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Preface

I have  c o m p i le d  the tab les ,  g raphs ,  d ia g ra m s ,  a n d  fo rm ulae  in this  b ook  in 
o r d e r  to  p rov ide  a r eady  reference a n d  w ork in g  too l  for the p rac t ic ing  space  
a s t r o n o m e r  a n d  as t rophys ic i s t .  G r o u n d - b a s e d  a s t r o n o m e r s  a n d  advanc ed  
a m a t e u r  a s t r o n o m e r s  will find m u c h  here o f  interest ,  too .  T h e  materia l  
represen ts  a diversified select ion based  u pon  th e  c i rc u m s tan c e  tha t  the 
space  a s t r o n o m e r  a n d  as trophys ic is t  m us t  d r a w  u p o n  a know ledge  of  
a t o m ic  physics,  nuc lea r  physics,  relat ivi ty,  p l a sm a  physics, e lec t ro ­
m a g n e t i s m ,  m a th e m a t i c s ,  s tat is tics,  geophys ics ,  expe r im en ta l  physics, cl 
ce tera , in a d d i t i o n  to  the  classical b ran ch e s  o f  a s t r o n o m y .  M y h ope  is that  
this b o o k  will rep lace  h u n t in g  th r o u g h  m a n y  s e p a ra t e  w o rk s  o r  a t r ip  to the 
reference l ibrary.  In tha t  spirit ,  I w e lcom e sugges t ions  o f  ma te r ia l  for 
inc lus ion in a later  ed i t ion  and ,  o f  course ,  co r rec t ions  o r  cri t icism.

T h e re  are 19 c h a p t e r s  in the  b o o k .  T h e  first c h a p t e r  c o n ta in s  genera l  
d a t a ,  physica l  c o n s t a n t s ,  unit  convers ions ,  etc. C h a p t e r s  2 8 cover  genera l  
a s t r o n o m y  a n d  a s t rophys ics ,  rad io ,  infrared ,  ul t rav iolet ,  X-ray ,  and  
g a m m a - r a y  a s t r o n o m y ,  a n d  cosm ic  rays.  C h a p t e r  9 c o n ta in s  in fo rm at ion  
on  the  E a r t h ' s  a t m o s p h e r e  a n d  e n v i ro n m e n t  relevant  to  space  science. 
C h a p t e r  10 dea l s  w i th  special  a n d  genera l  relat ivi ty a n d  c h a p t e r  11 
p rov ides  re levan t  in fo rm a t io n  in a t o m ic  physics. E lec t rom agne t ic  
r ad ia t io n  a n d  p la sm a  physics a re  the subjects  o f  c h ap te r s  12 a n d  13. The  
r em a in in g  c h a p t e r s  essential ly dea l  wi th the tools  o f  the t r ad e ,  viz., 
in fo rm a t io n  o n  r a d ia t io n  a n d  par t icle in te rac t ions ,  de tec to rs ,  launch  
vehicles,  useful m a th e m a t i c a l  re la t ions  a n d  stat i s t ica l  fo rmulae ,  l a b o ra to ry  
r ad ia t io n  safety,  a n d  a co m p re h e n s iv e  list o f  a s t ro n o m ic a l  ca ta logs .  Each 
c h a p t e r  ends  with  a brief  b ib l iog raph ica l  list for  fur ther  read ing  on  the 
subject  o f  the  c h a p t e r  o r  for m o r e  extens ive reference mate r ia l .  T h e  b ook  
has  a c o m p le te  index.  References a re  given a n d  they  sh o u ld  be  consu l ted  for 
der iva t ions  o r  c o m p re h e n s iv e  e x p la n a t io n s  o f  th e  mater ia l .



T h e  q u e s t i o n  o f  u n i t s  is a lways  a p ro b lem  in a h o o k  of  this  type ;  s t icking 
to  o n e  con s i s t e n t  set (S I , for exam ple)  is no t  very useful to  the  p rac t i t ione r .  I 
have  t r ied  to  use t h e  un i t  systems c o m m o n  to the p a r t i c u la r  field. T h u s  I 
have  used  SI, e .g.s . ,  a n d  G a u s s i a n  (e.s.u. e.g.s.  un its)  o r  o cca s io n a l ly  a 
m ix tu re ,  w h e n e v e r  c u s t o m a r y .  W h a t  is being used is usually  n o te d  a n d  
w h e n e v e r  th e  u n it s  a r e  n o t  no ted ,  an y  cons is ten t  sys tem will d o .  If in d o u b t ,  
pe r fo rm  a n u m e r i c a l  check .  Besides a c o m p le te  u p - to -d a t e  set of  
f u n d a m e n t a l  c o n s t a n t s  in SI uni ts ,  I have  also p ro v id ed  a subse t  in e.g.s. 
un it s  w h ic h  a re  m o r e  c o m m o n l y  used in the fo rm u la e  in this  b o o k .

I wish  to  a c k n o w l e d g e  colleagues  t h r o u g h o u t  the  scientif ic c o m m u n i t y  
for the ir  useful sug g es t io n s ;  especial ly G e r a ld  A ust in ,  P au l  G o re n s t e in ,  
C h a r l e s  M a x s o n ,  R o b e r t  R osner ,  S tephen  M u r r a y ,  D an ie l  S c h w a r tz ,  a n d  
D anie l  F a b r i c a n t  o f  the  H a r v a r d / S m i t h s o n i a n  C e n t e r  for  A s t rophys ics .  I 
reserve m y  d eep e s t  a p p r e c i a t i o n  for  J u d i th  P e r i t z  w h o  t irelessly a n d  with 
g rea t  skill p r e p a r e d  th e  typescr ip t  a n d  never  lost  pa t ience  with  my ' just  o n e  
m o r e  a d d i t i o n ' .

M a r t i n  V. Z o m b e c k  
C a m b r i d g e ,  N o v e m b e r  1989
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Fundamental physical constants (c.g.s.)

Speed of light in vacuum 
Gravitational constant 
Planck's constant 
Electron charge 
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

c =  2.997 924 58 x 10,o cm s  1 
G =  6.672 59 x 10” 8d y n c m 2g 2 
// =  6.626075 5 x 10“ 27 erg s 
e =  4.803 206 8 x 10~, o esu 
me =  9.109 389 7 x 10 28 g 
wp=  1.672623 1 x 10 24 g 
mn= 1.6749286 x 10 24g 
mu= 1.6605402 x 10 24g 
mp/mc =  1 836.152 701 
hc/2ne2 =  1/a =  137.035 989 5 
e2/mcc2 =  rc = 2.817 94092 x 10"13 cm 
h2/4n2mee2 = a0 =  0.529 177 249 x 10 8 cm 
h/mec =  Ac =  2.426 310 58 x 10"10 cm 
2n2mee*/ch3 = R y =  109 737.315 34 cm 1 
k =  1.380658 x 10 ,h ergK  1 
(T =  2tt5 A:4/ 15 /?3 c 2 

=  5.67051 x 10 5 erg cm 2 K 4 s 1
Thomson cross-section 87rrc2/3 = e(T == 0.665 246 16 x 10"24 cm 2
Bohr magneton eh/4nmc■ =  /*B=  9.274 015 4 x 10"21 gauss c m 3

(Based on constants recommended by the 1986 CO D A TA  Committee in previous
table.)

Sun-E arth  system  constants

Equatorial radius for Earth a c =- 6378.140 km
Dynamical form-factor for Earth ^2 == 0.001 082 63
Gravity at Earth’s surface (mean) 0e == 980.7 cm s " 2
Ratio of mass of M oon to that of Earth H = 0.012 300 02
Lunar distance (mean) 3.844 01 x 1010 cm
Astronomical unit AU =  1.495 978 70 x 10, 3 cm
Mass of the Earth M e = 5.976 x 1027g
Solar parallax 7ro ;=  8".794 148
Tropical year (1900.0) 365 .242 days

3.1557 x 107 ephemeris seconds
Ephemeris day 86 400 ephemeris seconds
Constant of aberration (2000.0) K == 20".495 52
Obliquity of the ecliptic (2000.0) e = 23° 26' 2 1".448
General precession in longitude per

Julian century (2000.0) P = 5029" .0966
Constant of nutation (2000.0) N  == 9" .2055
Earth’s magnetic dipole moment M c =  8.02 x 1022 Am2
Angular rotation rate of Earth Q =: 7.292 115 x 10"5 rad s" 1
Average depth of ocean H ==3800m
Flattening of Earth 1 i f =  298.257
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C osm ological data

//0 = (50 100) km s " 1 Mpc 1 
= (1.6 3.2) x 10- 18 s -  1

1 h 0 = ( 19.6-9.78) x 10q \
R = c h q = (6050 3025) Mpc

=  3 /7 “ 8 ttG
= (5-20) x 10"30g e m " 3 

57TK3 =  (9-1) x 1011 M pc3

2 x 10 31 gem  3 
1 x 10 7 atom cm 3
3 x 109 M  Mpc 3 
0.02 M pc" 3 
3 x 108 L q Mpc 3 
1.4(mv =  10)deg 2

2.74 ± 0 .0 9  K
0wk = 1.435 x 10 49 erg cm 3

Unit conversions

1 keV : hc/E  =  12.398 54 x 10 8 cm 1 keV = 1.602177 x 10 9 erg
IkeV: E h = 2.417 965 x 10*7 Hz 1 joule =  107 erg
IkeV : E k  = 11.6048 x 106 K 1 calorie =  4.184 joule
1.0 EHz: hv =  4.135 71 keV
1 parsec = 3.261 633 light years =  3.085 678 x 1018cm 
1 light year =  9.460 530 x 1017 cm 
1 XU = 1.00209 x 10 11 cm 
1 Angstrom =  1 x 10"8 cm
1 am u: M e2 =  1.492 41 x 10 3 erg = 931.494 MeV
760 torr = 1.013 x 106 dyn cm 2 =  1 atmos. =  1.013 bars =  1.013 x 10s Pascals
1 Rayleigh =  (1 An) x 106 photons cm 2 s " 1 s r ' 1
lU h u r u c t s  1 =  1.7 x 10" 11 erg cm 2 s 1 (2 6 keV)

=  2.4 x 10~n ergcm  2 s “ ‘ (2-10keV)
1 flux unit =  10 26 watt m 2 Hz 1 =  1 Jansky
1.0 ;<Jv = 10 11 erg cm 2 s " 1 EHz" 1

=  0.242 x 1 0 " "  erg cm 2 s " '  k e V " 1 =  1.509 x 10"3 keV c m " 2 s " 1 keV 1
1 curie: amount of material undergoing 3.7 x 1010 disintegrations s 1 
1 nautical mile =  1852 m 
1 statute mile =  1609.344 m
intensity (ergcm 2 s " 1 H z" 1) =  3.33 x 10" 19 /.2(A) intensity (ergcm 2 s " 1 A" ')
1 barn =  10"24 cm 2 
1 tesla =  104 Gauss
0 C =  273.15 K

Hubble constant

Hubble time 
Hubble distance 
Critical density

Volume
Smoothed density of galactic material 

throughout universe (Allen 1973)

Space density of galaxies 
Luminous emission from galaxies 
Mean sky brightness from galaxies 
Cosmic background thermodynamic 

temperature 
Weak coupling constant
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N um erical constants

n = 3.141 S92 7 
e =  2.718 i 8 1 8 
In 2 =  0.693 147 2 
log10 2 =  0.301 030 0 
In 10 =  2.302 585 1 
1 og | o e =  0.434 294 5 
(27T)* 2 =  2.506 628 
n2 =  9.869 604 
2 , 0 =  1024 
e~ 1 =0 .367 879 4 
r (/2 +  1) =  /?!. integer n 
n i / 2 )  =  7rl 2 
Feigenbaum's number: d

rad =  57.295 78 deg
= 3.437 747 x K) 3 arcmin 
=  2.062 648 x  105 arc sec 

steradian =  32 400 n 2 =  3.2828 x 103 deg2 
=  1.1818 x 107 arcm in2 
=  4.2545 x 1010 arcsec2 

degree =  0.017 453 3 rad 
arcmin =  2.908 88 x 10 4 rad 
arcsec =  4.848 137 x 10“ 6 rad 
deg2 =  3.0462 x 10“ 4 steradian 
arcm in2 =  8.4617 x 10 8 steradian 
arcsec2 =  2.3504 x 10 11 steradian 

= 4.669 201 6

Powers oj 2: j Number system conversions:
n 2" log 2" Decimal Octal Binary Hexadec

0 1 0.00 0 0 0000 0
1 2 0.30 1 1 0001 1
2 4 0.60 2 2 0010 2

8 0.90 3 3 0011 3
4 16 1.20 4 4 0100 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 2.71 9 11 1001 9

10 1024 3.01 10 12 1010 A
1 1 2048 3.31 11 13 1011 B
12 4096 3.61 12 14 1100 C
13 8192 3.91 13 15 1101 D
14 16 384 4.21 14 16 1 1 10 E
15 32 768 4.52 15 17 1111 F
20 I 048 576 6.02 16 20 100(H) 10
25 33 554432 7.53

n 0.301m
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M athem atical form ulae

n ( f l ~  „ 2 .2 n { , l ~  „ 3 .3(a + x)" =  tf" + nan 'x  + 2'

x 2 A3
2! +  3!

+

?
x A 3 x 4

-  + 2 3 ” 4
3 x 5 A

7

+  - - f  •

i f  ~ x  +
3!

where n is any positive integer.

3! 5! 7!
*rr %n

u dr =  u i - r du +  C, sin2 «x dx =
J o 0

d x  =  7 i1 21 2 u ,

Jo

F(u) = f ( x )  e " 2n]ux dx «-► / ( a ) =  

J  -  *
/i! ^  (27r)1 2nn4 1/2 e~" (for large /i). 
/*b r<i

X 2 A 4 A 6 
COS A  =  1 — H---------------------- h

2! 4! 6!

2 i 
COS / IX  G A  =  —

for an integer, n ^  0.

£  x" e “x dx =  T(n + l)/u"+1.

F(u) e2”"'*.

f i x )  dx =  - f {x)  dx, f i x )  dx = f i x )  dx + f i x )  dx.

d .. d / d u
d i / [ “W ]  =  diu d x '

dx
In y(x) =  y'(x)/v(x),

d _ du dr
-  [u(x)r(x)] =  r +w —  

dx dA dA

2.30 log l 0  A  =  logc a

sin(/l +  B) =  sin A cos B +  cos A sin B.  
cos(/l + B) = cos A cos B — sin A sin B . 
eix = cos a  +  i sin a .

Elem entary particles (short  list)

Particle Charge
Mass
(amu) Spin

Magnetic
moment

Mean 
life(fl) (s)

Photon 0 0 1 0 stable
7r-meson + 1 , - 1 0.149 84 1 0 2.60 x 10 8

0 0.144 90 0 0 0.83 x 10" 16
Neutrino 0 <  10"6 1/2 - 0 stable
Electron, positron — 1, + 1 0.000 548 6 1/2 1.001 \ 60 n H{b) stable
/j-meson - 1 , 4 - 1 0.1134 1/2 0.004 842 /iB 2.20 x 10"6
Proton +  1 , - 1 1.007 276 1/2 2.792 85 /V"1 stable
N eutron 0 1.008 665 1/2 -  1.913 04 ;<N 9 17+  14

<a) half-life =  mean life x In 2
(h) n B =  eh /4 n m ec =  9.274 015 4(31) x 10 24 J T "  1
(C> / 4 N/ f  e h / 4 n m =  5.050 786 6( 17) x 10 2 7 J T '  1.
j^ W g fro m  ‘Reviews of Particle Properties*. Rev. Mod.  Phys. 52, No. 2, April 1980)

# 3
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Elem entary Particles

(The second column is the isospin r, while the next column is the spin and parity, J H. 
Masses and lifetimes have generally been rounded; see the original reference for 
error bars and a complete listing of particle properties.)

Particle t J p Mass (MeV) Mean life (s)

L E P T O N S
e 1

2 0.511003 Stable
1* 12 105.6594 2.197 14 x 10
T 1

2 1784 5 x 10" 13

N O N S T R A N G E B A R Y O N S
P 2

1 + 2 938.280 Stable
L2 1 + 2 939.573 925

a  i 3 + 
2 1232 6 x 10 24

S T  R A N G E N E S S  = -  1 B / i t f y o N S
A 0 i +2 1115.60 2.63 x 10“ 10
I + 1 1 + 2 1189.36 8.00 x 10“ "
1 °  1 1 +2 1192.46 6 x 1 0 -20
1 “ 1 1 + 

2 1197.34 1.48 x 10- 10

S T R A N G E N E S S  =  - 2 B A R Y O N S
zro i  
~  2 1 +2 1314.9 2.9 x u r 10
— 1 
— 2 1 + 2 1321.3 1.64 x 10 10

S T R A N G E N E S S  =  - 3 B A R Y O N
Q -  0 3 + 2 1672.5 8.2 x 10“ “

N O N S T R A N G E C H A R M E D  B A R Y O N
Ac+ 0 1 + 2 2282 1 X i o - 13

N O N S T R A N G E  M E S O N S
71— ! 0 139.567 2.603 x 1 0 8
7T° 1 0 134.963 oc X u r 17
rj 0 0 548.8 8 x ,0 -I9

P 1 1 - 769 4.3 x 10 24
co 0 1 _ 782.6 6.6 x 10 23
*1 o 0 957.6 2.4 x 10 21
0  0 1 1019.6 1.6 x i o - 22
J / V  0 1 3096.9 1.0 x 10 - 20
T 9456 1.6 x 10- 20

S T R A N G E N E S S  = -  1 M E S O N S
K ± i 0" 493.67 1.237 x 1 0 8
x ° , x °  i 0 497.7 K s : 8.92 x 10“ "

K L: 5.18 x 10 8

C H A R M E D  N O N S T R A N G E  M E S O N S
D +~ § (T 1869.4 9 x 1 0 13
D°, D°  1 0^ 1864.7 5 x 1 0 13

C H A R M E D  S T R A N G E  M E S O N
F ± 0 0 “ 2021 2 x 10 - 13

(From Shapiro, S. L. & Teukolsky, S. A., Black Holes, White Dwarfs, and Neutron  
Stars , John Wiley and Sons, 1983, with permission.)
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Energy conversions

1 erg =
1 joule =
1 foot-pound =
1 calorie =
1 Btu
1 horsepower-hour =
1 kilowatt-hour =
1 MeV
Energy of fission of 1 atom o f 2 35U =  
Energy equivalent of 1 ton of T N T  =  
Energy of fission of 1 kilogram of 235U =  
Hydrogen fusion: D
Energy equivalent of 1 gram of matter = 
High heat value of 1 ton of coal =
High heat value of 1 cord of red oak = 
High heat value of 100 gallons of fuei oil = 
High heat value of 20 000 cu ft natural gas =  
US energy consumption =
Earth's daily receipt of solar energy =  
Earth's rotational energy =
Earth's total heat content =
1 D-cell flashlight battery =

1 dyne-centimeter = 10 joule 
1 newton-meter 
1.356 joule 
4.184 joule 
1.055 x 103 joule 
2.6845 x 106 joule
3.6 x  106 joule =  3.413 x 103 Btu
1.6 x 10 13 joule
199 MeV =  3.2 x 10 11 joule
4.2 x 109 joule
20 kilotons of TNT
+ 2He4 +  n + 17.6 MeV
9 x  1013 joule
26 x  106 Btu
30 x  106 Btu
15 x  10° Btu
20 x  \0b Btu
1020 joule yr 1 (proj. 1970-2000) 
1.49 x 1022 joule =  4.2 x 1012 Mwh
2.2 x  1029 joule
3 x  1031 joule 
104 w att-s=  104 joule

Prefixes and sym bols
(used with SI uni t s  to ind ica te  dec imal  mul t ip les  an d  submult ip le s)

Multiples Submultiples

Factor Prefix Symbol Factor Prefix Symbol

1018 exa E 10" 1 deci d
1015 peta P i o - 2 centi c
1012 tera T 10"3 milli m
109 giga G 10“ (> micro /<
10* mega M 10" 9 nano n
103 kilo k 10 12 pico P
102 hecto h 10 15 femto f
10 deca da 10 18 atto a
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Periodic table o f  the elem ents

GROUP 
I A

252 .1 
-259 2 

0071

HYDROGEN

H

1330 
180 5

L i0.53 

L IT H IU M

2 2  9 0 9 8

892 
9 ?  8 

0  97

S O D IU M

N d

| 9  3 9 J 0 2

r 60

K0  8 6  

PO TA S S IU M

37 8547 
688

“ I, R b

55 l32-905
6 9 0

C s

87 U2l)

" i  F r

PERIODIC TABLE 
OF THE ELEMENTS

B e

|2  24 312
1107

“  M g
MAGNESIUM

20 4008 

C a
1440
838

38 6762

S r
1360
768

S TR O N TIU M

56 13734 
1640  _

7 . B a

88 ( 226) 

To R a

KEY
.  ATOMIC 

W EIG HT

■ ►----------S Y M B O L

IIIB IVB VB VIB VII B V I I I ----------------------- 1

2| 4 4 956 
2730

S c

39 88905
2927
1509 W  

4 47 I

57 13891
34 70

L a
LA N TH A N U M

89 (227)

^  A c
A C T IN IU M

22 4 7 9 0  

60

:  T i
3260
1668

40 9,22

Z r
3580
1852

72

H f

104

2 3  5 0 .9 4 2

V
3450
1900

4 | 9 2 .9 0 6

)0
: N b

3300
2468

7 3  1 8 0 9 4 8  

5425
299 6  |  —

66 l a
TAN TALU M

2 4  51 9 9 6  

2665

r :  C r
CHROMIUM

4 2  9 5  9 4

5560

7, M o
MOLYBDENUM

7 4  '8 3 .8 5  

5950 » A I
'Z  w

W OLFRAM

2  5  5 4  9 3 8

2150

: :  M n
MANGANESE

43 (98)
2140 

M 5

TECH N ETIU M

75

Re21 0 
R H E N IU M

2 6  5 5 .8 4 7

t

F e
300 0
1536

4 4  101 .07

R u
4 900
2500

76

O s

2 7  58 9 3 3

C o
290C1495

8 9

C O BALT

4 5  102 9 0 5  

o

: R h
4500
1966

77

22.5  

IR ID IU M

lr

28 5 8  71

2730 
1453 

8 9 N i
N IC K E L

46 1064
3980

P d
P A L L A D IU M

7 Q  1 9 5 .0 9

4530

7. P t
p l a t i n u m

V A L U E S  FOR GASEO US E L E M E N T S  AR E FOR 
L IQ U ID S  AT T H E  B O IL IN G  P O IN T .

O U T L IN E  • S Y N T H E T IC A L L Y  P R E P A R E D .

58 140,2
3468

Z . C e
C ER IU M

5 0  140 .907  

3127

“  P r
PRASEOOYMIUM

60  14424 
3027

To N d
N E O D YM IU M

61 (l47) 

T P m
PROMETHIUM

g 2  15 0 .3 5  

19 00

“V .S m
S A M A R IU M

63 1519*
1439

E u
t  U R O P IU M

04 '5 7 - 2 5  

3000

G d
G A D O LIN IU M

90 2 3 2 0 3 8

3 850

7, T h
T H O R IU M

91 (23,)

f ;  P a
PROTACTINIUM

0 2  2 3 8 .0 3

3818
I I

'9 .0  7 W  

U R A N IU M

93 (237i

*T :.N p
N E P T U N IU M

9 4  ( 2 4 2 )  

S2S5

“1 Pu
P L U T O N IU M

95 (243)

7, Ann
A M E R IC IU M

96 ,247’

“ C m
C U R ! UM



Periodic table o f  the elem ents (com.)

2  4 0 0 2 6

268 9

He
I I I  A IV A V A V I A V 11A H E L iU M

^  I0 .8 H g  12 01*15 y  14 0 0 6 7 Q  15 9 9 9 4 0  18 9 9 8  4 1 0  2 0 , 8 3

{2030) Q

2 3 .  D

4830
372  ̂9 p
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195 8
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2660

» Si
2 8 0 -
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Greek alphabet

A a Alpha
B l i Beta
r i Gam m a
A 6 Delta
E F. Epsilon
Z v Zeta
H Eta
0 0 Theta
I I Iota
K K Kappa
A /. Lambda
M 1* Mu

N V N u

JH Xi
O c; Omicron
n 7T Pi
p P Rho
i G Sigma
T I Tau
T l> Upsilon
0) <t> Phi
X / Chi
y Psi
Q Omega
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The Solar System

The Sun

Mass
Radius
Magnetic field strengths (typical): 

Sunspots 
Polar field
Bright, chromospheiic network 
Ephemeral (unipolar) active regions 
Chromospheric plages 
Prominences 

Mean density 
Gravity at surface 
Mean distance from Earth 
Solar constant (1980)
M v
Wlv
Mbol
' ” bol
Effective temperature 
Luminosity 
Spectral type
Inclination of equator to ecliptic 
Sidereal rotation (func. of lat.) 
Synodic rotation (func. of lat.)
Central density 
Central temperature 
Surface area 
Volume
Moment of inertia 
Specific surface emission 
Specific mean energy production 
Escape velocity at surface

1.9891 x  1033 g 
6.9599 x 1010 cm

3000 G 
1 G 

25 G 
20 G

200 G
10 100 G 
1.410 g cm 3 
2.7398 x 104 cm s 2
1 AU =  1.495 98 x 1013cm 
0.1368 watts cm 2 
+  4.83 
-2 6 .7 4  
+  4.75 
-2 6 .8 2  
5770 K
3.826 x 1033 erg s 1 
G2 V 
7 15'
14 .44 -  3 .0 sin2 (j) per day
13 .45 — 3 .0 sin2 (j) per day
140 180 g e m "  3
(14.9 15.7) x 10h K
6.087 x 1022 cm 2
1.412 x 1033 c m 3
5.7 x 1053 g c m 2
6.329 x 1010 erg cm 2 s 1
1.937 e r g g - 1 s" 1
6.177 x 107 cm s - 1
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Annual mean sunspot number. AD 1610 1975. (From Eddy, J. in The 
Solar Output and its Variation, O. White, ed., Colorado Association 
University Press. 1977.)

The Sun (con t.)

Yearly mean sunspot numbers 1945 87. (US Department of 
Commerce.)

YEAR
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Temperature and density as a function of distance from the solar 
surface. (Courtesy of G. Withbroe, Harvard Smithsonian Center for 
Astrophysics.)

The Sun (cont.)

HEI GHT  (km)

Solar temperature and electron density. (Adapted from 
Carrigan, A. L. & Skrivanek, Aerospace Environment, Air Korce 
Cambridge Research Laboratories, Massachusetts, 1974.)

D IS TA N C E  (cm) FR O M  SOLAR SUR FAC E

D IS TA N C E  (solar radii) F R O M  S OL AR SUR FAC E
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Solar spectral irradiance. (Adapted from Carrigan, A. L. & Skrivanek, 
Aerospace Environment, Air Force Cambridge Research Laboratories, 
Massachusetts, 1974.)

The Sun (cont.)

2 4 0 0

2000

1600

1200

400

m p v = -  26.73  
™pg= - 2 6 . 2 0

= - 2 6 . 8 5
Mpg = 5-27 

= 4 . 7 2
Solar effective temperature 5800 K 
Solar luminosity 3 .826 X 10”  erg s ' 1

m

i 2 1.4 16
W A V E L E N G T H  (Mm)

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 
M anson, J. E. in The Solar Output and Its  Variation, O. R. White, ed.. 
Colorado Associated University Press, Boulder, 1977.)
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Solar EUV flux distribution incident on E arth ’s atmosphere 
(moderately active, non-flaring sun). (Adapted from Carrigan. A. L. & 
Skrivanek, Aerospace Environment, Air I orce Cambridge Research 
Laboratories. Massachusetts. 1974.)

The Sun (cont.)

W A V E L E N G T H  (A)
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Solar System  elem ental abundances (n o rm a lize d  to  Si =  106)

Element Abundance Element Abundance Element Abundance

1 H 2.66 x 1010 29 Cu 540 58 Ce 1.2
2 He 1.8 x 109 30 Zn 1260 59 Pr 0.18

Li 60 31 Ga 38 60 Nd 0.79
4 Be 1.2 32 Ge 117 62 Sm 0.24
5 B 9 33 As 6.2 63 Eu 0.094
6 C 1.11 x 107 34 Se 67 64 Gd 0.42
7 N 2.31 x 10h 35 Br 9.2 65 Tb 0.076
8 O 1.84 x 107 36 Kr 41.3 66 Dy 0.37
9 F 780 37 Rb 6.1 67 Ho 0.092

10 Ne 2.6 x 106 38 Sr 22.9 68 Er 0.23
11 Na 6.0 x 104 39 Y 4.8 69 Tm 0.035
12 Mg 1.06 x 106 40 Zr 12 70 Yb 0.20
13 A1 8.5 x 104 41 Nb 0.9 71 Lu 0.035
14 Si 1.00 x 10(’ 42 Mo 4.0 72 Hf 0.17
15 P 6500 44 Ru 1.9 73 Ta 0.020
16 S 5.0 x 105 45 Rh 0.40 74 W 0.15
17 Cl 4740 46 Pd 1.3 75 Re 0.051
18 Ar 1.06 x 105 47 Ag 0.46 76 Os 0.69
19 K 3500 48 Cd 1.55 77 Ir 0.72
20 Ca 6.25 x 104 49 In 0.19 78 Pt 1.41
21 Sc 31 50 Sn 3.7 79 Au 0.21
22 Ti 2400 51 Sb 0.31 80 Hg 0.42
23 V 254 52 Te 6.5 81 TI 0.19
24 Cr 1.27 x 104 53 I 1.27 82 Pb 2.6
25 Mn 9300 54 Xe 5.84 83 Bi 0.14
26 Fe 9.0 x 105 55 Cs 0.39 90 Th 0.045
27 Co 2200 56 Ba 4.8 92 U 0.027
28 Ni 4.78 x 104 57 La 0.37

The practical mass fractions of hydrogen, helium, and the heavier elements are: 
X =  0.77, Y =0 .21 , Z =  0.02. (Adapted from  C ameron , A. G. W. in “Essays in 
Nuclear Astrophysics", Cambridge University Press, 1981).
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The planets  (o rb ita l e lem en ts)

Planet

Mean 
distance 
from Sun 
(AU)

Sidereal
period
(d)

Synodic
period
(d)

Mean 
orbital 
velocity 
(km s" 1)

Eccen­
tricity

Inclination 
to the 
ecliptic (°)

Mercury 0.387 099 87.969 115.88 47.89 0.2056 7.00
Venus 0.723 332 224.701 583.92 35.03 0.0068 3.39
Earth 1.000 000 365.256 — 29.79 0.0167 —

Mars 1.523 691 686.980 779.94 24.13 0.0934 1.85
Jupiter 5.202 803 4 332.589 398.88 13.06 0.0485 1.30
Saturn 9.538 84 10 759.22 378.09 9.64 0.0556 2.49
Uranus 19.1819 30 685.4 369.66 6.81 0.0472 0.77
Neptune 30.0578 60 189.0 367.49 5.43 0.0086 1.77
Pluto 39.44 90 465.0 366.73 4.74 0.250 17.2

1 AU =  1.495 979 x  1013cm. The sidereal period 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.



N
at

ur
al

 
sa

te
lli

te
s 

in 
the

 
So

la
r 

Sy
st

em

33

“2 E 
d2

c
c

o-
oi

vq o- 
— r  j

x
r<",
o-

crs *£,
— sO
r f r  DC

o-
O ' —  «/~» O
X  T t  T i  V i

sC OJ 00 T f o - Ov >■—v o~ r+~,

OI
rf OC sb oo DO o- OC

oj

W, l/~li 
oc r -  Tj-

O  ^
—  oc

2  ^  *0 
r*~,
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Principal m eteor stream s

Stream Maximum

Normal 
period of 
visibility

R

y.

adiant

S

Geocentric 
velocity 
km s 1

Quad rant ids Jan. 3 Jan. 2 4 231 + 49 43
Lyrids Apr. 23 Apr. 20 22 271 +  33 47
>1 Aquarids May 4 May 2 7 336 0 64
<) Aquarids July 30 July 20 Aug. 14 339 -  10 41
Perseids Aug. 12 July 29 Aug. 18 46 + 58 60
Draconids Oct. 10 Oct. 10 265 + 54 24
Orionids Oct. 21 Oct. 17 24 95 + 15 66
Taurids Nov. 4 Oct. 2 0 -Nov. 25 55 + 17 30
Leonids Nov. 16 Nov. 14-19 153 + 22 72
Andromedids Nov. 20 Nov. 15 Dec. 6 13 + 55 20
Geminids Dec. 13 Dec. 8-15 112 + 32 36
Ursids Dec. 22 Dec. 19 23 213 + 76 36

Permanent daytime streams

Arietids June 8 May 29 June 17 44 + 23 39
c Perseids June 9 June 1 15 61 + 23 29
(1 Taurids June 30 June 23 July 7 86 + 19 31

(Adapted from Allen, C. W., Astrophysical Q uantities, The Athlone Press, 1973.)
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Star charts Icon/.}

NORTHERN STARS
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ÔJ

00 Os Os Os OS OS

V
el

V
el

C
ar

C
ar

V
el

cd
X

~* u; «
0
ro



32 
i 

Le
o 

10 
08 

22
.2 

+1
1 

58 
02 

-0
.0

17
 

0.0
0 

1.3
5 

-0
.1

1 
-0

.7
 

B7
 

V 
+4

 
26 i

s 
R

eg
ul

us
. 

m
41

 
y1

 L
eo

 
10 

19 
58

.3 
+1

9 
50 

30 
+0

.0
22

 
-0

.1
5 

2.2
8 

1.0
8 

0.2
 

KO
 

111
 

-3
7 

A
lg

ie
ba

. 
m

 
41

 
>’2 

Le
o 

10 
19 

58
.6 

+1
9 

50 
25 

+0
.0

22
 

-0
.1

7 
3.5

8 
G7

 
III

 
-3

6 
in

 
48 

(i 
U

M
a 

11
01

50
.4

 
+5

6 
22 

56 
+0

.0
10

 
+0

.0
3 

2.3
7 

-0
.0

2 
1.0 

A1
 

V 
-1

2 
19 ts

 
M

er
ak

50 
a 

U
M

a 
11

03
 

43
.6 

+
61

45
 

03 
-0

.0
17

 
-0

.0
7 

1.7
9 

1.0
7 

0.0
 

KO
 I

II 
-9

 
23 t

s 
D

ub
he

. 
m

47

x  73

E l l  c 3s. —  U  i j j  i _O « •-
N  Q  CL O  <

P c y.c r V 3"O u. 1—
"3 ‘ ” C3 c 3

.a & CJ
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o  on cj o  O  r-r ,  -  r t vO vO
I +  I I I I

r- O' o  —
r f O'O O
r~~ rj <n r- 
+  +

rf- m I—• <■*■» O' m O' O ' N  I— in  in  CJ r+-> cc r t ON \D Tt r-_ ^
so O' 00 *n no O' o  ^  ^O O  rf Tf r*~, r̂ i O ^  ^  O  ^ r 'l M  M  O' 

i n  ^  n  T f
O  O ' O  'C  rt r+~i C*“i c*~, r*~, In

rj" ON rn  in  NO vO 
—  tT  i n  —  r  1 r j

—* —« Tj- r̂ , 
t j  Tf- i n  r j

m O' r- m r̂ , so ^  O ' O ' —*
n  r n  T t  i n  o  O  —  ̂ r -̂, m  T t

—- r i  
ON rN
i n  r f

r f O  rf in
—  —  —  ri M  M  (N H  ri n  r, r, n  m  Tf T f r f T f T f r f T f  rf rf

o 0 5  > 2 5 2 3 | u o u
->o QQ. »
00 Tt r f rf 
nO On -O

cn cd 
u- X) *—1 ^

r-~ ̂ Q. co ' j <
r~- On r- r-

03
u- c y  c  f,. „  QJ OJ D

>  u  D  U u
» co sr-' j- CQ-

r—vO >n
00

_ c cc o c  <U 0JU O U f j h
U P Q U r .
^  8 
m, 'so

D.3
>—1

C* 8 8 8
m



Th
e 

10
0 

vi
su

al
ly 

br
ig

ht
es

t 
sta

rs
 

{c
on

t.)

48

C/3<u
O

ri £
y j  I - 
0-1  s
<  Q <

■j)<u

C
<

c

1573

<D3
c  CS , x: 73 3
3
73 J2C/5 C/5

C/3
73o'

03
E C/3

3 r— E c
c <

£
c C/3 i—
73 3 oi) c 73*-* 73 o 13

UJ *  > z <
TJ
73C/5

C
cj
O JO  O (U 
73 g

i l  03 u,C <U
O 5 .2* 2 c

t  d  a  <  tS

C/3 C/3 C/3 C/3 C/3 C/3 C/3 E
C/3 C/3 C/3 C/3 C/5 C/3 C/3 , . C/3 . C/3 C/3 C/3 C/5 C/5

C/3
O
c .

T t04 0  
to,01

O
<0
04 10

0 oO' 17 o04 OC T t
0 0

O n ooo
0-1

OOJ O', NO04
0 0

T t
N O tO)

o
o ' ,
04

O' o
sO
«o

t o
04 o

N O

c
oc ■£

CJ1)a.
C/5

o i  T t  O ' »o

+ 7 1 1
O', O n Tf o-, —

> >
>

' O
>

>

« o
*— <

o © d 0 4 O n' 0 4

< CQ CQ CQ ^  O

r*-, 0 0 O ', <o> o nO 0 0
r*', r t oi T t r+~, O 1

o r*~, — O oo
w~~' + 04
+ 1 1

> T >
1 ■ 1—1

OI •0 o OI to
CQ < Lu CQ ^

~  T t  ~  n O  OO

>
>  >  
>  >

fN  iA) O  O  ^
+ 1 7 7  +  

>
X > 73 5 >  ►—* £

00 rO 04 O r - 04
Lu CQ < U <

nO <Oi »T) O ' NO
04 o - d r̂ i

CQ

OI OJ O' 04 

d  ©  d  ©

r*~, 04 sO OI 04 04 c+~, —̂- 0-1 OI oc 3 ONOO O •^t —  c 04 OI U-3 O p 04 04 NO OI O
d — — ; d o d d d — d d d d o d o

O', oi 04 
C  o i  ^  

©  ~  © —1

r o 0 4 0 4 NO NO 0 4 ON O ',
0 4 m nO ON_ ON ON 0 4

i 0 4 0 4 o i d o i — < o i o i

o', OO O'- *—  o~,
nO  O  OC Tt 04
—  04 —  oi 04

oo
O',
O

04
O

o -
r -

0
01 ON 04

sO
T f

r f
r t

oo
ro

— o o i d 04 --- - —• 04 Osi o i

OI
'-C

^  oi 04 
P o  o o 
o  d  d  d

04 M in On 
©  O  p  04 O  
d  d  d  d  d  
I +  I I +

O',
O
d

04
d

5  r r > 0 4 m  o o u~) O N o OO "  f i  ^  Q
?  P O — ;  0 4 O O ', P O  p  O ', p  p

o
+ +

o
I

o  o  o  o 
+ +  +

o  o o  o  o 
+  +  +  +

O', o c OnO'
o

*/~)04
O 39 NOO', oO', 2 NOO', 04 o ort o04

to,
O o o cTt NOo TtOI NOo O'Tt

O'i OOo oO',
OI
*̂t

O'O'*OOTf o o"■t •A3OI Tt_r*~>o
O' 0"3

Tt NOo
o~ i ON■oO

ON04 o -,
04r-

tj- r̂- 04to to T t
T t

NOo oto to
o ^

04<o
NO040404ONON NO04o ON

nO'̂ t
r o

O'0~i OI OI ONO', •O
rt
o~,

o o
o ^

NO04 o o

+
oTt NOto •o

T t
O'!OI o i

NOON
++ ' 1

1 1 1
1

1
1

1 + 1 1 +
1

+ 1 + 1 + + +

04ON— o~, •^t OOO' l/~) ^ t ONOp OI 04OI O' o o to O' 00to NOO

rtP
OnNO04NOOI 04OnOOn

o ^
OnOoir̂4 NOÔuS«nONON
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N earest stars

Known stars within 5parsecs 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. & 
G ordon , J. L., The Light oj the Night Sky,  D. Reidel Publishing Co., 
1973.)
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Stars o f  large proper m otion

An nual
Name Constellation I mag. motion a 2000 d 2000

G roombridge
1830 Ursa M ajor 6.45 7 "05 1 lh52"■58:7 + 37 43' 07'

Lacaille 9352 Piscis Aus. 7.34 6.90 23 05 52.0 — 35 51 12
61 Cygni Cygnus 4.84 5.22 21 06 53.9 4-38 44 58
Lalande 21185 Ursa M ajor 7.49 4.77 1 1 03 20.2 + 35 58 13
k Indi Indus 4.69 4.70 03 21.5 - 5 6 47 10
o 2 Eridani Eridanus 4.43 4.08 04 15 16.2 - 0 7 39 10
[i Cassiopeiae Cassiopeia 5.17 3.75 01 08 16.2 + 54 55 15
a 2 Centauri Centaurus 1.39 3.68 14 39 35.4 - 6 0 50 13
a 1 Centauri Centau rus 0.00 3.68 14 39 36.7 - 6 0 50 02
Lacaille 8760 Microseopium 6.68 3.46 21 17 15.1 - 3 8 52 05
82 G  Eridani Eridanus 4.27 3.14 03 19 55.7 - 4 3 04 10
268 G Ceti Cetus 5.82 2.32 02 36 04.8 +  06 53 13
A returns Bootes - 0 .0 4 2.28 14 15 39.6 +  19 10 57

(List from Skv Catalogue 2000.0 , Hirshfeld, A. & Sinnott. R., eds.. Sky Publishing 
Corp., 1982.)
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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 to the direction of the Galactic center. (Courtesy 
of Y. Terzian, Cornell University.)

9 0

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

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

Galactic
coordinates

Name l ' \ h " a 1950

CTA 1 119.53, +9.77 00' ’04" '18
Tycho 120.09. +1.41 00 n 33
H B 3 132.70, +  1.30 02 14
HB 9 160.39, +2.75 04 57
OA 184 166.07, +4.40 05 15 38
VRO 42.05.01 166.27, +2.53 05 23 21
S 147 180.33. -  1.68 05 36 45
Crab 184.55. -5 .7 8 05 31 31
IC 443 189.01. +3.02 06 14 06
Monoceros 205.62, -0 .1 0 06 35
Puppis 260.40, -3 .4 2 08 20 30
Vela 263.37. -3 .01 08 32
MSH 1 0 -5 3 284.17. -  1.78 10 15 40
RCW 86 315.44. -2 .3 3 14 39 08
RCW 89 320.36. -0 .9 7 15 09 30
RCW 103 332.43, -0 .3 9 16 13 54
Kes 45 342.05. +0.13 16 50 11
Kepler 004.52, +6.82 17 27 41
W28 006.46. -0 .0 9 17 57 36
3C 400.2 053.62. -2 .2 3 19 36 30
DR 4 078.13, +1.81 20 20 38
Cygnus 074.27, -8 .4 9 20 49 30
Cas A 111.73, -2 .1 3 23 21 10
CTB 1 116.94, +0.18 23 56 45

: denotes approximate value. 
(Adapted from van den Bergh Cl (//.. . \P.

