics.)
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The Sun (cont.)

Solar spectral irradiance. (Adapted from Carrigan, A. L. & Skrivanek,

Aerospuce Environment, Air Force Cambridge Research Laboratories,
Massachusetts, 1974.)
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Solar effective temperature 5800 K

Solar luminosity 3.826 x IQ“ erg 5_'___ .
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The solar spectral irradiance at 1 AU between 10 and 300 A. Three
states of solar activity are shown for the region 10-30 A. The vertical
extent of the shaded areas is representative of the variability of the
spectral irradiance for changing solar conditions. (Adapted from

Manson, J. E. in The Solar Qurput and 11s Variation, O. R. White. ed..

Colorado Associated University Press, Boulder, 1977.)
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The Sun (con

Solar EUV flux distmbuuon mcident an Farth's atmiosphere

f.)
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(moderately active. non-flaring sun). (Adapted from Carrigin, A. L. &

Skrivanek, Aerospace Encironment, Air Force Cambrid

Luboratories. Massachuselts, 1974,
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Solar System clemental abundances (normalized to Si = 10°)

Abundance Element Abundunce Element Abundance

Element

1 H 266 x 1010 29 Cu 540 58 Ce 1.2

2 He 1.8 = 10° 30 £n 1260 59 Pr 0.18
I Li 60 3 Ga 18 60 Nd 0.79
4 Be 1.2 2 Ge (17 62 Sm 0.24
5 B 9 33 Ag 6.2 63 Eu 0.094
6 C 1.11 x 107 4 Se 67 64 Gd 042
7 N 2310 % 100 35 Br 92 65 Tb 0.076
g8 O 1.84 x 10° % Kr 41.3 66 Dy (.37
9 F 780 37 Rb 6.1 67 Ho 0.092
10 Ne 2.6 x 10° 38 Sr 229 68 FEr 0.23
11 Na 6.0 x 104 9 Y 4.8 69 Tm 0.035
12 Mg 1.06 x 10° 40 Zr 12 70 Yb 0.20
13 Al 8.5 104 41 Nb 0.9 71 Lu 0.035
14 Si LOO x 10° 42 Mo 4.0 72 Hf 0.17
5 P 6500 44 Ru 1.9 73 Ta 0.020
6 5 50x [0 45 Rh (.40 4 W 0.15
17 I 4740 46 Id [.3 75 Re 0.051
18 Ar 1.06 x 10° 47 Ag 0.46 % Os 0.69
19 K 350%) a8 Cd 1.58 77 Ir 0.72
20 Ca 625 « 147 49 In 0.19 78 Pt 1.41
21 Sc¢ 31 50 Sn 37 79 Au 021
22 T 2400 51 Sb {0.31 80 Hg 0.42
2} 0¥ 254 52 Te 6.5 81 Tl 0.19
24 Cr 127 x 107 53 1 1.27 B2 Pb 2.6
25 Mn 9300 34 Xe 5.84 83 Bi (.14
26 Fbe 90 % 103 55 Cs (.39 % Th 0.045
27 Co 2200 56 Ba 4K 92 U 0.027

28 Ni 478 x 104 57 La 0.37

The practical mass fractions of hydrogen, helium, and the heavier elements are:
X=077Y =021, Z=002. (Adapted from Cameron, A. G. W. in “Essavs in
Nuctear Astrophysics™, Cambridyge University Press, 1981).
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The planers (orbital elements)

Mean

Mean

distance Sidereal Synodic  orbital Inclination

from Sun  perrod period velocity  Eccen- to the
Planet (AU {d) {d) (kms~!) tricity ecliptic (°)
Mercury  0.387099 87.969 11588 47.89 0.2056 7.00
Venus 0.723 332 224701 58392 31503 0.0068 339
Earth 1.000 000 365.256 - 29.7% 0.0167 —
Mars 1.523691 686.980 779.94 24.13 0.0934 1.85
Juptter 5202803 4 332.589 398 %8 13.06 0.0485 1.30
Saturn 953884 10759.22 378%.09 9.64 0.0556 249
Uranus  19.1819 306854 369.66 6.81 0.0472 0.77
Neptune 300578 60 189.0 367.49 5.43 0.0086 1.77
Pluto 39.44 366.73 4.74 0.250

AU = 1.495979 x 10'cm. The sidereal perio

90 465.0

17.2

d is the period of revolution

measured with respect to the fixed stars; the synodic period is the interval between
successive oppositions of a superior planet or successive inferior conjunctions of an

inferior planet.
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Principal meteor streams

Normal Radiant Geocentric

period of - - velocitly
Stream Maximum  visibility % ! kms !
Quadrantids Jan. 3 Jun. 2-4 231 + 49 43
Lyrids Apr. 23 Apr. 20-22 271 +233 47
n Aquarids May 4 May 2- 7 336 { 64
o Aguarids July 30 July 20-Aug. 14 239 — K 31
Perseids Aug. 12 July 29- Aug. I¥ 46 + 58 60
Draconids Oct. 10 Oct. 10 265 +54 24
Orionids Oct. 21 Oct. 17-24 95 +15 66
Taurids Nov. 4 Oct. 20-Nov. 25 55 +17 30
Leonids Nov. 16 Nov. 14-19 153 +22 72
Andromedids Nov. 20 Nov. 15-Dec. 6 13 +35 20
Geminids Dec. 13 Dec. 8-15 112 + 32 36
Ursids Dec. 22 Dec. 19- 23 213 +76 36

Permanent daytime streams

Arietids June & May 29 June 17 44 +23 39
& Perseids June 9 June 1 15 61 +23 29
S Taurids June 30 June 23 July 7 86 + 19 3i

{Adapted from Allen. C. W.. Astrophysical Quantities. The Athlone Press, 1973.)
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Stars

Star charts

SOQUTHERN STARS
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Nearest stars

Known stars within 5 parsecs of the Sun (in a sphere, projected on a
plane). The numbers correspond to the order of radial distance from
the Sun. The angular position on the plot is the star's right ascension.
Stars that appear close together on the plot are not necessarily close
in space, since the third dimension - for example, the star’s
declination - cannot be indicated. (Adapted from Roach, F. E. &
Gordon, J. L., The Light of the Night Sky, D. Reidel Publishing Co.,
1973))
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Stars of large proper motion

Name

Groombridge
1830
Lacaille 9352
61 Cygmi
Lalande 21185
¢ Indi
o? Erndani
u Cassiopelae
«? Centauri
a! Centauri
Lacaille 8760
82 G Endan
268 G Ceti
Arcturus

Constellation

Ursa Major
Piscis Aus.
Cygnus
Ursa Major
Indus
Eridanus
Cassiopela
Centaurus
Centaurus
Microscopium
Eridanus
Cetus
Bodtes

I mag.

6.45
7.34
.54
7.49
4.69
443
517
1.39
0.00
6.68
4.27
5.82
—0.04

Annua
molion

708
6.9
522
4.77
4. M)
408
375
o8
368
346
il4
2.32
2.8

x 2000

11" 52maRyT7
23 05 320
31 06 339
11 03 202
2703 315
04 15 16.2
0L 0K 162
14 39 254
14 39 6.7
21 17 15.1
03 19 55.7
02 36 048
14 15 39.6

(List from Sky Cataloyue 20000, Hirshfeld. A, & Sinnott. R., ¢ds

Corp., 1982}

A 200

43
5
44
58
47
iv
35
S0
50
52

+ 37
- 35
+ 3R
+ 35
— 56
—07
+ 54
- 60
— 6}
— 3R
—-43 04
+06 53
+ 19 10

.. Sky Publishing

th
.

nr
12
58
13
10
10
15
13
02
s
10
12
57
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Pulsars

Galactic distribution of pulsars. In the adopted coordinates, 0°
latitude corresponds to the Galactic plane, while 0° longitude, 0°
latitude corresponds 1o the direction of the Galactic center. {Courtesy
of Y. Terzian, Cornell University.)

Distribution of pulsars in Galactic latitude. Latitude 0 corresponds to
the Galactic plane. (Courtesy of Y. Terzian, Cornell University.)
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Pulsars (cont.)

Distribution of periods and period derivatives for 353 pulsars. The
seven known binary pulsars. indicated by circles araund the dots.
have unusually small period derivatives and hence relatively weak
magnetic fields. (Dewey. R. J. er al.. Neture. 322, 712, 1986, with
permission.)
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Galactic supernova remnants

Galactic
coordinates

MName Mop
CTA 1 119.53, +9.77
Tycho 12009, +1.41
HB 3 13270, +1.30
HB 9 160.39, +2.75
OA 184 16607, +4.40
YR 420501 16627, +2.53
S 147 18033, —1.6¥
Crab 184.55, — 578
IC 443 189.01. +3.02
Monoceros 20562, =010
Puppis 26040, —2.42
Yela 20337, — 3101
MSH 10--53 28417, —1.78
RCW 86 3544, -233
RUW K9 32036, —097
RCW 103 33243, (0.3
Kes 45 34205, +0.13
Kepler (004.52. +6.KR2
W2 00646, =009
30 4002 05362, =223
DR 4 078,13, + 1.81
Cygnus 074.27, -8.49
Cas A L7773, -2.13

+0.18

CTH i

- denotes approximate
{Adapted from van den Bergh

Henrvy Draper (HD) specrral classification

Class

ZERCTME®O

[16.94,

value.

* 1950

00M 4™ 1R

00
12
4
1A

05
05
05
06
06

0¥
(18
10
14
15

16
16
17
|7

19
20
20
23

23

R
14
57
15
23
36
RE

14
35

)
iz
15
19
()9
{3
50
27
57
36
20
49
21
56

i3

38
21
45
3

06
30

30
(1
30
54

1
1

41
16
30

38
30
0
45

o 1950

+72
+63
+ 62
+46
+41

+43
+27
+21
+22
+06
—~42
—45
— S8
—-62
— 58
— 50
-41
-21
-1
+17
+40
+ 30
+ 58
+62

045
51.8
18
36
46
00
44.5
589
7.2
Kl
30
(X
40.5
15
46

S5M
30.3
6.0
25
08

03.4
45
24
10

Radio
s17¢

oy
N
14y
IR
Ty
il
175
290" x 420"
47 x M
kali]
45
00
3y
35
8
7
RiY)
v
30
20
<l
1607 x 240
130
353 x 45

x |5%
x HY

x 75

et o, Ap. J. Suppl . 26, 19, 1973 )

Class characteristics

Hot stars with He 1T absorption

He [ absorption: H developing later
Very strong H., decreasing later: Ca 1l increasing
Ca II stronger: H weaker: metals developing

Ca IT strong: Fe and other metals strong: H weaker
Strong metallic lines: CH and CN bands developing

Very red: TiO bands developing strongly

Optical
size
500 x WY
g

9 x 125
70 8y
35 = 4y
195" x 200
290 » 4207
48
180" > 200
50" x B0
270
I'x &
R x 3
450" x 580’
57 % %S
Coox 2
21" % 64"
oy
4 x &
2 ¥
160" x 210
130y
¥



Spectral type and luminosity cluss (MK, or Yerke's classification)

Luminosity class

[a
Ib
11
1]
v
V
V]
VII

Supergrants
Supergiants

Bright giants

Gilants

Subgiants

Main sequence (dwurfs}
Subdwarfs

White dwarfs

Examples:

¥ Boo (Arcturus)
2 CMi {Procyoni
f Gem {Pollux)
v Lyr (Vega)

z UM (Polaris)
x C'Ma (Sirius)

1 Cyg {Deneb)

x Leo (Regulusi
# Ori (Rigel)
Sun

G2V

Spectrul type

K2 1
FyOlY
KO 111
AD Y
t% 1b
Al V
A2 la
B7 V
BX la

Spectral type and luminosiy class of the MK classification:
dependence on color index B — V and visual absolute magnitude ..
(Adapted from Unsoeld. A., The New Cosmos. Springer-Verlag, 1969.)
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Hertzsprung - Russell diagram

Hertzsprung - Russell or temperature luminosity diagram. (Adapted
from Goldberg. L. & Dyer. E. R. in Science in Space. L. V. Berkner &
H. Odishaw, eds., McGraw-Hill Book Company. 1961.)

SPECTRAL TYPE 3
5, & P TIY
/;// //,'q// Vi /'Utg.-'u‘

/.10 000

/ Supergiants ’
.l _/;//}///_/////
omewhat oged main seq?:es

Main
sequence
- —100 =
g OF o
= f ~
ud N
S i =
= " =
E -5 z
= v 7 Nuclei of
) = S / plonetary I
e < /_/_nebuloe 4 =
= t5p¢ § W Main 3
Q L E / Quiescent sequence w
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g i = / y dwarfs (/// ~01 W
= | e =5 /}/7 g
9 / - iy /Z E
8 I ’ / RA ’ 3
m s ed -
+10 - ///{", dw‘o/rfs 001 1
e Gioa %
. r
| ’Wf Populatign [ ’ﬁx///"// % 0.501
A Popaigbion 11 X//-/" . ? .
——— Zero-oge moin L 3 "_ %
L sequence T, 4
;': —=3.000
+15 i

| I R A L i v
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{

I
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thousands of K}




An incomplete list of astrophysically important infrared and visible

spectral features

Identfication \Vavmengﬂl(A}: [dentification
He [ 10 830 O1l

C 1 10691 NI

Si 1 10 689 N 111
Sil 10627 Mg I
Sil 10603 He 1l
Sil 10371 Mg 1l
He 11 10124 He |

He [I 10 120 He [

Na | 9961 He |

C 1 9710 Fe |

Ol 8446 [O [H]
He II 8237 H1-
O1 7774 Ol
Hel 7065 G band"™
HI = 6563 Ca l
[O1] 6363 He I1

[O 1] 6300 HId
Nu 1 (D) 5896 He II

Na | (D) 5890 N [Il

He | 5876 Si v

He 11 5412 O 11

Fe XIV 53013 He [

Mg I 5175 HI =«
Mg [ 5173 Ca Il (H)
[O 111] 5007 [Ne [I]
[O 111] 4959 He I

He 1 4922 Ca Il (K}
HIp 4861 [Ne 1]
He 11 4686 He |
Ccly 4658 O

O 11 4650 [O 1]

C 111 4650 [Ne V]

thy (eV) = 12398.54/4 (A).
' Forbidden transitions are noted by brackets.
) Superposition of CH band and metallic lines.

Wavelength {A)

4649
4641
4634
4571
4541
4441
4472
4471
438%
4384
4363
4340
4318
4300
4227
4200
4102
4100
4097
40KY
4073
4026
3970
3968
3968
3965
EPRY
3869
3820
3760
3727
3426
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Stellar mass, luminosity, radius and density (luminosity and radius with
mass: white dwarfs omitted)

log{R/R ~)
logiM M} log(L L) My M. My main seq.
- 1.0 -29 + 2.1 15.5 +17.1 -0.9
—~08 —-2.5 +10.9 13.9 + 15.5 -0.7
-0.6 =20 +9.7 12.2 + 139 -0.5
—0.4 —1.5 +8.4 10.2 +11.8 -0.3
0.2 —0.48 + 6.6 7.5 +8.7 -0.14
0.0 0.0 +4.7 4.8 +5.5 0.00
+0.2 +{.8 +2.7 2.7 +3.0 +0.10
+0.4 +1.6 +0.7 1.1 +1.1 +0.32
+0.6 +23 ~1.1 —-0.2 —-0.1 +(3.49
+08 +30 —29 —-1.1 —-1.2 +(1.58
+ 1.0 + 17 —4.6 —22 —24 +0.72
+1.2 +34 —-6.3 ~34 —36 +0.86
+1.9 +4.9 —-75 —4.6 -49 +1.00
+ 1.6 +54 —R.9 —56 —-6.0 +1.15

+1.8 +60 —10.2 —6.3 -69 +1.3

(After Allen, C. W, Asrrophysical Quantities, Athlone Press, 1973,)
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Relative numbers of stars in each class (up to V=85 1n HD Catalog)

Sp 0 B A F G K M

., stars 1 10 22 19 14 31 3

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

Inregrated star light as a function of galactic latitude

Star light Star light Star light

(10th mag (10th mag {10th mag
deg = ?) deg ~ %) deg ™ %)
Latitude py V Latitude py v Latitude pyg ¥
0 180 372 20 54 105 60 21 RY.]
5 123y 247 30 37 71 70 19 35
0 %8 176 40 29 54 80 18 M

15 69 138 50 24 43

Y0 18 34

Integrated star hight from whole sky: 230 zero pg mag stars; 460 zero V mag stars.
Night sky total brightness (zenith, mean sky) = l{m, = 22.5) star arcsec ~ 2.

(After Allen, C. W., Astrophysical Quanrities, Athlone Press, 1973))
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Star counts

A formula for estimating ( ~ 15°, accuracy)differential A and integral N star counts
for a given galactic longitude /. latitude b, and apparent magnitudes V and B over
the ranges b = 20°, 5 < m < 30 for zero obscuration, Am =0, has been derived by
Bahcall & Soniera (4p. J. Suppl., 44,73, 1980). (For non-zero obscuration, replace
mby m — Am, where Am, = 0.15¢csc band Amg = 0.20 ¢csc £.) The units of A are stars
mag ~' deg “? and of N are stars deg ™ ?,

Dby = 11 1
b} = oa T
' [1+ 100%™ [sin b(1 — pucot beos )] %
C,107m =" 1

[1+ 108" (1 —cos bcos )"
where the constants are 6 = 1.45 — 0.20cos bcos|,

Range ofn;
Constant mﬂé: 12— 12<m<20 mz= 20
,-u—_—___. a 0.0-3 - U_U_O7S{r; - 12} + 0.03_“_ -. _G.OQ o
X 0.36 0.04(12 —m)+0.36 0.04
Sarcount ¢, C; a2 & m k4 i mt

Ay=D 200 400 -02 001 2 15 -026 006515 175
Ny=D 925 1050 -0.132 0.03530 1575 —0.180 0087 2.5 17.5
Ag=D 235 370 —-0227 0.0 15 17 —0.175 006 20 18
Ng=D 950 910 —0.124 0027 3.1 1660 —0.167 008325 18

Luminosity functions

Local stellar luminosity function for the disk in the Visual band. The
solid line is an analytic approximation. (Adapted from Bahcall, J. H.
& Soneira, R. M., Ap. J. Suppl. 44. 73, 1980.)

N 108 MM
GM) = i ig Wi My SM <15

=¢lIBLIE =M M,
=0 MM orMaMm,

LOG ¢ (stars mag™ ' pc™*)

with
N, =403 x107, M =+1.28 M = —6 M, = +19,
=074 =004, 1/6 = 3.40

-B " 1 I . N i 1. 1 s
B -f -4 -2 &) 2 4 3 ) fs] 12 +h 16 16

M

L]
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Local stellar luminosity function for the disk in the Blue band. The
solid line is an analvie approximation. (Adapted frony Bahcull. J.o N,
& Soneira, R. M. Ap. J Suppl.. 44 73 1980}

4.
o -&AB-&_‘L‘-"; T LA
‘qu‘:ﬂ:ﬂ : !
o o
=% L4
—_ “J'-‘
& o-a- 5
E *
” . n 10 M
; iy ,./:n pIMI = [—1;1[‘)#;70'@_;;,]7_,, M, = M=<15
-7 4
< = @15}, 15 < M < M
&2 #
g e TOM<M orMaM,
g
7 with
s
gl P
. n.=255.10 ' M*=+220 M, = —6 M, -+19
| «=060,8=005 1/6 -230
el » g P [ P [ i
2] ) E) -2 o] ¢ 4 3 H W [ | i [
My
Parameters of the inteystellar gas
Mean density p Ix 10 Hgem ?
Typical particle density
n (HD) in diffuse clouds Wem?
n {H1) between clouds 0.lem™?
ny; in molecular clouds [0* —10"¢m
Typical temperuture T
Diffuse HI clouds RO K
HI between clouds 6000 K
HII photon ionized regions 8000 K
Coronal gas between clouds 6x 10°K
Root-mean-square random cloud velocity I0kms !
Isothermal sound speed ¢
HI cloud at 80 K 0.7kms ™!
-HII gas at 8000 K 10 kms™!
Magnetic field B 25x 107G

Effective thickness 2H of HI cloud layer 250 pc

(Adapted from Spitzer. L., Physical Processes in the Tnterstellar Medinm, John
Wiley and Sons, 1977.)
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Galaxies
Properties of the Galaxy

Type of galaxy:
Hubble-van den Bergh system Sb(-5b™)I-II
de Vaugouleur's system SAB(rs)be [1
Morgan’s system gkS 7

M, (mag): —20.5

Diameter: 23 kpc

(tsophote: 25.0 mag (B) arcsec ™ %)

Period of rotation: 2.5 x 10% yr

Mass:

Total mass: 1.8 x 10" M~
Gas: 8 x 10° M. )

Age: 1.2 x 10'%yr

Density in solar neighborhood:
Stars: 0.05 M, pc?

Total known: 0.08 M. pc~*

Galactic nucleus: '
R<0d4pcx5x10°M.

R<150pcx1x10Y M,

Central bulge (R <2.5kpc): 24 x 10'° M.

Luminasity of the galaxy:

Energy density in the gulaxy:

Radio Ix 10%8ergs! Starlight 0.7 x 10" "2 ergem 3
[nirared I x 104 Turbulent gas 0.5 x 10°'2

Optical Ix 0% Cosmic rays 2x 10712

X-ray 10 — 104¢ Magnetic field 2 x 107'?2

wray (> 100 MeV) 5 x 108 2.7K radiation 0.4 x 10 '?

Mass—luminosity ratio: ML, {solsr units) > 10
Stellar radiation emission (solar neighborhood):
1.5 x 107 3(M,,, = 0) stars pc 3

1.5x 10" ergem™4s™!

Stellar luminous radiation emission (solar neighborhood):

6.7 % 10~ %M, =0) stars pc ~*
Distance of the Sun from the galactic center:
8.7 + 0.6 kpe (IAU, 1985)

7.1+ 1.2 kpc (courtesy of M. Reid, Harvard/Smithsonian)

Height of Sun above galactic disk: 8 pc

Galactic coordinates of the nucleus: = =334, b= —2'75

Equatorial coordinates of the nucleus:
a 1950 = 17P42™29%3 4 0%15
S 1950= — 28" 59 18"+ 3“
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Hubble 's classification of galaxies

The number # behind the symbol E characterizes the cllipticity:

n= 10(a — b) 'a. where « and b are the major and minor diameters of
the ellipse. The letters a.b,c following S and SB characterize the
increasing degree of apening of the spiral urms. {Adapted from
Landolt- Bornstein, Astronomy and Astrophysics, (1982)

Elliptical Galaxies MNormal Spirals Irregular Galaxies

| I 1
18% y A

- =" \ -
2z o S
"/@;?/’ Sbh 20% Sc 28%
o @ am () 515%

E0 E3 E7 SO™N\;, SBa4y, SBb5%

S

\ SEC 6%
& —

Barrad Spurals

Nearby extragalactic objects

SEXTANS
a

Nearby extragalactic objects with our galaxy in the central position.
(Adapted from Roach, F. E. & Gordon, I. L., The Light of the Night
Skyv, D. Reidel Publishing Co., 1973

W-L-M
0 -
ANOROMEDA

1.

5]

URSA MINOR o

150 kiloparsecs

>
MAGELLANIC

¥ CLCUDS
SCULPTORN. 7

_—

300 kiloparsecs

»

450 kiloparsecs
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Named palaxies

o 2000

Name x 2000

Andromeda galaxy = M31 = NGC 224 ooP42m7 +41 16
Andromeda I 00 457 +38 00
Andromeda II 0l 16.3 +33 25
Andromeda II1 00 333 +36 30
Andromeda IV 00 425 +40 34
BL Lac 22 040 +42 26
Capricorn dwarf = Pal 13+ 21 468 =21 15
Caraffe galaxy 04 28.0 —47 54
Carina dwarf 06 46.3 —51 03
Cartwheel galaxy 00 374 ~33 45
Centaurus A = NGC 5128 = Arp 135 13 254 —43 (2
Ctreinus galaxy 14 132 —635 20
Copeland Septet = NGC 374554 = Arp 320 i1 377 +22 01
Cygnus A 19 594 +4d0 44
Draco dwarf = DD 208 17 200 +57 55
Fath 703 15 138 —15 28
Fornax A = NGC 1316 03 227 —37 12
Fornax dwarfl 12 399 —34 31
Fourcade Figueroa object 13 352 —33 53
GRE =DDO 155 12 58.7 +14 13
Hardcastle Ncbula 13 130 —-32 42
Hercules A 16 51.2 +05 01
Holmberg 1 = DDO 63 09 40.5 +71 12
Holmberg 11 = DDO 50 = Arp 268 08 19.0 +70 43
Holmberg 111 09 149 +74 14
Holmberg 1V = DDO 185 13 54.6 +353 54
Holmberg V 13 40.7 +54 20
Holmberg VI=NGC 1323 A 03 2438 —21 20
Holmberg VII = DDO 137 12 347 +06 18
Holmberg VIII = DDO 166 13 13.3 +36 13
Holmberg [X = DDO 66 09 576 +69 03
Hydra A 09 18.1 —12 06
Large Magellanic Cloud 05 235 -69 45
Leo I = Harnnglon—Wilson No. 1 10 0R.5 +12 18
= Regulus Dwarf= DDO 74
Leo II = Harrington -Wilson No. 2 11 13.5 +22 10
= Leo B=DDO 93
Leo A = Lec 11 = DDO 69 09 594 + 30 45
Lindsay Shapley ring 06 43.1 -74 14
Mafei I 02 363 +59 39
Maffes I1 02 419 + 59 36
Mayall’s Object = Arp 148 =VV 32 11 039 +40 51
Mice = NGC 4676 = Arp 242 12 47.1 +30 38
Pegasus dwarf=DDO 216 23 285 + 14 44
Perseus A = NGC 1273 03 198 +41 31
Reticulum dwarf 04 36.2 — 58 50

Reinmuth 80 = NGC 4517 A 01 00.0 —-33 42
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Named galaxies {cont )

MName ¥ 2000 S 2{XX)

Seashell galaxy 13747m2 -30 25
Serpens dwarf 1S 16.0 —00 08
Seyfert’s Sextet = NGC 6027 A D 15 592 +20 45
Sextans A = DDO 75 10 11.1 -~ 04 43
Sextans B=DDO 70 10 00.0 +05 20
Sextans C 10 05.5 + () 04
Small Magellanic Cloud 00 528 —72 50
Sombrero galaxy = M 104 = NGC 4594 12 40.2 —11 37
Stephan’s Quintet = NGC 7317 —-20 = Arp 319 22 360 + 33 58
Triangulum galaxy = M 33 = NGC 59§ 01 345 +30 39
Ursa Minor dwarf = DDO 199 15 D88 +67 12
Virgo A = M87 = NGC 4486 = Arp 152 12 30.8 +12 22
Whirlpool galaxy = M51 = NGC 5194 13 299 +47 12
Wild's Triplet = Arp 248 11 46.8 —03 50
Wolf Lundmark-Melotte object = DDO 221 00 02.0 —15 27
Zwicky No. 2 =DDO 105 11 585 +38 04

Zwicky's Triplet = Arp 102 16 495 +45 28

t Probably a distant globular cluster.
{Adapted from Lundolt-Bornstein, Astronomy and Astrophysics. V1:2C. Springer-
Verlag. 19¥2))

Represenative active galactic nuclei (AGNy)

Object x 1950 o 1950 z m,

QUASARS

Q 0002 —422 00" 02" 16* ~42° 14’ 2.758 17.4
PHL 938 00 58 20 01 55 1.95 17.2
4C 25.05 01 23 57 25 44 2.34 17.5
PHL 1093 01 37 23 01 17 0.262 17.1
PHL 1194 01 48 52 09 03 0.298 17.5
RN 8 02 10 49 86 05 0.184 19.0
Q 0242410 02 42 02 —41 04 2214 18.1
Q 0324 —407 03 24 29 —40 47 3.056 17.6
PKS 0424 — 13 04 24 48 —13 10 2.16 17.5
Q 0453 —423 04 53 48 —42 21 2.661 17.3
Q 0551 —366 05 51 02 —36 38 2.307 17.0
OH 471 06 42 53 44 55 3.39 18.5
PKS 0736+ 01 07 36 43 01 44 0.192 16.5
4C 05.34 08 05 19 04 41 2.86 18.2
09384 119 09 38 32 1159 3.19 19.0
3C 232 09 55 25 32 38 0.533 15.8
Ton 490 10 11 06 25 04 1.63 15.4
PKS 1217402 12 17 39 02 20 0.240 16.5
3C 273 12 26 33 02 20 0.158 12.8
Q 1246 —057 12 46 29 ~05 43 2212 17.0
B 340 13 04 48 34 40 0.184 17.0

13314170 13 31 10 17 04 2.08 16.0
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Representative active galactic nuclei (cont.)

Object 1 1950 A 1950 b m

3C 3231 1s"45m3 1 21or 0.264 16.7
4C 29.50 17 02 11 29 51 1.92 19.1
3C 351 17 04 Q3 60 49 0.371 15.3
Q 2116 — 338 21 16 22 —35 49 2.341 17.0
PKS 213514 21 35 01 —14 46 0.200 15.5
2256 + 017 22 56 25 01 48 2.66 18.5

SEYFERT GALAXIES
Sexfert | galuxies

Mrk 335 00 03 45 19 55 0.025 14.2
[ Zw 1 00 51 00 12 25 0.061 14.3
Mrk 376 07 10 36 45 47 0.056 16.0
Mrk 79 07 38 47 49 356 0.020 134
Mrk 10 07 43 07 61 03 0.029 15.0
Mrk 110 09 21 44 52 30 0.036 16.1
NGC 3227 10 20 47 20 07 0.0033 13.5
NGC 2516 I 03 24 72 50 (0.0093 13.1
NGC 4151 12 08 01 39 41 0.0033 12.0
Mrk 236 12 SR 18 61 55 0.052 17.0
Mrk 279 13 51 52 69 31 0.0307 15.4
Mrk 290 15 34 43 58 04 {1.0308 15.6
Mrk 486 15 35 21 534 43 (.039 15.0
Mrk 509 20 41 26 —10 54 0.0355 13.0
NGC 7469 23 00 44 08 36 0.0167 13.6
Mrk 541 23 53 30 07 15 0.041 15.5
Seyfert 2 galaxies

Mrk | o1 13 19 32 50 0.016 16.6
NGC 1368 02 40 07 —00 14 0.00363 10.5
Mrk 612 03 21 10 —-03 19 0.02022 16.5
I Zw 55 03 38 38 —01 28 0.0246 14.0
Mrk 3 06 09 48 71 03 0.0137 138
Mrk 78 07 37 56 65 18 0.0375 15.6
Mrk 622 08 04 21 39 09 002283 15.6
Mrk 34 10 30 52 60 17 0.051 14 8
Mrk 176 11 29 54 53 14 0.0269 15.5
Mrk 270 13 39 41 56 55 0.009 150
Mrk 463E 13 53 40 18 37 (.0505 16.0
Mrk 533 23 25 24 08 30 0.02873 16.0
BL LLAC OBJECTS

PKS 02154015 02 15 13 01 31 18.3
AO 0235+ 164 02 35 53 16 24 15.5
PKS 0521- 365 05 21 14 —-36 30 0.55 15.0
PKS 0548 — 323 05 48 50 =32 17 0.069 15.5
OJ 287 08 51 57 20 18 14.0
4C 2225 09 57 34 22 48 18.0
Mkn 421 11 01 41 38 29 0.308 13.5
Mkn 180 11 33 30 70 23 0.0458 15.0
AP Lib 15 14 45 —24 1l 0.049 150
Mkn 501 16 52 12 39 50 0.034 13.8

BL Lac 22 00 40 42 02 00688 14.5
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Representative active galactic nuclei (cont )

Object x 1950 4 1950 : m,
RADIO GALAXIES

BIL.RGs

3C 109 04" 10™55° 11 1% 0.306 18.0
3C 120 04 30 32 05 15 0031 14.6
3C 227 09 45 07 07 39 0.0855 16.3
3C 234 09 58 57 29 02 ).1846 17.1
3C 287.1 13 29 04 25 24 0.2156 18.5
PKS 1417 —-19 14 17 02 —19 15 0.1195 17.5
4C 35.37 15 31 45 35 52 0.1565 17.5
3C 332 16 14 44 30 09 0.1515 16.0
3C 381 18 32 28 47 24 0.1614 17.5
3C 382 18 33 12 32 39 0.0586 154
3C 390.3 18 45 388 79 43 0.0569 154
3C 445 22 21 15 -2 21 0.0568 15.8
NLRGs

3C 33 0106 14 13 04 0.0595 16.3
3C 98 03 56 10 10 18 0.0306 14.8
3C 178 (07 22 133 —(9 30 0.0079 16.1
3C 184.1 07 32 20 70 20 0.1182 17
3C 192 08 02 38 24 16 0.0598 16.2
iC 377 15 59 56 02 06 01039 16.3
3C 433 21 21 30 24 32 0.1025 15.7
3C 452 22 43 33 39 25 0.082 16.6
PKS 232212 23 22 43 —12 24 0.0821 15.8
LINERS

Mrk 1158 01 32 07 34 47 0.0151 16.2
NG 1052 02 38 37 —08 28 0.004% 13.2
Ark 160 08 17 52 19 3 0.014 17.6
NGC 2841 09 18 35 51 11 0.0022 3.5
NGC 2911 09 31 05 10 23 0.0106 15.3
NGC 3031 09 51 3 69 18 —0.0001 124
NGC 3758 1T 33 48 21 52 0.0296 6.6
NGC 3998 11 55 20 55 44 0.0038 133
NGC 4036 11 58 54 62 10 (.0046 14.0
NGC 4278 12 17 36 29 M4 0.0022 13.6
NGC 5005 13 08 37 37 19 0.0033 4.1
NGC 5077 13 16 53 —12 24 0.0094 14.4
NGC 5371 13 53 33 440 42 .0086 15.0
Mrk 298 16 03 18 17 56 0.0345 16.2
Mrk 700 17 01 21 331 0.034 15

NGC 6764 19 07 01 50 5| 0.008 15.5

Redshift z= AA/A.
m, = approximate nuclear visual magnitude.

Luminosity distance Dl_(qruz{))z2 (1 +0.5z). For other values of ¢, see
chapter on Relativity. Ho

(Adapted from Landolt-Bérnstein, Astronomy and Astrophysics, V 1,2C, Springer-
Verlag, 1982.)



%0

Objects with large redshifts

Object a 1950 a3 1950 z (em) V
1208 + 1011 12M08™23573 + 10 1170779 3.80

PKS 2000 -3} 20 00 12.94 -31300 146 378 19.0
0055 — 2659 00 55 3246 —2529 260 367 17.1
DHM 0054 k4 00 53 5398 —28 24 45 361 19.55
0Q 172 14 42 5048 10 11 122 353 17.78
1159 + 1223 11 59 1423 +12 23 119 351 17.5
222738 — 3928 22 27 38 -39 28 32 345 16.8
OH 471 06 42 53.02 —44 54 31.1 340 18.49
0042 —2627 00 42 06.22 —26 27 429 3.30 18.5
OX —146 127

2016+ 112% 20 16 55 11 17 46 327 22.5
0S5 023 321

024929 — 1826 02 49 2938 - 18 26 21 321 18.6
0Q 004 3.20
0249252212 02 49 255 ~22 12 37 3.20 18.4

Q0938+ 119 09 38 31.75 11 59 12.6 319 19

+ Gravitational lens.

Note added in proof: Over 20 quasars are now known with redshifts greater than
3.5 (see Sky & Telescope, 15, 12, 1988),
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Prominent clusters of galaxies (cont.)
Extragalactic systems within about 1350 megaparsecs.

HAUFEN A4
0348 )
* URSA MAJOR |

Q
PEGASUS ()

GEMIM}
..' --. : -
' CORONA
-
. PERSEUS‘ _coma EOH%AUS |
® l‘ouL . ° LG T — —a—= )
UIRGOO: HERCULES
LEDQ !
|
f

75 megaparsecs

/ /ASHANE
/

1238
o

" 150 megaparsecs
-

(Adapted from Roach. F. E. & Gordon.J. L. The Light of the Night Sky.
2. Reidel Publishing Co., 1973.)
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Mass—radius—density data for astronomical objects

Class of objects

Neulron stars

White dwarls

Main sequence stars

Supergiant stars

Protostars

Compact dwarf elliptical

galaxies

Spiral galaxies

Giant elliptical galaxics

Compact groups of

galaxies

Small groups of spirals
Dense groups of

ellipticals

Small clouds of galaxies

Small clusters of

galaxies

Large ciusters of

ellipticals
Superclusters

Examples

L930 —80
¥CMuB
vM2
dM3B

Sun

Al

O35

FO
K0
M2
IR

M32, core
M 32, effective
N4486-B

LMC
M33
M3l

N3379
N4486

Stephan

Sculptor

Virgo E, core
Fornax I

Virgo S
Ursa Major

Virgo F

Coma

Local

HMS sample to m =~ 12.5
Lick Observatory counts to m > 19.0

(g) (cm) (gem %) log ¢t
33.16 593 1475 —0.67
32.54 7.44 960 —2.5
3345 8.3 793 -27
33.30 877 6.37 —3.2
32.90 905 4.13 =50
22 995 176 —5.6
31330 1084 0.15 —5.5
3385 11.25 —0.55 —47
3.9 12.1; —20 =50:
144 12.65 —42 -6.1
4.4 13.15 —57 —66
4.7 13.75 —72 —-69
31537 1627 - 1397 _8.7
41.0 19.57 —181 —63
42.5 2065  —200 —59
43.4 20.5 — 1875 —5.0
432 2175 —2265 —6.3
43.5 21.8 ~225 -6.1
44.6 22.3 _229 _55
443 22.0 ~2235 —56
45.5 224 —223 —47
45.5 26 =231 —47
462 24.1 267 —57
46.5 237 —252 -50
47.0 24.3 265 —5.1
472 24.3 —263 —49
483 24.6 —26.1 —49
48.7:  255:  —284: —47
260: =296 —46

—-4.1

. denoles approximate value; ? denotes la

rge uncertainty

logM  logR

268

—30.5

log p

+ The filling factor ¢ = pip,,. where p., = 3c2/8xGRL: R, = 2GM/c?,
(Adapted from de Vaucouleurs, GG., Science, ¥67, 1203, 1970.)



The Messier catalog

i Common
M NGO 22000 02000 Const. Dim. (") (mag) Type name

[952 5"34M5 422 01 Tau 6x4 K4 i Crab

l
Nebula
27089 21 333 =049 Agqr 13 6.5 Gb
3 s 13422 428 23 CVn 1o 0.4 Gb
4 6121 6 236 —-26 32 Sco 26 56 Gb
5 5904 [5 186 +2 05 Ser 17 58 Gb
6 6405 17 40.1 —32 13 Sco 15 4.2 OcC
7 6475 17 539 —34 49 Sco 80 33 OC
8 6323 I8 03.8 —24 23 Sgr 90 x 40 S5.K: Di  Lagoon
Nebula
3 £33 l7 19.2 — 18 31 Oph 9 79: Gb
10 6254 16 57.1 —4 06 Oph 15 6.6 Gh
Il 6705 I8 51.1 —6 16 Sct 14 58 ocC
12 6218 16 47.2 —1 57 Oph 14 6.6 Gb
(3 6205 16 41.7 436 28 Her 17 59 Gbh  Hercules
Cluster
14 6402 17 37.6 -3 1S Oph 12 7.6 Gb
15 7078 21 300 +12 10 Peg 12 6.4 Gh
6 6611 18 188 —13 47 Ser 7 6.0 OC
17 6618 18 20.8 —16 1l Sgr 46 x 37 7: D1 Omega
Nebula
18 6613 18 199 —17 08 Sgr 9 6.9 OC
19 6273 17 026 —-26 16 Oph 14 7.2 Gb
20 6514 18 026 =23 02 Sgr 29 x 27 8.5: DM Trifid
Nebula
21 6531 18 04.6 —22 30 Sgr 13 3.9 oC
22 6656 18 36.4 -—23 54 Sgr 24 5.1 Gh
23 p494 17 56.8 -—19 01 Sgr 27 5.5 OC
24 18 169 —18 29 Sgr 90 4.5;
25 IC 4725 18 316 —19 15 Sgr 32 4.6 ocC
26 6694 18 452 —9 24 Sct 15 5.0 OC
27 6853 9 596 +22 43 Yul Ex4 B.1: Pl Dumbbell
Nebula
28 6626 18 245 —24 52 Sgr 11 6.9: Gb
29 6913 20 239 +38 32 Cyg 7 6.6 OC
30 7099 21 404 23 11 Cap 11 75 (b
31 224 0 42.7 +41 16 And 178 x 63 3.4 S Andromeda
Galaxy
2 221 0 42,7 +40 52 And g6 82 E
33 598 1 339 430 39 Trj 62 %39 37 S
34 1039 2420 +42 47 Per 35 52 oC
35 2168 6 08.9 +24 20 Gem 28 5.1 OoC
36 1960 5 3.1 +34 08 Aur 12 60 OC
37 2099 5524 +32 33 Aur 24 5.6 OC
5

38 1912

287 435 50 Aur 21 6.4 oC
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The Messier catalog (cont.)

V Common
M NGC 22000 02000 Const. Dim. () (mag) Type name

39 7092 21"32™2 +48 26" Cyg 32 4.6 QC

40 12 224 +58 05 UMa 8:

41 2287 6 470 -20 44 CMa 38 4.5 ocC

42 1976 5354 -5 27 On 66 x 60 4: D1 Orion
Nebula

43 1982 5356 =516 Ori 20x 15 9 Di

44 2632 g8 40.1 +19 59 Cnc 95 3.1 OC Praesepe

45 3470 +24 07 Tau 110 1.2 OC Pleiades

46 2437 7 41.8 —14 49 Pup 27 6.1 ocC

47 2422 7 36.6 —14 30 Pup 30 44 ocC

48 2548 8 138 —5 48 Hya 54 5.8 ocC

49 4472 12 298 +8 00 Vir 9x7 B84 E

50 2323 7032 —8 20 Mon 16 59 OC

51 5194—-5 13 299 +47 12 CVn 11 x8 8.1 S Whirlpool
Galaxy

32 7654 23 242 +61 35 Cas 13 6.9 ocC

53 5024 13129 +18 10 Com 13 7.7 Gb

54 6715 18 55.1 —-30 29 Sgr 9 Tod Gb

55 6809 19 40.0 —30 58 Sgr 19 7.0 Gb

56 6779 19 16,6 +30 11 Lyr 7 8.2 Gb

57 6720 I8 536 +33 02 Lyr | 9.0: Pl Ring
Nebula

58 4579 12 37.7 +11 49 Vir 5x4 98 S

59 4621 12 420 +11 39 Vir 5x3 98 E

60 4649 12 437 +11 33 Vir 7x6 88 E

61 4303 12 219 +4 28 Vir 6x5 9.7 S

62 6266 17 01.2 =30 07 Oph 14 6.6 Gb

63 5055 13 158 +42 02 CVn 12x8 8.6 S

64 4826 12 56.7 +21 41 Com 9x5 8.5 S

65 3623 11 189 +13 05 Leo 10x3 93 S

66 3627 11 202 +12 39 Leo 9x4 90 S

67 2682 8 504 +11 49 Cnc 30 6.9 ocC

68 4590 12 39.5 —26 45 Hya 12 8.2 Gb

69 6637 18 314 —32 21 Sgr 7 7 Gb

70 6681 18 432 —32 18 Sgr 8 8.1 Gb

71 6838 19 53.8 +18 47 Sge 7 8.3 Gb

72 6981 20 53.5 —12 32 Aqr 6 94 Gb

73 6994 20 589 —12 38 Aqr

74 628 1 36.7 +15 47 Psc 10x9 9.2 S

75 6R64 20 06.1 —21 55 Sgr 6 R6 Gb

7%  650-1 1424 +51 34 Per 2x1 11.35: Pl

77 1068 2427 =0 01 Cet T7x6 88 S

78 2068 5467 40 03 On 8x6 8: Di

79 1904 5245 —-24 3% Lep 9 8.0 Gb

9

80 6093 16 170 —22 59 Sco

7.2 Gb
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The Messier catalog (cont.)

I Common
M NOC x 2000 62000 Const.  Dim. (") (mag) Type name

81 3031 GhSSME 4+ 69°04° UMa 26014 68

S

B2 3034 9 558 +69 41 [UMa It=x5 84 It

83 5236 13 374y —29 52 Hva ilx 10 76 S

R4 4374 12 251 412 533 Vir Axd4 93 E

X5 4382 12 254 + 18 I Com Tx 5 92 E

B6 4406 12 26,2 +12 57 Vir Tx6 92 E

B7 4486 12 0.8 +12 24 Vir 7 8.6 E Virgo A

B8 4501 12 320 +14 25 Com Tx4 95 5

89 4552 12 357 +12 33 Vir 4 9.8 E

90 4569 12 368 +13 10 Vir [0x5 95 S

91 4548 12 354 +14 30 Com S= 4 102 S

92 6341 17 17.1 +43 OR Her 11 6.5 Gb

G3 2447 7446 -—23 52 Pup 22 6.2 OcC

94 4736 12 509 +41 07 CVn 11=x9 8.1 S

95 33151 10 440 411 42 Leo T=x5 07 S

96 3368 10 46.8 +11 49 Leo T=5 92 )

97 3587 11 148 +5501 UMa 3 11.2: Pl Qw| Nebula

98 4192 12 138 +14 34 Com 10x 3 10.1 )

99 4254 12 188 +14 25 Com 5 g8 S

100 4321 12 229 +15 49 Com ITx6 94 S

101 5457 14 032 +54 21 UMa 27 x 26 1.7 o)

102 MI01
reobser-
vation

103 581 1 332 +60 42 Cas 6 7.4: ocC

104 4594 12 400 - 11 37 Vir @x4 B3 S Sombrero
Galaxy

105 3379 10 478 +12 35 Leco 4x4 93 E

106 4258 12 19.0 +47 18 CVn I2x & 81 S

107 6171 16 32.5 —13 03 Oph 10 8.1 Gb

108 3556 11 11.5 +355 40 UMa 8x2 100 S

109 3992 11 576 +53 23 UMa x5 908 5

110 205 0 404 +41 41 And 17%10 80 E?