Radio ( )pt ical
d 1950 si/e size

+ 72 04.5 90' 50' x 90'
+ 63 51.8 8' 8'
+ 62 18 140'
+ 46 36 130' X 155' 90' x 125'
+ 41 46 70' X 90' 70' x 80'
+ 43 00 70' X 75' 35' x 40'
+ 27 44.5 175' 195' x 200'
+ 21 58.9 290" X 420" 290" x 420'
+  22 37.2 47' X 54' 48'
+ 06 30 210' 180' x 200'
- 4 2 50 45' X 65' 50' x 80'
- 4 5 00 300' 270'
- 5 8 40.5 33' X 50' r  X  5'
- 6 2 15 55' 8' x 31'
- 5 8 46 8' 450" x 580'
- 5 0 55.8 7' 5'.7 x 9'.5
-4 3 30.3 30' . . .  x 20'
- 2 1 26.6 3' 21" x 64"
- 2 3 25 30' 30'
+ 17 08 20' 4' x 6'
+ 40 03.4 ^ 3 2' x 3'
+ 30 45 160' X 240' 160' x 210'
+ 58 32.4 130' 130'
+ 62 10 35' : x 45': 32'

J. Supply 26. 19, 1973.)

Henry Draper ( HD)  spectral classification

Class Class characteristics

O Hot stars with He II absorption
B He I absorption: H developing later
A Very strong H, decreasing later; Ca II increasing
F Ca II stronger; H weaker; metals developing
G Ca II strong; Fe and other metals strong; H weaker
K Strong metallic lines; CH and CN bands developing
M Very red; TiO bands developing strongly
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Spectral type and lum inosity class ( V/A, or > erke's classification)

Luminosity class Lxamples: Spectral type

la Supergiants y Boo (Areturns) K2 III
Ib Supergiants y CMi (Procyon) F5 IV
11 Bright giants />' Gem (Pollux) KO III
111 Giants y Lyr (Vega) AO V
IV Subgiants y UMi (Polaris) F8 Ib
V Main sequence (dwarfs) a CM a (Sirius) A 1 V
VI Subdwarfs y. Cyg (Deneb) A2 la
VII White dwarfs y. Leo (Regulus) 

/i Ori ( Rigel)
B7 V 
B8 la

Sun G2 V

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

B - V
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H ertzsprung 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 Com pany, 1961.)
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In incomplete 
spectral features

Identification Wavelength (A)' Identification Wavelt

He I 10 830 O II 4649
C I 10 691 N III 4641
Si I 10 689 N III 4634
Si I 10627 Mg I 4571
Si I 10603 He II 4541
Si I 10 371 Mg II 4481
He 11 10 124 He 1 4472
He 11 10 120 He I 4471
Na I 9961 He I 4388
C III 9710 Fe I 4384
O  I 8446 t o  IIIJ 4363
He II 8237 H I / 4340
O  I 7774 O II 4318
He 1 7065 G band1'” 4300
H I a 6563 Ca I 4227
[O  I] 6363u" He II 42(X)
[O  I] 6300 H I 6 4102
Na I (D) 5896 He II 4100
Na I (D) 5890 N III 4097
He 1 5876 Si IV 4089
He II 5412 O II 4073
Fe XIV 5303 He I 4026
Mg I 5175<fcl H I r. 3970
Mg I 5173 Ca II (H) 3968
[Q  in ] 5007 [Ne III] 3968
[O  III] 4959 He I 3965
He I 4922 Ca II (K) 3934
H I It 4861 [Ne III] 3869
He II 4686 He I 3820
C IV 4658 O III 3760
O  II 4650 [ O i l ] 3727
C III 4650 [Ne V] 3426

+ /iv (eV )= 123 98.54 /. (A).
(<i) Forbidden transitions are noted by brackets. 
lh) Superposition of CH band and metallic lines.
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S te lla r  m a ss , lum inosity , radius a n d  density  ( lum inos ity  a n d  r a d iu s  w ith  
m ass ;  w h ite  dw arfs  o m itted )

log(M A/ ) log(L L ) M h o l M N M b
log ( R /R q ) 
main seq.

-  1.0 - 2 .9 +  12.1 15.5 +  17.1 - 0 . 9
- 0 .8 - 2 .5 +  10.9 13.9 +  15.5 - 0 .7
- 0 . 6 - 2 .0 +  9.7 12.2 +  13.9 - 0 .5
- 0 . 4 -  1.5 +  8.4 10.2 +  11.8 - 0 .3
- 0 .2 - 0 .8 +  6.6 7.5 + 8.7 - 0 .1 4

0.0 0.0 +  4.7 4.8 +  5.5 0.00
+ 0.2 +  0.8 +  2.7 2.7 +  3.0 +  0.10
+ 0.4 +  1.6 +  0.7 1.1 +  1.1 +  0.32
+  0.6 + 2.3 -  1.1 - 0 .2 -0 .1 +  0.49
+ 0.8 +  3.0 - 2 .9 -  1.1 -  1.2 + 0.58
+ 1.0 + 3.7 - 4 .6 - 2 .2 - 2 .4 + 0.72
+ 1.2 + 4.4 - 6 .3 - 3 .4 - 3 .6 + 0.86
+ 1.4 + 4.9 - 7 .6 - 4 .6 - 4 .9 + 1.00
+ 1.6 + 5.4 - 8 .9 - 5 .6 - 6 .0 + 1.15
+ 1.8 + 6.0 -  10.2 - 6 .3 - 6 .9 +  1.3

(After Allen, C. W , Astrophysieal Quantities, Athlone Press, 1973.)
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Relative numbers o f  stars in each class (up  to  K =  8.5 in HD C atalog)

S p O  B A F G K M

°0 stars 1 10 22 19 14 31 3

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

Integrated star light as a function  o f  galactic  latitude

)

Star light Star light Star 1light
(10th mag ( 10th mag (10th mag

d eg - 2 ) deg 2) deg - 2)

Latitude P U  v Latitude P V  v Latitude py V

0 180 372 20 54 105 60 21 38
5 123 247 30 37 71 70 19 35

10 88 176 40 29 54 80 18 34
15 69 138 50 24 43 90 18 34

Integrated star light from whole sky: 230 zero pg mag stars; 460 zero V mag stars. 
Night sky total brightness (zenith, mean sky) ^  1 (mx =  22.5) star arcsec 2.
(After Allen, C. W., Astrophysical Quantities, Athlone Press, 1973.)
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Star counts

A formula for estimating ( -  15 °0 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 (A p . J . Supply 44, 73. 1980). (F or non-zero obscuration, replace 
m by m -  Am, where Amx =  0.15 csc b and Am B =  0.20 csc b.) The units of A are stars 
mag - 1 d e g -2 and of N are stars d eg ~ 2.

^  _  C, ------ - 1
' ' ’m) ~  [ F +  [sin b(l - p c o t b c o s / ) ] 3- 5'

C  1 0 , ( m - m t )  j

H------- -----------------------------------------
[ j  + i 0K(m-mt)], ( 1 _ COS/>COS l)n '

where the constants are a = 1.45 — 0.20 cos b cos I,

Range of m

Constant m ^  12 12 <  m <  20 m ^  20

V 0.03 0.0075(m -  12)+ 0.

t 
r*~| 

1 
o

0.09
J 0.36 0.04( 12 - m) +  0.36 0.04

Star count <’« Q y. P S m* K '/ mi-

A V =  D 200 400 - 0 .2 0.01 2 15 — 0.26 0.065 1.5 17.5
NV =  D 925 1050 -0 .1 3 2 0.035 3.0 15.75 — 0.180 0.087 2.5 17.5
4 B =  D 235 370 -0 .2 2 7 0.0 1.5 17 -0 .1 7 5 0.06 2.0 18
N b = D 950 910 -0 .1 2 4 0.027 3.1 16.60 -0 .1 6 7 0.083 2.5 18

Lum inosity /ifllC tions

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.)

-<r

- 8 ^  ^4 -~2 0  2 a 6 8 iQ  7j> M  • €» <8
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Local stellar luminosity function for the disk in the Blue hand. I he 
solid line is an analytic approximation. (Adapted from Bahcall. J. N. 
& Soneira, R. M., Ap. J. Supply 44. 73, 1980.)

. 9 *

/ u

j/> - 5 - 

O
o
o  J

0(M)

with

r)t 10"w
("l + 10 -'*#•»] 1/A ^  M ^  ^

0( 15), 15 ^ M ^
0 . M  ^  M b . o r  M  s

n . = 2 55 x 10 4. A f = + 2 20, = -  6, - ♦ 19.
q = 0 60, 0 - 0 05, 1/6 = 2 30

- 8 1 ____2___ l___l __ j _j  _ j _i
8  - £ >  - 4  -  2 0  2 4  6

Param eters o f  the in terstellar gas

Mean density p 3 x 10 24gem
Typical particle density

n (HI) in diffuse clouds 20 cm 3
n (HI) between clouds 0.1 cm ~3
wH in molecular clouds 103 — 10*’ cm

Typical temperature T
Diffuse HI clouds 80 K
HI between clouds 6000 K
HI I photon ionized regions 8000 K
Coronal gas between clouds 6 x 105 K

Root-mean-square random cloud velocity 10 k m s ~ 1
Isothermal sound speed C

HI cloud at 80 K 0.7 km s ~ 1
- H11 gas at 8000 K 10 km s 1

Magnetic field B 2.5 x 10_h G
Effective thickness 2H  of HI cloud layer 250 pc

(Adapted from Spitzer. L., Physical Processes in the Interstellar Medium . John 
Wiley and Sons, 1977.)
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Galaxies
Properties o f  the G alaxy

Type of galaxy:
H ubble-van  den Bergh system Sb( — Sb + )I-II
de Vaucouleur's system SAB(rs)bc II
M organ 's  system gkS 7

Mv (mag): - 2 0 .5  
Diameter: 23 kpc 
(isophote: 25.0 mag (B) a r c s e c '2)
Period of rotation: 2.5 x 108 yr 
Mass:

Total mass: 1.8 x 10“  M0 
Gas: 8 x 109 M e  

Age: 1.2 x 10, o yr 
Density in solar neighborhood:

Stars: 0.05 M  p c -3 
Total known : 0.08 M 0  pc 3 

Galactic nucleus:
R <  0.4 pc v  5 x 10(> M  
R <  150pc *  1 x 109 M  

Central bulge (R <  2.5 kpc): ^  4 x 1010 M
Luminosity o f  the galaxy: Energy density in the galaxy:
Radio 3 x 1038 erg s ~ 1 Starlight 0.7 x 101,2 erg cm 3
Infrared

-toXr*~, Turbulent gas 0.5 x 10 12
Optical 3 x 1043 Cosmic rays 2 x 10 “ 12
X-ray 1039 -  1040 Magnetic field 2 x 10 12
y-ray ( >  100 MeV) 5 x 10 2.7 K radiation 0.4 x 10 12
Mass luminosity ratio: M /L bo] (solar units) ^  10 
Stellar radiation emission (solar neighborhood):

1.5 x 10” 3(Mbo! =  0) stars p c " 3
1.5 x 10“ 23 erg c m - 3 s 1

Stellar luminous radiation emission (solar neighborhood):
6.7 x 10 4(M, =  0) stars pc 3

Distance of the Sun from the galactic center:
8.7 ± 0 .6  kpc (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: / =  — 3'.34, b =  — 2'.75 
Equatorial coordinates of the nucleus: 

a 1950= 17h42m29*3 ±  0!15 
S 1950= - 2 8  59' 18" ± 3 "
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Hubble \s classification o f  ga lax ies

The num ber n behind the symbol E characterizes the ellipticity: 
n = 10(a — b) a, where a 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 opening of the spiral arms. (Adapted from 
Landolt Bornsteitu Astronomy and Astrophysics. (1982)

E l l i p t i c a l  G a l a x i e s  N o r m a l  Sp i r a l s  I r r e g u l a r  G a l a x i e s

I_______________________________ I
Ba r r e d  Sp i r a l s

N earby ex tragalactic  objects

Nearby extragalactic objects with our galaxy in the central position. 
(Adapted from Roach, F. E. & G ordon, J. L., The Light o f  the Night 
S k y . D. Reidel Publishing Co., 1973.)

W- L-  M

A N D R O M E D A

SEXTANS
o
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N am ed galaxies

Name a 2000 <5 2000

Andromeda galaxy =  M31 = N G C  224 00h42m7 + 41 16'
Andromeda I 00 45.7 4-38 00
Andromeda II 01 16.3 +  33 25
Andromeda III 00 35.3 +  36 30
Andromeda IV 00 42.5 + 40 34
BL Lac 22 04.0 +  42 26
Capricorn dwarf =  Pal 13+ 21 46.8 - 2 1  15
Caraffe galaxy 04 28.0 - 4 7  54
Carina dwarf 06 46.3 - 5 1  03
Cartwheel galaxy 00 37.4 - 3 3  45
Centaurus A =  N G C  5128 = Arp 135 13 25.4 - 4 3  02
Circinus galaxy 14 13.2 - 6 5  20
Copeland Septet =  N G C  3745/54 =  Arp 320 11 37.7 +  22 01
Cygnus A 19 59.4 +  40 44
Draco dwarf =  D D O  208 17 20.0 +  57 55
Path 703 15 13.8 -  15 28
Fornax A = N GC 1316 03 22.7 - 3 7  12
Fornax dwarf 02 39.9 - 3 4  31
Fou reade Figue roa object 13 35.2 - 3 3  53
GR8 =  D D O  155 12 58.7 +  14 13
Hardcastle Nebula 13 13.0 - 3 2  42
Hercules A 16 51.2 +  05 01
Holmberg I =  D D O  63 09 40.5 +  71 12
Holmberg II =  D D O  50 =  Arp 268 08 19.0 +  70 43
Holmberg III 09 14.9 +  74 14
Holmberg IV =  D D O  185 13 54.6 +  53 54
Holmberg V 13 40.7 +  54 20
Holmberg VI =  N G C  1325 A 03 24.8 - 2 1  20
Holmberg VII =  D D O  137 12 34.7 +  06 18
Holmberg VIII =  D D O  166 13 13.3 +  36 13
Holmberg IX =  D D O  66 09 57.6 +  69 03
Hydra A 09 18.1 -  12 06
Large Magellanic Cloud 05 23.5 - 6 9  45
Leo I =  H arrington-W ilson No. 1 10 08.5 +  12 18

= Regulus Dwarf =  D D O  74
Leo II =  Harrington Wilson No. 2 11 13.5 +  22 10

=  Leo B =  D D O  93
Leo A =  Leo III =  D D O  69 09 59.4 +  30 45
Lindsay-Shapley ring 06 43.1 - 7 4  14
Maffei I 02 36.3 + 59 39
Maflfei II 02 41.9 + 59 36
Mayall’s Object = Arp 148 =  VV 32 11 03.9 + 40 51
Mice =  N G C  4676 =  Arp 242 12 47.1 + 30 38
Pegasus dwarf =  D D O  216 23 28.5 + 14 44
Perseus A =  N G C  1275 03 19.8 + 41 31
Reticulum dwarf 04 36.2 - 5 8  50
Reinmuth 80 =  N G C  4517 A 01 00.0 - 3 3  42
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A anted  g a la x ie s  (cont.)

Name y 20(H) () 2000

Seashell galaxy 13h47,n3 - 3 0  25'
Serpens dwarf 15 16.0 - 0 0  08
Seyfert's Sextet =  N GC 6027 A D 15 59.2 +  20 45
Sextans A = D D O  75 10 11.1 - 0 4  43
Sextans B =  D D O  70 10 00.0 +  05 20
Sextans C 10 05.5 +  00 04
Small Magellanic Cloud 00 52.8 - 7 2  50
Sombrero galaxy = M 104 =  N G C  4594 12 40.2 - 1 1  37
Stephan's Quintet == NGC 7 3 1 7 - 2 0  =  Arp 319 22 36.0 + 33 58
Triangulum galaxy =  M33 =  N G C  598 01 34.5 +  30 39
Ursa M inor dwarf =  D D O  199 15 08.8 +  67 12
Virgo A = M87 =  NGC 4486 =  Arp 152 12 30.8 +  12 23
Whirlpool galaxy =- M51 =  N G C  5194 13 29.9 +  47 12
Wild's Triplet =  Arp 248 11 46.8 - 0 3  50
Wolf Lundmark- Melotte object =  D D O  221 00 02.0 -  15 27
Zwicky No. 2 = D D O  105 11 58.5 +  38 04
Zwicky's Triplet = Arp 103 16 49.5 +  45 28

t  Probably a distant globular cluster.
(Adapted from Landolt-Bornstein, Astronomy and Astrophysics. VI/2C, Springer-
Verlag. 1982.)

R epresen ta tive  active  ga lac tic  nuc le i  (A G N s )

Object a 1950 S 1950 2 mv

Q U A S A R S
Q  0 0 0 2 -4 2 2 00h02m16s - 4 2  14' 2.758 17.4
PH L  938 00 58 20 01 55 1.95 17.2
4C 25.05 01 23 57 25 44 2.34 17.5
PH L 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  0 2 4 2 -4 1 0 02 42 02 - 4 1  04 2.214 18.1
Q  0 3 2 4 -4 0 7 03 24 29 - 4 0  47 3.056 17.6
PKS 0 4 2 4 -  13 04 24 48 - 1 3  10 2.16 17.5
Q  0 4 5 3 -4 2 3 04 53 48 - 4 2  21 2.661 17.3
Q  0 5 5 1 -3 6 6 05 51 02 - 3 6  38 2.307 17.0
O H 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
0938+ 119 09 38 32 11 59 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 1217 +  02 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 - 0 5  43 2.212 17.0
B 340 13 04 48 34 40 0.184 17.0
1331 +  170 13 31 10 17 04 2.08 16.0
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Representative active galactic nuclei (cont.)

Object y. 1950 d 1950 z

3C 323.1 15h 45m3 Is 2 1 0 1 ' 0.264 16.7
4C 29.50 17 02 11 29 51 1.92 19.1
3C 351 17 04 03 60 49 0.371 15.3
Q  2 1 1 6 -3 5 8 21 16 22 - 3 5  49 2.341 17.0
PKS 2 1 3 5 -1 4 21 35 01 -  14 46 0.200 15.5
2256 +  017 22 56 25 01 48 2.66 18.5

S E Y F E R T  G A L A X I E S
Sevfert 1 galaxies
Mrk 335 00 03 45 19 55 0.025 14.2
I 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 56 0.020 13.4
Mrk 10 07 43 07 61 03 0.029 15.0
Mrk 110 09 21 44 52 30 0.036 16.1
N G C  3227 10 20 47 20 07 0.0033 13.5
N G C 3516 11 03 24 72 50 0.0093 13.1
N G C  4151 12 08 01 39 41 0.0033 12.0
Mrk 236 12 58 18 61 55 0.052 17.0
Mrk 279 13 51 52 69 33 0.0307 15.4
Mrk 290 15 34 45 58 04 0.0308 15.6
Mrk 486 15 35 21 54 43 0.039 15.0
Mrk 509 20 41 26 -  10 54 0.0355 13.0
N G C  7469 23 00 44 08 36 0.0167 13.6
Mrk 541 23 53 30 07 15 0.041 15.5

Sevfert 2 galaxies
Mrk 1 01 13 19 32 50 0.016 16.6
N G C  1068 02 40 07 - 0 0  14 0.003 63 10.5
Mrk 612 03 21 10 - 0 3  19 0.020 22 16.5
III Zw 55 03 38 38 - 0 1  28 0.0246 14.0
Mrk 3 06 09 48 71 03 0.0137 13.8
Mrk 78 07 37 56 65 18 0.0375 15.6
Mrk 622 08 04 21 39 09 0.022 83 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 15.0
Mrk 463E 13 53 40 18 37 0.0505 16.0
Mrk 533 23 25 24 08 30 0.028 73 16.0

B L  L A C  O B J E C T S
PKS 0215 +  015 02 15 13 01 31 18.3
AO 0235+  164 02 35 53 16 24 15.5
PK S 0521 - 3 6 5 05 21 14 - 3 6  30 0.55 15.0
PKS 0 5 4 8 -3 2 3 05 48 50 - 3 2  17 0.069 15.5
OJ 287 08 51 57 20 18 14.0
4C 22.25 09 57 34 22 48 18.0
M kn 421 11 01 41 38 29 0.308 13.5
M kn 180 11 33 30 70 25 0.0458 15.0
AP Lib 15 14 45 - 2 4  11 0.049 15.0
M kn 501 16 52 12 39 50 0.034 13.8
BL Lac 22 00 40 42 02 0.0688 14.5
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Representative active galaetie nuclei (c o n t .)

Object a 1950 S 1950 2 m,

R A D I O G A L A X I E S
BLRGs
3C 109 04h 10m55s 11 15' 0.306 18.0
3C 120 04 30 32 05 15 0.033 14.6
3C 227 09 45 07 07 39 0.0855 16.3
3C 234 09 58 57 29 02 0.1846 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 15.4
3C 390.3 18 45 38.8 79 43 0.0569 15.4
3C 445 22 21 15 - 0 2  21 0.0568 15.8

NLRG s
3C 33 01 06 14 13 04 0.0595 16.3
3C 98 03 56 10 10 18 0.0306 14.8
3C 178 07 22 33 - 0 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
3C 327 15 59 56 02 06 0.1039 16.3
3C 433 21 21 30 24 52 0.1025 15.7
3C 452 22 43 33 39 25 0.082 16.6
PKS 2 3 2 2 -1 2 23 22 43 -  12 24 0.0821 15.8

L I N E R S
Mrk 1158 01 32 07 34 47 0.0151 16.2
N GC 1052 02 38 37 - 0 8  28 0.0048 13.2
Ark 160 08 17 52 19 31 0.019 17.6
N G C  2841 09 18 35 51 11 0.0022 13.5
N GC 2911 09 31 05 10 23 0.0106 15.3
N GC 3031 09 51 30 69 18 -0.0001 12.4
N G C  3758 11 33 48 21 52 0.0296 16.6
N G C 3998 11 55 20 55 44 0.0038 13.3
N G C 4036 11 58 54 62 10 0.0046 14.0
N G C  4278 12 17 36 29 34 0.0022 13.6
N G C  5005 13 08 37 37 19 0.0033 14.1
N G C  5077 13 16 53 - 1 2  24 0.0094 14.4
N G C  5371 13 53 33 40 42 0.0086 15.0
Mrk 298 16 03 18 17 56 0.0345 16.2
Mrk 700 17 01 21 31 31 0.034 15
N G C 6764 19 07 01 50 51 0.008 15.5

Redshift z =  AA/A.
mv =  approxim ate nuclear visual magnitude.

Luminosity distance DL(q0 = 0) =  —■■ (1 +  0.5z). For other values of q0 see 
chapter on Relativity. ^ 0
(Adapted from Landolt-Bornstein, Astronomy and Astrophysics. V1/2C, Springer- 
Verlag, 1982.)
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O bjects with large redshifts

Object a 1950 S 1950 z (em) V

1208+ 1011 12h08m23*73 + 10 11' 07'.'9 3.80
PKS 2000 -  330 20 00 12.94 - 3 3 00 14.6 3.78 19.0
0 0 5 5 -2 6 5 9 00 55 32.46 - 2 5 29 26.0 3.67 17.1
DHM 0 0 5 4 -2 8 4 (X) 53 59.8 - 2 8 24 45 3.61 19.55
O Q  172 14 42 50.48 10 11 12.2 3.53 17.78
1159+ 1223 11 59 14.23 + 12 23 11.9 3.51 17.5
222738-3928 22 27 38 - 3 9 28 32 3.45 16.8
OH 471 06 42 53.02 - 4 4 54 31.1 3.40 18.49
0 0 4 2 -2 6 2 7 00 42 06.22 - 2 6 27 42.9 3.30 18.5
OX - 1 4 6 3.27

2016 +  112+ 20 16 55 11 17 46 3.27 22.5
OS 023 3.21
024929-1826 02 49 29.8 -  18 26 21 3.21 18.6
O Q  004 3.20
024925-2212 02 49 25.5 - 2 2 12 37 3.20 18.4

Q 0938+  119 09 38 31.75 11 59 12.6 3.19 19

t  Gravitational lens.
Note added in proof: Over 20 quasars  are now known with redshifts greater than
3.5 (see Sky  & Telescope, 75. 12, 1988).
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P ro m in en t c lusters  o f  g a la x ie s  (cont.)

Extragalactic systems within about 150 megaparsecs.

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

log M log R log f)
Class of objects Examples (g) (cm) (gem 3) log</>t

Neutron stars 33.16 5.93 14.75 — 0.6?
32.54 7.44 9.60 - 2 .5

White dwarfs L 9 3 0 -8 0 33.45 8.3: 7.93 - 2 .7
aCM aB 33.30 8.77 6.37 - 3 .2
vM2 32.90 9.05 4.13 - 5 . 0

Main sequence stars dM8 32.2 9.95 1.76 - 5 . 6
Sun 33.30 10.84 0.15 - 5 .5
AO 33.85 11.25 -0 .5 5 - 4 .7
0 5 34.9 12.1: - 2 . 0 - 5 .0 :

Supergiant stars FO 34.4 12.65 - 4 .2 -6 .1
KO 34.4 13.15 - 5 .7 - 6 .6
M2 34.7 13.75 - 7 .2 - 6 . 9

Protostars IR 35.3? 16.2? -  13.9? — 8.7?
Compact dwarf elliptical M32, core 41.0 19.5? -  18.1 - 6 .3

galaxies M32, effective 42.5 20.65 -2 0 .0 - 5 . 9
N4486-B 43.4 20.5 -  18.75 - 5 . 0

Spiral galaxies LMC 43.2 21.75 -2 2 .6 5 - 6 . 3
M33 43.5 21.8 - 2 2 .5 -6 .1
M31 44.6 22.3 - 2 2 .9 - 5 . 5

Giant elliptical galaxies N3379 44.3 22.0 -22 .3 5 - 5 .6
N4486 45.5 22.4 -2 2 .3 - 4 . 7

Compact groups of Stephan 45.5 22.6: -2 3 .1 : - 4 .7
galaxies

Small groups of spirals Sculptor 46.2 24.1 -2 6 .7 - 5 .7
Dense groups of Virgo E, core 46.5 23.7 -2 5 .2 - 5 . 0

ellipticals Fornax I
Small clouds of galaxies Virgo S 

Ursa Major
47.0 24.3 -2 6 .5 -5 .1

Small clusters of Virgo F 47.2 24.3 -2 6 .3 - 4 . 9
galaxies

Large clusters of Coma 48.3 24.6 -2 6 .1 - 4 . 9
ellipticals

Superclusters Local 48.7: 25.5: -2 8 .4 : - 4 .7
HMS sample to m ^  12.5 26.0: -2 9 .6 - 4 . 6
Lick Observatory counts to m ^  19.0 26.8 - 3 0 .5 -4 .1

: denotes approximate value; ? denotes large uncertainty
tT h e  filling factor </> =  p/pm, where pm =  3c2 HnGR^: Rm = 2G M /c2.
(Adapted from de Vaucouleurs, G., Science, 167, 1203, 1970.)
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The Messier catalog

I Common
M NGC a 2000 6 2000 Const. Dim. O (mag) Type name

1 1952 5h34m5 + 22 o r Tau 6 x 4 8.4: Di Crab
Nebula

-) 7089 21 33.5 - 0 49 Aqr 13 6.5 Gb
5272 13 42.2 + 28 23 CVn 16 6.4 Gb

4 6121 16 23.6 - 2 6 32 Sco 26 5.9 Gb
5 5904 15 18.6 +  2 05 Ser 17 5.8 Gb
6 6405 17 40.1 - 3 2 13 Sco 15 4.2 OC
7 6475 17 53.9 - 3 4 49 Sco 80 3.3 OC
8 6523 18 03.8 - 2 4 23 Sgr 90 x 40 5.8: Di Lagoon

Nebula
9 6333 17 19.2 -  18 31 Oph 9 7.9: Gb

10 6254 16 57.1 - 4 06 Oph 15 6.6 Gb
11 6705 18 51.1 - 6 16 Set 14 5.8 OC
12 6218 16 47.2 -  1 57 Oph 14 6.6 Gb
13 6205 16 41.7 +  36 28 Her 17 5.9 Gb Hercules

Cluster
14 6402 17 37.6 - 3 15 Oph 12 7.6 Gb
15 7078 21 30.0 + 12 10 Peg 12 6.4 Gb
16 6611 18 18.8 -  13 47 Ser 7 6.0 OC
17 6618 18 20.8 -  16 1 1 Sgr 46 x 37 7: Di Omega

Nebula
18 6613 18 19.9 -  17 08 Sgr 9 6.9 OC
19 6273 17 02.6 - 2 6 16 Oph 14 7.2 Gb
20 6514 18 02.6 - 2 3 02 Sgr 29 x 27 8.5: Di Trifid

Nebula
21 6531 18 04.6 - 2 2 30 Sgr 13 5.9 OC
22 6656 18 36.4 - 2 3 54 Sgr 24 5.1 Gb
23 6494 17 56.8 -  19 01 Sgr 27 5.5 OC
24 18 16.9 -  18 29 Sgr 90 4.5:
25 IC 4725 18 31.6 -  19 15 Sgr 32 4.6 O C
26 6694 18 45.2 - 9 24 Set 15 8.0 OC
27 6853 19 59.6 +  22 43 Vul 8 x 4 8.1: PI Dumbbell

Nebula
28 6626 18 24.5 - 2 4 52 Sgr 11 6.9: Gb
29 6913 20 23.9 +  38 32 Cyg 7 6.6 O C
30 7099 21 40.4 - 2 3 11 Cap 11 7.5 Gb
31 224 0 42.7 +  41 16 And 178 x 63 3.4 S Andromeda

Galaxy
32 221 0 42.7 +  40 52 And 8 x 6 8.2 E
33 598 1 33.9 +  30 39 Tri 62 x 39 5.7 S
34 1039 2 42.0 +  42 47 Per 35 5.2 OC
35 2168 6 08.9 +  24 20 Gem 28 5.1 oc
36 1960 5 36.1 +  34 08 Aur 12 6.0 oc
37 2099 5 52.4 +  32 33 Aur 24 5.6 oc

UJ oo 1912 5 28.7 +  35 50 Aur 21 6.4 oc
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The Messier catalog (cont.

M NGC a 2000 6 2000 Const. Dim. (')
V

(mag) Type
Common
name

39 7092 2 l h32 m 2 + 48 26' Cyg 32 4.6 OC
40 12 22.4 + 58 05 U M a 8:
41 2287 6 47.0 - 2 0 44 CM a 38 4.5 OC
42 1976 5 35.4 - 5 27 Ori 66 x 60 4: Di Orion

Nebula
43 1982 5 35.6 - 5 16 Ori 20 x 15 9: Di
44 2632 8 40.1 + 19 59 Cnc 95 3.1 OC Praesepe
45 3 47.0 + 24 07 Tau 110 1.2 OC Pleiades
46 2437 7 41.8 -  14 49 Pup 27 6.1 OC
47 2422 7 36.6 -  14 30 Pup 30 4.4 OC
48 2548 8 13.8 - 5  48 Hya 54 5.8 OC
49 4472 12 29.8 + 8 00 Vir 9 x 7 8.4 E
50 2323 7 03.2 - 8 20 Mon 16 5.9 OC
51 5 1 9 4 -5 13 29.9 + 47 12 CVn 1 1 x 8 8.1 s Whirlpool

Galaxy
52 7654 23 24.2 + 61 35 Cas 13 6.9 oc
53 5024 13 12.9 + 18 10 Com 13 7.7 Gb
54 6715 18 55.1 - 3 0  29 Sgr 9 7.7 Gb
55 6809 19 40.0 - 3 0  58 Sgr 19 7.0 Gb
56 6779 19 16.6 + 30 11 Lyr 7 8.2 Gb
57 6720 18 53.6 + 33 02 Lyr 1 9.0: PI Ring

Nebula
58 4579 12 37.7 +  11 49 Vir 5 x 4 9.8 S
59 4621 12 42.0 + 11 39 Vir 5 x 3 9.8 E
60 4649 12 43.7 + 11 33 Vir 7 x 6 8.8 E
61 4303 12 21.9 + 4 28 Vir 6 x 5 9.7 S
62 6266 17 01.2 - 3 0  07 Oph 14 6.6 Gb
63 5055 13 15.8 + 42 02 CVn 12 x 8 8.6 S
64 4826 12 56.7 + 21 41 Com 9 x 5 8.5 S
65 3623 11 18.9 + 13 05 Leo 10 x 3 9.3 S
66 3627 11 20.2 + 12 59 Leo 9 x 4 9.0 S
67 2682 8 50.4 +  11 49 Cnc 30 6.9 OC
68 4590 12 39.5 - 2 6  45 Hya 12 8.2 Gb
69 6637 18 31.4 - 3 2 21 Sgr 7 7.7 G b
70 6681 18 43.2 - 3 2 18 Sgr 8 8.1 Gb
71 6838 19 53.8 + 18  47 Sge 7 8.3 G b
72 6981 20 53.5 -  12 32 Aqr 6 9.4 G b
73 6994 20 58.9 -  12 38 Aqr
74 628 1 36.7 + 15 47 Psc 10 x 9 9.2 S
75 6864 20 06.1 - 2 1 55 Sgr 6 8.6 G b
76 650 -  1 1 42.4 + 51 34 Per 2 x 1 11.5: PI
77 1068 2 42.7 - 0  01 Cet 7 x 6 8.8 S
78 2068 5 46.7 +  0 03 Ori 8 x 6 8: Di
79 1904 5 24.5 - 2 4  31 Lep 9 8.0 G b
80 6093 16 17.0 - 2 2 59 Sco 9 7.2 G b
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The Messier catalog (com.}

M N GC a 2000 6 2000 Const. Dim. O
\

(mag) Typ

81 3031 9h55m6 + 69' 04' U M a 26 x 14 6.8 S
82 3034 9 55.8 +  69 41 U M a 1 1 x 5 8.4 Ir
83 5236 13 37.0 - 2 9 52 Hya 1 1 x 10 7.6: S
84 4374 12 25.1 +  12 53 Vir 5 x 4 9.3 E
85 4382 12 25.4 +  18 1 1 Com 7 x 5 9.2 E
86 4406 12 26.2 +  12 57 Vir 7 x 6 9.2 E
87 4486 12 30.8 +  12 24 Vir 7 8.6 E
88 4501 12 32.0 +  14 25 Com 7 x 4 9.5 S
89 4552 12 35.7 +  12 33 Vir 4 9.8 E
90 4569 12 36.8 +  13 10 Vir 10 x 5 9.5 S
91 4548 12 35.4 +  14 30 Com 5 x 4 10.2 S
92 6341 17 17.1 +  43 08 Her 1 1 6.5 G b
93 2447 -i1 44.6 - 2 3 52 Pup 22 6.2: OC
94 4736 12 50.9 +  41 07 CVn 1 1 x 9 8.1 S
95 3351 10 44.0 +  11 42 Leo 7 x 5 9.7 S
96 3368 10 46.8 + 11 49 Leo 7 x 5 9.2 S
97 3587 11 14.8 +  55 01 U M a 3 11.2: PI
98 4192 12 13.8 +  14 54 Com 10 x 3 10.1 s
99 4254 12 18.8 +  14 25 Com 5 9.8 s

100 4321 12 22 9 +  15 49 Com 7 x 6 9.4 s
101 5457 14 03.2 +  54 21 U M a 27 x 26 7.7 s
102

103 581 1 33.2 +  60 42 Cas 6 7.4: oc
104 4594 12 40.0 -  11 37 Vir 9 x 4 8.3 s

C’om mon

105 3379
106 4258
107 6171
108 3556
109 3992
110 205

10 47.8
12 19.0 
16 32.5
11 11.5 
II 57.6 
0 40.4

+  12 35 Leo 
+  47 18 CVn 
-  13 03 O ph 
+  55 40 U M a 
+  53 23 U M a 
+ 41 41 And

4 x 4
18 x 8 
10
8 x 2  
8 x 5  

17 x 10

9.3
8.3 
8.1 

10.0 
9.8 
8.0

E
S
Gh
S
S
E?

Virgo A

Owl Nebula

M 101
reobser­
vation

Sombrero
Galaxy

: denotes approximate value.
Types: diffuse nebula (Di), globular cluster (Gb), open cluster (OC), planetary 
nebula (PI), or galaxy (E for elliptical, Ir for irregular, S for spiral).
Magnitudes with a colon are approxim ate visual magnitudes.
(Adapted from Sky Catalogue 2000.0, Vol. 2, Sky Publishing Corp., 1985.)
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Astronomical photometry

F o l low ing  M. G o la y  ( In troduc tion  to As tronomical  P h o to m e t r y , D.  Reidel 
P u b l i sh ing  C o m p a n y ,  1974), we c a n  write  t h e  fol lowing express ion fo r  the  
a p p a r e n t  m a g n i tu d e  difference o n  the E a r t h  of  tw o  sta rs :

11* ^ i 1 1 W Ti t t ’ i ) Ta ( (/i ) TM )  Tf (X)r(k) dA 
m, -  m 2 =  - 2 . 5  log  7^  d 2) Ta( L  d 2)T ,U )T f U ) r t f )  dX ’

w here

/ j (A) the spect ra l  r a d ia n c e  o f  s ta r  1.
/ 2(a) the s a m e  for  s ta r  2.
a ,  a n d  a 2 the a p p a r e n t  d i a m e te r s  o f  s ta rs  1 a n d  2, which a re  a s s u m e d  to  

be spher ica l  a n d  em i t  i so tropic  rad ia t ion .
7J(/., */j ) the f rac t ion o f  th e  r ad ia t io n  of  s t a r  1 t r an s m i t t ed  by  in ters te l l a r  

space in the d i r ec t io n  d x of  s ta r  1.
75(A,</2) the sam e  for  s ta r  2.
Ta( A , d {) the f rac t ion  o f  s tel lar  r ad ia t io n  t r a n s m i t t e d  by  the  E a r t h ' s

a t m o s p h e r e  w hen  s t a r  1 is in d i rec t ion  d x.

Ta( / . ,d 2) the sam e  for  s t a r  2 w h e n  it is in d i rec t ion  d 2.
the f rac t ion  o f  s tel lar  r ad ia t io n  t r a n s m i t t e d  by  the op t ica l  
system of  the  te lescope /, whose  e n t ry  pupil  is p e rp e n d ic u la r  to  
the s ta r ' s  d i rec t ion .

7}(x) the f rac t ion  o f  s tel lar  r ad ia t ion  t r a n s m i t t e d  by a filter /  p laced
in front  o f  the  receiver . 

r(/.) the r e sponse  o f  the  receiver  r w hich ,  for s implici ty,  is a s s u m e d  to
d e p e n d  on ly  u p o n  / .

T h e  l imits of  in t e g ra t i o n ,  ka a n d  Ab where Xh > ka a re  defined by

Ta - T , - T f -r =  0 ,

Ta T, Tf  r =  0 .
Let

S ( A ) = T lU ) T f (A)r(A), 

the  response  of  the  p h o t o m e t r i c  system a n d  

y.2
E(a ) =  -  / ( / ) 7 ^ ( / , J ) ,

4

th e  stel lar  spect ra l  i r r a d i a n c e  a t  th e  top  of  the  E a r t h ' s  a t m o s p h e re ,  then  the 
difference in a p p a r e n t  m a g n i t u d e s  for tw o  s ta r s  ou ts id e  the E a r t h ’s 
a t m o s p h e r e  is given by  th e  express ion :

.... .... - 5  8 ? { ^ , ( I ) lw S r
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W e c an  define th re e  w av e len g th s  for a p h o to m e t r i c  system :

, , ,  i': / . . s i / id / .

the  m e a n  w av e le n g th  o f  the p ass -b an d  defined  by  the  re sponse  function

(2) £(/., 5 ( / . )d / .  =  E(/.)S(/.) d / . ,

w here  is the i so p h o ta l  w avelength .

(3) /‘eff“  J t £ U ) S ( A ) d ; /

the  effective w av e len g th .

E 'U q )  2 i • - 1 2  £ĉ(T -  7* and  /., -  /.0 =  ± / r  ,
E ( a 0 ) E  (a0)

w here

2 f U  -  A0)2S ( / . ) d /  
/< = - -

J 5 ( / )  d/.

T h e  c o l o r  index o f  a  s t a r  is defined by

r  0 , f , £ U ) S , ( / . ) d /
(  A B  = m .A  -  m H =  - 2 . 5  log Y  +  c o n s t a n t ,

Jb E( a ) S b{/.) d /

where  ,4 and  B  r ep resen t  tw o different spec tra l  b an d s .

T h e  re la t ionsh ips  be tw ee n  h e t e r o c h r o m a t i c  m a g n i t u d e  m Xo (ob ta ined  
with a  b a n d  of  m e a n  w av e le n g th  /.0) an d  m o n o c h r o m a t i c  m a g n i tu d e s  taken  
at  the  i sopho ta l  w av e le n g th ,  /??(/.,), a t  the m e a n  w av e le n g th  w ( / 0 ) a n d  at  the  
effective w ave leng th  m U cfT):

m;>o =  /w(/s ) +  5 , w here  S =  —2.5 log 

m t t i) - m ( k 0 ) =  - 0 . 5 4 3 / r

S(/w)d/..

£ wUo)

eff
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S tandard  p ho tom etr ic  sys tem s
Standard U , B, K R, I and long wavelength system s

Absolute spectral irradiance for mag =  0.0
a ;.0

Filter
band /.0la) (fim)

(FWHM
(//m)

) m
(erg cm 2 s - 1 A " :

/v( 0)
l) ( W m ‘ KJ X N 1

U 0.365 0.068 4.27 x 10“9 1.90 x 10 - 23
B 0.44 0.098 6.61 x 10" 9 4.27(4..64){b) x  10" 23
V 0.55 0.089 3.64 x io - 9 3.67 x 10 - 23
R 0.70 0.22 1.74 x KT 9 2.84 x 10 - 23
I 0.90 0.24 8.32 x 10“ 1 0 2.25 x 10 - 23
J 1.25 0.3 3.18 x 10" 1 0 1.65 x 10 - 23
H 1.65 0.4 1.18 x 10" 1 0 1.07 x 10 -23
K 2.2 0.6 4.17 x 10" 1 1 6.73 x 10 - 24
L 3.6 1.2 6.23 x 10" 1 2 2.69 x 10 - 24
M 4.8 0.8 2.07 x 10 1 2 1.58 x 10 - 24
N 10.2 1.23 x 10 1 3 4.26 x 10 - 25

<o1 a0 =  ( /.5(A)d/ ( 5(a) d/., where 5(a) is the photometer response function. 
ib) From S. Kleinmann.
L\ B. R. /. N  values from Allen. C. W.. Astrophysical Quantities. The Athlone Press 
(1973). K J. // ,  K , L, M values from Wamsteker, W., Astron. A s t r o p h y s 97, 329
(1981).

T he  spectra l i r rad ian ce  for a s ta r  of a g iven  m a g n i tu d e  is given e i th e r  b y :

log . / > J x) =  — 0 .4 m v +  log /-(O),

w here J \(m x ) is the  spectra l i r rad ian ce  in erg  cm 2 s ' " 1 A -1 o f  a s ta r  of 
m a g n itu d e  (mx) in the x  filter b a n d  a t the  m e a n  w av e len g th  A0(x )> o r

log f . ( m x ) =  - 0 .4 m *  4- l o g / v(0),

w here J v(mx) is the  spectra l i r rad ian ce  in W  m 2 H z  1.
T h e  re la t io n sh ip s  a b o v e  a re  for the i r ra d ia n c e  at th e  to p  of th e  E a r t h ’s 

a tm o sp h e re  an d  a re  valid for B th ro u g h  M  s tars.

Photometer response curves for UBVRI and long wavelength systems. 
(Adapted from Webbink, R. F. & Jeffers, W. Q., Space Sci. Rev ., 10,
191 1969.)
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Response curses of photometer plus atmosphere. (Adapted from 
Webbink. R. F. & Jeffers. W. Q.. Space Sci. Rev.. 10 191. 1969.)

L is t  o f  U B V  prim ary s tandard  stars

HD No. Name V B — V U -  B
Spectral
type

12 929 y. Ari 2.00 4-1.151 +  1.12 K2 III
18 331 HR 875 5.17 + 0.084 +  0.05 A 1 V
69 267 ft Cnc 3.52 + 1.480 +  1.78 K4 III
74 280 t] Hya 4.30 -0 .1 9 5 -0 .7 4 B3 V

135 742 /I Lib 2.61 -0 .1 0 8 -0 .3 7 B8 V
140 573 a Ser 2.65 + 1.168 +  1.24 K2 III
143 107 e CrB 4.15 + 1.230 +  1.28 K3 III
147 394 r Her 3.89 -0 .1 5 2 -0 .5 6 B5 IV
214 680 10 Lac 4.88 -0 .2 0 3 -  1.04 0 9  V
219 134 HR 8832 5.57 + 1.010 + 0.89 K3 V

(List taken from Strand, K. A. A. , ed., Basic Astronomical Data , University of
Chicago Press, Chicago, 1963.)

S tandard  stars f o r  the J H K L M  system

Spectral
Standard BS type ™ v i s J H K L M

0 519 gM 4 5.49 2.117 1.317 1.078 0.890 1.181
1 721 B5 III 4.25 4.548 4.575 4.604 4.601 4.689
2 1195 G5 III 4.17 2.672 2.233 2.119 2.025 2.156
3 2827 B5 la 2.44 2.565 2.548 2.557 2.472 2.542
4 4216 G5 III 2.69 1.148 0.744 0.622 0.530 0.673
5 5530 F5 IV 5.16 4.408 4.194 4.156 4.092 4.134
6 7120 K3III 4.98 2.822 2.197 2.052 1.910 2.103
7 8204 G4 Ibp 3.74 2.346 1.964 1.865 1.794 1.882
8 8502 K 3 111 2.85 0.558 -0 .077 -0 .091  -0 .372 -0 .1 9 9
9 8728 A3 V 1.16 1.075 1.034 1.019 0.998 1.025

(List taken from Wamstecker, W., Astron. Astrophys ., 97, 329, 1981.)
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K r o n  photographic  J  and F hands

Sensitivity functions 5; (/.) for the J  waveband (left) and the F 
waveband (right). (From Kron, R. G ., Ap. J .,  43, 305, 1980.)

T h e  ea r l i e r  p h o to v i su a l  (mpv) an d  p h o t o g r a p h i c  (mpg) m a g n i tu d es  a re  
rela ted  to  th e  s t a n d a r d  B  a n d  V m a g n i tu d e s  by:

B  =  m Q =  m pg +  0.11,

V  =  w v =  w Pv +  0.00.

C o l o r  index,

C  =  m pg — m w =  B — K —0.11.

B o lo m e t r i c  co r rec t io n ,

B C  =  m b — mv =  M b — M v ,

w here  m b ( M b) is the  a p p a r e n t  (abso lu te )  b o lo m e t r i c  m a g n i tu d e ,  a  m e asu re  
o f  the  to ta l  energy  o u t p u t  o f  a  s tar .

Afbs,ar- 4 . 7 2 =  - 2 . 5  log(L star/L o ) ,

w h e re  L slar a n d  L 0  =  3.83 x 1033e r g s -1 a re  the  a b s o lu t e  luminosit ies  o f  
the  s t a r  a n d  the  S u n ,  respectively.

L slar =  2.97 x 1035 x i o _0-4Mb e r g s " 1.

T h e  to ta l  i r r ad ian ce  at  th e  t o p  of  the  E a r t h ' s  a t m o s p h e r e  is

/  =  2.48 x 1 0 " 5 x l O " 0-4^  erg  c m - 2 s - 1

for a  s t a r  o f  a p p a r e n t  b o lo m e t r i c  m a g n i t u d e  m b.
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Assum ing  b la c k -b o d y  ra d ia t io n ,  the  spectral  p h o t o n  i r r ad iance  f rom a 
s ta r  of  a p p a r e n t  b o lo m e t r i c  m a g n i t u d e  m h is given  by:

8.48 x 1034 x 1 0 '  0 4,”h , ? , o ,
/ ( / ) =  - - - - - -  --------- p h o t o n s  cm ^ s  ' A

7;4/ 4[exp( 1.44 x 1()8 1]

/  in A; Tc the  effective t e m p e r a t u r e  o f  the  s ta r  in K (e.g.. AO s ta r :  m v =  0, 

7; =  10800, B C  =  - 0 . 4 0 ,  /. =  5000 A; / ' ( / )  =  103 p h o t o n s  cm 2 s 1 A 1).

Interstellar reddening

T h e  o bse rved  co lo r  index  is g iven  by

C i j  =  C ? j  + [  4(A. )  -  -  C °  +  £ ,,,

where

/4(a) =  a m o u n t  o f  in te rs te l la r  a b s o r p t i o n  at  A,
Cf j =  intr ins ic c o l o r  index of  the  star ,
Eij =  co lo r  excess.

In the U B V  system,  t h e  co lo r  excesses  a re

E( B -  V)  =  ( B -  V)  -  ( B  — K)0 , 

E ( U - B )  =  ( U - B ) - ( U  - B ) 0

(subscript  zero  d e n o t e s  in tr ins ic  values).

,4v/ £ ( £  -  V)  =  3.2 ±  0.2 ( n o r m a l  regions)

E (U  -  B)
=  0 .72 +  0 .0 5 E (B  — V).

E ( B - V )

Rela t ionsh ip  of  r e d d e n i n g  E( B — V)  to  th e  h y d ro g en  c o l u m n  dens i ty :

</V(HI + H 2) / E ( B -  V) }  =  5.8 x 1021 a t o m s  cm  2 m a g  1,

</V(HI) E( B -  V ) )  =  4.8 x 1021 a t o m s  cm  2 m a g -1

(Bohlin el «/. ,  Ap.  J . ,  224,  132, 1978).
Visual  ex t inc t ion  to  the  ga lac t ic  c e n te r :

Ay  ^  30 m a g

(Becklin et al . , Ap.  J . ,  151, 145, 1968).
T he  m e an  co lo r  excess E B_ v (b)  a t  g a lac t i c  la t i tude  b for  o b jec t s  o u t s id e  

the  a b s o r b in g  layer c a n  be  e s t i m a t e d  by :

£ b _ v(b) =  0 .06  cosec|/>| — 0.06

(Wol t je r ,  L. , Astron .  A s t r o p h y s ., 42,  109, 1975).
A m o r e  genera l  e xp re s s ion  g iv ing  a n  e s t im a te  of  inter s te l l ar  a b s o r p t i o n  

can  be  found  in de V a u c o u l e u r s  et a l ., Second  Reference C a ta lo g u e  o f  
Bright G a la x ies , U n ive r s i ty  o f  T e x a s  P re s s ,  1976.
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The interstellar reddening law

/  (A) 1 V. (/i_ l ) A JE {B  -  V) A (A) 1// ( / i " 1) A JE (B

3200 3.13 5.58 5556 1.80 3.12
3250 3.08 5.47 5840 1.71 2.91
3300 3.03 5.38 6050 1.65 2.80
3350 2.98 5.32 6436 1.55 2.65
3400 2.94 5.26 6790 1.47 2.48
3448 2.90 5.18 7100 1.41 2.35
3509 2.85 5.10 7550 1.32 2.18
3571 2.80 5.06 7780 1.28 2.06
3636 2.75 4.99 8090 1.24 1.98
3862 2.59 4.72 8188 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 9832 1.02 1.48
4780 2.09 3.91 10 256 0.95 1.36
5000 2.00 3.70 10610 0.94 1.28
5263 1.90 3.41 10 796 0.93 1.26
5480 1.82 3.20 10 870 0.92 1.22

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

T h e  ab so lu te  m a g n i t u d e  M  o f  a s ta r  is the  a p p a r e n t  m a g n i tu d e  it would  
have  if p laced at a  d i s ta n ce  o f  lO p a r s ec s :

m -  M  =  5 log  D — 5 +  A , 

where  D is the  d i s t a n c e  to th e  s t a r  in parsecs  a n d  A is a co r rec t ion  for
in te rs te l lar  a b s o r p t i o n  expressed  in m a g n i t u d e  units ,  m -  M  = d is tance  
m o d u lu s .  Solv ing for D:

O = 10l 1 4)151

M oon , night sky, sun, and planetary brightness

M oon
V(R , (j)) =-- 0.23 -b 5 log R -  2.5 log P ( 0 ) ,
K(K, (f>) = the a p p a r e n t  V m a g n i t u d e  o f  the  M o o n ,
R =  the  o b s e r v e r - M o o n  d i s t a n c e  in A U ,  an d
</> =  the p h ase  ang le  =  ang le  b e t w e e n  th e  S un  a n d  the  E a r t h  as  seen from
the M o o n .
P ( 0 ° ) =  1.000, P (40 ) =  0 .377 ,  P (80°)  =  0.127,
P( 120°) =  0.027,  P( 160°) =  0.001.
M ean  luna r  d i s ta n ce  =  2.570 x 1 0 ” 3 A U .
T h e  V m a g n i tu d e  of  th e  M o o n  a t  th e  E a r th  a t  o p p o s i t i o n  (full m o o n )  is
-  12.73.

(A dap ted  f rom  W er tz .  J. R., Spacecra ft  A t t i tu d e  D eterm ination and C on tro l , 
D. Reidel,  1980)

The M oon 's phase law.

PHASE ANGLE, <°)
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N ig h t sky
Tota l  b r igh tness  (zenith,  m e an  sky) ^  1 (mv =  22.5)  s ta r  a r c s e c “ 2.

Sun
Apparent magnitude 
U =  -2 6 .0 6  
B =  -2 6 .1 6  
V =  -26 .78  

mb = -2 6 .8 5

Planet a ry  bright n ess 
T h e  c h a n g e  in the b r igh tness  of  a  p lanet  b e c a u s e  o f  t h e  c h an g in g  d i s t a n c e  
f rom the  Sun (r) a n d  the E a r th  (A) is given b y :

V =  K(1,0)  +  5 log(rA) -f a (p ) ,
where

K(1,0)  =  visual m a g n i tu d e  o f  p lane t  r educed  t o  a d i s ta n ce  of  1 A U  f rom
b o th  the Sun a n d  the E a r th  a n d  p hase  a n g le  p  =  0.
i  =  p h a s e  law; c h a n g e  of  planet  b r igh tness  w i th  p, 
p =  phase  angle;  ang le  be tw een  Sun an d  E a r t h  seen from the p lanet

r 2 +  A 2 — R 1

w here  R =  d i s tance  from the E ar th  to the  Sun .

Planet K d . o r yM
Mercury — 0.42 mag + 0.027p +  2.2 x 10" ' V
Venus - 4 .4 0 + 0.013p +  4.2 x 10 V
Mars -1 .5 2 + 0.016p
Jupiter - 9 .4 0 + 0.014p
Saturn -8 .8 8 + 0.044L — 2.6 sin B + 1.2 sin2
Uranus - 7 .1 9 + 0.001/)
Neptune -6 .8 7 + 0.00 Ip
Pluto - 1 .0
p in degrees; L =  Saturnicentric ring longitude difference of Sur, and Earth; 
B =  Saturnicentric ring latitude of Earth; 0 <  L < 6 , 0 <  \B\ < 27 .

Color index 
U - B  = +0.10 
B - V  = +0.62 

B C =  -0 .0 7

Absolute magnitude 
M y = +5.51 
M b =  +5.41 
Mv =  +4.79 
Mh =  +4.72

(a) (from the The Nautical Almanac)
{h) (from Allen. C. W., Astrophysical Quantities)
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Spherical astronomy 

Time
T h e  Julian da te  (JD)  c o r r e s p o n d i n g  to  a n y  in s tan t  is the interval  in mean
solar days  s ince 4713 BC' J a n u a r y  1 a t  G re e n w ic h  m e an  n o o n  (1 2 0 0 U T ) .
(M id n ig h t ,  J a n u a r y  1, 1961 =()()()() U T  J a n u a r y  1, 1961 =
JD 2,437,300.5.)

A p ro c e d u re  (from Fliegel .  H.  F.  &  van F l a n d e r n . T .  C. ,  Com m. A C M , 
11 ,657 .  1968) for f inding  th e  Ju l ia n  d a t e  ( J D )  f o r a  given year  ( / ).  m o n t h  ( J) ,  

a n d  d a y  of  the m o n t h  (K )  is given by  the fol lowing F O R T R A N  (integer) 
a r i t h m e t i c  s ta t em en t :

JD  = K -  3 2 0 7 5  4- 1461 * ( /  +  4800 +  (J -  14) 12) 4

+  367 * ( J  — 2 — (J  — 14) ,12*  12)/12 

-  3 * ( ( /  +  4900  +  {J — 14)/12)/100) 4.

F o r  e x am p le ,  D e c e m b e r  25. 1981 ( /  =  1981, J  =  12, K =  25) =
J D  2.444.964.

O n e  Besselian year  is the  p e r io d  o f  a  c o m p le te  circuit  of  the m e an  Sun in 
r ight  ascens ion  beg in n in g  a t  th e  in s t a n t  when  its r ight  ascens ion  is 18h 40"'. 
T h e  ep o ch s  to  which  s te l la r  c o o r d i n a t e s  a re  referred a re  in Besselian year  
n u m b e rs .  (The  epoch  1950.0 s t a r t e d  D e c e m b e r  31,  1949 at  2209 UT.)

A m ean sidereal d a y  is th e  in terva l  be tween  tw o  successive upper  
c u l m in a t io n s  o r  t r ans i t s  o f  the  verna l  equ inox .

T h e  civil o r  mean so lar d a y  is 36s.2~4.2~2 ° f  a ti'opicul year,  the interval  
be tw een  tw o  successive p a s s ag es  o f  the  Sun  th r o u g h  the vernal  equ inox .  

Sidereal time  is the h o u r  ang le  o f  the  vernal  equ inox .
Apparent solar time  is t h e  local  h o u r  ang le  o f  th e  Sun ,  expressed  in hours ,  

p lus  12 hours .
M ea n  solar time  is t h e  local  h o u r  ang le ,  p lus  12 h ou rs ,  o f  a f ict i t ious mean  

sun w hich  moves  a lo n g  the  e q u a t o r  a t  a  c o n s ta n t  rate equal  to the average  
a n n u a l  rate o f  the Sun.

M ea n  solar time  a t  0  l o n g i tu d e  is cal led universal time (U T ,  formerly 
G reenwich mean time  o r  G M T ) .

Ephemeris time  (E T ) is b a s e d  o n  the  t ime in terval  of  a tropical year.  1 

ephem eris second is 31 55̂ 92̂ . 974^  the t rop ica l  year  1900.

E T  = U T  +  A 7' (A T  =  4 -5 2 .5 s ,  J a n u a r y  1, 1982).

In terna tiona l a tom ic  t im e =  E T  — 32.18 s.
In 1981:

1 m ean  so la r  d a y  =  1.002 737 909 31 m e a n  sidereal  days  

=  2 4 h0 3 m56*555 36 of  m e an  sidereal t ime.
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Pacific s tandard  tim e =  U T  — 8 h.
M oun ta in  s tandard  tim e =  U T  — l h.
Central s tandard  time = U T  — 6 h.
Eastern s tandard  time = U T  — 5h.
Colonial s ta n d a rd  tim e = U T  — 4 h.
Western E uropean  tim e =  UT.
C entral E uropean  tim e = U T  +  l h.
Eastern E uropean  tim e =  U T  +  2 h.

N ota tion  fo r  time-scales
A s u m m a r y  of  the  n o t a t i o n  for  t ime-sca les  a n d  rela ted  q u a n t i t i e s  used in 
the A stronom ica l A lm anac  is g iven be low.  A dd i t iona l  in fo rm a t io n  is given 
in the Supp lem en t  to  the  Alm anac.

U T  = U T 1 ;  un iversa l  t im e;  c o u n t e d  from 0 h at  m id n ig h t ;  unit  is m e a n  

s o la r  day.
UTO local  a p p r o x i m a t i o n  to  un ive rsa l  t ime;  no t  co r rec ted  for  p o l a r

m o t io n .
G M S T  G r e e n w ic h  m e a n  sidereal  t im e ;  G H A  of  m e an  equ inox  of  da te .
G A S T  G r e e n w ic h  a p p a r e n t  s iderea l  t ime;  G H A  of  t rue equ inox  o f  da te .
TA1 in t e rn a t io n a l  a t o m i c  t im e;  un i t  is the  SI second.
U T C  c o o r d i n a t e d  un ive rsa l  t im e ;  differs from TA I  by an  in tegral

n u m b e r  o f  s econds ,  a n d  is the  bas is  o f  m os t  r ad io  t ime signals  a n d  
legal t ime systems.

A U T  = U T  — U T C :  in c re m en t  to  b e  app l ied  to U T C  to  give U T .
D U T  =  p red ic ted  va lue o f  A U T ,  r o u n d e d  to 0*1, given in s om e  r a d io  t im e  

signals.
ET  ep h e m e r i s  t ime;  w as  used  in d y n a m ic a l  theories  a n d  in the

A lm a n a c  f rom  1960- 83;  b u t  is now  rep laced  by T D T  a n d  T D B .
T D T  te rrestr ia l  d y n a m ic a l  t im e ;  used  as t ime-sca le  o f  e p h em er id es  for

o b s e rv a t io n s  f rom  the  E a r t h ' s  surface.  T D T  =  TA I  -t- 32M84.
T D B  b a ry c e n t r i c  d y n a m ic a l  t im e ;  used as  t ime-scale of  ep h e m e r id e s

referred t o  the b a r y c e n t e r  o f  the  so la r  system.
AT =  E T  — U T  (pr io r  to  1984); inc re m en t  to be  app l ied  to  U T  to  give ET. 
AT =  T D T  -  U T  (1984 o n w a r d s ) ;  i nc re m en t  to be  appl ied  to  U T  to  give T D T .  
AT =  T A I  +  32s 184 — U T .
AAT = T A I  -  U T C ;  in c re m e n t  to  b e  app l ied  to  U T C  to give T A I .
A E T  =  E T  — U T C :  i n c r e m e n t  to  be  app l ied  to U T C  to give ET.
A T T  = T D T  — U T C ;  in c re m e n t  to  be  app l ied  to  U T C  to give T D T .

F o r  m o s t  pu rposes ,  E T  u p  to  1983 D e c e m b e r  31 a n d  T D T  f rom  1984 
J a n u a r y  1 can  be  r ega rded  as  a  c o n t i n u o u s  t ime-scale.  Values  o f  A T  for  the  
years 1620 o n w a r d s  a re  given in th e  A stronom ica l Almanac.



109

The  n a m e  G reen w ich  m e a n  t ime ( G M T ) is no t  used in a s t r o n o m y  since it 
is a m b ig u o u s  an d  is now used,  in the sense  o f  U T C  in a d d i t i o n  t o  th e  earl ie r  
sense o f  U T ; p r io r  t o  1925 it was  r eck o n e d  for a s t r o n o m i c a l  p u rp o s e s  f rom  
G reenw ich  m e a n  n o o n  (12h UT).

Rela tionships with local tim e ami hour angle  
T h e  fol lowing genera l  re la t ionsh ips  a r e  used:

Local  m e an  so la r  t ime  =  universa l  t ime  +  east long i tude .
Local  m e an  sidereal  t ime =  G reen w ich  m e a n  s iderea l  t im e  +  east

longi tude.
Local  a p p a r e n t  s idereal  t ime =  local m e a n  s iderea l  t ime +  e q u a t io n  o f

equ inoxes
=  G r e e n w ic h  a p p a r e n t  s iderea l  t im e  +  east  

longi tude.
Loca l  h o u r  angle  =  local a p p a r e n t  s iderea l  t im e  -  a p p a r e n t

r ight ascens ion  

=  local m e a n  s iderea l  t ime — ( a p p a r e n t  r ight  
a scens ion  — e q u a t io n  o f  equ inoxes) .

A fu r the r  small c o r re c t io n  for  the effect o f  p o l a r  m o t io n  is r equ i red  in the  
p r o d u c t i o n  o f  very precise obse rva t ions .

The celestial sphere

SO UTH C E L E S T IA L  
POLE

Celestial  sphere

(Adapted from Valley, S. L., ed., Handbook o f  Geophysics and Space 
Environment, AFCRL, 1965.)
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Celestial coordinates

(Unsoeld, A., The New Cosmos, Springer-Verlag, 1969, with permission.)

The Zodiac

Path of the Earth around the Sun, seasons, and Zodiac. Perihelion is
2 January and aphelion is 2 July. Right ascension in hours of each 
constellation is given. (Adapted from Unsoeld, A., The New Cosmos, 
Springer-Verlag, 1969.)



Astronomieal coordinate transformations

H orizon  equatorial (celestial) system s  
cos a sin A = 4- cos  S sin /?, 
cos  a cos  A =  — sin 6 co s  (p +  cos  d cos h sin (/?, 
sin a =  sin S sin (p +  cos  S co s  h cos  (/?, 
cos  d sin h = cos  a sin A  , 
cos  cos  // =  sin a cos  c/? -f cos  a cos ,4 sin tp , 
sin =  sin sin tp — co s  a  c o s  ,4 cos  cp, 

h =  local s idereal  t im e  — y. ,
/4 =  a z i m u th ,  t o w a r d  W es t  from S o u th ,  
a =  a l t i tude ,
</> =  observer ' s  l a t i t u d e .  
h =  local h o u r  a n g l e ,  
a =  r ight  ascens ion . 
d =  dec l ina t ion .

Ecliptic equatorial (celestial) system s  
cos  <5 cos  a =  cos  /j cos  / ,  
cos  d sin a  =  cos  (i sin A co s  e — sin /i sin e , 
sin =  cos  /i sin /. sin a +  sin fi cos  f;, 
cos  fi cos  /. =  cos  (5 cos  y. , 
cos  P sin /  =  cos  (5 sin y. c o s  £ +  sin d sin 
sin p  =  sin d cos  e — co s  ^ sin a sin e , 

a =  r ight  ascens ion .  S =  dec l ina t ion ,
/  =  ecl ipt ic long i tude ,  P =  eclipt ic lat i tude ,  

e =  ob l iqu i ty  of  the  ecl ipt ic  =  23°27'8: '26  -  4 6 : 8 4 5 T

- ( X ' 0 0 5 9 7 2 +  0 :001  81 r 3 
w he re  T  is the t im e  in centur ies  f rom 1900.

G alactic- equatorial  (c e le s t ia l) sys tem s
cos  b u c o s (/" -  33°) =  c o s  (5cos(a -  282.25°) ,
cos  b u s in (/" -  33°) =  c o s  S s in(a — 282.25°)  cos  62.6° +  sin S sin 62.6°,
sin b" = sin 6 cos 62.6° — cos  S s in(a -  282.25°)s in  62.6 ,
cos  S s in(a -  282.25°)  =  c o s  b 11 sin(/"  — 33°) cos  62.6° — sin b u sin 62.6°
sin S =  co s  b 11 s in(/n — 33°) sin 62.6° +  sin b u cos  62.6°,

/"  =  new galact ic  l o n g i t u d e ,  
b u =  new  galact ic  l a t i t u d e ,  
a =  r ight  descens ion  (1950 .0) ,
S =  dec l ina t ion  (1950.0) ,
F o r ,  I" =  b" =  0: oc= 17h42m4, S =  - 2 8 °  55'  (1950.0);
b u =  + 9 0 . 0 ,  ga lac t ic  n o r t h  pole :  a =  12h49m, S =  + 2 7 ? 4  (1950.0).
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Approxim ate reduction o f  astronomical coordinates

Right-ascension precession in seconds of time per year.
9 0  

8 0  

70 

6 0  
5 0  

4 0  

30
20 e_

10 o 
0 f  
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20 £ 
30 

- 4 0  

5 0  

6 0  

70 

8 0  

9 0
2 3  2 2  21 2 0  19  18 17 16 15 14 13 12 11 10 9  8  7 6  5  4 3  2  1 0

R IG H T  A S C E N S IO N  (h r)

Declination precession in seconds of arc per year (left) and minutes of arc 
as a function of interval in years (right).

Precession charts: The charts show the precession in right ascension 
in seconds of time per year and  of declination in seconds of arc per 
year as a function of position as given by the relations

Aa =  3^07 +  1*34 sin a tan <5 per year.

AS =  20"cos a per y e a r .

The lower chart also indicates the precession in declination in minutes 
of arc as a function of the interval in years. For example, to find the 
precession for an object at RA =  04h00m for an 18-year interval one 
enters the chart at 4 hr, finding a precession of 10 sec of arc per year. 
Then moving horizontally to the right-hand chart to a point above 18 
years the precession is found to be 3m in of arc for the 18-year 
interval.

The charts are useful for approxim ate precession determinations for 
intervals between epochs 1800.0 to 2000.0. (Kraus, J. D., Radio 
Astronomy, 2nd edn., with permission.)

H IG H T  A S C E N SIO N  |h - l YE AR S
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The Hubble Space Telescope
(Mate r ia l  for this sect ion w as  t a k e n  f rom  STScI d o c u m e n t  SC-02,  ‘Call for 
p roposa l s ' ,  O c to b e r ,  1985.)

T h e  H u b b le  Space  Te lescope  ( H S T )  is m a n a g e d  by the  Space  Telescope  
Science Ins t i tu te  (STScl ) :

Space  T e lescope  Science In s t i t u t e  
3700 San  M a r t i n  D r ive  
Bal t imore ,  M D  21218 
U SA

Tel.: (301) 338-4700

T o  al low E u r o p e a n  a s t r o n o m e r s  to  m a k e  use o f  the H u b b le  Space  
Telescope ,  the E u r o p e a n  Space  A gency  (ESA) has  es tab l i shed  the Space  
T e l e s c o p e - E u r o p e a n  C o o r d i n a t i n g  Faci l i ty  (E C F) .  T h e  a d d re s s  o f  the  
S T - E C F :

Space  Te lescope  E u r o p e a n  C o o r d i n a t i n g  Faci l i ty 
E u ro p e a n  S o u th e r n  O b s e r v a t o r y  
Kar l -Schw arzsch i ld -S t r .  2 
D-8046 G a r c h i n g  bei M i in c h e n  
Federal  R epub l ic  o f  G e r m a n y

Tel. : (89) 32-006-291 
Telex:  05-28282-22  E O  D  
Telefax:  + 4 9 -8 9 -3 2 0 2 3 6 2

An overview of the H S T  dea l ing  w i th  the p e r fo rm a n ce  of  the te lescope  
a n d  in s t rum en ts  a n d  p lans  fo r  o b s e r v a t i o n s  a n d  d a t a  r ed u c t io n  a n d  
analysis  can  be found  in the N A S A  p u b l i ca t io n ,  T h e  Space  Telescope  
O bserva tory , special session o f  c o m m is s io n  44,  IA U  18th G en e ra l  
Assembly ,  1982, N A S A  C P -2244 .
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Description of the Hubble Space Telescope

SOLAR ARRAY

FINE GUIDANCE 
SENSORS (3)

AX IAL  
IN S T R U M E N T S  (4)

SECONDARY
MIRROR

APERTURE
DOOR

HIGH GAIN 
A N T E N N A

PRIM ARY
MIRROR

IN S T R U M E N T

H S T  nom inal orbital param eters

Altitude 500 km
Inclination 28.5
Orbital period 95 min
Orbital precession period 54 days

O ptical characteristics  o f  H S T

Optical design Ritchey-Chretien
Aperture 2.4 m
Collecting area 38 993 cm 2
Wavelength coverage (M gFr overcoated aluminum) 1150 A 1 mm 
Focal ratio f /24
Plate scale 3.58 arcsec mm 1
Predicted FW HM  of on-axis images, including 

0"007 rms pointing jitter:
1220 A 0.023 arcsec
2000 A 0.025a rcsec
3500 A 0.035 arcsec
4500 A 0.041 arcsec
6328 A 0.056 arcsec

Predicted radius of 70°0 encircled energy (at 6328 A) 0.10 arcsec



122

Description o f  the H ubble  Space  Telescope (cont.) 

Predicted HST throughput.

100- • ' ' •------ 1 ------r -------

E N E R G Y  R E A C H I N G  F O C A L  PLAN E 
80  L A S  P E R C E N T A G E  OF T H A T  E N T E R ­

ING A  C I R C U L A R  A P E R T U R E  2 .4 m 
_  -  IN D I A M E T E R
as
1 - 6 0 -
D

W A V E L E N G T H  (A)

Predicted on-axis HST encircled energy at various wavelengths.

R A D IU S  (arcsec)

T h e  following six scientif ic in s t ru m en ts  will be avai lab le on  H S T :

•  W ide  Field a n d  P l a n e t a r y  C a m e r a  ( W F  P C )
•  F a in t  O bjec t  C a m e r a  ( F O C )
•  F a in t  O bjec t  S p e c t ro g r a p h  (F O S )
•  High  Reso lu t ion  S p e c t ro g r a p h  (HRS)
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D escription o f  the H ubble  Space  Telescope (com .)

•  High Speed  P h o t o m e t e r  (H S P )
•  Fine G u id a n c e  Sensors  (F G S )

H S T  instrum ent capabilities  
Direct imaging'11

Instrument
Field 
of view

Projected pixel 
spacing on sky

Wavelength 
range (A)

Magnitude
limit(2)

WFC 154" x 154" or io 1150-11000 28
PC 66" x 66" 07043 1150-11000 28
FOC / /4 8 44" x 44" 07043 1150-6500 27

f i  96 22" x 22" 07022 1150-6500 27
f t  288 7"3 x 773 070072 1150-6500 26

Astrometry

Field Positional Wavelength Magnitude
Instrument of view accuracy range (A) limit*3>

FGS 69 (arcmin)2 ±070016(4) 4700- 7100 17

Photometry

Aperture Time Wavelength Magnitude
Instrument diameters resolution range (A) limit<5)

HSP<6) 074, r/o 10 /is 1200 9000 25

Slitless spectroscopy*7)

Instrument

Projected 
pixel spacing 
on sky

Resolving
power
(//Ax)

Wavelength 
range (A)

Magnitude
limit

WFC or 10 100 1600 4000 22<8>
40 1300 2000 2 i (8)
45 3000-6000 23(2)
35 6000-10 000 23(2)

FO C / /  48 07043 50 at 1500 A 1150-6000 22(9)
/ /  96 07022 50 at 1500 A 1150-6000 22{q)



Description o f  the H ubble  S pace  Telescope (cont.)  

H S T  instrum ent capabilities (cont.)
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Slit spectroscopy

Instrument

Projected
aperture
size

Resolving
power
u /a ;.)

Time
resolution

Wave­
length 
range (A)

Magnitude
limit(2)

F O C / /4 8 (,0) or 1 X 20" 2000 1150-1325 18
2000 1167-1767 18
2000 1750-2650 20
2000 3500-5300 21

FOS(111 or 1 -4 .3 1300 20 ms 1150-8500 18-22-22
250 20 ms 1150-8500 21-26-23

HRS 0'.'25, 2?0 100000 50 ms 1150-3200 11-14
20000 50 ms 1150-3200 13-16

.

2000 50 ms 1150-1800 17

Notes to tables:
(I) The cameras also have coronagraphic and polarimetric imaging capabilities. 
<2) Predicted limiting V magnitude for an unreddened AO V star in order to

achieve a S/N  ratio of 5 in an exposure time of 1 hour. Single entries refer to 
wavelengths near the center of the indicated wavelength range. For FO C  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.

(3) For S/N  = 1 in fine lock.
,4) Within the central area of 4' x 5'. In-orbit performance for astrometry is very 

uncertain; figure quoted is design goal.
,5) Predicted limiting V magnitude for a 1-hour exposure (half on star, half on 

sky) on an A0 V star at S /N  = 5 with the F450W filter.
(h,The HSP can also perform polarimetry.
(7) Using ‘objective’ gratings or prisms.
(8) Predicted limiting V magnitude for an unreddened BOV star in order to

achieve a S /N  ratio of 5 in an exposure time of 1 hour.
(t)) Predicted limiting V magnitude for a Q SO  with a v-2  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.
(II) The FOS can also perform spectropolarimetry.

Glossary of astronomical terms

aberration:  the  a p p a re n t  a n g u la r  d isp la cem e n t  o f  th e  o b se rv ed  p o s it io n  
of a celestial ob jec t from  its geom etric  pos it io n , c au sed  by th e  finite 
velocity of light in c o m b in a t io n  w ith  th e  m o t io n s  of the  o b se rv e r  a n d  

of th e  observed  object.  (See a berra tion , planetary.)
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aberration, a n n u a l: the c o m p o n e n t  of  s tel lar  a b e r r a t io n  (see aberra tion , 
stellar) result ing  from the m o t io n  o f  the E ar th  a b o u t  the Sun.  

aberra tion , d iu rn a l: the c o m p o n e n t  of  s tel lar  a b e r r a t i o n  (see aberra tion , 
stellar) resul t ing from the observer ' s  d iu rna l  m o t io n  a b o u t  the cen te r  
of  the Ear th .

aberra tion , E -term s o f:  t e rm s  of  a n n u a l  a b e r r a t io n  (.sw aberra tion , 
annual) d e p e n d in g  on  the eccentricity  an d  lo n g i tu d e  o f  perihelion  

o f  the Ear th .
aberra tion , elliptic: see aberra tion , E-term s o f  
aberra tion , p lane tary:  the a p p a r e n t  a n g u l a r  d isp lacem en t  o f  the 

observed  pos i t ion  o f  a celestial b o d y  p ro d u c e d  by  m o t io n  o f  the 
observer  (see a berra tion , stellar) an d  the ac tua l  m o t io n  of  the 
observed  ob ject  (see correction fo r  light-time), 

aberra tion , secular:  the c o m p o n e n t  of  s tel lar  a b e r r a t io n  (see aberra tion , 
s te llar) result ing  from the essentially un i fo rm  a n d  rec t i l inear  m o t io n  
of  the en t i re  so la r  system in space.  Secular  a b e r r a t i o n  is usually 
d is regarded .

aberra tion , stellar:  the a p p a re n t  a n g u l a r  d isp lacem en t  of  the  observed  
pos i t ion  o f  a  celestial b o d y  result ing from the  m o t io n  o f  the observer.  
Stel lar  a b e r r a t i o n  is divided  in to  d iu rna l ,  a n n u a l  a n d  secula r  
c o m p o n e n t s  (see a berra tion , diurnal: aberra tion , annual: aberra tion , 
secular).

altitude:  the  a n g u l a r  d is tance  o f  a celestial bod y  a b o v e  o r  be low the 
hor izon , m e a su re d  a lo n g  the great  circle pass ing t h r o u g h  the body  
an d  the zenith.  Alt i tude is 90 m in u s  zenith  distance, 

aphelion:  th e  po in t  in a p la ne ta ry  orbit tha t  is at the  g rea tes t  d is tance  
from the  Sun.

apparent p lace:  th e  pos i t ion  on  a celestial sphere , cen te red  at  the E ar th ,  
d e t e rm in e d  by rem oving  from the direc t ly obse rved  pos i t ion  of  a 
celestial b o d y  the effects tha t  d ep en d  on  the  topocentric  loca t ion  of  
the  obse rve r ;  i.e., refraction , d iu rna l  a b e r r a t io n  (see aberra tion , 
diurnal) a n d  geocen t r ic  (d iurna l )  parallax .  T h u s  the  pos i t ion  at  which 
the objec t  w ou ld  ac tua l ly  be  seen f rom  the  cen te r  o f  the E a r th ,  
disp laced  by p la n e ta ry  a b e r r a t io n  (except  the d iu rn a l  p a r t  -  see 
aberra tion , planetary  a n d  aberra tion , diurnal)  a n d  referred to  the true  
equator and  equinox,  

apparent solar time:  the m e asu re  o f  t ime based  on  th e  d iu rn a l  m o t ion  
o f  the t r u e  Sun.  T h e  ra te  o f  d iu rna l  m o t io n  u n d e r g o e s  seasona l  
var ia t ion  because  o f  the obliqu ity  o f  the  ecliptic  a n d  because  o f  the 
eccentric ity  o f  the E a r t h ’s orbit. A dd i t iona l  smal l  va r i a t io n s  result 
f rom irregulari t ies  in the ro ta t io n  o f  th e  E ar th  on  its axis.
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astrom e tr ic  ep h e m e r is : a n  e p h e m e r i s  o f  a s o l a r  sys tem  b o d y  in which 
the  t a b u la t e d  p o s i t i o n s  a re  essential ly c o m p a r a b l e  to  ca t a lo g  mean  
places  o f  s ta r s  a t  a  s tandard  epoch.  An a s t r o m e t r i c  pos i t ion  is 
o b t a i n e d  by  a d d i n g  to  the geom etr ic  p o s i t io n , c o m p u t e d  from 
g ra v i t a t i o n a l  t h e o r y ,  t h e  c o r r e c t io n  for  l igh t- tim e .  P r i o r  to  1984, th e  
E - te rm s  o f  a n n u a l  a b e r r a t i o n  (see a b erra t io n , annua l  a n d  aberra tion , 
E -term s o f )  w e re  a l so  a d d e d  to  the  g e o m e t r i c  pos i t ion .  

astronom ica l coord ina tes :  the l o n g i tu d e  a n d  l a t i t u d e  o f  a  p o in t  on  th e  
E a r t h  rela t ive t o  th e  geoid. T h e s e  c o o r d i n a t e s  a re  influenced by local  
g rav i ty  a n o m a l i e s  (see zenith.)  

astronom ica l unit ( A U ) :  th e  r a d iu s  o f  a c i r c u l a r  o r b i t  in w h ich  a b ody  
o f  negl igible  m a s s ,  a n d  free o f  p e r t u r b a t i o n s ,  w o u ld  revolve a r o u n d  
th e  S u n  in 2 n /k  d ay s ,  w here  k  is the G aussian  gravita tiona l constant.  
T h i s  is s lightly less t h a n  the sem im ajor  a x is  o f  the E a r t h ' s  orbit, 

atom ic  second:  see seco n d , Sys tem e  In terna tiona l,  
a u g m e n ta t io n : the  a m o u n t  by w h ich  the a p p a r e n t  sem id iam eter  o f  a 

celestial b o d y ,  a s  o b s e rv e d  f rom  the surface  o f  t h e  E a r t h ,  is g rea te r  
t h a n  th e  s e m i d ia m e te r  tha t  w o u ld  be o b s e rv e d  f rom  the  c e n t e r  of  the 
E ar th .

az im u th :  the  a n g u l a r  d i s t a n c e  m e a s u r e d  c lockw ise  a l o n g  the horizon  
f rom a specified re ference p o in t  (usual ly  n o r t h )  to the in ter sec t ion 
w i th  the  g rea t  circle d r a w n  f rom  the  zenith  t h r o u g h  a b o d y  on  the 

celestia l sphere.

barycen ter:  the c e n t e r  o f  m a ss  o f  a sys tem o f  bo d ie s ;  e.g.,  t h e  cen te r  of 
m a ss  o f  th e  s o l a r  sy s tem  o r  th e  E a r th  M o o n  system. 

barycen tric  d yn a m ica l t im e  (T D B ) :  the  i n d e p e n d e n t  a r g u m e n t  of  
e p h e m e r id e s  a n d  e q u a t i o n s  o f  m o t i o n  th a t  a r e  referred to the 
barycen ter  o f  t h e  s o l a r  system. A family o f  t ime  scales resu lt s  from 
th e  t r a n s f o r m a t i o n  by  v a r ious  theor ies  a n d  m e t r ic s  o f  relativist ic 
theo r ie s  o f  te rrestr ia l dynam ica l tim e  (T D T ) .  T D B  differs f rom  T D T  
on ly  b y  pe r iod ic  v a r ia t io n s .  In th e  t e rm in o l o g y  o f  th e  genera l  th eo ry  
o f  rela t iv i ty ,  T D B  m a y  b e  c o n s id e re d  to  b e  a c o o r d i n a t e  t ime.  (See 
dynam ica l time.)

ca ta log  equ in o x :  t h e  in te r sec t ion  o f  the  hour circle  o f  ze ro  right
ascension  o f  a s t a r  c a t a l o g  with  the  celestia l equator.  (See dynam ical  
equ inox  a n d  equator.)  

celestia l ephem eris  p o le : t h e  reference po le  fo r  n u ta tion  a n d  polar  
m o tio n ; t h e  axis  o f  f igure for th e  m e a n  sur face  o f  a  m o d e l  E a r t h  in 
w h ich  th e  free m o t i o n  h a s  ze ro  am p l i t u d e .  T h i s  po le  h a s  n o  nearly-  
d iu rn a l  n u t a t i o n  w i th  respect  to  a space- fixed  o r  Ear th - f ixed  
c o o r d i n a t e  sys tem.
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celestial equa tor:  the  p ro je c t io n  o n t o  the celes tia l sphere  o f  the  E a r th ' s  
equator.  (See m ean equa tor  and  equ inox  a n d  true  equ a to r  and  equ inox.)  

celestial pole:  e i th e r  o f  the  tw o  p o in t s  p ro jec ted  o n t o  the  celestia l sphere  
by the ex ten s io n  o f  the E a r t h ' s  ax is  o f  r o t a t i o n  to  infinity.  

celestial sphere:  a n  im a g in a r y  sphere  o f  a r b i t r a r y  r a d iu s  u p o n  which  
celestial b o d ie s  m a y  be  c o n s id e re d  to  be loc a ted .  As c i r c u m s ta n c e s  
require ,  th e  celest ial  s p h e re  m ay  be c e n t e r e d  a t  th e  o b s e rv e r ,  at  the 
E a r t h ' s  c e n t e r ,  o r  a t  a n y  o th e r  loca t ion .  

co n ju n c t io n : th e  p h e n o m e n o n  in w hich  tw o  b o d ie s  h a v e  the  s a m e  
a p p a r e n t  celest ial  l o n g i tu d e  (see lo n g i tu d e , ce le s t ia l ) o r  right ascension  
as  viewed f rom  a th i rd  b o d y .  C o n j u n c t i o n s  a r e  u sua l ly  t a b u l a t e d  as 
geocentric  p h e n o m e n a ,  how ever .  F o r  M e r c u r y  a n d  V e n u s ,  geo ce n t r ic  
inferior  c o n j u n c t i o n  o c c u r s  w hen  the  p lane t  is b e tw e e n  th e  E a r t h  a n d  
S u n ,  a n d  s u p e r i o r  c o n j u n c t i o n  o c c u r s  w h en  th e  S u n  is b e tw e e n  the 
p lane t  a n d  E a r th .  

c o n s te l la t io n : a g r o u p i n g  o f  s ta rs ,  usua l ly  w i th  p ic to r ia l  o r  m y th ica l  
a s s o c ia t io n s ,  th a t  se rves  to  identify a n  a r e a  o f  the  celestia l sphere.
Also o n e  o f  th e  prec ise ly def ined a r e a s  o f  th e  celest ial  sphe re ,  
a s so c ia ted  w i th  a g r o u p i n g  o f  s ta r s ,  t h a t  th e  I n t e r n a t io n a l  
A s t r o n o m ic a l  U n i o n  has  d e s ig n a t e d  as a c o n s te l l a t io n .  

coord ina ted  universal t im e  ( U T C ) :  th e  t im e  scale av a i l a b l e  f rom 
b r o a d c a s t  t im e  signals .  U T C  differs f rom  T A I  (see in terna tiona l  
atom ic  time)  by  a n  in tegra l  n u m b e r  o f  s e c o n d s ;  it is m a in t a i n e d  
with in  ± 0 . 9 0  s e c o n d s  o f  U T 1  (see universal tim e)  by  the  in t r o d u c t i o n  
of  o n e  s eco n d  s teps  ( leap  seconds) .  

cu lm in a t io n : p a s s a g e  o f  a  celest ial  ob jec t  a c ro s s  th e  o b s e r v e r ' s  m er id ia n ; 
a l so  ca l led  ‘m e r i d i a n  pas sage ' .  M o r e  prec ise ly ,  c u l m i n a t i o n  is the 
pas sage  t h r o u g h  th e  p o in t  o f  g r e a t e s t  a lt i tu d e  in the  d iu rn a l  p a th .  
U p p e r  c u l m i n a t i o n  (also ca l led  ‘c u l m i n a t i o n  a b o v e  p o le '  for  
c i r c u m p o l a r  s t a r s  a n d  the M o o n )  o r  t r ans i t  is the  c ro s s ing  c lo se r  to 
the o b s e rv e r ' s  zen ith .  L o w e r  c u l m i n a t i o n  (al so  ca l led  ‘c u l m i n a t i o n  
be low  p o le '  for  c i r c u m p o l a r  s ta r s  a n d  the  M o o n )  is th e  c ross ing  
fa r the r  f rom  the  zeni th .

d ay:  a n  in terva l  o f  86 400  SI s e c o n d s  (see se c o n d , S y s te m e  In te r n a t io n a l ), 
un le ss  o th e rw is e  ind ica ted .  

day  num bers:  q u a n t i t i e s  th a t  fac i l i tate  h a n d  c a l c u l a t i o n s  o f  the 
red u c t io n  o f  m ean p lace  to  a p paren t place. Bessel ian d a y  n u m b e r s  
d e p e n d  solely o n  t h e  E a r t h ’s p o s i t i o n  a n d  m o t i o n ;  s e c o n d - o r d e r  d a y  
n u m b e r s ,  used  in h igh  p rec i s io n  r e d u c t io n s ,  d e p e n d  o n  th e  p o s i t i o n s  
of  b o t h  the  E a r t h  a n d  th e  s tar .
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declination:  a n g u l a r  d i s ta nce  o n  the  celestial sphere  n o r t h  o r  s o u th  of  
the  celestial equator.  It is m e a su re d  a lo n g  the hour circle  passing 
th ro u g h  the celestial ob jec t .  D ec l ina t ion  is usual ly  given in 
c o m b in a t io n  with  right ascension  o r  hour angle, 

defect o f  il lumination:  the  a n g u l a r  a m o u n t  o f  the obse rved  l u n a r  o r  
p lane ta ry  disk tha t  is n o t  i l lum ina ted  to  a n  o b s e rv e r  o n  the Earth.  

deflection o f  light:  the  ang le  by  which the  a p p a r e n t  p a t h  of  a  p h o t o n  is 
al tered from a s t ra igh t  l ine by  th e  g ra v i t a t i o n a l  field o f  the  Sun.  T h e  
p a th  is deflected radial ly a w a y  f rom the S u n  by u p  to  1775 a t  the 
Sun 's  l imb.  C o r r e c t io n  for  this  effect, w h ich  is i n d e p e n d e n t  of  
wavelength ,  is inc luded  in the  r educ t ion  f rom  m ean place  to  apparent  
place.

deflection o f  the vertical:  t h e  ang le  be tween  the  a s t ro n o m ic a l  vertical 
an d  the geodet ic  ver t ical  (see zenith; astronom ical coordinates;  
geodetic coord ina tes .)