- denotes approximate value.

Types: diffuse nebula (Di), globular cluster (Gb), open cluster (OC), planetary
nebula (P, or galaxy (E for elliptical, Ir for irregular, $ for spiral).

Magnitudes with a colon are approximate visual magnitudes.

(Adapted from Skyv Cartalogue 20000, Vol. 2, Sky Publishing Corp., 1985.)
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Astronomical photometry

Following M. Golay (Introduction to Astronomical Photometry, D. Reidel
Publishing Company, 1974), we can write the following expression for the
apparent magnitude difference on the Earth of two stars:

Vradl (A TA, d) T4, d ) THA) TH(A)r(4) dA
[B 31O TiA d) T4 dy) TR TH(A)r(A) dA”

m;, —m,= —25log

where
I(2) the spectral radiance of star 1.
I,(4) the same for star 2.

o, and 2, the apparent diameters of stars 1 and 2, which are assumed to
be spherical and emit 1sotropic radiation.

Ti{~.d,)  thelraction of the radiation of star | transmitted by interstellar
space 1n the direction | of star 1.

Ti{+.d;)  the same for star 2.

Tt~ dy)  the fraction of stellar radiation transmitted by the Earth’s
atmosphere when star 1 is in direction 4,.

T.(%.dy)  the same for star 2 when it is mn direction 4,.

T(2) the fraction of steliar radiation transmitted by the optical
system of the telescope 1, whose entry pupil is perpendicular to
the star's direction.

T,(4) the fraction of stellar radiation transmitted by a filter f placed
in front of the receiver.
F(4) the response of the receiver r which, for simplicity, is assumed to

depend only upon 4.

The limits of integration, 4, and 4, where 4, > 4, are defined by

I‘.>f;.h T‘:’:‘Tf'rf—ZO,

- T, T -T,r=0.

Let
SU4) = A THAME),
the response of the pholometric system and

o2

E() =", IO T(A ),

the stellar spectral irrudiance at the top of the Earth’s atmosphere, then the
difference in apparent magnitudes for two stars outside the Earth’s
atmosphere is given by the expression:

[ E,(2)-S(i) d

{r —my)o= —2.5log PTJE_ZG)_S_(A) dz’
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We cun define three wavelengths for u photometric system:
{]) /‘” - "-_.I.-j_"_ T -

the mean wavelength of the pass-band defined by the response function
S{4).

2) a;.,]J S ds = . EG)SG) i

where £, 18 the 1sophotal wavelength.

) ; [”/E( A)S(A)d.
- el

E(A)S{A)da
the effective wavclenglh.
. E'(}*n) 2 . - 1 {"O)
boy — Ao =——u° and A — i, = 5’
T 0 E(io) o= 2 E(. )
where

) j(x — 4o)*S(4)d2
K [ S(Ayd4
The color index of a star is defined by
j,,F(/)S (~)dA
IB E(£)Sg(A)dA

where 4 and B represent two different spectral bands,

Cgp=m,—my= —2.5log + constant,

The relationships between heterochromatic magnitude m;, {obtained
wilh a band of mean wavelength 4,) and monochromatic magnitudes taken
at the jsophotal wavelength, m(4), at the mean wavelength m(4,) and at the
effective wavelength m(/ )

[

m;, =m(4h+ S, where S=—-25log J S(A)ds.

miA) — miig) = —0.543> E ()
E(~)

, . A (Aeg) lgy = Ay
(4)—mlig) = -0.543(”—-+ 1) _
" i 5 E(‘;“cﬁ) Aell
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Standard photometric systems
Standard U, B, V, R, I and long warelenyth systems

Absolute spectral irradiance for mag = 0.0

Ady
Filter (FWHM)  £,(0) £.00)

band A, (um)  (pm) tergem ™25 'A™")  (Wm~¥Hz 1)

U 0.365 0068 427 x 1071 1.90 x 10°2?

B 0.44 0.098 6.61x 1077 4.274.64)" x 1022
I 0.55 0.089 364 x 1077 367 x 10-%°

R Q.70 022 1.74 x 1077 284 x 107 %

{ (.90 0.24 g32x10°'¢ 225% 10723

J 1.25 0.3 318 x 10°1'¢ 1.65 % 10723

H 1.65 04 1,18 x 10°1° 1.07 % 10~ %2

K 2.2 0.6 4.17x 10~ 6.73 x 10~ %4

L 36 1.2 623 x 1072 2.69 x 1024

M 4.8 08 207 %1012 1.58 x 10 %%

N 10.2 123 = 10711 426 x 107 %7

W= 1484 day S(4)d4, where S(/4) is the photometer response function.

® From $. Kleinmann,

U.B. R.I.N valuesfrom Allen. C. W., Astraphysical Quantities. The Athlone Press
(1973). V. J. H, K. L., M values from Wamsteker, W., Astron. Astrophys., 97, 329
(19%]1}).

The spectral irradiance for a star of a given magnitude is given either by:
log f(m = —04m_+log f,(0),
where f;(m,) is the spectral irradiance in ergem~2s~' A~! of a star of
magnitude (m,) in the x filter band at the mean wavelength A4(x), or
log f.(m,} = —0.4m, + log f(0),
where f.(m,) is the spectral irradiance in Wm~2Hz ™!,
The relationships above are for the irradiance at the top of the Earth’s
atmosphere and are valid for B through M stars,

Photometer response curves for UBVRI and long wavelength systems.
(Adapted from Webbink, R. F. & Jeflers, W. Q., Space Sci. Reuv., 10,

191 1969.)
Uys v R 1 L 1 L] "
1p M r\
1§
ui
ZRNE
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&
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Respunse curves of photometer plus atmosphere. (Adapted [rom
Webbhink. R.OF. & Jeffers. W Qo Space Scic Revo 100 191, 1969 )
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List of UBV primary standard stars

Spectral
HD No. Name V B—-V L' -8B 1vpe
12 929 o Ari 2.00 +1.151 +1.12 K2 111
18 331 HR 875 5.17 +0.084 +0.05 ALV
69 267 fl Cnc 3.52 + 1.480 +1.78 K4 Iil
74 280 i Hya 4.30 —0.195 —0.74 B3 V
135742 fi Lib 2.61 —0.108 -0.37 BS V
140 573 2 Ser 2.65 +1.168 +1.24 K2 III
143 107 ¢ CrB 4.15 + 1.230 +1.28 K3 111
147 394 t Her 3189 —0.152 —0.56 B5 1V
214 680 10 Lac 4.88 —0.203 -1.04 (O Y

219 134 HR 8832 5.57 + 1.010 +0.89 K3V

(List taken from Strand, K. A. A_, ed., Busic Astronomical Duta, University of
Chicago Press, Chicago, 1963.)

Standard stars for the JHKLM system

Spectral
Standard BS  type m,. J H K L M

519 gM4 5.49 2117 1.317 1078  0.890 1.181
721 B3 [T 425 4548 4575 4604 4601  4.689
1195 G5 1L 4.17 2672 2233 2119 2025 2156
2827 BS5la 244 2565 2548 2557 2472 2542
4216 GSIII 2.69 1.148 0744 0622 03530 0673
5530 F5 1V 516 4408 4.194 4150 4092 4134
7120 K3IIL 498 2822 2197  2.052 1910 2,103
8204 G4lbp 3.74 2.346 1.964 1.865 1.794 1.882
8302 K3Nl 285 0.558 —0.077 —-0.091 —-0372 -0.199
R728 A3V 1.16 1.075 1.034 1.019 0598 1.025

NOOT O LA e L N e D

(List taken from Wamstecker, W., Astron. Astrophys., 97, 329, 1981.)
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Kron photographic J and F bands

Sensitivity functions S,(») for the J waveband (left) and the F
waveband (right). (From Kron, R. G, Ap. J., 43, 305, 1980.)

I T | T T T T

RELATIVE SENSITIVITY

| I
4000 5000 . 600G 7000

The earlter photovisual (m, ) and photographic (m,) magnitudes are
related to the standard B and V magnitudes by:

B=ng=m,, +0.11,
V=my=m,+0.00.
Color index,
C=m,—m,=B-V-0l1L
Bolometric correction,
BC=m,—m,=M, — M,,

where m,, (M) 1s the apparent (absolute) bolometric magnitude, a measure
of the total energy output of a star.

M — 472 = —2.5log(L../L).

where L., and L, =383 x 10*%ergs ! are the absolute luminosities of
the star and the Sun, respectively.

Liw=297x 107 x 1079 ergs!,
The total irradiance at the top of the Earth’s atmosphere is
£=248x10"3x 107%% ergem 257!

for a star of apparent bolometric magnitude m,.



3

Assuming black-body radiation. the speciral photon irradiance from
star of apparent bolometric magnitude m, s given by:
8.48 x 107 x 10 7 &-me
T 7 exp(144 x 108 5T — 1]
7 1n A: T, the effective temperature of the star in K {e.g.. AQ star; my =0,
I = 10800, BC = —0.40,/, = 5000 A: f{;) = 10* photonsem s 'A 1),

S

photons cm “*x 'A

Interstellar reddening

The observed color index is given by
Ci=Co+[Al) — A(A)] = CI+ E,,

where
A(4) = amount of interstellar abserption at 4,

CY = intrinsic color index of the star,
E;; = color excess,

In the UBV system, the color excesses are
EB-Vy=(B-V)—(B—-V),,

EWU-B)=(U—-B)— (U - B)

(subscript zero denotes intrinsic values).
AJEB=V)=3240.2 (normal regions})
HE =B 072 r00sEB - 1),

E(B—V) '

Relationship of reddening E(B — V) to the hydrogen column density:
{N(HI + H,)/E(B~-V))=58x 10*" atomscm 2mag ',
(N(HIVE(B—V))=4.8 x 10?' atomscm *mag ™"
(Bohlin et al., Ap. J., 224, 132, 1978).

Visual extinction to the galactic center:

Ay = 30 mag

(Becklin et al., Ap. J., 151, 145, 1968).
The mean color excess E;_,(b) at galactic latitude b for objects outside
the absorbing layer can be estimated by:
E;_,(b)=0.06 cosec|b| — 0.06
(Woltjer, L., Astron. Astrophys., 42, 109, 1975).
A more general expression giving an estimate of interstellar absorption

can be found in de Vaucouleurs et al., Second Reference Catalogue of
Bright Gualaxies, University of Texas Press, 1976.
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The tnterstellar reddening law

/(A Latu™)  AJEB-V) i{A) LA™y AJ/EB-V)

3200 313 5.58 3556 1.80 3.12

3250 3.08 5.47 5840 1.71 291
3300 303 5.38 6050 1.65 2.80
3350 298 5.32 6436 1.55 2.65
3400 2.94 526 6790 1.47 2.48
3448 2.90 5.18 7100 1.41 2.35
3509 2.85 510 7550 1.32 2.18
3571 2.80 5.06 7780 1.28 2.06
3636 2.75 499 8090 1.24 188
3862 2.59 4.72 R18% 1.22 1.94
4036 2.48 4.56 8370 1.20 1.88
4167 2.40 4.39 8446 1.18 1.85
4255 2.35 4.33 8710 1.15 1.72
4464 2.24 4.12 9700 1.03 1.50
4566 2.19 4.04 9812 1.02 1.48
4780 2.09 391 10256 0.95 1.36
5000 2.00 3.70 10610 0.94 1.28
5263 1.90 341 10 796 0.93 1.26
5480 1.82 320 10870 092 1.22
T L e O A UL L L LI

10.0 A -

L s -

9.01- S Ve -

B.0f ; 4

b f- —

7.0t -

< 80k 4

é 5.0 e -

EJ} = . u 7

= 40 ""8 -

3.0 ’; A

2.0 A Z

p— I‘rr .

1.0 . -

.
B . % M -
O » L K -
| W I R N N SN W U W N NN NN N N U R S N N T |
0.0 1.0 2.0 3.0 4.0 5.0

1N ')

(Courtesy of R. Schild, Center for Astrophysics.)
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Absolute magnitude

The absolute magnitude M of a star is the apparent magnitude it would
have if placed at a distance of 10 parsecs:

m—M=5logD-5+ A4,
where D is the distance 1o the star in parsecs and A4 (s a correction for
interstellar ahsorption expressed in magnitude units. m — M = distance
modulus, Solving for D:

D= ]011 + fmt— M — An.-5|.

Moon, night sky, sun, and planetary brightness

Moon

V(R,¢)=023+ S5log R — 2.5log P(¢),

V(R. ¢) = the apparent V magnitude of the Moon,

R = the obscrver-Moon distance in AU. and

¢ = the phase angle = angle between the Sun and the Earth as seen from
the Moon.

P(07)=1.000. P(407)y=0.377, P(§0°)=0.127,

P(1207) =0.027, P(160")=0.001.

Mean lunar distance = 2.570 x 10”3 AU.

The V magnitude of the Moon at the Earth at opposition {full moon) is
—12.73.

(Adapted from Wertz. J. R.. Spacecraft Attitude Determinarion and Control,
[. Reidel, 1980)

The Moon’s phase law.
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Night sky
Total brightness (zenith, mean sky)> 1 (my = 22.5) star arcsec ™.

Sun
Apparent muagnitude Color index Absolute magnitude
U= —2606 U—-B=+010 M, = +35.51
B= -26.16 B-V=+4+062 My = +541
V= —-2678 BC = —-0.07 My =+479
m, = —26.85 M,=+472

Plunetury brightness
The change in the brightness of a planet because of the changing distance
from the Sun (r) and the Earth (A) 1s given by:
F=V{l,0) + 5log(rA) + x(p).
where
V(1,0) = viszal magnitude of planet reduced to a distance of 1 AU from
both the Sun and the Earth and phase angle p=0,
a = phase law; change of planet bnightness with p,
p = phase angle; angle between Sun and Earth seen from the planet

r2+ AT - R?
Cos p = ———————
P 2rA
where R = distance from the Earth to the Sun.
Plunet (1. 0y« '
Mercury ~0.42 mag +0.027p+ 2.2 x 107 p0
Venus —4.40 +0.013p+4.2x 107 7p’
Mars —1.52 +{.016p
Jupiter —9.40 +0.014p
Saturn —R.R8 +0.0441. —2.6sin B+ 12sin? B
Uranus -7.19 +0.001p
Neptune —-6.87 +0.001p
Pluto —-1.0

p in degrees; L = Saturnicentric ring longitude difference of Sun and Euarth;
B = Saturnicentric ring latitude of Earth; 0" < L < 6. 0" < [B| <27 .

" from the The Nautical Almanac)
™ (from Allen, C. W.. Astrophysical Quantities)
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Spherical astronomy

Time
The Juliun dute (JD) corresponding to any instant 1s the interval in meun
solar davs since 4713 BC January 1 at Greenwich mean noon (1200 UT).
(Midnight, January 1. 1961 = 0000 UT January 1, 1961 =
JD 24373005
A procedure (from Fliegel, H. F. & van Flandern, T. C., Comm. ACM,
11,657, 1968) for finding the Julian date (J D) fora given year (/). month (J).
and day of the month (K) is given by the following FORTRAN (integer)
arithmetic statement:
JD =K - 32075+ 1461 (] + 4800 + (J — 14)/12)/4
+367%(J —2—(J — 14),12%12)/12
3% (] + 4900 + (J — 14)712)/100):4.

For example, Deecember 25, 1981 (1 = 1981, J =12, K =25} =
JD 2.4434.964.

One Besselian vear s the period of a complete circuit of the mean Sun in
right ascension beginning at the instant when its right ascension is 18" 40",
The epochs to which stellar coordinates are referred are in Besselian year
numbers. (The epoch 1950.0 started December 31, 1949 at 2209 UT )

A mean sidercal day is the interval between two successive upper
culminations or transits of the vernal equinox.

The civil or mean solar day is sgz3337 of a tropical vear, the interval
between two successive passages of the Sun through the vernal equinox.

Sidereul time 1s the hour angle of the vernal equinox.

Apparent solur time is the local hour angle of the Sun, expressed in hours,
plus 12 hours.

Mean solar time 1s the local hour angle, plus 12 hours, of a fictitious mean
sun which moves along the equator at a constant rate equal to the average
annual rate of the Sun,

Mean solur time at 07 longitude 1s called universal time (UT. formerly
Greenwich meun time or GMT).

Ephemeris time (ET) is based on the time interval of a tropical vear. |
ephemeris second Is 37ssg975 573+ Of the tropical year 1900.

ET=UT+AT (AT = +52.5s, January 1. 1982).

Internationul atomic time=ET — 3218 5.

In 1981:
1 mean solar day = 1.002 737909 31 mean sidereal days

= 24"(3"56°555 36 of mean sidereal time.
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Pucific standurd time = UT — 8"
Mountain standard time= UT = 7"
Central standard time = UT — 6",
Eastern stundard time = UT — 5",
Coloniul standard time = UT — 4",
Western Europeun time = UT.
Central European time=UT + 1",
Eastern European time = UT + 2",

Notation for time-scules

A summary of the notation for time-scales and related quantities used 1n
the Astronomical Almanuc is given below. Additional information is given
in the Supplement to the Almanac.

UT =UTI; universal time: counted from 0" at midnight; unit is mean
solar day.

UTO  local approximation to universal time: not corrected for polar
motion.

GMST Greenwich mean sidereal time; GHA of mean equinox of date.
GAST Greenwich apparent sidereal time; GHA of true equinox of date.
TAl international atomic time; unit s the Sl second.

UTC coordinated universal time; differs from TAl by an integral
number of seconds, and 1s the basis of most radio time signals and
legal time systems.

AUT =UT — UTC: increment to be applied to UTC to give UT.

DUT =predicted value of AUT, rounded to 071, given in some radio time
signals.

ET ephemeris time; was used in dynamical theories and in the
Almanac from 1960-83; but is now replaced by TDT and TDB.

TDT  terrestrial dynamical time; used as time-scale of ephemerides for
observations from the Earth’s surface. TDT = TAI 4 321184,

TDB  barycentric dynamical time; used as time-scale of ephemerides
referred to the barycenter of the solar system.

AT =ET — UT (prior to 1984); increment to be applied to UT to give ET.

AT =TDT — UT (1984 onwards}; increment to be applied to UT to give TDT.

AT =TAI +32'184 — UT.

AAT =TAI - UTC; increment to be applied to UTC to give TAIL

AET =ET — UTC: increment to be applied to UTC to give ET.

ATT =TDT - UTC; increment to be applied to UTC to give TDT.

For most purposes, ET up to 1983 December 31 and TDT from 1984
January 1 can be regarded as a continuous time-scale. Values of AT for the
years 1620 onwards are given in the Asironomical Afmanac,
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The name Greenwich mean time (GMT)is not used 1n astronomy since it
1s ambiguous and s now uscd, 10 the sense of UTC in addition 1o the earlier
sense of UT: prior to 1925 1t was reckoned for astronomicat purposes from
Greenwich meun noon (12" UT).

Relutionships with local time and hour angle
The following general relationships are used:

Local mean solar time = universal time + east longitude.

Local mean sidereal time = (Greenwich mean sidereal time + cast
longitude.

Local apparent sidereal time = local mean sidereal time + equation of
equinoxes

= Greenwich apparent sidereal time + cast

longitude.

Local hour angle = local apparent sidereal time — apparent

right ascenston
= local mean sidereal time — {apparent right
ascension — equation of equinoxes).

A further small correction for the effect of polar motion is required in the
production of very precise observations.

The celestial sphere

NouTH CELENT AL Celestial sphere
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(Adapted from Valley, S. L., ed., Handbook of Geophysics und Spuce
Environment, AFCRL, 1965.)
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Celestial coordinates

Marth

telestial

upper
rulmingior

UO‘O\ 13\}-‘

», $
@
i Sguth
\k,,_d__- celestiod
radie pole

Celestial coordinates

Path of the Earth around the Sun. seasons, and Zodiac. Perthelion 1s
2 January and aphelion s 2 July. Right ascension in hours of each

constellation is given. (Adapted from Unsoeld, A., The New Cosmos,
Springer-Verlag, 1969.)
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Astronomical coordinare transformations

Horizon - equatorial (celestial) systems
cosasin A = +cosdsinh,
Cosa¢os A= —sIn dCos @ + CO% O COs A SN,
sina = sin A sin @ + cos d cos hcos .
COsA8IN A =cosusin 4,
COS O COs Nl = $ina Cos ¢ + COs a ¢os A sin @,
SIN O =SIN a 8N —COsacos Acos .,

h = local sidereal time — x,

A = azimuth. toward West from South.

« = altitude,

ip = observer's latitude,

h = local hour angle,

a = right ascension,

o = declination,

Ecliptic—equatorial {celestial) systems
COs O Ccos o = cos ffcos 4,
cosdsinx=cos ffsin Acoss —sin ffsing,
sin d =cos fsin Asin¢ + sin ffcos ¢,
cos fJ COS 2. = C0S d COS 2.
cos fsin A =cosd sinax cos & + sind sinx,
sin i =sin dcose —cosdsinasineg,
2 = right ascension, d = declination,
4 = ecliptic longitude, f# = ccliptic latitude,
£ = obliquity of the ecliptic = 23°27'8726 — 467845T
— 07005972 + 070018177
where T is the time in centuries from 1900.

Galactic—equatorial (celestial) systems
cos b cos(!'' — 33”) = cos § cos(a — 282.25°),
cos b sin({" — 33°) = cos & sin{x — 282.25°) cos 62.6° 4 sin J sin 62.67,
sin "' = sin 6 cos 62.6° —cos J sin{x — 282.25")sin 62.6°,
cos o sin(x — 282.25%) = cos b" sin(l" — 33“) cos 62.6” — sin b" sin 62.67,
sin & = cos b" sin(f" — 33”) sin 62.6° + sin b"' cos 62.6°,

I = new galactic longitude,

b" = new galactic latitude,

a = right descension (1950.0),

¢ = declination (1950.0),

For, " =4p"=0: x=17"42"4, § = —28° 5% (1950.0};

b"' = +90.0, galactic north pole: o = 12"49™, § = +27°4 (1950.0).
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Approximate reduction of astronomical coordinates

Right-ascension precession in seconds of time per veur.
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Precession charts: The charts show the precession in right ascension
in seconds of lime per year and of declination in seconds of arc per
year as a function of position as given by the refations

Az =37 + 1334 sin x tan &

Ad =20"cosa per year.

per year,

The lower chart also indicates the precession in declination in minutes
of arc as 4 function of the interval in years. For example, to find the
precession for an object at RA = (04"00™ for an 1%-year interval one
enters the chart at 4 hr, finding a precession of 10sec of arc per year.
Then moving horizontally to the right-hand chart to a point above (8
years the precession is found to be 3min of arc for the 18-yvear
interval.

The charts are useful for approximate precession determinations for
intervals between epochs 1800.0 to 2000.0. (Kraus. J. D.. Radio
Astronomy, 2nd edn., with permission.)
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The Hubble Space Telescope
{(Material for this section was taken from STScl document SC-02, *Call for
proposals’, October, 1985.)

The Hubble Space Telescope (HST) is managed by the Space Telescope
Science Institute (STScl):

Space Telescope Science Institute
3700 San Martin Drive
Baltimore. MD 21218

USA

Tel.: 1301) 338-4700

To allow European astronomers to make use of the Hubble Space
Telescope, the European Space Agency (ESA} has established the Space
Telescope—European Coordinating Facility (ECF). The address of the
ST-ECF:

Space Telescope-European Coordinating Facility
European Southern Observatory
Karl-Schwarzschild-Str. 2

D-8046 Garching bei Miinchen

Federal Republic of Germany

Tel.: {89) 32-006-291
Telex: 05-28282-22 EQ D
Telefax: +49-89-3202362

An overview of the HST dealing with the performance of the telescope
and instruments and plans for observations and data reduction and
analysis can be found in the NASA publication, The Spuce Telescope
Observatory, special session of commission 44, AU 18th General
Assembly, 1982, NASA (CP-2244.
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Description of the Hubble Space Telescope

APERTURE HIGH GAIN /) SOLAR ARRAY

DOOR ANTENNA
|
. Ty FINE GUIDANCE

SENSORS (3)

AX1AL
INSTRUMENTS (4}

rd

SECONDARY
MIRROR

V3

PRIMARY
MIRROR

\ RADIAL
\/ INSTRUMENT v2

HS'T nominal arbital parameters

rAhitude 500 km

Inclination 2875
Orbital pertod 95 min
Orbital precession period 54 days

Optical characteristics of HST
Optical design Ritchey-Chrétien
Aperture 24m
Collecting area 38993 cm?
Wavelength coverage (MgF ,-overcoated aluminumy) 1150 A- 1 mm
Focal ratio 124
Plate scale 3.58 arcsec mm !

Predicted FWHM of on-axis images, including
07007 rms pointing jitter:

1220 A 0.023 arcsec
2000 A 0.025 arcsec
3500 A 0.035 arcsec
4500 A 0.041 arcsec
6328 A 0.056 arcscc

Predicted radius of 70", encircled energy (at 6328 A} 0.10 arcsec
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Dexcription of the Hubble Space Telescope (cont.)
Predicted HST throughput.
100 - - e
ENERGY REACHING FOCAL PLANE

80 ~ AS PERCENTAGE OF THAT ENTER- -
ING A CIRCULAR APERTURE 2.4m

. - IN DIAMETER -
=
— 60- -
:) ! .
[« :
I =
%) .
8 40 -
< |
|— - —
20 -
D . i . . i e L S| J
1000 1200 1400 1800 1800 2000

WAVELENGTH (A}

Predicted on-axis HST encircled energy at various wavelengths.

i T ‘| ! T T T T T I T | T I

ENCIRCLED ENERGY
T

1 [ 1 [ 1 ! | | | Il 1 l

0 0.02 0.04 0.06 0.08 0.10
RADIUS {arcsec)

The following six scientific instruments will be available on HST:
e Wide Field and Planetary Camera (WF;PC)

e Faint Object Camera (FOC)

o Faint Object Spectrograph (FOS)

e High Resolution Spectrograph {HRS)




Description of the Hubble Space Telescope (cont.)

e High Speed Photometer (HSP)
e Fine Guidance Sensors (FGS)

HST instrument capabilities

Direct imaging'!

123

Field Projected pixel ~ Wavelength  Magnitude
Instrument of view spacing on sky  range (A) limit‘?
WEC 154" « 154" 0710 1150-11000 28
PC 66" x 66" 07043 1150-11000 28
FOC f/48 44" x 44 07043 1150-6500 27
f/96 22" x 22" 07022 1150-6500 27
f7288  T3Ix T3 070072 1150-6500 26
Astrometry
Field Positional Wavelength  Magnitude
Instrument of view accuracy range (A) limit'®
I FGS 69 (arcmin)? 070016 4700-7100 17
Photometry
Aperture Time Wavelength  Magnitude
Instrument diameters resolution range (&) limit*®
HSP® 074, 170 10 us 1200-9000 25
Slitless spectroscopy‘™
Projected Resolving
pixel spacing power Wavelength  Magnitude
Instrument  on sky (A/AL) range {A) limit
WEC 0710 100 1600-4000 228
40 1300-2000 2118
45 3000-6000 2312
35 6000-10000 232
FOC f/48 07043 S0 at 1500 A 1150-6000 22"
fi96 0022 50 at 1500 A 1150-6000 229
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Description of the Hubble Space Telescope (cont.)

HST instrument capabilities {cont.)

Sht spectroscopy

Projected  Resolving Wave-
aperture  power Time length Magnitude
Instrument size (£/A%) resolution range (A} limit'®
FOU £/48''9 071 207 2000 1150- 1325 18
2000 1167 1767 18
2000 1750 2650 20
2000 3500-5300 21
FOS* ! 071-473 1300 20 ms 1150-8500 18-22-22
250 20 ms 1150-8500 21-26-23
HRS (725,270 100000 50 ms 1150-3200 11-14
20000 50 ms 1150-3200 13-16
2000 50 ms 1150-1800 17

Naotes to tubles:

(1) The cameras also have coronagraphic and polarimetric imaging capabilities.

2 predicted limiting ¥V magnitude for an unreddened AQV star in order to
achicve a S/N ratio of § in an exposure time of | hour. Single entries refer to
wavelengths near the center of the indicated wavelength range. For FOC direct
imaging, the F342W filter was assumed. When two values are given, the first refers
to wavelengths near the short-wavelength limit, and the second to those near the
long-wavelength limit. For FOS spectroscopy, three values are given,
corresponding to 1300, 3200, and 6000 A, respectively.

¥ For §/N =1 in fine lock.

14 Within the central area of 4 x 5. In-orbit performance for astrometry is very
uncertain; figure quoted is design goal.

151 predicted limiting V¥ magnitude for a i-hour exposure (half on star, half on
sky) on an AQV star at §;N = 5 with the F450W filter.

) The HSP can also perform polarimetry,

' Using ‘objective’ gratings or prisms.

'8 predicted limiting ¥ magnitude for an unreddened BOV star in order to
achieve a §/N ratio of 5 in an exposure time of 1 hour.

) Predicted limiting ¥ magnitude for a QSO with a ¥~ * spectrum in order to
achieve a S/N ratio of 10 in an exposure time of 1 hour with the far-UV objective
prism (PRISM2).

10 Two-dimensional spectroscopy with the long slit and grating.

AU The FOS can also perform speciropolarimetry.

Glossary of astronomical terms

aherrution: the apparent angular displacement of the observed position
of a celestial object from its geomerric position, caused by the finite
velocity of hight in combination with the motions of the observer and
of the observed object. {Sec aberrution, planetary.)
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aberration, unnual: the component of stetlar aberration (see uberrution,
stellury resulting from the motion of the Earth about the Sun.

aberration, diurnal: the component of stellar aberration (see auberration,
stellary resulting from the observer's diurnal motion about the center
of the Earth.

aberration, E-terms of : terms of annual aberration (see aberration,
annual) depending on the eccentricity and longitude of perihelion

of the Earth,

aberration, elliptic: see uberration, E-terms of.

uberration, plunetury: the apparent angular displacement of the
observed position of a celestial body produced by motion of the
observer (see uberration, stellur) and the actual motion of the
observed object (see correction for lighi-time).

aberration, seculur: the component of stellar aberration (see aberration,
steliar) resulting from the essentially umiform and rectilinear motion
of the entire solar system in space. Secular aberration is usually
disregarded.

aberration, stellar: the apparent angular displacement of the observed
position of a celestial body resulting from the motion of the observer.
Stellar aberration is divided into diurnal, annual and sccular
components (see uberration, diurnal; aberration, annual; aberrution,
secular).

altitude: the angular distance of a celestial body above or below the
horizon, measured along the great circle passing through the body
and the zenith. Altitude is 90 minus zenith distunce.

aphelion: the point in a planetary orbit that is at the greatest distance
from the Sun.

appurent place: the position on a celestial sphere, centered at the Earth,
determined by removing from the directly observed position of a
celestial body the effects that depend on the topocentric location of
the observer; i.e., refraction, diurnal aberration (see uberration,
diurnal) and geocentnc (diurnal) parallax. Thus the position at which
the object would actually be seen from the center of the Earth,
displaced by planetary aberration (except the diurnal part - see
aberration, plunetary and aberration, diurnal) and referred to the true
equator and equinox.

apparent solar time: the measure of time based on the diurnal motion
of the true Sun. The rate of diurnal motion undergoes seasonal
vanation because of the obliquity of the ecliptic and because of the
eccentricity of the Earth’s orbit. Additional small variations result
from irregularities in the rotation of the Earth on its axis.
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astrometric ephemeris: an ephemeris of a solar system body in which
the tabulated positions are essentially comparable to catalog mean
places of stars at a standurd epoch. An astrometric position 1s
obtained by adding to the geometric position, computed from
gravitational theory, the correction for light-time. Prior to 1984. the
E-terms of annual aberration (see uberration, annual and aberrution,
E-terms of ) were also added to the geometric position.

astronomical coordinates: the longitude and latitude of a point on the
Earth relative to the geaid. These coordinates are influenced by local
gravity anomalies (see zenith.)

astronomical unit (AU): the radius of a circular orbit in which a body
of negligible mass. and free of perturbations, would revolve around
the Sun in 2n/k days, where k 1s the Gaussian gracitational constant.
Thas is slightly less than the semimajor uxis of the Earth’s orhit.

atomic second: see second, Systeme International.

augmentation: the amount by which the apparent semidiameter of a
celestial body, as observed from the surface of the Earth, is greater
than the semidiameter that would be observed from the center of the
Earth.

azimuth : the angular distance measured clockwise along the horizon
from a specified reference point (usually north) to the intersection
with the great circle drawn from the zenith through a body on the
celestial sphere.

burycenter: the center of mass of a system of bodies; e.g., the center of
mass of the solar system or the Earth-Moon sysiem.

barycentric dynumical time (TDB): the independent argument of
ephemerides and equations of motion that are referred to the
barvcenter of the solar system. A family of time scales results from
the transformation by various theories and metrics of relativistic
theories of terrestrial dynamical time (TDT). TDB differs from TDT
only by periodic variations. In the terminology of the general theory
of relativity, TDB may be considered to be a coordinate time. (See
dynamical time.)

catalog equinox : the intersection of the hour circle of zero right
ascension of a star catalog with the celestial equator. (See dynumical
equinox and equator.)

celestial ephemeris pole. the reference pole for nutation and polar
motion; the axis of figure for the mean surface of a model Earth in
which the free motion has zero amplitude. This pole has no nearly-
diurnal nutation with respect to a space-fixed or Earth-fixed
coordinate system.
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celestial equator: the projection onto the celestial sphere of the Earth's
equator. {See mean equator und equinox and true equator and equinox.)

celestial pole: etther of the two points projected onto the celestial sphere
by the extenston of the Earth's axis of rotation to infinny.

celestial sphere: an 1maginary sphere of arbitrary radius upon which
celestial bodies may be considered to be located. As circumstances
require, the celestial sphere may be centered at the observer, at the
Earth’s center, or at any other location.

conjunction: the phenomenon in which two bodies have the same
apparent celestial longitude (see longitude, celestial) or right ascension
as viewed from a third body. Conjunctions are usually tabulated as
geocentric phenomena, however. For Mercury and Venus. geocentric
infernior conjunction occurs when the planet is between the Earth and
Sun, and superior conjunction occurs when the Sun is between the
planet and Earth.

constellation: a grouping of stars, usually with pictorial or mythical
associations, that serves to identify an area of the celestial sphere.
Also one of the precisely defined areas of the celestial sphere.
associated with a grouping of stars, that the International
Astronomical Union has designated as a constellation.

coordinated universal time (UTC): the time scale available from
broadcast time signals. UTC differs from TAI (see international
atomic time) by an integral number of seconds; it is maintained
within +0.90 seconds of UT1 (see universal time) by the introduction
of one second steps (leap seconds).

culmination: passage of a celestial object across the observer's meridiun;
also called ‘meridian passage’. More precisely, culmination is the
passage through the point of greatest altitude in the diurnal path.
Upper culmination {also called ‘culmination above pole’ for
circumpolar stars and the Moon) or transit is the crossing closer to
the observer’s ze¢nith. Lower culmination {also called ‘culmination
below pole’ for circumpolar stars and the Moon) is the crossing
farther from the zenith.

day: an interval of 86 400 SI seconds (see second, Systeme International),
unless otherwise indicated.

day numbers: quantities that facilitate hand calculations of the
reduction of mean place 1o apparent pluce. Besselian day numbers
depend solely on the Earth's position and motion: second-order day
numbers, used in high precision reductions, depend on the posttions
of both the Earth and the star.
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declination: angular distance on the celestiul sphere north or south of
the celesrial equator. It is measured along the hour circle passing
through the celestial object. Declination is usually given in
combination with right ascension or hour angle.

defect of illumination. the angular amount of the observed lunar or
planetary disk that is not Hlluminated to an observer on the Earth.

deflection of light: the angle by which the apparent path of a photon is
altered from a straight line by the gravitational field of the Sun. The
path 13 deflected radially away from the Sun by up to 1775 at the
Sun’s limb. Correction for this effect, which is independent of
wavelength, is included in the reduction from mean place to apparent
pluce.

deflection of the vertical: the angle between the astronomical vertical
and the geodetic vertical (sec zenith, ustronomical coordinates;
geodetic coordinates.)

Delta T (AT): the difference between dynamical time and universal time;
specifically the difference between terrestrial dynamical time (TDT)
and UT1: AT=TDT -UT1I.

direct motion : for orbital motion in the solar system, motion that is
counterclockwise in the orbit as seen from the north pole of the
ecliptic; for an object observed on the celestial sphere, motion that is
from west to east, resulting from the relative motion of the object
and the Earth.

DUT1: the predicted value of the difference between UT! and UTC,
transmitted in code on broadcast time signals: DUT1=UT1 - UTC.
(See universal time and coordinated universal time.)

dynamical equinox : the ascending node of the Earth’s mean orbit on the
Earth’s equator; i.¢., the intersection of the ecliptic with the celestial
equator at which the Sun’s declinution 1s changing from south to
north. (See catalog equinox and equinox.)

dynamical time: the family of time scales introduced in 1984 to replace
ephemeris time as the independent argument of dynamical theories
and ephemerides. (See barvcentric dynamical time and terrestrial
dynamical time.)

eccentric anomaly: in undisturbed elliptic motion, the angle measured at
the center of the ellipse from pericenter to the point on the
circumscribing auxiliary circle from which a perpendicular to the
major axis would intersect the orbiting body. (See mean anomaly and
true anomaly.)

eccentricity: a parameter that specifies the shape of a conic section; one
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of the standard elements used to describe an elliptic orbir (see
efements, orbitul).

eclipse: the obscuration of a celestial body caused by its passage
through the shadow cast by another body.

eclipse, unnulur: a solar eclipse (see eclipse, solur) in which the solar
disk 15 never completely covered but is seen as an annulus or ring at
maximum echipse. An annular eclipse occurs when the apparent disk
of the Moon is smaller than that of the Sun.

eclipse, funar: an eclipse in which the Moon passes through the shadow
cast by the Earth. The eclipse may be total (the Moon passing
completely through the Earth’s umbra), partial (the Moon passing
partially through the Earth’s umbra at maximum eclipse), or
penumbral (the Moon passing only through the Earth’s penumbru).

eclipse, solur: an eclipse in which the Earth passes through the shadow
cast by the Moon. It may be total (observer in the Moon's umbra),
partial {observer in the Moon's penumbra), or annular (see eclipse.
unnular).

ecliptic: the mean plane of the Earth’s orbir around the Sun.

elements, Besselian.: quantitics tabulated for the calculation of accurate
predictions of an eclipse or occultution for any point on or above the
surface of the Earth,

elements, orbital : parameters that specify the position and motion of a
body in orbit {see osculating elements and mean elements.)

elongation, greatest: the instants when the geocentric angular distances
of Mercury and Venus are at a4 maximum from the Sun.

elongution (planetary): the geocentric angle between a planet and the
Sun. measured in the plane of the planet, Earth and Sun. Planetary
elongations are measured from 07 to 180°, east or west of the Sun.

elongation (sutellite). the geocentric angle between a satellite and its
primary, measured in the plane of the satellite, planet and Earth.
Satellite elongations are measured from 0" east or west of the planet.

ephemeris hour angle: an hour angle referred to the ephemeris meridian.

ephemeris longitude: longitude (see longitude, rerrestrial) measured
castward from the ephemeris meridiun.

ephemeris meridian: a ficitious meridian that rotates independently of
the Earth at the uniform rate implicitly defined by terrestrial
dynamical time (TDT). The ephemerts meridian is 1.002 738AT east
of the Greenwich meridian, where AT =TDT — UTI.

ephemeris time (ET): the time scale used prior to 1984 as the
independent vanable in gravitational theories of the solar system. In
1984, ET was replaced by dynamical time.
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ephemeris transit: the passage of a celestial body or point across the
ephemeris meridiun.

equation of center: in elliptic motion the true unomaly minus the meun
anomaly. 1t is the difference between the actual angular position n
the elliptic orbit and the position the body would have if its angular
motion were uniform.

equation of the equinoxes: the right ascension of the mean equinox (sec
mean equator and equinox) referred to the true equator and equinox;
apparent sidereal time minus mean sidereal time. {See appurent pluce
and meun place.)

equation of time: the hour angle of the true Sun minus the hour angle
of the fictitious mean sun; alternatively. apparent solar time minus
meun solar time.

equator: the great circle on the surface of a body formed by the
intersection of the surface with the plane passing through the center
of the body perpendicular to the axis of rotation. (See celestiul
equator.)

equinox : either of the two points on the celestial sphere at which the
ecliptic intersects the celestial equaror: also the time at which the Sun
passes through either of these intersection points: L.e., when the
apparent longitude (see upparent place and longitude, celestial) of the
Sun is 0 or 1807, (See catalog equinox and dynamical equinox for
precisc usage.)

fictitious meun sun. an imaginary body introduced to define mean solar
time; essentially the name of a mathematical formula that defined
mean solar time. This concept is no longer used in high precision
work.

fluttening : a parameter that specifies the degree by which a planet’s
fipure differs from that of a sphere,; the ratio [ = (¢ — b)/a. where u I
the equatorial radius and b is the polar radius.