Delta  T  (AT): the difference be tw een  dynam ica l tim e  a n d  universal t im e ; 
specifically the difference be tw een  terrestrial dynam ica l time  (TD T)  
a n d  U T 1 :  A T =  T D T  — U T 1 .  

direct m otion:  for  o rb i ta l  m o t io n  in the s o la r  system, m o t io n  tha t  is 
c oun te rc lockw ise  in the  o rb i t  a s  seen f rom  the n o r t h  pole  of  the 
eclip tic ; for  a n  objec t  o b s e rv ed  on  the celestial sphe re ,  m o t io n  tha t  is 
f rom west to eas t ,  result ing  from the relative m o t io n  o f  th e  object  
a n d  the Earth .

D U T 1 :  the  p red ic ted  va lue  o f  the difference be tween  U T 1  a n d  U T C ,  
t r an s m i t t ed  in c o d e  o n  b r o a d c a s t  t ime signals:  D U T 1  =  U T 1  -  U T C .  
(See universal tim e  a n d  coordinated  universal time.) 

dynam ical e q u in o x : the  a s c e n d in g  node  o f  t h e  E a r t h ’s m e a n  orbit on  the  
E a r t h ’s equ a to r ; i.e., t h e  in te rsec t ion  of  t h e  ecliptic  with  the  celestial 
equator  a t  which the S u n ' s  declination  is c h a n g i n g  f rom s o u th  to 
n o r th .  (See cata log  equ inox  a n d  equinox.)  

dynam ical time:  the  fami ly o f  t ime scales in t ro d u c e d  in 1984 to  replace 
ephemeris time  a s  the i n d e p e n d e n t  a r g u m e n t  of  d y n a m ic a l  theories 
an d  ephem er ides .  (See barycen tric  dynam ica l tim e  a n d  terrestrial 
dynam ical time.)

eccentric anom aly:  in u n d i s tu r b e d  elliptic m o t io n ,  th e  ang le  m e asu re d  a t  
the cen te r  o f  t h e  ellipse f rom  pericenter  to  the p o in t  on  the 
c i rc umscr ib ing  aux i l i a ry  circle from w hich  a p e rp e n d i c u l a r  to  the 
m a jo r  axis  w o u ld  in tersec t  the  o rb it ing  b o d y .  (See mean anom aly  a n d  
true anom aly.)

eccentricity:  a p a r a m e t e r  t h a t  specifies the s h ap e  of  a  con ic  sect ion;  o n e
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of the s t a n d a r d  e lements  used to descr ibe  an  el lipt ic orbit (see 
elem ents , orbital), 

eclipse:  the o b s c u ra t i o n  of  a celestial b o d y  caused  by  its passage  
th r o u g h  the  s h a d o w  cas t  by  a n o t h e r  body .  

eclipse , annular:  a so la r  eclipse  (see eclipse , solar)  in which  the so la r  
disk is never  com ple te ly  covered  bu t  is seen as  an  a n n u l u s  o r  ring at 
m a x im u m  eclipse.  An a n n u l a r  ecl ipse occurs  w hen  the  a p p a r e n t  disk 
of  the  M o o n  is smal le r  t h a n  th a t  o f  the  Sun.  

eclipse , lunar:  a n  eclipse  in which  the  M o o n  passes  t h r o u g h  the  shadow 
cast by the Ear th .  T h e  ecl ipse m a y  be total  ( the M o o n  pass ing  
com ple te ly  t h r o u g h  the E a r th ' s  um b ra ), par t i a l  ( the  M o o n  pass ing 
par t ial ly  t h r o u g h  the E a r t h ' s  u m b r a  at  m a x i m u m  eclipse) , o r  
p e n u m b ra l  ( the M o o n  pass ing  only  t h r o u g h  the  E a r t h ' s  penumbra), 

eclipse , solar:  a n  eclipse  in which  the  E a r th  passes  t h r o u g h  the  s h a d o w  
cast  by  the M o o n .  It m ay  be  to ta l  (observer  in the  M o o n ' s  um bra ), 
par t i al  (observer  in the  M o o n ' s  p en u m b ra ), o r  a n n u l a r  (see eclipse , 
annular).

ecliptic:  the m e a n  p lane  of  the  E a r th ' s  orbit a r o u n d  the  Sun.  
elem en ts , Besselian:  quan t i t i e s  t a b u la t e d  for the ca lcu la t ion  o f  a cc u ra te  

p red ic t ions  o f  an eclipse  o r  occupa tion  for any  po in t  on  o r  a b o v e  the 
surface o f  the  Ear th .  

elem en ts , orb ita l:  p a r a m e te r s  tha t  specify the  pos i t ion  a n d  m o t io n  of  a 
bo d y  in orbit  (see osculating elem ents  a n d  mean elements.)  

e longa tion , grea tes t:  the  in s tan t s  w hen  the  geocentric  a n g u l a r  d is tances  
o f  M ercu ry  a n d  V enus  a r e  at  a  m a x i m u m  from the  Sun.  

elongation (p lanetary):  the  geocentric  ang le  be tween  a p lane t  a n d  the 
Sun ,  m e a su re d  in the  p la ne  of  the  p lane t ,  E a r t h  a n d  Sun.  P lane ta ry  
e lo n g a t io n s  a re  m e asu re d  from 0° to  180°, east o r  west o f  the Sun.  

elongation (satellite):  the  geocentric  ang le  be tween  a satel l i te  an d  its 
p r im ary ,  m e a s u r e d  in the p lane  o f  the  satel li te,  p lane t  a n d  Ear th .  
Satel li te e l o n g a t io n s  are  m e a s u re d  f rom 0 eas t  o r  west o f  the  p lanet .  

ephemeris hour angle:  an  hour angle  referred to  the ephemeris meridian, 
ephemeris longitude:  lon g i tu d e  (see long itude , terrestrial)  m easu red  

e a s tw ard  f rom  the  ephemeris meridian,  
ephemeris m eridian:  a  f ict it ious meridian  tha t  ro ta tes  ind e p en d en t ly  of  

the  E a r th  a t  the  un i fo rm  ra te  implici t ly defined by terrestrial 
dynam ical time  (TD T) .  T h e  ep h em er i s  mer id ian  is 1.002 738AT east 
o f  the  G re e n w ic h  m er id ian ,  w h e re  A T  =  T D T  — UT1. 

ephemeris time  (ET):  the  t ime scale used  p r io r  to 1984 as  the
in d e p en d en t  var iab le  in g r a v i t a t i o n a l  theor ies  o f  the  s o la r  system. In 
1984, E T  w a s  replaced by dynam ica l time.
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ephemeris transit:  the passage  of  a  celestial b o d y  o r  po in t  ac ro s s  the 

ephemeris meridian.
equation o f  center:  in elliptic m o t io n  the true  anom aly  m i n u s  th e  mean  

anom aly.  It is the  difference be tween  the  ac tua l  a n g u l a r  pos i t ion  in 
the elliptic orbit a n d  the pos i t ion  the b o d y  w ou ld  hav e  if its a n g u la r  

m o t io n  were un i fo rm .
equation o f  the eq u in o x e s : the right ascension  o f  the m e a n  equ inox  (see 

mean equator am i equinox)  referred to  the true equator and  e q u in o x ; 
a p p a r e n t  sidereal time  m in u s  m e a n  sidereal  t ime.  (See apparen t place  

a n d  mean place.)
equation o f  time:  the  hour angle  o f  the  t rue  Sun  m in u s  the  h o u r  angle  

of  the f ic ti tious  mean s u n ; a l te rna t ive ly ,  apparent solar tim e  m in u s  
mean solar time.

equator:  the grea t  circle on  the surface of  a b o d y  fo rm ed  by the
in tersect ion of  th e  surface with  the  p lane  pass ing  t h r o u g h  the center  
of  the b o d y  p e rp e n d ic u la r  to  the axis of  ro ta t io n .  (See celestial 
equ a to r .)

equ inox:  e i ther  of  the tw o  po in t s  on  the celestial sphere  a t  w h ich  the 
ecliptic  intersects  the celestial equator:  a l so  the t ime a t  w h ich  the  Sun 
passes  t h ro u g h  e i ther  o f  these in te rsec t ion po in t s ;  i.e., w hen  the 
a p p a r e n t  long i tude  (see apparent place  a n d  long itude , celestial)  o f  the 
Sun is 0  o r  180°. (See catalog equ inox  a n d  dynam ical equ inox  for 

precise usage.)

f ic ti t ious  mean sun:  a n  im ag ina ry  b o d y  in t ro d u c e d  to define  mean solar  
t im e ; essentially the n a m e  o f  a m a th e m a t ic a l  fo rm ula  tha t  defined 
m e an  so la r  t ime.  Th i s  c once p t  is n o  lo nge r  used in h igh  prec ision  

work .
fla tten ing:  a p a r a m e t e r  tha t  specifies the d eg ree  by w hich  a p la ne t ' s  

f igure differs f rom tha t  o f  a sphere, ;  the ra t io  / =  {a -  b) a, w he re  a is 
the  eq u a to r ia l  r ad iu s  a n d  b is the  p o la r  radius .

Gaussian gravita tional constan t (k =  0.017 202 098 95):  th e  c o n s t a n t  
defining the a s t ro n o m ic a l  system of  uni t s  o f  length  (astronom ical  
unit), mass  (so lar  mass)  a n d  t ime  (day), by  m e a n s  o f  K e p le r ' s  th i rd  
law. T h e  d im e n s io n s  o f  k 2 a re  those  of  N e w t o n ’s c o n s t a n t  of  
g rav i t a t ion :  l } M ~ xT  2.

geocentric:  with reference to ,  o r  pe r ta in ing  to ,  the  c en te r  o f  the  E ar th .
geocentric coordinates:  the la t i tude  a n d  lo n g i tu d e  of  a p o in t  o n  the 

E a r th ' s  surface relat ive to the cen te r  of  the  E a r th ;  a l so  celestial 
c o o rd in a te s  given with respect  to  the cen te r  o f  the E a r t h .  (See 
zenith; la t i tude , terrestrial; long itude , terrestrial.)
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geodetic  c o o rd in a te s : the  la t i tude  a n d  long i tude  o f  a po in t  on the 
E a r th ' s  su r face  d e t e rm in e d  from the geode t ic  vert ical (no rm al  to the 
specified sphero id ) .  (See zenith; la t i tu d e , terrestrial; longitude, 
terrestrial.)

geoid:  an e q u i p o te n t i a l  surface tha t  co inc ides  with  m e an  sea level in the 
o p e n  o cea n .  O n  l a n d  it is the level surface tha t  would  be as sum ed  by 
w a te r  in an  im a g in a r y  ne tw o rk  o f  frict ionless c h a n n e l s  connec ted  to 
th e  ocean.

geom etr ic  position;  t h e  geocentric  pos i t ion  o f  an  object  on  the celestial 
sphere  referred to the  true equator  and  e q u in o x , b u t  w i th o u t  the 
d i s p la cem e n t  d u e  to  p la ne ta ry  a b e r r a t io n .  (See apparent place; mean  
place; a b erra t io n , planetary.)

Greenwich sidereal d a te  (G S D ) :  the n u m b e r  o f  sidereal days  e lapsed at 
G re e n w ic h  since the  beg inn ing  o f  the  G re e n w ic h  sidereal  day  that  
w a s  in p ro g re s s  at  Julian  da te  0.0.

Greenwich sidereal d a y  num ber:  the integral  par t  of  the Greenwich  
sidereal da te .

Gregorian ca lendar:  t h e  c a l e n d a r  in t ro d u c e d  by P o p e  G r e g o r y  XIII in 
1582 to rep lace  the  Julian ca lendar ; the c a l e n d a r  n o w  used as the 

civil c a l e n d a r  in m o s t  count ries .  Every yea r  th a t  is exactly  divisible 
by four  is a  leap  year ,  except  for  cen tur ia l  years ,  which m us t  be 
exactly divisible  by 400 to be leap  years.  T h u s  2000 is a leap year,  
bu t  1900 a n d  2100 a r e  no t  leap  years.

heliocentric:  wi th reference to,  o r  pe r ta in ing  to,  th e  c en te r  o f  the Sun.
horizon:  a p la n e  p e rp e n d i c u l a r  to the  line from a n  o b s e rv e r  to the 

zenith. T h e  g rea t  ci rcle fo rmed  by  the in tersec t ion  o f  the celestial 
sphere  w ith  a p la n e  p e rp e n d ic u la r  to  the line from an  o bse rve r  to the 
zen ith is ca l led  the a s t ro n o m ic a l  hor izon .

horizon ta l p a ra lla x :  t h e  difference be tween  the topocentric  and  
geocentric  p o s i t i o n s  o f  an  objec t ,  w hen  the ob jec t  is o n  the 
a s t r o n o m ic a l  horizon.

hour angle:  a n g u l a r  d i s ta n ce  on  the celestial sphere  m e asu re d  w es tw ard  
a long  the  celestia l equa tor  f rom the  meridian  to  the hour circle tha t  
passes  t h r o u g h  a celestial object .

hour circle: a  g rea t  circle on  the  celestial sphere  th a t  passes  th ro u g h  the 
celestial poles  a n d  is there fore  p e rp e n d i c u l a r  to  the celestial equator.

inclination:  the  ang le  be tween  tw o  p lanes  o r  the i r  poles;  usua lly  the 
angle  be tw een  a n  o rb i ta l  p lane  a n d  a reference p lane ;  o n e  o f  the 
s t a n d a r d  o rb i t a l  e lem en ts  (see e lem en ts , o rb ita l) tha t  specifies the 
o r ien ta t io n  o f  a n  orbit.
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international a tom ic  tim e  (TAI) :  the c o n t i n u o u s  scale result ing  from 
analyses  by th e  B ureau  I n te rn a t io n a l  des Po id s  et M esu re s  of  a t o m ic  
t ime s t a n d a r d s  in m a n y  coun t r ies .  T h e  fu n d a m e n ta l  un it  of  TAI is 

the SI second  (see second , S ys tem e  In te rn a t io n a l), a n d  the epoch  is 
1958 J a n u a r y  1.

invariable plane:  the  p lane  t h r o u g h  th e  c e n t e r  of  m a ss  of  the  solar  
system p e rp e n d ic u la r  to  the  a n g u l a r  m o m e n t u m  vec tor  o f  the so la r  
system.

irradiation:  an  opti ca l  effect o f  c o n t ra s t  th a t  m a k e s  br ight  objects  
viewed aga ins t  a  d a r k  b a c k g r o u n d  a p p e a r  to  be la rger  than  they 

really are.

Julian calendar:  the  c a l e n d a r  in t ro d u c e d  by  Ju lius  C a e s a r  in 46 BC to 
replace the R o m a n  ca len d a r .  In the  J u l i a n  c a l e n d a r  a  c o m m o n  y e a r  
is defined to c o m p r i s e  365 days ,  a n d  every fou r th  yea r  is a  leap  y e a r  
com pr is ing  366 days .  T h e  Ju l ian  c a l e n d a r  w as  s uperseded  by the 
Gregorian calendar.

Julian da te  ( JD):  the  in te rval  o f  t ime in d a y s  a n d  f rac t ion  o f  a day  
since 1 J a n u a r y  4713 BC, G re e n w ic h  n o o n ,  Ju lian  proleptic calendar. 
In precise w ork  the t im e  scale,  e.g.,  dynam ica l tim e  o r  universal t im e , 
shou ld  be specified.

Julian d a te , modified  ( M J D ) :  the  Ju l ia n  d a t e  m in u s  2400000 .5 .
Julian d a y  num ber  ( JD):  the  integral  p a r t  o f  the Julian date.
Julian proleptic calendar:  t h e  ca lendr ic  system em p lo y in g  the  rules of  

the Julian ca lendar , b u t  ex tended  a n d  app l ied  to da t e s  p reced ing  the 
in t ro d u c t io n  o f  the  Ju l ia n  ca lendar .

Julian year:  a pe r iod  o f  365.25 days .  T h i s  p e r io d  served  as  the bas is  for  
the Julian calendar.

Laplacian plane:  for p la ne ts  see invariable p la n e ; for a system of 
satel li tes,  the fixed p lane  relative to  w hich  th e  vec tor  sum  of the 
d is tu rb ing  forces has  no  o r th o g o n a l  c o m p o n e n t .

la t i tude , celestial:  a n g u l a r  d i s ta n ce  o n  the  celestial sphere  m e asu re d  
n o r th  o r  s o u th  o f  the  ecliptic  a lo n g  the  g rea t  circle pass ing  t h r o u g h  
the  poles o f  the  ecl ipt ic a n d  the  celestial  object .

la t i tude , terrestrial:  a n g u l a r  d is tance  o n  the  E ar th  m e a s u re d  n o r th  o r  
s o u th  of  the  equator  a lo n g  the meridian  o f  a  g e o g ra p h ic  locat ion.

librations:  va r ia t ions  in the  o r i e n t a t i o n  of  the  M o o n ' s  surface wi th 
respect  to an  o b s e rv e r  o n  the E a r th .  Phys ica l  l ib ra t ions  a re  d u e  to 
va r ia t ions  in the  ra te  a t  which  the  M o o n  ro ta te s  on  its axis.  T h e  
m u c h  la rge r  opti ca l  l i b ra t io n s  a re  d u e  to  va r ia t io n s  in the  rate o f  the 
M o o n ’s o rb i ta l  m o t io n ,  th e  obliqu ity  o f  the  M o o n ' s  equator  to  its
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orbit a l  p lane ,  a n d  the d iu rna l  c hange s  o f  geom e t r ic  perspec t ive of  an 
o bse rve r  o n  the E a r th ' s  surface.  

ligh t-tim e:  the  interval  of  t ime requi red for light to  t ravel  f rom a 
celestial b o d y  to  the E ar th .  D u r in g  this interval  the m o t io n  of  the 
b o d y  in space  causes  a n  a n g u l a r  d isp lacem en t  o f  its apparent place  
f rom its geom etric  position  (see aberra tion , planetary),  

light year:  the  d is tance  th a t  light t raverses  in a  v a c u u m  d u r in g  one 
year.

local sidereal time:  the  local  hour angle  o f  a  catalog equinox,  
long itude , celestial: a n g u l a r  d is tance  on  the celestial sphere  m e asu re d  

ea s tw a rd  a long  the ecliptic  f rom the dynam ical equ inox  to  the  grea t  
circle pass ing  t h r o u g h  the  poles of  the ecl iptic a n d  the  celestial 
object .

long itude , terrestrial:  a n g u l a r  d is tance  m e asu re d  a lo n g  the E a r th ' s  
equator  f rom  the G r e e n w ic h  meridian  to  the  m e r id ian  of  a geog raph ic  
loca t ion .

lunar phases:  cycl ically recur r ing  a p p a r e n t  forms  of  the M o o n .  N ew  
M o o n ,  F i rs t  Q u a r t e r ,  Full  M o o n  a n d  Las t  Q u a r t e r  a re  defined as 
the t imes  at  which  the  excess o f  the a p p a r e n t  celestial long i tude  (see 
long itude , ce lestia l) o f  the  M o o n  ove r  tha t  of  the Sun  is 0°,  90°,  180° 
a n d  270°, respectively.  

lunation:  the  per iod  of  t ime be tween  tw o  consecu t ive  N e w  M o o n s .

m agn itude , stellar:  a m e a s u re  o n  a  loga r i thm ic  scale o f  the  b r igh tness  of  
a celestial ob jec t  cons ide red  as  a  po in t  source.  

m agnitude o f  a lunar eclipse:  the f rac t ion of  the lu n a r  d ia m e te r
o b s c u re d  by  the  s h a d o w  of the  E a r th  at  the grea tes t  p h as e  of  a  lu n a r  
ecl ipse (see eclipse , lunar), m e asu re d  a long  the  c o m m o n  d iamete r .  

m agnitude o f  a solar eclipse:  the f rac t ion o f  the  so la r  d ia m e te r  obscured  
by the  M o o n  a t  the grea tes t  p h a s e  o f  a  so la r  ecl ipse (see eclipse , 
solar), m e a su re d  a long  th e  c o m m o n  d iamete r .  

mean a n o m a ly : in u n d i s tu rb e d  el lipt ic m o t io n ,  the  p r o d u c t  o f  the mean  
m otion  of  a n  o rb i t ing  b o d y  a n d  the in terval  o f  t ime  since the  b o d y  
pas sed  pericenter. T h u s  the  m e a n  a n o m a ly  is the  angle  from 
pe r icen te r  o f  a hypo the t ica l  b o d y  m o v in g  wi th a c o n s t a n t  a n g u la r  
speed th a t  is equa l  to  th e  m e a n  m o t io n .  (See true anom aly  an d  
eccentric anom aly.)  

mean d istance:  the sem im ajor a x is  o f  an  el lipt ic orbit, 
mean elements:  e lements  o f  an  a d o p t e d  reference orbit (see elem ents , 

orbital)  th a t  a p p r o x im a te s  the ac tua l ,  p e r tu rb e d  orbi t .  M e a n  elements  
m a y  serve as the bas is  for  ca lcu la t ing  perturbations.
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mean equator am i equ inox:  t h e  celestial reference sys tem d e t e rm in e d  by  
ignor ing  small va r ia t ions  o f  s h o r t  pe r iod  in the  m o t i o n s  o f  the 
celestial equator.  T h u s  the m e a n  e q u a t o r  a n d  e q u in o x  a re  affected 
only  by  precession. P o s i t i o n s  in s ta r  c a ta lo g s  a re  n o rm a l ly  referred to  
the  m e an  ca t a lo g  e q u a t o r  a n d  e q u inox  (see catalog e q u in o x ) o f  a 
standard  epoch.

mean m otion:  in u n d i s tu r b e d  el lipt ic m o t io n ,  the  c o n s t a n t  a n g u l a r  speed  
required  for a b o d y  to  c o m p le t e  o n e  revo lu t ion  in a n  orbit o f  a 
specified semimajor axis,  

mean place:  the c o o rd in a te s ,  referred to  the mean equa tor  and  equ inox  
o f  a  standard epoch , o f  a n  object  o n  the celestial sphere  cen te red  at  
the  Sun.  A m e an  p lace is d e t e rm in e d  by  r em ov ing  f rom  the  direc t ly 
observed  pos i t ion  the  effects o f  refraction , geocen tr ic  a n d  ste l lar  
p a ra lla x , a n d  stel lar  a b e r r a t i o n  (see a berra tion , s te l la r ), a n d  by 
referr ing the  c o o r d in a t e s  to  the m e an  e q u a t o r  a n d  e q u in o x  o f  a 
s t a n d a r d  epoch .  In co m p i l i n g  s ta r  c a t a lo g s  it has  been  the p rac t ice  
no t  to  rem ove  the secu la r  pa r t  of  s tel lar  a b e r r a t i o n  (see a berra tion , 
secular). P r io r  to 1984, it w as  add i t iona l ly  the p rac t ice  no t  to  r em o v e  
the elliptic p a r t  of  a n n u a l  a b e r r a t i o n  (see aberra tion , annual  a n d  
aberra tion , E-term s of ) ,  

mean solar time:  a m e a s u re  o f  t ime based  co n ce p tu a l ly  o n  the  d iu rn a l  
m o t io n  of  the f ic t i t io u s  m ean su n , u n d e r  th e  a s s u m p t i o n  th a t  the 
E a r th ' s  rate of  r o ta t io n  is c o n s ta n t .  

m eridian:  a grea t  circle pass ing  t h r o u g h  the  celestial poles  a n d  t h r o u g h  
the  zenith  of  a n y  lo c a t io n  o n  Ear th .  F o r  p la n e ta ry  o b s e r v a t i o n s  a 
m er id ian  is ha l f  the  g rea t  circle pass ing t h r o u g h  the  p la n e t ' s  poles 
a n d  th ro u g h  an y  lo c a t io n  o n  the  plane t .  

m oonrise , m o o n se t: the t im es  a t  w hich  the a p p a r e n t  u p p e r  l im b  of  the 
M o o n  is on  the  a s t r o n o m ic a l  h o r izo n ; i.e., w h en  th e  t rue  zenith  
dis tance , referred to  the  c e n t e r  of  the  E a r t h ,  o f  the  cen t r a l  p o in t  of  
th e  disk  is 90° 34' +  5 -  7r, w he re  5 is the  M o o n ' s  s e m i d ia m e te r ,  n  is 
the  horizontal p a ra l la x , a n d  34' is the  a d o p t e d  va lue  o f  ho r izo n ta l  
refraction.

nadir:  th e  po in t  o n  th e  celestia l sphere  d iametr ica l ly  o p p o s i t e  t o  the 
zenith.

node:  e i the r  of  th e  p o in t s  o n  the  celestial sphere  a t  w h ic h  the  p la n e  o f  
an  orbit intersects  a reference plane.  T h e  pos i t ion  o f  a n o d e  is o n e  of  
the s t a n d a r d  o rb i t a l  e lem en ts  (see e lem en ts , orbital)  u s e d  to  specify 
th e  o r ien ta t ion  of  a n  o rb it .  

nuta tion:  the s h o r t -p e r io d  osc i l la t ions  in the  m o t io n  o f  th e  p o le  of  
r o ta t io n  o f  a freely r o t a t i n g  b o d y  tha t  is u n d e r g o in g  to r q u e  from
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ex te rna l  g ra v i ta t io n a l  forces. N u ta t io n  of th e  E a r th 's  pole is d iscussed 
in te rm s  o f  c o m p o n e n ts  in obliqu ity  an d  lo n g i tu d e  (see long itude . 
celestial).

ob liqu ity :  in genera l  the  ang le  be tween  the  e q u a to r i a l  a n d  orb it a l  p lanes  
o f  a b o d y  o r .  equ iva len t ly ,  be tween  the  ro ta t iona l  a n d  orbital  poles.  
F o r  the E a r t h  the  ob l iqu i ty  o f  the ecliptic is the ang le  be tween  the 
p lanes  o f  the  equa tor  a n d  the ecliptic. 

occult a t  ion: the  o b s c u r a t i o n  of  o n e  celestial b o d y  by a n o t h e r  of  g rea te r  
a p p a r e n t  d i a m e t e r ;  especially the  passage  o f  the M o o n  in front  o f  a 
s t a r  o r  p la n e t ,  o r  the  d i s a p p e a r a n c e  o f  a satel l ite beh ind  the disk of  
its p r im a ry .  If the  p r im a ry  source  of  i l lumina t ion  o f  a  reflecting bo d y  
is cu t  off by  the  occ u l t a t io n ,  the  p h e n o m e n o n  is a lso  cal led an  
eclipse. T h e  o c c u l t a t io n  o f  the Sun by the M o o n  is a  so la r  eclipse 
(see eclipse , solar), 

opposition :  a  c o n f ig u ra t io n  o f  the  Sun ,  Ear th  a n d  a p lanet  in which  the 

a p p a r e n t  geocen tr ic  lon g i tu d e  (see longitude , ce lestia l) o f  the  p lanet  
differs by 180 f rom  the  a p p a r e n t  geocentr ic  long i tude  of  the Sun.  

orb it:  the p a t h  in sp ace  fol lowed by a celestial body.  
osculating elements:  a set o f  p a r a m e t e r s  (see e lem en ts , orbital)  tha t  

specifies th e  i n s t a n t a n e o u s  pos i t ion  a n d  velocity of  a  celestial body  in 
its p e r t u r b e d  orbit.  O s c u la t in g  e lements  descr ibe the u n p e r tu rb e d  
( tw o -b o d y )  o rb i t  t h a t  the b o d y  w ou ld  follow if perturbations  were to 
cease  in s t a n ta n e o u s ly .

p ara llax :  the dif ference in a p p a r e n t  d irec t ion of  an  object  as  seen from 
tw o  different  lo c a t io n s ;  converse ly  the ang le  at the  object  tha t  is 
s u b te n d e d  by  th e  line jo in in g  tw o  des igna ted  po in ts .  G eocen t r ic  
(d iu rna l )  p a r a l l a x  is the  difference in d irec t ion  be tween  a topocentric  
o b s e rv a t io n  a n d  a hypo the t ica l  geocentric  o b se rva t ion .  Hel iocen tr ic  
o r  a n n u a l  p a r a l l a x  is the difference be tween hypo the t ica l  geocen tr ic  
a n d  heliocentric  o b s e rv a t io n s ;  it is the  ang le  s u b te n d e d  at the 
o bse rved  ob jec t  by the  sem im ajor a x is  of the  E a r th ' s  orbit.  (See also 
horizon ta l para llax .)  

par s e c : the  d i s t a n c e  a t  which  o n e  astronom ical unit s u b te n d s  a n  ang le  of  
o n e  second  o f  a rc ;  equ iva len t ly  th e  d i s tance  to a n  object  hav ing  an  
a n n u a l  para llax  o f  o n e  second  o f  arc.  

penum bra:  th e  p o r t i o n  o f  a  s h a d o w  in which  light f rom a n  ex tended  
source  is p a r t i a l l y  b u t  n o t  com ple te ly  cut  off by a n  in te rven ing  b o d y ;  
the  a rea  o f  pa r t i a l  s h a d o w  s u r r o u n d i n g  the umbra, 

pericenter:  the  p o in t  in a n  orbit t h a t  is nearest  to the  ce n t e r  o f  force.
(See perigee  a n d  perihelion.)  

perigee:  th e  p o in t  a t  w h ich  a b o d y  in orbit  a r o u n d  the  E a r t h  m os t
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closely a p p r o a c h e s  the E a r th .  Per igee  is som et im es  used  w i th  
reference to th e  a p p a r e n t  o r b i t  of  the  S u n  a r o u n d  the  E a r th .  

perihelion: the po in t  at w h ich  a b o d y  in orbit a r o u n d  the S u n  m os t  

closely a p p r o a c h e s  the  Sun.  
period:  the interval  o f  t im e  requ i re d  to  c o m p le te  o n e  rev o lu t io n  in an  

orbit o r  o n e  cycle o f  a  p e r io d ic  p h e n o m e n o n ,  such  as  a cycle of 
phases.

perturbations:  dev ia t io n s  b e tw e e n  the a c tu a l  orbit o f  a celest ial  b ody  
a n d  an  a s s u m e d  reference o r b i t ;  a l so  th e  forces tha t  c a u s e  dev ia t io n s  
between the  a c tu a l  a n d  reference orb it s .  P e r tu r b a t io n s ,  a c c o r d in g  to  
the  first m e an in g ,  a re  u sua l ly  ca lcu la ted  as q uan t i t i e s  to be  a d d e d  to  
the  c o o rd in a te s  o f  the reference o rb i t  to  o b ta in  the  precise 
coord ina tes .

phase:  the  ra t io  of  the  i l lum ina ted  a rea  o f  the a p p a r e n t  disk o f  a 
celestial b o d y  to  th e  a r e a  o f  th e  en t i re  a p p a r e n t  disk  ta k e n  as  a  
circle. F o r  the  M o o n ,  p h a s e  d e s ig n a t io n s  (see lunar phases)  are 
defined by  specific c o n f ig u ra t io n s  o f  the  S un ,  E a r th  a n d  M o o n .  F o r  
ecl ipses phase  d e s ig n a t io n s  ( to tal ,  pa r t i a l ,  p e n u m b r a l ,  etc.) p ro v id e  
genera l  de sc r ip t ions  of  t h e  p h e n o m e n a  (see eclipse , solar: ec l ipse , 

annular; eclipse , lunar.) 
phase angle:  the  ang le  m e a s u r e d  a t  the cen te r  o f  a n  i l lum ina ted  b o d y  

be tween  the l ight  sou rce  a n d  th e  observer .  
polar motion:  the  irregular ly  va ry ing  m o t io n  o f  the  E a r t h ' s  p o le  o f  

ro ta t io n  with  respect  to  t h e  E a r t h ' s  c rus t .  (See celestial ephem eris  
pole.)

precession: the un i fo rm ly  p ro g re s s in g  m o t io n  o f  the  po le  of  ro t a t i o n  of  
a  freely ro ta t in g  b o d y  u n d e r g o i n g  t o r q u e  f rom ex terna l  g r a v i t a t i o n a l  
forces. In the case  o f  the  E a r t h ,  the  c o m p o n e n t  of  p recess ion  caused  
by the Sun a n d  M o o n  a c t in g  on  the  E a r t h ' s  e qua to r ia l  b u lg e  is cal led 
lun i so la r  p recess ion ;  the c o m p o n e n t  cau s ed  by  the ac t io n  o f  the 
p lane ts  is cal led p la n e ta ry  precess ion .  T h e  sum  of  lu n i so la r  a n d  
p la n e ta ry  p recess ion  is ca l led  genera l  p recess ion.  (See nuta tion .)  

proper m o t io n : t h e  p ro je c t io n  o n t o  the celestial sphere  o f  t h e  space  
m o t io n  o f  a  s t a r  relat ive  to  th e  so la r  sys tem ;  thus  the  t r a n s v e r s e  
c o m p o n e n t  o f  the  space  m o t i o n  of  a s t a r  wi th respect  to t h e  so la r  
system. P r o p e r  m o t i o n  is usua l ly  t a b u la te d  in s ta r  c a t a lo g s  as 
c hange s  in r ight ascension  a n d  declination  p e r  year  o r  c en tu ry .

q uadra ture : a  c o n f ig u ra t io n  in w hich  tw o  celestial  bo d ie s  h a v e  a p p a r e n t  
long i tudes  (see long itude , celestial)  th a t  differ by  90° as  v iewed  from a 
th i rd  b o d y .  Q u a d r a t u r e s  a re  usual ly  t a b u la te d  with  respec t  to  the 
Sun  as viewed f rom  the c e n t e r  o f  the E a r th .
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radial velocity:  the rate o f  c h a n g e  of  the d i s t a n c e  to an  object .  
refraction , as tronom ica l: the change  in d i rec t ion  o f  travel  (bend ing)  o f  a 

l ight ray as it passes  ob liquely  th ro u g h  the a t m o s p h e re .  As a result of 
ref ract ion the observed  a lt itude  of  a celestial  ob jec t  is g re a t e r  than  its 
geom e t r ic  a l t i tude.  T h e  a m o u n t  o f  re f rac t ion  d e p e n d s  on  the a l t i tude  
of  th e  object  a n d  on  a tm o s p h e r ic  c o n d i t io n s .  

retrograde m otion:  for  orb i ta l  m o t io n  in the  s o la r  sys tem, m o t io n  tha t  
is c lockwise  in the orbit as  seen f rom the n o r t h  pole  o f  the eclip tic ; 
for an  object  observed  o n  the celestial sp h ere , m o t io n  tha t  is from 
eas t  to west,  result ing f rom the relative m o t i o n  o f  the objec t  a n d  the 
Ear th .  (See direct motion.)  

right ascension:  a n g u l a r  d is tance  on  the celestia l sphere  m e asu re d  
e a s tw ard  a long  the celestial equator  f rom  the  equ inox  to  the hour  
circle  pass ing t h r o u g h  the  celestial ob ject .  Right  ascens ion  is usual ly  
given in c o m b in a t i o n  with  declination.

second , Sys tem e  In terna tiona l  (SI): the d u r a t i o n  o f  9 192 631 770 cycles 
o f  rad ia t ion  c o r r e s p o n d in g  to  the t r a n s i t io n  be tw een  tw o  hyperfine 
levels o f  the g r o u n d  s ta t e  of  ces ium 133. 

se lenocen tr ic : with  reference to,  o r  pe r t a in in g  to ,  the cen te r  o f  the 
M o o n .

sem idiam eter:  the angle  at  the  o b s e rv e r  s u b t e n d e d  by the eq u a to r ia l  
r ad iu s  of  the S un ,  M o o n  o r  a planet .  

sem im ajor ax is:  half  the length  of  the m a j o r  ax is  o f  an  el lipse; a 
s t a n d a r d  element used to  descr ibe  a n  el lipt ical  orbit (see elem ents , 
orbital).

sidereal day:  the  interval  o f  t ime be tw een  tw o  consecu t ive  transits  of  
the catalog equinox.  (See sidereal time.)  

sidereal hour angle:  a n g u l a r  d is tance  on  th e  celestial sphere  m easu red  
w es tw ard  a long  the celestial equator  f rom the  catalog equ inox  to  the 
hour circle  pass ing t h r o u g h  the  celestial ob ject .  It is equa l  to  360 
m in u s  right ascension  in degrees.  

sidereal time: the m e asu re  o f  t ime defined  by  the  a p p a r e n t  d iu rna l  
m o t io n  o f  the catalog e q u in o x ; h ence  a m e a s u r e  o f  the ro ta t io n  of  the 
E a r t h  with respect  to  the s tars  r a th e r  t h a n  th e  Sun.  

solstice:  e i ther  o f  the tw o  p o in t s  o n  the ecliptic  a t  which the a p p a r e n t  
long i tude  (see long itude , celestial)  of  the  S un  is 90 o r  270°;  al so  the 
t im e  at  which the Sun  is at e i ther  po in t .  

s tandard  epoch:  a d a t e  a n d  t ime tha t  specif ies  the  reference system to 
w h ich  celestial c o o rd in a t e s  a re  referred.  P r io r  to 1984 c o o rd in a t e s  of 
s ta r  c a ta logs  were  c o m m o n l y  referred to  the  mean equator  and  
equinox  o f  the beg inn ing  of  a  Bessel ian y e a r  (see year, Besselian).
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Beginn ing  with  1984 the Ju lian  year  h a s  been  u sed ,  as  d e n o te d  by  the  
prefix J ,  e.g.,  J2000.0.  

s ta tio n a ry  point  (of  a  p la ne t ) :  the  p o s i t i o n  a t  w h ich  th e  ra te  o f  c h an g e  
of  th e  a p p a r e n t  right ascension  (see a p p a ren t place)  o f  a  p lane t  is 
m o m e n t a r i l y  zero.  

sunrise , s u n s e t : the t imes a t  w h ich  the  a p p a r e n t  u p p e r  l im b  o f  the S u n  
is o n  the  a s t ro n o m ic a l  h o r izo n ; i.e., w h e n  the  t r u e  zenith  d is tance , 
referred to  the  cen te r  o f  the  E a r t h ,  o f  th e  cen t r a l  p o in t  o f  th e  disk  is 
90° 50' ,  b a s e d  o n  a d o p t e d  va lues  o f  34'  fo r  h o r i z o n t a l  refraction  a n d  
16' for  the  S u n ' s  sem idiam eter,  

surface brightness  (of a  p la n e t ) :  the  visua l  m a g n i t u d e  o f  a n  ave rage  
s q u a r e  a rc - seco n d  a rea  o f  th e  i l lum ina ted  p o r t i o n  o f  the  a p p a r e n t  
disk.