Guussiun gravitational constant (k =0.017 202098 %5): the constant
defining the astronomical system of units of length (astrononical
unit}, mass (solar mass) and time (day), by means of Kepler's third
law. The dimensions of &2 are those of Newton's constant of
gravitation: DM ~'T™ 2,

geocentric: with reference to, or pertaining 1o, the center of the Earth.

geocentric coordinates. the latitude and longitude of a point on the
Earth's surface relative to the center of the Earth: also celestial
coordinates given with respect 1o the center of the Earth. (See
zenith: lutitude, terrestrial; longitude, terrestrial )



geodetic coordinates: the latitude and tongitude ol a point on the
Earta’s surface determined from the geodetic vertical (normal to the
specifiied spheroid). (Sce zenith: lutitude. 1errestrial; longitude,
terrestrial.}

geoid: an equipotential surface that coincides with mean sea level in the
open occan. On land 1t is the level surface that would be assumed by
waler in an imaginary network of frictionless channels connected to
the ocean.

geomeltric position: the geoceniric position of an object on the celestiu!
sphere referred to the true equator und equinox, but without the
displacement due to planetary aberration. (See uppurent place: mean
pluce; aberration, planetary )

Greenwich sidereal dute (GSDY): the number of sidereal duys elapsed at
Greenwich since the beginning of the Greenwich sidereal day that
was In progress at Juliun date 0.0.

Greenwich sidereafl day number: the integral part of the Greenwich
sidereal duate.

Gregorian calendar: the calendar introduced by Pope Gregory XIII in
1582 to replace the Julian calendur; the calendar now used as the
civil calendar in most countries. Every year that is exactly divisible
by four is a leap year, cxcept for centurial years, which must be
exactly divistble by 400 to be leap years. Thus 2000 is a leap year,
but 1900 and 2100 are not leap vears.

heliocentric . with reference to, or pertaining to, the center of the Sun.

horizon: a plane perpendicular to the line from an observer to the
zenith. The great circle formed by the intersection of the celestial
sphere with a plane perpendicular to the line from an observer to the
zenith 1s called the astronomical horizon.

horizontal parallax: the diflerence between the topacentric and
geocentric positions of an object, when the object 15 on the
astronomical horizon.

hour angle: angular distance on the cefestial sphere measured westward
along the celestial equutor from the meridian to the hour circle that
passes through a celestial object.

hour circle: a great circle on the celestial sphere that passes through the
celestial poles and is therefore perpendicular to the celestial equator.

inclination: the angle between two planes or their poles; usually the
angle between an orbital plane and a reference plane; one of the
standard orbital elements (sec elements, orbital) that specifies the
orientation of an orbit.
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international atomic time (TAI): the continuous scale resulting from
analyses by the Bureau International des Poids et Mésures of atomic
time standards in many countries. The fundamental unit of TAI is
the SI second (see second, Systeme International), and the epoch is
1958 January 1.

incariable plane: the plane through the center of mass of the solar
system perpendicular to the angular momentum vector of the solar
system.

irradiation: an optical effect of contrast that makes bright objects
viewed against a dark background appear to be larger than they
really are.

Julian calendar: the calendar introduced by Julius Caesar in 46 BC to
replace the Roman calendar. In the Julian calendar a common year
is defined to comprise 365 days, and every fourth year is a leap year
comprising 366 days. The Julian calendar was superseded by the
Gregorian calendur.

Julian date (JD): the interval of time in days and fraction of a day
since | January 4713 BC, Greenwich noon, Julian profeptic calendar.
In precise work the time scale, e.g., dynamical time or universal time,
should be specified.

Juliun date, modified (MJID): the Julian date minus 240 0000.5.

Julian day number (JD): the integral part of the Julian date.

Julian proleptic calendar : the calendric system employing the rules of
the Julian calendar, but extended and applied to dates preceding the
introduction of the Julian calendar.

Julign vear: a period of 365.25 days. This period served as the basis for
the Julian calendar.

Laplacian plane: for planets see invariable plane; for a system of
satellites, the fixed plane relative to which the vector sum of the
disturbing forces has no orthogonal component.

latitude, celestial : angular distance on the celestial sphere measured
north or south of the ecliptic along the great circle passing through
the poles of the ecliptic and the celestial object.

latitude, terrestrial: angular distance on the Earth measured north or
south of the equator along the meridian of a geographic location.

lihrations: variations in the orientation of the Moon's surface with
respect to an observer on the Earth. Physical librations are due to
variations in the rate at which the Moon rotates on its axis. The
much larger optical librations are due to variations in the rate of the
Moon’s orbilal motion, the obliguity of the Moon’s equaior to its
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orbital plane, and the diurnal changes of geometric perspective of an
cbhserver on the Earth’s surface.

light-time: the interval of time required for light to travel from a
celestial body to the Earth. During this interval the motion of the
body in space causes an angular displacement of its apparent pluce
from its geometric position (see aberration, planetury).

fight yeur: the distance that light traverses in a vacuum during one
year.

tocal sidereal time: the local hour ungle of a catalog equinox.

longitude, celestial: angular distance on the celestiul sphere measured
eastward along the ecliptic from the dynumical equinox to the great
circle passing through the poles of the ecliptic and the celestial
object.

longitude. terrestrial: angular distance measured along the Earth’s
equator from the Greenwich meridian to the meridian of a geographic
location.

lunar phases: cyclically recurring apparent forms of the Moon. New
Moon, First Quarter, Full Moon and Last Quarter are defined as
the times at which the excess of the apparent ceiestial longitude (see
longitude, celestial) of the Moon over that of the Sun is 0%, 90°, 180°
and 270°, respectively.

lunation: the period of time between two consecutive New Moons.

magnitude, stellar: a measure on a logarithmic scale of the brightness of
a celestial object considered as a point source.

magnitude of a lunar eclipse: the fraction of the lunar diameter
obscured by the shadow of the Earth at the greatest phase of a lunar
eclipse (see eclipse, tunar), measured along the common diameter.

magnitude of a solar eclipse: the fraction of the solar diameter obscured
by the Moon at the greatest phase of a solar eclipse (see eclipse,
solar), measured along the common diameter.

mean anomaly: in undisturbed elliptic motion, the product of the mean
motion of an orbiting body and the interval of time since the body
passed pericenter. Thus the mean anomaly is the angle from
pericenter of a hypothetical body moving with a constant angular
speed that is equal to the mean motion. (See rrue anomaly and
eccentric anomaly.)

mean distance: the semimajor axis of an elliptic orbit.

mean elements. elements of an adopted reference orbit (see elements,
orbital) that approximates the actual, perturbed orbit. Mean elements
may serve as the basis for calculating perrurbations.
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mean equator and equinox: the celestial reference system determined by
ignoring small variations of short period in the motions of the
celestial equator. Thus the mean equator and equinox are affected
only by precession. Positions in star catalogs are normally referred to
the mean catalog equator and equinox (see catulog equinox) of a
standurd epoch.

meun motion: in undisturbed elliptic motion, the constant angular speed
required for a body to complete one revolution in an orbit of a
specified semimajor axis.

mean pluce: the coordinates, referred to the neun equator and equinox
of a standurd epoch, of an object on the celestial sphere centered at
the Sun. A mean place is determined by removing from the directly
observed position the effects of refruction, geocentric and stellar
paraflax, and stellar aberration (see uberration, stellar}, and by
referring the coordinates to the mean equator and equinox of a
standard epoch. In compiling star catalogs it has been the practice
not to remove the secular part of stellar aberration {(see aberrution,
seculur). Prior to 1984, it was additionally the practice not to remove
the elliptic part of annual aberration (see uberration, annual and
aberration, E-terms of ).

mean solar time: a measure of time based conceptually on the diurnal
motion of the fictitious mean sun, under the assumption that the
Earth’s rate of rotation is constant.

meridian: a great circle passing through the cefestial poles and through
the zenith of any location on Earth. For planetary observations a
meridian is half the great circle passing through the planet’s poles
and through any location on the planet.

moonrise, moonsel : the times at which the apparent upper limb of the
Moon is on the astronomical horizon; i.e., when the true zenith
distance, referred to the center of the Earth, of the central point of
the disk is 90° 34’ + s — , where s is the Moon's semidiameter, 7 1s
the horizontal parallax, and 34" is the adopted value of horizontal
refraction.

nadir: the point on the celestial sphere diametrically opposite to the
zenith.

node: either of the points on the celestial sphere at which the plane of
an orbit intersects a reference plane. The position of a node is one of
the standard orbital elements (see elements, orbital) used to specify
the orientation of an orbit.

nutation: the short-period oscillations in the motion of the pole of
rotation of a freely rotating body that is undergoing torque from
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external gravitational forces. Nutation of the Earth's pole 1s discussed
tn terms of components in obliguity and longitude (see fongitude.
celestiul).

obliquily: in general the angle between the equatorial and orbital planes
of a body or. equivalently, between the rotational and orbital poles.
For the Earth the obliquity of the eclipric is the angle between the
planes of the equator and the ecliptic.

occultation: the obscuration of one celestial body by another of greater
apparent diameter; especially the passage of the Moon in front of a
star or planet, or the disappearance of a sateilite behind the disk of
its primary. If the primary source of illumination of 4 reflecting body
1s cut off by the occultation, the phenomenon is also called an
eclipse. The occultation of the Sun by the Moon is a solar eclipse
(see eclipse, solar).

opposition: a configuration of the Sun, Earth and a planet in which the
apparent geocentric longitude (see longitude, celestiul) of the planet
differs by 180" from the apparent geocentric longitude of the Sun.

orbii: the path in space followed by a celestial body.

osculating elements: a set of parameters (see elements, orbital) that
specifies the instantaneous position and velocity of a celestial body in
its perturbed orbit. Osculating elements describe the unperturbed
(two-body) orbit that the body would follow if perturbations were 10
cease instantaneously,

parallax: the difference in apparent direction of an object as seen from
two different locations; conversely the angle at the object that is
subtended by the line joining two designated points. Geocentric
(diurnal) parallax is the difference in direction between a ropocentric
observation and a hypothetical geocentric observation. Heliocentric
or annual parallax 1s the difference between hypothetical geocentric
and hefiocentric observations; it is the angle subtended at the
observed object by the semimaujor axis of the Earth’s orbit. (See also
horizontal parallax.)

parsec: the distance at which one astronomical unit subtends an angle of
one second of arc; equivalently the distance to an object having an
annual parallax of one second of arc.

penumbra : the portion of a shadow in which light from an extended
source is partially but not completely cut off by an intervening body;
the area of partial shadow surrounding the umbra.

pericenter: the point in an orbir that is nearest to the center of force.
{See perigee and perihelion.)

perigee: the point at which a body in orbir around the Earth most
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closely approaches the Earth. Perigee is sometimes used with
reference to the apparent orbit of the Sun around the Earth.

perihelion: the point at which a body in orbit around the Sun most
closelv approaches the Sun.

period : the interval of time required to complete one revolution in an
orbit or one cycle of a periodic phenomenon, such as a cycle of
phuses.

perturbutions: deviations between the actual orbir of a celestial body
and an assumed reference orbit; also the forces that cause deviations
between the actual and reference orbits. Perturbations, according to
the first meaning, are usually calculated as quantities to be added to
the coordinates of the reference orbit to obtain the precise
coordinates.

phase: the ratio of the illuminated area of the apparent disk of a
celestial body to the area of the entire apparent disk taken as a
circle. For the Moon, phase designations (see lunar phuses) are
defined by specific configurations of the Sun, Earth and Moon. For
eclipses phase designations (total, partial, penumbral, etc.) provide
general descriptions of the phenomena (see eclipse, solar; eclipse,
annular; eclipse, lunar.)

phase angle: the angle measured at the center of an 1lluminated body
between the light source and the observer.

polar motion: the irregularly varying motion of the Earth’s pole of
rotation with respect to the Earth’s crust. (See celestial ephemeris
pole.)

precession: the uniformly progressing motion of the pole of rotation of
a freely rotating body undergoing torque from external gravitational
forces. In the case of the Earth, the component of precession caused
by the Sun and Moon acting on the Earth’s equatorial bulge 1s called
lunisolar precession; the component caused by the action of the
planets is called planetary precession. The sum of lunisolar and
planetary precession is called general precession. (See nutation.)

proper motion: the projection onto the celestial sphere of the space
motion of a star relative to the solar system; thus the transverse
component of the space motion of a star with respect to the solar
system. Proper motion is usually tabulated in star catalogs as
changes in right ascension and declination per year or century.

quadratrure: a configuration in which two celestial bodies have apparent
longitudes (see longitude, celestial) that differ by 90° as viewed from a
third body. Quadratures are usually tabulated with respect to the
Sun as viewed from the center of the Earth,
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radial velocity: the rate of change of the distance to an object.

refruction, astronomical . the change in direction of travel (bending) of a
light ray as it passes obliquely through the atmosphere. As a result of
refraction the observed altirude of a celestral object 15 greater than its
geometric altitude. The amount of refraction depends on the altitude
of the object and on atmosphernic conditions.

retrograde motion : for orbital motion in the solar system, motion that
15 clockwiase 1n the orbir as seen from the north pole of the ecliptic;
for an object observed on the cefestial sphere, motion that is from
cast to west, resulting from the relative motion of the object and the
Earth. (Sec direct motion.)

right ascension: angular distance on the celestial sphere measured
eastward along the celestial equator from the equinox to the hour
circle passing through the celestial object. Right ascension is usually
given in combination with declination.

second, Systeme International (SI}: the duration of 9 192631770 cycles
of radiation corresponding 1o the transition between two hyperfine
levels of the ground state of cesium 133.

selenocentric: with reference to, or pertaining to, the center of the
Moon.

semidiameter : the angle at the observer subtended by the equatorial
radius of the Sun, Moon or a planet.

semimajor axis: half the length of the major axis ol an ellipse; a
standard element used to describe an elliptical orhit (see efements,
orbital).

sidereal duy: the interval of time between two consecutive rransits of
the catalog equinox. (See sidereal time.)

sidereal hour angle: angular distance on the cefestial sphere measured
westward along the celestial equator from the catalog equinox to the
hour circle passing through the celestial object. It is equal to 360~
minus right dscension in degrees.

sidereal time: the measure of time defined by the apparent diurnal
motion of the catalog equinox; hence a measure of the rotation of the
Earth with respect to the stars rather than the Sun.

solstice: etther of the two points on the ecliptic at which the apparent
longitude (see longitude, celestial) of the Sun is 907 or 270°; also the
time at which the Sun is at either point.

standard epoch. a date and time that specifies the reference system to
which celestial coordinates are referred. Prior to 1984 coordinates of
star catalogs were commonly referred to the mean equator and
equinox of the beginning of a Besselian year (see vear, Besseliun).
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Beginning with 1984 the Juliun vear has been used, as denoted by the
prefix J, e.g., J2000.0.

stationary point (of a planet). the position at which the rate of change
of the apparent right ascension (see apparent place) of a planet is
momentarily zero.

sunrise, sunset: the times at which the apparent upper limb of the Sun
is on the astronomical horizon; ie., when the true zenith distance,
referred to the center of the Earth, of the central point of the disk is
90° 50', based on adopted values of 34" for horizontal refraction and
16" for the Sun’s semidiameter.

surface brightness (of a planet): the visual magnitude of an average
square arc-second area of the illuminated portion of the apparent
disk.

synodic period: for planets, the mean interval of time between successive
conjunctions of a pair of planets, as observed from the Sun; for
satellites, the mean interval between successive conjunctions of a
satellite with the Sun, as observed from the satellite’s primary,

terrestrial dynumical time (TDT): the independent argument for
apparent geocentric ephemerides. At 1977 January 19 00" 00™ 00 TAI,
the value of TDT was exactly 1977 January 19000 3725. The unit of
TDT 1s 86 400 SI seconds at mean sea level. For practical purposes
TDT = TAI + 32:184, (See barycentric dyvnamical time; dynamical
time: international atomic time.)

terminator : the boundary between the illuminated and dark areas of the
apparent disk of the Moon, a planet or a planetary satellite.

topocentric: with reference to, or pertaining to, 4 point on the surface
of the Earth, usually with reference to a coordinate system.

transit: the passage of a celestial object across a meridian; also the
passage of onc celestial body in front of another of greater apparent
diameter (e.g., the passage of Mercury or Venus across the Sun or
Jupiter’s satellites across 1ts disk); however, the passage of the Moon
in front of the larger apparent Sun 1s called an annular eclipse (see
eclipse, annular). The passage of a body’s shadow across another
body is called a shadow transit; however, the passage of the Moon's
shadow across the Earth is called a solar eclipse (see eclipse, solar).

true anomaly: the angle, measured at the focus nearest the pericenter of
an elliptical orbit, between the pericenter and the radius vector from
the focus to the orbiting body; one of the standard orbital elements
(see elements, orbital). (See also eccentric anomaly, mean anomaly.)

true equator and equinox; the celestial coordinate system determined by
the instantaneous positions of the celestial equator and ecliptic. The



139

motion of this system is due to the progressive effect of precession
and the short-term, peniodic vaniations of nutation. (See meun equator
aid equinox.)

twilight : the interval of time preceding sunnse und following sunset {see
sunrise, sunser) during which the sky is partially illuminated. Civil
twilight comprises the interval when the zenith distunce. referred to
the center of the Earth, of the central point of the Sun’s disk is
between 907 50" and 96| nautical twilight comprises the interval from
96° to 102, astronomical twilight comprises the interval from 102" to

108",

umbra: the portion of a shadow cone in which none of the light from
an extended light source (ignoring refruction) can be observed.

universal time (UT): a measure of time that conforms, within a close
approximation, (o the mean diurnal motion of the Sun and serves as
the basis of all civil imekeeping. UT is formally defined by a
mathematical formula as & function of sidereal rime. Thus UT is
determined from observations of the diurnal motions of the stars.
The tme scale determined directly from such observations is
designated UTO; it is slightly dependent on the place of observation.
When UTO is corrected for the shift in longitude of the observing
station caused by palar motion, the time scale UT1 is obtained.

vernal equinox: the ascending node of the ecliptic on the celesriul
equator; also the time at which the apparent longitude (see apparent
pluce and longitude, celestial) of the Sun 1s 0°. (See equinox.)

rertical: apparent direction of gravity at the point of observation
(normal to the plane of a free level surface).

vear: a perniod of time based on the revolution of the Earth around the
Sun. The calendar year (see Gregoriun calendur) is an approximation
to the tropical year (see year, tropical). The anomalistic year is the
mean interval between successive passages of the Earth through
perihelion. The sidereal year is the mcan period of revolution with
respect to the background stars. (See Julian year and vear, Besselian.)

year, Besselian: the period of one complete revolution in right ascension
of the fictitious meun sun, as defined by Newcomb. The beginning of
a Besselian year, traditionally used as a standard epoch, is denoted by
the suffix ".0". Since 1984 standard epochs have been defined by the
Julian year rather than the Besselian year. For distinction, the
beginning of 4 Besselian year is now identified by the prefix B {e.g.,

B1950.0).
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vear, tropicul: the period of one complete revolution of the mean
Jongitude of the Sun with respect to the dynumical equinox. The
tropical year is longer than the Besselian year (see vear, Besselian} by
02148 T. where T is centuries from B1900.0.

zenith: in general, the point directly overhead on the celestiul sphere.
The astronomical zenith is the extension to infinity of a plumb line.
The geocentric zenith is defined by the line from the center of the
Earth through the observer. The geodetic zenith is the normal to the
geodetic ellipsoid or spheroid at the observer’s location. (See
deflection of rthe vertical.)

zenith distance: angular distance on the celestial sphere measured along
the great circle from the zenith 10 the celestial object. Zenith distance
1$ 90° minus altirude.

(From The Astronomical Almunac for the Year 1987, US Government Printing
Office, with permission.)
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The major radio surveys

Observatory Survey v (MHz) Sources Limit (Jy)'@
Cambridge 3C 159 471 g
3CR 178 — 9
4C 178 4843 2
5C 408 276 0.025
WKB 38 1069 14
RN 178 87 0.25
NB 815 558 1
Mills Cross MSH 86 2270 7
Parkes PKS 408, 1410, 2650 297 4
PKS 408, 1410 247 0.5
PKS 408, 1410 564 0.3
PKS 408, 1410 628 04
PKS 635, 1410, 2650 397 1.5
Owens Valley CTA 906 106 —
CTB, CTBR 960 110 —
CTD 1421 — 1.18
National Radio NRAOQO 750, 1400 726 (3C and 3CR)
Observatory NRAO 750, 1400 438 0.5
Bologna Bl 408 629 1
B2 408 3235 0.2
Ohio State O 1415 128 2,05
O 1415 236 0.37
O 1415 1199 0.3
O 1415 2101 0.2
Vermillion VRO 610.5 239 0.8
River VRO 610.5 625 0.8
Dominion Radio DA 1420 615 2
Observatory
Dwingeloo-
NRAQO DW 1417 188 2.3

Arecibo AO 430 25 -

“@ | jansky (Jy)= 10" Wm *Hz '
(Adapted from Weinberg, S., Gravitation and Cosmology, John Wiley and Sons,
1972}
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Microwave background

Measurement of the surface brightness, B, of the cosmic hackground
radiation. The spectrum of a 2.75 K blackbody emttter is also shown.
(Courtesy of T. Wilkinson, Princeton University.})
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Microwave background (coni.)

Terrestrial microwave window. (From NASA SP-419, up. ¢it.)

1000
100
¥
10
T 2.76 K COSMIC
/'\ancmnoumo
R R S [




RT1S ION “Axpjen) 23
L8N TAXRIED) 191 "23d
lesend)

B[NQaN BULIR )

AXe[Rn) 024

te) X BI2A

145

B[NGIN] 211950y

II NS £vb DI

CPIW "BIMQIN UOLI)
FSOT 1T NS PINQaN QB

[[ NS BINgaN “[#0)

LS DN CAXB[RD 034
SLT1 DON “AXe[en) ugjiag
wa H¢y uordal [ H 1nW

[£ W "AXR[BD) “Jpuy
TLSE T NS oyad L

UONENUIP]

89 Y+¢
1L S
|
1t
| {
L' ¥+ 0r
0t 0L
I't H+ 0y
LT 0l
3 S
o81n]
(e + (N
[
adie
6L C
Y Ol
St L
{ad) (unuaIe)
anuURSIp azIg
307

OF

01

00v
09%

(00 01

08
000¢
£9¢
0%
008

00¢
Yy
05Z
081
Obt
€66

00L
03
0%l
0L
)1

0g
001
001
09
9%

(ZHI)
000!

09— 0t ti

009 g ua)
000t ob Tb— 7T €1 v u)
0081 or 71+ 87 71 V HA
oFl 61 20+ Lt £LT €
005 0¢ 65— &7 01 1e)
00t £ 11— 91 60 v BAH
005 L Sb- 7€ 80
009 8 Th— 17 80 v dng
ooy vS H0+ 67 90 UON
o0v 8¢ IT+ ST %0 LST Df wany
o v S0— £ S0 ‘qaN U0
00L1 65 12+ Ze S0 v nep
000¢ 69 - 1T S0
00 6F Str— 81 SO v old
0Tl 97 9p + 8BS ¥
087 be 6C+ vt #0 £71 D€ 1ad
00 7T Ly — 07 £0 v 104
0t1 61 Tb+ 91 €0 V 1ad
001 1S 19+ 7T 20
00t £L— S 00
061 00 1p+ oF 00 Y puy
052 I8 £9+ wt T 400 g seD
056l ¢ 0S61 * 301008
001

o(J) Alsuap
X)) |Edl0adg

SIDIN0S OIPRI AJIIISIP PARPS



146

Axe[ed oipey

wa HO ‘uordal [ NS
NS “32IN0S [[2Yy

LT ,N_DDUC MIE[RL)

S BINQAU dNde[Eny
07N "EB[NGaU J10B[RD)
131udd JMdR[RD)

PO91 1 NS J9[daY
AXB[RD)

Axeren 'oad

1919 DDN SIXERD

Axeled jurisi(q

UONEdNIIUIP]

¢'8

e
0t
6t
6

98

(od)
Is1p

o

09
<l
(9

il

o1

0L

(utwoae)
971§

00y 00T 71 op+

€91 OpET  O008El  Sf O+

oov  00p 07 ¥1+

oL oF 10 60+

01z 005 91 [0+

06T 00 005 90 20—

00s 008 00T ol 91—

0ST 007 0 12—

0sT 0L T vT—

00€ 008 A

007 000 0OOY 9s 87—

0z 08 0z 12—

00s  00v  00F Pl oy —

ol 08 0op S 00—

001 (0P 8t -

8 oL 0oL PO SO+

L 08 68 6¢+

08 008 [y 09—

oc 00l 9726 +

(ZHIW) 0561 ¢

00001 0001 001

g} Ausuap

xny) [es0ady

1T 02 X 34D
85 61 v 34D
17 61 00F OF
80 61 86¢ O
v 81 768 Of
St 8l

81 8l B33
20 81

10 81 uoode|
8S LI pULLL
b Ll v 183
8T L1 C8FI DT
raAA|

91 LI €L¥1 O
I Ll

8t 91 V JoH
LT 91 8€E D
o1 91 vV IL
w0l ¥l $67 Ot oog
0561 0INOY

(" 11102) SIIINOS OIPEI IJAIISIP PRIVPS



147

LT NS E[Ngau dNIees
1esend)

B[AGau J11oB[ED)

11 NS sdooT

I1' NS

xajdweod 84y L,

{"€L61 "Ssald SuOoIYlY Ay L ‘sannurngdy jpasiydoaisy ' an D tUR|IY JAv)
1 oZHz SW M 4 01 =) aa xngq o,

051
051
001

6t

0¢

005 61

Ot

00L
Q0v
00y

0S1

b B&+
<l SO0—
s b+
of +
oS+
0r 1¥+

Vv SUD
ot Ot
BOLIAULY
dooq 34>
STLT O

X 34D



148

The brightest radio sources visible in the northern hemisphere (based on
observations at the 20 cm wavelength)

3C 34
Fornax A
NRAOQO 1560
NRAO 1650
3C 111

3C 123
Pictor A

3C 1391
NRAQ 2068
3C 144

3C 145

3C 147
3C 1471

3C 1531
3C 161
3C 196
3C 218
3C 270
3C 273
3C 274

iC 279
Centaurus A

aC 286
3C 295
iC 348
3C 353
3C 358

3C 380
NRAQ 5670
NRAO 5690
NRAQ 5720
3C 387

x 1950

00
01
01
02
03
03
04
04
04
04
05
05
05
05

05

05
05

06
06
08
09
12

12
12

12
13

13
14
16
17
17

18
18
18
18
I8

40
06
34
01
16

20
13
50
52
30

20 42

00
07
15
33
18
19
21
31

32

a8
39

06
24
09
15
16
26
28

53
22

28
09
48
17
27

28
28
32
35
38

00
08
02
55
18
21
13
0

31

44
B

53
43
39
41
50
33
I8

36
A

50
i3
4]
56

41

13
31
41
33
35

o 1950
63 51

51 47
13 03
32 54
64 35
41 19
—37 25
51 08
0 58
37 54
29 34
—45 49
33 25
—36 30
21 59

—05 25

49 49

—-01 55 42

20 30
-5 §1
45 22
—-11 53
06 06
02 19
12 40

-5 13l
—42 45

30 45
52 26
05 04
—00 35
=21 27

48 42
—02 06
—07 22
—06 50
—05 11

41"

10
28
20
17
52
(0
00
00
29
14
39
00
19
00

00

07
035
09
42
02

08
24

58
13
lo
53
H

Ex=238k

Intensity

{fu}

44

12
13
16
34
14
115
26
19
15
47
66
40
19
875

520

65

29
19
14
43
iR
46
198

11
1330

15
23
45
57
15

14
]’)

i

30
51

Identification

Supernova remnant™ -
Tycho's supernova

Galaxy

Elliptical Galaxy

Quasar

Supernova remnant™

Seyfert Galaxy

Spiral Galaxy

Galaxy
D Galaxy®
Emission nebula
N Galaxy*'
Supernova remnant™ -
Crab MNebula Taurus A
Emission nebula'
Qrion A WGC 1976
Quasar
Fmission nebula™ -
Orion B-NGC 2024
Emission nebula'

Lt

Quasar

D Galaxy™

Elliptical Galaxy

Quasar

Elliptical Galaxy -
ME7-Virgo A

Quasar

Elliptical Galaxy
NGC 5128

Quasar

D Galaxy™

D Galaxy®

D Galaxy™

Supernova remnant™ -
Kepler's supernova

Quasar
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The brightest radio sources visible in the northern hemisphere (cont.)
Intensity
Name z 1950 o 1930 (fu) Identtfication

NRAQ 5790  18M43"™30°  --02 46°39" 19

3C 3902 18 44 25 =02 33 OO &0}

3C 3903 18 45 53 79 42 47 12 N Galaxy

3C 391 18 46 49 —Q0 58 3% 21

NRAQO 5840 18 350 52 01 08 1§ 15

3C 392 18 53 3% o1 1510 171 Supernova remnant™
NRAQ 5890 18 59 16 01 42 31 14

AC 396 19 01 19 05 21 14

3C 397 19 04 57 07 01 50 29

NRAO 3980 19 07 35 08 59 09 47

3C 398 19 08 43 08 39 49 33

NRAO 6010 19 1] 59 11 03 30 10
NRAQO 6020 19 13 19 10 57 00 35
NRAQO 6G70 19 15 47 12 06 00 bt

3C 400 19 20 40 t4 06 00 576

NRACQ 6107 19 32 20 —46 27 32 13

3C 4032 19 52 19 32 46 00 75

3C 405 19 57 44 40 35 46 1495 D Galaxy™ - Cygnus A
NRAO 6210 {9 59 49 30900 55

3C 409 20 12 18 23 25 42 14

3C 410 20 18 05 29 32 41 10

NRAO 6365 20 37 14 42 09 07 20 Emission nebula'®
NRAO 6435 21 04 25 —-25 39 06 12 Elliptical Galaxy
NRAO 6500 21 11 06 52 13 00 46

3C 433 21 21 31 24 51 18 12 D Galaxy®

3C 4341 21 23 26 5142 14 12

NRAO 6620 21 27 41 50 35 00 37

NRAO 6635 21 34 05 00 28 26 10 Quasar

3C 452 22 43 33 39 25 28 11 Elliptical Galaxy

3C 4543 22 51 29 15 52 54 11 Quasar

AC 461 23 21 07 58 32 47 2477 Supernova remnant'' -

(Cassiopeia A

fu=10 **Wm *Hz "

“! Supernova remnants and emission nebulae lie within our own galaxy.

* Galaxy refers 1o a Dumbell-shaped galaxy.

“’ N Galaxy refers to a galaxy with a bright nucleus.

(Adapted from Verschuur, G. L., The Tnvisible Universe. Springer-Verlag, 1974.)
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Radio spectra

Spectra of typical radio sources. (Adapted from Kraus, I. D, Radio
Astronomy, McGraw-Hill Co., 1966.)
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Radio propagation effects

The Earth’s atmosphere (> 25 MHz)

S(z)= Sqd ==
where
Siz) = the flux measured at zemth distance -,
Sy = flux outside the atmosphere,

d = the attenuation at the zenith for airmass 1,
Xiz)=rclative arrmass in unis of the airmass at the zenith.

For a plane parallel atmospheric model:
I
X(z)=secz= —-
€os z

Taking into account the Earth's and troposphere’s curvature:

R+ i1

plrlip(R)

where

R = radius of Earth,

H = height of atmosphere,

p{ry = gas density of the atmosphere at radius r,

n = index of refraction at radius r.

n, = index of refraction at radws R.
Up to X = 5.2 the following equation gives X'(z), with an error less than
6.4 x 1074,

X(z)y= —0.0045 + 1.006 72scc z — 0.002 234sec? z — 0.000624 7scc -

{After K Rohlfs. Tools of Rudio Astronomy, Springer-Verlag, 19R6.)
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Interplanctary medium
The electron density as a function of distance from the Sun:

=[085 " +299r 7] x 10 (mT?), r<4,
where r is the radial distance from the Sun in units of the solar radius,
AL=5x 10" T (m7?), 4<r<20.

The scattering angle due to the interplanetary medium may be
approximated by:

A2 :
0, ~ 50(—) {arcmin),
p

where 4 is in meters and p, the solar impact parameter, is in solar radii.

Interstellar medium (delay and Faraday rotation)

The smooth, ionized component of the interstellar medium of the Galaxy
affects propagation by introducing delay and Faraday rotation. The time
of arrival of a pulse of radiation is:

JLd:
h=1{ —
p L
4] ['g

where L is the propagation path, v, is the group velocity;

2 L
dt,, e .
— P ———o | 1 dz,
dv dregmnery” Jo

The integral of . 1, over the path length is called the dispersion measure,

L
Dll‘l:J. tﬂdz‘
Q

The magnetic ficld of the Galaxy causes Faraday rotation of the
polarization plane of radiation from extragalactic radio sources.

Ay = iR,

where R, is the rotation medasure given by
R,=8.1x 10° J 1. B dz.

Here R_ is in radians per square meter, 4 is in meters, B, is the longitudinal
component of magnetic field in gauss (1gauss= 10"*tesla), .1, 1s in
centimeters 3, dz is in parsecs (pc) (1 pc= 3.1 x 10'®m), and Ay 15 the
change in position angle of the electric field:

B, =2uG,

R~ -- I8|cot b cos(l — 947},

where {:and b are the galactic longitude and latitude, respectively.



Interstellar medium (scintillation)
Approximate formulae for interstellar scintillation::

0 ~7.5:'"° {arcsec), bl < .6
~0.5sin b| "> i Y tarcsec), 0. < hl<3 5
>~ [3sin b7 A (milliarcsec), |Plz=3 S
15, . .
~ _ A (milliarcsec), |h' > 15 .
« ([s1n A[)

where b is the galactic latitude and / is the wavcelength in meters.

The accuracy of the approximations above decreases with decreasing ib|.
In particular. the scattering angle at low latitudes, [b| < 1 , can take on a
large range of values,

(Adapted from Thompson, A. R, Moran, J. M. & Swenson, G. W., [nterferomerry
and Synthesis in Radio Astronomy, Wiley-Interscience, 1986.)

(For propagation effects in the neutral lower atmosphere, see Thompson et af.,
op. ¢il.)

Atmospheric opacity

Atmospheric zenith opacity. The absorption from narrow ozone lines
has been omitted. (From Thompson, A. R. et al., ap. cit.}
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— 1
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= T
Z =
b 107! z
L
J107: N
Me H,0 3
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Ionospheric electron density

TIdealized electron density distribution in the Earth’s ionosphere. The
curves drawn indicate the densities to be expected at sunspot
maximum in temperate latitudes. (From Evans & Hagfors, 1968.)
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An incomplete list of astrophysically important spectral radio features+

Chemical Frequency

Chemical name formula  Transition ({GH2)
Deuterium' D 0.327
Hydrogen H 128, ,,F =10 1.420
Hydroxyl radical OH My, /=320 =12 1612
OH My, J=32 F=1-1 1665
OH My J=32 F=2-2 1.667
OH My, J=32 F=2-1 1.721
Formaldehyde H,CO g 1,;. hyperfine structure 4.830
Walter H,O 6,55, hyperfine structure 22.235
Ammonia NH, 1.1-1, 1, hyperfine structure 23.694
NH, 2,2-2.2, hyperfine structure 23.723
NH, 3.3-3,3 hyperfine structure 23,870
Sihcon monoxide  SiQ r=2,J=1-0 42820
Si0) r=1,J=1-0 43.122
SiQ) r=1,J=2-1 86.243
Hydrogen cyanide HCN J =1-0, hyperhine structure %8.631
Formy! ion HCO* J=1-0 §9.189
Carbon monoxide 'C'*0 J=1-0 109,782
Carbon monoxide '‘C'*0Q J=1 0 110.201
Carbon monoxide '*C'*O J=1 0 115.271
Carbon monoxide '*C'*Q J=2 | 230.538
Carbon C o R oA 492.162

@ i (m)=0.3/f (GHz).
™ Not yet found in radio spectra.
tMany hundreds of lines have been detected for more than 70 molecules.

(Adapted from Thompson, A. R.,Moran, J. M. & Swenson, G. W.. Interferomerry
and Synthesis in Radio Astronomy, Wiley-Interscience, 1986.)
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'_ Chapter 4

Infrared astronomy

Infrared sources
Sturs
Planetary nebula
H Il regions
Molecular clouds
Galuctic nucleus
Galactic nuclei
QSO
Infrared background
Atmospheric transmission
Source temperatures
Brightness temperature
Color temperature
Effective temperature
Blackbody flux densities
Bibliography
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Infrared sources
The brightest members of the seven presently known classes of infrared
sources (Jy = Jansky =fu=10"*Wm *Hz™").

1. STARS

2 1950 3 1950 20u flux den. (Jy)  Name

1" o4™ 12719 0.83 x 107 CIT 3

217 -3 12 19 o Cet

351 11 14 1.3 NML Tau

4 57 56 07 10 TY Cam
552 725 2.1 x Ori

721 —25 41 11 VY C Ma

9 45 11 39 1.1 R Leo

9 45 13 30 ~ 25 IRC + 10216
10 13 30 49 0.83 RW LMi

10 43 —59 25 ~ 50 n Car

12 01 —32 04 2.7 [RC —30187
13 46 —28 07 19 W Hya

16 26 —26 19 1.0 ¥ Sco

I8 05 —22 16 2.1 VY Sgr

18 36 —~6 51 25 EW Sct

I8 45 -203 2.5 AB Agl

19 24 1116 3.3 IRC + 10420
20 08 —6 25 1.4 IRC — 10529
20 20 37 22 1.1 BC Cyg

20 45 19 56 4.8 NML Cyg

21 42 58 33 0.69 it Cep

2. PLANETARY NEBULA

« 1950 6 1950 20u flux den. (Jy) Name
21h00™ 367 30 2.5% 10° ‘Egg Nebula’
21 05 42 02 0.6 NGC 7027
3. H II REGIONS
a 1950 ¢ 1950 204 flux den. (Jy)  Name

2" 22m 61752 5.6 % 103 W3

533 -5 27 59 M42

5 39 —1 57 i3 NGC 2024
17 44 —28 33 0.7 Sgr B2

18 01 —24 21 i3 MR

18 06 —-20 19 3.0 Wil

18 11 —17 58 1.4 HFES50

18 16 —13 46 1.4 M16

18 18 —-16 13 20 M17

18 43 -2 42 1.1 HFE 56
18 59 1 08 1.0 W48

19 OR 9 02 1.7 HFE 58
19 11 10 48 1.2 i

19 20 13 59 1.2 HFE 59




Infrared sources (conf.)

3 H [T REGIONS

x 1950 t UM)
lghzlm 14 24
20 00 3325
20 26 713
2312 61 12

4. MOLECULAR (CLOUDS

x 1950 & 14950
_2“2?_'" " - 6l ;2_ )
533 -5 27
6 03 —6 23
16 23 —-24 17
20 37 42 12
5. GALACTIC NUCLEUS
x 1950 o 1950
17" 43 —2K 54

6. GALACTIC NUCLEI

a 1950 $ 1950
OOh45m —25 3

2 40 0o 20

g 52 69 55

12 55 36 15
7. QSO

x 1950 4 1950
oghsam M 1E
12 27 220
23 01 42 12

20u flux den. (Jy)
17« 1)
14
1.2
3.6

1004 ftux den. (Jy)

~ 104
I 10°
5x 107
I 10
~ 107

200 flux den. (Jy)
30
60
100
6

[0x flux den. (Jy)

0.04 - 007
0.2 -0.5
0.2 =07

(Adapted from Low. F. in Symposium on Infrared und Submiilimeter Astronomy.,

G. G Fazdo, ed.. D. Reidel Publishing Company. 1977))
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Name

HFE 60

NGO 6857
Sharp 106
NGC 7358

Namce

W2IIRS 5

KL Neb

Man R2

# Oph DK.CI,
W75 § OH

Mame

Sgr A

Name

NGC 253
NGC 1068
M B2

MK 231

Name

Ol 287

273
Bl. Lac
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Infrared background

LOG ISPECTRAL RADIANCE {Wcm st 'um ')

-10

Infrared background fluxes. (Adapted from Rieke, G. H. et ai.,
Science, 231, 807, 1986.)
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Balloon
Ambient

temperature
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Scattered

zodiacal Diffuse

light galactic
~ emission
r Zodiacal
B 3 K cosmic emission
background
1 1 1 l 1 i 1 A | 1 1 | I
2 6 10 20 60 100 200 600 1000

WAVELENGTH (umi



Infrared background (conr )

Predicted diffuse far-infrared radiation fluxes. The curve marked NR is
an estimalte of the contribution from rich clusters neglecting redshift
and other relativistic effects. (Adapied from Stecker, F, W.

Puget. ). L. & Fazio, G. G., Ap. J. (Lern), 214, LSI, 1977
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Atmospheric transmission

TRANSMISSION

Transmission of the atmosphere at infrared wavelengths at four
altitudes. (Adapted from Fazio, G. G. in Frondiers of Astrophysics.
E. H. Avrett, ed., Harvard University Press, Cambridge, 1976.)
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Source temperafures

Brightness temperature
L2

T.(v) = ;—21‘ (Rayleigh-Jeans approximation).
T

T, is the temperature of a blackbody which would have the same spectral
radiance B, at frequency v as the source.

Color temperature

B, (22 S eherik T
B, \i ) efrkle_

B; 1s the spectral radiance of source at wavelength /.

Effective temperature
L=4rR%* T},
where
L = source power,
R = radius of source,
o = Stefan—-Boltzmann constant.

Blackbody flux densities for stars

The blackbody spectral flux density for a star is given by,
_19x 107147 3p?R?2

= _
o14 38807 |

(Wem % um ™1

where
R = radius of star (in units of the Sun’s radius),
p = parallax (arcsec),
T = temperature (K},
A = wavelength (um).

(Johnson, H. M. & Wright, C. D, Ap. J. Suppl., 53, 643, 1983),
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UV stellar spectra

Spectral features tn stars of different spectral types and luminosities.
(Caourtesy of A. K. Dupree, Center for Astrophysics.)
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Stellar surface fluxes

The ratio of stellar surface flux 1o the corresponding solar value for
emission Jings formed at vanious temperatures. {Courtesy of
A. K. Dupree. Harvard: Smithsonian Center for Astrophysics.)
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Mass loss rates

Characteristics of mass loss ratles and winds (temperatures and
terminal velocitics) in stars of various Junlinosities. {Courtesy of
A. K. Dupree, Harvard ;Smithsonian Center for Astrophysics.}
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Background fluxes

Cosmic background

Soft X-ray and EUV background fluxes. (Adapted from Stern, R, &
Bowyer. S., Ap. J., 230, 755, 1979}
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ELY plasma spectra

EUV (100 1000 A) spectrum of un optically thin plasma. Line ftuxcs
are normalized assuming a line width of A, Logarithmic abundances:
H= 1200, He =109}, C =8.52. N=7.96, O=8.82 Ne =792,

Mg =742 S1=752.8=720, Fe=7.60. Dashed curve: free-free
continuum; dotted curve: two-photon continuum; solid curve: total
continuum including free-bound radiation. {Adapted from Stern, R.,
Wang, E. & Bowyer, S, Ap. J. Suppl.. 37. 195, 1978 )
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EUYV plasma spectra (comnt.)
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An incomplete list of astrophysically important ultraviolet spectral
features

Wavelength Waselength
fdentification (A [dentification (A
[ Ne 111] 869 HLDI 973
[O 1] 3721 HLDI 950
[Ne V] 3426 NI 917
Mg II 2798 HI1,DILyecdge 912
VIl 2326 N 11 916
C 111 1909 OI R34
O Il 1663 O 111 834
He Il 1640 O 11 833
C1v 1549 O 11 833
O 1402 SV 816
Si v 1397 OV 760
C I 1335 SV 745
01 1302 on 719
Si 1l 1264 Oon 718
ST 1260 o1 704
NV 1240 S1V 657
H1.D1 1216 (ORY 630
S 1207 O 1mn 600
N 1T 1201 He I 584
NI 1200 o1V 555
Sill 1190 O1v 554
C Il 1176 ORAY 553
O III 1175 On 539
Fe Il 1145 He I 537
N1 1134 He I 522
N II 1085 O 111 508
NII 1084 O 111 507
Ar 1 1067 He I cont. edge 504
Silv 1067 Ne VI 465
H, 1062 Mg IX 368
H, 1050 O 111 206
H, 1049 He 1T 04
0O V] 1038 Si X1 303
o1 10336 Fe XV 284
0O VI 1032 He II 256
HI,DI 1026 Fe XXIV 255
N ITI 992 He II 243
N III 990 He Il cont. edge 227

C 111 977 oV 172

thv (ev)= 12399/ (A).
Brackets denote forbidden transitions.



176

Important strong lines

Wavelengths of tmportiant spectral lines of abundant elements and
molecular hydrogen (H,). Also indicated are the typical element
abundances on a logarithmic scale where hydrogen is 12.00, and the
temperatures of maximum fractional amount of each ion assuming
collisional ionization equilibrium. Regions of continuous absorption
by photoionization are indicated for hydrogen and helium. {(From
FUSE Science Working Group Report, NASA, 1983.)
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Ultraviolet absorption cross-sections

i {A)
1215
1176
1085
1038
1032
1026
977
887
870
800
791
703
630
625
584
554
537
504
499
465
368
1315
304
284

Line
wentification

O

Ly x

C 1
N 11

O VI
QO VI
Ly j§

C 111
Ly cont
Ly cont
Ly cont
Oly
O N
oV
Mg X
He I
O1v
He I
He |

St XIT
Ne VII
Mg IX
Fe XVI
He II
Fe XV

9.0
8.8
9.0
7.7

177

Absorption cross-sections

(107 % ¢m?)

0, N,

001 0.00003

(.30 0

2.00 0

0.78 0.0007

[.04 0.0007

1.58 0.0001

40 0.7
130 ~110
130 ~ 10.0
290 ~ 10.0
280 25.0
250 26.0
00 2440
250 240
23.0 230
26.0 250
21.0 250
250 ~220
25.0 ~220
2310 230
18.0 16.0
17.0 14.0
17.0 12.0

9.8

150

{Adapted from Sullivan, J. O. & Holland, A. C., NASA CR-371, 1964.)
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Interstellar extinction in the UV

The UV extinction X(x)= A,/Eg_y against x = 1/2 in microns. 4, is
the extinction in magnitudes; Ep = 4, — A, where A5 and A, are

the extinctions at the wavelengths of the B and V filters. The curve is
from the analytical fit of the table below. (Figure courtesy of

M. J. Seaton, University College London.)

Min &
L000 X000 30Q 2500 2000 1500 1400 1300 1200 1100
12 : : : e p— e ; . ; .
M+ n
&/

4 1 . L. . . L. | . L . | 2 l

jp 4.0 £0 60 70 BD 90

= 1A N {microns)

Analytical fit 10 the UV extinction (scc figure above)

Range of 1/i(u) = x A, /EIB=-V)=X

270 1/4A 5365 1.56 + 1.048// + LO1/ {1/ — 4.60)* + 0.280}
365 1/ig7.14 229+ 0848,/ + 1.0t/ (17 — 4.60)* + 0.280}
714 <1/ <100 16,17 — 3.2074 + 0.2975/,7

(From Seaton, M. J.. M N.R.A.5.. 187, 1979,)



Interstellar KUV attenuation

as a function of neutral hydrogen density and wavelength

My =1 =01
A (A (cm ) {cm ™) em ¥)
g12 0.05 (.5 5
500 0.2 2 20
200 1.5 15 150
100 10 1O 1000
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Distances (parsecs) corresponding to unit optical depth (1< attenuation)

fcm )

50
200
1500
[0 00O

(From FUSE Science Working Group Report, NASA, 1983 )

Distance at which the attenuation of EUV radiation reaches 90°,,. An
tonized interstellar medium of normal composition is assumed.
(Adapted from Paresce. F. in Astrophysics from Spucelab,

P. L. Bernacca & R. Ruffinmi. eds., D. Reidel Pub. Co., 1980.)
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Average interstellar hydrogen densities within 100 pc

In the direction of Distance (pc) ngp em ™)

Sun — 0.05

¢ Cen 1.34 0.06-0,30

£ En 3.3 006 0.20

¢ Ind 34 ~0.1

o CMi 35 009 0.13

f# Gem 10.8 002 0.15

a Boo 11.1 002-0.15

a Aur 14 0.04-0.05

a Tau 21 0.02-0.15

x Leo 22 0.02
001t

a Fri 28 0.07

a« Gru 29 0-09-1-18
018t

HR 1099 33 0.003-0.007

n UMa 42 0.005

G191 -B2B 47 =003

7 Sgr 57 <017

HZ 43 62 <0.013

a Pav 63 <0.1

B Cen 81 0.13

g Lib 83 0.06-0.13

{ Cen 83 < 0,39

a Vir R7 0.037

Feige 24 90 002 005

A Sco 100 <0078

Mean hydrogen column density within 100pc=18x 10'"em ™ Zpec™ .
+ Multiple entries denote independent measurements.

(Adapted from Cash, W., Bowyer, 8. & Lampton, M., Astron. Astrophys., 83, 67,
1979.)
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Neutral hvdrogen column density

Neutral hydrogen column density Ny, contours projected onto the
plane of the galaxy (b =0 }. The Sun is at the center of this plot.
distances out to 100 pe are indicated, and the direction towards the
galactic center {{ =0-) 15 at the bottom. Line 4 is the contour of
Nui~$x 10" em ™2, corresponding 10 tepo4 = 1. Ty00 4 = 0.1. and
T1p04 001 Line B is the contour of Ny;; =25 x 107 cm ™2,
corresponding to T54q4 = 5. Typp4 0.5, and 1,404 = 0.05. Line C is
the contour of Ny, ~ 50 x 10'7¢cm ™7, corresponding to 7544 4 = 10,
Ta004 = Loand 1,404 0.1, All open circles are white dwarfs. Small
circles represent stars with Ny, <5 x 10" em ™2, medium circles
represent stars with 5 x 10'7 < Ny < 25 % 10'7 cm ™2, the large circles
represent stars with 25 x 1077 < Ny, < 50 x 10'7e¢m ™2, and the crosses
represent stars with Ny, > 50 x 10! 7cm” 2. Stars with measured
hydrogen column densities but which are located within 10 pc
projected distance are not plotted. (From FUSE Science Working
Group Report, NASA, 1983.)
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Neutral hvdrogen column density (conr.)

Same as previous diagram but projected onto a plane intercepting the
Galactic plane at Galactic longitudes [ = 0 and 180", and passing
through the North Galactic Pole (top) and South Galactic Pole
(hottom). The symbols have the same meanings as before, and those
stars with projected distances of less than [0 pc are generally not
plotted. W symbols designate white dwarfs not yet cbserved. Many of
these are within the cavity of low HI absorption and will be
observable below 900 A. (From FUSE Science Working Group Report,
NASA, 1983,
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X-ray astronomy

Uhuru X-ray map

The HEAO A1 all sky map

Galactic sources: binaries and stars
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Uharn X-ray map

X-ray sources from the Fourth Uhuru Cutalog displayed tn galactic
coordinates. The size of the symbol representing a source 15
proportional to the logarithm of the peak source intensity. The 339 X-
ray sources observed with the UHURU (SAS-A} X-ray observatory
arc displayed. {Adapted from Forman, W. er af.. Ap. J. Suppl., 38,
357, 1978.)
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Crab Nebula

The observed electromagnetic spectrum of the Crab Nebula and the
Crab Pulsar. Dashed lines show corrections made for absorption and
scattering of interstellar material. (Adapted from Seward. F. O,
Journul of the British Interplanetary Society, 31, 83, 1978 )

X-ray spectrum (0.1- 100 keV):
dN
dE
ny=3x 10 ¢m 2.

= 10 E~ 2% exp(—ony) photonscm ™ 2s™'keV ™!,

X-ray luminosity.
L,=49x10°" (0.1-100keV)

Distance:: 2200 pe

Diameter: Y pc (5 arcmin)

e, : 8.6

A, {absorption): 1.5

(Coordinates: 2=05"31™ 5= 422-
Total radiated energy: 18 x 1038 ergs™!
Ape: 900 years (AD 1054)
Pulsar penod, P(1969): 00331s

Rate of period increase. P: 42269 x 10 'S5 '

T T T T 1 T 1 " B
22y _
ST N . "
£ =
= 1 Pulsar \(wﬁ 16 — 4 g
i -6 7] E
2 [ 3x10 atomsem T 2 =
z
% ool Y {3

Pulsar [
5 1 ~ 1°@
T -0 1«
8 i Pulsar — -2 w
“nt 1 2
N VY NI PR R b
8 1 1z 14 16 o
LOG FREQUENCY (Hz) 1 -
-6
i I U SR SR R R
-4 -2 0 2 4 6 8 10

LOG PHOTON ENERGY leV)




X-ray emission from normal galaxies

X-ray
luminosity*
Distance  Radws  Total mass (2 10keV) L M
Galuaxy (Mpc) (kpe) (10'°M ) fergs™ i fergs ' M. H
LMC 0.052 3.5 1.0 4 x 10 4 x 1028
SMC 0.063 1.5 0.15 1x 10*% 6 = 10°"
M3l 0.67 8 30 Ix WY 1 x 1028
Our Galaxy 12 14 5 x 1047 4 x 1028
X-ray emission from clusters of galaxies
Virial mass lﬁ;;ﬁzoqity"”
Onptical — Sity
Distance Radius luminosity Luminosity (2 10keV)
Cluster {(Mpc) {(Mpc) (10'" L) (M- /L) (ergs™!)
Perseus 97 0.44 10.0 461 1 x 10*°
Coma 113 2.63 49.0 1020 S x [0
Centaurus 250 4 x 10+
Virgo 19 1.07 12.0 668 1.5 x 10*
X-ray emission from active galaxies
2 M keV X-ray lumi-
flux density nosity'
Class of X-ray (10" erg D' (2-10keV
Object galaxy source cm Is7') (Mpe) ergs™)
NGC 4151 Sevfert 40U 1206 +39 10 20 5x 10%2
Cen A Giant radio 417 1322 -42 20 9 2 x 1042
SQuUICe
3C 273 Quasar 4U 1226 +02 6 950 7 x 10%°
M87 Radio source  4U 1228412 52 25 4x10%
in cluster
NGC 1275  Peculiar Seyfert 4U 0316 +41 29 110 4 x (0%
{Perseus A) in cluster
3C 120 Radio/optical 40 (0432405 7 190 3x 10*
variable,
Sevfert
3C 390.3 N galaxy, 41 1847478 7 336 1 x 10%?
compact
radio source
MRg2 Emission line  4U 0954+70 6 4 1 x 104!
galaxy
Mkn 501 BL Lac object 4U 1651+39 5 2 x 10

180

=
D=—
HO

(hy

“H L, = (X-ray flux)-4aD?.

(Hy=50kms~! Mpc™!).
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3C 273

The observed electromagnetic spectrum of the quasar 3C273 (3C273 is
variable). (From Worrall, D. M. et al., Ap. J., 232, 683, 1979

=20 — 1 T T
3C273
25 ""‘"--.\\ fuctp"o-g —
Distance: ¥ far logv 10 to 18
- z = 0.168; 1000 Mpc for \LJ
IE H,=50km s™! Mpc~!
o m,: 12.9-12.2 AN
E M. -27.21t0 27 9 \
= 7301 A, (absorption}; 0.0 \\ 7
o2 Coordinates: o« = 12h 26m 335
= (1960.0) & = 02° 19m 425 ™~
@] b
- ' X-ray spectrum {2-60 keV, June-July, 1978): N
dA N
g = 0.016 E ! *photons cm™2s7! keV ! \\
35 ny < 2.5 x 10*' atoms cm™? \{'
X-ray luminosity (2-10 keV, June-July, 1978): b
L, =1x10"ergs !
40 | | l
5 G 13 20

LOG v [Hz}




Quasar X-ray luminosity
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Quasar X-ray luminosity (0.5-4.5keV) versus redshift. (Courtesy
H. Tananbaum, Harvard/Smithsonian Center for Astrophysics.)
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X-ray source nomogram

Nomogram to compute log( f,/f.) for X-ray sources, where f, 15 the X-
ray flux density in ergem %45 ! in the 0.3-3.5keV band and f, is the
flux density in the V band. For each object class indicated (stars:
B-F, G, K, M: normal galaxies; active galactic nuclei; BL Lac
objects) a continuous horizontal line indicates the range of log( f,/1.)
comprising 70% of the known sources in the class and a dashed line
indicates the range comprising the highest and lowest 159 of the
sources. For example, for an X-ray source with a flux density of

2x 107 ergem™ %57 ! and a V magnitude of 20, log( £,/f) is ~0.7
and the source is most hkely a BL Lac object. (From Maccacaro, T.
et al., Ap. J., 326, 680, 1988).

X-RAY FLUX (ergem™@s': 0.3-3.5 keV)

1) o 1 o " 0@

I T LA L L L T T T T T Trry T 1]

S
- — .-
A= D
T L i . T T e L ;—‘ log (7, /f) =

GALAWIER L LacE. m
""" TaGHN . log f, + 2—5 +5,37
EXTRA GALACTIC SOURCES\ '
l 1 l 1 l | J 1_[ L 1 1 I 3 I 1 I 1 I 1 | i J 1 ] 1 1 | 1 ]
7 8 9 Is] 1 12 13 4 15 16 17 I:] 19 20 2! 22

VISUAL MAGNITUDE {m,)




Diffuse X-rav background

Energy spectrum of diffuse X-ray background. (Courtesy of

D. Schwartz. Harvard/Smithsonian Center for Astrophysics.
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Absorption of X-rays

Photoabsorption cross-sections (UV-X-ray) of abundant elements

Photoabsorption cross-sections of the abundant elements in the
interstellar medium as a function of wavelength. (Adapted lrom
Cruddace, R., Paresce, F., Bowyer, S. & Lampton, M., Ap. J,, 187,

497, 1974.)
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Effective cross-section of the interstellur medium

EFFECTIVE CROSS-SECTION ¢, {cm?)

199

Effective cross-section {cross-section per hydrogen atom or proten) of

the interstellar medium:
composition and temperature: —-
HII region about a B star;

Lampton, M., Ap. J., 187, 497, 1974 )

gaseous compaonent with normal
hydrogen, molecular form;

HIT region about an O star:

dust. (Adapted from Cruddace, R.. Paresce, F., Bowyer. S. &

Hy, .

[HHIT. ) It [ M

a, €)= P_'::' a {E)
' o]

v i |
=

—4

—

—

A ssumed Abundances
for the ISM

H 1

He 8.31 . 1p-?

C. 3198 - 107

N 112 - '|I:Id

a. . . 881 -10 4

MNe 1.00 « 10 ;

M 2581. 10

Mg 18 . 1078

S 3.10 - 109

5. 2.24 - 105

A 759 -10 € N
M N s TN
10° 10? 0 |

WAVELENGTH (A}
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Total photoionization cross-section

Total photo-ionization cross-section per hydrogen atom [ x(E/1 keV)’]
in units 107 ??cm? as a function of incident photon energy for a gas
having a cosmic elemental abundance. The elements responsible for
the discontinuities due to their K edges are shown. (Adapted from
Brown, R. L. & Gould, R. J., Physical Review, 01, 2252, No. §, 1970.)

4.0 T T T [ T T 1 1 | T T
= 3.5k U1keV - - ND83key =
Qo 8 0 £y = 065 10 TF 'emf (H mam) S s
= - 083 key - £« Skevy 1
3 30l o i£) ¥ 2010 FE Tem’ iH atam) 3
U:} el =:
we F ]
o E - -
w25 -
Uﬁ - -
ze ]
O % ’_' Aasumed abundance of the elementa N
s ' 2 .0 - in the Intersteilar Medium -
2 eV n
Ne F ’
% ~ : Element K edge keV Anundance, log,, N :]
- "; L9 H o 7
&y > u N3 12.00 -
- — - Hi b. 05 10.92
O 0 - ¢ 0.234 5,60 ]
E - | U':_ N 0. 400 8,05 3
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&J B re 0. 567 B.00 4
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Phoroelectric absorption cross-section

Net photoelectric absorption cross-section per hydrogen atom as a
function of energy, scaled by (E/1keV)*. The solid line is for relative
abundances given in the tahle of elemental abundances below. with

all elements in the gas phase and in neutral atomic form. The dotted
line shows the effect of condensing the fraction of each element
indicated in the table into 0.3 um grains. The contributions of
hydrogen and hydrogen plus helium to the total cross-section are also
shown. (From Morrison, R. & McCammon, D., Ap. J., 270, 119,
1983, Diagram courtesy of D. McCammon.)
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Elemental ubundances

Element Abundance'® Fraction in grainst

H 12.00 0
He 11.00 0
C 8.65 !
N 7.96 !
0 8 87 0.25
Ne 8.14 0
Na 6.32 ]
Mg 7.60 ]
Al 6.49 1
Si 7.57 1
S 7.28 1
Cl 5.8 |
Ar 6.58 0
Ca 6.35 1
Cr 5.69 1
Fe 752 1
Ni 6.26 1

@ Log,, abundance relative to hydrogen = 12.00. All values except helium are
from Anders and Ebihara, 1982.

® Fraction of atoms of each element assumed depleted from gas phase and
condensed into grains of average thickness 2.1 x 10'® atoms cm™? for case
shown as dotted line in the diagram.

Coefficients of analytic fit to cross-section

Energy range (keV) Co ¢ 2

0.030-0.100' 17.3 608.1 — 2150
0.100 -0.284 34.6 267.9 —476.1
0.284- 0,400 78.1 18.8 4.3
0.400-0.532 714 66.8 —-514
0.532-0.707 95.5 145.8 —61.1
0.707-0.867 3089 —380.6 2940
0.867- 1.303 120.6 169.3 —47.7
1.303-1.840 141.3 146.8 -31.5
1.840-2.471 202.7 104.7 —170
2471-3.210 342.7 18.7 0.0
3.210-4.038 3522 18.7 .0
4.038-7.111 4339 -24 0.75
7.111-8.331 629.0 309 0.0
8.331-10.000 701.2 252 0.0

Note: cross-section per hydrogen atom = (cq + ¢; E+c,EAE ™7 x 107 %*cm? (£

in keV),

‘@t Break introduced o aliow adequate fit with quadratic: no absorption edge a1
0.1keV.

(From Morrison, R, & McCammon, D, op. ¢it.)



Attenuation of photons in the atmosphere
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Attenuation of photons in the 1972 COSPAR International Reference
Atmosphere with :e absorption length plotted as a function of energy

and altitude or atmospheric depth.
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Photoelectric absorption in the interstellay medium

Photoelectric absorption in the interstellar medium. The vertical axis
gives the column density in units of hydrogen atoms cm ™2 at which
the absorption is 1/e at the photon energy E,. (For a hydrogen atom
number density of 1/cm?>. { kpc is equivalent to a column density of

3.1 x 10*! hydrogen atoms cm 2.
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An incomplete list of astrophysically important X-ray spectral features

Energy
Identification {keVY)t
Ne VIl 0.127
Si X1 0.283
C 1K edge 0.284
Si XII 0.303
CVv 0.308
NI K edge 0.402
N vI 0.431

Identification

Energy
{keV)T

N VII
O 1K edge
O VIl
o vl
O VI
O VII
O VIl

(.500
0.532
.569
0.574
0.654
0.666
0.698
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continted

Encrgy Energy
[dentification {keV)t Identification (keV)t
Fe I LI edge 0.707 Si X111 1.86
Fe I LII edge 0.721 ST K edge 2472
Fe XVII 0.826 Ar 1 K edge 3.203
Ne I K edge 0.867 Fel Kz, 6.391
Ne IX 0.915 Fel Kz, 6.404
Ne [X 0.922 Fe XXV 6.64
Fe XX 0.996 Fe XXV 6.68
Ne X 1.022 Fe XXV 6.70
Mg | K edge 1.305 Fe XXVI 6.93
Mg X] 1.340 Fel Kff 7058
Mg X1 1.352 Fe I K edge 7.111
Si K edge 1.839

ti(A)= 12.399;.% (kéw.

Model X-ray spectral distributions for non-dispersive spectroscopy

S(E)y=Ce 75§ EY photonsem ™25 ' keV !,

where

C = normalization constant,
Ny = hydrogen column density to source,
dg.(E) = photoelectric cross-section per hydrogen atom for absorption of
photons of energy E by interstellar medium. For E > 3 keV:
o (E)N, =~ (E,/E)*?, where E_ is a low energy cutoff parameter.
S is a parameter in the intrinsic spectral shape:
Thermal bremsstrahlung:

S=T, f(S,E)=g(T.E)e " /EkT)"?,

where g(7, E) is the temperature-averaged Gaunt factor.
Power law:

S=n, f(S,Ey=E~"
Blackbody:
S=T, f(S§,E)=E}{Ee ™ —1).
For optically identified sources:
Nuyx(222403)x 1014, cm~2'

v

A, =3.0E;_y (color excess).

* (Gorenstein, P, Ap. J.. 198, 40, 1975.)
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Plasma emission - power in lines

The power in lines radiated in various wavelength bands as a function
of temperature for a low density ptasma. Elemental abundances
charactertstic of the solar corona have been assumed. The power
radiated in Bremsstrahlung (B) and radiative recombination (R} is also
shown. (Adapted frem Kato, T., Ap. J. Suppl.. 30, 397, 1976.)
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Gamma-ray source map

Region of the sky searched for gamma-ray sources by COS-B
(unshaded) and sources detected above 100 MeV, The closed circles
denote sources with intensities = 1.3 x 10 ® photonscm *s ': open

circles denote sources below this level. (Adapted from Scarsi, L. et af..
Proc 12th ESLAB Symp.. 1977)

CRAB

NEBULA
The Second COS-B Caralog of Gamma-ray Sources
Galactic coord.  Error

radius Spectral™
Source name [ {) b (9 ('} Flux*'  huardness  Identification
2CG 006 —00 6.7 ~0.5 1.0 24 .39+ 0.08
2C0G 010-31 10,8 =315 1.5 1.2
206G 013+00 137 +06 1.0 1.0 0.68 +0.14
ACGHI6+01 365 +1.5 1.0 1.9 0.27+0.07
ACG0544+01 542 +1.7 1.0 1.3 0.20+0.09
2CG 065400 657 0.0 0.8 1.2 0.24+ 0.9
20G 075400 750 0.0 1.0 1.3
2CG 078401 780  +1.5 1.0 2.5
20G095+04 955 +42 1.5 1.1
2CG 121404 1210 440 1.0 1.0 0.434+0.12
2006 135401 1350 +1.5 1.0 1.0 0.21+0.10
20G 184-05 (845 —5.8 0.4 37 0.18+0.04 PSR 0331 +21

{Crah)
2CG 195404 193] +4.5 0.4 4 0.33+0.04
20G 2i8—-00 2185 —-035 3 0.20 + 0.08
pl

ih

20G 235-01 2355  ~1.0



Source name

206 263 02

206G 28400
2CG6 288 --00
200 289 + 64
20G 3t -0l
20G 333+ 01
200G 342-02
20G 333+ 16
2CG 356+ 00
2CG 359 -00

Oaluctic coord.

L)

hi)
263.6 —2.5
284.3 — 1.3
18K 3 —{.7
1893 +6406
315 —1.3
33315 + 1.0
3429 —-2.5
3533 +160
356.9 + 0.3
2595 -0.7

Error
radius
i)

0.3

o0 e O

0

—
ol

o I N R

1.
1.
1.
1.
1.
1.
l.
[

e

].'qulul

“ o Flux: E> 100 MeV (10 "® photons cm ~ 257 '),
@ Intensity (E > 300 MeV)/Intensity (£ > 100 MeV), assuming £~ spectra in

calculating both intensities.

Spectral'™

hardness

0.36 +(L02

015+ 0.07

0.36+ 0.0
0.24 £ 0.00
0461012

Identification
PSR (%33 — 45
(Vela)

3C 273

p Oph Cloud

Notes: error radius defines approximately the 90¢,, confidence error circle; fluxes
are approximate, since an E~ 7 spectrum is assumed for simplicity.
(Adapted from Swanenburg, B. N. e1 al., Ap. J. (Letters), 243. L69, 1981.)
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Intensities of X- and gamma-ray sources

Compilation of the intensities of a variety of X- and gamma-rav
sources. The ordinate, the number of photons cm ™25~ ' MeV ™!, is
multiplied by E?. (Adapted from Schénfelder, V. in Non-Solar Gamma-
Ruys, R.Cowsik & R. Wills, eds., Pergamon Press, 1980.)
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. e ’
o ow Pt A ) ; “—‘"’>— \ SR 083245 K0S B) |
S qoop Her X1 el i
= F .L‘_——:--——_S co X 17 ]
@ NGC 1275 o, +_JFT i =" Chas ToTAL "t_l
téﬁ e e — = ‘ ISAS 2
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E NGC 41517 = EO‘JS N w:;r_ 415 —— + NP0532
510°F Cen A A s (SIN— g leose]
- ‘,,, :‘llL g 05 13C273 (COS B
2 ‘Lu ’NGC 41?],‘ et [ ] COMPTEL :‘,gsi-'w?ur;es
ol R -
| 2 CtS)’S 301
. =
10°% UHURU L . P e 1 PR S N |-
0.001 0. O'I 0.1 1 2 5 10 100 1000

ENERGY (MeV)

Very high encrgy gamma-rays

Cen A: F_ (2 300GeV)~ {44+ 1) x 107! photonscm s '
(G[’l[’ldld)’. J.oer al., Ap. J. (Letters), 197, L9, 1975)

Crab Pulsar: {At)F, (2 800GeV)=4.0 x 107 '? photonscm ™2

(Grindlay, I. et al., Ap. J.. 209, 592, 1976)
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Photon number spectrum of the total Crab emission. (Adapted from
Schonfelder, V.. op. cir.. see reference lor explanation of svmbols.)
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Photon number spectrum of the Crab puisar. (Adapted from
Schonfelder, V., ap. cit., see reference [or explanation of symbals.)
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Diffuse gamma-ray background

Spectrum of diffuse gamma-ray background. (Adapted from
Fichtel, C. E., Simpson, G. A. & Thompsen, D. J., Ap. J., 22, 833,

1978.)
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An incomplete list of astrophysically important gamma-ray spectral
features

Energy Energy
Identification (MeV) [dentfication (MeV)
Cf-249 0.34 N-14 2313
(f-240 {}.39 Ne-20 2613
Annthil. rad. 1511 O-16 2741
Ni-56 0.812 Mg-24 2.754
}e-56 (0.847 Ne-20 134
Co-5% (1.847 C-12 4 438
Fe-56 [.238 N-14 5.105
Mg-24 1.369 O-16 6.129
Ne-20 1.634 Si-28 6.878
Si1-28 1.779 O-16 6917
Al-26 1.81 O-16 7117

Ncutron capture 223
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Downward gamma-ray flux

Measurements of the total downward gamma-ray flux at S5gem ™2
over Palestine, Texas. See original work for references. (From
Gehrels, N, Instrumental background in balloon-borne gamma-ray
spectrometers and techniques flor its reduction, NASA Technical
Memorandum 86162, 1985.}

|02: T T T T I T T 7T ™ T3
c TOTAL VERTICAL ;
- DOWNWARD ]
:1_20 v 107 gt  GAMMA-RAY FLUX ]
\, Ggcm ! PALESTINE
~ 0 E
> L ]
E d -
: - 5.88 x 1072 £17* |
|E : :
o L 4
i,l B i
E |0_|_— =
W E ]
= I~ ]
Ll - .
[ B .
e
= L ) J
g -2 » Kinzer et a/., 1978 A
'5 10 £ o Kinzer, A L., priv. com_ 1983 E
T E § Schonfeldereral, 1980 ]
- i’ Ryan et al., 1977 + \ 7
- | Whiteer a/,, 1977 } 4
(03 1 Lockwood et a/., 1979 _
SR Ling, 1975 3
- ]
' ——— Fitused in analysis )
|O_4 I ETIT BN YT IR TTL
072 107! | 0
ENERGY (MaeV]
Bibliography

Gammua-Ray Astronomy, Chupp. E. L., D. Reidel Publishing Co., 1976.



- Chapter 8 "

Cosmic rays

puage
Chemical composition of primary cosmic rays 220
Relative abundances 221
Abundances in the galactic cosmic rays 222
Relative abundances of nuclei 223
Cosmic ray energy spectra 224
Cutofl ngidity 225
Particle production in the atmosphere 226
Gamma-ray production in the atmosphere 227
Altitude variation of cosmic rays 228
Atmospheric depth 229
Pressure and atmospheric thickness 230

Bibliography 230



220

Chemical composition of primary cosmic rayvs

Average Corresponding
atomic nuclear
Particle group Charge  weight Intensityt intensity
Protons 1 1 1300 + 100 1300
a-particles (*He, *He) 2 4 94 + 4 176
Light nuclei (L1, Be, B) RI] 4] 20+03 20
Middle nuclei (C.N.O.F) 6-9 14 6.7+0.3 94
Heavy nucle: =210 1 20+ 0.3 62
Very heavy nuclel =20 51 0.5+02 25

t Number of particles with energies greater than 2.5 BeV nucleon™ ' in umits of

m %s ler7t,
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Relative abundances
Relative abundances of the chemical elements in the cosmic rays and in the
solar system normalized to 100 at carbon.

Flement - Cosmic rays Solar system

H | 26 000 270000
He 2 1600 18 728
Li 3 1842 2x 107
Be | L 4 105+ 1 6.9 x t0-°
B 5 2+ 1 30 x 1077
C 6 100 100
N 1\ 7 25+72 11.7
0 § 91 +4 182
F 9 1.7+04 2.0 x 1072
Ne \ 10 16+ 2 292
Na I 27404 0.51
Mg (2 19 + ] §.99
Al 13 28+1 0.72
Si 14 1442 847
P H 15 0.6+0.2 8.1x 1072
S 16 3+04 4.24
Cl 17 0.5+02 483 x 1072
A 18 15403 0.99
K 19 08+02 16 x 1072
Ca / 20 22405 0611
Sc 21 04+02 10x 1074
Ti 22 1.7 + 0.3 235x 1012
v bx 07+0.3 222 x 101
Cr 24 1.5+04 0.108
Mn VH 25 09+0.2 788 x 1072
Fe 26 108+ 1.4 7.03
Co 27 <0().2 187 = 1072
Ni 28 04+0.1 0.407
Cu 29 458 x 1077
Zn / 30 105 1072
31 35 c.5x 103 21x 1077
16 40 c.5x 10 ¢ 94 x 10 *
VVH 41 -60 c.5x 1074 30x 1074
61 80 c.2x 1072 47x 10 %
> 80 c. 1074 40 % 10773

(From Hillier, R., Gamma Rayv Astronomy, Clarendon Press, Oxford, 1984.)
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Abundances in the galactic cosmtic rays

RELATIVE ABUNDANCE

Camparison of the abundances of the clements in the galactic cosmic
rays with the solar abundances (normalized to C}. (Courtesy of

C. Meyer. University of Chicago.)
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Refative abundances of nuclei normalized to oxygen

Solar flure

Flement COSMUL Tdys

‘H 700

‘He 107 + 14
L C

*Be *B <002

°C 0.59 + 0.07
‘N 0.19 + 004
PO 1.0

°F <0.03

"'Ne 0.13+0.02
''Na e

HMg 0.043 4 0.011
l.\A] o

148 0033 +0.011
1p 2ig¢ 0.057+0.017

ETi 9N <0.02

Sun

1Y)
~ 100
< << {1001
< < {(1.0{H
0.6
0.1
1.0
< < (L001
"y
0.002
0.027
0.002
0.035
0.032

223

Galactic
COSNHE Tdys

350
50
0.3
08
.8
=08
1.0
< (.1
0.30
0.19
0.32
0.06
12
0.13
0.28

(Adapted from Johnson, F. S, ed.. Sarellite Enviromnent Hundbook, Stanford

University Press, 1965}
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Cutoff rigidity

The Earth’s magnetic field affects the penetration of charged particles in the
vicinity of the Earth. The minimum rigidity (cutoff rigidity) necessary to
reach some geomagnetic latitude L and geocentric radius R 1s given by:
pc M cos® L
ze R [(1+cosfcos’ L) %+ 1%’

where

M is the Earth’s dipole moment,
(E—) 1s the magnetic rigidity of the particle; for charge z=1 it is

ze
numerically equal, when expressed in volts, to the momentum in units
of et/c,

M . . .

R2 x 60 x 107 volts, where R, 1s the radius of the Earth,

0

6l is the angle between the direction of arrival of the particle and the tangent
to the circle of latitude, (=0 corresponds to arrival from the west for
positive particles; ¢ =0 corresponds to arrival from the east for negatire
particles.)
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Particle production in the atmosphere

Schematic representation of the development of particle production in

the atmosphere. (Adapted from Simpson et al., Phys. Rer.. 90, 934,
1953
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= nuclear
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GGamma-ray production in the atmosphere

Schematic diggram of gamma-ray production processes in the
atmosphere. Neutrinos are ignored. (From Allkofer, O. C. &

Grieder, P. K. F.. Cosmic Ravs on Earth. Physik Daten, 1SSN
(344 -8401, 1984
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. COMPTON 50 Mev
+ 0
& 10 MeV
NUCLEAR
. o 3 RAYS N
U Y~
MULTIPLE COMPTON SCATTER 1 MeV
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Altitude variation of cosmic rays

Altitude variation of the main cosmic ray components. (From
Allkofer, O. C. & Grieder, P. K. F.. Cosmic Rays on Earth, Physik

Daten, ISSN 0344-8401, 1984 )
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Atmospheric depth

Retatton belween atmospheric depth and altitude for an isothermul
atmosphere. (From Allkoler. O. C. & Grieder. P. K. F.. Cosmic Rays
on Earth, Physik Daten, ISSN 0344 8401, 1984
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Relation between zenith angle and atmospheric depth at sea level in
an isothermal atmosphere. (From Allkofer, O. C. & Grieder, P. K. F,
Cosmic Rays on Eurth, Physik Daten, ISSN 0344 8401, 1984.)
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Pressure and atmospheric thickness

Relations between altitude and pressure. and altitude and depth in the
real aimosphere. (After Cole, A. E. & Kanlor, A. J., Air Force
Reference Atmosphere, AFGL-TR-78-0051. 1978}

ATMOSPHERIC THICKNESS (g cm™)

o 1t w1 1 19d 10°

ALTITUDE f(kmj

O TP MR 1|J|J||1| !],lilllll |11|11IJJ hu,Lu_LL_
0 100 10 1 6 16t 100

PRESSURE (mbar!
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Radiation environment

Galactic cosmic radiation

Flux at sunspot minimunt: ~4 protons cm 2§ 7!
(1sotropic)

Integrated yearly rate: ~ 1.3 x 108 protons cm ~ 2

Flux at sunspot maximum: 2.0 protons cm ~?s”!
(1sotropic)

Integrated vearly rate: ~7 x 107 protons cm~ ?

Energy range: 40 MeV 10'* MeV;

predominantly 10°-107 MeV
Integrated dose (without shielding): ~4-10rad yr™!

Solar high enervgy particle radiation

Composition: predominantly protons (H") and alpha particles (He™ ")

Integrated yearly flux at 1 AU:

Energy >30MeV, N x 8§ x 10° protons cm ™~ ? near solar maximum
N x 5 % 10¥ protons em ~? near solar minimum

Energy > 100 MeV, N x 6 x 10® protons cm ™2 near solar maximum
N x 5 x 10* protons ¢cm ™% near solar minimum

Maximum dosage with shielding of Sgem™? (equivalent thickness):
~200rad per week (3 flares), skin dose at a point detector.




Trapped radiation

DISTANCE FROM CENTRE OF EARTH

DISTANCE FROM CENTRE OF EARTH

{earth radii)

tearth radii)

2.0

1.0

1.0

1.2

Electron distribution in the Larth's field. (Published by Vette in
August 1964 )

OMNIDIRECTIONAL FLUX

- {electronscm %5 '}
ENERGQY > 0.5 Mev
3
1 | | 1 | J
0 1.0 2.0 a0 4.0 5.0 6.0

DISTANCE FROM CENTRE OF EARTH {earth radii}

Proton distribution in the Farth's field. {Published by Vette in
September 1963.)

[ OMNIDIRECTIONAL FLUX
iprotans ¢m 257"}
ENERGY > 34 MeV

1.2 -y 1 A A 1 A i i Il A X ] J
002040808 10121416 1820222426 2.83.0

DISTANCE FROM CENTRE OF EARTH (earth radii)
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Solar irradiance (1 AU)

Visible and infrared radiation
Radiant energy distribution:

approximated by that from a 5800 K blackbody
Fraction of solar radiation:

Above 7000 A = 53.12°,
Above 4000 A ~91.28°,
3000 A-30000 A = 96.62°,

Ultraviolet and X-ray radiation
Fraction of solar radiation:

Below 4000 A =8.72°,

Below 3000 A= 1217,

Below 2000 A = 0.008°, (variable)

Below 1000 A = 107*°, (variable)
Principal line emission fluxes at 1.0 AU:

Lyman Alpha H 1 (121567 A): 510 x 107*Wm ?
He I1 (303.8A):2.5x 107*Wm™?

H 1 (102572 A): 0.60 x 107 *Wm"?
CTI(977A): 050 107*Wm~?

X-ray flux (Wm ?):

I 8A 8 20A 20 200 A
Sunspot min ix 1078 1xi077 ~1Ix107*
Sunspot max Ix 107 2x107%  ~1x107°

Flare activity (large flares) [x 107 Sx 1074 ~1x107?




The solar spectrum

The salar spectral irradiance from radio waves to gamnu-ruy s.
(Courtesy H. Malitson and the National Space Science Data Center,)
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International reference atmosphere

(COSPAR International Reference Atmosphere, 1961.)
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Altitude variation of atmospheric constituents

fariation with wltitude of the various constituents of the atmosphere.
The horizontal scale 15 the logarithm of the particle density » in
particles cm *. {Adapted from Pecker, ). Space Ohsercatories,

D. Reidel Publishing Company, Dordrecht. 1970.)

4
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450
Composinon ob the atmaosphere at ground level
Constituent siparticlescm™ ') logan
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H. 1.2B5 - 10! 1311
NLO 1.285 10" 1311
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LS standard atmosphere, 1976

[} Meun [ree path as a function of geometric altitude. (h) Speed of
sound as d function of geometric altitude. {¢) Mean molecular weight
as a function of geometric altitude. {¢) Towl pressure and mass
density as a function of gecometric aliitude.
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US standard atmosphere, 1976 (cont.)

GEOMETRIC ALTITUDE {km}

(¢) Dynamic viscosity as a function of geometric altitude.

{ /') Coefficient of thermal conductivity as a function of geometric
altitude. (y) Kinetic temperature as a function of geometric altitude.
(h) Mean air-particle speed as a function of geometric altitude.
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Earth's magnetosphere
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Special relativity

Fundamental kinematical relations for a particle of rest mass mg and
velocity v:

-2yl 2 momentum

p=my/ (1 — v
E=my?/(1 —c*ic*)''?  total energy
T=FE—my? kinetic energy

2]1;2

m=my/(1 —r?c relativistic mass

Ey=myc? rest energy
From the above, the following relations can be derived:
E=mc? = (méc* + *pH)ti?
p=[(E/c)® —mic*]??
r = C.Zp;rE — C[l _ (mO('sz)z] 12 __ p/«[mocz —+ (pzc)l]l_ﬁl
m=Ejc* = [m§ + (pic)*]"?
Relativistic Doppler effect:
1+ (v/e)cos i
l+z=— "+,
(l _ 1‘2,"('2)1’ 2
where

#} = anglc between direction of observation and direction of motion,
# = ( for motion directly away from observer,

= ()‘nh.»i - '}‘)a’f‘;‘“

zx(v/cicos @ forov< <.

Lorentz transformation (Gaussian units)

4-Vector transformation

B,

v

4
B.,=3% a,B =a
vl

For a Lorentz transformation from system & to a system k' moving with a
velocity parallel to the z-axis, the transformation coefficients are given by:

1 0 0 0
y=| ¢ 1 0 0 i oy — 2:.2,-1/2
(ah\"_ 0 0 y l'})ﬁ ’ ﬂ_ L, 7 -—-—(1—1 fis ) -
00 - v
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Examples of 4-vectory
v, = (X,
where x = 04 x5/ + 35k,
A, ={A.1)).
where A and ¢ are the electromagnetic vector and scalar potential.
J, = Jep,
where J und p are the current density and charge density,
k, =tk i ).
where k and « are thc wave vector and frequency of a plane
electromagnetic wave.

p.={p.1E/c),
where p and E are the momentum and energy of a particle.

2nd rank tensor transformation

4
Su\' = E a.u}ta\'cr Sfla = aﬂiawsiﬂ'

A L

Electromagnetic field strength tensor

. _0A i, _|-B, 0 B ik,
"oy, Ox, B, -B, 0 —iE;

iE, iE, iE, O

Covariant formulation of Maxwell’s equations
cF, 4n  CF oF cF..

JEv il
nt ]

ex, ¢ éx,  Ox, (x

0.

it

where 4, ;t, and v are any three of the integers 1,2. 3. 4.

Lorentz force

1
f=pE +-(J x B}.
c

1 | iF., ¢T,. 1
fu =" Fju-‘]\- =3 FJH- ('-.'M = ‘~ = (f! ]‘ E‘!’) -
¢ 4n fx,  6x, ¢

where T

ey

is the electromagnetic stress—energy—~momentum tensor:

Ha

1 .
’I;‘. = ZE [F ; F,Ju- + %blu\' F).HFJ.G} 4
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Cosmology

Robertson- Walker line element (homogeneous and isotropic universe)

dr?

1 — kr?

ds?=c?dr? — Rz(:][

+ rH(df? + sin? ) do;bz_):l :
where

R(1) = radius of curvature of the universe,

r. 0, ¢ = co-moving spherical coordinates (a co-moving observer is an
observer at rest with respect 1o matter in his vicinity),
k=curvature index=0,+1 (k=1, elliptical closed space; k=0,

Euclidean flat space; k = — 1, hyperbolic open space).

Einstein field equations
3IRY 3ke?

RT + R—(z =8nGp + Ac?,

2R R? ke* 8zGP

TRTRET T

R

R ¢t AnG 4 iP
= '] .

R 3 3 [P

+ Ac?,

where

g = mean density of matter and energy,

A = cosmological constant,

P = hydrodynamic pressure of matter and radiation,

G = gravitational constant,

Hy = Ry/R,, Hubble constant,

do = — Ry/R H}E, deceleration constant, where the subscript zero
denotes the present value.

Friedmann universes (A = 0)
3Py 3Hqo
¢ 4nG

ke 4nG 3P,
— = - 2g0— 1) —— |-

Po
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For epochs after the decoupling of matter, P, is approximately 0. and we
have

Curvature Space Ya 0, Density p, Expansion
3HE ' ¢ eventually
k= +1 Closed =12 - G ITurn:, eventually
Ry Into contraction
3H‘1" (1T c it
k=0 Flat 1:2 I .= g_n ?t:;'?s 1n infinite
{Euciidean} nG uture
IHG )
k= —1 Open Dy« 1.2 0Q < <8— G Forever
n

4} The ‘density parameter’ 2 = p/p., where p_is the critical closure density (1.e. for
the case ¢, = 172).

" With H,=50kms 'Mpc™', the present critical density becomes
po=47x10" gem

Useful relationships and quantities (Friedmann universe)
Differential volume:

Ry {407 +tgo — D1+ 2940 — 1737
(1+z)? ga(l + 2g,2)' 2

dV = dQd:,

where

R, = ‘ . the Hubble radius.
H,

Time differential:
dr= —dz/[(1 + 2)2Ho(1 + 2g42)"?].
Look-back time;

T = —J‘id!,
0

4o =10,
T= ?:.D (1= 1/ +2)) le 7= l/Hq.
o = 1/2,
N (1= L1+ 2)¥3); lim ©=2/3(1/Hp)
3H, " PSR
o= 1.