synodic  period:  for  p lane ts ,  t h e  m e an  in te rva l  o f  t im e  be tw ee n  successive 
con junctions  o f  a  pa i r  o f  p lane ts ,  a s  o b s e rv e d  f rom  th e  S u n ;  for 
satel l i tes ,  t h e  m e a n  in te rva l  be tw een  success ive c o n j u n c t i o n s  o f  a 
sa tel l i te  w i th  the S un ,  as  obse rved  f rom  th e  sa te l l i te 's  p r im ary .

terrestrial dynam ica l time  ( T D T ) :  the  i n d e p e n d e n t  a r g u m e n t  for  
a p p a r e n t  geocentric  ephem er ides .  At 1977 J a n u a r y  ld 0 0 h 0 0 m0 0 s T A I ,  
the  va lue  o f  T D T  was  exac tly  1977 J a n u a r y  ld000  3725.  T h e  unit  o f  
T D T  is 86 400 SI seconds  a t  m e a n  sea level.  F o r  p rac t ica l  p u rp o s e s  
T D T  =  T A I  +  32! 184. (See barycen tric  d yn a m ica l time: dynam ica l  
time: in terna tiona l a tom ic  time.)  

te rm ina tor:  th e  b o u n d a r y  be tween  the  i l lu m in a ted  a n d  d a r k  a rea s  o f  the  
a p p a r e n t  d isk  o f  the M o o n ,  a p lane t  o r  a  p l a n e t a r y  satel li te.  

to p o cen tr ic : with  reference to ,  o r  p e r t a in in g  to ,  a p o in t  o n  th e  surface 
o f  the  E a r t h ,  usua lly with  reference to  a c o o r d i n a t e  system. 

transit:  the p as sage  of  a  celestial  ob ject  a c r o s s  a m er id ia n ; a l so  the 
p a s s a g e  o f  o n e  celestial b o d y  in front  o f  a n o t h e r  o f  g r e a t e r  a p p a r e n t  
d i a m e t e r  (e.g., the pas sage  o f  M e r c u r y  o r  V e n u s  a c r o s s  the  Sun  or  
J u p i t e r ' s  satel l ites  ac ro s s  its disk);  h o w e v e r ,  the  p a s s a g e  o f  the M o o n  
in f ron t  o f  the  la rge r  a p p a r e n t  Sun  is ca l led  a n  a n n u l a r  ecl ipse (see 
eclipse , annular).  T h e  p a s s a g e  o f  a  b o d y ' s  s h a d o w  a c r o s s  a n o t h e r  
b o d y  is ca l led  a  s h a d o w  t rans i t ;  h o w ev e r ,  th e  p a s s a g e  o f  th e  M o o n ' s  
s h a d o w  ac ro s s  the E a r t h  is cal led  a s o la r  ecl ipse (see ec lipse , solar), 

true an o m a ly :  the angle ,  m e a su re d  a t  th e  focus  n e a re s t  the  pericenter  o f  
a n  el l ipt ical orb it , be tw een  the pe r ic en te r  a n d  the  r a d iu s  vec to r  f rom 
th e  focus to  the o rb i t in g  b o d y ;  o n e  of  t h e  s t a n d a r d  o rb i t a l  e lem en ts  
(see e lem e n ts , orbital).  (See al so  eccentric a n o m a ly , m ean anom aly .)  

true equ a to r  and  equ inox:  the  celestial c o o r d i n a t e  sy s tem  d e te rm in e d  by 
th e  i n s t a n t a n e o u s  p o s i t i o n s  of  the celestia l equa tor  a n d  ecliptic. T h e
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m o t io n  of  this sys tem is d u e  to the p rog re s s ive  effect of  precession  
an d  the  s ho r t - te rm ,  p e r io d ic  va r i a t io n s  o f  nu ta tion .  (See m ean equator  
and equinox.)

tw ilight:  the interval  o f  t im e  p rece d in g  sunr ise  a n d  following sunse t  (see 
sunrise , sunset)  d u r i n g  w h ic h  the sky  is pa r t i a l ly  i l luminated .  Civil 
twil ight com pr i ses  th e  in te rva l  w h en  the  zenith  d is tance , referred to 
the cen te r  o f  the E a r t h ,  o f  the  cen t ra l  p o in t  o f  the S un ' s  disk is 
be tween  90 50' a n d  96 . nau t ica l  tw il ight  co m p r i s e s  the in te rval  from 
96 to  102 , a s t r o n o m ic a l  twil ight  c o m p r i s e s  the  interval  f rom  102 to 
108 .

um bra:  the  p o r t ion  o f  a  s h a d o w  c o n e  in w hich  n o n e  of  the l ight  from 
an  ex tended  light s o u r c e  ( ignor ing  refraction)  can  be  observed .

universal time  (U T ) :  a m e a s u r e  o f  t im e  tha t  c o n fo rm s ,  within a close 
a p p r o x i m a t i o n ,  to th e  m e a n  d iu rn a l  m o t i o n  o f  the  Sun  a n d  serves  as 
the bas is  of  all civil t im ek ee p in g .  U T  is fo rm al ly  def ined by  a 
m a th e m a t ic a l  f o rm u la  a s  a  func t ion  o f  sidereal time. T h u s  U T  is 
de te rm in e d  from o b s e r v a t i o n s  o f  th e  d iu rn a l  m o t io n s  o f  the stars .
T h e  t im e  scale d e t e r m in e d  d irec t ly  f rom  such  o b s e rv a t io n s  is 
des igna ted  U T 0 ;  it is s lightly d e p e n d e n t  o n  the  place o f  o b s e rv a t io n .  
W h e n  U T 0  is c o r rec ted  for  the  shift in l o n g i tu d e  of  the  ob s e rv in g  
sta t ion  caused  by polar  m o t io n , the  t im e  scale U T 1  is o b ta in e d .

vernal equ inox:  the a s c e n d in g  node  o f  the  ecliptic  on  the celestial  
eq u a to r ; a l so  the t im e  a t  w h ich  th e  a p p a r e n t  lo n g i tu d e  (see apparen t  
place  a n d  long itude , celestia l)  o f  th e  Sun  is 0°. (See equinox.)

vertical:  a p p a r e n t  d i r ec t io n  o f  g ra v i ty  at  the  p o in t  o f  o b s e rv a t io n  
(n o rm a l  to the  p lane  o f  a free level surface) .

year:  a pe r iod  o f  t ime b a s e d  o n  the r e v o lu t io n  o f  the E a r th  a r o u n d  the 
Sun.  T h e  c a l e n d a r  y e a r  (see G regorian  calendar)  is an  a p p r o x i m a t i o n  
to  the  trop ical  year  (see y e a r , tropical). T h e  a n o m a l i s t i c  y e a r  is the 
m e an  interval  be tw een  success ive p a s s ag es  o f  the  E ar th  t h r o u g h  
perihelion.  T h e  sidereal  y e a r  is the  m e a n  p e r io d  o f  revo lu t ion  with  
respect to  the b a c k g r o u n d  s tars .  (See Ju lian  year  a n d  y e a r , Besselian.)

y e a r , Besselian:  the p e r io d  o f  o n e  c o m p l e t e  revo lu t ion  in right ascension  
o f  the f ic titious mean s u n , a s  def ined  by  N e w c o m b .  T h e  b eg in n in g  of  
a  Bessel ian year,  t r a d i t i o n a l ly  used  as  a  s tandard  epoch , is d e n o t e d  by  
the suffix ‘.O'. Since 1984 s t a n d a r d  e p o c h s  have  been  defined  by  the 
Julian year  r a th e r  t h a n  the  Bessel ian  y ea r .  F o r  d is t inc t ion ,  the  
b eg inn ing  o f  a Besselian y e a r  is n o w  identif ied by the  prefix B (e.g., 
B1950.0).
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y e a r , tropical:  the  per iod  o f  o n e  com ple te  revo lu t ion  o f  the  m e a n  
l o n g i tu d e  o f  the  Sun  with  respect  to  the dynam ica l equ inox .  T h e  
t rop ica l  y e a r  is lo n g e r  th a n  the  Bessel ian y e a r  (see year ,  Besselian)  by  
0M48T, w h e re  T  is cen tur ies  from B 1900.0.

zen ith :  in gene ra l ,  the  po in t  d irect ly o v e rh ea d  o n  th e  celestia l sphere. 
T h e  a s t r o n o m ic a l  zeni th  is th e  ex tension  to  infini ty o f  a  p l u m b  line. 
T h e  geo ce n t r ic  zenith is defined  by the  line f rom  th e  c e n t e r  o f  the  
E a r t h  t h r o u g h  th e  observer .  T h e  geodet ic  zeni th  is the  n o r m a l  to  the  
g eode t ic  el l ipsoid  o r  s phe ro id  at  the ob s e rv e r ' s  lo c a t io n .  (See 
deflection o f  the  vertical.) 

zenith  d is tance:  a n g u l a r  d i s t a n c e  on  the  celestial sphere  m e a s u r e d  a lo n g  
the  g rea t  circle from the  zenith  to  the  celestial  ob je c t .  Z e n i th  d i s ta nce  
is 90 m i n u s  altitude.

(From The Astronomical Almanac 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)(a)

Cambridge 3C 159 471 8
3CR 178 — 9
4 C 178 4843 2
5C 408 276 0.025
W K B 38 1069 14
RN 178 87 0.25
NB 81.5 558 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 0.4
PKS 635, 1410,2650 397 1.5

Owens Valley CTA 906 106 —

CTB, CTBR 960 110 —

C T D 1421 — 1.15
National Radio N R A O 750, 1400 726 (3C and 3CR)

Observatory N R A O 750, 1400 458 0.5
Bologna B1 408 629 1

B2 408 3235 0.2
Ohio State O 1415 128 2,0 .5

O 1415 236 0.37
O 1415 1199 0.3
O 1415 2101 0.2

Vermillion V RO 610.5 239 0.8
River V RO 610.5 625 0.8

Dominion Radio DA 1420 615 2
Observatory

Dwingeloo-
NRAO DW 1417 188 2.3
Arecibo AO 430 25

{a) 1 jansky (Jy) =  10" 26 Wm 2 Hz 1.
(Adapted from Weinberg, S., Gravitation and Cosmology, John Wiley and Sons, 
1972.)
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Microwave background

Measurement of the surface brightness, Bv of the cosmic background 
radiation. The spectrum of a 2.75 K blackbody emitter is also shown. 
(Courtesy of T. Wilkinson. Princeton University.)

W A V E L E N G T H  (cm)

Free space microwave window. (From  NASA SP-419, The Search for  
Extraterrestrial Intelligence, S E T  I.)
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Terrestrial microwave window. (From  NASA SP-419, op. cit.)
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Microwave background (cont.)

10
(G H z )

1 0 0 0



Se
le

ct
ed

 
di

sc
re

te
 

ra
di

o 
so

ur
ce

s

145

co

c
CJ“O

0 4r-<n
xc3

Z  15C/5 Q
o •

•f 45 o ^

*r, P r~
C r -*

00 >. 
<L> X

—
03
a

oaz

a
CJ1)

z
C/5

- C1)
Z

rt
m ,

r  i— rf
z  S
c/5 - J2
-3 — — 3— 3 -C3 Xi Z  w ̂ ft zCJ "T-
Z  ^  rX «
i s ? "

i— *“  ' , O
’ i ^  r*  S-/ w  I—i cc

3
x— ~ cj

- - S  zx a ^
D  O
>  a.

r -
oo

X
_03

a

r33
U a d :

ocn

az

a
CJ
CJ
CL

o
CJ

c  77O ?3 X
_ J  —  C L  —J ryj -—

i n  oc

ro mi
On
r-

r*-, r-~ *— o
rr, r  4 r<-( rr, r~ J

rf —
OC rr,

—  oc 

r" sc

_ N

C/5

CJoo
rsj —

_ L  <D
^  oo +

— <n in

O
2

cj «2 CJ c 
CL Cj C/5 "O

oo

«n
ON

oin
ON

a>
CJi_<
3OC/5

nD O  in sO o04

O O O O O  O O O O O  
*n ON o  O  rn  O  oo 04 o  Q
04 ~  r f  — t  M -  t  O

O Q  
nO o  in Tf

O O  
O r t

O  r--
rr, — nO

Q °o  NO 
04

o  ©
i n  r t

ort

8  0  rr,<n so
OO 04

o  o  o  
O  r t  oin *—1 OC

Ê
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The brightest radio sources visible in the northern hemisphere (based  on 
o b se rv a t io n s  a t the  2 0 c m  w avelength)

Name a 1950 S 1950
Intensity
(fu) Identification

3C 10 OOh22m37s 63 51' 41" 44 Supernova remnant*"1 
Tycho's supernova

3C 20 00 40 20 51 47 10 12 Galaxy
3C 33 01 06 13 13 03 28 13 Elliptical Galaxy
3C 48 01 34 50 32 54 20 16 Quasar
3C 58 02 01 52 64 35 17 34 Supernova remnant*"*
3C 84 03 16 30 41 19 52 14 Seyfert Galaxy
Fornax A 03 20 42 - 3 7 25 00 115 Spiral Galaxy
NRAO  1560 04 00 00 51 08 00 26
NRAO  1650 04 07 08 50 58 00 19
3C 111 04 15 02 37 54 29 15
3C 123 04 33 55 29 34 14 47 Galaxy
Pictor A 05 18 18 - 4 5 49 39 66 D Galaxy**”
3C 139.1 05 19 21 33 25 00 40 Emission nebula*"’
NRAO 2068 05 21 13 - 3 6 30 19 19 N Galaxy*4’
3C 144 05 31 30 21 59 00 875 Supernova remnant*"’ 

C rab Nebula Taurus A
3C 145 05 32 51 - 0 5 25 00 520 Emission nebula*"1 

Orion A N G C  1976
3C 147 05 38 44 49 49 42 23 Quasar
3C 147.1 05 39 11 - 0 1 55 42 65 Emission nebula*"’ 

Orion B -N G C  2024
3C 153.1 06 06 53 20 30 40 29 Emission nebula*"’
3C 161 06 24 43 - 0 5 51 14 19
3C 196 08 09 59 48 22 07 14 Quasar
3C' 218 09 15 41 -  11 53 05 43 D Galaxy*'”
3C 270 12 16 50 06 06 09 18 Elliptical Galaxy
3C 273 12 26 33 02 19 42 46 Quasar
3C 274 12 28 18 12 40 02 198 Elliptical Galaxy 

M87- Virgo A
3C 279 12 53 36 - 5 31 08 11 Quasar
Centaurus A 13 22 32 - 4 2 45 24 1330 Elliptical Galaxy 

N G C  5128
3C 286 13 28 50 30 45 58 15 Quasar
3C 295 14 09 33 52 26 13 23 D Galaxy**”
3C 348 16 48 41 05 04 36 45 D Galaxy**”
3C 353 17 17 56 - 0 0 55 53 57 D Galaxy**”
3C 358 17 27 41 - 2 1 27 11 15 Supernova remnant*"’ 

Kepler's supernova
3C 380 18 28 13 48 42 41 14 Quasar
N RAO 5670 18 28 51 - 0 2 06 00 12
N RAO 5690 18 32 41 - 0 7 22 (X) 90
N RAO 5720 18 35 33 - 0 6 50 18 30
3C 387 18 38 35 - 0 5 11 00 51
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The brightest radio sources visible in the northern hemisphere {com.)

I n t e n s i t y
Name y. 11950 <> 1950 (fu) Identification

NRAO 5790 18h 43',n30" - 0 2 46'39" 19
3C 390.2 18 44 25 - 0 2 33 00 80
3C 390.3 18 45 53 79 42 47 12 N Galaxy
3C 391 18 46 49 - 0 0 58 58 21
NRAO 5840 18 50 52 01 08 18 15
3C 392 18 53 38 01 15 10 171 Supernova remnant*"*
NRAO 5890 18 59 16 01 42 31 14
3C 396 19 01 39 05 21 54 14
3C 397 19 04 57 07 01 50 29
N RAO  5980 19 07 55 08 59 09 47
3C 398 19 08 43 08 59 49 33
N RAO  6010 19 11 59 11 03 30 10
N RAO 6020 19 13 19 10 57 00 35
N RAO  6070 19 15 47 12 06 00 11
3C 400 19 20 40 14 06 00 576
NRAO 6107 19 32 20 - 4 6 27 32 13
3C 403.2 19 52 19 32 46 00 75
3C 405 19 57 44 40 35 46 1495 D Galaxy*** -  Cygnus A
NRAO 6210 19 59 49 33 09 00 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(a)
N RAO  6435 21 04 25 - 2 5 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 434.1 21 23 26 51 42 14 12
NRAO 6620 21 27 41 50 35 00 37
N RAO  6635 21 34 05 00 28 26 10 Quasar
3C 452 22 43 33 39 25 28 11 Elliptical Galaxy
3C 454.3 22 51 29 15 52 54 11 Quasar
3C 461 23 21 07 58 32 47 2477 Supernova remnant*"* 

Cassiopeia A

fu = 10 W m  2 Hz i

<u> Supernova remnants and emission nebulae lie within our own galaxy.
{b) Galaxy refers to a Dumbell-shaped galaxy.
(t) N Galaxy refers to a galaxy with a bright nucleus.
(Adapted from Verschuur, G. L., The Invisible Universe, Springer-Verlag, 1974.
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Radio spectra

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

W A V E L E N G T H
10 m  1 m  1 0  c m  1 c m
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Radio propagation effects

w here

S(z)  =  the f lux m e asu re d  at zeni th  d i s t a n c e  z,
S 0 =  flux o u t s id e  the a t m o s p h e re ,  
cl =  the  a t t e n u a t i o n  at  the zen i th  for  a i rm a s s  1,

A'(z) =  rela t ive a i rm ass  in units  o f  the  a i rm a s s  a t  the  zenith.  

F o r  a p lane  paral le l  a tm o s p h e r i c  model:

cos z

T a k i n g  in to  a c c o u n t  th e  E a r t h ' s  a n d  t r o p o s p h e r e ' s  c u rv a tu r e :

R + I I

w here

R =  r ad iu s  o f  E a r th ,
H  =  heigh t  o f  a tm o s p h e re ,

/>(/•) =  gas  d en s i ty  of  the a t m o s p h e r e  at  rad iu s  r, 
n =  index  o f  ref ract ion at  rad iu s  r. 

n0 =  index  o f  re f rac t ion  at  rad ius  R.

IJp  to  X  = 5.2 th e  fo l lowing  e q u a t io n  gives X(z ) ,  with  an  e r ro r  less th a n
6.4 x 10~4.

X ( z )  =  -  0 .0045 +  1.006 72 sec z -  0.002 234 sec2 z -  0 .000624  7 s e c 3 z.

X  (z) =  s e c z  =

f ) (r) /p(R)
dr

R

(After K Rohlfs, Tools o f  Radio Astronomy, Springer-V erlag , 1986.)
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Interplanetary medium
T h e  elec tron  dens i ty  as  a function  o f  d i s ta n ce  from the Sun:

. | e = [ 1 . 5 5 r  +  2.99r~ ,(>] x 1014 (m 3), r <  4,

w here  r is the rad ia l  d i s ta nce  from the Sun  in un it s  of  the so la r  r ad ius ,

. l e = 5 x  1 0 ' 1 /* 2 (m 3), 4 < r < 2 0 .

T h e  sca t t er ing  ang le  d u e  to the in t e rp la n e ta ry  m e d iu m  m ay  be  
a p p ro x im a te d  by :

0s ^  ^ 0 ^ - ^  (a rcm in) ,

w here  a is in me te rs  a n d  p, the so la r  im p ac t  p a r a m e te r ,  is in so la r  radii .

Interstellar medium  (delay a n d  F a r a d a y  ro ta t io n )
T h e  s m o o th ,  ionized  c o m p o n e n t  of  th e  in ter s te l l ar  m e d iu m  of the  G a la x y  
affects p r o p a g a t i o n  by  in t roduc ing  de lay  a n d  F a r a d a y  ro ta t ion .  T h e  t ime  
of  a rr iva l  o f  a  pulse  o f  r ad ia t io n  is:

f Ldz  

_  v 'J O  l g

where L  is the p r o p a g a t i o n  p a t h ,  vg is the  g r o u p  velocity;

dfp e 2 [ L
—  T  . t e dz .
dv  4ne0mcv J 0

T h e  integral  o f . t e ove r  the p a t h  leng th  is cal led  the dispersion m easure , 
c l

. \ ' d z .
o

T h e  m agnet ic  field of  the G a lax y  causes  F a r a d a y  ro t a t i o n  of  the  
p o la r iza t ion  p lane  o f  r ad ia t io n  f rom ex t raga lac t ic  rad io  sources.

A \p  =  A2Km,
where  R m is the ro ta tion  m easure  given by

a  = 8 . 1  x 105 \ :B  dz .

H ere  R m is in r a d ia n s  p e r  s q u a re  m e te r ,  /. is in mete rs ,  B  is the long i tud ina l  
c o m p o n e n t  o f  m a g n e t i c  field in gauss  (1 g au s s  =  10 4 tesla) , t e is in 
c e n t im e te r s - 3 , dz  is in parsecs  (pc) (1 pc  =  3.1 x 1016m),  a n d  Atj/ is the 
c h a n g e  in pos i t ion  ang le  of  the  electr ic field:

R m ^  — 18|cot b\ c o s (/ — 94°), 

w here  / a n d  b a r e  the ga lac t i c  long i tude  a n d  la t i tude ,  respectively.
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Interstellar medium  ( sc in t i l la t ion)
A p p r o x i m a t e  fo rm u lae  for interste l lar  sc in t i l lat ion :

()s 7 . 5 / 11 5 (arcsec) ,  \h\ ^  .6

^ 0 . 5 | s i n  /) |~3/5/ 11 5 (arcsec) .  O'." <  \h\ <  3 5

^  13|sin b l " 3' 5/ 11/5 (mil liarcsec) ,  \b\ ^  3 5

15
^  / “ (mil liarcsec) ,  |n| >  15 ,

\  ( |sm h |)

where  b is the galac t ic  la t i tude  a n d  /. is the wave leng th  in meters .
T h e  a cc u racy  o f  the a p p r o x im a t i o n s  a b o v e  decreases  with decreas ing  \b\. 

In  p a r t i cu la r ,  the s ca t te r ing  angle at  low la t i tudes ,  \b\ < 1 , can  ta k e  o n  a 
la rge ran g e  o f  values.

(Adapted from Thompson, A. R., Moran. J. M .&  Swenson, G. W., Interferometry 
and Synthesis in Radio Astronomy, Wiley-Interscience. 1986.)
(For propagation effects in the neutral lower atmosphere, see Thompson et <//., 
op. cit.)

Atmospheric opacity

Atmospheric zenith opacity. The absorption from narrow ozone lines 
has been omitted. (From Thom pson, A. R. et al ., op. cit.)
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Ionospheric electron density

Idealized 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.)

E L E C T R O N  D E N S I T Y  (m  3)
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An incom plete list o f astrophvsically im portant spectral radio featurest

Chemical name
Chemical
formula Transition

Frequency(ul 
(GHz)

D euterium1'’' D 0.327
Hydrogen H 12S, 2j  = i~o 1.420
Hydroxyl radical OH 2n 3 2, J  = 3 2, F =  1 2 1.612

OH 2n 3 2, J  =  3 2, F = 1 1 1.665
OH 2n V2, J  = 3 2, F = 2-2 1.667
OH 2n 3 2, J = 3 2, F = 2 1 1.721

Formaldehyde H 2C O 11 o l i i '  hyperfine structure 4.830
W ater h 2o 6ib 523, hyperfine structure 22.235
Ammonia NH 3 1, 1- 1, 1, hyperfine structure 23.694

N H 3 2 , 2 - 2 , 2 .  hyperfine structure 23.723
n h 3 3,3  3 ,3 ,  hyperfine structure 23.870

Silicon monoxide SiO r =  2, J = 1 0 42.820
SiO r =  1, J =  1 0 43.122
SiO r =  1, J = 2 - \ 86.243

Hydrogen cyanide HCN j  = l (), hyperfine structure 88.631
Formyl ion H C O + J  =  1 0 89.189
Carbon monoxide ,2c18o J =  1-0 109.782
Carbon monoxide l3c ,6o J = 1 -0 110.201
Carbon monoxide 12C16Q J = 1 -0 115.271
Carbon monoxide ,2c l6o J  = 2 1 230.538
Carbon c i p  i p  r \ r o 492.162

(a) a. (m) =  0 . 3 / /  (GHz).
<f,) Not yet found in radio spectra.
tM a n y  hundreds of lines have been detected for more than 70 molecules. 
(Adapted from Thompson, A. R., M oran, J. M. & Swenson, G. W., Interferometry 
and Synthesis in Radio Astronomy, Wiley-Interscience, 1986.)
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Infrared sources
T h e  b righ tes t  m e m b e rs  o f  th e  seven p resen tly  k n o w n  classes of in frared  

sources (Jy =  Ja n s k y  =  fu =  1 0 ~ 26 W  itT  2 H z 1).

1. ST A R S  
a 1950 6 1950 20// flux den. (Jy) Name

lh04m 12 19' 0.83 x 103 CIT 3
2 17 - 3  12 1.9 6 Cet
3 51 11 14 1.3 N M L  Tau
4 57 56 07 1.0 TY Cam
5 52 7 25 2.1 a Ori
7 21 - 2 5  41 11 VY C Ma
9 45 11 39 1.1 R Leo
9 45 13 30 - 2 5 IRC +  10216

10 13 30 49 0.83 RW LMi
10 43 - 5 9  25 - 5 0 )] Car
12 01 - 3 2  04 2.7 IRC -30187
13 46 - 2 8  07 1.9 W Hya
16 26 - 2 6  19 1.0 y. Sco
18 05 - 2 2  16 2.1 VY Sgr
18 36 - 6  51 2.5 EW Set
18 45 - 2  03 2.5 AB Agl
19 24 11 16 3.3 IRC +  10420
20 08 - 6  25 1.4 IRC -1 0529
20 20 37 22 1.1 BC Cyg
20 45 39 56 4.8 N M L Cyg
21 42 58 33 0.69 /' Cep

2. P L A N E T A R Y  
a 1950

N E B U L A  
S 1950 20// flux den. (Jy) Name

21h 00m 36° 30' 2.5 x 103 'Egg Nebula*
21 05 42 02 0.6 N G C 7027

3. H 11 R E G I O N S  
a 1950 6 1950 20// flux den. (Jy) Name

2h 22m 61° 52' 5.6 x 103 W3
5 33 - 5  27 5.9 M42
5 39 - 1  57 3.3 N G C 2024

17 44 - 2 8  33 0.7 Sgr B2
18 01 - 2 4  21 3.3 M8
18 06 - 2 0  19 3.0 W31
18 11 - 1 7  58 1.4 HFE50
18 16 - 1 3  46 1.4 M 16
18 18 - 1 6  13 20 M 17
18 43 - 2  42 1.1 H FE  56
18 59 1 08 1.0 W48
19 08 9 02 1.7 H F E  58
19 11 10 48 1.2 •)

19 20 13 59 1.2 H FE  59
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Infrared sources {com.)

3. H 11 R E G I O N S
* 1950 <) 1950 20// flux den. (Jy) Name

19h 2 l1" 14 24 1.7 x 1 O' HFE 60
20 00 33 25 1.4 N G C  6857
20 26 37 13 1.2 Sharp 106
23 12 61 12 3.6 NGC- 7358

4. M O L E C U L A R  C L O U D S
a 1950 <> 1950 100// flux den. (Jy) Name

-)h -)-)m 61 52' -  104 W3 IRS 5
5 33 - 5  27 1 x 10 s KL Neb
6 05 - 6  23 5 x 104 Mon R2

16 23 - 2 4  17 3 x 104 p Oph DK.C1.
20 37 42 12 -  104 W75 S OH

5. G A L A C T I C N U C L E U S
a 1950 (> 1950 20// flux den. (Jy) Name

17h43m - 2 8  54' 2.6 x 103 Sgr A

6 . G A L A C T I C N U C L E I
a 1950 (> 1950 20// flux den. (Jy) Name

00h45m - 2 5  34' 30 N G C  253
2 40 00 20 60 NG C 1068
9 52 69 55 100 M 82

12 55 56 15 6 MK 231

7. Q S O
a 1950 <) 1950 10// flux den. (Jy) Name

08h53m 20 15' 0.04 -»0.07 OJ 287
12 27 2 20 0.2 -> 0.5 3C 273
22 01 42 12 0.2 - 0 . 7 BL Lac

(Adapted from Low, F. in Symposium on Infrared and Submillimeter Astronomy, 
G. G. Fazio, ed., D. Reidel Publishing Company, 1977.)
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Infrared background

Infrared background  fluxes. (Adapted from Rieke, G.  H. et a l .,
Science , 231, 807, 1986.)

W A V E L E N G T H  (ptm)
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Infrared background (com.)

Predicted diffuse far-infrared radiation fluxes. The  curve marked  NR is 
an est imate of  the contr ibut ion from rich clusters  neglecting redshift 
and o ther  relativistic effects. (Adapted from Stecker.  F. W..
Puget ,  J. L. & Fazio,  G.  G..  Ap. J. ( L a t . ) .  214. L51, 1977.)
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A tm ospheric transm ission

Transmiss ion of  the a tmosphere  at  infrared wavelengths at four 
alt itudes.  (Adapted from Fazio,  G .  G.  in Frontiers o f  Astrophysics.  
E. H.  Avrett ,  ed.. Ha rva rd  Universi ty Press, Cambridge ,  1976.)

T *
I ■ - I _____I____I___ L_i— L_

n— i—i—i i i M — r r r- i n

41 km

1--1 l IT I

m —i—i—i—i--------- i------- 1-m —i—i—i—r----------------------------1-------- 1----------? i n —i—i i i r-
i noon 100(1 1/X (cm 100 10



165

S ource  tem pera tu res

Brigh tness tempera ture

c 2B v
Tb(v) = •- y  (Rayleigh Jean s  a p p ro x im a t io n ) .

2 V K

Tb is the te m p e ra tu re  of a b la c k b o d y  w hich  w o u ld  have  th e  s a m e  spec tra l  
r a d ia n c e  B y a t  frequency  \' as th e  source .

Color temperature

b >~2~ V \ )  ehcl' lkT{: -  1 '

B ,  is the spectra l rad ia n ce  o f  source  a t  w aveleng th

Effective temperature

L  = 4 n R 2cTTe$,
w h ere

L  =  so u rce  p o w er ,
R  =  rad iu s  o f  sou rce ,
(j = S te fa n -B o l tz m a n n  c o n s ta n t .

Blackbody flux densities for stars

T h e  b la c k b o d y  spectra l flux density  for a s ta r  is given by, 

1.9 x \ 0 ~ il  A ~ 5p 2R 2
F > = --- c 14 388, X T _ \ ----<W c m  /im  )

w here

R = rad iu s  of s ta r  (in un its  o f  th e  S u n 's  rad ius), 
p  =  p a ra l lax  (arcsec),
T  = te m p e ra tu re  (K ),
/, = w ave leng th  (^m ).

( J o h n so n ,  H. M . &  W rig h t ,  C . D .,  Ap. J .  Suppl.,  53, 643, 1983), 
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UV stellar spectra

Spectral features in stars of  different spectral types and luminosities. 
(Courtesy of  A. K. Dupree,  Center  for Astrophysics. )
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The  ratio of  stellar surface flux to the corresponding solar value for 
emission lines formed at  var ious temperatures .  (Courtesy of 
A. K. Dupree ,  H a rv a rd  Smithsonian  Center  for Astrophysics.)

Stellar surface fluxes

LOG T  (K)

Mass loss rates

Character is t ics  of  mass  loss rales and winds ( temperatures  and 
terminal velocities) in s tars  of  various luminosities. (Courtesy of 
A. K. D upree ,  H a rv a rd  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.  230, 755, 1979.)
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EN ER GY (eV)

Geocoronal vacuum ultraviolet emission

/- (A) Line

Photon radiance (ph 

Day

cm 2 s 1 sr 1) 

Night

304 He 11 8.0 x 105 8.0 x 105
584 He I 8.0 x 107 8.0 x 105
834 O  II 8.0 x 107 2.0 x 10h

1025 H I 1.6 x 108 1.6 x 108
1216 H I 8.0 x 108 8.0 x 108
1304 1356 O  I 8.0 x 108 8.0 x 106
1356 1600 N 2 2.4 x 107 2.4 x 107

1 Rayleigh = — x 106 p h c m  2 s 1 sr ' .  
4ft
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KL V p lasm a spectra

EUV (100 1000 A) spectrum of  an optically thin plasma. Line fluxes 
are  normalized assuming a line width of  1 A. Logarithmic abundances :  
H =  12.00. He =  10.93, C =  8.52. N =  7.96, O  =  8.82, Ne =  7.92,
Mg =  7.42, Si =  7.52, S =  7.20, F-e =  7.60. Dashed curve:  free-free 
con t inuum;  dot ted curve:  two-photon con t inuum:  solid curve:  total 
con t inuum including free-bound radiation. (Adapted from Stern. R., 
W ang,  E. & Bowyer,  S., Ap. J . Supply 37. 195, 1978.)
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-22

EL Y plasma spectra {cont.)
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An incomplete list of astrophysicallv important ultraviolet spectral 
features

Wavelength Wavi
Identification (A ) t Identification (A)+

[ N e  III] 3869 H I, D I 973
[ O i l ] 3727 H I, D I 950
[ N e  V] 3426 N II 917
Mg 11 2798 H I. D I Ly edge 912
V II 2326 N II 916
C III 1909 O  II 834
O  III 1663 O  III 834
He  II 1640 O  II 833
C IV 1549 O  III 833
O  IV 1402 S IV 816
Si IV 1397 O  V 760
C II 1335 S IV 745
O  I 1302 O  II 719
Si II 1264 O  II 718
S II 1260 O  III 704
N V 1240 S IV 657
H 1, D I 1216 O  V 630
S III 1207 O  III 600
N I 1201 He I 584
N I 1200 O  IV 555
Si II 1190 O  IV 554
C III 1176 O  IV 553
O  III 1175 O  II 539
Fe II 1145 He I 537
N I 1134 He I 522
N II 1085 O  III 508
N II 1084 O  III 507
Ar I 1067 He I cont.  edge 504
Si IV 1067 Ne VII 465
h 2 1062 Mg IX 368
h 2 1050 O  III 306
h 2 1049 He II 304
O  VI 1038 Si XI 303
O  II 1036 F e  XV 284
O  VI 1032 He II 256
H I, D  I 1026 Fe XXIV 255
N III 992 He II 243
N III 990 He II cont.  edge 227
C III 977 O  V 172

t hv  (ev) =  12 399/A (A).
Brackets deno te  forbidden t ransitions.
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Important strong lines

Wavelengths  of  impor tan t  spectral lines o f  a b u n d a n t  elements and 
molecular  hydrogen ( H 2). Also indicated a re  the typical element 
a bunda nce s  on a logari thmic scale where  hydrogen  is 12.00, and  the 
tempera tu res  of  maximum  fractional a m o u n t  of  each ion assuming 
collisional ionization equil ibrium. Regions of  con t inuous  absorpt ion  
by photoionizat ion  are  indicated for hydrogen  and helium. (F rom 
F U S E  Science Working Group R e p o r t , N A SA ,  1983.)

SPECIES LOG N LOG

H I 12.00 4.0
D I 7.2 4.0

h2 6.0-11.7 1.9
He I 11.00 4.3
He n 11.00 4.3
cm 8.57 4.9
CIS 8.57 5.1
N Y 8.06 5.3
0 1 8.83 5.5
o m 8.83 5.5
Ne m 7.45 5.8
Ne VTTT 7.45 5.9
Mg VTTT 7.54 6.1
Mg IX 7.54 6.1
Mg X 7.54 6.2
Si XEL 7.55 6.5
Fe IX 7.40 <6 0
Fe X 6.2
Fe X II 6.4
FeXZ 6.6
Fe 2323 6.8
Fe x v m 7.1
Fe XEX 7.2
Fe XXI 7.2
Fe XXIV 7.5

J___I___1___ I___I___I___I------L— i ,  J______J__ l l i i i

I
z m

i

T 1---1---1---1---1---1---1---1---1---1---1---1---1---1---1 1---1—
200 4 00  6 00  800 1000 1200 1400 1600 1800

WAVELENGTH (A)
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Ultraviolet absorption cross-sections

Absorpt ion cross-sections 
(10 18 c m 2)

/  (A)
Line
identification O o 2 n 2

1215 Ly a 0 0.01 0.000 03
1176 C III 0 1.30 0
1085 N II 0 2.00 0
1038 O  VI 0 0.78 0.0007
1032 O  VI 0 1.04 0.0007
1026 Ly p 0 1.58 0.0001
977 C III 0 4.0 0.7
897 Ly con t 2.9 13.0 -  11.0
870 Ly cont 2.9 13.0 -  10.0
800 Ly cont 2.9 29.0 -  10.0
791 O  IV 3.2 28.0 25.0
703 O  III 7.0 25.0 26.0
630 O  V 12.0 30.0 24.0
625 Mg X 12.0 25.0 24.0
584 He I 13.0 23.0 23.0
554 O IV 13.0 26.0 25.0
537 He I 12.0 21.0 25.0
504 He I 12.0 25.0 ~  22.0
499 Si XII 12.0 25.0 - 2 2 . 0
465 Ne VII 11.0 23.0 23.0
368 Mg IX 9.0 18.0 16.0
335 Fe XVI 8.8 17.0 14.0
304 He II 9.0 17.0 12.0
284 Fe XV 7.7 15.0 9.8

(Adapted from Sullivan, J. O. &  Hol land ,  A. C., NASA CR-371,  1964.)
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Interstellar extinction in the U V

T h e  UV extinction AT(.x) =  A j E B_ v against x =  1//. in microns.  A- is 
the ext inct ion in magnitudes;  £ B_V = /4B — A x where A B and  Ay are 
the ext inct ions 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.)

X in A

a = l/X. X ( microns) 

A n a l y t i c a l  f i t  t o  th e  U V  e x t i n c t i o n  (sec f igure  a b o v e )

Range of  1 /A(/i) =  x  A J E (B  — V) = X

2.70 ^  1/A ^  3.65 1.56 +  1.048/A +  1.01/{( 1/A -  4.60)2 +  0.280}
3.65 ^  1/A <  7.14 2.29 +  0.848/A +  1.0l/[( 1/A -  4.60)2 +  0.280}
7.14 s* 1/A< 10.0 1 6 .1 7 -  3.20/A +  0.2975/A2

(F rom  Seaton,  M. J.. M .N .R .A .S ., 187. 1979.)
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Distances (parsecs) corresponding to unit optical depth (1 e attenuation) 
as a function o f  neutral hydrogen density and w avelength

Interstellar E t V attenuation

/  (A)
= 1

(cm 3)
i =  0.1 

(cm 3)
/?„, = 0 .01  
(cm ')

/?„, =0.001 
(cm 3)

912 0.05 0.5 5 50
500 0.2 2 20 200
200 1.5 15 150 1500
100 10 100 1000 10 000

(From F U S E  Science W o rk ing  G r o u p  Repor t ,  NASA. 1983.)

Distance at which the a t t enua t ion  o f  EUV radiation reaches 90 °0. An 
ionized interstellar  medium  of  no rm a l  composi t ion is assumed.  
(Adapted from Paresce,  F. in Astrophysics  from Spacelah ,
P. L. Bernacca & R. Ruffini. eds., D. Reidel Pub.  Co.,  1980.)
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Average interstellar hydrogen densities within 100 pc

In the direction of Distance (pc) nHl (cm 3)

Sun — 0.05
oc Cen 1.34 0.06 0.30
£ Eri 3.3 0.06 0.20
£ Ind 3.4 - 0 . 1
a CM i 3.5 0.09 0.13
p  Gem 10.8 0.02-0.15
oc Boo 11.1 0.02 0.15
a Aur 14 0.04 0.05
a Tau 21 0.02-0.15
a Leo 22 0.02

0 0 1 1
a Eri 28 0.07
oc Gru 29 009-0-18

0-181*
HR 1099 33 0.003-0.007
t] U M a 42 0.005
G 1 9 1 - B 2 B 47 >0.03
o  Sgr 57 <0 .17
H Z  43 62 <0.013
a Pav 63 <0.1
P Cen 81 0.13
P Lib 83 0.06 0.13
C Cen 83 < 0 .3 9
a Vir 87 0.037
Feige 24 90 0.02 0.05
/  Sco 100 <0.078

Mean  hydrogen co lumn density within 100 pc =  1.8 x 1017 cm 2 pc ~ 1. 
t  Mult iple entries denote  independent  measurements .
(Adapted from Cash ,  W.,  Bowyer,  S. & L am pton ,  M.,  Astron.  As irophvs ., 80, 67, 
1979.)
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N eu tra l  hydrogen co lum n density

Neutral  hydrogen co lumn density <VHI con to urs  projected onto  the 
plane of  the galaxy (b =  0 ). The  Sun is at  the center  of  this plot, 
distances  out  to 100 pc are indicated,  and the direction towards the 
galactic center  (/ =  0 ) is at the b o t tom .  Line A is the c o n tou r  of 
/VHI -  5 x 1017 cm 2, co rresponding  to r 500 A =  1. t 200 A 0.1, and 
t  i oo A ^  0.01. Line B is the c o n to u r  of  N [U =  25 x  1017 cm ~2. 
corresponding to t 500A =  5, r 200 A -  0.5, and  t 100a -  0-05. Line C  is 
the c o n tou r  of  /VHI ^  50 x  1017 cm “ 2. corresponding to r 500 A =  10,
^200 A ^  h  an(J Tioo A ^  0.1. All open  circles are  white dwarfs.  Small 
circles represent stars with N m ^  5 x 1 0 '7 cm 2, medium circles 
represent stars with 5 x 1017 <  N Hl <  25 x 1017 cm 2, the large circles 
represent stars with 25 x 1017 <  N Hl <  50 x 1017 cm " 2, and the crosses 
represent stars with jVhi >  50 x  10, 7 cm “ 2. Stars  with measured 
hydrogen column densities but  which are  located within 10 pc 
projected distance are not  plot ted.  (F rom  F U S E  Science Working 
Group R epor t , NASA, 1983.)

180°
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Neutral hydrogen column density (cont.)

Same as previous d iagram but  projected onto  a plane intercepting the 
Galact ic  plane at Galact ic  longitudes / =  0 and 180 , and passing 
through the N or th  Galact ic  Pole  {top) and  South Galact ic  Pole 
(bottom).  The  symbols  have the same meanings as before, and those 
stars with projected distances  of  less than 10 pc are generally not 
plotted.  W  symbols  designate  white dwarfs  not  yet observed. Many of  
these are within the cavity of  low HI absorp t ion  and will be 
observable below 900 A. ( F rom  F U S E  Science Working Group R ep o r t , 
NASA, 1983.)