1 I ;! .
v=p [Qz+ DYz + 1)+ 2tan” "2z 4+ )2 =1 —7/2];

0

lim 7 =0.57(1,H,),

T x
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where

H, = Hubble constant,
4, = deceleration constant,
z = redshift.

Redshift-magnitude relationship (Friedmann universe):
c

My, =53 Iog{H p
0o
_+_ Mhl‘ll + 25 — 5 l()g Dl ‘+‘ JMbﬂ] + 25.

where my,, 1s the apparent bolometric magnitude of a source with absolute
bolometric magnitude M, and redshift -.
Expanded in powers of z:

[1—qo+gpz+{ge — D(2¢pz + 1]“2]}

nzbm = 5 log(g) + 1086(1 - qo)z + "t + Mhnl + 25-.
0

1.

©z¢ is in kms ™!

where H, is in kms ™' Mpc~ , and - is the observed

redshift.
¢

D =
. Ho‘?é

[] —qo + 457 +{do — 1)(2g0z + 1]1';2]

*";T [1+0.52(1 —gp)]. qoz< < I.
Q

My, — My, =m—M—K — A4, m—M = observed distance modulus, for
heterochromatic magnitudes, where K = redshift correction, 4 = inter-
stellar absorption.

A

TS dA

O.____ _— JR—

K =25log(l +z)+ 2.5log == ; [mag],
1( - 1S(A)dA
o \ 4z
where I(/) is the incident energy flux per unit wavelength and S(/) is the
photometer response function.

Angular diameter—redshift relationship (Friedmann universe)

i1 +2)?

0 :
Dy

where

{} = apparent angular diameter of source,
I = linear diameter of spherical source,
D, = luminosity distance.
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Observed energy flux density (Friedmann universe)

. P12V E,)
SolEgl= - - -5——
ol o) 4nD?
where P, is the monochromatic power emitted at the energy (1 + -jE,,, and
S, 1s the observed monochromatic energy flux density at the energy E,. The
observed energy flux density integrated from E,| to E; is:

fL+ 0k,

FolE, E,) = P(E)dE,

—
4nD7 i,

where P,(E) is the differential power emitted per unit energy in the emitted
rest frame.

Redshift functions

Angular size vs. redshift

00 - T T T T T 11T T T 11117
8/ (1 + 22/Dy ]
IO:_—
n c
u »
a L
=2 -
£
E
g
& L
ES 0
1O —
- Go=0 A
B 1 1 -
Hy =50 km s~ Mpe™ :
il vl de_1 411l L Loyl
.01 Q.1 1.0 1.0
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Redshift functions (cont.)
Luminosity distance vs, redshift

r T TTTT] 1 T T 1 1T1TTT ' T 1

1’?

/2,
Ho =50 km s ' Mpc! ~

4»—- ——
= i
a
=R
i
Q
L D (ge=0 =Ryuz(1+2/2) ]
) D (go=12) =2R, (1 +z—y/(1+2)
= DL{ann =RHZ A
) Ry =c/H,
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Redshift funcrions (cont.)

Look-back time
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Atomic physics

Spectroscopic terminology

Orbital angular momentum Lor{ 0 1 2 3 4 5§ 6 7 8§
L S P D F ¢ H I K L
! s p d f g h i k|

L= Z! (individual electrons), orbital angular momentum,

S= Z s (individual electrons), spin angular momentum,

J =L+ § (LS coupling), total angular momentum,

J=Y jij=1+s (jj coupling),

M = magnetic quantum number; components of J in magnetic field.

n (total quantum number) 5 7

1 4 6
Shell K N P

b~ a
=z ™
<

.

The quantities n, /. S, L, J, M define a Zeeman stuie.
The quantities n. 1.8, L. J definc a level which includes 2J + | states, c.g..
the atomic level 2p* 482 ,.
Interpretation:
2: outer electrons, n =2 (I. shell).
p?: 3 outer electrons, [ = 1.
4:  multiplicity =4 (2S5 + 1 =4, S = 3/2, the spin).
§: orbital momentum L = 0.
3/2: J=3/2.
0: the level has odd parity.
The quantities n, 1, S, L define an atomic term, theset of 2S + 1) x 2L+ 1)
states characterized by given values of L and §.
A transition between two levels is called a spectral line.
The totality of transitions between two terms is a muliiplet.

Emission and absorption of radiation (cgs units)

N, Y We an=20+ 1,
statistical weight of level &
absorption: N B, I, N (A,; + B 1.}: spontaneous
emission and induced emission
(transitions cm ™ %s ™ 1) (transitions cm " *s ')
N, Y W og,=2J+1




where
4,, = Emstein coetficient of spontancous cmission,
N, = number of atoms per unit volume in fevel k.
B, = induced transition probability from level i to level k.
1, = specific intensity of radiation field at frequency v,
v = W, — W, transition energy.
g Bii = 4 By

4, 2hv? 8nietr?
— A= 3 k= T T .fnw
d, ¢ Hie”

where f,, = absorption oscillator strength.

2
ne? .
g, = fa,dr=—_}‘,-kf\r,-. is the

' me

Y

integrated atomic scattering coefficient for a spectrum line.
7, = atomic scattering coefficient near an absorption line.

Thermal equilibrium

.\I g )
B ko= - ¥ -
==t etk Baltzmann’s formula).

r

\ i g i

Daoppler shifi

Ariz x v (= velocity of source),

Doppler width of spectral line (FWHM, Maxwellian distribution)
Aiy  2[2In 2% TIM]H 2 . | TIK)
: at. wt. |

= =7 162%x 10} |
ya ¢ Y,

where M is the mass of the radiating atom.
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X-ray energy level diagram

X-ray energy-level diagram for

"L, showing the transitions
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permitted by the selection rules Af = > 1: Aj= + 1.0 {Adapied from

Richtmyer. I, K. Kennard, E. H. & Lauritsen, T.. Introduction (o

Madern Physies, McGraw-Hill Book Company, 14935))
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X-ray wavelengths

Wavelengths of K sevies lines vepresenting transitions in the ordinary
X-ray energy-level diagram allowed by the selection principles (Angstrom)

Siegbahn Ko, K=z, Kf K#, Kf,

Sommerfeld Ko Ka Kf, KB Ky
transition K-Ly K-Ly K-M, K My, K Ly Ny
4 Be 115.7

5 B 67.71

6 C 44.54

7 N 31.557

g O 23.567

9 F 18.275

11 Na 11.885 11.594

12 Mg 9.869 9.539

13 Al 8.3205 7.965

14 Si 7.11106 6.7545

15 P 6.1425 5.7921

16 S 5.3637 5.3613 50211

17 Cl 4.7212 47182 4.3942

19 K 373707 3.73368 3.4468
20 Ca 3.35495 3.35169 3.0834
21 Sc 3.028 40 302503 2.7739
22 Ti 274681 2.743 17 2.5090
23V 250213 2.498 35 22797
24 Cr 2.28891 228503 2.0806
25 Mn 2.10149 2.097 51 1.906 20
26 Fe 1936012 1932076 1.753013
217 Co 1.789 19 1.78529 1.617 44
28 Ni 1.658 35 1.654 50 1.47905 1.48561
29 Cu 1.541232  1.537395 1.389 35 1.378 24
30 Zn 1.43603 1.432 17 1.292 55 1.28107
31 Ga 1.340 87 1.337 15 1.205 20 1.1938
32 Ge 1.25521 1.25130 1.126 71 1.114 59
33 Ay 1.17743 1.17344 1.055 10 1.04281
34 Se 1.106 52 1.102 48 0.990 13 0.97791
35 Br 1.041 66 1.037 5% 0.930 87 0918 53
36 Kr 0.9821 0.9781 0.8767 0.8643
37 Rb 0.927 76 092364 0.827 49 0.826 96 081476
38 Sr 0.87761 (.87345 0.781 83 0.78130 0.769 21
319 Y 0.83132 0.827 12 0.73972 0.739 19 0.727 13
40 Zr 0.788 51 0.784 30 0.700 83 0.700 28 0.688 50
41 WNb 0.748 89 0.744 65 0.664 96 (.664 38 0.652 80
42 Mo 0712105 0.707831 0.631543  0.630978  0.619698
43 Te 0.675 0.672 0.601
44 Ru 0.646 06 0.64174 0.57193 (0.57131 0.560 51
45 Rh 0.616 37 0.61202 0.54509 0.544 49 0.533 96
46 Pd 0.588 63 0.584 27 0.52009 0.51947 0.509 18

47 Ag 0.562 67 0.558 28 0.496 65 (0.496 01 0.486 03
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Havelengths of R series lines representing transitions in the evdinary
X-ray energy-tevel diagram allowed by the selection principles (coni )

Sicgbhahn Kx, Kz, Kl N1, K/,
Sommerleld Kz’ Kz Kfl, K/ Koy
transition K-1, K I K-M, NoOMy, K LNy
48 (d 053832 0.53390 0.4747] 047408 0.464 20
49 In 0.51548% 051106 0.454 23 0.453 5¥ 0.444 08
50 Sn (0.494 02 (.489 57 (0.434 95 0.434 30 0.424 99
51 Sb 0.47387 0.469 3 041623 0.407 10
52 Te 045491 0.450 37 1,399 26 .290 37
513 1 043703 0.432 49 (338292 0.383 15 (1374 71
54 Xe 0.417 0.360

55 Cs 0.404 11 0.359 59 (0.354 36 0.353 60 0.345 16
56 Ba ().388 99 0.384 43 0.340 89 (.340 22 033222
57 La 0.374 66 0.37004 0.328 09 (1.327 26 0.319 66
58 Ce (0.261 10 0.156 47 0.31572 0.31501 0.307 70
59 Pr 0.348 05 0.343 40 (0.304 39 0.303 60 0.296 25
60 Nd 0.33595 0.33125 (1293 51 (1.292 75 0.28573
62 Sm 0.31302 (0.308 33 0.273 25 0.272 50 0.265 73
63 Fu 0.302 65 0.297 90 0.263 86 0.26307 0.256 45
64 Gd 0.29261 ().287 §2 0.25471 0.25394 0.247 62
65 Th 0.282 86 0.278 20 0.246 29 0.245 51 023912
66 Dy 027375 0.26903 0.23787 023710 0.23128
67 Ho 0.264 99 0.260 30

68 Er 0.256 64 0.25197 0.22300 022215 0.216 71
69 Tm 0.248 61 0.243 87 0.21558 0.214 87

70 Yb 0.240 98 0.230 28 0.209 16 0.208 34 0.203 22
71 Lu 0.233 58 0.2282 0.202 52 020171 0.196 49
72 Hf ().226 53 0.22173 0.19583 0.195 15 0.190 42
73 Ta 0.21973 0.214 88 0.189 91 0.184 52
74 W 0.213 37 0.208 56 0.184 75 {18397 0.179 06
76 QOs (0.201 31 0.196 45 0.173 61 0.168 75
77 Ir 0.155 50 0.190 65 0.168 50 0.16376
78 Pt 0.190 04 0.18223 (1.163 70 0.158 87
79 Au 0,184 83 0.17996 0.15902 0.154 26
8l TI 0.174 66 0.169 80 0.150 11 0.145 39
82 Pb 0,170 04 (.165 16 0.146 06 0.141 25
83 Bi 0.165 25 0.16(41 0.142 05 0.136 21

Q2 U 0.130 95 0.126 40 0.11187 0.108 42

(From Smithsonian Physical Tables.)
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Wavelengths of the more prominent L group lines (Angstrom)

Sieghahn

Sommerfeld

transition

16
20
21
22
23
24
25
26
27
28
29
30
31
A2
33
RES
35
37
38
39

1
12

45
46
47
48
49
50
51
52
53
58
56
57
58
59
60
62
63

S
Ca
S¢
Ti
A%
Cr
Mn
Fe
Co
N
Cu
n
Ga
(e
As
Se
Br
Rb
Sr
Y

5718
5401
4 8437
4.5956
4.3666
41538
3.9564
37724
360151
3.4408
32910
3.1509
2.8956
2.7790
2.6689
2.5651
24676
2.3756
2.2057
2.1273

6.057

57120
3.3950
48357
4.5878
43585
4.1456
39478
37617
359257
34318
3.2820
3.1417
2.8861
2.7696
2.6597
2.5560
2.4577
2.3653
2.1950
2.1163

-ﬁl

ft
Ly M,

21.19
19.04
17.23
15.63
14.25
13.027
11.960
11.01
110153
9.395
8.718
8.109

6.610
6.20139

5.8236
5.4803
5.1665
46110
4.3640
4.1373
19266
3.7301
35478
33779
+.2184
1.0700
2.9309
2.6778
2.5622
2.4533
2.3510
22539
2.1622
1.9936

1.9163

{

n
3 "
Ly M, Ly M,
83.75

40.90

A5

3133

27.70

23.84 2328

22.34

20.09 19.76
18.25 17.86
16.66 16.28
15.26 14,87
13.97 13.61
12.89 12.56
11.922 11.587
11.048 10.711
10.272 9.939
9.364 9.235
7.822 7.506

7.0310

B2 71

v o

Lyg=Ny Ly—Ny
5.5742 5.3738
5.2260 5.0248
4.9100

43619 4.1728
4.1221 39357
39007 37164
36938 3.5149
3.5064 3.3280
33312 31553
316861 2.994 94
30166 2.8451
2.8761 2.7065
2.7461 2.5775
2.5064 2.3425
2.3993 2.2366
2.2980 2.1372
2.2041 2.0443
2.1148 1.9568
20314 1.8738
1.8781 1.7231
1.8082 1.65423
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Wavelengths of the mare prominent L group lines (cont.)

Steghahn 1, 1, i { i
Sommerfeld % 3 i 5 %
transition g M Ly My Ly M. Ly - M, L My
64 Gd 20526 20419 1.8425 1.7419 1.5886
65 Tb 9823 1.9715 1.7727 1.6790 1.5266
66 Dy 1.9156 1.9046 1.7066 L.619% 1.4697
67 Ho 1.8521 1.8410 1.6435 [.5637 1.4142
68 Er 1.792 02 1.780 68 1.584 09 1.51094 1.3611
69 T'm 1.7339 1.7228 1.5268 1.4602 1.3127
0 Yb 1.679 42 1.668 44 1.4725 141261 1.265 12
71 Lu 6270 1.616 17 1.420 67 1.367 3] 121974
72 Hf 1.577 04 1.566 07 1.3711 1.3235 1.1765
73 Ta 1.529 78 1.518 85 1.324 23 1.28190 1.135 58
4 W 1.484 38 1.473 36 1.279 17 1.242 03 1.096 30
75 Re 14410 1.429 97 1.23603 1.2041 1.0587
76 Os 1.398 66 1.388 59 1.194 90 1.168 84 1.022 96
7T Ir 1.3598 1.348 47 1.155 40 1.13297 0.988 76
Pt 1.321 55 1.310 33 1.117 58 1.099 74 .95599
79 Au 1.28502 1.273 77 1.08128 1.068 01 (.924 61
80 Hg 1.249 51 1.238 63 1.046 52 1.037 70 0.8946
81 Tl 1.216 26 1,204 93 101299 1.008 22 0.86571
2 Pb 1.184 08 1.172 58 0.98083 (0.980 83 0.83801
83 Bi 1.15301 1.141 50 095002 0.953 24 081143
9 Th 0.965 85 0.954 05 0.763 56 0.79192 0.65176
91 Pa 0.9427 0.930% 0.7407 0.7721 0.6325

92 U 0.920 62 0.908 74 0.718 51 0.753 07 0.61359

(From Smithsonian Physical Tables.)
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Electromagnetic radiation
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Blackbody radiation (cgs units)

Planck functions (brightness of a bluckbody)

2 l
B(T)= h; e ergem ‘s 'Hz 'sr !
'S ( ( hy ) [
x JE— —
PART
2he? [ L
Bi(T)=— T egrgem” “s o cm o Sr
y i
L
(CXP(Ak7“)
. 2he?i? y o
BAT)=, e grgem “s o (cm ) ST
v
(el i) 1)
B(T)dv=B,(T)d} = B,{T)dv
Ravleigh Jeans law
hvikT < <1
v z
BJT)=2(i)kT
¢
Wien's luw
Wk T > > |
B(T) 2hv? ( hy )
(T)y=—-exp| —
) 2 P . kT
Stefan. Boltzmann law
total emittance = nJ B(T)dv=0¢T* crgem “%s !
0
2nSkt _ a4 -
where G=W=5.67x 1073 ergem *deg *s7!
Wien displacement law
Maximizing B,. Muyximizing B, :
v, =59% 10'°T Hz v, =103 % 10'°T Hz

4y =051T"" cm /i, =029T"" om



Mean photon energy

[ BT)dy A4\ Ta)
vy = Ao B -—(" ])( ‘ ’)k'f':wm:kr
T(3)

by (BT YLhv)ydy  \{(3)
where J(n) = Riemann zeta function: T'(n)= gamma function.

Radiation curves

Planck-law radiation curves. (Adapted from Kraus, J. D.. Radio
Astronomy, McGraw-Hill Book Company. 1966.)
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Synchrotron radiation (cgs units)

Single electron in a magnetic field
Total radiated power:

P=16x10"%2B2425in?y ergs !,

where
w=(1- {f")""l = E/mc?,

/
E = total energy of particle,

= r/jc,

§= rila.gnetic mduction in Gauss,

% = pitch angle, angle between B and velocity vector.
Synchrotron lifetime:

3x 108

‘T Bf%sinla
Spectrum:

P(v)=23x 0722 BsinaF(vv,) ergs 'Hz7' (a>>1/).

[

v.=4.3x 10°By?sina  Hz (critical frequency).

F(x} = X J‘ d{:K 5;3[5)‘ X = v!r’v‘-l_

K 5.3() 1s the modified Besscl function of fractional order 5/3.

A plot of the function F(x) or, equivalently, the dimensionless
synchrotron spectrum. £(v/v.) reaches its maximum value of 0.918 at
v, = 0.29v.. (Adapted from Tucker, W. H. & Blumenthal, G. R. in X-
ray Astronomy, R. Giacconi & H. Gursky, eds., D. Reidel Publishing
Company, Dordrecht, 1974.)

¢ —- S 1 | S

Fla)=e
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General distribution of electrons
dr N o .
d1°d = | ‘d;'dSIJ i ) P(vh the spectral emission per unit volume.
v !
where n(;, 2) dy dQ, = density of electrons with Lorentz factor between -
and  + d7y and pitch angle between 2 and x + dx:d), = 2w sin x dx; Piv =
single electron spectrum.

Power law distribution of electrons
nly.2)= Ny gla)4m,

and for local isotropy g(x) = 1.

dpP , _ ,
o= LT x 107 NG(s)B(4.3 x 10°B:v) " Y2 erps Yem~*Hz !
dldv
03 T I T I
als)vss
02+ =
!
Ql —
25 1 2\,»3|7( I -1 ) J.(3\;+ 19)!-(3 + 5)
12 12 4
ais}=
. fs+7
By/mis+ 1)1 ( 7 )
O 1 I | !
0 | 2 3 4 3

§ -

* nate: "'{x) 15 the gamma function.

(Tucker. W. H. & Blumenthal, GG. R, op. ¢it.)
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Compton scattering (cgs units)

Compton
electron

Incident photon Atomic
Avy = om, C* electron

Compton
scattered
photon Av'

Compton shift

¢cooc L, h
—— =4 —ig= (1 —cos ).
Vo m, ¢

Energy of scattered photon

m.c?

= — .= hvg/mee?.
1 —cos0+ (1/%) o

hy'

Energy of the struck electron

T =hv — hvg,
x2(1 — cos )
T =hy )
Yo 1 +a(l —cos ()
T hv,

max T "l_ + {l;"Za) .

Relation between the scattering angles, ¢ and f
l—cos®

0
cotp=(1+2)———=(1+uo)tan .
sin {J 2

Klein- Nishina cross-section for unpolarized incident radiation
do 2 | 3/1+cos®f [+ ocz[_l —cos h?
d@ " 1+a(l —cosB) 2 (1+cos?M[1+ a(l —cos 6)]

cm? electron “lsr !,

2

e , . .
where rq=-- 5, classical electron radius = 2.82 x 10 3em.
m,c

—d =231 — 20+ 5222 —1332° +-- ) cm’electron ™",

" da 8n 1
JdQ 3
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Klein Nishina differential cross-sections

Differential cross-sections. da{?) dQ, for the production of secondary
photons from Compton scattering. Curves are shown for six different
values of primary photon encrgy. (From Davisson & Evans. Rer.
Mod. Phys., 3. 79. 1953}

140* 130° 120° 110" 100* @Q* A&p* 7o

SRS
N X”\T // \)/

o \
// \\ / . &—0 { Thomsan)
/ o A e

,

160

170°

1BO* | Durection, |8
of ingden
phalon
e
170" =™
i
Ty
1607 "
!
150-: -
a N \._\ B ;
r i / e .'f e
NN -‘/I\\’\\/\
140 13p® 120°  110* oo 9p- 8ot 7Qt B0" 50 4o

Differential cross-sections, da{t)/d#, for the production of secondary
photons from Compton scattering. (From Davisson & Evans, Rer.
Maod. Phys., 3, 79, 1953.)

12¢* 110° 100 90* s0* 70* 60
x~0 25  (Thomson)

130°

140*

o
L] \

160

170"
Qirechon of
ingudent photon
IBO' - ol
15 10 3 0 5 10 15
Cross-section
in units of

1028 ¢m? electron ! rad™"
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Klein - Nishina differential cross-sections (cont.)

Differential cross-sections, da,(¢)/d¢, for the production of secondary
electrons from Compton scattering. (From Davisson & Evans, Rer.
Mod. Phys., 34,79, 1953.)

a0 80" 70* 60" __:;0' {:O'
g
200
100
Drirection of o

Cross-section in units
of 10726 ¢m? electron~1 rad™"

Inverse Compton scattering (cgs units)

Compton collisions between relativistic electrons and low {requency
photons.

Thomson limit
“hyvg < < me?,

where 7 1s the Lorentz factor for the relativistic electrons.

Total energy loss rate (Thomson limit)

_dE
dt

=%orc;u=26 x 107" ergs”'electron ™',

where

1 = radiation energy density,

8n _
oy == r&, the Thomson cross-section,
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Spectra

Thomsen limit - power law electron distribution function and blackbody
radiation: when the initial radiation field is given by a blackbody
distribution and the density of electrons is given by a power law, viz.,
N(y)dy = N7 dy (the density of electrons with a Lorentz factor between
and ; + dy), the spectral power density is:

dP
dVd1':42 x 10 40!Vh(.§)T3(2.I X IO]OT_-'\-']“_HJZ

ergem *s 'Hz™!,
with T in degrees Kelvin.

2.0 T T T T
18 b log & ish vs s -
16 —
1.4 - —
1.2 - —
s 10 —
o
o
9 ogf _
0.6 —
0.4 —
02 -
") 1 1 | 1
4] A 2 3 4 5

£

{Tucker. W. H. & Blumenthal, G. R.. op. ¢ir.)
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Hot plasma emission (cgs units)

Bremsstrahlung from a hot plasma
For a Maxwellian distribution of electron velocities, the spectral emission
per unit volume:

dPy(T) T
d;d‘l —68x 107387 " V2e EMIN N Z29(T, E)

ergem s~ Hz !,
where _
N, = electron density,

N, =ion density {(charge z),
E = hv = photon energy. and
¢y is the Gaunt factor.
— A3 (4kT

1 ?E)’ for E<<kT {(Inl"=0.577)

> (E/kT) 94, for E~kT.
The total bremsstrahlung emission:

dpP .
an-: 14 x 10" 2"TYVIN N, Z2g(T) ergem *s" ',

where g(T) =~ 1.2,

dP, .
d—VB=2.4>-:10“”7!‘"”ZNe2 ergem s !

for a plasma with cosmic abundances, since the contribution from all ions
Y N.N,Z% > 14N2.

Non-thermal bremsstrahlung
For a flux density J(E)=Jo,E ‘ergem ?s 'erg™! of non-thermal
electrons, the spectral emission per unit volume:

dPy _ E— !
=12 x 10" °Z*N,
dvdv 8 NzJo

ergcm *s ! Hz L

X-ray line emission from a hot plasma (electron collisional excitation)

For a Maxwellian distribution of electron velocities, the power emitted per

unit volume due to excitations of level n” of ion Z in the ground state n is:
dP g et as
d; =27 x 107157 " V2e kT g " N.N, ergem 2871,

where

E,, = energy of excitation,
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toe = oscllator strength for the transition.
< 1.

In some cases, a line is produced by a transition to a state other than the
ground state. In this case. the emitted power above is not equal 10 the
power in the line and the branching ratio to the state of interest must be
taken into account. For 1s-2p transitions in hydrogen and helium-like
ions, this branching ts not significant.

Y, = mean Gaunt factor 2 0.2 for kT E

o’

Radiative recombination radiation
dPrr ., 28 x 10767 ~¥2lls .- Exkt r .
dVdE - n’ — NN, Z

ergem Ps lerg !

where
E=W+1

£L—1,n
E = energy of emitted photon,
W, = energy of free electron,

I, ,=1onization encrgy of level n for ion Z.

{Adapted from Tucker W. H & Blumenthal G. R. in X-ruy A\{ronnm\ R.
Giacconi & H. Gursky, eds., D. Reidel Publishing Company, Dordrecht. 1974.)

Maxwell’s equations (Gaussian units)

dnd 17D
V-D=4np, VxH=L+ (,1 .

¢ oot

1’-‘B
V.-B=90, VxE+ =0.

c t!'

Constitutive relations for an isotropic, permeable, conducting dielectric:
D=:E, J=¢E, B=uH.

Macroscopic media:

1
polarization: P=—(D-E),
4r

1
magnetization: M= an (B - H).
it

Vector and scalar potentials:

\
B=VxA, E_~V¢——16—A—

¢ ot
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For homogeneous, isotropic media, Maxwell's equations become:

qub=F_M ﬂ)_li(VA+£{ﬁ¢)_4ﬂl

2 &t ¢ Ot £
e 2 g ¢ dr

Pantt s o{voa ) b
co ol oot ¢

., i

Lorentz gauge:

]
(v-A+%-ﬂ—)=0.
¢ ool

N
Coulomb gauge:

V-A=1{(.

Conversion table for given amount of physical quantity

Physical Rationalized

quantity Symbol MKS Gaussian
Charge g 1 coulomb 3 x 10% statcoulombs
Charge density p lcoulm™?3 3 x 10? statcoulombs cm ™3
Current I | ampere 3 x 10° statamperes
Current density J lampm~? 3 x 10% statamperes cm ™ 2
Electric field E 1voltm™! 1/3 x 10~ % statvoltcm ™!
Potential .V 1 volt 1/300 statvolt
Polarization P 1coulm 2 3 x 10° statcoulombs cm ™2
Displacement D 1coul m~2 127 x 10 statvoltem ™!
Conductivity a Imhom™' 9x 10%°s7!
Magnetic

induction B 1 weberm 2 10* gauss
Magnetic field H lampere-turnm ™! 4n x 107 * persted
Magnetization M | weber m ™ ?

1/4n x 10* gauss

(Adapted from Classical Electrodynamics, Jackson, I. D., John Wiley and Soas,
1962.)
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Standard definitions in radiative transport theory

Quantty

Specific intensity or
radiance
Brightness

Flux density

Mean inlensity

Radiation density
Emission coefficient

Emissivity

Linear absorption
coefficient

Meun free path

Optical depth

Symbal

I

B, =—-1

F =1}1 cosfidQ
I = ! ﬂ! dQ
L= |1

»
] "

4
= - J 1do="27
¢ i

I

dr
£, =— .

p
(isotropic emission,
p = density)
%, = ha,
(n = number density,
a7, = cross-section)

|
I = -

"

2,
r’\
T, = J @, dy

Units {cgs)

ergem sV Hz tsr

crgem 4y 'Hz lyr!?

ergem s ' Hzo!

ergem ?s ' Hz
1

ergcm T Hz~

ergem s ' Hz 'y

erggm 's ' Hz!
cm !

cm

dimensionless
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Spectrum nomogram

Electromagnetic spectrum nomogram.
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Plasma physics parameters (Gaussian units)

Z. = charge on ith ion (units of electronic charge),

N..N, = electron, ion particle densities, respectively (cm ™ ?),
T = temperature (K),

B = magnetic flux density (gauss).

p =density (gcm ).

A = mass in amu,

g = gravitational acceleration (cms ?).

m=2nv (rads™').

Frequencies (Hz)
plasma oscillation frequency:
Voo = (N.e?/mm,)' 2 =8.978 x 10°N}'? Hz,
electron gyrofrequency:
Ve = (¢/2nm,c)B=2.7994 x 10°B,
ion gyrofrequency:
v, =(Ze/2nm,c)B = 1.535 x 10°Z,B/ A.

Velocities (cms ')
electron rms thermal velocity:
v = (3kT/Mm)"2=6.745 x 10°TV? cms™',
atoms, ions rms thermal velocity:
vy = (3kT/m)"? = 1.580 x 10%(T/A4)"' 2,
1on sound velocity:
¢.= (kT/m)"%=9.12 x 103(T/A4)"2,
Alfven speed:
ry= B (4np)''2=0.282B/p' 2,
electron drift velocity in crossed magnetic and electric field
=3 x 10'°E (statvoltscm ~')/B(gauss).
electron drift velocity in magnetic and gravitational field
=m,gc/eB = 5686 x 10 %g/B.

Lengths (cm)
Debye length:

ip=(kT /4me*N)"'2=6.92(T/N,)"'?> cm,



electron gyroradius:
do=mg ceB=569x 10 "t B
~221x 107°T" * B,
ion gyroradius:
a,=mr ¢ ZeB=1036x 10" A-ZB
~0.945T"' *4' 2.7 B.

Miscellaneous
electrical resistivity:

n=9x 10 InA)T ¥
Coulomb logarithm:

InA 29.00+345log T— 1.151log N,,
thermal conductivity

=10x 107°T% ergem~'s 1K™,
life of magnetic field in a plasma:

T =4nl2iyc?

=15x 107 H{In )T 5

(1. 1s the characteristic scale of the field),

¥

Maxwellian velocity distribution:

;2 . N
fleyde = 4:1(2—':—T) e MR g,
Tk

'[ floyde=1,
&)

F={RkT/mtm'2 cms™?,
U, = (3K TIm)' 2
=6.7x 10°T"?  for electrons
= .57 x 10*°T"'?  for protons,
Imel =3kT/2=21x10"'"T erg.
Classical skin depth:
d=¢/2nv, =532 x 10°N "2 cm,

Electron-ion collision frequency:

InA
"c i x 28N|7;_3;2 %0 S_ l.
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Attenuation of electromagnetic radiation
[ —_ Iﬂe “{h ;rl,ul.
I, = iniual intensity of a collimated photon beam,
I = intensity of beam after traversing a thickness 1 of material density p,
{1 p) = total mass attenuation coefficient
=gip+Tp+kip,
o;p = total Compton mass attenuation coefficient,
t/p = photoelectric mass absorption coeffictent
.74
(~ £ *? between absorption edges).
A
k/p = pair production mass attenuation coefficient.

Mixtures of matenals:
pip =Y (pipdw,,
i
where
i/ p; = mass altenuation coefficient of clement i,
w; = fraction by weight of element i.

Photon mean free path = [(u/p)p] '

Relative importance of the three major types of clectromagnetic
interactions. The lines show the values of Z and v for which the two
neighboring cffects are just equal. (Evans, R. D, The Artomic Nucleus.
McGraw-Hill, 1955, with permission.)

N S 30 L R B S S 1 1) B RN 11) BN M R
120 .

100f  Photoelectric elfect
- dominant
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dominant

Z of absorber
3
T

40+ Compton effect
B dominant
204

4] L 1 TTI111 ] ¥ reaitl It trELELt P 1t |
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Extrapolated absorption and absorption-jump ratios (r) at the K-edge

5 \ Fluor,
g Atomic Density k, yield (. p) (pipn?
Z 5 weght (gem™?) (A) (keV) (cmg ") r
4 Be 941 1.85 [12 0.111 179000 (5000) (39)
5 B 1081 234 660 0188 88400 3130 28.3
6 C 1201 226 437 0.284 53900 2230 242
7 N 1401 000125 309 0402 32800 1540 214
8 O 1600 000143 233 0532 22400 1160 19.3
9 F 1900 000170 18.1 0685 14800 846 17.5
10 Ne 20,18  0.000%0 143 0867 10950 687 15.94
11 Na 2299 (.97 11.56 1.072 7760 525 14.78
12 Mg 24.31 1.74 950 1.305 6000 440 13.63
13 Al 2698  2.70 795 1560 0.0 4500 355 12.68
14 St 2809 233 6.74 1839  0.047 3640 307 11.89
15 P 3097 182 577 2146  0.060 2800 251 11.18
16§ 3206 207 501 2472 0.076 2340 222 10.52
17 Cl1 3545 000317 438 2822 0.094 1840 185 9.92
18 Ar 3995 000178 387 3203 0.115 1440 154 9.34
19 K 3910 0386 344 3607 0.138 1300 148 8.79

20 Ca 40.08 1.55 307 4038  0.163 1120 135 8.28

(After Henke, B. L. & Elgin, R. L. in Adrances in X-ray Analvsis, Vol. 13. Plenum
Press, New York, 1970.)

Mass attenuation coefficients (cm?g 1)

Air
Wave- Poly- 0=21°, P10
length propylene Mylar Teflon N=78°, CH,=10", Methane Energy
{A)  (CHy}  (C,,Ha0,) (CF,)  Ar=1°, Ar=90°, (CH,) (V)
2.0 8 14 28 21 230 7 61990
4.0 69 116 220 148 162 60 30995
6.0 234 384 700 481 467 205 20663
8.0 550 870 1540 1090 1020 479 15498
10.0 1040 1630 2800 2020 1850 910 12398
12.0 1740 2680 4250 3310 3010 1520 10332
14.0 2660 4040 6700 4980 4500 2330 88356
16.0 3830 5800 9400 7100 6400 3350 7749
18.0 52040 7800 12 600 9500 8400 4570  688.8
200 6900 10 200 2780 12400 10900 6100 6199
220 8800 12 900 3540 15700 13 500 7700 3635
240 11000 8500 4430 14 100 16 400 9700 5166
26.6 13500 10 400 5400 17100 19 600 11800 4768
28.0 16200 12 400 6500 20400 22 800 14100 44238
300 19200 14 700 7800 24000 26 300 16800 4133
320 22400 17 200 G100 2290 29700 19600 3874

340 25900 19 904 10 600 2650 33300 22700 364.6




293

Mass artenuation coefficients (cont.)

Alr
Wave-  Poly- O=2", P10
length  propylene Mylar Teflon N=78", CH/ =10", Methane Energy

(A) (CH,) (C,oHOMCEF,) Ar=1", Ar=90", (CH,) {cV)

6.0 29600 22800 12100 3040 36 904 25900 3444
IR0 33600 25800 13 800 3460 40 500 29 300 3263
40.0 37800 29 100 15600 IO A7 60K} 33000 M99

42.0 42200 32500 17 500 4270 40 5040 36 900 2952

440 1940 13S0 6900 4780 42600 700 2818
460 2180 3760 7800 5300 45600 1910 269.5
480 2430 4170 8600 5900 48900 2130 258.3
500 2690 4590 9500 6400 52000 2350 2480
520 2960 5100 10500 6300 2590 2384
540 3240 5600 11500 7000 2840 229.6
560 3540 6100 12500 7600 300 2214
580 3860 6600 13600 8200 3380 2138
600 4190 7200 14800 8900 3660 206.6
620 4540 7800 16000 9700 970 2000
640 4880 8400 17300 10400 270 1937
660 5200 9000 18600 11200 4570 1878
680 5700 9700 19900 12100 4940 1823
700 6000 10300 21300 12900 5200 177.1
720 6400 11100 22700 13800 5600 1722
740 6800 11800 24200 14700 6000 167.5
760 7300 12500 25700 15600 6400  163.1
780 7700 13300 27200 16600 6700 1589
800 8100 14100 28800 17600 7100 1550
820 8600 14900 30500 18600 7600 1512
840 9100 15800 32100 19700 7900 1476
860 9600 16600 33800 20800 8400 1442
880 10100 17500 35500 21900 BRO0  140.9
900 10600 18400 37300 23100 9300 1378
920 11100 19400 39100 24200 9700 1348
940 11700 20300 40900 25400 10300 1319
960 12200 21300 43000 26700 10700 129.1
98.0 12800 22300 44600 28000 11200 1265
1000 13400 23300 46300 29200 11800  124.0
1050 15000 26000 51000 32700 13100 118.1
1100 16600 28800 56000 36200 14500 1127
1150 18200 31600 61000 39900 15900 1078
1200 20000 34600 67000 43800 17500  103.3
1250 21900 38000 72000 48000 19200  99.2
1300 23900 41100 78000 52000 20900 954
1350 25900 44600 83000 57000 22700 918
1400 28100 48200 89000 61000 24600 886
1450 30300 52000 95000 65000 26500 85.5

150.0 32600 35000 101000 71000 28 500 R2.7

(Adapted from The Handhook of Chemistry and Physics. CRC Press, Cleveland,
1976.)
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Mass attenuation coefficients (cont.)

Total mass-absorption coefficients for gamma-rays in all elements
from Be to U. Energy range 1.8 keV- 1) MeV. (From Nucleonics, 19,

62, 1961.)
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Mass attenuation coefficients (cont.)

1

5
- T T

Photoelectric mass absorption coefficients for various window or filicr

mutterials.
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Masy attenuation coefficients (coni.)
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Fluorescence vields

Fluorescence yields for K and L shells far 5 < Z < 110. The plotied
curve for the L shell represents an average of L, L, and L, effective
yields. (From Kortright, J. B. in X-ray Date Booklet, Lawrence
Berkcley Laboratory., University of Calilornia, 1986. Data from
Krause. M. O., J. Phys, Chem. Ref. Duta. 8, 307, 1979.)

K shell

FLUQRESCENCE YIELD

L shell
{average}

AL " L " 1 L 1 i
0 20 40 B0 8o o0 120
ATOMIC NUMBER

Passage of charged particles through matter

Total ionization loss by electrons or positrons (valid for all cases except
extremely relativistic electrons)
5 _
mor<T
} —ﬁz} ergem !

(dT _ 2met Nz "
ds /o, mor? " 12(1 — g2y

(all quantities in cgs units).
For numerical calculations:

dT mac? T + myc? T e
— =) =4mri 2 ;(. ___L_) — _1p2
(ds )inn o B2 NZ[In[[ 1 I mac* 2h )
where

Bt =(w/cP =1—[(TImeet)+ 17177,

v = velocity of particle.

moc? = 0.51MeV,

dnri =100 % 107 %* cm?,

ro = e%/myc? = classical electron radius,

NZ = electrons cm ~ >,




Z = atomic number,

I = mean excitation potential (MeV).
I ~{13x 10 %) 2 (MeV).

T = kinetic energy (MeV).

N =atomsem ™3

(e.g., D.1 MeV electron: 4.7 keV per cm of air).

7 ! (eV) 17

H, 1 19 19

He 2 44 2

Be 4 64 16

Air 7.2 94 13.1
Al 3 166 12.7
Ar 18 230 128
Cu 29 371 12.8
Ag 47 586 12.5
Xe 54 660 122
Au 79 1017 12.8
Pb 82 1070 13.1

(List from Sternheimer, R. M., Methods of Experimental Physics, L. Marnon, ed.,
Vol. 5. part A, Academic Press, New York, 1961

For << T < <my’:

. . ) 3 .oy ,...) -
—(dT) ="-zr-?—NZIn(I\’_] ergem ™.
. ds 1 i

O

In the range 0 10MeV:

(dT‘) s jon pairs {air-cm) !
dy ) gy lonpAID '

N AN

Radiative loss for non-relativistic electrons

dT

_(__) =309 x 10" 'NZHT + mge?) MeVem ™',
5 raed

where

T + mqc? = total energy of electron in MeV,
N =atoms cm ~* = (p/4) x 6022 x 1023,

Z = atomic number of absorber.

A = atomic weight of absorber,

p = density of absorber.
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lonization and radiative loss for highly relativistic electrons (T > > myc?)

dT 2neNZ mDUZT )
—f _ = . — — (2.1 — 8y — 2
(ds )iun mouz |:ln 2[2(1 _ﬁz} ( W ( ﬁ ) 1+ ﬁ ]ln 2

+1- B2+ 51— /(1 - BZJ)2:| ergem ™!,

(Bethe,H. A., Handbuch der Physik,Vol. 24, p. 273, Julius Springer, Berlin,

1933 .)
dE® 2 2E
-(dE) =N Z——r%E{-ﬁHog( )—%w ergem !

ds . 137 me?

(lor me* € E < 13Tmc¢*Z ™14,

.-’dE\ ZZ 2
—( ) rDE[4]0g[ISBZ"3}+%] ergem ™!
rud

— ) =N
ds 137
(for E> > 13Tmc*Z '),
E=T +my?

{Bethe, H. A, & Heitler, W., Prac. Roy. Soc. (London), A146, 83, 1934.)

(dT _I T_T._\-f.’r\n
N dC__' rad B "YO ‘ - e ‘
where

& is the distance travelled measured in gem ™2

| oM,
ZIZ+1.3)[In(183Z2 ')+ 1]

. Ty, the inital energy,
X . the radiation length = gem ™2

(M, = atomic weight).

Radiation lengths X; and critical energy T, for various substances

Absorber zZ M, Xo {gmem™ %) T (MeV}
Hydrogen 1 1 58 340
Helium 2 4 85 220
Carbon 6 12 42.5 103
Nitrogen 7 14 38 87
Oxygen 8 16 342 77
Aluminium 13 27 239 47
Argon 18 399 19.4 34.5
Iron 26 55% 13.8 24
Copper 29 63.6 12.8 215
l.ead 2 2072 SR 69
Air 16.5 83

Water 159 93

(List from Bethe, H. A. & Ashkin, )., Experimentul Nuclear Physics. E. Segre, ed..
Vol. I, John Wiley and Sons. New York, 1953)
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, 16001, °

.the energy at which ionization losses equal radiation losses.
(dT:dx) 17
(dT/dx), 1600mc*

Total ionization loss by heavy charged particles (kinctic energy < rest

IMmass)

dT 4nziet 2my V2

— — =—— NZ|In ~ —In(l — %) — p* ergcm !
(d.«;)m m, V2 { ! =F=1 j| 8

(all guantities in ¢gs units).
For numerical calculations;

dT S2NZ[ (114 % 10715
-[(5) =assx 107 [mk = )

—In(1 — f?}) —/fz]

ds

ton

where
z = particle charge,
7 = absorber atomic number,
I = velocity of particle in ecms ' =3 x 10'°4,
N = absorber atomic density =p/4 x 6.022 x 1023,
! = mean excitation potential (in eV),
[ = 13Z (eV),
(18 =(1+T/M)?,
T = kinetic energy in MeV,
M = mass of particle in McV
(e.g.. 2 MeV « particle in Si; 0.27 MeV um 1),

Approximare range—energy relationships
Range-energyv for monoenergetic electrons

20eV < E< 10keV:
In({Z/A)R.) = —4.5467 + 0.311 04 In E + 0.077 73(In E)?
where
R.. = extrapolated range in pgem™2 {25°, precision),
Z;A = charge to mass ratio for absorbing medium,
E =cnergy in eV,
(Iskef. H. et af.. Phys. Med. Biol.. 28, 535, 1983.)
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Approximate range—energy relationships (cont.)

[0keV < F<IMeV:
R, (mgem™ %) =412E (McV)", where

n=1.265—0.0954In E (MeV).
| MeV< EL20MeV:

R..(mgcm ™ *) = 530E (McV) — 106.

Continuous S-ray spectra
p-ray spectra are exponentially attenuated with a mass-absorption

coefficient nearly independent of the absorbing material:
uip (em?gm™Y) = 17E 114,
where E_ (in MeV) is the maximum energy of the f-ray spectrum.
The thickness of absorber required to reduce the fi-ray intensity to one-half
its orniginal value:

1;,, (mgem ™ 2)=0.693/{u/p)=41E! 1%,
Range—energy relutionships for heary particles
Alpha particles in air at 15°C, 760 mm, 4-15 MeV,

R{cm) = (0.00SE (MeV) + 0.285)E (MEV)I"‘-’.
Protons in air at 15°C, 760 mm, 10-200 MgV,

Range of heury particles in other materials
Bragg--Kleeman rule:

R A
R, _po \/(_) (+15%).
R, pn, Ay

p = density
A = atomic weight.

where

For mixtures:
;
VA=Y i A
{
where n, = atomic fraction of element /.

For air, \,/ A4y = 3.81, po= 1.226 x 10 3 gmem ™2 at 15°C, 760 mm. and
therefore:

/A
R, =32x107*Xx"LR
P1

art
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Charged particles in silicon
Range energy curves for charged particles in sificon. Channeling of
ions between crystal planes can result in significant variations from
the data shown here. (Adapled from ORTEC Manuwal on Surfuce
Burrier Detectors)
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10 I r | !
PRCTON
3140 PEUTERON I
|
= ALPHA._ | TRITONY
2 102 —
>
U]
x
L
z
wd
4 10" Data taken from C. Williamson
o and J. P. Boujot CEA-2189 ]
e (1962) and Hans Buchsel, Phys.
< Rev. 112 (4} 1089 (1958)
10° | I | |
10! 10¢ 107 10¢ 10°
RANGE {microns of silicon)
Specific energy loss for charged particles in silicon. Channcling of ions
between crystal planes can result in significant variations from the
data shown here. (Adapted from ORTEC Manual on Surface Burrier
Detectors.)
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Charged particles in silicon (cont.)

Specific energy loss for electrons in silicon. Channeling of ions
between crystal planes can result in significant variations from the
data shown here. (Adapted from ORTEC Manual on Surfuce Burrier
Detectors.)
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0.01 0.1 1.0 10
ENERGY {MeV)
Specific energy loss for protons in silicon, Channeling of ions between
crystal planes can result in significant variations from the data shown
here. (Adapted from ORTEC Manual on Surfuce Barvier Detectors.)
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Phys. Rev. (115): 137 (1958)
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Charged particles in silicon (cont.)

Beta-ray range energy curve i silicon. Channeling of ons between

crystal planes can result in significant variations from the data shown
here. (Adapted from QRTEC Manual on Surface Barvier Detectors.)
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RANGE {microns of silicon)

Radioactive sources (Adapted from Lederer, C. M. ef al., Tuble of
Isotopes, John Wiley & Sons, 1968.)

X-ray sources

Source X-ray encrgy (keV)

Y Ti X-rays: 4.5, 49 330d
Fe Mn X-rays: 5.9, 6.5 2.6yr
PINJ Co X-rays: 6.9, 7.7 8 x 10%yr
1%Cd Ag X-rays: 22, 25 453d

107 Bj Pb X-rays: 73, 75, &S, 87 30 yr
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Alpha sources

Source Alpha energies (McV) Half-life
241 Am 5.443, 5.486 458 yr
2520f 6.117 2.65yr
242Cm 6.017.6.115 163 d
244Cm 5.81.5.77 17.6 yr
148 (5 318 84 yr
I3°Np 4.78. 4.65 2.14 x 10°yr
208 pg 5.11 2.93yr
210pg 5.305 138d
139y 5.105. 5.143, 5.156 2.4 10*yr
226Ry 4.782. 5490, 6.002, 7.687 1600 yr
228Th 5.427 through 8 785 191yr
230Th 4617, 4684 8 x 10*yr
2331 4.336 through 4.597 7.1 x 103 yr
238 4.200 4.5 x 10° yr
Gamma-ray energy standards

y-ray T-ray

energy cnergy
Source (keV) Half-life Source (keV) Half-lije
SCo 14.359 268 d **Mn 834.861 314d
>+ Am 26.350 458 yr 65¢e 89925  842d
2+ Am 59.554 458 yr ey 898.033  108d
203y 70.830 47d 207R; 1063.578  30yr
203Hy 72871 47d 6571 1115522 2464
0 80.164 8.05d S 112050  84.2d
203y 82.572 47d 9o 1173231 526yr
2034y 84.916 47d 21Ny 1274552 258 yr
S7Co 121.969 268 d AT 12903641  1.85hr
$7Co 136.328 268 d *9Cp 1332518 526 yr
H1Ce 145.433 12.5d 24Na 1368.526  i5.0hr
149Ce 165.85 140 d sy 1434.13 377 mn
203Hg 279.150 47d L24g} 169124  60.9d
3 284.307 80S5d 2BAl 177877  2.3Imn
SICr 320.102 27.8d 88y 1836.111 1084
131 364.493 805d Th C” 261447  1.91yr
198 Ay 411.795 2.70d 2*Na 2753.92 1S0hr
"Be 477.556 53d 12B(f ) 2C 443841 -
ngc? 511.003 — 14C(d,p. )N 5298.53 -
**Sr 51395 64 d OHe, 210 5240.03 -
207Bj 569.62 30 vr L4N(d, p)! SN 5270.10  —
Th C’ 583.139 191 yr Loy 61278
'7Cs 661,632 30 yr “Cp, )N 9169.0
°5Nb 765.83 -

35d
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Electron enervgy standardy

Souree Conversion-glectron cnergy (keV) Hall-life
Cd'ee 6219 453d
cqre 84.2 4533d
Ce'dt 103.44 33d
Ce'* 12691 140d
Ce!d! 138.63 i3d
Ce' 159.61 140 d
203 193.64 46.9d
Hg 203 264 .49 46.9 d
Apte® 32869 2.698d
Sp'td 363.8 115d
Sn'td 3876 115d
Aytv® 397 .68 26Y8d
Bi-°’ 481.61 30yr
Bi%°” 554.37 A0 yr
Cs! " 624.15 30.0yr
Cst?7 655.88 30.0yr
Co®? 803.35 71.3d
Co®8 £09.62 71.3d
Mn3+ 828.86 303d
Mn ™ 834.17 303d
Y88 881.86 108d
Y88 895.76 108d
Bi®¢’ 975.57 30yr
Bi?¢’ 1048.1 I0yr
Zn®? [106.46 345d

Zn"? 1114.35 245d
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Characteristics of synchrotron radiation

The angular and spectral distribution of radiation emitted by a relativistic
electron in instantaneously circular motion is, according to Schwinger
(Phys. Rev., 75, 1912, 1949), given by (cgs uniis):

P27 ere (i )4 . )’

S =y - ) B+ () K3sE) + ——— K2

ergs 'rad 'em !

;

I

3

where

e = electron charge,

¢ = velocity of light,

R = radius of curvature,

4 =wavelength,

so=4%nRy 73, the ‘critical wavelength’,

v = Eimge?, where E = electron energy and m,, = electron mass,
Y = vertical angle measured from the plane of the orbit,

K| (&) K5 5(8) are modified Bessel functions of the second kind,
where &= (42201 + (v)%)* 2.

The first term within the brackets corresponds to radiation polarized in

the plane of the orbit, the second to radiation polarized perpendicular to
the orbital plane.

1 | I 1 1 | 1 1 I
1.2~ =
D8P =
:)‘ - —

e}

04 =
— -

0 J | i | 1 | | 1 L i
0 08 16 2.4 312 40

Ty = &M,

The universal synchrotren radiation function Giy) for monoenergetic
electrons as a function of 1.y,



)
i—h
Ln

The spectral distmibution of power 1s obtained by integrating the above
equation over the angle i

dP 32 e EN ]
= - [ *,) Gtw,

d, l16n* R? T

where

™

G('”:'NJ Koyimydy, y=r. 2.

¥

The total power radiated,
p de_ 2etc/ E N
=|—di=- —=[|—].
d- 3R \me?

The photon flux distribution is obtained by dividing the power
distribution function by the photon energy:
3N io0P

o _ s B 1
ALYl he O

photonss 'rad 'cm®

The radiation emitted by the electron in the plane of its orbit is 100°
polarized. Above and below this plane, the radiation is elliptically
polarized.

Polanzation:

I =1 +1,)="

K33 =[G+ G))KE 50
KZ

-

ﬁQIUOr TT T T 1 o i m d hat SRR I o o

4 |

ada

r 5 90~

< 3

0._[:: .

w

Q - ~

o O 80: M

[ |

.

3?:1 70+ -

czal ! L1 3 ] PN S M A !

W 0 : 0 150 500
oy

Fraction of radiatton. integrated over vertical angle ¢, that is
paralle]l polarized {From Krinsky. 8. ¢t «l. in Handhook of
Syuchrotron Rudiation, E. Koch, ed., North-Holland
Publishing Co., 1983, with pcrmission.)
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A {5%)

yy (radians)

Dependence on the vertical angle ¢ of the intensities of the parallel
{solid tine) and perpendicular {dashed line) polarization compenents aof
the photon flux. The individual curves, plotted for J:4 =4, 1, 10, and
134}, are individually normalized to the intensity in the orbital plane
(¥ = 0) at the respective 27+, value. Note thatl the abscissa, i
multiplied by the electron energy 7. makes these curves universal.
{From Krinsky, 5. et al. in Handbook of Synchrotron Radiution,

E. Koch, ed., North-Holland Publishing Co., 1983, with permission.}

Practical formulae for clectron storage rvings

E: electron energy R: radius of ring

Energy loss per turn, per electron:

EHGeV)
S5E (keV) = 88.5 :
OF (keV) R(m)
Critical wavelength:
, Rim)
. (A) =559 .
A (8) E}GeV)
Characteristic energy:
E(GeV
e eVy= 22185 ) 596
R(m)
Emission angle:
| _mﬂc‘2
SITUE
with
w= " = 1957E(GeV),

myc”

J:electron current.

w3

07— .
R(m)



7

Energy of a photon:
Koy o 1290
ey ) = z;.l.j\}.

Photon flux angular distribuion:
AN AN A
= = 8267 x 10 ( } ) - f‘(f Y ]J
cr Y et . R\ 2 ;

photonss 'mrad 'mrad 'A !,

where

~ N TR 2
r(/ :,M = (1 +;-zw~)-[h§.3(g} g K j(g)],

s

1 7 ,
$=5 = (732,
2

i

where
f) = horizontal angle,
W = vértical angle,
J = current (mA).
R = radius of ring (m).

Photon flux inteqrated over all vertical angles

&*N [E(GeV)]’
— =79 % 10" G(yM(mA LA
(A0t X (:MimA) [R(m)]2 #1A)
photonss 'mrad ' A",
N [(EiGeV)]
— =556 x 107G(y Ay ————- A7
O 01 . M (mA) [R(m)]* (A)
photonss 'mrad”'eV ™l
for 2> > 2,
"N [R(m)]'? -
— =03 1oL v ¢! ad VAL
SRR 5 x J(mA) [i(A)]‘““ photonss™ mra

V. Kostroun (Nuc. Inst. Meth.,, 172, 371, 1980) provides series
expressions lor the modified Bessel functions of fractional order which are
suitable for evaluation with programmable calculators or desktop
computers.
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X-ray spectroscopy

Crystal

L,

spectroscopy

Collimated single crystal Bragg spectrometer. Bragg condition:

ns = 2dsin 0, where d 15 the effective spacing of the crystal planes that
participate in the reflection. (Adapted from Burck. A, Spuce Sci. Tnsi .
253, 1976.)

w

“rY RCTATION

~ [ AXIS

- ————— __—~CRYSTAL
28/\[??.-- T
‘| : ,.A’T\v, ) //‘\BRL\GG SNGLE By
s ™~ P
COLLIMATOR
R

DETECTO QPTICAL AXIS X HAYS

Single crystal rocking curve C,. 0y + A =sin '(na/2d, ), where

A = refraction correction, d , = physical spacing of reflecting planes,
and {1y = Bragg angle ignoring refraction. (Adapted from Burek, A..
Space Sci. Inst., 2, 53, 1976.)

®  R,=INTEGRATED REFLECTIVITY
— Iu_._ —— A —
8RAGG ANGLE
CORRECTION

_ PEAK
REFLECTIVITY, 2,




Crysral properties

('rystal

Quirtz
Topaz

Calclite
Silicon

Germanium

Beryl (golden)
Sylvite

Halite

KBr

Fluorite

Aluminum

LiF

Graphite
Mica
Clinochlore
ADP

EDDT
PET
SHA
KAP
RAP
TIAP
CsAP
NH,AP
NaAP

Density
(gem )

.66

349 357

110
33

F b

1

A3

2.21
2.77-2.88
26-33
1.803

1.538
1.39
1.3
1.636
1.94
2.7
2.178
1.415
1.504

Plane

1010
1011
2023
2243
303
040
400
200
211
111
220
200
111
220
200
1010
200
200
200
11
200
200
111
420
200

220
002
002
001
101
220
200
020
002
110
001
001
001
01
002
002

®.150
6592
X750
2028
712
4.40
2.3246
4.64
6.083
6.284
3,840
544169
6.545
4.000
5.668 97
13.9549
6,292
5641
6.584
6.306
54744
4.0587
4.676
1.80
4027

2.848
6.708
19.84
28.392
10.648

5.30%

7.50

8 808

§.742
13.98
26.5790
26.121
25.7567
25.68
26.14
26.42

625 % 10 Dy

319

[ntegruted
reflectivity
1 =60

123 % 10 4 (D)
= 1.5%107% (D)
> 6x 107" (D)
(40 )6 x 10 (D

{42 ) 1 x 107° (D)
1.62 % 10 * (D)
1.2x 10 *{D)

g x 10 (D)
23x 1071 (DY

x6x 10 (D)

10°* 3x 10°?
(D}

1.52 % 107 (S)
=2x 107 (%)

90 x 10°*(S)
1.4 =« 107%(S)

115x 1074 (S)
22x 107%(S)

5% 1073 (5)
1.5% 10°* (S)
70 x 107*(S)

1.5 % 1074 (8)

D = double crystal; S = single crystal.
(Adapted from Burek, A.. Space Sci. Inst., 2, 53, 1976.)
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Useful characteristic lines for X-ray spectroscopy

Wavelength {A) Energy {(keV) Element Designation
1.54 8.04 Cu Kz, ,
1.66 747 Ni Kz, ,
1.94 6.40 Fe Kz, ,
2.29 541 Cr Kz, ,
2,75 4.51 Ti Ka, ,
3.60 3.44 Sn La, ,
4.15 298 Ag L, ,
541 2.29 Mo Ly 5
6.86 1.80 Sr Lz 4
7.13 1.74 St Kz, ,
8.34 1.49 Al Kz, ,
8.99 1.38 Se Lx, ,
9.89 1.25 Mg Ko, ,

10.44 1.19 Ge L,
12.25 1.01 Zn La, ,
13.34 0.930 Cu La, ,
14.56 0.852 Ni L, ,
15.97 0.776 Co Ly,
17.59 0.705 Fe Lay
18.32 0.677 F Kax
19.45 0.637 Mn Loy
21.64 0.573 Cr Loy,
23.62 0.525 O Ku
2742 0.452 Ti L,
31.36 0.195 Ti Li
31.60 0.392 N Kz
447 0277 C Kz
58.4 0.212 W Ny Ny,
64.38 0.193 Mo M
67.6 0.183 B Kua
82.1 0.151 Zr M.

114 0.109 Be Ka

Grating spectroscopy
Concave grating equation:

+ms =d(sina + sin fi),

where m s the spectral order, d is the groove separation, « is the angle of
incidence, and f is the angle of diffraction. The negative sign applies when
the spectrum lies between the central image (« = f3) and the tangent to the
grating (sometimes referred to as the ‘outside order’). When the spectrum
lies between the incident beam and the central image, the positive sign must
be used, and the spectrum is referred to as the ‘inside order’. The signs of x
and f# are opposite when they lic on different sides of the grating norma.



Angular dispersion {x fixed):
dg o om
dz dcosfs
Plate factor:
ds dcosft  d. cos f}
dr - mR! T mRu,{fn <100 Amm

where R is in meters, 1/d is the number of lines mm ~ !, and [ is the distance
along the Rowland circle.

Grating {radws R)

/ \ LY
/ \ N
Rowland circle | ||
(dam. R) | ||
LY
8| %
-
II \
| !
I. \
I \ i\
|
{ ™ | \ \\
i § ' \
\
/-
f g \
X s \\ /S
o ’
% _/
3 Qutside
spectrom
=4 P
Ent;i?incg/-- cr
_ Inside "
Plate haolder

spectrum

Qptical layout of basic spectograph.

1000

2000 A

Grazing incidence spectrograph,

(Adapted from Samson. }.. Techniques of Vacuum Ultraviolet Spectroscopy., John
Wiley and Sons, 1967.)
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Reflection of X-rays

vacuum

|
|
=90 -0 |
l
|

. reflected ray
incident

ray

RN NN N NV W N N N N N N N N boundary

solid a* (Ren® < n,)

In the X-ray band the complex refractive index n* is usually expressed as:
n*={1—-3)—ifs,

with
o ( e’ Nop) .
0= — 4
2n \mc(’z)( A ,'fl
and
1/ e? \[Nyp
f= 2n \mcc'z)( 4 /2
where
e?
+ = r, = the classical electron radius,
Mo ©
Ny = Avogadro’s number,
p = density,
A = atomic weight,
/= wavelength of the incident radiation,
fi = real part of the atomic scattering factor, and
J>=1maginary part of the atomic scattering lactor.
: *E"%u (E')dE’
f = (zrrchcj_lf — 5 5 +Z,
o E*-E?
. m .
fa= 5 (mr.hie) ™' Ep,,
where

Z = atomic number,

h = Planck’s constant,

¢ = velocity of light,

E = incident photon encrgy. and

4, = atomic photoabsorption cross-section.
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The atomic photoabsorption cross-section g, 15 related to the mass
ubsorption coeflicient ;2 g1 or to the hinear absorption coefficient g by:

v ;J\ NV
(O
\NU) £ Nop

Numcrnically.
ey 7 b
(lgem

d=2701 x 1O © ]2,2(A)_f;.

-3 -
_> Saplgem ™) el A
p=2701 10 4 7 (A=, (p)

The reflection of X-rays by a perfectly smooth surface for an angle of
incidence ¢ is given by the Fresnel equations:

R a? 4+ b? —2acos 0+ cos? 0}
Y at 4 b2+ 2acos 0, +cos? i)

for perpendicular polarization, and

R — R a? +b* — 2asin 0 tan 0, + sin® ¢ tan? &,
P w4+ b 4+ 2usin ) tan 0, + sin? 0, tan? 0,

for parallel polarization, where

2t =[(n* = 2 —sin? 0 + d* 2]V 2+ (2 — 2 —sin? 0),
and
2h% = [(n* = B* —sin? 0 +4n* 2] 2 — (n* — % —sin® ),

with n=1—0.
Since the real part of the index of refraction 1s less than 1, near total
external reflection occurs at a grazing angle ¢, given by Snell’s law:

cosgh.=1—90,
. x(20) for o< <1,

Since f1 # 0, reflection is not total for ¢ < ¢, but is less than 1.
Away from an absorption edge.

z.
5% 270 % m-*’( e )p;.l.
A

K

where Z_ 1s the number of electrons associated with wavelengths greater
than «. Z. = Z for » < 2, {K edge).



Calculated specular reflectivity of an ideal surface as a function of
normalized grazing angle ¢/¢. for various values of /9. (After

REFLECTIVITY
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Opiical constants at soft N-ray wavelengths

~ (Al 3 104 g 10°
NICKEL

P25T 0.17 0.02

2.0 042 0.1

5.0+ 285 0.4

§.34 591+ 0.7 19+0.2
9.89 800 + (.20 312403
10.44 870+ 0.20 44+04
12.25 &5 1021 53405
13.34 10.20 +0.22 72407
14 .36 1.37 + 0.08 96+10
15.97 12.30 +0.20 21402
17.59 17.50 +0.30 28403
19.4 21.70 +0.30 37+04
21.64 30.50 +0.40 6.1 +06
23.62 3330+ 040 73407
24.78 3940+ 044 9.1-09
27.42 47.30 + 048 10.0+ 1.0
3.6 60.00 + 0.50 150+ 1.5
41.3% 120.0 51.3
47.7% 148.6 76.3
GOLD

1.25% 0.28 0.02
2.0t 0.77 0.1

5.0t 2.94 2.4

§.34 9.15+0.21 31403
9.89 11.50 + 0,24 4.4+04
12.254 18.00 + 0.30 vY4+09
13.34 21.20 £ 0.30 123412
14.56 24.10 + 0.30 157+ 1.6
15.97 26.60 + 040 186+ 1.9
17.59 29.20 +0.40 234423
19.45 33.50 +0.40 2684 2.7
21.64 34.80 + 040 285429
23.62 37.60 +£0.40 376+ 3.8
2478 40.00 +0.40 560+56
27.42 40.80 +0.50 61.0+6.0
31.36 47.50 + .50 615462
447 58.00 +0.30 580+ 359

67.6 136.00 + 1.0 1020+ 10.5

t & and f are calculated for these wavelengths.
n* = (1 —3)—ifi, complex refractive index.
(Adapted from Ershov, O. A_ Optical Spectrascopy, 22,66, 1967; Lukirskil, A. P. et
al., Optical Spectroscopy, 16, 168, [964.)
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Reflectivity vs. wavelength (energy) for various grazing angles and
materials

(Courtesy of M. Hettrick. Lawrence Berkeley Laboratory. Berkeley. CA.)
Whenever possible, direct measurements should be made of grazing
incidence reflectivity in the X-ray region because of uncertainties in the
optical constants.

ATOMIC
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Tungsten
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REFLECTIVITY
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Reflectivity versus wavelength for various matenals and grazing
angles. {Adapted from Guacconl, R.er wf.. Space Seience Reriew 9, 3,
1969.)
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Wolter type | mirror system

a/ INCIDEMNT
PARAXIAL
RADIATION

Fa

‘OHIGIN

HYPERBDLO!D : i L

LrocaL
SURFACE

The equations for a paraboloid and hyperboloid which are concentric and
confocal can be written as:

ri=P?+2PZ + [4e*Pdi(e? - )] (paraboloid).
rR=eld +Z) - 72 {hyperboloid).
The origin is a1 the focus for axial rays, 7 is the coordinate along the axis
of symmetry, and r is the radius of the surface at Z.
RMS blur circle radius:
(u. + 1) tan? @

0 Ty (Zo) +4tan ¢ tan® x  radians

and

— ek
_‘Ipa’ah

g

(¥ and ¥ arc the grazing angles between the two surfaces and the
path of an axial ray that strikes at an infinitesimal distance from
the intersection).

For most telescope designs: & = 1.

a=gtan”re/Zy) = HaX + 7)),

{/ = angle between incident rays and optical axis.
Geometrical collecting area:

Ax2mryl lana.
Effective collecting area:

A2, EYx AR, E) x 8nZ,L R*(x. E)a?,

where R is the Fresnel reflectivity at energy E and mean grazing angle .

(Addpted from Van ‘ipeybrocck L. &Lhdqe R 4;: Opr IR 44‘) I‘)?”J



Vacuum technology

Vacuum nomograph. iAdapted from Roth. A Facumm Technology,

Narth-Holland Pub. Cao. 1976
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Pumping speed of an aperture of area A4:
dV . i r .
m = A{cm?),/[1.32 x 10°T(K)/mol. wt.] cm* s,
t

Kineti
Mean

¢ theory ol gases

free path, A= 1/ 2mna’

VISCOSItY, i1 = pri/3
heat conductivity, K = ye.¢,

mean

where

speed. ¢ = \."([2.1 x 10" T (K)/mol. wt.] cms™ .

-3
n = number of molecules ¢m ™ 7,

1 = gas density in gem 3,
g = mol. diameter,

¢, = specific heat capacity at constant volume,

MONQLAYER FORMATION
TIME

=1 min
=10 min
—1 hr

— 10 hr
F 1 day
1 week
—1 month

-1 year

¢ =2.5 and 1.9 for monatomic and diatomic gas, respectively.
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Equivalents for various cryogenic fluids

Boiling Weight  Ft at Ligquid Liguid Heat of

point at in 70 F and liters gallons  vapor.
Fluid Tatm pounds [ atm at b.p. at b.p. (Biu)
Nitrogen —-3204 F I (381 0.5618 0.1484 §5.2
—1958C 0.0724 1 .0407 0.0108 6.168
713K 1.780 2458 1 0.2642 151.7
6.738 92.94 3785 | 574.1
Helium —452.1F 1 96.8 3.628 0.9585 8.8
—268.9C 3.0103 | 0.375 (0.00G9 0.0906
42K 0.2756 26.68 | {.2642 2,425
1.043 1010 3785 l 9,178
Oxygen —~2974F ! 12.09 0.3973 (0.1050 91.7
—183.0C 0.827 1 0.0329 0.0087 7.584
90.1K 2.517 3043 [ 0.2642 2308
9.527 1152 3.785 1 8736
Hydrogen —4232F l 192.3 6.481 1.712 193
—-2529C 0.0052 1 0.0337 0.0089 1.004
202K 0.1543 2967 | 0.2642 29.78
0.5841 1123 3,785 ! 1127
Argon —-3026F 1 9.680  0.3233 0.0855 70.2
— 1859 C 0.1033 | 0334 0.00K83 7.251
87.2K 3.091 29.92 1 (.2642 217.0

11.70 113.3 3985 ! 8213

Optical point spread function

The irradiance distribution of the monochromatic image of a point object,
hy(x, v:a, B), is called the point spread function (PSF) of an optical system.
x and y are the coordinates of the image points and « and § are the
coordinates of the ideal image of the object (a point). If f,(x. v} is the ideal
image of an extended monochromatic object, the image produced by the
optical system is given by:

gilx, ¥) = ”. hoix, via, B)f(a, f) dodfs.

v T X

In some cases, the optical system is shift-invariant (at least, over a restricted
feld}:

hilx,vion )= K (x —a. v — fB).
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and the above integral can be written as a convolution:

L]
A

g I = . Kox, =2, v =1z fdxdf.

[n general. fur optical systems, the PSE is wavelength dependent. shifi-
rarving, and asymmetric. Over a restricted field. say within a few arc
minutes of the optical axis, it is approximately shift-invanant and
symmetric and it is possible to simplify the deconvolution of an image and
use Fourier transforms.

In the following discussion we will consider the PSF 1o be shift invanant
and symmetric and will drop the # subscript.

The PSF is the function that completely characterizes the imaging
properties of an optical system. Several useful functions and quantities can
be derived from 1it:

The line spread function
™

.4[,»:):J Kix.y)dr  (K{x,y) is the PSF)

represents the intensity distribution for a line object.

The edge trace

I(xg)=| Alx)dx

w  F

represents the intensity distribution for a knife edge object.

The modulation transfer function (MTF)
This represents the response of an optical system to an object with a
sinusoidally varying radiance G of spatial frequency v:
- ‘le(\l)

MTFQy) = — ",
M., (v)
where M, and M, are the modulation of the image and object. respectively.
The modulation is given by:

max — min i .
M )= — image or object.
107 0

max + min

Since the radiance of the object (image) varies sinusoidally, we can write:
G (x)=a, + b, sin 2avx,

Gix) =, + b sin 2mvx.

Then
_ (_au + bu} - (aﬂ - bn) _ bu

(a, + bo) + la, — b} a,’

[h]
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(a+b)—1a,—b) b
B (a,+ b))+ (0, — hi} :;, '
and the modulation transfer function,
(b, /u,)
(b,/a,)’

|
!
b i

MTF =

The MTF is also given by the absolute value of the Fourier transform of the
line spread function:

r

MTFiv) = J‘ Alx)e” ™ dx.

The full-width-half-maximum (FWHM) of 4 rotationally symmetric PSF is
the width of the function at half its peak value. If K(x, v} = K(r), where r is
the radial coordinate in the image planc, and the radius r, is such that:
K(ry) =3K(0) (half the peak value of the PSF),
then
FWHM =2ry;  ry = half-width,
or half-width-half-maximum (HWHM).
The root mean square (rms) radius{r> is defined by:
s {g rZK(r)rdr
o K(rirdr *

<r>

The encircled energy function £(r), the fraction of the total imaged
photons that are within a circle of radius r, 18 given by:

kRl

K(r)rdr
E(r) =2 .
[ K{rirdr

w0

The radius of the circle which contains 50° of the imaged photons, the
half-power radius, r, , is defined by

jllK(f']rdr
0

J ’ K{ryrdr
Jo

E(?'L.-z) =0.50 =

In order to complete the discussion of the point spread function, we give
here the various functions and parameters derived from a Gaussian point
spread since this can be a useful description of the inner core of the PSF.



The form of the radial svmmetric Gaussian 1s given as:
PSE = (e 777,
where  and o are arbitrary constuants, We have derived the following
functions and gquantitics;
the line spread function,
A(x) = Co 2m)e ¥ 27,

the edge trace,

,;h (1 +erflx, o 2)

—

where erfiz) is the error function.

the modulation transfer function.
M(v)=Ce™**" und
the encircled energy.
Er)=1[~¢ 72
The table below gives the relations between the FWHM, the rms radius,

and the half-power radius for the Gaussian spread function.

PARAMETERS FOR THE GAUSSIAN SPREAD FUNCTION

Full witth Half power
halfl maximum radius
Spread function rms radius < rd {(FWHM) "o
Ce 3 0y, 2 2360 .18 ¢

Point spread function for a circular aperture (diffraction by a circular
aperture)

If the transmisston of the system is uniform over the (circular) aperture and
the system is aberration-free, the illuminance distribution in the image
becomes:

NAN? [ 24, (1) ]?
Plyvoy=n|— Y P| — | .
yl m

where NA 1s the numerical aperture of the system, J, is the first-order
Bessel function:

LN 2P w2y

=, =iy e

P, is the total power in the point image. and m is the normalized radial
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Point spread function for a circular aperture (diffraction by a circular
aperture) (cont.)

coordinate:
2 2
m=""NA(Z? + 9" =" NA-s.
A /

The fraction of the total power falling within a radial distance s, of the
center of the pattern is given by | —J3tmgy) — Ji(m,), where J, is the
zero-order Bessel function:

(_\')2 (x/ 2% (x/2)°
Jolx)=1- Pl A +

) 1222 22332 T

Fraunhofer diffraction al a rectangular aperture (a) and at a circular
aperture {b). (Adapted from Born, M. & Wolf, E., Principles of Optics,
Pergamon Press, 1984.)

y
b
1.0 y
= I’
0.9 .. 1.0
R = . i
I < (30) [P T T
b Vargt fpn srias rona vl
03 | . R _ 0.9 r— rriecnacrig W LR P fion
i I |
0.8 —
0.7 - ' -
The furst Fove gnromne cf Mg Fumefagn
0.7+
0.6 . ; o '
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. . — ] 1636r 5136 onIss
. : 054122332 7008 0
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: 34707 - 1090 D 008 34 0411 Y agaan 11620 00016
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Optical telescopes

Configurations of optical telescopes. (Adapted from Sinnott, R. W,
Skyv and Telescope, July 1980.)

Newtonian

—_—_

—
; Hilf-mﬁ._*_
H'(H,_ 1

Ritchey-Chretien
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Optical telescopes (cont.)

Focus configurations for optical telescopes. (Adapted from Survev of
Cutadioptric Optical Systems, J. B. Galligan, ed.. Itek Corporation,
1966.)

Primary mirrer ~—

s e _I
/

Prime Focus

Focus pasition

|

Primry mirror

Secondary mirror

Cassegrain Focus

Focus poition

roa \ ‘;J

Newtanian Focus

Facus pesition

I
— ]

Felding mirror

Coudf Focus
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Photometry

Spectral laminous efficiency. Relative luminosity values for photopic and
SCOLOPIC VISION

Photopic Viz) Scotopic F{2)

Wavelength (nm) (B> 3cdm ™ 7) (B<3x 10" %cdm” )
350 0.0003
360 : 0.0008
370 0.0022
380 0.00004 0.0055
390 (L0000 12 0.0127
400 0.0004 0.0270
410 0.0012 (0.0530
420 0.0040 0.0930
430 00t16 0.157
440 0.023 0.239
450 (1038 0.339
460 (0.060 0.456
470 0.061 0.576
480 0.139 0.713
450 0.208 0.842
500 0.323 (1,948
510 0.503 0.999
520 0.710 0.953
530 0.842 0.849
540 0.934 0.697
550 (1.995 0.531
560 0.995 1.365
570 (0.952 0.243
580 0.870 0.155
590 0.757 0.0942
600 0.631 0.0561
610 0.503 0.0324
620 0.381 0.0188
630 0.263 0.0105
640 175 0.0058
650 0.107 0.0032
660 0061 0.0017
670 0.032 0.0009
680 0.017 0.0005
690 0.0082 0.0002
700 0.0041 0.0001
710 0.0021 —
720 0.00105 —
730 0.000 52 —
740 0.000 25 —
750 0.000 12 _

760 0.000 06 —

770 0.00003 —
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K{4). spectral luminous efficacy for
scotopic und photopic vision,

Scotopic:
max K =K(51Inmi= 1746 Im W !,
Photopic:
max K =K(553nm}=630InW !
|
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Summary of typical sources parameters for the most commonly used
radiant energy sources

DC
input Arc Luminous Luminous Average
power dimensions flux cfficiency  luminance
Lamp type (walts) {mm) (Im)t (mw ) edmm™7)
Mercury short
arc (high
pressure) 200 25x 1% 9500 473 250
Xenon short
darc 150} 1A% 1.0 3200 21 300
Xenon short 20000 125x6 1150000 57 3000
arc {in 3 mm
x 6 mm)
Zirconium arc 100} 1.5 (diam.) 250 25 100
Vortex-stabilized
argon arg 24 800 Ix 10 422000 1 1400
Tungsten 10 — 79 7.9 10
light { 100 — 1630 163 } 10
bulbs 1000 — 21500 215 25
Fluorescent
lamp standard
warm white 40 - 2560 64 —
Carbon arc,
non-rotating 2000 3% 35 36 800 18.4} 175 o
rotating 15800 T8xR 350000 222 800
Deuterium 40 1.0 (diam.} {Nominal irradiance at 250 nm at
Jlamp 0em=02uWem 2nm™!')

+ Luminous flux @ in lumens from a source of total radiant power W(.) watts per
unit wavelength:

D= 680"‘. Wi Vi) da,
n

where V(4) represents the spectral luminous efficiency.

Conversion table for various photometric units

Luminous intensity (1)

1 candela (cd) = 1 lumen/steradian (Imsr™')

Luminous flux (@) [lumen (Im}]

47 lumens = total flux from uniform point source of 1candela

Hltuminance (E)
1 footcandie (fc) = | lumen foot ~?
1 tux (Ix) =1 lumen m~ 2 = 0.0929 footcandle
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Luminance (L)

! footlambert (fL) = 17 candela foot = 2.

I nit (nt) = lcandelam™ 2 =0.2919 footlambert

Luminance values for various sources

Luminance
Source (fL)
Sun, as observed from Earth's surface at meridian 4.7 < 108
Moon, bright spot, as observed from Earth's surface 730
Clear blue sky 2300
Lightning flash 2 10'°
Atomic fission bomb, 0.1 ms after firing, 90-ft
diameter ball 6 x 1p"!
Tungsten filament lamp, gas-filled, 161m W ! 2.6 x 10°
Plain carbon arc, positive crater 4.7 x 10°
Fluorescent lamp. T-12 bulb, cool white, 430 mA,
medium loading 2000
50

Luminance
fcdm ?)
1.6 = 107
2500

7900

? W ID]U
2x 102
9% I10°

1.6 % 107
7000

Typical values of natural scene illuminance

Sky condition

Approximate levels of

illuminance {lux)

Direct sunlight

Full daylight (not direct sunlight)

Overcast day

Very dark day

Twilight

Deep twilight

Full moon

Quarter moon

Moonless, clear night sky

Moonless, overcast night sky

1- 1.3 x 10°
1-2 » 10*
103

102

10

I

0!

102

103

10°4
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Natural illuminance on the Earth for the hours immedtately before
and after sunset with a clear sky and no moon

1 06 e e —|_ —'___“

119 W) I =2

E———
E—
-\
10* == ) 0.~
10° \K
10?

101 \

ILLUMINANCE (lux)

10 - \
10° \

™

4
W3 2 -1 0 1 2 3

HOURS BEFORE AND AFTER SUNSET
Radiant responsivity
Calculation of radiant responsivity from luminous responsivity for
photocathodes:
The response of a photocathode {in amperes) to the total radiation W(z)

watts per unit wavelength is:
I'"

agR(A)W(rrdA,

L

where the relative spectral response of the photocathode is R{4) {Rp,, = 1)
and o is the absolute radiant response at the peak of the response curve
(amperes per watt). The light flux (in lumens) is given by:

680 J.V{j.] Wi(s)de,
where V{4) is the spectral luminous efficiency. The luminous responsivity of
the photocathode in amperes per lumen is then given by:

g oI ROWO)A

680 [ V(A)yW(4)d/
and, therefore,
680S | V(2yW(4)dA

TT TR W AL

{The-_mErial in the preceding sections was adapted from Engstrc-um.- R. W_.,
Photomultiplier Handbook, RCA Corporation, 1980.)
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Detectars

Visible and ultraviolet light detectors
Phorodiode

(&)

(b}

Schematics of photodiodes (a) sealed with semi-transparent
photocathode, (b) open (or sealed) with opaque photocathode. {From
Timothy, J. G. & Madden, R. P. in Hundbook on Svachrotron
Ruadiation, E. Koch, ed., North-Holland Publishing Co.. 1983, with
permission.)

=—— Guard ring

T Semi-transparent
photocathode

T Anode

Vi
( hv Anode

Guard ring

~ Opaque
photocathode
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QUANTUM EFFICIENCY (%)

ELECTRDNS PER PHOTON

01

0.30
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Quantum efficiencies of opaque Cs Te and CsI photocathodes. (From
Timothy. I G, & Madden. R. P.oop «ir)

7 \Csl (windowless) ——~_ 7
Cs,Te (MgF, window) ™
2 : \
\,
Csl (MgF, window) '\ =
- -
|
1000 1500 2000 2500 3000

WAVELENGTH (&)

Quantum efficiencies of transfer standard detectors available from
NBS. (From Timothy, 1. G, & Madden, R. P op. i)

T T T T TT T ] H
STANDARD OETECTOR EFFICIENCIES
a STANFORD
DIODE
|- —
i AL, D, DIDDE
W 010 0E
e ool . L n N i
5 10 20 50 10 200
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Image intensifiers
Generation [ electrostatically focused image intensifier. {Reproduced
with permission of the publisher, Howard W. Sams & Co..
Indianapolis, Image Tithes, by llles P. Csorba. ¢ 1985.)

IMAGE
———— SCENE
< S — ——

0 DRIECTIVE LENS
'[—“— IMAGE OF SCENE
T CATHODE FIBER

QPTIC PLATE
PHUTOCATHEDE

_‘?——:MNGDF APERTURE
f H ~
i ANOUE CONE

77— GLASS WALL CYLINCER

W PHOSPHOR SCREEN

. D
SCREEM FIBER QPT:C PLATE

\———|NIENSiFIED IMAGE

LR L)

The clectrostatic image-inverting gencration 11 image intensifier
employs a microchannel plate (MCP). (From Csorba. 1. P.. op. ¢it.)

CATHGDE SHIELD

BODY CERAMIC oo WCF INPUT
+ &0 ¥
2500V 4,/

WP

PHOSPHOR SCREEN

INPUI FIBER OPTIC
FACEPLAIE

DUTPUT FIBER ORTIC

CATHODE FACEPLATE

N r} E‘ 1
[DISTDR!iuﬂ CORRECTION RING
ANODE CONE



w;
",

3A0HLYD aNY JTONY NIIMLIB (3} SLT0A X1ddNS

0 ol=]

0

QCo!

cog

aoa  00G

NOILY 2id11dWY LNIBHND
©
[

I

T

T

1

1

1

F‘!:JCI:\ (32 - [ l\blﬂlo = 3" o
(HobGB2 dWI L HOTONNINNT/STYILNY — ALIAILISNIS

™

—t
—9
e

3CONAQ N33ML3E 3 J0 OI/1 OGNV *3AONAG
ANIGITIINS HOYI HOI T 30 Q11 1 I'ON JAONAA
ONY 3Q0HLYD NIAMLE3E 3 40 CI/1 ONIJIADNL
H3JIAIC IFVLIOA SECHIW () FOVLI0A AddNS

"IGONY 8 60N

(v} 28ey0a pordde Jo uonounj v se aqn)
Jandnnuioioyd apoudp-g B JO SO11SLIDIORIRYD
uoneayduwe pur A1ansuas apoue jendA |

J00HLYI0LOMd §1 IAGNY €1 -
$300H173713 SNISN203 ¢l SICONAT ZI - -
]
|
ﬁ\gv
6 | HINLINN
6 L TRERE]
JUNSCTONG — =] ‘
WANDTA A
4 V\‘\\t
¥
! C WY 2
b _‘ b _
L Ty
3 \)_ B
¥l il
‘\ 7., |a_ o S211d0C
SAHOLIFCVHL | NOHi23N3
NOM LDIFOLCH N.H_L, Mumﬂmwm%,moww
TYAdAL / S
/ by |
s/ N
W S e
300H Y30 L0Hd _/

INTEvSSNYHLINGS N
NOILYIQvH LNIOINT

(¥} ssuoilen
20113312 awos Fumoys J21jdninwoioyd [ea1d4} Jo d1ewaysy

sdandunuioroyd



Typical voltage-divider arrangement for fast pulsc response and high
peak current systems.

CATHODE FOCUSING ELECTRODE
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Source and detector mutching

The average power radiating from a light source is given by:

=P0f W) dA.
O

where Py is the incident power in watts per unit wavelength at the peak of
the relative spectral radiation characteristic, W(4}, which is normalized 10
unity.

The resulting photocathode current I, when the light is incident on the
detector, is given by:

1,‘=aP{,f WA R(4) d/
Q

where o is the radiant sensitivity of the photocathode in amperes per watt at
the peak of the relative curve, and R(i} represents the relative
photocathode spectral response as a function of wavelength normalized to
unity ai the peak.

J WOR() A
Ik=O'P v ~ ’ -
J Wii)di
0

The ratio of the dimenstonless integrals can be defined as the murching
factor, M.

J W(2)R(A)dAi
M=

'R

Wii)da
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Typical photocathode spectral response characteristics trom RCA
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Short wavelength transmission limits of some UV window materials

Matenal Approximate limit (10¥,, 2 mm thick)
Li¥ 1040 A

Mgk, 1120

CaF, 1220

SrF, 1280

BaF, 1340

Al,O, (sapphire) 1410

Si0, (fused quartz} 1600
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UV fluorescent converters (warelength shifters)

Sodium salicylate Diphenylstilbene

Tetraphenyl hutadiene p-Terphenyl
Coronenc Dimethyl POPOP

p-Quaterphenyl POPOP

X-ray and gamma-ray detectors

Detection principles - quantum efficiency

In gencral, the quantum efficiency. e(E), for an incident photon of energy E
is determined by the transmission of the detector window or any ‘dead
layer® and by the absorption of the detector medium:

B(E) = e~ Wiitwruln(] — g ~ ity

where (y;p), and (u:p), are the mass absorption coefficients of the detector
window (or ‘dead layer’) and detector medium. respectively, p,, and p, are
the densities of the detector window (or ‘dead layer') and detector medium,
respectively. and ¢, and 1, are the thicknesses of the detector window (or
‘dead layer’) and detector medium, respectively.