NGP
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Uhuru X-ray map

X-ray sources from the Fourth Uhuru Catalog displayed in galactic 
coordinates. The size of the symbol representing a source is 
proportional to the logarithm of the peak source intensity. The 339 X- 
ray sources observed with the U H U R U  (SAS-A) X-ray observatory 
are displayed. (Adapted from Form an. W. et a l A p .  J . Suppl., 38,
357, 1978.)

Coma Virgo
Super Cluster ? \ 3C273
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C rab  N ebula

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

X-ray spectrum (0.1-100 keV): 

dN 
d £

nH = 3 x 1021 cm ‘ 2.

X-ray luminosity:

= 10 E 2 05 exp( — anH) p h o tonscm  2 s 1 keV - 1

L x =  4.9 x 103

Distance:
Diameter:
mx:
As (absorption): 
Coordinates:
Total radiated energy:
Age:
Pulsar period, P(1969): 
Rate of period increase, P .

(0.1 100 keV)

2200 pc
3 pc (5 arcmin)
8.6
1.5
a =  05h3 lm, 6 = +22  
1.8 x 1038 erg s - 1 
900 years (AD 1054) 
0.0331 s
422.69 x 10 15 ss '.

EO
>(U
>QJ
>h-
(/)z
LU
Q
X
D_l
Ll_

O
O

LOG PHOTON ENERGY (eV)
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X-ray emission from normal galaxies

Galaxy
Distance
(Mpc)

Radius  
(k p c )

Total  mass 
(1010 M )

X-ray
luminosity*"' 
(2 lOkeV) 
( e r g s 1)

L X M
(erg s 1 M r 1)

L M C 0.052 3.5 1.0 4 x  1038 4 x  1028
S M C 0.063 1.5 0.15 1 x  1038 6 x  1028
M31 0.67 8 30 3 x 103g 1 x  1028
O u r  Galaxy 12 14 5 x 1039 4 x  1028

X-ray emission from clusters of galaxies

Cluster
Distance
(Mpc)

Radius
(Mpc)

Opt ica l  
luminosity 
( 1011 L q )

Virial mass 

Luminosi ty

(M.  . /Lq )

X-ray
luminosity’40
(2 lOkeV) 
( e r g s - 1 )

Perseus 97 0.44 10.0 461 1 x  IO45
C om a 113 2.63 49.0 1020 5 x 1044
Cen tau rus 250 4 x  1043
Virgo 19 1.07 12.0 668 1.5 x  1043

X-ray emission from active galaxies

2 10 kcV X-ray lumi-
flux density nosity(u)

Class  of X-ray (10 11 erg D {h) (2 lOkeV
Object galaxy source cm - 2 s~ 1) (M p c ) erg s 1)

N G C  4151 Seyfert 4U  1206 +  39 10 20 5 x 1042
Cen A G ia n t  radio  

source
4U 1 3 2 2 - 4 2 20 9 2 x 1042

3C 273 Q u a s a r 4U 1 226+ 02 6 950 7 x 1045
M87 Radio source 

in c luster
4U 1228+  12 52 25 4 x 1043

N G C  1275 Pecul iar  Seyfert 4U 0316 +  41 29 110 4 x 1044
(Perseus A) in cluster

3C 120 Radio/opt ica l
variable,
Seyfert

4U  0 4 3 2 + 0 5 7 190 3 x 1044

3C 390.3 N galaxy,  
c om pa c t  
radio source

4U 1847 +  78 7 336 1 x 1045

M82 Emission line 
galaxy

4U  0954 +  70 6 4 1 x 1041

M kn  501 BL Lac object 4U  1 6 5 1 + 3 9 5 180 2 x 1044

<u) L x =  (X-ray f lux) -4 n D 2. {h) D =  ^ r  (tfo =  5 0 k m s  1 Mpc ').
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3C 273

-2 0

- 2 5

- 3 0

-35

- 4 0

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

3 C 2 7 3

fe e  v-o.9
N T  V

Distance: for log v  10 to 18
z  = 0.158; 1 0 0 0  Mpc for 
H 0 = 50  km s' 1 M p c -1

m v: 12 .9 -12 .2  \
M ’ —27.2  to —27 9 \

\
\/4V (absorption): 0 . 0  

Coordinates: a. = 12h 2 6 m 33s 
(1950.0)  6  = 02°  19m 42s

X - r a y  s p e c t r u m  (2 -6 0  keV,  June-July, 1978): \
d N  \

= 0.016  E _l 4 lphotons cm 2 s_1keV 1

n H <  2.5 X 1021 atoms c m " 2

X - r a y  l u m i n o s i t y  ( 2 - 1 0  keV, June-July,  1978):
L x = 1 X 1046 erg s~‘

10 15 20
LOG v  (Hz)
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Quasar X-rav luminosity

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

N om ogram  to compute lo g ( /x/ /v) for X-ray sources, where f x is the X- 
ray flux density in erg cm " 2 s -1 in the 0 .3-3 .5  keV 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 ( /x/ /v) 
comprising 70% of the known sources in the class and a dashed line 
indicates the range comprising the highest and lowest 15% of the 
sources. For example, for an X-ray source with a flux density of 
2 x 1 0 “ 13e rg c m " 2s~ 1 and a V magnitude of 20, log( f j f )  is ^ 0 .7  
and the source is most likely a BL Lac object. (From  M accacaro, T. 
et a/., Ap.  J . ,  326, 680, 1988).

X - R A Y  F L U X  (erg c m - 2  s‘ ! ; 0 . 3 - 3 . 5  keV)
-14 -13 -12 -II -1010 10 10 10 10

G A L A C T I C  SOURCES

M

K \

r  _

i 1 I i i

G

B - F

i . i

\

i i i i i i i i

-5  -4  -3 -2  [ _____I ;J_ J 0 l _ _
G A L A X IE S  B L LACS'!-

_i__L

AGN

E X T R A  G A L A C T I C  SOU RCE S

I_i_I_i_|_, l , i , l

1 0 9  +  f 5  +  5 3 7

9 10 II 12 13 14 15 16 17

V I S U A L  M A G N I T U D E  (m
18 19 22
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Energy spectrum of diffuse X-ray background. (Courtesy of 
D. Schwartz. Harvard/Smithsonian Center for Astrophysics.)

Diffuse X-ray background

F N E R G Y  (keV)
1 0 0 0

t 0S0 - 3 ( 74) 
a HE AO A-2  (78)
* GORENSTEIN (69)

- PALMIERI (71)
■ ♦ GSFC 0S0 - 5 (73)
- D LEIDEN-NAGOYA(70)
- 4> N R L ( 78)
- t  APOLLO( 77)

0 BOLOGNA( 74)

1(E) = 167 E - l - 3 8
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Absorption of X-rays

Photoabsorption cross-sections ( U V -  X-ray) o f  abundant elements

Photoabsorp tion  cross-sections of the abundant elements in the 
interstellar medium as a function of wavelength. (Adapted from 
Cruddace, R., Paresce, F., Bowyer, S. & Lampton, M., Ap.  J ., 187, 
497, 1974.)

W A V E L E N G T H  (A)
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Effective cross-section (cross-section per hydrogen atom  or proton) of 
the interstellar medium: gaseous com ponent with normal
composition and temperature; hydrogen, molecular form;
HII  region a b o u t  a B star; HI I region a bou t  an O  star;
dust.  (Adapted from Cruddace,  R., Paresce. F.,  Bowyer,  S. & 
Lam pton .  M..  Ap.  J . ,  187. 497, 1974.)

Effective cross-section o f  the interstellar medium
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Total photoionization cross-section

Total photo-ionization cross-section per hydrogen atom [ v(£/l keV)3] 
in units 10 22 cm 2 as a function of incident photon energy for a gas 
having a cosmic elemental abundance. T he  elements responsible for 
the discontinuities due to their K edges are shown. (Adapted from 
Brown, R. L. & G ould , R. J., Physical Review , 01, 2252, N o. 8, 1970.)

4.0

3.5

3.0

2.5

2.0 

1 .5 -  

1.0  

0.5

0  1 keV  • E • 0  5 3  keV
[E) =* 0  6 5  • 10 E ' c m ; ( H atom 

0  53 keV  E - 5 keV
o (£ )  *  2 .0  • 10 ’ E '  ‘ c m ; (H  atom

A ssum ed  abundance of the e lem en ts  
in the In te r s te l la r  M edium

E lem ent K edge. keV  A bundance , lo g ,0 A/

H 0 . 01 12. 00
-

He 0 .0 5 1 0 .9 2 -
C 0. 284 8. 60 -
N 0 .4 0 0 8 .0 5 —

O 0 .5 3 2 8 .9 5
Ne 0 .8 6 7 8 .0 0 -
Mg 1. 30 7 .4 0 -
S i 1 .8 4 7 .5 0 -

S 2 . 47 7 .3 5
A 3 .2 0 6 .8 8 -

O.l I.O 10
P H O T O N  E N E R G Y  (keV)
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Photoelectric absorption cross-section

Net photoelectr ic  abso rp t io n  cross-section per  hydrogen a tom  as a 
funct ion of  energy,  scaled by (E/1 keV)3. T h e  solid line is for relative 
a bundances  given in the table of e lemental  a bundances  below, with 
all e lements  in the gas phase and in neutral  a tomic  form.  The  dot ted 
line shows the effect of  condensing the fraction of  each element  
indicated in the table  into 0 .3 /an grains.  T h e  con tr ibu t ions  of 
hydrogen and hydrogen  plus helium to  the total  cross-sect ion are also 
shown.  (F rom  M orr i son ,  R. & M c C a m m o n ,  D., Ap.  J . ,  270, 119,
1983. D ia g ra m  courtesy of  D. M c C a m m on . )

1 0 0 0  fT"' ! ' I ~T T ! T | • ’ ' -y ’ T ' I • | ! I I r J ’ ' * 'J ' 1 'T ’]T17T]

9 0 0  h-

5 0 0  ?

Ni

J
Ca

Ar

o

Uj
o

s U
r 1■J

3 0 0  : No Grains
N e \ '

2 0 0  Fe -Lj  Grains
O

—

1 0 0  C N
H + He

0 •1 • 1 • * 1 1 i • *-* -1 . i . i  .1 i . .. I r~i
0.1 1.0 10 

P H O TO N  E N E R G Y  (keV)
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Element a I a bun da n c es

Element Abundance<fl) Fraction in grains(/>)

H 12.00 0
He 11.00 0
C 8.65 1
N 7.96 1
O 8.87 0.25
Ne 8.14 0
Na 6.32 1
Mg 7.60 1
A1 6.49 1
Si 7.57 1
S 7.28 1
Cl 5.28 1
Ar 6.58 0
Ca 6.35 1
Cr 5.69 1
Fe 7.52 1
Ni 6.26 1

(u) Log10 abundance relative to hydrogen =  12.00. All values except helium are
from Anders and Ebihara, 1982.

{b) Fraction of atoms of each element assumed depleted from gas phase and
condensed into grains of average thickness 2.1 x 1018 atoms c m -2 for case
shown as dotted line in the diagram.

Coefficients o f  analy tic  f i t  to cross-section

Energy range (keV) c0 c 1 C2

0.030-0 .100(u) 17.3 608.1 - 2 1 5 0
0.100-0.284 34.6 267.9 -476 .1
0.284 0.400 78.1 18.8 4.3
0.400-0.532 71.4 66.8 -5 1 .4
0.532-0.707 95.5 145.8 -61 .1
0.707-0.867 308.9 -380.6  294.0
0.867-1.303 120.6 169.3 -4 7 .7
1.303-1.840 141.3 146.8 -3 1 .5
1.840-2.471 202.7 104.7 -1 7 .0
2.471-3.210 342.7 18.7 0.0
3.210-4.038 352.2 18.7 0.0
4.038-7.111 433.9 - 2 . 4  0.75
7.111-8.331 629.0 30.9 0.0
8.331-10.000 701.2 25.2 0.0

Note: cross-section per hydrogen atom =  (c0 +  c ,E  4-c2E 2)E  3 x 10'"24 cm 2 (E 
in keV).
(a) Break introduced to allow adequate fit with quadratic: no absorption edge at 

0.1 keV.
(From Morrison, R. & M cCammon, D., op. cit.)
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Attenuation o f  photons in the atmosphere

Attenuation of  pho tons  in the 1972 C O S P A R  Internat ional  Reference 
Atmosphere with Me absorp t ion  length plotted as a function of  energy 
and al t i tude o r  a tmospheric  depth.
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Photoelectric absorption in the interstellar medium. The vertical axis 
gives the column density in units of hydrogen atoms c m -2 at which 
the absorption is \je  at the photon energy E.d. (For a hydrogen atom 
number density of 1/cm3. 1 kpc is equivalent to a column density of 
3.1 x 1021 hydrogen atoms cm 2.)

Photoelectric absorption in the interstellar medium

E a (eV)

An incomplete list o f astrophysically important X-ray spectral features

Energy
Identification (keV)t

Ne VII 0.127
Si XI 0.283
C I K edge 0.284
Si XII 0.303
C V 0.308
N I K edge 0.402
N VI 0.431

Energy
Identification (keV)t

N VII 0.500
O I K edge 0.532
O VII 0.569
O VII 0.574
O  VIII 0.654
O VII 0.666
O  VII 0.698
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continued

Energy Energy
Identification (keV)t Identification (keV)t

Fe I L111 edge 0.707 Si XIII 1.86
Fe I LII edge 0.721 S 1 K edge 2.472
Fe XVII 0.826 Ar I K edge 3.203
N e  I K edge 0.867 Fe I K a 2 6.391
Ne IX 0.915 Fe I Kaj 6.404
Ne  IX 0.922 Fe XXV 6.64
Fe XX 0.996 Fe XXV 6.68
Ne X 1.022 Fe XXV 6.70
M g  I K edge 1.305 Fe XXVI 6.93
M g  XI 1.340 Fe I K/i 7.058
M g XI 1.352 Fe I K edge 7.111
Si K edge 1.839

+ / (A) =  12.399/£ (keV).

Model X-ray spectral distributions for non-dispersive spectroscopy

/ ( £ )  = C  e ae{t)NHf ( S ,  E) p h o to n s  cm  2 s 1 keV 1,
w here

C  =  n o rm a l iz a t io n  c o n s ta n t ,
N h =  h y d ro g en  c o lu m n  dens ity  to  sou rce ,
oe(£ )  =  p h o to e lec t r ic  c ross-sec tion  p e r  h y d ro g en  a to m  for a b s o rp t io n  of 

p h o to n s  o f  energy  £  by  in te rs te lla r  m ed iu m . F o r  £  >  3 k e V : 
<re( E ) N H ^  ( £ fl/ £ ) 8/3, w here  E a is a  low  energy  cu to ff  p a ra m e te r .

5  is a p a r a m e te r  in the in tr ins ic  spectra l sh ap e :
T h e rm a l  b re m ss tra h lu n g :

S = T .; f ( S ,  E)  =  g(T, E) e ~ E,kT/ E ( k T ) l / 2,

w here  g(T, E) is the  te m p e ra tu re -a v e ra g e d  G a u n t  factor.
P o w e r  law :

S  =  n ,  / ( S ,  £ )  =  £ “ ".

B la ck b o d y :

5 = 7 ,  f { S ,  E)  = E 2/ ( e ~ E,kT — 1).

F o r  o p tica lly  identified sou rces :

N h * ( 2.22 ± 0 . 3 )  x \ 0 2 l A v c m ~ 2 +

A v =  3 .0£ b_ v (co lor excess).

t  (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 plasma. Elemental abundances 
characteristic of the solar corona have been assumed. The power 
radiated in Bremsstrahlung (B ) and radiative recombination (R ) is also 
shown. (Adapted from Kato, T., Ap. J.  Suppl., 30, 397, 1976.)
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Chapter 7
Gamma-ray astronomy
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G a m m a - ra y  so u rce  m a p
T h e  Second C O S -B  C a ta log  o f  G a m m a -ra y  Sources  

In tens i t ies  of X- a n d  g a m m a - ra y  so u rces  
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G a m m a - r a y  source  m a p

Region of the sky searched for gamma-ray sources by COS-B 
(unshaded) and sources detected above KX)MeV. The closed circles 
denote sources with in tensities^  1.3 x  10 6 photons cm 2 s 1: open 
circles denote sources below this level. (Adapted from Scarsi, L.. et al.. 
Proc. 12th ES L A B  Symp ., 1977.)

180°

-9 0 °

The Second C O S-B  Catalog o f  Gamma-ray Sources

Galactic coord. Error

Source name / (  ) b ( )
radius 
( ) Flux'"’

Spectral''”
hardness

2CG 0 0 6 - 0 0 6.7 - 0 .5 1.0 2.4 0.39 ±0.08
2CG 0 1 0 -3 1 10.5 -3 1 .5 1.5 1.2
2CG 013 +  00 13.7 + 0.6 1.0 1.0 0.68 ±0 .14
2CG 036 + 01 36.5 + 1.5 1.0 1.9 0.27 +  0.07
2CG 054 + 01 54.2 + 1.7 1.0 1.3 0.20 ±0 .09
2CG 065 + 00 65.7 0.0 0.8 1.2 0.24 ±0 .09
2CG 075 + 00 75.0 0.0 1.0 1.3
2CG 078 + 01 78.0 + 1.5 1.0 2.5
2CG 095 + 04 95.5 + 4.2 1.5 1.1
2CG 121+04 121.0 + 4.0 1.0 1.0 0.43 ±0 .12
2CG 135 + 01 135.0 + 1.5 1.0 1.0 0.31 ±0 .10
2CG 1 8 4 -0 5 184.5 - 5 .8 0.4 3.7 0.18 ±  0.04

2CG 195 + 04 195.1 +  4.5 0.4 4.8 0.33 ±0 .04
2CG 2 1 8 - 0 0 218.5 - 0 .5 1.3 1.0 0.20 ±0 .08
2CG 2 3 5 -0 1 235.5 -  1.0 1.5 1.0

Identification

PSR 0531 +21 
(Crab)

♦ 90° 3 C 2 7 3

C R A B
NEBULA

VELA
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Galactic coord.  Hrror
radius Spectral1*1

Source name / ( ) h ( ) ( ) Fluxu,) hardness Identification

2CG 263 -  02 263.6 - 2 . 5 0.3 13.2 0.36 +  0.02 PSR 0 8 3 3 - 4 5
(Vela)

2 C G  2 8 4 - 0 0 284.3 - 0 . 5 1.0 2.7
2CG 288 -  00 288.3 - 0 . 7 1.3 1.6
2 C G  289 +  64 289.3 +  64.6 0.8 0.6 0.15 +  0.07 3C 273
2CG 311 - 0 1 311.5 -  1.3 1.0 2.1
2CG 333 +  01 333.5 +  1.0 1.0 3.8
2CG 3 4 2 - 0 2 342.9 - 2 . 5 1.0 2.0 0.36 ±0 .09
2CG 3 5 3 + 1 6 353.3 +  16.0 1.5 1.1 0.24 ±0 .09 p  O ph  Cloud
2CG 356 +  00 356.9 +  0.3 1.0 2.6 0.46 ±  0.12
2CG 3 5 9 - 0 0 259.5 - 0 . 7 1.0 1.8

(<i) Flux:  E >  100 MeV ( 10 6 pho tons  c m ' 2 s"  1).
{h) Intensity (E >  300 MeV)/Intensi ty  ( E >  100 MeV), assuming E 2 spectra in 

calculat ing bo th  intensities.
Notes:  e rro r  radius  defines approximate ly the 9 0 ° () confidence er ro r  circle; fluxes 
are approx imate ,  since an  E 2 spectrum is assumed for simplicity.
(Adapted from Sw anenburg ,  B. N.  et a l ., 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-ray 
sources. The ordinate, the num ber of photons c m " 2 s " 1 MeV 1, is 
multiplied by E 2. (Adapted from Schonfelder, V. in Non-Solar Gamma- 
R ays , R.Cowsik & R. Wills, eds.. Pergamon Press, 1980.)

>
CO

0.1 ^  1 2 5 10

E N E R G Y  (MeV)

CG Sources

100 1 '1000 ‘

----- '— r
S c o  X1

~o
U j■O

10“5 
0.001

C y g  X 1 

" C i r  X1 
C y g  X 3 

C e n  X3

Cyg X I

NGC 4151

PSR 0833 45 (COS Bi

L M C  X I
NGC 4

-  C e n  A  

N G C 4 1 5 1 /

2 cts/s 

U H U R U  ,
_ i---------1-------1------ 1---------L

COMPTEL

Very high energy  gam m a-rays

C en  A : F  ( >  300 G e V ) ~  (4.4 ±  1) x 10 11 p h o to n s  cm  2 s 1 
(G r in d la y ,  J. et al., A p. J . (L e tte rs) ,  197, L9, 1975) 

C r a b  P u lsa r :  (A t)F  ( >  8 0 0 G eV ) =  4 .0  x 10 12 p h o t o n s c m " 2 
(G r in d la y ,  J .  et a l ., Ap. J .. 209, 592, 1976)
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C rab  N ebula spectra

Photon number spectrum of the total C rab emission. (Adapted from 
Schonfelder, V., op. cit.. see reference for explanation of symbols.)

10  ’ i

1 0  2 i
I \

1 0  3 !?

1 0  4 |L
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1 0 " ’ 2

1 0  ”
o 1

T O T A L  CRAB E M I S S I O N

■ d E

eg

X  10 1 E 23 

cm 2 s 1 keV 1

102 103 10*
E 7  (keV)

105 106 107

Photon number spectrum of the Crab  pulsar. (Adapted from 
Schonfelder, V., op. cit., see reference for explanation of symbols.)
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Diffuse gam m a-ray background

Spectrum of diffuse gamma-ray background. (Adapted from 
Fichtel, C. E.. Simpson, G. A. & Thom pson, D. J., Ap. J.,  22, 833, 
1978.)

-i
10

-2
10

-  3
10

10- 4

-310

10- 6

- 7
10

-8
10

1 I"! I I I 11[ “I-----1 rT T T T T J "i—n  : i

*  Kraushaar e t  a t .

(assuming E  14  spectrum
■ Hopper e t  a l . ,  1973

Bratolyubova Tsulukidze ef a/., \  
Share e t  a t . , 1974 1971 \\*—|—•

•  Herterich e t  a t . ,  1973  
Parlier e t  a l . ,  1975

n Kuo e t  a l . , 1 9 7 3  
\  Trombka e t  a t . ,  1977 
▼ Schonfelder e t  a l . , 1975

Daniel e t  a l . , 1972 and Daniel and 
Lavakare, 1975
Vedrenne e t  a l . ,  1971. For clarity a 
typicai error bar is shown for only 
Mazetsera/ . ,  1975 one point.
Fukada e t  a l . , 1975

-  A

-  V
-  \

\ f ichtel et al., 1977
^Galact ic
\  Isotropic 

J ___1 1 1 1 i l l l 1 I I ! I I 11 1 1 1 1  Illl I I I 1 I 1 I
1.0 10 I02 1 0 -

E N E R G Y  (MeV)



217

An incomplete list of astrophysicall\ important gamma-rav spectral
features

Identification
Energ>
(MeV)

Cf-249 0.34
Cf-249 0.39
Annihil. rad. 0.5! 1
Ni-56 0.812
Fe-56 0.847
Co-56 0.847
Fe-56 1.238
Mg-24 1.369
Ne-20 1.634
Si-28 1.779
Al-26 1.81
Neutron capture 2.23

Identification
Energy
(MeV)

N - 14 2.313
Ne-20 2.613
0 -1 6 2.741
Mg-24 2.754
Ne-20 3.34
C - 12 4.438
N - 14 5.105
0 -1 6 6.129
Si-28 6.878
0 -1 6 6.917
0 -1 6 7.117
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Downward gamma-ray flux

Measurements of the total downward gamma-ray flux at 5 g e m " 2 
over Palestine, Texas. See original work for references. (From 
Gehrels, N., Instrumental background in balloon-borne gamma-ray 
spectrometers and techniques for its reduction, N A S A  Technical 
Memorandum 86162, 1985.)

I0‘

10

10“

1—i i i 11 irj i i i 111111 i i n  im

1.20 x  10’ 5 12H 
\

T O T A L  V E R T I C A L  
D O W N W AR D  
G A M M A - R A Y  F L U X  
5 g e m " 2, PALESTINE

5.88  X 1 0 ' 2 75

10-2

10-3

I0 " 4 l______

• Kinzer e t  a t . , 1978 \
° Kinzer, R.L., priv. com. ,1983 
|  Schonfelder e t  a t . , 1980

i Ryan e t  a t . , 1977
• White e t  a t . , 1977 

. “j-  Lock wood e t  a t . , 1979

--------- Ling, 1975

---------  F it used in analysis

"1— rq

_LULl

10-2 10" 10
E N E R G Y  (MeV)
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C hem ical com position o f  primary cosm ic rays

Particle  g roup Charge

Average
atomic
weight In tensi tyt

Correspond  ng
nuclear
intensity

P ro tons 1 1 1300+ 100 1300
a-particles (3He,  4He) 2 4 94 ± 4 376
Light  nuclei (Li, Be, B) 3 - 5 10 2.0 ± 0 . 3 20
Middle  nuclei ( C , N , 0 , F ) 6 9 14 6 . 7 +  0.3 94
Heavy nuclei ^  10 31 2.0 ± 0 . 3 62
Very heavy nuclei ^  20 51 0.5 ± 0 . 2 25

t  N u m b e r  of particles with energies greater  than 2.5 BeV nucleon 1 in units of 
m " 2 s ~ 1 sr ~ 1.
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Relative abundances

Relativ e a b u n d a n c e s  o f  the chem ica l  e lements  in the cosm ic  rays a n d  in the 
so la r  sys tem  no rm a l iz e d  to 100 at  ca rb o n .

Element Cosmic ravs Solar  system

H
He
Li
Be
B
C
N
O
F
Ne
Na
Mg
A1
Si
P
s
Cl
A
K
Ca
Sc
Ti
V
Cr
Mn
Fe
C o
Ni
Cu
Zn

M

H

VH

VVH

2
3
4
5
6
7
8 
9

10 
1 1 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31 35 
36 40 
41 60 
61 80

> 8 0

26 000 
3600 
18 ±  2
10.5 ±  1 
28 ±  1 
100
25 ± 2  
91 ± 4
1.7 ± 0 .4  
16 ± 2
2.7 ±0 .4  
19 ±  1
2.8 ± 1 
14 ±  2 
0.6 ± 0.2 
3 ± 0.4 
0.5 ± 0.2
1.5 ±0 .3  
0.8 ± 0.2 
2.2 ±0 .5  
0.4 ±0 .2  
1.7 ±0 .3  
0.7 ±0 .3
1.5 ±  0.4 
0.9 ±0 .2  
10.8 ±  1.4 
< 0.2
0 .4 +  0.1

5 x 10 3 
5 x 10 4 
5 x 10" 4 
2 x 10"4

270 000 
18 728

c. 10 -  4

10 4
10 (1 
10 3

2.1 x 10 2

10

4.2 x 
6.9 x
3.0 x 
100 
31.7 
182
2.1 x
29.2 
0.51 
8.99 
0.72 
8.47
8.1 x 
4.24
4.83 x 10 2 
0.99
3.6 x 10 2 
0.611
3.0 x  10"4 
2.35 x 10" 2 
2.22 x 10 3 
0.108
7.88 x 
7.03 
1.87 x 
0.407 
4.58 x 
1.05 x
2.1 x

10 2

10- 2

10~3 
10 ~2

9.4 x
3.0 x 
4.7 x
4.0 x

10 3 
10  4 
10 4 
10 5 
10 5

(From Hillier. R., Gamma R ay  As tron om y , Cla rendon Press, Oxford,  1984.)
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Abundances in the galactic cosm ic rays

Comparison of the abundances of the elements in the galactic cosmic 
rays with the solar abundances (normalized to C). (Courtesy of 
C. Meyer, University of  Chicago.)

F~
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10"2 r
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I 0 ' b  r
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•-Measured by the University of Chicago -5 

cosmic ray telescope on board the IMP 8 - 
satellite from 7 0  to 2 8 0  MeV/nucleon

°-Solar System Abundances.
0  Cameron (1973)

C 0-Local Galactic Abundances.
$  / a Ne J-PMeyer <1978) nj

! 1 J
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I°o
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Be!

10-6 2 4 6  8 10 12 14 16 18 2 0  22 24 26  28  
N U C LE A R  C H A R G E NUMBER



223

Relative abundances o f  nuclei norm alized to oxygen

Solar  flare Galact ic
Element cosmic rays Sun cosmic

'H 700 1000 350
2 He 107 ±  14 -  100 50
3 Li <  <0.001 0.3
4 Be 5 B <0.02 <  <0.001 0.8
hC 0.59 ±  0.07 0.6 1.8
7N 0.19 ± 0 . 0 4 0.1 ^ 0 . 8
sO 1.0 1.0 1.0
9F <0.03 <  <0.001 ^0 .1
1 "Ne 0.13 ± 0 .0 2 ■> 0.30
n Na 0.002 0.19
12Mg 0.043 ±0.011 0.027 0.32
,3AI 0.002 0.06
,4Si 0.033 ±0.011 0.035 0.12
,5 P 21 Sc 0.057 ± 0 .0 1 7 0.032 0.13
22Ti 28Ni ^ 0 .0 2 0.006 0.28

(Adapted from Johnson ,  F. S., ed.. Satel li te Environment H a ndbook . Stanford 
University Press, 1965.)
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C utoff rigidity

The E a r th  s m a g n e t ic  field affects the p e n e t r a t i o n  o f  c h a rg e d  par t icles  in the 
vicinity o f  the  E a r th .  T h e  m i n i m u m  rigidi ty (cutoff rigidity ) necessary  to 
reach som e  g e o m a g n e t i c  la t i tude  L  a n d  geocen t r ic  rad ius  R is given by:

pc __ M  c o s 4 L

ze R 2 [(1 +  cos  f l c o s 3 L ) 1 2 +  l ] 2 ’
w here

M  is the E a r th ' s  d ip o le  m o m e n t ,

( Pc \  ■is the m a g n e t ic  rigidity o f  the part icle ;  for  c h a rg e  z = \  it is
ze

numerica l ly  eq u a l ,  w hen  expressed  in volts ,  to th e  m o m e n t u m  in unit s  
of  ev/c\
( M \

60 x 10 volts,  w here  R 0 is the rad ius  o f  the E ar th ,

0 is the  angle  be tw een  the  d i rec t ion  of  ar r iva l  o f  the par t i c le  a n d  th e  tangen t  
to  the  circle o f  la t i tude .  (0 =  0  c o r r e s p o n d s  to a r r iva l  from the west  for  
posit ive  par t icles;  0 = 0  c o r r e s p o n d s  to a rr iva l  f rom the east  for  negative  
part icles.)
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Particle production in the atmosphere

Schematic representat ion of  the development  of particle p roduct ion in 
the atmosphere.  (Adapted from Simpson et a l P h y s .  Re v .. 90, 934. 
1953.)
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Top of Atmosphere

electron-
photon

component
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component

Low energy 
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(Disintegration 
product neutrons 
degenerate 
to 'slow' 
neutrons)

Sea Level

N, P = high energy 
nucleons

n, p disintegration 
product 
nucleons

= nuclear 
disintegration

hadron
component



am m a-rav production in the atmosphere

Schematic diagram of gamma-ray production processes in the 
atmosphere.  Neutrinos are ignored. (From Allkofer, (). C. & 
Grieder. P. K. F., Cosmic Rays on Earth. Physik Oaten. ISSN 
0 3 4 4  8 4 0 1 .  1984.)
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Altitude variation o f  cosmic rays

Altitude var ia tion of the main cosmic ray components .  (From 
Allkofer, O .  C. & Grieder ,  P. K. F., Cosmic Rays  on Earth , Physik 
Da ten ,  ISSN 0344 8401, 1984.)
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Relation between atmospheric depth and altitude for an isothermal 
atmosphere.  (From Allkofer. O. C  & Grieder. P K. F.. C o s m i c  R h y s  
on Earth. Physik Daten, ISSN 0344 8401. 1984.)

Atmospheric depth

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 Earth, Physik Daten.  ISSN 0344 8401, 1984.)

Z E N ITH  A N G L E  0
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Pressure and atm ospheric thickness

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

A T M O S P H E R IC  T H IC K N E S S  (g c m ' 2)

103 102 10 1 101 102 10‘3

Bibliography
‘C o s m ic  rays on  Earth*,  Allkofer ,  O .  C.  &  G r ie d e r ,  P.  K.  F. in Physics  

D a ta , ISSN  0344 8401,  1984, nr .  25-1,  F a c h i n fo r m a t i o n s z e n t r u m ,  
Kar ls ruhe .
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Radiation environment

-  4 p r o t o n s  cm  2 s 1 
( iso tropic)

-  1.3 x  108 p r o t o n s  cm ~ 2 
2.0 p r o t o n s  cm  - 2 s~ 1 
( isotropic)

-  7 x 107 p r o t o n s  cm “ 2 
40 M eV  1013 M e V ;

p r e d o m i n a n t l y  103- 1 0 7 M eV  

In te g ra te d  dose  (w i thou t  shie ld ing) :  ^ 4 -  10 rad  yr  1

S o la r  high energy partic le  rad ia tion
C o m p o s i t i o n :  p r e d o m i n a n t l y  p r o t o n s  (H ) a n d  a l p h a  part icles ( H e + ). 

In teg ra ted  yearly flux a t  1 A U :

E nergy  > 3 0  M e V ,  N  ^  8 x  \ 0 9 p r o t o n s  c m -2  n e a r  so la r  m a x i m u m
N  ^  5 x 105 p r o t o n s  cm  2 n e a r  so la r  m i n i m u m

E nergy  >  100 M e V ,  N  ^  6 x 108 p r o t o n s  cm  2 n e a r  so la r  m a x i m u m
N  ^  5 x 104 p r o t o n s  c m -2  n e a r  so la r  m i n i m u m

M a x i m u m  d o s a g e  with  sh ie ld ing  o f  5 g e m - 2 (equiva lent  th ickness ) :  

~ 2 0 0 r a d  per  week (3 flares),  sk in  dose  at  a  p o in t  de tec to r .

G alactic  cosm ic radiation  
F lu x  at s unspo t  m i n im u m :

I n teg ra ted  yearly rate:
F lux  at  s u n sp o t  m a x i m u m :

In teg ra ted  yearly rate:  
Energy  range:
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Trapped radiation

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

Proton distribution in the Earth's field. (Published by Vette in 
September 1963.)

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

Visible a n d  in fra red  radia tion
R a d i a n t  energy  d is t r ibu t ion :

a p p r o x i m a t e d  by tha t  f rom a 5800 K b l a c k b o d y  

F ra c t i o n  o f  so la r  ra d ia t io n :

A b o v e  7000 A =  53 .12%
A bove  4000 A - 91.28 ° 0 

3000 A - 3 0  000 A =  9 6 .6 2 %

U ltrav io le t a n d  X -ra y  radiation
F r a c t i o n  o f  so la r  ra d ia t io n :

Below 4000 A =  8 .7 2 %
Below 3000 A =  1.21%
Below 2000 A =  0 .0 0 8 %  (var iable)
Below 1000 A =  10“ 4 % (variable)

P r inc ipa l  line em ission  fluxes at 1.0 A U :

L y m a n  A lpha  H I (1215.67 A): 51.0 x l O ^ W n r 2 
H e  II (303.8 A): 2.5 x 10 4 W  m  2 
H I (1025.72 A): 0.60 x 10 4 W m  2 

C  III (977 A): 0.50 x 10 4 W m  2

X -ray  flux (W m  “ 2):

IS A  8 20 A 20 200 A

Sunspot min 1 x 10 8 1 x 10
Sunspot max 3 x  10"h 2 x 10
Flare activity (large flares) 1 x 10“ 4 5 x 10 4

-  1 x !0 ~ 4

-  1 x 10“ 3
-  1 x 1 0  2
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The solar spectrum

VISIBLE
G A M M A  R A Y IN FR A R E D R A D IO

Q U IE T  S U N

g r a d u a l !
B U R S T !
(N O N -

T H E R M A L

2 B F L A R E

1B F LA R E
C O M P O N E N T

Q U IE T  S U N  
(T H E R M A L )

Fhe solar spectral i rradiance from radio waves to gamma-rays.  
(Courtesy H .  Mali tson and the Nat ional  Space Science D a ta  Center.)

----------------FREQUENCY
M rsj ISI Ps*

_L X X X X X X X X
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VIO LET
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A  (N O N T H E R M A L )

N A S A -G O D D A R D  SP AC E FL IG H T C E NTER 
G R E E N B E L T . M A R Y L A N D  
A U G U S T . 1976

PO ST LA R G E  B U R S T  
(3B FLA R E , 8 /4 /7 2 ! 

N O N  T H E R M A L )
ARE

S L O W L Y  V A R Y IN G . O F 
k S -C O M P O N E N T  
i  (A C T IV E  R E G IO N S , 
m * - — T H E R M A L )

I  1 ___ 1
> N O N  FLA R E C O N D IT IO N S LA R G E

S T O R M
(N O N T H E R M A L )

/ I N  I
LARG E B U R S T 
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International reference atm osphere
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(COSPAR International Reference Atmosphere,  1961.)

L O G 10 D E N S I T Y ,  p ( g e m 3)

I______ I---------- 1--------- L V ------------1------------1------------1
150 200 250 300 600 1000 1400 1800

T E M P E R A T U R E ,  7"(K)

i 1 i____ 1_ _ _ _ _ I_ _ _ _ I___ !_ _ _ _ _ _ _ _ _ I__ I_ _ I
7 8 9 10 11 12 13 14 15 16

LO G i o  N U M B E R  D E N S I T Y ,  n  ( c m ' 3)
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Altitude variation o f  atm ospheric constituents

Variat ion with a l t i tude  of the various const i tuents  of  the atmosphere .  
The hor izontal  scale is the logarithm of the particle density n in 

particles cm 3. (Adapted  from Pecker, Space Observator ies .
D. Reidel Publ ishing C om pa ny ,  Dordrech t .  1970.)

h (km)
5 0 0 -

450 -  

400 -  

3 5 0 -  

3 0 0 -  

2 5 0 -  

200 —

150- 

100- 

5 0 -  

0 —

C o m p o s it io n  of the atm osphere at gro un d  level

C o n s t itu e n t a?(p articles c m ' 1 ) lo g ,0/7

2 ■ lO'1* 19.3
O: 5 4- 101' 18.73
H: °  3 * 101' 17.48
A 2 4 v i 0 ‘ - 17.38
CO; 8.5 x 10'' 15.93
Ne 4.7 x  10N 14 67
He 1 35 - 1014 14.13
H; 1 285 ■ 10“  13 11
N:0  1.285- 10" 13 11
CH4 2.5 «. 10i: 12 4
O, 4.725 x 10" 11.675
0 1.05*. 104 4.025
W ater v a p o u r and  ca rb o n  d io x id e  
f lu c tu a te  co n sid e rab ly
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U S standard atm osphere, 1976

(f/) Mean free path as a function of geometric altitude, (b) Speed of 
sound as a function of geometric altitude, (c) Mean molecular weight 
as a function of geometric altitude. (</) Total pressure and mass 
density as a function of geometric altitude.

(a) (b)

(c)

D E N S IT Y  (kg 3)

10001

-g 9 0 0

~  8 0 0  
Q
=> 70 0  h
*3 600  

u  500  

H 4 0 0

o  300-
UJ

0  200

100;  PRE SS UR

°  10“® 10~4 10° 104 106
PRESSURE <N m " 2)

(d)
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(?) Dynamic  viscosity as a funct ion of  geometric  altitude.
( / ’) Coefficient of thermal  conduct ivi ty  as a function of  geometr ic  
alt itude,  (g)  Kinetic tempera tu re  as a function of  geometric a lt itude.  
(h ) M ean  air-particle speed as a  function of geometric alt itude.

U S  standard atmosphere, 1976 (cont.)

110 N s m 2)

(e)

0 . 0 1 8  0 . 0 2 0  0 . 0 2 2  0 . 0 2 4  0 .0 2 6  
C O E F F IC IE N T  OF T H E R M A L  
C O N D U C T IV IT Y  (W m~' K _l )

( f )

K IN E T IC  T E M P E R A T U R E  (K) 

(0>

5 0 0  1000  1 5 0 0  2 0 0 0

M EA N  PA R TIC LE  SPEED (m s_1)

(h)
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O -  <

5 u 9
X

(UJ>|
ooCN

1 H 0 I3 H



244

Earth's m agnetosphere

Schematic view of the Ear th’s magnetosphere.
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Special relativity

F u n d a m e n t a l  k inem at ica l  r e la t ions  for  a  par t icle of  rest mass m 0 a n d  
velocity r :

p = m 0v/(  1 -  v 2/ c 2)112 m o m e n t u m

E = m 0c 2/(  1 -  v2/ c 2)1 2 to ta l  energy

T  = E — m 0c 2 kine t ic  energy

m = m 0/(  1 — v 2/ c 2)] 2 relativist ic mass

E 0 = m 0c 2 rest energy

F r o m  the above ,  the fo l lowing re la t ions  c an  be der ived:

E = m e 2 =  (WqC4 +  c 2p 2)] 2

p =  [ (E/c )2 - m 20c 2Y  2

v =  c 2p / E  =  c[  1 -  ( m0c 2/ E ) 2y  2 =  p / [ m 0c 2 4- ( p / c ) 2] 1 2

m = E / c 2 = [ m l  -F ( p /c )2] 1 2

Relativistic D o p p le r  effect:

t 1 H- (v/c) cos  0 
+  z =  ( 1 3 7 ^ 1 7 2  -

w he re

0 =  angle between d irec t ion  o f  observa t ion  a n d  direc t ion of  m o t io n ,  
0 = 0  for  m o t io n  d irec t ly  a w a y  from observer ,

2 =  Uobs -  ^ )A .

z ^  (v/c) cos  0  for v < < c.

Lorentz transform ation (G aussian  units)

4 - Vector transform ation
4

B l =  Z  a llvB v = a in. B v.
v = 1

F o r  a L o ren tz  t r a n s f o r m a t io n  f rom  system k  to  a  system k ' m o v in g  with  a 
veloci ty  paral lel  to  the z-axis,  the  t r a n s fo rm a t io n  coefficients a re  given by:

1 0 0 0
0 1 0 0
0 0 ) i y p
0 0 - i  yP y
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E xa m p le s  o f  4 - vectors

X„ =  (X .k 'M,  

w here  \  =  v ,/ +  x 2j  + v 3A.

/!,, =  (A. i(/>).

w here  A an d  0  a re  the e l ec t rom agne t ic  v e c to r  a n d  sca la r  po te n tia l  

J„ = (J, icy)),
where  J  a n d  p a re  the cu r ren t  dens i ty  a n d  c h a r g e  densi ty.  

k ft =  (k. uo c ),

where  k and  co are  the  wave  v e c to r  a n d  frequency  of  a 

el ec t rom agne t ic  wave.

p H =  (p, i  £/<■),

where  p an d  E  a r e  the m o m e n t u m  a n d  ene rgy  o f  a part icle.