Detection principles  point source detection with X-ruy telescopes
The fluctuation A in the number of counts from a point source of flux
density F photonsem ™% s ' keV ™! is given by;
OINg = {AgAEFt + [20BAEl + Aqui,AEDY 2,
where

Aqr= effective area (cm?) of telescope including detector,
AE = energy interval (keV),
t = observing time (s),
S = local length (cm) of telescope,
o = solid angle (sr) of picture element,
B, = internal background (ctcm 25! keV 1) of detector,
Jjo = diffuse X-ray background (photonscm ™2 s ' keV~! sr™}),
The background, both internal and from diffuse X-rays, is assumed to be
steady and well known. For a strong source, the signal-to-noise ratio
Ng/ONg = (A AEF1)''? is given by the fluctuations in the source only.

For a weak source, fluctuations in the background determine the signal-
to-noise ratio:
Ns {AgAEFt)'?
(j.’VS CUII;Z(‘faB],fIAeﬂ‘F jD}]'rz .




Scintihation detectar

Mustration representing a Nal sanuliution detector showing sequence

of events producing outpat from electron multiphier and vanous
processes which contribute 1o response of detectlor 1o a gamma-ray
source, (Adapted from Heath, R. L., Seintillution Spectrometry.
USAEC Report, 1DO-16880, 1964.)
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A typical pulse-height spectrum obtained with a
Nal(TIl} spectrometer, illustrating the energy response

at inorganic scintillators, The scale of the abscissa is
1 keV per channei.
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Gas proportional counter

OF Y T e Rt

/
CC{@ 88
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.18'._._"" .

-

Vo
Since a proportional counter has internal gain, the system noise can be
neglected and the energy resolution is:
(AEY) wum=2.35[(F + YWE]' 2 eV,

whereg
E = energy depostted in counter (¢V).
F = Fano factor,
S =a factor to account for variance in the gas gain,
W = mean cnergy to form an jon pair (eV).
As an example, for methane gas:

F=026
=075
W=27cV,
s0 that for a proportional counter:
— E—— =26E"? {with E in keV).
{‘AE)FWHM

Total number of ion pairs collected in a gas-filled chamber as a
function of the voltage across electrodes of the chamber.

veiger- Muetler
reqion
himited 9

5
10 roportignanty i
1O prep 5 '/Eﬁn‘uous
f— e discharge

recombmation

a
107k 1onZalian
ff — chamber
{ proportional
108 | z:' __regian

RELATIVE NUMBER OF ICN PAIRS COLLECTED

|OO H | r J
VCOLTAGE BETWEEN ELECTRQUDES




Poxition sensitire guas proportional detector

Readout system of detector. Incident photon is absorbed at point a:
electrans drilt toward unode cathode planes. An avalanche at the
anode (A) gives rise 1o pulse distributions at the cuthodes (K and
K ). The position (Y, Y ) is obtained by analog summation and
division. (Adapted from Bade, E. ¢t al., Nuel. Inst. and Meth. 201,
193, 1982 )

Typical performance
Spatial resolution:

0.25mm (FWHM) at tkeV.

Energy resolutton:

— 7 o =22EY?2 (with E in keV).

Format:

10cm x 10¢m.,

The solid-state detector
(AL pwuv = 2-35[{??0)2 + (F!?E)]l 2 eV,
where
1 =conversion factor {Si: 3.6 eV per clectron-hole pair; Ge: 2.9eV
per electron-hole pair).
7 = detector rms noise (electrons),
F = Fano factor (Si1: 0.14; Ge: 0.13),
E = photon or particle energy {eV).



Schematic diagram of a solid state detector. (Adapted from Enge, H.,
Introduction to Nuclear Physics. Addison-Wesley, 1966.)

Particle
\
A\

\\ Golg Ntype silicon Signal
\ . !

T W T eT<Tcr

P-type silicon

Metal _L

Charge-coupled device (CCD)

(Front-side illuminated)

X-rays

ONE PIXEL U

WIDTH

MOS capacitor

Metal electrode r-!~-1 Dielectric SiO,
0 % &1 01f 0y /03 0

_BSSY NN Mo
L/

NN Sole ASSS] PESSY BSSY [R)

LT R T P T A
p |
" a | o
Charge AYgp /-4 |
transfer Surface potential
at Si/SiO5 interface

Silicon substrate

i

X-rays

(Back-side illuminated)
(AE)[.\\‘“M = 235[(”0’}2 e (:”-d”.? + -']FE]I 2 keV,
where

iy = dark current (electrons s '),
o = rms readout noise (¢lectrons),
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i — mean energy required to praduce one electron hole pair
(0.0036 keV for silicon),

f=integration time {(s).

# = Fano factor ( ~ 0.15),

E = cnergy of incident photon (keV).

Expected quantum efficiency (defined as the probability that an
incident X-ray photon is detected us an "event’) vs, energy. The
calculations consider only the interactions of X-rays in Si. for two
hypothetical CCD’s whose dead-layer and substrate thicknesses are
separately within the runge spanned by real devices. There will be u
low energy cutoff (not shown) depending on the minimum signal
which can be discriminated against the system noise,

Ir—' TOUTTTrTTI I T L B SRR O
. ST ABSORPTION EDGE 1.84 ke
WOT ‘/I:Tl.{./-..-_-v--:\‘- -
- S N g
;L .
. osf P -
g B ST 7
L - ! N
= ]
w I~ - ]
i {:
= N
S 00)- { -
- r : 3
p Bj A .
-] <. X
o 005k [ :Device Dead Layer Substrate
r f A 0.5 micron Si 200 micron Si
— . B 0.25 micron Si 30 micron Si
! -
ool vooon o ringd Lo L]
a1 05 1.0 5 10
£ (keV)

Microchannel plate detector
Typical performuance
Spatial resolution:
20--30 ym (FWHM).
Quantum efficiency:
25" at 1.5keV (Cs] photocathode).
Format:

25-100 mm in diameter.
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Schematic diagram of a microchannel plate detector.
(Adapted from Behr, A. in Landolt- Bornstein, subvol, 2a, Springer-
Verlag, 1981.)

’- Tmm .T

E — = 5 . Burst of

1 4 ™ XK -'5115_‘:_ secondary
@ * Input = electrons

electronl______, 2 RN
N~ Nichrome contact
1mm Hellow

_ - glass fibre
Microchannel Individual

plate

\microchannel

L r/f/\-:(
Incident |r' [/ £ 5
(| =

il

X-rays -
Y | | T output
'\ \ /z’ -
~So— 71 Nichrome film

contact

—_ T Multiplied
——=glectron

L _:1,{';_.
Gain control
{max voltage 1 kV)

Properties of common X-rayv detectors

Energy AEEM Dead Maximum

range at 5.9keV  timesevent  count rate

Detector (keV) {,) (8) {s™1)
Geiger counter 3-50 none 200 10*
Gas ionization in

current mode ().2--50 n;a N (O e
Gas proportional 0.2- 50 15 0.2 10°
Multiwire proportional  3-50 20 0.2 10%anode

chamber wire
Scintillation

[Nal(Tl)] 310000 40 0.25 10"
Semiconductaor

[Si{Li)] 1 60 0 4-30 S 10*
Semiconducior (Ge) 1 10000 10 4-40 5« 10%
" FWHM,

* Maximum count rute density is limited by space<charge effects to around 10!
photons s " 'em ™4,

{From Thompson. A. C.in X-rav Data Booklet, Lawrence Berkeley Laboratory,

University of California. 1986 )



[onization and exciration data for a nuniber of guses

First Second First Principal
10TUZdlion  1omization  excned CIMISSION
Atomic potential  potential  state wavelengths

Gas number (eV) (eV) {eV) 1A)
He 2 24 4% 54.40 209 584
19.8 meta RER
AR75
Ne 10 21.536 41.07 16.68 734
16.53 meta 743
16,62 meta 5400
5832
SHS2
6402
Ar I8 15.76 27.62 11.56 1048

11.49 meta 1066

11.66 mela 69635

7067

7503

8115

Kr 36 14.00 24.56 9.98 1236
9.86 mela 5570

10.51 meta 5870

Xe 534 12.13 21.2 8.39 1296
8.28 meta 1470

94 meta 4501

4624
4671

H | 13.60 10.2 1215
4861
6562

N 7 14.53 29.59 6.3 1200
4110

O 8 1361 35.11 9.1 1302
7771

H, 15.4 112

N, 158 6.1

0, 12.5

1, 9.0 1.9 1782
2062

{Adapted from Rice-Evans, P.. Spurk, Streamer, Proportional and Drift Chumbers,
The Richelieu Press, London, 1974 )
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Compton telescope for high energy gumma-rays

ay Configuratian of a Compton telescope which relies on the detection
of scattered photons: S, scatterer: C.callector; AL A,. anticoincidence
detectors. by Basic configuration of a Compton telescope which relies
on the detection of secondary electrons. (Adapted from Hillier, R,
Gamma Ray Astronomy. Clarendon Press. 1984, )
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Spark chamber telescope for high energy gamma ruys

Diagram showing the basic design of u spark chamber with plates (S).
anticoincidence shield (A), and triggering detectors (C, and C,).
{Adapted from Hillier, R., Gumma Ruy Asironomy, Clarendon Press,
1984.)
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Microcomputer topics

ASCH character code
This chart shows the ASCII character set and corresponding code
numbers, in decimal, hexadecimal and binary form.

Decimal Binary Hexadecimal ASCII character

0 00000000 00 (NUL)
1 00000001 01 (SOH)
2 00000010 02 (STX)
3 00000011 03 (ETX}
4 00000 100 04 (EOT)
5 00000 101 05 (ENQ)
6 00000110 06 (ACK)
7 00000111 07 (BEL)
8 00001000 08 (BS)
9 00001001 09 (HT)
10 00001010 0A (LF)
1 00001011 0B (VT)
12 00001100 0C (FF)
3 00001101 oD (CR)
14 00001110 OF (SO)
5 00001111 OF (SIy
16 000 10000 10 (DLE)
17 000 1000 1 [ (DC1)
I8 00010010 12 (DC2)
19 000 1001 | 3 (DC3)
20 000 10 100 14 (DC4)
21 00010101 5 (NAK)
22 00010110 16 (SYN)
23 00010111 17 (ETB)
24 00011000 18 (CAN})
25 00011001 19 (EM)
26 00011010 1A (SUB)
27 00011011 1B (ESC)
28 00011100 1C (FS)
29 00011101 ID (GS)
30 00011110 IE (RS)
3 00011111 IF (US)
32 00 100000 20 {(SP)
33 00100001 21 !
34 00100010 22
35 00100011 23 #
36 00100100 24 s
37 00100101 25
3% 00100110 26 Et
39 00100111 27 )
40 00101000 28 i
41 00101007 29 )

L
(]

00101010 2A *




371

ASCH character code (cont )

Decimal Binary Hexudecimal ASCII character
43 00101011 2B +
44 Q0101190 20
45 Q0107101 D
46 OG01110 JE
47 Qoo 2F
48 00 110000 30 {
49 00110001 31 [
50 00110010 2 2
3 00110011 33 3
52 00110100 34 4
53 00110101 35 5
54 00110110 36 6
55 00110111 37 7
56 00111000 a8 8
57 003111001 39 9
58 00111010 JA :
59 00111011 1B .
o) 00111100 C <
61 Q0111101 AD =
62 QO111110 3E >
63 00111111 AF !
64 01000000 40 -'_u
65 01000001 41 A
66 01000010 42 B
67 01000011 43 C
68 01000100 44 D
69 01000101 45 E
70 (01000110 46 F
71 01000111 47 G
72 01001000 48 H
73 01001001 49 ]
74 01001010 4A J
75 01001011 4B K
16 01001 1) 4C L
77 01001101 4D M
78 01001110 4E N
79 01001111 4F O
80 01010000 50 P
81 01010001 51 Q
82 01010010 52 R
83 01010011 53 S
84 01010100 54 T
83 01010101 55 U
86 01010110 56 v
87 01010111 57 w
88 01011000 5% X
89 01011001 59 Y

Z

90 01011010 5A
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ASCII character code (cont.)

Decimal Binary Hexadecimal ASCII character

91 01011011 3B t
92 01011100 53C
93 Q1011101 5D ]
94 G10E1110 5E A
95 01011111 SF —
96 01100000 60 )
97 01100001 61 a
9% 01100010 62 b
99 01100011 63 C
100 01100100 64 d
101 01100101 635 c
102 01100110 66 f
103 31100111 67 g
104 01101000 6R h
105 01101001 69 i
106 01101010 6A ]
107 01101011 6B k
108 01101104 6C I
109 01101101 60D m
110 01101110 6¢E n
111 01101111 6F )
112 Q1110000 70 p
113 01110001 71 g
114 01110010 12 r
115 Q1110011 73 8
116 01110100 74 t
117 01110101 75 u
118 01110110 76 ¥
119 OL113151 77 w
120 01111000 78 X
121 01111004 79 y
122 01111010 TA 7
123 01111011 7B :
124 01111100 7C |
125 01111101 D :
126 01111110 7E ~
127 01111111 7+ (DEL)
128 LO0OCO0 50

129 1000000 1 81

130 1O00CO 10 82

131 10000011 83

132 10000 100 84

133 10000101 85

134 10000110 86

135 16000111 87

136 10001000 b1

137 10001001 89

138 10001010 8A




ASCH character code (cont )

Decimal Binary

129 10001011
140 10001100
141 10001101
142 10001110
143 1001111
144 10010000
145 100 (0001
146 10010010
147 10010011
14% 10010100
149 10010101
150 10010110
151 10010111
152 10011000
153 10011001
154 10011010
£S5 10011011
156 10011100
157 (11101

Boolean algebra

Hexadeoimal ASCH character
8B
KO
xD
81
81
90
G|
92
g3
94
95
96
97
08
99
9A
9B
9C
9D

A=A

Ad=A
A+ A=A
Ax0=0
A+0=4
Ax 1= 4
A+1=1
Ax A=0
A+ A=1

AB=BA
A+ B=B+ A

(AB}YC = A(BC)
A+ (B+C)=(A+B)+C
A(B+ C)=AB+ AC
{(B+C)A=BA+CA

A+ B

AB
+

Il

A+ B

=
v~
if

Commutative law for multiplication
Commutative law for addition
Associative law for multiplication
Associative law for addition

Left distributive law

Right distributive law

}De Morgan’s laws
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AB+ AB= 4
A+ AB=A
(A+ B)B= AB

(A+ B)(A+By=4A
(A+B)A+Cy=A4A+ BC

AA+By=A
AB+B=A4A+B

AB+ AB=A®B Exclusive OR

Logic gates

Summary of the elementary positive and negative logic gates. {The
positive logic gates in the left column are equivalent to the
corresponding negative gales m the right column.)

~—

Megative AN

Negative OR

s
@

:

NOR Negative NAND

QJ

o

NAND Negative NOR

Positive logic Negative logic
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Parallel interface

Centronics interface connector pinouts as they appear on the IBM
PC’s 25-pin D-shell connector. The pin connections on the printer end
are the same for lines 1-14 and 19-25 but differ somewhat on the
other lines, since a 36-pin connector ts used there. (From Sargent, M.,
& Shoemaker, R., The IBM PC from the Inside Out, Addison-Wesley,

1986, with permission.}

Signal Adapmer
Namas Pin Numbaer

- Strobe 1
~ +Data Bit 0 2
: +~Data Bit 1 3
+~Data Bit 2 4
~ +Data Bit 3 5
~ +Data Bit 4 s
~ +Data Bit § 7
~ ~Data Bit 8 8
Printer +Dats Bit 7 3

- Acknowledge 10

+~Busy 1

+P.End {out of papaer) 12

~Select 13

- Auto Feed 14

"~ -Error 15

- Inivialize Printer 18

- Select input 17

Ground 19-28&

Printer
Adapter
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IEEE 488 interface

Example of an 1EEE 48R interface hus {GPIB) configuration. (Intel
Corp.)

DEVICE A

ARLE 10
Tagr K LISTEN
AND c_,_._| DATa AUS
COMNTROL

<y

o g CAulDY |

GUEVICE B <

ABLE TG
TALK aND
LISTEM
4 g digral DATABYTE
mul 1 TAANSFLIR
T CONTROL
DEVICE C <
ONLY ABLE
TOLISTEN
ln g gl
GEMERAL
T aTOR | INTEREACE
N MANAGEMEMNT
C D
DEVICE D <
DMLY ABLE
TO TaLK
By Coun i

| o

DAV
- ——————————  NRAFD

mD Al

(FE
ATM
SAO
RAEM
Q)

DAY data valid

NRFD not ready for data
NDAC not data accepted
\FC interface clear
ATN  attention

SRQ  service request
REN remote unable
EQl  end or indentify
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Data transmission

Data transmission nomogram,
Transmission time (s) — size ibytes).dula rate (byte s ")
(I byte =8 bits; T1 and T3 are telephone transmission stundurds,)

Size: Single Transmission
Transmission (Bytes) Time(s)
e run 7 Eye.
1 Gh nieo Dato Rate /,6' ;-"Resp.
3 - TR
= Full tope 16T ,/ g
. - ] 3
100 Mb = + 1Gt1.5 1.0E
3 - e L
] =73 ;
A 3
10 Mb —_51 l M-+ 10_—
] A T i
+a— Hi Resotufion/ u
Col S - [ — 1
1 Mb 5 alor .-:/reen te 56 kb 100E I Min,
1 7 1K+ : ,
s . S c
100 ks —=-Hi Resclution 1=—1200 L s - 10kE
3 BB wW Screen )
E + - Hour
1 3 Mail !
Tkb =0 e 100 k-
f).'!kbJ 1,0M:—* | Doy
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Approximate lifetimes for Earth satellites

e - 0.60
’ - 0.40
‘ 0.20
: =015
= =010
1= c 4 - —+—
= “ 0.06
29, I
- = N !_?=_0.02
&2 e =001
wo o, =0
= .i
- -l
Yo
S ‘
we i
<z o1
2Z 9 —
2 t'—j s -1
O - L] -
g8 7]
a UOJ . !
ARSI
a1 __.____1._ S o I J
I Py 1) E L] 4oy 00 [

PERIGEE HEIGHT {km)

R, JJ

Lifetime = NP =N| .
Gf‘r’f[: . | —e /

where
N = number of orbit revoelutions in the satellite lifetime from the
ubove diagram.
Ballistic coefficient = m/(C,4)  (ypically, 25 100kgm 2),
m = 1mass of the satellite,
("p = the drag coefficient (2 1 2),
A=satellite cross-sectional arca perpendiculur to the velocity
vector.
G = gravilational constant,
h, = perigee height,
e = eccentricity of the orbit,
P = satellite period,
M = mass of the Earth,
R = radius of the Earth.

o L {6378.14 + b (km)\*?
Lifetime {d) = 1153 x 10 "x N x{ —~ ! :
— ()

Satellite period (hr) = 1L.41{(w 'R, )2,
where ¢ = semi-major axis,

(Adapted from Wertz. J.. ed.. Spacecraft Attitude Determination and Control.,
D. Reidel Publ. Co.. 1980.)



Space transportation system (Space Shattle)

Orbiter coordinate system and cargo bay envelope. The dynannie
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clearanee allowed between the sehicle and the payload at cach end is

wlsor HHustrsted.

Ll - i
Fa 46
b - A
[ b =
.
| e . %
g e >
ST A
IRLTAY =
= -
’ . - L)
/ o
F !‘.

.

Principal Orbiter interfaces with payloads.

OMS/STORABLE FROPULS VE
PAYLGAD OXIDIFER PANEL

REMOTE MANIPULATOR SYSTEM

OMS/STORABLE PROPULSIVE
PAYLOAD FIIFL PANEL

PAYLOAD RETENTION

PAYLOAD PRELAUNCH /
SERVICE PANEL y

PAYLOAD
DUMP
PROVISIONS

CRYQGEINIC PAYLOAD
FUEL PANELYS

@}/‘ AFT FLIGHT
=z DECK WINDOWS

L a—=PAYLOAD UTILITY
s —

P '\\F’ANE:S

[ N

¢

AFT BLLKHEAD

CRYDGENIC PAvLOADR
CXIDIZER PANELS

PAYLOAD POWER FANEL AIR REVITALIZATION

UTILITIES
ELECTRICAL FEEDTHROUGH

INTERFACE PAMNELS,
GHOUND-SUPPOAT EQUIFMENT

£+
SLIGHT R'T FORWARD BULKLHEAD

AIRLOCK HATCH
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Shuttle performance capability

Launch azimuth and inclination limits from KSC in Florida. The inset
globe illustrates the extent of coverage possible when launches are

made from KSC.

n
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Cargo cupability for a KSC (2%.45 degree inclination) launch.
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[aunch azimuth and inclination bmits from VAEB i Californi.
Note udded i proof: no longer ta be used for shuttle Tnunches.
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US launch vehicles
/ “~,~

i STAGE v
x-l)lh STAGE tpuanall Height ™ ecy 12141h
- Darmeie o leety 072
‘ 4rh STAGE Thrust knotpounds - M) 756 19 Ry
- STAGE it
Jra 5TaGE Keight m {feen) RE R A BT
Brameter  m ifeey 081 745)
+ Thrust knjpounds 0000 83t 187
: STAGE 11
: y - Hewht mffee] £ 31207
§TA .
X 2nd STAGE Diameter m ifeet) OBt 2B)
! Thrust kn ipoonds - 10001 285 2 164 1;
STAGE |
-~ . Height m [teet) 9.4 [308)
IstS1AGL Diameter i (feet) 111 38)
Thirust kr {pounds - 1000] 431 1 1596.9)]
/I/‘ﬂlu\]\\
Scout
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[Dtlta 3920 Delta el Ennanced uadetr
PAM D l 6920 920 Delta 11 stuthy
_.]6 “_ - I 5 rI.n’ Y
AU S0GS
8 It "%ﬂ : - DI—‘I’IthIVF
Fairing |
’ | 93 1' ! 3rrd Staqe
PAM D C Farmg) 476
Second | :
Slage AN ‘—‘j Stxtenderd !
f— Fuecl tank | '
I
First 112 i1 : T |
B ¥ [ - P r
Slage Tadar vy Extended = - -
Solids B oxidizer Pt
—— Tank

Castor 1Y
Soliedy

Lo Fartty Cirtand
GEO Transier Ortin

{10 Ibs
2830

H.780
3.180

9.830
3560

Girgphute Stretoher]

Epxy = Grapmite Epoxy
IMotors Maotors
12 HEF T
IE rjirae Engine™
11,110
1010

Delta

(McDonnell Dounglas Astronautics Co.)
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STAGE Il
Height
Diameter
Thrust

STAGE |

Meight
Diameter
Thrust

STAGE 0
Height
Diameter

Thrust

Ascent Agena

m {feet)
m {(feet)
kn (pounds = 1,000)

m {feet)
m (feet)

kn (pounds x 1,000}

m {feet}
m (feet}

kn {(pounds x 1,000}

A
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PAYLOND AKD PLILOAD
ASCENT AGEWA .'
P
} ' -
f -- STAIGEE' hl. "jf'
STAGEZ | ] { 15
bor N
r h = |
P h_;_-: — - —. ,'
[
-4
STAGE 1 R
3 STAGE ! A ma
. N
i | 0.
e agr=— KA
| X e
TITAN 34B TITAN 340/
No Upper Stage
9.6 131.3) 5.6 {31.3)
3.1 {10.1) 3.1 (10.0}
445.2 {101.0} 449.2 (101.0}
23.8 177.8) 23.8 {77.8)
3.1 (10.0) 3.1 (10.00

2,059.4 {463.0)
N/A

Titan

(Martin Marietta Denver Aerospace.)

2,363.0 {5629.0)

27.6 190.4)
3.1 {10.2) ea

6,227.2 (1,400.0) ea
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Froench launch vehicles
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Soviet launch vehicles

METERS
514}
SL-4
SL-6
SL 3 SL 1
40 SL-B
: A
- - _
20 |
|4
LIFT-OFF WEIGHT (kg)' 2900060 310000 313000 120000 180000
LIFT QFF THRUST (kg!' 410 000 420000 420000 160000 2ROOO0
PAYLOAD TO 180 km ikg)' 5300 7500 2100 1700 4000
100
METERS
20
MEDIUM-LIFT HEAVY-LIFT
LAUNCH VEHICLE' | AUNCH VEWICLF'
/A
60 \ .
RELISARLE [_ |
' SPACE [
Pl ANE IN r
40 [ DEVFE DPMENT 3
\ ‘,;:\
| |
= J.
20 ]
—)
0

LIFTOFF WEIGHT {kgl'
LIFT OFF THRUST (kg}!
PAYLOAD TO 180 km (kg}'

400000
600 000 3000000
15 000 + 30000

US Department of Defense.

5L.12 5L.13
- — SL14
F— —
L Hy Y
680000 670000 190000
00000 200000 280000
- 19500 5500
REAVY LIFT

LAUNCH VEHICLE'

WITH & OR MORE

2000000 STRAP ON BOOSTERS

4000000
150 000
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Spacecraft Attitude Determination and Control. J. R, Wertz, ed..
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Space Transportation System User Handbook. National Acronautics and
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Coordinate transformations

Components of a4 vector, r. in Cartesian (x,y. ), spherical tr, 8. ¢). and
cylindrical {p.¢. -) coordinates.

Z
!
[~
R
.,
"
~
S
"
LR
It |
|
r } £
0 i
4 : Y
~ T P
\\ { s
| /
¢ N i Sx
~ |
N
e _
¥

The following relationships exist between the Cartesian, Spherical, and
Cylindrical systems:
s =rcos i =z

J.____(-\.Z +_‘2_+_:1)l 2 :[,”2+:2}] 2

O=arccos z/(x* + y*+ ) 2 =arctan(p,z) 0<0<n

¢$=arc tan(y;x) = ¢ O<¢<2n
p=(x2 4yt =rsind

x=rsinlcos ¢ = pCOS ¢

v=rsin {/sin ¢ = psin g

Vector analysis

Vectors a and b defined in terms of the unit vectors i.j. k having the
directions of the positive x. v. and - axes respectively:
a=ui+aj+ak
b=bhi+bj+bk
The scalar product:

a‘b=ab +uab, +ab,



The vector product

asb—(ah —abitab, —abaj+tla b ~ bk

i j k
= | o,
ho b b

Vector dentitics:
abxc=(axb-.-c=b-{cxaj=(bxc)a
=c-{ax b)=(c xa)-b,
ax(bxey=ta-c)b—(b-aje.
(@ x b)-{e x d)={a-c}b-d) —(a-d}b-c),
(axb)x (¢cxd)=1((axbjdic—{axb)c)d.
The vector operator V:
Vi 4j. +k . —grad
Y cv ¢z

The divergence of a vector function F:

] | o

F
dvF=V.-F=i-"" +j-'C +k-C
tX 'y 'z
cF, F, ¢F.
V.F = a;"‘+‘,,“1+,\:-
CX cyo o0z

The curl of a vector function F:

Wl F=VxFoixFtjxF hxt
X oy €

E k

. [ [ i

T ox Cr 03

F, F, F.

Differentiation formulae:
Vidu=¢pV-u+u-Vo,
Vxgpu=¢Vxu+Vep xu,
V-uxy)=v.Vxu—u-Vxv,
Vxuxv)={v:Viu—{(u-Viv + u(V-v) —v(V-u),

Vinevi=u-V)v+ (v-Viu+ux (Vxvi+vx (Vxu),

Vx (Vpy=curlgrad ¢ =0,
V.iVxu)y=divecurlu=0,

397



Vx(Vxu)=curicurlu=V(V-u)—V:-Vu
=grad divu — V?u
V (Vg x V) =0

In these formulas w and v are arbitrary vectors and ¢. ¢,. and ¢, are
arbitrary scalars for which the indicated derivatives exist,

Surfuce imegrals
Divergence theorem:

J J V-Vdecﬁ; V-nds

Stokes® theorem:
I'" il

J n-(V x V)d.".{:i‘; V-dr

(

Green's thecorem:;
f.

JJJ [(blvlff’z - d’zvqul] dV = J]. n-(¢, Vi, — $, Ve, 1 dS,

where n is the surface outward unit normal.

Differential elements

Cylindrical coordinates
Line element:

ds=/(dr? + r?di) + dz?)
Area elements:

d§,=rdfdz, dS,=drdz, dS.=rd0dr
Volume element:

dV=rdfdrd:

Spherical coordinates
Line element:

ds = /(dr? + r¥d0 + r¥sin? 0 dg?)
Area elements:

dS, =r*sinfidfd¢p, dS,=rsin0drde¢, dS,=rdrdé
Volume element:

dV =r’sinfidrdtide




Dyefinite integrals

) , 5!
I[-JI L ‘\_if , . i ¥ ot ! i
o 0 -t
' e [ N DA B I
=t Jdi - I ( ) tn )
L _ i \ -
B l i ”! b
e tde-- e L2
Jur tf
L . - 12
¢ Ttody ' ¢ dy ' ]
A ] ' - -
. . NI YT m
ve Vdy =12 ‘ ] AN
Al Jn b W -
B T
erf x = e 'odr. error lunction
\ T o
A ,'n_ ?x T T i
o) — L‘na'( i° )d!. WA sm(
b ]
Ju = : i L — :
A L‘I
Fiy) = ' dr. exponential mtegral
Lt
Al r
IR (e tde gamma lunction
Jn
LoFin — e “Hindr Laplace transform
Ju

The Fourier transform

The Fourier transform of fix) is:

-

Fiy) — Fixie 7y
and
fix) = Fs)e'? ™ ds.
There ure two other equivalent versions:
oy
Flsy= fixvye ™dx,

-
o

l Fiy)e™ dy

i 1
fix)=

7 .
r“)df. I resnel integrals
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and

]

‘ flx)e ™ dx,

N

!

T emt?

Fix)

. { ! "
fixy= (27} 2J F(s)e"™ ds,

which are also used.
Useful definitions

The conrolution of two functions f{x) and g(x) is:

r

{‘ Slyglx —uw)du= f*xg= [ gl fix —uw)du=g+ [.
The autocovariance function of f(x) 1s:

2

FIxX)® flx)= f R e+ x)du

w rl

The uutocorrelation function of f(x) is:
oy

. ¥ Fle + xydu
my)=- 1

' Jan f* ) du

H0)=1

The cross-correlution of two functions gix) and h(x) 1s:

flx)= J‘ gl — x)h{u) du

I

The power spectrum of a function f{x} is:
2
= |Fis)|?

[ . f(Y]e 12mxs dx

V)

The normalized power spectrum is the power spectral density function:

ﬁF(}?)]2 ds

ooz

The equivalent width of a function f(x) 1s:

The filtering or interpolarion function, sine x:
SN X

§INC X =
X
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Fourier transform theoremsy

Theorem Ffix) Fis)y= fixye ™ dy
, I
Similarily Flax) K | Fis, dl
a
Addition Hixh+yix) Fis) + Gis)
Shift fix —a) e 2T E(N)
Convolution Six)*xg(x) F(3)G(s)
Autlocovariance Fa fix) |F[s) z
Derivative fix) i2msF{s)

Derivative of convolution:

1 _ ) ,
= [ fixyrglx)] = f(x)+glx) = f{x)*g'(x)
dx

Parseval:

| | f(x)|* dx = [ |F(s)|? ds

Multiplication:

™ x

Ll

FF(V)g(xydx = J‘J F*(s)G(s) ds

w o r

Sampling theorem:

A Tunction whose Fourier transform is zero for |s| > s, is fully specified by
values spaced at cqual intervals not exceeding 357 ' save for any harmonic
term with zeros at the sampling points.

(Adapted from Bracewell, R. ., The Fourier Transform and its Applications,
McGraw-Hill Book Company, 1978 )
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Fourier transform pairs
e . ™ dor . - T
fin = J Felim}e — Felioh = _[ Fitde '™ ot
o 2}: .
[~ .
$1in—
recl ! = Lilel < 772) Tsing —= T ,2
TOT T lage =T 2n ol
i :
! — & 2 7
-;im;_‘ ) sm:—r- . il Uil < ?;
: T~ m Frcu-;-— = ™ ]
B A T T el = nix
-27 27 ! 7T
¢ Wl ?
= Ir) s ol sin— Jdr oy an
] T el « 1) Tsindd 22 = 7| —& i T
! . 2 wr gl A
T ar O =D L) I 0 2
I T
b . 27
é T iri _.:’i_.
v T {edf1® + 1 , N
“TUT "o 1
R —
| fg’rlrr
PR J . :(;}2 J;_’_;r Te ;lw?:-z ) )
—éz_ o Lol
T—7 —
MJ )
du-T) e tComplex)
T
cos gt Adw—wyd+ N v anl T | 1
= {i, {1 (i
Sin @y f J'_r | 8o — p) ~ Sow + w | {Imaginary}
]
- n o 2
St - kT e dlw— == s
ool AT (i
= ! 3 Imyy 5 tEai o n
= ?;gwf r =*z,_,tl* o I_ 4_’1' ) '“TI
| -;'f T
b Im Im 6
P A S

{From Korn, G. A., Basic Tubles in Electrical Engincering. McGraw -Hill. New

York, 1965, with pcrmission.)



Special functions

Spherical harmonics

T2+ W —m)!
),' 2] ”‘ h) — Jr' ) : !)m (1% “ el"l(,'J
M) N [ dr(l + ) J eas 0)

& d "
PMeost) = (~ )" sin™ 0 ( ) Picosth | (m<1
dicas ()

[ I
Plcos () = 5 [( d(w«- ”!) { —sin? )t :|

Y, D0 ) = (= LY.L BT

. (f —n)!
P Meos ) =(— 1" PM(cos )
I+ m)!
1
=0 Yo=—
73
f=1 Y. e /( )coﬂ {}
VAT >

= —\/( )»m () e

/ S
-7 0 _ —_ 7, )._

[715
Y, = _\}K(E?T) sin € cos o™

s 2 }rf lS W Jigh
Y= !(1_} sIn= e~
'V A.;IT

7
[=13 Yl = ,f( -)(Scos-‘ {0 —3cos )
) lon
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Bessel functions
1.0“ 1_01—
osl-
J o {x) A ] 1x)
05+ asr-

£= = (_1>$ n+2s
LX) = z -——-(%) J,o Wb+ d L x) = (20/%) d, (X)

st{n + s)!

Jolx} = (2/mx) 1 cos(x —m/4)

{Adapted from Chantry, G. U. L., Long-ware Optics. Academic Press,
New York, 1984.)

Numerical analysis

Taylor series

- y e x=xg)?
f(xj=f(xo’+f (XO’(X_)CO]—FJ (xU) 51 ST
1) O R,
R,=[""Y(Q) be = xo)" " (xg << <X)
" o1y O

Quadrature
Trapezoidal rule

1] . .
flx)dx = h(qu +y+rg by, + "—’3) - R,
a \ 2 2

R,=5b—u)h?f"(x) (u< x, < b)
h={(b—aln, vi=flaet+kh), k=0,1,....n.
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Sitmpson’s rule (n cren)

. .
fiody - . [vo4+dv, + vt -+,
; : S vy, ab ] — R,

R, =jutb —a)¥™ix)) tu<x <h) h=(b—u)n

LY

Six-point Gauss Legendre

-

" h—u jrh—u)+b+u
T Y ey
e o W, {2
J” fixydx =2 EZI (4 27 f(l T +u - l)
where

oy = —2,=0238619186 |

2y = —z, =0.661209 386 5
zg= —z, =0932469 5142
W, =W, =04679139346
wy=w, =0.2360761573
we=w, =0.1713244924.

Lincar interpolation

(Xpey — X)) H X — X ) v
p=. ] £l FEEZD for x, < x <X,y g

A+ T X%

Approximations
Maximum
absolute

Fix) Approximation Parameters error

log, o x uf+ oy’ a, = 0.86304 6x 10 *

(15 (10 vt 0D 2= (v = 1)j(x + 1) a, =0.36415

1 N Sx 1077
arctan x §
- -+ 028

(—lEx=E1)

erl x | —fayt +ayt? +ayrde ™ p=0.47047 25%x 1073

10 v< ) F= 141+ px) «, =0.3480242

ay = —0.095879 8
ay =0.7478556

(Adapted from Hastings, C., Approximations for Digital Computers, Princeton,
New Jersey, 1955.)
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Curve fitting (linear least-squares)

v(x)= 3 u;p;(x), approximating function
i=o
N

l
L2 e
0= = [ri— v
=1 i
where
g; = standard deviation of the ith observation v,
N = number of observations.

-
“

Minimizing y2, - y>=0, yields the following set of normal equations:
(.Uk

N 1 B n N I
Z 2 J',—dJk(xl-) = Z (”j z 3 ﬁf)_,;(-‘(,')dJk(x,‘)jl) yJor k=0ton.
i-1 L% j—o N -1 L%

{For the case of a least-squares fit to a straight line, sce Chapter 17.)
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Probability distributions

Gaussian distribution

I(x—p\?
Pi{x,p.0)=(o/(2m) ! CXPI: 2 (.\ e “-) ]

where
x = value of random observation,
= mean value of parent distribution,
o = standard deviation of parent distribution.
o’ = vanance.
FWHM:
I'=235g,
Probable error:
PE = 0.67450.
Gaussian probability distribution Pglx, p,0) vs. x —p; [=23450;
probable crror (PE) = 0.67454. (Adapted from Bevington. P. R, Data
Reduction und Error Analysis for the Physical Sciences, McGraw-Hill
Book Company, 1969 )
04—
PE
0.3 i
—_ 3 —Pi )
t\
02 r
e
Q
01
/ \
L , \
0 | V ol o N T
—30 -20 —a 0 0 20 30



The Gaussian prabability distribution (v . m)vs. - =

409

X oulo

G4 |
g2
B
1 ol
X [
c 0
a [
r nosf
] -
0
< |
0w
g ooel-
o
ool —
Q.005 i L L 1 | 1 1 L I 4
" oo 2.0
s
The integral of the Gaussian probability distribution
Aglx e m) vse o =|v - gl where
Wz
Aglx.pa)= Polv e a)dx
Sz
{Adapted from Bevinglon, P. R.. Data Reduction and Ervor Analysis
Jor the Physical Sciences, McGraw-Hill Book Company, 1969.)
0.999 -

INTEGRAL PROBABILITY A, ix g0

agr

06

G4

Q2T

0.0

N

Z

113.173105 x 10™!
2(4.550026 x 10-?
3|2,699796 x 107’
416.334248 x 107"
5/5.733031 x 10"

QOmWm~-1m

1.873175 x 10°°
2.559625 x 10712
1.244 192 x 1071°
2.257177 x 107\
1.5239871 x 10°%}

1 i | 1 L.

.0

|x —u)
o

Z =

P W _l_.,_.Jﬁ_._l_._..._l._.__
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Binomial distriburtion
n!

Pu(x.n,p)= — p(l=p)

xtin — x)!
If p is the probability that an event will occur, then in a random group of
n independent trials, Py is the probability that the event will occur x times,
§=mean =np

6% = variance = np(1 — p)

Poisson distribution

X

e
Pp(x,;z)—;e /

P is the probability of observing x events when the average for a large
number of trials 1s g events.

3 .
07 = VATI4ICeE = it = mean

The probability of observing at least s events is:

Pixzs. )= ). £ ogmu

-1
PR
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Probabitity of n, or more randonm cvents with Paisson distribulion
when the expecied or mean number ol events is o as a function of the
threshold number . (From RCA Flectro-Opues Handbook, 1974
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Poisson distribution (cont.)

Probability of n; or more random events with Poissan distribution
when the expected or mean number of events is i us a function of the
threshold number n,. Curves for 1077 < n < 10 * are approximate.
(From RCA Electro-Optics Handbook, 1974}
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Chi-sguare disteibution, confidence fevels
The chi-squure distribution lor ny, degrees of freedom s given by
1

NN LI v, 1.2
Pl 1dy ”E’T(hl{’f} e 7 tdy

where & (for "hall™y = ny, 2
The confidence level CL associated with a given value of n, and an
observed 7 i the prabability of y? exceeding the observed value:
"
CL=| dgP, 7%

Ly

x> confidence fevel vs. 2 for ny degrees of freedom. (From Review of Particle
Properties, Lawrence Berkeley [aboratory. University of California. Berkeley.
CA, 1982))
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2 test of distributions

" [ flx;) — NP(x))]*
w2 — R A i L B
! J-Zl NP(x;)

where
f1{x;)=observed frequency distribution of possible observation x,,,
n = number of different values of x; observed,
N = total number of measurements,
P(x;} = theoretical probability distnibution.
y2=y2v  (for ¥? tests, ¥2 should be = 1),
v = degrees of freedom = # — number of parameters

calculated from the data Lo describe the distribution.

The prohability P,(z%.v) of exceeding 4 vs. the reduced chi-square
yI=y%v and the number of degrees of freedom .

l " .
L2y .2 2iv - 2y, xm 2 2
P iz%. v)- (W2 e dx

Tow 2
R RIVRIN

{Adapted from Bevington, P. R.. Data Reduction and Error Analysis
for the Physical Sciences, McGraw-Hill Book Company, 1969

0.0 05
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Propagation of errors

Sample mean:
I
v— S x;>p. parent mean.
o=
Sample vanance:

- 2~ a? parent variane
Ve IE[_\,- —X)* = @*, parent variance.

For x= flu.r....)

X = f(u.r....) the most probable value for x, and

gD S 2 A .
Cx Cx CXN/Ox
rr_f:-o-f( ~-) + ol — +2af,.(—,\— ',,—\-i-""
U or \cu \ e/
where
' 1 B ] | _
ar=lim > (i, —i ¢l=Ilim > (;—¢)
N g N N N
and

o] .
a2 = lim N S [, —w)r; — 6],  the covariance,

N

For u and r uncorrelated, o = (.

| east-squares fit to a straight line

Linear function:
v(x)=a + bx.
Chi-square:
1= Zl: lz (i —u— bxi)z]-
o’
a, = standard deviation of the observation y;.
Least-squares fitting procedure:

minimize y? with respect to each of the coefficients
a and b simultancously.
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Coeflicients of least-squares {it:

1 (X2 v A X e N
oy (TRE T
1 1 X; ¥ X; i
bzA'(anz I ?)

- 1 .‘C,-Z X; 2
a5 25 -(25)

Estimated variance:

1
gl ~ 5t = N Z iy, —a—bx;)?

5¢ = sample variance

Jncertainties in coefficients:
1 2 | 1

2 Gi:izaf
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Radiation physics

Uni1t of activity = Curie;
1Ci=3.7x 10'° disintegration s !,
Unit of exposure dose for X- and ;-radiation = Roentgen:
IR=1lesucm *=878ergg ' (549 x 107 MeV g~ ') of air.
Unit of absorbed dose = rad:
Irad=100ergg™' (6.25 x 10" MeV g~ '} in any material .
Unit dose equivalent (for protection) = rem:
rems (Roentgen equivalent for man) = rad x QF.

where QF (quality factor) depends upon the type of radiation and
other factors. For y-rays and HE protons. QF ~ 1: for thermal
neutrons, QF = 3 for fast neutrons. QF ranges up to 10; and for «
particles and heavy ions. QF ranges up to 20.

Maximum perniissible occupational dose for the whole body:
Sremyr™! (or ~ 100 mrem wk ~ 1),
Fluxes (per cm?) to liberate 1rad in carbon:
3.5 x 107 minimum ionizing singly charged particles,
1.0 x 10° photons of 1 MeV cnergy
(These fluxes are correct to within a factor of 2 for all materials.)

Radiation exposure (mremyr ') of a typical person in the US:

Natural sources Artificial sources

Cosmic radiation 28 Environmental 8

Terrestrial radiation 26 Medical 92

Internal isotopes 26 Occupational 1
Nuclear power 0.3
Miscellaneous k!