2nd  rank tensor transform ation
4

/ .  ,(T — 1

E lectrom agnetic  f ie ld  streng th  tensor

d A v dA„
F,„ =

ex.. ex,

0 B  3 - b 2 — i£

“ «3 0 B i — i £
0 — i£

i£ i i £ 2 i^3 0

C ovarian t fo rm u la tio n  o f  M a x w e ll 's  equa tions

dF„v 471

<*v C ......................................

where  p ,  a n d  v are an y  th ree  o f  the in tegers  1,2,  3 ,4 .

^ " + ^ + ^  = 0 . 
r x :  r.\ \ r.x„

L o ren tz  fo rc e

I
f  =  p E  +  (J x B).

C
, I ,  , 1 r  ‘ f . .  S T „  /  i \

where  T 1V is the e l ec t rom agne t i c  s t r e s s - e n e r g y  m o m e n t u m  tenso r :

1

p la ne
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C osm ology

R obertson  W a lker  line e lem en t (h o m o g e n e o u s  a n d  is o t rop ic  universe)

dr2
d s 2 = c 2 d t 2 -  R 2( t ) 4- r 2( d ^ 2 +  s in 2 Odcf)2)

l  1 -  k r 2 
where

R(i)  =  r ad ius  o f  c u r v a t u r e  o f  the  universe,

r, 0,(f) = c o -m o v in g  spherica l  c o o r d in a t e s  (a c o -m o v i n g  o b s e rv e r  is an  
o bse rve r  at  rest with  respect to  m a t t e r  in his  vicini ty) ,  

k =  c u rv a t u re  index =  0,  ±  1 (k =  1, ellipt ical closed  space ;  k = 0, 
Eucl idean  flat space;  k  =  — 1, hyperbo l i c  o p en  space).

E instein  f i e ld  equations

where

3 R 2 i k e 2
-------- f~ z-t- =  %nG() +  Ac*2,
R R •

2 R  R 2 k c 2 
R ' R 1 R 2

8 n G P
4- Ac*2,

R

R

A c 2

3
4 nG

3
P +

p  =  m ean  dens i ty  o f  m a t t e r  a n d  energy,
A =  cosm olog ica l  c o n s t a n t ,
P  =  h y d r o d y n a m i c  p res su re  o f  m a t t e r  a n d  r a d ia t io n ,
G =  g rav i t a t iona l  c o n s t a n t ,
H 0 = R 0/ R 0, H u b b l e  c o n s t a n t ,

4o =  - K o / R o H l  dece le ra t ion  c o n s ta n t ,  w here  the  subsc r ip t  zero  
d en o te s  the  p resen t  value.

Friedm ann universes  (A =  0)

,  3P 0 3 / / 0 f̂0
P o +  Y  =  T 7 "  c AnG

k c 2 4nG

3<?o
P o i ^ o -  1 ) -

3 Pn



249

Curvature Space </o Q  {a)

k = +  1 Closed >  1 2 >  1

0II-u; Flat 1 2 
(Euclidean)

1

/c =  — 1 Open 0 ^ q o < 11 2  0 ^ Q ( ) <

F o r  ep o ch s  af te r  the deco u p l in g  of  m a t te r ,  P0 is a p p r o x im a te ly  0,  a n d  we 

have

Density />0 Expansion

3Hq Turns eventually 
87iG into contraction

3H 0 ' 1 Stops in infinite 
f)c 87rG future

3H02< Forever
8/rG

(<,) The ‘density parameter '  Q =  p/pc, where pc is the critical closure density (i.e. for 
the case q0 = 1/ 2 ).

(/>l With H0 = 50 km s '  1 M p c “ 1, the present critical density becomes 
p c = 4.7 x 10“ 30 g cm 3.

Useful relat ionships and quanti t ies  (F r i e d m a n n  universe)  
Differential  vo lum e:

d V = R -3 1 ̂ £ ± i l ° _ I  ’ >[ (1+2,g q ^  I r H H 2 dn d r, 
(1 -I- z) q 0( 1 -I- 2 /̂0r)

w here

R „ =  , the Flubb le radius.
H Ho

T im e  d i f fe re n t ia l :

d r =  — d z / [ (  1 +  z )2H q( 1 +  2(/0r ) l/2] .

L o o k -b a c k  t im e :

q 0 =  0,

t  = — (1 -  1/(1+ z ) ) ;  lim t  =  1 /H 0 .
Hr0

<?o =  1/2,

t =  - (1 -  1/(1 +  z)3/2); lim t  =  2 /3 (l /770) ,
-  Z GO

Llo =  1»

[(2z 4- l ) 1/2/ (z  +  1) 4- 2 tan" 1 (2z +  1)1/2 -  1 -  n/2]:
'o

r  =  —  
Hr

l im r  =  0.57( 1 / H 0),
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w here

H 0 =  H u b b l e  c o n s ta n t ,  
cj0 =  de c e le ra t io n  co n s ta n t ,  
z =  redshift .

R ed  sh i f t -magni tude  relat ionship  ( F r i e d m a n n  universe) :

mbo, =  5 log

+  ^boi  +  25 -  5 log  Z)L +  M b01 +  25.

w he re  mbo) is the a p p a r e n t  bo lo m e t r i c  m a g n i t u d e  o f  a  s o u rc e  with  a b s o lu t e  
b o lo m e t r i c  m a g n i t u d e  an d  redshif t  z.

E x p a n d e d  in p o w e r s  o f  z:

mboi =  5 l o g ^ — ^  +  1.086( 1 — q 0)z  +  • • ■ +  M bol -I- 2 5 ,

w he re  is in k m s -1 M p c - 1 ; zc is in k m s  ’ , a n d  z is the  obse rved  
redshif t .

m hoi — M bo, = m  — M  — K  — A ,  m  — M  =  o b s e rv e d  d i s t a n c e  m o d u l u s ,  for  
h e t e r o c h r o m a t i c  m a g n i tu d e s ,  w here  K  — redshif t  c o r r e c t io n ,  A -■ in t e r ­
s te l la r  a b s o r p t i o n .

w here  / ( / )  is the  inc iden t  energy flux per  u n i t  w a v e le n g th  a n d  5(A) is the  
p h o t o m e t e r  r e s p o n s e  func tion.

Angular  d ia m e te r - red sh i f t  relat ionship  ( F r i e d m a n n  universe)

^ T T  +  0 .5 z ( l  - < / „ ) ] ,  q0: < < \ .

K  =  2.5 log( 1 +  z) +  2.5 log

w here

0 =  a p p a r e n t  a n g u l a r  d ia m e te r  of  sou rce ,  
/ =  l inea r  d i a m e t e r  o f  spherica l  source ,
D l =  lu m in o s i ty  d istance.
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Observed energy  J lux  dens i t y  (F r i e d m a n n  universe)  

PM  1 + r ) E 0)
s 0( £  0 ) = 47tD,2

w here  Pe is the  m o n o c h r o m a t i c  p ow er  em i t ted  a t  th e  e n e rg y  (1 +  r ) E 0, a n d  
S0 is the  o b s e rv e d  m o n o c h r o m a t i c  energy  flux d ens i ty  a t  the energy  E 0. T h e  
o bse rved  ene rgy  flux d ens i ty  in tegra ted  from E, to  E 2 is:

i r (i
/•0( £ , , £ 2) =  - 2 Pc( £ ) d £ ,

J( !+,)£,
w here  PC(E) is the  differential  p o w e r  emit ted  per  u n i t  ene rgy  in th e  em i t t ed  
rest frame.

Redsh[ft func t ions

Angular size vs. redshift



(M
pc

)
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Luminosity distance vs. redshift

RedshiJ't fu n c tio n s  (cont.)

z
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Look-back  time

R ed  shift fu n c tio n s  (cont.)

z
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A tom ic physics

S p ec tro sco p ic  te rm in o lo g y
O r b i t a l  a n g u l a r  m o m e n t u m  L  o r  / 0 1 2 3 4 5 6 7 8

L  S P D F G H I K L
I s p d f  y  h / k I

L =  £ /  ( ind iv idua l  e lec trons) ,  o rb i t a l  a n g u l a r  m o m e n t u m ,
S =  2 >  ( ind iv idua l  e lec trons) ,  sp in  a n g u l a r  m o m e n t u m ,
J  = L  + S  (LS c o u p l in g ) ,  to ta l  a n g u l a r  m o m e n t u m ,

J  = ' L j U  =  l +  s (jj coup l ing ) ,
M  =  m a g n e t i c  q u a n t u m  n u m b e r ;  c o m p o n e n t s  o f  J  in m a gne t ic  field.

n ( to ta l  q u a n t u m  n u m b e r )  1 2 3 4 5 6 7

Shell  K  L  M  N  O P 0

T h e  q u a n t i t i e s  >?, /, S, L ,  J ,  M  define  a Z e e m a n  state.

T h e  q u a n t i t i e s  /?, /, 5 ,  L , J  define a level which  inc ludes  2J  +  1 s ta te s , e.g., 
the a t o m i c  level 2 p 3 2-
I n t e r p r e t a t i o n :

2: o u t e r  e l ec t rons ,  n =  2 (L  shell).
p 3 : 3 o u t e r  e l ec t rons ,  / =  1.

4:  m u l t ip l ic i ty  =  4 (25  +  1 =  4, S  =  3 /2 ,  the  spin).
S : o rb i t a l  m o m e n t u m  L  =  0.
3/2:  J  =  3/2.
0 :  t h e  level has  o d d  par i ty.

T h e  q u a n t i t i e s  n,  /, 5 ,  L  def ine a n  a t o m i c  t e r m , the  set o f  (2S +  1) x (2L +  1) 
s ta tes  c h a ra c t e r i z e d  by given va lues  o f  L  a n d  S.
A t r a n s i t io n  b e tw ee n  tw o  levels  is cal led a spec tra l  line.
T h e  to ta l i ty  o f  t r a n s i t i o n s  b e tw ee n  tw o  terms  is a multiplet .

E m ission  a n d  a b so rp tio n  o f  rad ia tion  (cgs units)

N ,

a b s o rp t io n : N, B ik /  v 

( t r ans i t ions  c m ~ 3 s
N: J-------L

^  9k =  2 +  1 ,

stat is t ical weight  o f  level k  

NkWki  +  spontaneous
emission and induced emission  
( t r ans i t ions  cm 3 s 1 

^  0 ; =  2 J,- 4- 1
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where

A k i -  Einstein coefficient o f  s p o n ta n e o u s  em iss ion .
\ \  =  n u m b e r  of  a t o m s  per  unit  vo lum e  in level k,
Blk =  induced  t rans i t ion  p robab i l i ty  f rom level / to  level k. 
/, =  specific intensi ty o f  r ad ia t ion  field at  f r equency  v,
/]V=  Wk — Hj, t r an s i t ion  energy.

.4* Bkf =  y  11 '
o  2 2 2871 e vz

^ki  ~  ■> 
Vi <■-

B ik =

w here  f ik =  a b s o r p t i o n  osc i l la to r  s treng th .
> ■>

7re“ .
<rvdv =  -— is the 

me

in tegra ted  a to m ic  sca t t e r ing  coefficient for  a s p e c t r u m  line. 
=  a to m ic  sca t te r ing  coefficient n e a r  an  a b s o r p t i o n  line.

Thermal  equilibrium

V k j h

N i 9i
( B o l t z m a n n ' s  formula) .

Doppler shift

A/./"/. ^  r  c (r =  veloci ty o f  source) .

Doppler width o f  spectral  line ( F W H M ,  M axw el l i an  d i s t r i b u t io n )

A / , ,  2[(2 In 2 )/cT/A/] 1 2
=  7.162 x 10 7

/. c

w here  M  is the  m a ss  o f  the r ad ia t ing  a to m .

V
T  (K )  

at .  wt.
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sd
sO r̂ -

r̂ ,
OO

C'j
ON
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X-ray energy-level diagram for l' 2l . showing the transitions 
permit ted by the selection rules A1 =  ±  I: Aj =  ±  1.0. (Adapted from 
Richtmyer.  F. K.. K ennard ,  E. H. &  Lauritsen.  T..  Introduction to 
M odern  Physics,  McGraw-Hil l  Book C om pany ,  1955.)
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X-ray wavelengths

W avelen g th s  o f  A series lines representing  transitions  in the  o rd inary  
X -ra y  en erg y-leve l d iagram  a llow ed  b y  the se lec tion  p rincip les  (A n g s tro m )

Siegbahn
Sommerfeld
transition

K qc2
K ol'
K - L u

K y ,
Ky.
K ~ L U]

Kfi K f i x 
K (i 2 Kfi  
K - M u K - M lu

K p 2
Ky
K ~ L u N ul

4 Be 115.7
5 B 67.71
6 C 44.54
7 N 31.557
8 O 23.567
9 F 18.275

11 Na 11.885 11.594
12 Mg 9.869 9.539
13 A1 8.3205 7.965
14 Si 7. 11106 6.7545
15 P 6. 1425 5.7921
16 S 5.3637 5.3613 5.021 1
17 Cl 4.7212 4.7182 4.3942
19 K 3.737 07 3.733 68 3.4468
20 Ca 3.354 95 3.35169 3.0834
21 Sc 3.028 40 3.025 03 2.7739
22 Ti 2.746 81 2.743 17 2.5090
23 V 2.502 13 2.498 35 2.2797
24 Cr 2.288 91 2.285 03 2.0806
25 Mn 2.10149 2.097 51 1.906 20
26 Fe 1.936 012 1.932 076 1.753 013
27 Co 1.789 19 1.785 29 1.61744
28 Ni 1.658 35 1.654 50 1.479 05 1.485 61
29 C'u 1.541 232 1.537 395 1.389 35 1.378 24
30 Zn 1.436 03 1.432 17 1.292 55 1.28107
31 Ga 1.340 87 1.337 15 1.205 20 1.1938
32 Ge 1.255 21 1.251 30 1.12671 1.114 59
33 As 1.177 43 1.173 44 1.055 10 1.042 81
34 Se 1.106 52 1.102 48 0.990 13 0.977 91
35 Br 1.04166 1.037 59 0.930 87 0.918 53
36 Kr 0.9821 0.9781 0.8767 0.8643
37 Rb 0.927 76 0.923 64 0.827 49 0.826 96 0.814 76
38 Sr 0.877 61 0.873 45 0.78183 0.781 30 0.769 21
39 Y 0.831 32 0.827 12 0.739 72 0.739 19 0.727 13
40 Zr 0.788 51 0.784 30 0.700 83 0.700 28 0.688 50
41 Nb 0.748 89 0.744 65 0.664 96 0.664 38 0.652 80
42 M o 0.712 105 0.707 831 0.631 543 0.630 978 0.619 698
43 Te 0.675 0.672 0.601
44 Ru 0.646 06 0.64174 0.57193 0.571 31 0.560 51
45 Rh 0.616 37 0.612 02 0.545 09 0.544 49 0.533 96
46 Pd 0.588 63 0.584 27 0.52009 0.519 47 0.509 18
47 Ag 0.562 67 0.558 28 0.496 65 0.496 01 0.486 03
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H a veleng ths  o f  A series lines representing  transitions in the o rd inary  
\ - r a y  energy-leve l d iagram  a llow ed  by the selection  princip les {com.)

Siegbahn
Sommerfeld
transition

K y 2
Ky'
K L u

Ky. i 
Ky
K L m

K/i K l i , 
K/i2 K/i 
K M u K M m

Kli 2 
Ky
K L ||.Vm

48 Cd 0.538 32 0.533 90 0.474 71 0.474 08 0.464 20
49 In 0.515 48 0.5 11 06 0.454 23 0.453 58 0.444 08
50 Sn 0.494 02 0.489 57 0.434 95 0.434 30 0.424 99
51 Sb 0.473 87 0.469 31 0.416 23 0.407 10
52 Te 0.454 91 0.45037 0.399 26 0.390 37
53 I 0.437 03 0.432 49 0.382 92 0.383 15 0.374 71
54 Xe 0.417 0.360
55 Cs 0.404 11 0.399 59 0.354 36 0.353 60 0.345 16
56 Ba 0.388 99 0.384 43 0.340 89 0.340 22 0.332 22
57 La 0.374 66 0.37004 0.328 09 0.327 26 0.319 66
58 Ce 0.361 10 0.356 47 0.315 72 0.315 01 0.307 70
59 Pr 0.348 05 0.343 40 0.304 39 0.303 60 0.296 25
60 Nd 0.335 95 0.331 25 0.293 51 0.292 75 0.285 73
62 Sm 0.313 02 0.308 33 0.273 25 0.272 50 0.265 75
63 Eu 0.302 65 0.297 90 0.263 86 0.263 07 0.256 45
64 Gd 0.292 61 0.287 82 0.254 71 0.253 94 0.247 62
65 Tb 0.282 86 0.278 20 0.246 29 0.245 51 0.239 12
66 Dy 0.273 75 0.269 03 0.237 87 0.237 10 0.231 28
67 Ho 0.264 99 0.260 30
68 Er 0.256 64 0.251 97 0.223 00 0.222 15 0.21671
69 Tm 0.248 61 0.243 87 0.21558 0.21487
70 Vb 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 0.20171 0.196 49
72 Hf 0.226 53 0.221 73 0.19583 0.195 15 0.190 42
73 Ta 0.219 73 0.214 88 0.18991 0.184 52
74 W 0.213 37 0.208 56 0.18475 0.18397 0.179 06
76 Os 0.201 31 0.196 45 0.17361 0.168 75
77 Ir 0.195 50 0.190 65 0.168 50 0.163 76
78 Pt 0.190 04 0.182 23 0.163 70 0.158 87
79 Au 0.184 83 0.179 96 0.159 02 0.154 26
81 T1 0.174 66 0.169 80 0.150 11 0.145 39
82 Pb 0.170 04 0.165 16 0.146 06 0.141 25
83 Bi 0.165 25 0.160 41 0.142 05 0.136 21
92 U 0.130 95 0.126 40 0.111 87 0.108 42

(From Smithsonian Physical Tables.)
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W avelen g th s  o f  the  m ore  p ro m in en t L g ro u p  lines (A n g s tr o m )

Siegbahn 2 2 *1 Pi / n
Sommerfeld y.' y. P 8 n
transition L m M,v L m L\\ M\ L m-A/| L.I-M,

16 S 83.75
20 Ca 36.27 40.90
21 Sc 31.37 35.71
22 Ti 27.37 31.33
23 V 24.31 27.70
24 Cr 21.53 21.19 23.84 23.28
25 Mn 19.40 19.04 22.34
26 Fe 17.57 17.23 20.09 19.76
27 Co 15.93 15.63 18.25 17.86
28 Ni 14.53 14.25 16.66 16.28
29 Cu 13.306 13.027 15.26 14.87
30 Zn 12.229 11.960 13.97 13.61
31 Ga 11.27 11.01 12.89 12.56
32 Ge 10.415 10.153 11.922 11.587
33 As 9.652 9.395 11.048 10.711
34 Se 8.972 8.718 10.272 9.939
35 Br 8.358 8.109 9.564 9.235
37 Rb 7.3027
38 Sr 6.8486 6.610 7.822 7.506
39 Y 6.4357 6.2039

Pi

L\n N v

7.0310

7i
<>
L..-JVlv

40 Zr 6.057 5.8236 5.5742 5.3738
U Nb 5.718 5.7120 5.4803 5.2260 5.0248
42 Mo 5.401 5.3950 5.1665 4.9100
44 Ru 4.8437 4.8357 4.6110 4.3619 4.1728
45 Rh 4.5956 4.5878 4.3640 4.1221 3.9357
46 Pd 4.3666 4.3585 4.1373 3.9007 3.7164
47 Ag 4.1538 4.1456 3.9266 3.6938 3.5149
48 Cd 3.9564 3.9478 3.7301 3.5064 3.3280
49 In 3.7724 3.7637 3.5478 3.3312 3.1553
50 Sn 3.60151 3.592 57 3.3779 3.16861 2.994 94
51 Sb 3.4408 3.4318 .>.2184 3.0166 2.8451
52 Te 3.2910 3.2820 >.0700 2.8761 2.7065
53 I 3.1509 3.1417 2.9309 2.7461 2.5775
55 Cs 2.8956 2.8861 2.6778 2.5064 2.3425
56 Ba 2.7790 2.7696 2.5622 2.3993 2.2366
57 La 2.6689 2.6597 2.4533 2.2980 2.1372
58 Ce 2.5651 2.5560 2.3510 2.2041 2.0443
59 Pr 2.4676 2.4577 2.2539 2.1148 1.9568
60 Nd 2.3756 2.3653 2.1622 2.0314 1.8738
62 Sm 2.2057 2.1950 1.9936 1.8781 1.7231
63 Eu 2.1273 2.1163 1.9163 1.8082 1.6543
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W avelengths o f the m ove p ro m in e n t L  g roup  lines (cont.)

Sieghahn a,
Sommerfeld y y
transition L m M lw L m V/v

64 Gd 2.0526 2.0419
65 Tb 1.9823 1.9715
66 Dy 1.9156 1.9046
67 Ho 1.8521 1.8410
68 Er 1.792 02 1.780 68
69 Tm 1.7339 1.7228
70 Yb 1.679 42 1.668 44
71 Lu 1.6270 1.616 17
72 Hf 1.577 04 1.566 07
73 Ta 1.529 78 1.51885
74 W 1.484 38 1.473 36
75 Re 1.4410 1.429 97
76 Os 1.398 66 1.388 59
77 Ir 1.3598 1.348 47
78 Pt 1.321 55 1.310 33
79 Au 1.285 02 1.273 77
80 Hg 1.249 51 1.238 63
SI T1 1.21626 1.204 93
82 Pb 1.184 08 1.172 58
83 Bi 1.15301 1.141 50
90 Th 0.965 85 0.954 05
91 Pa 0.9427 0.9309
92 U 0.920 62 0.908 74

(From Smithsonian Physical Tables.)

Pi 1 '/
/)’ £ a/
L|. My L in -V/, L,. \/j

1.8425 1.7419 1.5886
1.7727 1.6790 1.5266
1.7066 1.6198 1.4697
1.6435 1.5637 1.4142
1.584 09 1.510 94 1.3611
1.5268 1.4602 1.3127
1.4725 1.41261 1.265 12
1.420 67 1.367 31 1.21974
1.3711 1.3235 1.1765
1.324 23 1.281 90 1.135 58
1.279 17 1.242 03 1.096 30
1.236 03 1.2041 1.0587
1.194 90 1.168 84 1.022 96
1.15540 1.132 97 0.988 76
1.11758 1.099 74 0.955 99
1.081 28 1.068 01 0.924 61
1.046 52 1.037 70 0.8946
1.012 99 1.008 22 0.865 71
0.98083 0.980 83 0.838 01
0.950 02 0.953 24 0 .81143
0.763 56 0.791 92 0.651 76
0.7407 0.7721 0.6325
0.718 51 0.753 07 0.613 59
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Blackbody radiation (cgs units)

Planck  fu n c t io n s  (br ightness  of  a b la c k b o d y )

erg  cm  2 s '  1 Hz 1 sr 1
2/iv3

e~ / / /iv

c x p ( * r

2hc2

lie

CXPt J k T
. 2 ' 3

erg cm  2 s 1 cm  1 sr

B,(T) = 2hc \
erg cm  2 s 1 (cm 1) 1 sr

M ^ h 1)
B V( T )  dv =  B / ( T ) d / . =  B ( T )  dv

1 1

Rayle igh  Jeans  law 

h v / k T  < <  1

B X( T )  =  2 ( ( ) k T

W ien ' s  law

h v / k T > >  1

2 hv3 
B y( T )  =  — 2~ exP

/iv

AT

S te fan  Boltzmann law

to t a l  em i t t ance  =  7r B v( T ) d v  =  o T 4 e rg  cm 2 s -1

27c A:51,4
w h e re  a  =  ■'' " . =  5.67 x 10 5 erg cm 2 deg  4 s 1

-  2 4  _ 1

\5c h

Wien  displacement law 

M a x im iz in g  B v 

vm =  5.9 x 10107  Hz 

=  0 . 5 1 7  1 cm

M a x im iz in g  B , :  

vm=  10.3 x 10107  Hz 

A. = 0 . 2 9 7 " 1 cm
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M e a n  photon  enercjy

o > =  , ^ B ' [ T ) d v
| ( B y( I  ) hv)  dv

) k T  =  2 .7012AT.
, C ( 3 ) A n 3 ) /

w h e re  <(n)=  R ie m a n n  zeta func t ion ;  r(/?) =  g a m m a  function.

R a d ia tio n  curves

Planck-law radiation curves. (Adapted from Kraus, J. D.. Radio 
Astronomy , McGraw-Hill Book Company,  1966.)

1
m

10" 10:

1 1
cm mm
u r :

X-ray and
Infrared Optical I ultraviolet 

1  1
10,: 1014 10"' 10 
FREQUENCY (Hz)

1 1
micron angstrom

10"J 10 ' 10 h 10 
-W A V ELE N G TH  (m)

10

10::

10
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Synchrotron radiation (cgs units)

S in g le  e lec tron  in a m agnetic  f i e ld
T o t a l  r a d ia te d  p o w er :

p =  1.6 x \0~  l5y 2 B 2/}2 s i n 2 a  e r g s - 1 ,

w here

7 =  (1 2) 1/2 — E / m c 2,
E =  to t a l  energy  of  part ic le ,

P =  v/c,

B  =  m a gne t ic  induc t ion  in G a u s s ,  
a  =  p i t ch  angle,  angle  be tween  B  a n d  velocity vector .

S y n c h r o t r o n  l i fetime:

3 x 108
s.

‘s y B 2/}2 s in2 a 

S p e c t r u m :

P(v) =  2.3 x 10- 2 2 B sin aF(v/vc) e r g s -1 H z  ~ ! ( a > > l / y ) .  

vc =  4 . 3 x  10hBy2 s i n a  H z  (critical frequency).

F (x )  =  x d c K 5/3(^) , x  =  v/vc.

/C5/3(c) is the modi fied  Bessel function  o f  f ract ional  o rd e r  5/3.

A plot of the function F(x)  or, equivalently, the dimensionless 
synchrotron spectrum. F(v/vc) reaches its maximum value of 0.918 at 
vm =  0.29vc. (Adapted from Tucker, W. H. & Blumenthal, G.  R. in X-  
ray Astronomy , R. Giacconi & H. Gursky, eds., D. Reidel Publishing 
Company,  Dordrecht,  1974.)
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d P  

d r ' d v  =

General distribution of electrons

dy d Q ,  /?(*;, a)P(v),  the spec tra l  em ission per  unit  vo lum e .

w here  /i(y, a)  dy d Q a =  dens i ty  o f  e lec trons  with L o ren tz  fac to r  be tw ee n  */ 
a n d  7 +  dy a n d  pi tch ang le  be tween  y. a n d  y. +  d a ;  d Q a =  I n  sin a d a ;  P{\ ) = 
s ingle e lec tron  spec t rum .

Pow er law  d istribu tion  o f  e lectrons

w(y,a) =  N ‘; sq{i) 4 n , 

a n d  for  local  i so tropy  </(a) =  1 .

d  P
=  1 .7 x  10 21 /Va(s)Z?(4.3 x \0*B  v)(' " 1 >'2 erg s "  1 c m  “ 3 H z "  1. 

d  f dv  c

* note: f (x )  is the gamma function.

(Tucker, W. H & Blumenthal, G. R., op. cit.)
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C om pton scattering (cgs units)

C o m p to n  sh ift

C o m p t o n

c ;.0 =  —  (1 -  c o s  6 ).
V 0 mcc

E n erg y  o f  sc a tte red  p h o to n

m~c2
hv'  =

1 -  c o s  0  +  (1/a)
, a  =  h v 0/niec.2

E n erg y  o f  the s tru ck  e lectron

T  =  hv' — h v 0 ,

a( 1 -  co s  0)
T  =  h v0

7™x 1 +  ( l / 2 a )

1 4- a( 1 — cos 0) ’ 

h v 0

R ela tio n  betw een  th e  sca ttering  ang les , (fi ar*d 0

1 — cos  0 x 0
co t  cj) =  ( \ 4- a ) -----— —  =  (1 4 - a)  t a n - .

sin 0 2

K lein  N ish in a  cro ss-sec tion  fo r  u n p o la r ized  in c id en t rad ia tion

d a  

d Q
=  r i

1

1 4- a( 1 — c o s  0)

3/ 1 4- c o s 2 0 s a 2( 1 — cos  0 )2

(1 4- c o s 2 0 ) [  1 4- a( 1 — cos  0)] 

c m 2 e lec t ron  ~ 1 sr  ~ 1.

w he re  r0 =  2- , class ica l  e lec t ron  r a d iu s  =  2.82 x  10 13 c m .,,2

I —  d Q  =  ~  rl (  i — 2 a  4- 5 .2a2 — 13.3a3 4- ■ * •) 
J d Q  3

c m 2 e lec t ron - 1
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Differential cross-sections, da(0) dQ, for the production of secondary 
photons from Com pton  scattering. C urves are shown for six different 
values of primary photon energy . (From Davisson & Evans. Rev. 
Mod. Phys ., 34. 79. 1953.)

Klein Nishina differential cross-sections

140* 130* 120* 110* 100* 90* 80* 70* 60* 50* 40*

Differential cross-sections, d<r(fl)/dfl, for the production of  secondary 
photons  from Compton  scattering. (From Davisson & Evans, Rev. 
Mod. Phys.. 34. 79, 1953.)

120* 110* 100* 90* 80* 70* 60*

15 10 5 0 5 10 15
C r o s s - s e c t i o n  

in un i ts  of  

10- 2 6  c m 2 e l e c t r o n -1 rad -1
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Differential cross-sections, dae(</))/d</>, for the production of  secondary 
electrons from Compton  scattering. (From Davisson & Evans, Rev. 
M o d  Phys .. 34, 79, 1953.)

Klein !\ishina differential cross-sections (com.)

10 15 20 25
C r o s s -s e c t io n  in units 

of 10-2 6  c m 2 e le ct ro n -1 rad -1

Direction of
Incident photon q

Inverse Com pton scattering (cgs units)

C o m p t o n  coll is ions be tween  relativist ic e lec trons  a n d  low frequency 

pho tons .

Thomson  limit

yhv0 < < mcc 2,

where  y is the L o re n t z  fac to r  for  the  relativist ic electrons.

Total  energy loss ra te  ( T h o m s o n  limit) 

d E
— —  =  *GTc y 2u =  2 .6 x 10 14y2w erg s 1 elec tron  1, 

df
where

u =  rad ia t ion  ene rgy  dens i ty,

(j, =  ^  /*o, th e  T h o m s o n  cross-sec t ion ,
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T h o m s o n  l imit p o w e r  law e lec tron  d i s t r ibu t ion  funct ion  a n d  b la ck b o d y  
ra d i a t io n :  w hen  the initial r ad ia t ion  field is given by a b la ck b o d y  
d i s t r i b u t io n  an d  the dens i ty  o f  e lec trons  is given by  a p o w e r  law, viz., 
N(y) dy =  N y ~ * d y  (the dens i ty  of  e lec t rons  with a L o re n t z  fac tor  be tween y 
a n d  y +  dy),  the spectra l  p o w e r  dens i ty  is:

d P
- = 4 . 2  x \ 0~ N b ( s ) T  ( 2 . 1 x 10107  v),s" 1,/2 

d V a  v

erg  cm  “ 3 s" 1 H z - 1 ,
with T  in degrees  Kelvin.

Spectra

(Tucker, W. H. & Blumenthal, G. R.. op. cit.)
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Hot plasma emission ( c g s  u n i t s )

Bremsstrahlung fro m  a hot plasma
F o r  a M axw ellian  d is t r ib u t io n  o f  e lec tro n  velocities, the  spec tra l  em iss ion  

per  un it  vo lum e:

d P B( T )  ^ 0 _ 1 a - 3 8 t -  1 / 2 ^ - E / k T M  M  7 2=  6 . 8 x 1 0  - 3 8 r  - 1 2e -  E/k r N e Ny  Z  2g B( 7, E )
d  K dv

erg cm  3 s 1 H z  1
w here

N e =  e lec tron  dens ity .
N z  =  ion density  (charge  z),
E = In' =  p h o to n  energy ,  an d  

is the  G a u n t  factor.

l n / ^  Y  fo r  E  < < k T  (In I =  0.577)
4 k T

* I Y E

^ ( E / k T ) - 0.4 for E kT.
T h e  to ta l  b re m ss tra h lu n g  em ission : 

d P
- B =  1.4 x \ 0 ~ 21T l l l N, . N/ Z 2y B( T )  e r g c m ^ s ' 1, 

d V

w here y B( T )  ^  1.2. 

d P
- ^  =  2 . 4 x  \ { ) - 21T l / 2N?  erg  cm  3 s 1 
d K

for a p la sm a  w ith  cosm ic  a b u n d a n c e s ,  since the  c o n t r ib u t io n  from  all ions  

Y ^ N ' N y Z 2 *  1.4Ne2.

Non-thermal bremsstrahlung
F o r  a flux density  J ( E)  =  J 0E  s erg  cm  2 s _ 1 erg 1 o f  n o n - th e rm a l  

e lectrons,  the  spec tra l  em iss ion  per  unit vo lum e: 

a p  F ~ s~ i
—  =  1.2 x 10 6Z 2N z J 0 —  erg  e r n e s ' 1 H z  V

d F d v

X-ray line emission fro m  a hot plasma (e lec tron  co llis iona l ex c i ta t io n )
F o r  a  M axw ellian  d is t r ib u t io n  o f  e lec tron  velocities, th e  p o w e r  e m it te d  p e r  
unit v o lu m e  d u e  to  ex c i ta t io n s  of level ri  o f  ion Z  in th e  g r o u n d  s ta te  n is:

d P
—7 =  2.7 x 10 ■15T  l l2e E-- kTf nnglw- N eN z  e r g c n i ^ s ' 1, 
d V

where

=  energy  of ex c i ta t io n ,
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/„„ =  o sc i l la to r  s tren g th  for the  tran s i t io n ,

=  m e a n  G a u n t  fac to r  ^  0.2 for k T  E fW <  1.

In so m e  cases ,  a line is p ro d u c e d  by a tra n s i t io n  to  a s ta te  o th e r  th a n  the 
g ro u n d  s ta te .  In th is  case, the  em itted  p o w er  a b o v e  is no t  equal to  the 
p o w e r  in th e  line a n d  the  b ra n c h in g  ra tio  to  the  s ta te  o f  in terest m ust be 
ta k e n  in to  a c c o u n t .  F o r  Is 2p  t ra n s i t io n s  in h y d ro g en  an d  helium -like 
ions ,  th is  b ra n c h in g  is n o t  significant.

Radiative recombination radiation

d P RR.z.n 2.8 x K r 67 “ 3/2e ,// ' » - E)kT
---------- ~  — ------------------------- —---------------- /V  N  7 *d V d E  n ' W / Z ,

erg  cm  ~ 3 s ~ 1 erg “ 1,
w here

E = W ^ I Z _ {^

E  =  energy  o f  em itted  p h o to n ,
=  energy  of free e lec tron ,  

l y n =  ion iza tio n  energy  o f  level n for ion Z .

(Adapted from Tucker, W. H. & Blumenthal, G. R. in X-ray Astronomy , R. 
Giacconi & H. Gursky, eds., D. Reidel Publishing Company, Dordrecht, 1974.)

Maxwell’s equations (G au ss ian  units)

r ?  n  ,  r 7  . .  1 ( DV • D  =  4 n p , V x H  -----------b —
c c 8t

1 d B
V* B =  0 ,  V x E +  —  =  0 .

c dt

C o n s t i tu t iv e  re la t io n s  for an  iso tro p ic ,  p e rm e ab le ,  c o n d u c t in g  dielectric: 

D = e E ,  J  =  g E ,  B =  /^ H .

M a c ro s c o p ic  m ed ia :

p o la r iz a t io n :  P  =  —  (D  -  E ),
4 n

m a g n e t iz a t io n :  M =  —  (B -  H ).
471

V ec to r  a n d  sca la r  p o te n t ia ls :

1 r? A
B =  V x  A ,  E =  - V 0 - -  —  .

c dt
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F o r  h o m o g e n e o u s ,  iso tro p ic  m e d ia .  M a x w e l l 's  e q u a t io n s  b e c o m e :

y 2 ' i ( v . A + 3 ^ ' ) _ 4 " ' \
c c r  c ct  \  c ct  J  v,

V » A . ^  ^ A  +  v f v . A + ^ ^ V - J -
c*2 c t 2 V c‘ ( t J  c

L o re n tz  g au g e :

( * . A  +  ^ ) - 0 .

C o u lo m b  g au g e :

V- A =  0.

Conversion table for given amount of physical quantity

Physical
quantity Symbol

Rationalized
MKS Gaussian

Charge 1 coulomb 3 x 109 statcoulombs
Charge density P 1 coul m~ 3 3 x  103 statcoulombs c m - 3
Current I 1 ampere 3 x 109 statamperes
Current density J 1 amp m “ 2 3 x 105 statamperes cm 2
Electric field E 1 volt m “ 1 1/3 x 10 4 statvolt cm 1
Potential 4>, v 1 volt 1/300 statvolt
Polarization P 1 coul m 2 3 x 105 statcoulombs cm ” 2
Displacement D 1 coul m ~ 2 127: x 105 statvolt cm 1
Conductivity a 1 mho m 1 9 x 109 s 1
Magnetic

induction B 1 weber m 2 104 gauss
Magnetic field H 1 ampere-turn m ‘ 1 47T x 10 3 oersted
Magnetization M 1 weber m ~2 1/4tt x 104 gauss

(Adapted from Classical Electrodynamics, Jackson, J. D., John  Wiley and Sons, 
1962.)



Standard definitions in radiative transport theor\

Q uantity  Symbol Units (cgs)

Specific intensity or
radiance erg cm 2 s 1 Hz

Brightness B , =  - / v erg cm 2 s 1 Hz

Flux density =  J I x cos 0  dQ 
j

erg cm ■2 s _l Hz

Mean intensity 1 r
J' T n  ' “ n

erg cm 2 s ~ 1 Hz

Radiation density

J

I f  4 tt

mv =  -  / v dQ =  —  J x 
c  I c

erg cm 3 H z “ 1

Emission coefficient A erg cm 3 s - '  Hz

Emissivity
47T

=  —  7 v

P
(isotropic emission, 
p  =  density)

erg gm 1 s 1 Hz

Linear absorption 
coefficient

a v. =  n a v
(n =  num ber density, 
a v =  cross-section)

cm " 1

Mean free path
1

/v =
a v

cm

Optical depth -aII»- dimension less
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Spectrum nomogram

Electromagnetic  spectrum nomogram.
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P lasm a  physics p a ra m e te rs  (G au ss ian  units)

Z, =  ch a rg e  on  ith ion (units  of e lec tron ic  charge ),
/Ve,N , =  e lec tron ,  ion par tic le  densities ,  respectively  ( c m - 3 ), 
T  = t e m p e ra tu re  (K),
B -  m agne tic  flux density  (gauss), 
p  =  density  ( g c m - 3 ),
A =  m ass  in a m u ,
g =  g ra v i ta t io n a l  acce le ra tion  ( c m s - 2 ), 
a) = 2nv  (rad s ” 1).

Frequencies  (Hz)
p la sm a  oscilla tion  frequency :

Vpc =  ( N ee2/ nmc)1 2 =  8.978 x  lO3^ 1 2 H z ,

e lectron  g y ro f re q u e n c y :

vce =  (e /2 n m cc )B  =  2 .7994 x 106B,

ion g y ro frequency :

vci =  (Z e !2 n m ,c )B  =  1.535 x 10i Z iB/ A.

Velocities  ( c m s " 1) 
e lectron  rm s th e rm al velocity:

rTe =  (3k T / m c) l!2 =  6 .745 x 1057 1 2  cm  s - 1,

a to m s ,  ions rm s th e rm a l  velocity :

rTj =  (3>kT/m)]/2 =  1.580 x \ 0 * ( T / A ) 1 2,

ion so u n d  velocity:

cs =  ( k T  /??,)' 2 =  9.12 x 103( 7 /M ) 1 2.

Alfven speed:

r A =  B ( 4np) ] 2 =  0 .2 8 2 B / p l 2,

e lec tron  drift velocity  in c rossed  m agne tic  a n d  electric field

=  3 x 1010£ 1( s t a t v o l t s c m ~ 1)AB(gauss),

e lectron  drift velocity  in m a g n e tic  a n d  g ra v i ta t io n a l  field

=  mcg c /eB  =  5.686 x 10 8g B.

Leng ths  (cm)
D ebye  length :

;.D = ( k T  4 n e 2N e)1 2 =  6 .9 2 (T W e) 1 2 c m .



e lectron  g y ro  rad iu s :

t/e =  ni^r c cB  = 5.69 x 10 8r B 

- 2 . 2 1  x 10 2J  1 2 B, 

ion g y ro  rad iu s :

c/, =  nilr l c Z xeB  =  1.036 x 10 4r .4 Z ,B

-  0 . 9 4 5 7 1 2/ I 1 2 Z .f l .

M iscellaneous  
electrical resistivity:

fj = 9 x  lO ^ l n  A ) 7  3 2 s ,

C o u lo m b  lo g a r i th m :

In A ^  9.00 +  3.45 log 7  — 1.15 log N e,

th e rm a l  c o n d u c t iv ity

=  1.0 x  10- 6 7 5' 2 erg  cm  1 s " 1 K ~ \

life o f  m a g n e tic  field in a p la sm a :

t  =  47tL2 l]C2

=  1.5 x 10" 12/j2(1 n A) - 1 7 3/2 s

( L  is the  c h a ra c te r is t ic  scale o f  the  field).

M axw ell ian  velocity d is t r ib u t io n :

v = 4 n (
\ 2 n k T

Cx
f ( v )  d r  =  1,

Jo

v =  ( S k T / n m ) 112 cm  s " 1, 

r rms =  (3A7/rn)1 2

=  6.7 x 1057 I/2 for e lec trons

=  1.57 x 1047 1 2 for p ro to n s ,  

im ci£ „  =  3 * 7 /2  =  2.1 x  1 0 , 6 7  erg . 

C lass ical skin d e p th :

cl = c /2 n v pe =  5.32 x 105/Vc 1/2 c m . 

E lec tron  ion collision f requency :

i ^ l n A
vc , *  2 8 N , 7 T 3/2 ^  s - ‘ .

f (v )  d r  =  An[ -M -  'l e "" ^ 2kT>v 2 d r,
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Attenuation o f electromagnetic radiation

I 0 =  initial in tens ity  o f  a co l l im a ted  p h o to n  b e a m ,
I =  in tensity  of b eam  after t rav e rs in g  a th ickness  t o f  m ateria l dens ity  />. 

(fi p ) = to ta l  m ass  a t t e n u a t io n  coefficient 
=  Of f )  +  T f )  +  k f ) , 

a  ip  =  to ta l  C o m p to n  m ass  a t te n u a t io n  coefficient, 
x /p  =  pho to e lec tr ic  m a ss  a b s o rp t io n  coefficient

w here

//, pi =  m ass  a t te n u a t io n  coefficient o f  e lem en t /',
(/j- =  frac tion  by w e igh t of e lem en t i.