{This table has been adapted from Particle Properties Data Bookler, Lawrence
Berkeley Laboratory, Berkeley, CA, 1980, and Upiton, A. C..*The biological effects
of low-level ionizing radiation’, S¢i. Amer., 246, 41. Feb. 1982 )
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Maximum permissible flux for vccupational exposure to various types of
ionizing radiations {con:.)

Stopping power as a function of energy. (Adapted from Nuclear
Instruments und Their Uses, A. H. Snell, ed.. John Wiley and Sons.

1962 )
1010 EEEREEE _:i_,.t-%.: 7]
i 1. 3 - '1'_f”.'a‘*"'/.ff_ l-if.‘
S [T OXYGEN N o
! L beeeb d o .,_"_".__.._ e i e

STOPPING POWER £ (eV per g cm 2 of soft tissue)

o o G 1G
ENERGY [Muv}

Clinical effects of acute exposure to ionizing radiation

Dose (rem) Probable effect
0- 100 No illness
100 200 No or slight illness
200-600 0 90°, deaths, 2 12 weeks
600- 1000 9 100", dzaths, 1 6 weeks
1000-- 5000 100° deaths, 2- 14 days

> 5000 100", deaths, 0- 2 days

(Adapted from Glasstone, S. & Dolan. P. )., The Effects of Nuclear Weapons, US

Government Printing Office. 1977
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Astronomical catalogs

X-ray sources
Amnuel, P. R.. Cuseinov, O. H. & Rakhamimov. Sh. Yu.. 1979, 4p. J. Suppl..
41, 127
Bradt, H. V., Doxsey. R. E. & Jernigan. ). G.. 1978, Adr. Spuce Exploration. 3.
Farman, W. e «!.. 1978, Ap. J. Suppl., 38, 357.
Cooke, B. A. er al., 1978, M.N.R.A.S.. 182, 489,
Markert, T. H. et ul., 1979, 4p. J. Suppl., 39, 573.
Marshall. F. E. et al.. 1978, NASA Tech Mem. 79694,

Radio sources
Dixon, R. S.. 1970, Ap. /. Suppl.. 20. 1.
Finlay, E. A. & Jeones, B. B.. 1977, Aust. J. Phys.. 26. 3R9.

NGC IC objects

Sulentic, J. W. & Tifft, W. G.. 1973, The Revised New General Catalog of Non-
Steflur Astronomical Objects, University of Arizona Press,

Schmidtke, P. C., Dixon. R. S, & Gearhart. M. R, 1979, Palomar Sky Survey
Overlays, Ohio State University Radio Observatory.

Optical (non-stellur)

Dixen, R. S. & Sonncborn, G., 1979, Muster Opticul List, Ohio State

University Radio Observatory.
Infrared sources

Schmitz. M. et al., 1978, Merged Intrared Cuatalog. NASA Tech Mem 796%3
Goddard Space Flight Center, Greenbelt, Maryland.

Price, 5. & Walker, R., 1976, The AFGL Four Color Infrared Sky Surrey,
AFGL-TR-76-0208, Hanscom AF B, Massachusetts (Supplement
AFGL-TR-77-0160, 1977).

Gezan. D. Y. e2 al., 1984, Catalog of Infrared Obervations, NASA ref. pub.
1118,

Gamma-ray sources
Wills, R. D. et al,, 1980 Adv. in Spuce Exploration, Yol. 7, Pergamon
Press.

Quasurs
de Veny, J. B, Osborn, W. H. & Hanes, K., 1972, Pub. AS.P., 83,611,
Burbidge, G. R., Crowne, A. H. & Smith, H. E., 1977, Ap. J. Suppl.. 33, 113
Hewitt, A. & Burbidge. A., 1987, Ap. /. Suppl.. 63. 1.
Hewitt, A. & Burbidge, G. R, 1980. 4 Revised Optical Catalogue of Quusi-
Steflar Objects, Ap. 4. Suppl.. 43, 57,

Clusters of galaxies
Abell, G, 1958, 4p. J. Suppl., 3, 211.
Klemola, A. R., 1969, 4./, 74. 804.

Sevfert guluxies
Weedman, D. W., 1977, Ann. Rev. Astr. Ap., 15, 69.
Adams, T. F.. 1977, Ap. ! Suppl., 33, 19.

Markarian galoxies

Peterson, 5. D.. 1973, A.J.. 78. &1 1.

Galaxies
Sandage, A., 1961, The Hubble Arlus of Galaxies, Camnegie Institute,
Washington, DC,
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Zwicky . b oot wll 1961 68, Cardluyg of Craluxies wmd Clusters of Galaxies.
Bovols . Califs Inst. Tech. (Pasadeni).
Vorantsoy Velvaminoy, 1964, Aforphological Catalog of Gulaxtes.

Rright guluie
de Vaucouleurs. G, & de Vaucouleurs. A 1964, Reference Cataloy of Bright
Galuxiex, University of Texas Press (Austnl.
Dressel. L. L. & Condon. 1. ). 1976, 4p. .1 Suppl. 31 187

Peculivr galaxies
Arp, H.. 196G, Ap. J. Suppt. 123, 1.

i 1f regions in galuxies
Hodge. P. W., 1969, Ap. J. Suppl.. 1587, 73
Lynds. B. T.. 1974, Ap. J. Suppl., 267, 391

Infrared galaxies
Reike. G. H.. 1978, Ap. J., 226, 550
Reike. G. H. & Lebofsky, M. J 1478, Ap. J.. 220, L37
Reike. G, H. & Low, .1 1972, 4p. J. 176, L95,
Neugebauer, G.. Becklin, E. E.. Oke, J. B. & Scarle. L., 1976, Ap. J., 205, 29.
Kilcinmann. D. E. & Low. F.J.. 1970, Ap. J.. 1539, L165.

Stars

AGK 3 Star Cutalogue. 1975, Hamburger Sternwarte (Hambury).

Smithsonian Astrophysical Observatory Star Cutalug, 1966, Smithsonian
Publ. 4652, LS Government Printing Office, Washington, NC.

Hofleit. D, 1964, Cunddogue of Bright Stars, Yale University Observatory {New
Haven).

Fricke, W. & Kopf. A.. 1963, Fourth Fundumental Cataloy (FK4), Braun
(Karlsruhe).

Nugy. T A, & Mead, )., 1978, JID-SA0-DM Cross Index. NASA Tech.
Mem 79364, Goddurd Space Flight Center, Greenbelt, Maryland.

Schmidtke, P. .. Dixon, R. 8. & Gearhart, M. R_, 1979, Palomur Sky Survey
Orertays, Ohio State Radio Observatory.

Gattlieb, D. M., 1978, Ap. J. Suppl., 38, 287,

Hirshield. A. & Sinnott. R, W .| 1981, Sky Cutalogue 20000, Sky Publishing
Corp. (Cambridge, MA).

Rufener, F.. 1980, Third Catalogue of Stars Measured in the Geneva
Dbserratory Photometric System, Observataire de Genéve, Switzerland.

Star clusters and associations
Aller. .. Balazs, B. & Ruprecht, )., 1970, Cuialigue of Star Clusters and
Aswociations. Akadémiai Kiado (Budapest),
Fenkart. R. P, & Binggeli. B., 1979, Astron. Ap. Suppl., 35, 271.
Becker, W. & Fenkart, R, 1971, Asiron. Ap. Suppl.. 4, 241,

Supergianis, O sturs, and OB associutions
Humphreys, R, M., 1978, 4p. J. Suppl.. 38, 309,
Cruz-Gonzales, C.. Recillas-Cruz, E., Costero, R., Peimbert. M. &
Torres-Peimbert. S.. 1974, Revista Mo vicana de Astronomua y Astrofisicd. 1.
211
Luminous Stars in the Northern Milky Wuyr, 6 vols., 1959-65, Hamburger
Sternwarte and Warner and Swusey Observatorics (Hamburg-Bergedor).

Vieriable stars
Kukarkin, B. V. ¢t «f., 1969, Catalngue of Variable Stars, 3rd edn. Astron.
Council of the Academy of Sciences in the USSR (Moscow) {plus
Supplements).
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Ultracioler
Catalogue of Stellar Ultravioler Fluxes, 1978, The Science Research Council,
White dwerfs
McCook, G. P. & Scion. E, M.. 1977, 3bs. Contrib., No. 2. Villanova Univ,
Nearhy stars
Gliese. W.. 1969, Catalogue of Nearby Stars, Verdffentlichungen des
Astronom., Rechen-1nst.. Heidelberg, No. 22, Verlag G, Braun (Karlsruhe),
Woolley, R.. Epps, E. A, Penston, M. I. & Pocock. S. B.. 1970, Roy. Obs.
Ann.. No. 5.
Halliwell, M. )., 1979, 4p. J. Suppl.. 41. 173,
Ghiese. W, & Jahreiss, H., 1979, Astron. Astrophys. Suppi.. 38, 423,

Proper mation and halo stars
Eggen, O. J.. 1979, 4p. J. 230, 786.
Eggen, O, J.. 1979, Ap. J. Suppl.. 39, 89,
Eggen. O. 1. 1980, Ap. J., 43, 457,
Luyten. W. 1. 1979, NLTT Catdlogue. 4 parts, Univ. of Minnesota
{Minneapolis).
Luyten. W_ I 1963, Bruce Proper Motion Sureey. 2 vols.. Univ. of Minnesota
(Minneapolis).
Luyten, W. J., 1961, A Cutcelog of 7127 Stars in the Northern Hemisphere with
Proper Motions Exceeding 0.2 arcsec Annually. Lund Press {Minn.).
Luyten, W. 1., 1976, A Catalog of Stars with Praper Motions Exceeding
0.5 arcsee Annuelly, University of Minnesota (Minneapolis).
Giclas, H.. Burnham. R. Ir. & Thomas. N. G., 1971, Lowell Proper Morion
Surrey (The G Numbered Stars), Loweli Obs. Buil.: Nos. 118, 125, 141, 153,
163, Lowell Obs., Flagstaff (Arizonal,
Doubie stars
Aitken, R. G, 1932, New General Catuloy of Double Stars within [20 of the
North Pole, Publ. 417, Carnegie Inst.. Washington.

Rudial refocities

Abt, H A, & Biggs, E. S., 1972, 4 Bibliogruphy of Stellar Radial Velocities,
Kitt Peak National Observatory.

Evans. 1. 5. 1978, Catulog of Stellar Rudial Velocities (microfiche),

Moare, J. H., 1932, A General Cutulng of the Radil Velocities of Stars,
Nebulue, und Clusters. Publ. of Lick Obs., Vol. 18, Univ. of Calif. Press
(Berkeley).

Wilson, R. E., 1953, Generul Catalog of Stellar Rudial Velocities Prepuared i
Mounr Wilson Observatory. Publ. 601, Carnegic Inst., Washington.

Stellar spectra

Houk, N. & Cowley, A. P., 1975, Unir. of Michigan Cutaelog of Two-
Dimensional Spectral Tvpes for the HD Stars, Vol. I {Ann Arbor),

Buscombe, W., 1977, MK Spectral Classifications. Third General Catalog,
Northwestern Univ. (Evanston. Illinois).

Kennedy, P. M. & Buscombe, W., 1974, MK Spectrul Classifications Published
Since Jaschek™s La Plata Catulog, Northwestern Univ. (Evanston. Hlinois).

Jaschek, C., Conde, H. & de Sierra, A. C., 1964, Cutalng of Steliar Spectru
Classified by the Morgun—Keenan System, Qbs. Astron. de la Univ. Nacional
da la Plata (Argentina).

Seitter, W, C., 1970, Arlus fiir Objekiir-Prismen-Spekiren, Dimmler {Bonn).

Breakiron, L. A. & Upgren, A. R., 1979, Ap. J. Suppl., 41, 709,
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Clobidar clustors
Hirrs. W L 1976, 4.0, BL. 045,
Arp. L. 196610 Galuctic Structure, ods. AL Blaguw & M. Schmidt, Univ. of
Chicago Press, p. sl

Plynetury nebuly
Perck. 1. &Kohoutek. L.. 1967, Catalagne o Galactic Planetary Nebula
Crechoslovak Acad. of Sciences (Prague).

Reflection nebulue
van den Bergh. 5. 1966, 4.J..0 71, 990,

Supernord renmunts
Downes. D.. 1971, 4.7., 76, 105,
Clark. D. and Caswell, J.. 1976, M.N.R.A.5.. 174 267

Pulsars
Manchester. R. N., Lyne, A. G., Taylor, ). H., Durdin, J. M., Large. M. 1. &
Little, A. G.. 1978, M .N.R.A.5., 185,409
Damashek. M.. Taylor. ). H. & llulse, R. A.. 1978, Ap. J. 225, L3].

OH musers
Tumer, B. E., 1979, dsiron. Ap. Suppi., 37. L.

0 clouds
Kutner. M. L.. Machnik, D. E., Tucker. K. . & Dickman. R L. [9R0,
Ap. J.. 237,734,

11 1 regions und spiral structure
Georgelin. Y. M. & Georgelin, Y. P., 1976, Astron. Ap., 49. 57.
Mariaklova, P.. 1974, Ap. Spuce Sc., 27, 3.

S GHz continuum surveys {gulactic plane)
Altenhoff, W. I.. Downes, ., Pauls, T. & Schraml, J., 1978, Astron. Ap.
Suppi., 35, 23.
Haynes, R. F., Caswell, §. L. & Simons. L. W. J., 1978, Australiun J. Phys.,
Ap. Suppl.. 45, 1.
Haynes, R. F., Caswell, ). [.. & Simons, L. W. )., 1979, Ausiralian J. Phys.,
Ap. Suppl., 48. 1.

Rudie recombinarion line surcveys
Downes. 1. vr ol 1980, dstron. Ap. Suppl. 40, 379,
Reifenstein, E. C. I11. Wilson, T. L.. Burke, B. F.. Mezger, P. G. & Alienhoff,
W. 1., 1970, Astron. Ap., 4, 357,

H I {21 cm) surrevs
Heiles, C. & Habing, H., 1974, Astron. Ap. Suppl., 14,
Heiles, C. & Jenkins, E. B., 1976, Astr. Ap., 46, 333,

Sun
Solar-Genphysical Datu \monthly, 2 partsy, NOAA. National Geophys. and
Salar-Terrestrial Data Center (Boulder); Solur-Geaphysical Data. Descriptive
Text, 1974, Wo. 354 (Suppl.).
Planets

American Ephemeris und Nautical Almanac (yearly), US Government Printing
Office, Washington. DC; Explanatory Suppl.. 1975. HM Stationery Office,
London.
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Steflur rotational velocities

Bernacca, P. L. & Perinotto, M., A Catulog of Stetlar Rotational Velocities,
Contrib. Oss. Astrofis. Asiago, Univ. Padova, No. 239, 1970; No. 250, 1971;
No. 294, 1973,

Boyarchuk, A. A. & Kopylov, I. M., 1964, A General Catalog of Rotational
Felocities of 2558 Stars, Publ. Crimean Astrophys. Obsery , 31, 44.

Uesugi, A. & Fukuda, 1., 1970, A Catalog of Rorational Velocities of the Stars,
Contrib. Instit. Astrophys. and Kwasan Obser. Univ, Tokyo, No. 189,

Radio gulaxies
Burbidge, G. & Crowne. A. H., 1979, Ap. J. Suppl.. 40, 583.

Dark clouds
Lynds, B. T., 1962, Ap. J. Suppt., 7. 1.
Binaries
Batten. A. H., Fletcher, I. M. & Mann, P. J., 1978, Seventh catalogue of the
orbital elements of spectroscopic hinary svstems, Pub. Dominion Astrophys,
ks, vol. XV, No. 3.
Wood, F. B., Oliver, J. P, Florkowski, D. R. & Koch, R. H., 1980, Finding
list far observers of interacting hinary stars, University of Pennsylvania Press.

Muchine-readuble astronemical cutulogues
The Astronomical Data Center of the NASA-Goddard Space Flight Center,
Greenbelt, MD 20771, maintains a large number of machine-readable
astronomical catalogues. See Astronomical Data Center Bufletin,
NSSDC /WD NASA-Gaddard Space Flight Center.

Selected astronomical catalog prefixes (see references in previous
section)

X-ray und gammg-ray

IE HEAO-2 (Einstein},

H HEAOQ-1, A-2 experiment {GSFC).

XRS Amnuel ef af. compilation.

4U, 3U, etc. Uhuru cutalogs.

IM 050-7 catalog (MIT},

2A A Ariel catalogs.

25 SAS-3 source (MIT).

CGS Bradt er al. galactic sources.

MXB MIT burst source (Bradt er ul.).

CG (cosmic gamma-ray), usually COS-B source.

Radio

G lgalactic coordinates), various sources - usually continuum surveys.
iC i{3rd Cambridge) 1959, Mem. R.4.5., 68, 37; 1962, 68, 163.
4C {4th Cambridge) 1965, Mem. R.AS., 69, 183; 1967, 47, 49.

w (Dwingeloo) Westerhout 1958, B.AN ., 14, 215,



429

CTALCTB. CED O Cal Techt 1960, Publ. 4.85.P.0 T2, 237 Cal. tech, Radiv., (M.
Reperts 1#2) 1960 A5 1963, 4./ | 68, |K1

NRAO {Green Bank) 1966, 4p. J Suppl 116,

PK3S (Parkest 1904, Awstrafiun 1. Phys 17,3400 1965, 18, 329: 1966, 19,
351966, 19, K37 (96K, 21, 377,

MSH (Sydney) Mills. Slee & Hilll 1958, dusirafian 4. Phys., T 360: 1960,
13, 676: 1961, 14, 497,

QA 07 (Ohie State) 1966, Ap. J., 144, 1967, 4.0, 72. 536: 1968, 73. 381:
1969, 74, 612. 1970, 75. 351: 1971, 76, 777,

AMWW i Bonn) Altenhofl, Mezger, Wendkur & Westerhout. 1961 Publ.

Cir. Ohs, Bonn.. No. 39,

Optical -stars general

HD Henry Draper Catalog 1918-25, Harvard Ann., 91-100.

AGK # Astronomische Gesellschaft Katalog.

FK # Fundamental Katalog.

SAOQor ## # # ## Smithsvonian Astrophysical Observatory Cataiog.

GC General Catalog. Boss. 1936, Carnegte Inst. Wash. Publ. 46¥,

BD Benner Durchmusterung, 1860, Beob. Bonn. Ohs., 3. 4: 5,

sD Southern Durchmusterung. 1886, Beob. Bonn. Obs.. 8.

CD (or CoD) Cordoba Durchmusterung, 1892, Result. Natl. Obs. Argentina, 16:
17; 18: 21a; 21b.

CPD Cape Photographic Durehmusterung, 1896, Ann. Cape Obsy.. 3. 4;
5.

DM BI3, CP, CPD combined.

T o##ELL Usually DM catalogs.

HR (Harvard revised) Harvard Ann., 1908, 50,

RS (Bright star} Yale Bright Star Cataleg. Follows HR numbering

system (BS =HR #).

Optical- stars proper motion
Ga#E#F-###

tor GD, H() Lowell P.M. Surveys.
BPM jor L) Bruce P.M. Survey.
LP (Luyten-Palomar} 1969a, 1969, Luyten 1963, P.M. Survey
with the 48-Inch Schmide, Univ. Minn., Minneapolis.
LHS (Luyten Half-Second) Luyten, 0.5" yr ', P,M. Survey.
LTT Luyten, 0.2 yr~', P.M. Survey.
NLTT Luyten, new P.M. Catalog.
LB, eic. other Luyten P.M. Catalogs.

Optical stars-miscelluneous

EG or GR {White Dwarfs) Eggen and/or Greensicin: EG: Ap. J., 1965, 141,
B3; 1965, 142, 925; 1967, 150, 927; 1969, 158, 281. GR: Ap. J.,
1970, 162, LL55; 1974, 189, L131; 1975, 196, L117; 1976, 207,
L119; 1977, 218, L21; 1979, 227, 244, Also Greenstein, 1976.
AJ. 81, 323; 1976, Ap. J., 210, 524,

GL Gliese, W., 1969, Catalog of Nearby Stars, G. Braun, Karlsruhe,
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Y 1Yale] Jenkins, L. F., 1932, General Cutalog of Trigonometric
Stetlar Paraffaxes. Yale Univ. Obs , New Haven. (Also 19613,
Suppl.)

(Yerkes) van Alicna et al.. A0, 1969, 74, 2: 1971, 76, 932; 1973,
78, 781 1973, 78, 201; 1975, 80. 647,

HZ Humason & Zwicky, 1946, Ap. J., 105, 85 91,

Wolf {or W} Nearhy star discovered by Max Wolf (see Gliese catalog for data).

Ross tor R} Nearby star discovered by Frank Ross {see Gliese catalog for
data).

PHL (Ton. Tn. TS} {Palemar-Haro-Luyten) Haro and Luyten, 1962, Bof. Obs.
Tonantzintia v Tacuwbaya, 3, 37. (Faint blue siars,)

VB Van Bicsbrocek. G.. 1961, 4.J., 66, 528.

Feige {or I} Feige. 1958, Ap. J.. 128, 267.

Optical-stars—variable
Naming convention (if no standard name}:
Consteliation preceded by the following combinations in order of variability

discovery:
R.5.T,...,Z,RR.RS,...,RZ,S88,...,82,...,ZZ, AA AB.... AZ,
BB,.. .BZ...., QQ.. ... Q7Z, ¥335,V336, ... (Note: the letter J is not
used.)

Optical-miscellaneous gulactic

TR Trumpler, R.. 1930, Lick Ohs. Bull., No. 420 {associations),

Coll Collinder, P., 1931, Ann. Ohs. Lund., No. 2 {associations).

RCW Rodgers, Campbell & Whiteoak, 1960, M.N.R.A.5., 121, 103 {H II regions).

R Reflection nebula, preceded by constellation, as in Mon R2.

5 Sharpless, 1959. Ap. J. Suppl., 4, 257 (H 1I regions).

SS Stevenson and Sanduleak object.

HH Herbig-Haro object. Herbig, 1951, Ap. J., 113, 697; Haro, 1952, Ap. J., 11§,

572, Herbig, 1974, Lick Obs. Buil., 658.

Opticul-general- non-stellur
NGC Direyer’s New General Cutdlog.
IC Drever’s Index Cutuloyg.

Optical ¢ xtragalactic

Mrk {or Mkn) Markarian, Astrofizika (in Russian), 1967, 3, 55; 1969, 5,
443; 1969, §, 581; 1971, 7. 511 1971, 8, 155; 1973, 9, 488; 1974, 10,
207: 1976, 12, 390; 1976, 12, 657 1977, 13, 225.

Zw Zwicky,
MCG Muarphological Catalog of Galuxies.
Infrared

IRC {or TMSS)} {Infrared Catalog) MNeupebauer, G. & Leighton, R. B., 1969, Two-
Micron Sky Survev. Cal. Tech., NASA SP-3047.

AFGL Air Force Geophys. Lab.

GMS Gillewt, Merrill & Stein, 1971, Ap. J., 164, 83.

Hall Hall, R 1. 1974, A Cutalog of 10-pom Celestial Objects, Space and
Missile Systems Org.. SAMSO-TR-74-212.

MIRC Merged Infrared Caralog.

BN Becklin-Neugebauer object (in Orion Nebula), 1967, Ap. J., 147. 799,

KL Kleinmann-Low object (in Orion Nebula), 1967, Ap. J., 149, L1.

{The material in this chapter was prepared by C. W. Maxson of the
Harvard/Smithsonian Center for Astrophysics.)
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Diskettes for PCs
A template library is available for IBM PCs and compatibles running
DOS 2.0 or higher versions. This library is for version 1A or higher of
LOTUS™ 1-2-3 and all compatible spreadsheet programs. The library is
available on diskettes and contains most of the complex formulae and much
of the tabular data of this handbook and additional material. 1t is menu-
driven and will yield graphical and tabular output for "what-if” problems in
spherical astronomy. including coordinate transformations and rigorous
precession and nutation corrections, planetary positions, binary star
orbits, L'V, X-ray. and gamma-ray absorption coefficients. relativity, unit
conversions, plasma physics parameters, synchrotron radiation, least-
squares fitting, statistics, electron ranges. X-ray reflectivity, blackbody
radiatton. vacuum physics. interstellar photoelectric absorption, and
atmospheric absorption.

Requests for information should be directed to SCIENCE wks, P.O.
Box 426. Winchester. MA 01890, USA.






Index

Abcrration. 124 § standard. 8
constunt, 10 structure, 243
Absolute magmtude, 103 temperature vs. altitude, 238, 242
ot galaxies, 85 transmission, 164
of stars. 45-9, 105 LS standard. 241 -2
Absorption cross-sections, 177, 198 202,298 Atmospheric compaosition, 239
oscillator strength. 257 constituents, 239
Abundances, 30, 221 3 depth, 229
AGNs. 87 opacity. 155, 240
Alfven speed, 284 transmission. 164
Alpha particlc suurces, 312 Atomic energy levels, 258-60
range-energy. J08-9 mass unit, 8, 10, ||
specific energy loss, 3 number, 20 1|
Angstrom unit, ! physics, 256 7
Angular density vs, redshift. 253 scatlering coefficient. 257
stze vs. redshift, 250-51 scaltering factor, 322
Apparent magnitude, 98 time. 107 §
place, 125 weight, 20-1
solar time, 107, 125 Attenuation coefficients, 2191-303
Approximalions. 405 of electromagnetic radiation. 291-303
ASCII character set, 370-3 lengths, 295
Astranomical catalops. 424-% of photons in the atmosphere, 79, 203, 240
catalog prefixes. 428-30 ol photons in the mterstellar medium.
coordinate transformations. 111 198--202, 204
facilities. 114-19 Autocorrelation lunction, 400
photometry, 98-102 Autocovariance function. 400
unit, 10, 126 Avogadro’s constant, &

Astraphysical plasma parameters, 286
Atmaosphere. attenuation of photons in, 203,

240
compaosition, 239 Background, EUV, 172
consttuents, 239 gamma-ray, 216
density vs. altitude, 2338 mfrared, 162 3. 165
electron density vs. altitude, 239 microwave, 143-4
International Reference, 238 X-ray, 197

pressure vs, allitude, 241 Ballistuc coefTicient. 380
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Bar, 13
Barn. 11
Bessel function, 314, 404
Besselian year, 107,139
Beta-ray attenuation, 308
range-energy, 311
Binary number system. 16
Binary star elements, 41
Binomial distribution, 410
Blackbody, flux densities. 165
radiation, 268-9
BL Lac objccts, 88
Bohr magneton, 3, t0
radius, 3, 10
Bolometric correction, 68 70, 102
magnitude, 102
Boltzmann constant, 7, 10
formula, 357
Roolean algebra, 373
Bragg-Kleeman rule, 308
Bremmstrahlung radiation, 206 §. 276
Brighter galaxies, 82
Brightest stars, 44-9
Brightness. Moon, 1035
night sky, 106
planetary, L06
Sun, 106
temperature, 165
BTU., 13, 19

Calorie, 11, 19

Celestial coordinates, 110
sphere, 109

Cepheid variable, 62

Characteristic lines, 320

Chart, cquatorial to galactic coordinates,

112
precession, 113
slar, 38-9
Chi-square distribution, 413
lest, 414
Chromosphere, 27
Civil day, 107
Classification, spectral, 64-3
of variablc stars, 62-3
star, T
Clinical effects of radiation, 426
Clusters of galaxies, 91-2, 193
Color excess, 103
index. 99, 103
temperature. 163
Comets, j6

Complon scatlering. 272-5
inverse, 274
shift, 272
wavelength, 4. |0
Constellations. 40--3
Constants. astronomical, 10-11
numerical, 16
physical, 2 10

Conversions, 11, 12-15, 19, 278, 343

Convolution, 400

Coordinate transformatians, 396
Corona, 27

COS-B catalog, 212

Cosmic background rudiation, 143-4

temperature, 11

Cosmic ray abundances, 22t 3
altitude variation, 228
composition, 220
encrgy density, 93
magnetic rigidity. 225
spectra, 224

Cosmological constant, 248
data, 11

Cosmology. 24R-54

Caloumb gauge, 278
logarithm. 2835

Crab nebula, 64, 192, 212, 215

Critical density, 11, 249

Cross-correlation, 400

Cryopenic fluids, 334

Crystal properties, 319
rocking curve, 318
scintillators, 366-7
solid-state, 366-7
speetroscopy. 318

Curie, 11, 418

Data transmission nomogram. 7%
Day, civil, 107
sidereal. 107
solar, 107
Debye length, 284, 286
Definite integrals, 399
Density, critical. 11, 249
of crystals. 319

data for astronomical objects, 94

of elements. 201
of hydropen. 180 2
ol detector maternals, 366-8

Detectors, visible and ultraviolet. 348 -58

X-ray and gamma-ray. 358 69
Deuwteron magnetic moment. 6
mass. &



[MWffrachon, 337 8 rest energy. 3
Dispeersion mesure. 33 spin, 17
[stanee. luminosity . 250 storage ning. 3ln 17
modalus, 103 lemperature, 286
vs redshift, 232 thermal velocity, 284
Dopoler elfect, 246 volt, &
shefl. 257 Elementary particles. 17 ¥
width, 257 Elements. abundance, 30
Dynamical form factor, Earth, 10 atomic numbers, 20-1
atomic weights, 24
Earth’s atmuosphere, 132 43 botling points. 20-1

densities, 20 |

melting points, 20- |

periadic able, 20-1
Emission coefficient, 279

dynumical Torm factor, 10
enviranment, 232 44
eqaatorial radius, 10
eqratorial surface gravity, 31

mignetic dipole moment, 10 of hot plasma. 276-7

megnetosphere. 234 line widths. 71

mass, 10. 31 lines, 173, 206, 276

mean surface gravity, 10 Emissivity. 279

radiation envirenment. 232 35 Energy content of space, 93

raclius, 10. 31 conversions, 19

rotational energy. 19 density of the Galaxy, 82

rotation rate, 1) tevels, 258-61

satellite Ifetime, 380 loss, 304-10

total heat content. 19 Ephemeris day. 10
Eclipaic. 109 second, 107

time, 107 X, 129

vbliquity of. 111
Equatoria] coordinates. 111

svstem, 111

Effective temperature, 68-70. 103, 165 system, 111
Einstein coefficient, 257 Erg. 19
field cquations, 248 EUV absorption cross-sections, 177
Electromagnctic conversion tahle, 278 attenuation, 179
defnitions., 279 background, 172
field strength tensor, 247 sources, 171
rad iation altenuation, 291-303 spectra, 1734
spectrum nomogram, 281 spectral features, 175
Electron charge, 2. 4, 10. 17 strong lines, 176
classical radius, 4. 10 Excitation data for gases, 365

Compton wavelength, 4, 10
cosimic rays, 224

density, 27. 156, 286 Faraday constant, &

drift velocity, 284 rotation, 154

‘encrgy loss, 304 7 Feigenbaum’s number. 16
energy standards, 313 Filter materials for X-ray detectors, 368
flux contours, 235 Fine structure constant. 3, 10
gyrofrequency. 284 Fluprescent converters. 358
gyroradius, 285 yields, 304

-iom collision frequency, 2835 Flux unit. 11

magmetic moment. 4, 17 Fourier theorems, 401

masis, 3. 10, 17 transforms. 388-402
raduus. 4. 10 Fraunhofer diffraction, 338
range-energy. 337, 311 Fresnel's equations. 323

resistivity, 283 Friedmann universes, 248

L
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Fundamental physical constants, 2-10

Galactic coordinates, 111
Galaxies. classification, 84

clusters. 91-2

liners, 89

local group, 83

luminous emission. 11

mean sky brightness. 11

named. 86-7

nearby. 84

radio. 89

selected brighter, 8BS

Seyfert, 88

space density, !

X-ray emission, 193
Gualaxy. age. 82

diameter, §2

energy density, 82

luminosity, 82

mass, 82

nucleus, 82

period of rotation. 82

praperties, 82

type. 82
Guamma-ray absorption, 291-303

attenuation. 291-303

background, 216

Crab Nebula spectrum, 215

detectors, 369

downward flux, 218

energy standards, 312

production in the atmosphere. 227

source catalogs, 212-13

source map., 212

sources, 212, 214

spectral features. 217
Gaunt factor, 276
Gaussian distribution, 408
Gaussian gravitational constant, 130
Gauss-Legendre gquadrature, 405
Geocoronal emission, 172
GMT, 109
Grating spectroscopy. 321
Gravilational constant, 2, 10
Gravity, Earth surface, 10

planctary surface. 31

solar surface, 25
Gregorian calendar, 31
Greck alphabet. 22
Gyrufrequency, 284
Gyroradius, 285

HEAO Al All Sky Mup, 183
Henry Draper spectral classification. 64
Hexadecimal number system. 16
Hertzsprung - Russell (HRY diagram. 66
Hour angle, 109, 111, 131
H R diagram, 66
HST. 1204
Hubble, classification of galaxics. 84
constant. 11
distance. 11
radius, 249
Space Telescope. 1204
time. 11
Hydrogen densities. 81, 180-2

IEEFE interface, 377
[mage intensifier. 350
Index of refraction, 322, 325
Infrared buckground, 162 3
diffuse Muxes, 163
source iIcmperalures, 165
sources, 160 -1
trunsmission of the atmospherc. 164
lonospheric electron density. 156
Intensity, 11, 279
International atemie time, 108, 132
Inlernational Reference Atmosphere, 23X
[nterplanciary medium, 153
Interstellar abundances, 199-202
FUV attenuation, 179
extinction, 178
gas parameters, 81 )
hydrogen densities, 81, 180 2
magnetic icld, 81
medium, 154--5
medium cross-section, 198-202
photoabsorption cross-sections, 198-202
reddening. 103
reddening law. 104
scintillation, 155
fon gvro-frequency. a4
gyroradius. 285
sound velocity. 284
lonization dala for gases. 365
foss. 304-7
lonosphere, 156, 243, 286

Jansky, 11

JHKLM sysiem. 101

Joule, 11, 19

Tulian calendar. 132
data, 107, 132



K alpha, 262 3
beta, 262 3
edge. 92
lines, 22 3
saries, 262 3
Kepler™s third law. 61
kev, 1l
Klein-Nishina cross-section, 272-4

L alpha, 264- 5
beta, 264 5
lines, 264- 3
sCrics, 264--5
Latnch vehicles. 384-94
Least-squares fit, 406, 415
Light speed, 2, 10
vear. 11, 133
Lineur interpolation, 405
Liner Jeast-squares, 406, 415
Liners, 8Y
Local group of galaxies, 83
Logic gates, 374
Loc k-back time, 254, 249
Lorentz factor, 271
[cree, 247
gauge, 278
transformation, 246
Loschmidt constant, 7
LS coupling, 256
Luminesity, absolute, 102
class, 63
distance, 250, 252
funclions, 74-5, §0-1
stellar, 72-3
vs.. surface temperature, 66
Magnetic dipole moment of Earth, 10
field, 81 2, 93, 286
rigidity, 225
Magnetosphere, 244
Magnitude, stellar, 98
Maim sequence, 66, 689
Mass, atomic unit, 8, 10, 11
attenuation coefficients, 291-303
data for astronomical objects, 94
[unction, 74-5
loss rate, 170
rellativistic, 246
rest, 246
Mathematical formulae, 17
Max well's equations, 247, 277, 280
Max well velocity distribution, 283
Mean free path, 333
life of elementary particles, 17- 18
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magnelic ficld in a plasma, 285
place, 134
Mesons, 17 18
Muessicr catalog. 95 7
Meteor streams, 37
Microwave background. 1434
MK luminosity class, 65
Mile. nautical, [t
stalute, 11
Moon, apparent magnilude, 105
phase law, 105
physical elements. 31
MTF, 333-7
Muon charge, 17
magneiic moment, 4, 17
mass, 4, 17-18
mean life, 17-18
spin, 17 18

Natural satellites, 33 5

Neutrino charge. 17
energy density, 93
magnetic moment, 17
mass. 17
spin, 17

Meutron charge, 17
Compton wavelength, 5
magnetic moment, 6, 17
mass, 5, 6. 10, 17-18
mean life, 17-18
spin, 17 18§

Night sky brightness, 106

Novag, 63

Number system conversions, 16

Numerical analysis, 404- 6
constants, 16

Nutation, 134
constant, 10

OB associations, 59-60
Obliquity of the ecliptic, 10, 135
QOctal number system, 16
Optical constants, 325

depth. 179

telescopes, 114-18, 1204, 33940
Oscillator strength, 257

Parallax, 135

solar, 10
Parallel interface, 376
Parsec, 11, 135
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Particle production, 226
Pascal, 13
PDMF. 74-5
Periodic table af the elements, 20
Permeability of vacuum, 2
Permittivity of vacuum, 2
Photocathode, 349, 3153-7
Photodiode. 348-9
Photometry, 341 7
astronomical, 38 9
filter bands, 100
lunar. 105
response curves, 100-1
standard system, 100
Photomultiplier, 35!-2
Photon. spin, 17
Photlosphere. 27
Physical constants, 2-1
Pion, charge, 17
magnetic moment, 17
mass, 17-18
mean life, 17-18
spin. 17-18
Planck constant, 2, 10
functions., 268
length, 2
mass, 2
radiation curves, 269
time, 2
Planets, brightness, 106
orbital elements, 32
physical elements, 31
Plasma emission. 1734, 2068, 276-7
oscillation frequency, 284
parameters, 284-6
Poisson distribution, 410-12
Point spread function, 334-8
Positron, 17
Power spectrum, 400
Precession, general, 10, 136
Prefixes, 19
Probability distribulions, 408 13
Propagation of errors, 415
Proper motion, 53, t36
Proportional counter, 360 1
counter gases, 367
Proton charge, 17
Compton wavelength, 5
-¢lectron mass ratio. 5
energy loss. 309
magnetic moment, 5, 17
mass, 5, 10, 17 18
range-energy. 308-9

spin, 17 18
Pulsars, 54 8, [§9-90

Quadrature, 136, 404
Quasars, catalops. 424

infrared fluxes, 161, 163

radio Muxes, 145-50

selected. 87

X-ray luminosities. 195

30272, 87,145, 148, 150, 1934, 2t
QF. 418

Rad. 418
Radiation environment, 232
cxposure, 418
length. 306
physics. 418 20
trapped, 233 5
Radigtive loss. 305-7
Radio. brightest sources. 145-9
flux calibrators, 151-2
galaxies, B
prapagation effects, 153-3
selected saurces. 145 6
source calalogs. 424
spectra, 150
spectral features. F57
surveys, 142
telescopes, 118-19
Radioactive sources, 31113
Range-energy for particles, 307-11
Ravleigh, 1t
Ravicigh-Jeans law, 268
RBE, 419
Recombination radiation, 277
Redshift, angular density v¥s., 253
angular size vs., 251
gorrecticn, 250
functions, 251-4
look-back time vs., 254
luminosity distance vs.. 232
magnitude relationship, 230
objects with large, 90
Relativity, special, 246
Rem, 4!8
Robertson Walker line clement, 248
Roentgen, 418§
RS232 interface, 375
Rydberg constant, 2, 10

Sakur--Tetrode constant, 7
Satellite lifetimes, 380
Scintillation matenals, 366-7



Sidercal day, 107
local tme, 109
period of plancts, 3|
rozation of Sun, 23
tme, 117
Seyfert galaxics, 8%
Simpson's ruic, 405
Solar (vee Sun) chromosphere, 27
constanl, 25
corona, 27
day, 107
clectron density, 27
cffective temperature, 25
ELIV flux. 29
Nare, 236-7
high energy particle radiation. 232
praivity. 25
irradiance, 236
luminosity, 25
ma gnetic field strength, 25
ma gnitude, 25, 28, 106
mass, 25
meian density, 25
neighborhood density, 82
parallax, 10
phustosphere, 27
rad.ius, 25
sperctral irradiance, 28, 237
spe:ctrum, 237
sysitem dabundances, 30
temmperature, 25, 27
time, 107
ultraviolet radiation, 236-7
X-ray radiation, 236-7
Solid-stale materials, 166-7
Space Shuttle. 381-3
Space Telescope. 1204
Specual relativity, 246
Spectra, blackbody, 268-9
EUV, 173
radiuo source, 150
Uv 16R-9
X-ray, 205
Spectral features. gamma-ray, 217
infriared and visible, 67
EUV, 175
irradiance of the Sun, 28
radio, 157
type:, 65
ultriaviolet, 178
X-ray, 204--5
Spectrograph, 321
grazing incidence, 321
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Spectroscopie lerminology, 256
Spectroscops, erystal, 318
grating. 320
Spherical astronomy, 107 13
Stars {see stellar), absolule mapnitude. 71 2
binary, 61
brightest, 44-9
catalogs, 425 6
charts, 38 4
classification. 71
counts, 80
giant, 70)
infrared emission. 160
integrated light, 78
large proper molion. 53
nearest, 50-2
number densities, 76 9
relative numbers, 78
ultraviolet spectra, |68
variable, 62-3
X-ray emission. 188
Stefan-Boltzmann constant, 7, 10
law, 268
Stellar {see stars) density, 72-3
EUV sources, 171
luminosity. 72-3
luminesity function, 80 |
magnitude, 71, 9§
muss, 72-3
mass {unction, 74-5
mass loss rates, 170
radius, 72 3
spectral irradiance, 98, 103
surface flux, 170
temperatures, 66
UV spectra, 168-9
winds, 170
X-ray flux, 188
Steradian, 15-16
Stopping power, 420
Sun (see solar) - Earth system constants, 10
distance from Galactic center, 82
height above Galactic disk. 82
magnctic field, 25
Sunspot, magnctic field, 25
numbers, 24
Supernovae remnants, 64
X-ray ermitling, 191
Synchrotron radiation, 270-1, 3114- 17
Synodic period of planets, 32
rotation of Sun, 25

Taylor series, 404
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Telescopes. configurations, 33940
ground-based, 114-19
radio, 118
reflecting. 114 16
refracting, 116-18
Schmidt, 115-t6
Space, 1204
K-ray. 332
Temperature. brightness, 165
colour. 165
effective, 68--70, 165
electron, 286
of the interstellar pas. 81
-luminosity diagram, 66
solar distribution, 27
surface, 66
Tesla, 11
Thomson cross-section, 4, 10
Thomson limit. 274
Time. 107
barycentric dynamical, 108, 126
sidereal, 107
solar, 107
standard, 108
terrestnial dynamical, 108, 138
universal, 10%, 139
Torr. 11,13
Trapezoidal rule, 404
Tropical year, 10, 107, 140

UBYV system, 10

Uhuru map. 184
unit, 11

Ultraviolet absorption, 177
background fluxes, 172
fluorescent converters, 358
source catalog, 426
spectra, 168-9
transmission, 357

Unit conversions, 11-15

Universal ume, 139

UV extinction, |78
stellar spectra, 163-9
window transmission, 357

Vacuum technology. 333
Variable stars. 62-3
Vecotar analysis, 396-8

Water vapor in the atmosphere, 239

Weak coupling constant, 11

Wicn's displacement law, 268
law, 268

Wilson-Bappu, 71

Window materials. UV detectors, 357
X-ray detectors, 368

Wolter mirror, 332

X-ray absorption. 198-204
atomic energy levels, 258-61
attenuation, 203
background, 197
characteristic lines, 262-5, 320
detectors, 358-64
emission from galaxies, 193
energy level diagram, 261
line emission. 2068
material properties, 367 8
mirror, 332
optical parameters, 325
pulsars, 189-90
reflection of, 322 4
reflectivity, 326-31
source catalogs, 424
souree nomogram, 196
sources, 184 95, 214, 311
specira, 205-8
spectroscapy, 318
supernova remnanis, 131
telescope, 332
wavelengths, 262-5

XU an, §, 11

XUV absorption ¢cross-sections, 198-9
dttenuation, 179
spectrum, 1734

Year, tropical, 10, 107, 140

Zenith, 140, 153
Zodiac, 110
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