P h o to n  m ean  free p a t h  =  \_(p/p)p] 1.

Relative importance of the three major types of electromagnetic 
interactions. The lines show the values of Z and hv for which the two 
neighboring effects are just equal. (Evans, R. I)., The Atomic Nucleus. 
McGraw-Hill, 1955, with permission.)

( -  /: 8 3 b e tw een  a b s o rp t io n  edges),

k / p  = p a i r  p ro d u c t io n  m ass  a t t e n u a t io n  coefficient. 

M ix tu re s  o f  m a te r ia ls :

1—r i  m m 1 T TT TT TT 1 rTTTTTTT I i i n i in
120

0
0.0 1 0.05 0.1 0.5 1 5 10 50 100

hv  in MeV
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E xtrapolated absorption and absorption-jump ratios (/*) a t the K-edge

z el
em

en
t

Atomic
weight

Density 
(g c m ' 3)

'•k
(A)

£k
(keV)

Fluor.
yield
"k

U p ) "
(cm2

W p )+
g " 1) r

4 Be 9.01 1.85 112 0.111 179 000 (5000) (35)
5 B 10.81 2.34 66.0 0.188 88 400 3130 28.3
6 C 12.01 2.26 43.7 0.284 53 900 2230 24.2
7 N 14.01 0.001 25 30.9 0.402 32 800 1540 21.4
8 O 16.00 0.00143 23.3 0.532 22 400 1160 19.3
9 F 19.00 0.001 70 18.1 0.685 14 800 846 17.5

10 Ne 20.18 0.000 90 14.3 0.867 10 950 687 15.94
11 Na 22.99 0.97 11.56 1.072 7760 525 14.78
12 Mg 24.31 1.74 9.50 1.305 6000 440 13.63
13 A1 26.98 2.70 7.95 1.560 0.036 4500 355 12.68
14 Si 28.09 2.33 6.74 1.839 0.047 3640 307 11.89
15 P 30.97 1.82 5.77 2.146 0.060 2800 251 11.18
16 S 32.06 2.07 5.01 2.472 0.076 2340 222 10.52
17 Cl 35.45 0.003 17 4.38 2.822 0.094 1840 185 9.92
18 Ar 39.95 0.001 78 3.87 3.203 0.115 1440 154 9.34
19 K 39.10 0.86 3.44 3.607 0.138 1300 148 8.79
20 Ca 40.08 1.55 3.07 4.038 0.163 1120 135 8.28

(After Henke, B. L. & Elgin, R. L. in 
Press, New York, 1970.)

Alli ances in X-ray Analysis, Vol. 13. Plenum

M ass attenuation coefficients ( c m 2 g - '>

Air
W ave­ Poly­ 0 =  21% P 10
length propylene Mylar Teflon N = 78 % C H 4 = 1 0 % Methane Energy
(A) (CH2) <c 10h 8o 4) (CF2) A r=  1 % Ar =  90% (C H J (eV)

2.0 8 14 28 21 230 7 6199.0
4.0 69 116 220 148 162 60 3099.5
6.0 234 384 700 481 467 205 2066.3
8.0 550 870 1540 1090 1020 479 1549.8

10.0 1040 1630 2800 2020 1850 910 1239.8
12.0 1740 2680 4250 3310 3010 1520 1033.2
14.0 2660 4040 6700 4980 4500 2330 885.6
16.0 3830 5800 9400 7100 6400 3350 774.9
18.0 5200 7800 12 600 9500 8400 4570 688.8
20.0 6900 10 200 2780 12 400 10 900 6100 619.9
22.0 8800 12 900 3540 15 700 13 500 7700 563.5
24.0 11000 8500 4430 14 100 16 400 9700 516.6
26.0 13 500 10 400 5400 17 100 19 600 11800 476.8
28.0 16 200 12 400 6500 20 400 22 800 14 100 442.8
30.0 19 200 14 700 7800 24 000 26 300 16 800 413.3
32.0 22 400 17 200 9100 2290 29 700 19 600 387.4
34.0 25 900 19 900 10 600 2650 33 300 22 700 364.6
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M ass attenuation coefficients {com.)

Wave­
length
(A)

Poly­
propylene 
(C H 2)

Mvlar
(C10H 8O 4

Teflon
,)(CF2)

Air
0  =  21 °(( 
N =  78 
Ar =  1 ° 0

P 10 
, C H 4 = 10° 

Ar =  9 0 “o
,, Methane Energy 

(CH4) (eV)

36.0 29 600 22 800 12 100 3040 36 900 25 900 344.4
38.0 33 600 25 800 13 800 3460 40 500 29 300 326.3
40.0 37 800 29 100 15 600 3810 37 600 33 000 309.9

42.0 42 200 32 500 17 500 4270 40 900 36 900 295.2
44.0 1940 3350 6900 4780 42 600 1700 281.8
46.0 2180 3760 7800 5300 45 600 1910 269.5
48.0 2430 4170 8600 5900 48 900 2130 258.3
50.0 2690 4590 9500 6400 52 000 2350 248.0
52.0 2960 5100 10 500 6300 2590 238.4
54.0 3240 5600 11 500 7000 2840 229.6
56.0 3540 6100 12 500 7600 3100 221.4
58.0 3860 6600 13 600 8200 3380 213.8
60.0 4190 7200 14 800 8900 3660 206.6

62.0 4540 7800 16 000 9700 3970 200.0
64.0 4880 8400 17 300 10 400 4270 193.7
66.0 5200 9000 18 600 11 200 4570 187.8
68.0 5700 9700 19 900 12 100 4940 182.3
70.0 6000 10 300 21300 12 900 5200 177.1
72.0 6400 11 100 22 7a) 13 800 5600 172.2
74.0 6800 11 800 24 200 14 700 6000 167.5
76.0 7300 12 500 25 700 15 600 6400 163.1
78.0 7700 13 300 27 200 16 600 6700 158.9
80.0 8100 14 100 28 800 17 600 7100 155.0

82.0 8600 14 900 30 500 18 600 7600 151.2
84.0 9100 15 800 32 100 19 700 7900 147.6
86.0 9600 16 600 33 800 20 800 8400 144.2
88.0 10 100 17 500 35 500 21900 8800 140.9
90.0 10 600 18 400 37 300 23 100 9300 137.8
92.0 11 100 19 400 39 100 24 200 9700 134.8
94.0 11 700 20 300 40 900 25 400 10 300 131.9
96.0 12 200 21 300 43 000 26 700 10 700 129.1
98.0 12 800 22 300 44 600 28 000 11 200 126.5

100.0 13 400 23 300 46 300 29 200 1 1 800 124.0

105.0 15 000 26 000 51000 32 700 13 100 118.1
110.0 16 600 28 800 56 000 36 200 14 500 112.7
115.0 18 200 3 1 600 61000 39 900 15 900 107.8
120.0 20 000 34 600 67 000 43 800 17 500 103.3
125.0 21 900 38 000 72 000 48 000 19 200 99.2
130.0 23 900 41 100 78 000 52 000 20 900 95.4
135.0 25 900 44 600 83 000 57 000 22 700 91.8
140.0 28 100 48 200 89 000 61000 24 600 88.6
145.0 30 300 52 000 95 000 65 000 26 500 85.5
150.0 32 600 55 000 101000 71000 28 500 82.7

(Adapted from The Handbook o f  Chemistry and Physics, CRC Press, Cleveland, 
1976.)
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Total mass-absorption coefficients for gamma-rays in all elements 
from Be to U. Energy range 1.8 keV lOMeV. (From Nucleonics, 19, 
62, 1961.)

M ass attenuation coefficients (cont.)
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Photoelectric mass absorption coefficients for various window or filter 
materials.

M ass attenuation coefficients (cont.)

P H O T O N  E N E R G Y  (k eV )  P H O T O N  E N E R G Y  (keV)
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Photoelectric mass absorption coefficients for various gases.

Mass attenuation coefficients (cont.)

PHOTON ENERGY ( k e V )  P H O T O N  E N E R G Y  (keV)
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Fluorescence yields

Fluorescence yields for K and L  shells for 5 ^  Z  ^  110. The plotted 
curve for the L shell represents an average of L j, L 2 and L 3 effective 
yields. (From Kortright, J. B. in X-ray Data Booklet. Lawrence 
Berkeley Laboratory, University of California. 1986. Data from 
Krause, M. ()., J. Phvs. Chem. Ref. Data. 8. 307, 1979.)
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Passage of charged particles through matter

Tota l ioniza tion  loss b y  electrons or pos itrons  (valid fo r  all cases excep t 
ex trem ely  relativistic  e lec trons)

2/re4
J  iVZ-| In

d T \

ds /  ion m 0v 
(all q u an t i t ie s  in cgs units). 

F o r  nu m erica l  ca lcu la t io n s :
/ d 7 \  7 m 0c 2

\ d s ) lon= z

w here
p 2 =  (v/c)2 = \ - [ ( T / m 0c 2) + \ ]  \  
ij =  velocity  o f  particle , 

m 0c 2 =  0.51 M eV ,
4 n r 2 =  1.00 x 1 0 " 24c m 2,
r 0 =  e 2/ m 0c 2 =  classical e lec tron  rad ius ,
N Z  =  e lec tro n s  cm  " 3,

m 0v2 T  

12( 1 ~ - p 2)
- V - erg cm



305

/  =  a to m ic  n u m b e r .
I =  m ean  e x c i ta t io n  po ten tia l  (M eV ).
/ -  (13 x 10 6 )Z  (M eV ),
T  =  k inetic  energy  (M eV ),
N  =  a to m s  cm  ' 3
(e.g., 0.1 M eV  e lec tro n :  4.7 keV p e r  cm  of air).

Mean excitation potential I 
Z  1 (eV) I Z

H 2 1 19 19
He 2 44 22
Be 4 64 16
Air 7.2 94 13.1
A1 13 166 12.7
Ar 18 230 12.8
Cu 29 371 12.8
Ag 47 586 12.5
Xe 54 660 12.2
Au 79 1017 12.8
Pb 82 1070 13.1

(List from Sternheimer. R. M., Methods o f  Experimental Physics, L. M arion, ed. 
Vol. 5, part A. Academic Press, New York. 1961.)

F o r  I < < T  < < m 0c 2:

d T \  2nc4 ____  ( T j 2 \  ^
N Z  In ) erg  cmd.s /imi T  \  I

In th e  range  0  10 M e V :

/ d T  \  45 .
—  ^  3 ion pa irs  (air-cm ) .

\ d.s A,,, ti"ii

Radiative loss fo r  non-relativistic electrons

(  d T  s\
- ( —  ) = 3 . 0 9 x 1 0  ~ 21N Z 2( T  + m 0c 2) M eV  cmV d s / rad

w here

T  +  m 0c 2 =  to ta l  energy  of e lec tro n  in M eV ,
N  =  a to m s  cm  3 =  ( p / A )  x 6.022 x 1023,
Z  =  a to m ic  n u m b e r  of a b so rb e r .

A = a to m ic  w eight of a b so rb e r .  
p  =  dens ity  o f  ab so rb e r .
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Ionization and radiative loss fo r  highly relativistic electrons (T  > > m 0c 2

m 0v 2T/ d T Nv 2 n eAN Z

{  d , ; 'ion '»0 ' '2
In

2 \ \ 2 erg  cm - 1

(B ethe , H . A., H am lbuch  tier P h y s ik , Vol. 24, p. 273, Ju liu s  S p r in g e r ,  Berlin, 
1933.)

1 2  E \( d E \  Z 2 ,
=  N  — — r l E

/  rad 137

'2,.2

4 log
me

erg  cm

(for m e 2 E  < \3 1 m c 2Z ~ 1 3).

(  d  E \  Z zr 
- I .-- ) -  .V ' ° E[ 4 iogl 18 3 Z  1 - a 1 e rg  cm

\  / rad 1 * /

(for E > > \3 1 m c 2Z ~  1 3).

E  =  T  -f  Wn£‘2

(B ethe, H. A. & H eitler ,  W ., Proc. R o w  Soc. (L o n d o n ), A146, 83, 1934.)

/ d 7 \  T  
-  —  =  — , T  =  70e _v/ (

V ^  /  rad A 0
w here

is th e  d is ta n c e  trave lled  m e asu re d  in g e m  2, 7 0, the  initial energy,
7 1 6 M a

X 0, th e  ra d ia t io n  length  =  

(M a =  a to m ic  weight).
Z (Z  +  1 .3 )[ ln (1 8 3 Z “ 1 3) + ‘ ] 8L m

Radiation lengths X0 and critical energy 7̂ . for various substances
Absorber Z A'q (gm cm  2) 7C (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 34.2 77
Aluminium 13 27 23.9 47
Argon 18 39.9 19.4 34.5
Iron 26 55.8 13.8 24
Copper 29 63.6 12.8 21.5
Lead 82 207.2 5.8 6.9
Air 36.5 83
W ater 35.9 93

(List from Bethe, H. A. & Ashkin, J., Experimental Nuclear Physics, E. Segre. ed. 
Vol. I, John Wiley and Sons, New York. 1953.)
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1600woc 2 . . . . . . .  . . ■ i
7 ^  , the energy  at w hich  ion iza tion  losses equal ra d ia t io n  losses.

( d T  d-v)rad T Z

(d r/d.x ').on 1600/?ic2

Total ionization loss by heavy charged particles (k inetic energy  <  rest 
m ass)

'd  T \  _ 4 7 i r 2e4 

Vdv ),on m 0 V 2 N Z

2 m 0 V 2 ,
In — ---------In (1 — fi ) — /i erg  cm  1

(all q u a n t i t ie s  in cgs units).

F o r  n u m erica l  c a lcu la t io n s :

/1 .1 4  x  1 0 " , 5 K 2'd 7  \ A z 2N Z
—  =  4.58 x 10 4 ------ —
ds  I  V

In
I J

— ln( 1 — /j2) —

w here

z =  p ar tic le  ch a rg e ,
Z  =  a b s o rb e r  a to m ic  n u m b e r ,
V =  velocity o f  p a r t ic le  in cm  s “ 1 =  3 x 1010/i,
N  =  a b s o rb e r  a to m ic  dens ity  =-p/A x 6.022 x 1023,
/  =  m ean  exc ita t ion  p o te n t ia l  (in eV),
/  ^  13Z (eV),
( \ ~ P 2) =  ( \  +  T / A / ) " 2,

T  =  k ine tic  energy  in M eV ,
M  =  m ass  o f  p ar tic le  in M eV  
(e.g., 2 M eV  a p a r t ic le  in S i : 0.27 M eV  /a n  “ 1).

Approxim ate range-energy relationships
R ange  energy  fo r  m ono energetic  electrons

20 eV ^  E ^  10 k e V :

In H Z / A  )RCX) = -  4 .5467 +  0.311 04 In E  +  0.077 73(ln E)

w here

R cx =  e x t ra p o la te d  ra n g e  in / / g c m ~ 2 ( 2 5 ° 0 precision),
Z / A  =  ch a rg e  to  m a ss  ra t io  for a b so rb in g  m ed iu m ,
E =  energy  in eV.

(Iskef. H . et a l . . Phys. Me d .  Biol.. 28, 535, 1983.)

2
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Approxim ate range energy relationships (cont . )

lO keV  <  £  < 3 M eV :

R cx ( m g c m - 2 ) =  4 1 2 E (M e V )”, w here

n =  1.265 — 0.0954 In E (M e V ).
1 M eV <  £ <  2 0 M eV :

R cx (m g c m  2) =  5 3 0 £  (M eV ) — 106.

C ontinuous 11-ray spectra
/ i-ray  spectra  a re  exponen tia l ly  a t t e n u a te d  w ith  a m a ss -a b s o rp t io n  
coefficient nearly  in d e p en d en t o f th e  a b s o rb in g  m a te r ia l :

w h ere  E m (in M eV ) is the  m a x im u m  energy  o f  the  /i-ray  sp ec tru m .
T h e  th ickness  of a b s o rb e r  requ ired  to  reduce  th e  ft- ray  in tens ity  to  o n e -h a lf  
its o rig ina l value:

1112 (m g cm  2) =  0 .693 / ( f i /p)  =  41 £ * / 14.

R a n g e -e n e r g y  relationships fo r  heavy  particles  
A lp h a  partic les  in a ir  at 15 C , 760 m m , 4 15 M eV ,

w here

p  =  density  
A =  a to m ic  weight.

F o r  m ix tu res :

\ / A  =  Y . ' h s / A i ,
i

w h ere  n( =  a to m ic  frac tion  o f  e lem ent i.

F o r  a ir ,  y j A 0 =  3.81, p 0 =  1.226 x 10_ 3 g m c m  3 a t 15 C , 760 m m , and  
the re fo re :

n / p  (cm 2 g m  ' ) =  17E m 114

R (cm) =  (0.005E (M eV ) +  0 .285 )£  (M e V )1 5 . 

P r o to n s  in a ir  at 15 °C, 760 m m , 10-200  M eV ,

R a n g e  o f  heavy particles in o ther  materials  
B ragg- K leem an  rule:

R< =  3.2 x 10 4 -
A

R
Pi
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Charged particles in silicon

Range energy curves for charged particles in silicon. Channeling oi 
ions between crystal planes can result in significant variations from 
the data shown here. (Adapted from O RTEC  Manual on Surface 
Barrier Detectors.)

10 ' 10? 103 10* 10s

Specific energy loss for charged particles in silicon. Channeling of ions 
between crystal planes can result in significant variations from the 
data shown here. (Adapted from O R TE C  Manual on Surface Barrier 
Detectors.)
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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 O R T E C  Manual on Surface Barrier 
Detectors.)

100

C harged particles in silicon (cont.)

E N E R G Y ( M e V )

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 OR T E C Manual on Surface Barrier Detectors.)

E N E R G Y ( M e V )
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Beta-ray range energy curve in silicon. Channeling of ions between 
crystal planes can result in significant variations from the data shown 
here. (Adapted from O R T E C  Manual on Surface Barrier Detectors.)

C harged particles in silicon (cont.)

10° Id1 io2 io3 io4 o 5

R A N G E  (microns of silicon)

Radioactive sources (A dap ted  from  L ederer ,  C. M. et a l T a b l e  o f
I so to p es , J o h n  W iley &  Sons, 1968.)

X -ra y  sources

Source X-ray energy (keV) Half-life

49V Ti X-rays: 4.5, 4.9 330 d
55Fe Mn X-rays: 5.9, 6.5 2.6 yr
59Ni Co X-rays: 6.9, 7.7 8 x 104 yr
,09Cd Ag X-rays: 22, 25 453 d
207 Bi Pb X-rays: 73, 75, 85, 87 30 yr



312

A lpha  sources

Source Alpha energies (MeV) Half-life

241 Am 5.443. 5.486 458 yr
252Cf 6.117 2.65 yr
242Cm 6.017. 6.115 163 d
244Cm 5.81, 5.77 17.6 yr
148Gd 3.18 84 yr
2 3 7 N p 4.78, 4.65 2.14 x 106 yr
208 Po 5.11 2.93 yr
21 °Po 5.305 138 d
2 39?u 5.105. 5.143, 5.156 2.4 x 104 yr
22bRa 4.782. 5.490, 6.002, 7.687 1600 yr
228Th 5.427 through 8.785 1.91 yr
230Th 4.617. 4.684 8 x 104 yr
235U 4.336 through 4.597 7.1 x 108 yr
2 38 u 4.200 4.5 x n r  yr

Gamrna-■ray energy standards

Source

7-™y
energy
(keV) Half-life Source

7- ray
energy
(keV) Half-life

57Co 14.359 268 d 54Mn 834.861 314 d
241 Am 26.350 458 yr 4bSc 899.25 84.2 d
241 Am 59.554 458 yr 88 y 898.033 108 d
203Hg 70.830 47 d 207Bi 1063.578 30 yr
203Hg 72.871 47 d 65Zn 1115.522 246 d
131, 80.164 8.05 d 46 Sc 1120.50 84.2 d
203Hg 82.572 47 d h°Co 1173.231 5.26 yr
203Hg 84.916 47 d 22Na 1274.552 2.58 yr
57Co 121.969 268 d 41 Ar 1293.641 1.85 hr
5 7 Co 136.328 268 d 60Co 1332.518 5.26 yr
,4 ICe 145.433 32.5 d 24Na 1368.526 15.0 hr
139Ce 165.85 140 d 52y 1434.19 3.77 m:n
203Hg 279.150 47 d 124Sb 1691.24 60.9 d
13II 284.307 8.05 d 28A1 1778.77 2.31 min
51Cr 320.102 27.8 d 88 y 1836.111 108 d
1 31 j 364.493 8.05 d Th C" 2614.47 1.91 yr
1<)8Au 411.795 2.70 d 24Na 2753.92 15.0 hr
7 Be 477.556 53 d 12B (/r)12c 4438.41
m„c2 511.003 14C ( d , p , / r ) 15N 5298.53
85Sr 513.95 64 d lhO (3He, a )150 5240.03
2°7b , 569.62 30 yr 14N (d ,p )15N 5270.10 —
Th C' 583.139 1.91 yr 16o* 6127.8
137Cs 661.632 30 yr l3C(p,y)14N 9169.0
95Nb 765.83 35 d --- —
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Electron energy standards

Source Conversion-electron energy (keV) Half-life

C d ,og 62.19 453 d
C d '011 84.2 453 d
C e 141 103.44 33 d
C e 139 126.91 140 d
C e '41 138.63 33 d
C e ,3c) 159.61 140 d
H g203 193.64 46.9 d
H g203 264.49 46.9 d
A u11,8 328.69 2.698 d
S n 113 363.8 115 d
S n 113 387.6 115 d
A ult,s 397.68 2.698 d
Bi207 481.61 30 yr
Bi207 554.37 30 yr
C s137 624.15 30.0 yr
C s137 655.88 30.0 yr
C o 58 803.35 71.3d
C o 58 809.62 71.3d
M n 54 828.86 303 d
M n 54 834.17 303 d
y  88 881.86 108 d
y88 895.76 108 d
Bi207 975.57 30 yr
Bi207 1048.1 30 yr
Z n65 1106.46 345 d
Z n65 1114.35 245 d
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Characteristics o f synchrotron radiation

T h e  a n g u la r  a n d  spec tra l d is tr ib u t io n  o f  ra d ia t io n  em itted  by a relativistic  
e lectron  in in s ta n tan eo u s ly  c ircu la r  m o t io n  is, a c c o rd in g  to  S chw inger  
(Phys.  R e v ., 75, 1912, 1949), given by (cgs units):

2\2(1 + W > 2)

erg  s " 1 rad  “ 1 cm  “ 1,

w here

e  =  e lectron  charge ,  
c  =  velocity o f  light,
R  =  rad iu s  o f  c u rv a tu re ,
/. =  w aveleng th ,
/wc =  %n Ry ~ 3, the  ‘critical w av e len g th ',
y = E /m 0c 2. w here  E =  e lec tron  energy  a n d  m 0 =  e lec tron  m ass, 
ip = vertical ang le  m e asu re d  from  the  p lane  o f  the  o rb it ,

2(c), X 2 3(c) are  m odified  Bessel functions  o f  th e  second  k ind , 
w here  c =  (aJ 2 a )(\ + ( y ^ ) 2 )i  2.

T h e  first te rm  w ith in  the  b ra c k e ts  c o r re s p o n d s  to  ra d ia t io n  po la rized  in 
the  p la n e  o f  th e  o rb it ,  the  second to  ra d ia t io n  po la rized  p e rp e n d ic u la r  to  
the o rb ita l  plane.

My = X/Xc

The universal synchrotron radiation function G(y) for monoenergetic 
electrons as a function of l/ v.
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T h e  spectra l d is tr ib u t io n  o f  p o w e r  is o b ta in e d  by in teg ra tin g  the  above  
e q u a t io n  over the  angle t//:

d P  3 5 2 <?2c /  E V

d/. 16zr
w here

G( r) =  v3

T h e  to ta l  p o w e r  rad ia ted ,  

P  =
f d P  . 2 e 2c (  E  \d/.

.  d / - 3 R 2 \ m c 2)

T h e  p h o to n  flux d is tr ib u t io n  is o b ta in e d  by d iv id ing  the  pow er 
d is t r ib u t io n  function  by the  p h o to n  energy :

N r 2P

r /  rt// r f  he r /  rip
p h o t o n s s  ' r a d  ’ em

T h e  rad ia t io n  em itted  by th e  e lec tron  in the  p la n e  o f  its o rb it  is 100%  
po la r ized .  A bove  an d  below  this p lane , the  rad ia t io n  is elliptically 
po la r ized .

Po la r iza t io n :

(/ - /  )/(/ +  / . )
K 2 3 (C) -  [(7<A)2/ (  1 + (V 'A )2 ) ] ^  1 3<s)

k  1 3(c) +  [(y«A)2/(i + (71A)2)]/cr 3(c)

x/xc

Fraction of radiation, integrated over vertical angle (//, that is 
parallel polarized (From Krinsky, S. ct al. in Handbook o f  
Synchrotron Radiation, E. Koch, ed., North-Holland 
Publishing Co., 1983, with permission.)
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Dependence on the vertical angle ip of the intensities of the parallel 
(solid line) and perpendicular (dashed line) polarization components of 
the photon flux. The individual curves, plotted for /. /.c =  -j, 1, 10, and 
100, are individually normalized to the intensity in the orbital plane 
(tp = 0) at the respective /.f/.c value. Note that the abscissa, ip 
multiplied by the electron energy y, makes these curves universal. 
(From Krinsky, S. et al. in Handbook o f  Synchrotron Radiation,
E. Koch, ed., North-Holland Publishing Co., 1983, with permission.)

Practical formulae for electron storage rings
E : e lec tron  energy R:  rad ius  o f  ring ./: e lec tron  cu rren t .

Energy loss per  tu rn ,  p e r  e lec tron :

n £ 4(G eV) 
d E  (keV) =  88.5

R( m)

C ritica l w ave leng th :

j Ri m)
A (A) =  5.59 , .

E (G eV)

C h arac te r is t ic  energy:

F 3(G eV)
Ec (eV) =  2218 =  2.96 x 1 0 “ 7 - ^ -  .

Ri m)  R i m)

Em ission angle:

_ 1 =  " 'oc; 2 
'  7 E

with
E

m0c
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Energy  of a p h o t o n :

12.40
<:(K e V )

/-(A)

Photon J inx  angular distribution:

•4/v
 ̂ =  8.267 x 10 5 ;l / ( - , - / ( / /  17 

c). ci/j rO ( t \  /. I R  \  /.

x- i\ 3 v  ./ a,.

w here

F | ] : . v ^ l  =  ( i + y V ) 2

£ =  ^ ( 1 + - ;’W 2,
2 /.

w here

0 =  h o r iz o n ta l  angle ,
(// =  vertical angle,
J  =  c u r re n t  (mA),
R = rad iu s  o f ring (m).

p h o to n s  s 1 m ra d  1 m ra d  1 A

Photon f lu x  in tegrated  over all vertical angles

d*N  , ,  [ £ ( G e V ) ] 7 , o
— t =  7.9 x 10 G (y )J (m A )--—  'J / ( A )
C A ( 0 ( t  L^(m)J

p h o to n s s  ‘ m ra d  ' A  l ,

c * N  ^  [ E ( G e V ) l7 , o
— —  =  5.56 x 10 G (v )J(m A ) A3 (A)
dr.dOdt

p h o to n s  s 1 m ra d  ” 1 eV " 1,

for A >  >  a c

r 3/V [ t f ( m ) ] 1 3 , . . - , * - 1
=  9 . 3 5 x  1013J (m A )- r T T — v p h o to n s s  ‘ m ra d  A 

( A  cO ct  [/.(A)]

V. K o s t ro u n  ( Nuc .  Inst .  Me t h . ,  172, 371, 1980) p ro v id es  series
express ions  for the  m odified  Bessel func tions  o f  frac tiona l o rd e r  w hich  a re
su itab le  for ev a lu a tio n  w ith  p ro g ra m m a b le  c a lc u la to rs  o r  d e s k to p  

c o m p u te rs .
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X-ray spectroscopy

Crystal spectroscopy

Collimated single crystal Bragg spectrometer. Bragg condition: 
n/. = 2d sin 0, where d is the effective spacing of the crystal planes that 
participate in the reflection. (Adapted from Burek, A.. Space Sci. Inst.. 
2, 53, 1976.)

D E T E C T O R

, v R O T A T I O N  
L — A X I S

Single crystal rocking curve CA. 0H 4- A =  sin i (n / .2d / ), where 
A =  refraction correction, d x =  physical spacing of reflecting planes, 
and 0B =  Bragg angle ignoring refraction. (Adapted from Burek, A., 
Space Sci. Inst., 2, 53, 1976.)



319

Integrated
Density reflectivity

C rysta l properties

Crystal (gem 3) Plane 2</ (A) ( 0  =  60 )

Quartz 2.66 1010 8.350 6.25 x 10 5 (D)
1011 6.592 1.23 x 10 4 (D)
2023 2.750 ^  1.5 x 10 5 (D)
2243 2.028 ^  6 x l ( r h (D)

Topaz 3.49 3.57 303 2.712 (40 ) 6 x 10 5 (D)
040 4.40
400 2.3246 (43 ) 1 x 10 5 (D)
200 4.64

Calcite 2.710 211 6.083 1.62 x 10 4 (D)
Silicon 2.33 111 6.284 1.2 x 1 0 " 4 (D)

220 3.840 8 x 10 5 (D)
200 5.441 69

Germanium 5.33 111 6.545
220 4.000 2.3 x 10 4 (D)
200 5.668 97

Beryl (golden) 2.66 1010 15.9549 ^ 6  x 10 5 (D)
Sylvite 1.99 200 6.292
Halite 2.164 200 5.641
KBr 2.756 200 6.584
Fluorite 3.18 111

200
6.306
5.4744

Aluminum 2.699 200
111

4.057
4.676

LiF 2.64 420 1.80
200 4.027 10 4 3 x 10“ 4 

(D)
220 2.848

Graphite 2.21 002 6.708 1.52 x 10 3 (S)
Mica 2.77 2.88 002 19.84 u NJ X

j C/3

Clinochlore 2.6 3.3 001 28.392
9.0 x 10 5 (S)ADP 1.803 101 10.648

220 5.305 1.4 x 10 5 (S)
200 7.50

EDDT 1.538 020 8.808 1.15 x 1 0 '4 (S)
PET 1.39 002 8.742 2.2 x U K 4 (S)
SHA 1.3 110 13.98

5 x 10“ 5 (S)KAP 1.636 001 26.5790
RAP 1.94 001 26.121 1.5 x 10~4 (S)
T1AP 2.7 001 25.7567 7.0 x 10~4 (S)
CsAP 2.178 001 25.68
N H 4AP 1.415 002 26.14 1.5 x 10“ 4 (S)
NaAP 1.504 002 26.42

D =  double crystal; S =  single crystal.
(Adapted from Burek, A., Space Sci. Inst., 2, 53, 1976.)
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Useful characteristic lines fo r  X-ray spectroscopy

Wavelength (A) Energy (keV) Element Designation

1.54 8.04 Cu ^*1.2
1.66 7.47 Ni K »i 2
1.94 6.40 Fe Kxi . z

22.29 5.41 Cr
2.75 4.51 Ti X*1.2
3.60 3.44 Sn L*i .2
4.15 2.98 Ag La j _ 2
5.41 2.29 Mo Laj 2
6.86 1.80 Sr La, o
7.13 1.74 Si K y { \
8.34 1.49 A1 K*1.2
8.99 1.38 Se L. y j 2
9.89 1.25 Mg Ky  12

10.44 1.19 Ge L y j 2
12.25 1.01 Zn E y j 2
13.34 0.930 Cu Lei 12
14.56 0.852 Ni L a , i2
15.97 0.776 Co La, 2
17.59 0.705 Fe Ly  t ->
18.32 0.677 F K ?  ’
19.45 0.637 Mn La, 2
21.64 0.573 Cr Lot i 2
23.62 0.525 O K * ’
27.42 0.452 Ti La j 2
31.36 0.395 Ti LI
31.60 0.392 N Ky
44.7 0.277 C Ky
58.4 0.212 W N v A/ vii
64.38 0.193 Mo m :
67.6 0.183 B Ky
82.1 0.151 Zr m :

114 0.109 Be Ky

Grating spectroscopy
C o n c a v e  g ra t in g  e q u a t io n :

±  m/,  =  c/(sin a  +  sin /?),

w here  m  is th e  spec tra l  o rd e r ,  d  is the  g ro o v e  s e p a ra t io n ,  y. is th e  an g le  o f  
inc idence ,  a n d  ft is the  ang le  o f  d iffrac tion . T h e  negative  sign app l ie s  w h en  
the  sp e c tru m  lies be tw een  th e  cen tra l  im age (a =  fi) a n d  the  ta n g e n t  to  th e  
g ra t in g  ( so m e t im es  referred to  as  th e  ‘o u ts id e  o rd e r ') .  W h en  th e  s p e c tru m  
lies b e tw ee n  th e  inc iden t b e a m  a n d  the  cen tra l  im age, the  positive  sign m u s t  
be  u sed ,  a n d  th e  sp ec tru m  is referred to  as  th e  ‘inside o r d e r ’. T h e  signs o f  a 
a n d  /] a r e  o p p o s i te  w hen  they  lie o n  different sides of the  g ra t in g  n o rm a l .
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A n g u la r  d ispe rs ion  (a fixed): 

d  (i in

d/. d  cos  fi

Pla te  fac to r :

d /  d cos  (1 d/. co s  /i . o .
-  = ---------, — = ----------x 10 A m m

d / m R  d / m R ( \ / d )

w here  R is in m eters ,  1 d  is the  n u m b e r  of lines m m  1, a n d  / is th e  d is ta n c e  
a lo n g  th e  R ow land  circle.

(radius R)

Outside
spectrum

_  Inside 
spectrumPlate holder

O p t i c a l  l a y o u t  o f  b a s i c  s p e c t o g r a p h .

0

G r a z i n g  i n c i d e n c e  s p e c t r o g r a p h .

(Adapted from Samson, J., Techniques o f  Vacuum Ultraviolet Spectroscopy, John 
Wiley and Sons, 1967.)
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Reflection o f X-ravs

i v a c u u m

0  ̂ 90 -  0 , I

In the  X -ray  ban d  the  co m p lex  refractive index  //* is usually  exp ressed  as: 

n* =  ( 1 — S) — i/i,
with

<> =

and

w here
e 2

=  rc =  the  classical e lec tron  rad ius ,

N 0 =  A v o g a d ro 's  n u m b e r ,  
p  =  dens ity ,
A =  a to m ic  w eight.
/. =  w aveleng th  of the  inc iden t rad ia t io n ,
/j =  real p a r t  o f the  a to m ic  sca tte r ing  fac to r ,  a n d  
f 2 =  im ag ina ry  p a r t  o f  the  a to m ic  sca tte r ing  factor.

j \  = (nr,, he) 1 

f i  =  !  (n r j \c )  1 £ / ia ,

£ ' 2/(a( £ ' ) d £ '

E 2 — E ' 2 ’

w here

Z  =  a to m ic  n u m b e r ,  
h =  P la n c k ’s c o n s ta n t ,  
c =  velocity of light,
E  =  inc iden t p h o to n  energy , and

p., =  a to m ic  p h o to a b s o rp t io n  cross-sec tion .
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T h e  a to m ic  p h o to a b s o rp t io n  c ross-sec tion  //, is re la ted  to the m ass 
a b s o rp t io n  coefficient (// />) o r  to  the l inear a b s o rp t io n  coefficient // by:

( A \

N um erica lly ,

<5 =  2.701 x 1 0 ^ - gCm  ) ;.2(A ) / , ,
A

. «(g c m ' 3) . ,  o .
/i =  2.701 x 10_ft — --------- /. ( A) 12 =

A 47t \  f) ;

T h e  reflection of X -rays by a perfectly  sm o o th  surface for an  ang le  of
incidence 0 t is given by the  F resnel e q u a t io n s :

a 2 +  b 2 — 2a co s  0. +  c o s 2 0.^  _  ______  ___ 1 _______ i
a 2 -f b 2 +  2a co s  0, -I- c o s 2

for p e rp e n d ic u la r  p o la r iz a t io n ,  a n d

c/2 +  b 2 — 2a sin Ui ta n  0, +  s in 2 0, t a n 2

p s a 2 +  b 2 +  2a sin 0, tan  0, -f s in 2 0, t a n 2

for paralle l p o la r iz a t io n ,  w here

2</2 =  [(n2 -  f t2 -  s in 2 0X)2 +  4/?2/i2] 1 2 +  ( n2 -  / i2 -  s in 2 0,),
an d

2b 2 = [(n2 — ft2 — s in 2 ^ ) 2 4- 4m2/^2] 1 2 — (/?2 — f t2 — s in 2 

with n =  1 — S.
Since the  real p a r t  o f  the index o f  refraction  is less th a n  1, n e a r  to ta l  

ex te rna l reflection o ccu rs  at a g raz in g  ang le  </>c given by  Snell 's  law:

cos 0 C =  1 — S ,

4>t ^  N (2c)) for 6 <  <  1.

Since / J # 0 ,  reflection is n o t  to ta l  for (/> <  0 C bu t is less th a n  1.
A w ay from an  a b s o rp t io n  edge.

w here  Z c is the  n u m b e r  of e lec tro n s  assoc ia ted  with w ave leng ths  g rea te r  
th a n  Z , =  Z  for /. <  /.k (K edge).
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Calculated specular reflectivity of an ideal surface as a function of 
normalized grazing angle (p/<pc for various values of (i/d. (After 
Hendrick, JOSA,  47, 165, 1957.)
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). (A) <> x I()4 />’ x ID4

N I C K E L
1.25+ 0.17 0.02
2.O' 0.42 0.01
5.0+ 2.85 0.4
8.34 5.91 ± 0 . 1 7  1.9 ± 0 . 2
9.89 8.00 ± 0 . 2 0  3.2 ± 0 . 3

10.44 8.70 ± 0 . 2 0  4.4 ± 0 . 4
12.25 8.85 ± 0 .2 1  5.3 ± 0 . 5
13.34 10.20 ±  0.22 7.2 ± 0 . 7
14.56 1.37 ± 0 . 0 8  9.6 ± 1 . 0
15.97 12.30 ± 0 . 2 0  2.1 ± 0 . 2
17.59 17.50 ± 0 . 3 0  2.8 ± 0 . 3
19.4 2 1.70 ± 0 . 3 0  3.7 ± 0 . 4
21.64 30.50 ± 0 . 4 0  6.1 ± 0 . 6
23.62 33.30 ± 0 . 4 0  7.3 ± 0 . 7
24.78 39.40 ± 0 . 4 4  9.1 ± 0 . 9
27.42 47.30 ± 0 . 4 8  10.0 ± 1 . 0
31.36 60.00 ± 0 . 5 0  15.0 ± 1 . 5
41.3+ 120.0 51.3
47.7+ 148.6 76.5

G O L D
1.25+ 0.28 0.02
2.0+ 0.77 0.1
5.0+ 2.94 2.4
8.34 9.15 ± 0 .2 1  3.1 ± 0 . 3
9.89 11.50 ± 0 . 2 4  4.4 ± 0 . 4

12.254 18.00 ± 0 . 3 0  9.4 ± 0 . 9
13.34 2 1.20 ± 0 . 3 0  12.3 ± 1 . 2
14.56 24.10 ± 0 . 3 0  15.7 ± 1 . 6
15.97 26.60 ± 0 . 4 0  18.6 ± 1 . 9
17.59 29.20 ± 0 . 4 0  23.4 ± 2 . 3
19.45 33.50 ± 0 . 4 0  26.8 ±  2.7
21.64 34.80 ± 0 . 4 0  28.5 ± 2 . 9
23.62 37.60 ± 0 . 4 0  37.6 ± 3 . 8
24.78 40.00  ±  0.40 56.0 ±  5.6
27.42 40.80  ± 0 . 5 0  61.0 ± 6 . 0
31.36 47.50  ± 0 . 5 0  61.5 ± 6 . 2
44.7 58.00 ± 0 . 3 0  58.0 ± 5 . 9
67.6 136.00 ± 1 . 0  102.0 ± 1 0 . 5

O ptical constants a t soft \-ra y  wavelengths

+ 6 and ft arc calculated for these wavelengths. 
n* = (1 -  <5) — i/i, complex refractive index.
(Adapted from Ershov, O. A., Optical Spectroscopy, 22,66, 1967; Lukirskii, A. P. et 
al.. Optical Spectroscopy, 16. 168, 1964.)
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Reflectivity vs. wavelength (energy) fo r  various grazing angles and 
materials
(C ourtesy  of M. H e tt r ick .  L aw ren ce  Berkeley L a b o ra to ry ,  Berkeley. C A .)  
W h e n e v e r  possible , d irec t m e a su re m e n ts  shou ld  be  m a d e  o f  g raz ing  
inc idence reflectivity in the  X -ray  reg ion  because  of u n c e r ta in t ie s  in th e  
o p tica l  co n s tan ts .

ATOMIC
NUMBER

BOILING 
POINT, °C

MELTING 
POINT, °C
DENSITY

(g cm '3)

\ KEY
30 6 5 .3 7
906

' ','Zn—

/ 1 Z I N C

ATOMIC
WEIGHT
SYMBOL
NAME

—  0.6

CJ
LLI
_ |  0.4
LL
LU
DC 0.2

Nickel

10°  101 102 103 104

ENERGY (eV)

104 103 102 1 0 1

WAVELENGTH (A)



R
E

FL
E

C
TI

V
IT

Y
 

R
E

F
LE

C
T

IV
IT

Y

327

Rhodium

ENERGY (eV)

105 104 103 102 0 101 

WAVELENGTH (A)

Ruthenium

ENERGY (eV)

105 104 103 102 101 

WAVELENGTH (A)
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Tungsten

105

10°  101 102 

ENERGY (eV)

104 103 102

WAVELENGTH (A)

Rhenium

105

10°  101 102 

ENERGY (eV)
104 103 102 

WAVELENGTH (A)
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ENERGY (eV)

105 104 103 102 10’ 

WAVELENGTH (A)

Osmium

ENERGY (eV)

105 104 1 0 3 102 1 0 1

WAVELENGTH (A)
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Platinum

ENERGY (eV)

105 104 103 102 1 0 1 

WAVELENGTH (A)

Gold

ENERGY (eV)
! 1 1 I 1 ■ ■ i I i , I I , I , , : | ; | I | , I , | | , ; , ; :||

105 10“ 103 102 101

WAVELENGTH (A)
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Reflectivity versus wavelength for various materials and grazing 
angles. (Adapted from Giacconi, R. el al., Space Science Review , 9. 3, 
1969.)

E N E R G Y  ( k e V )

W A V E L E N G T H  (A)
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Wolter type I mirror system

T h e  e q u a t io n s  for a  p a ra b o lo id  a n d  h y p e rb o lo id  w hich a re  co n c e n tr ic  and  
confoca l can  be w ritten  as:

r 2 =  P 2 +  2 P Z  -I- [ 4e2Pcl /(e2 — 1)] (p a ra b o lo id ) ,

r 2 = e 2(d +  Z ) 2 — Z : (hy p erb o lo id ) .

T h e  orig in  is a t the focus for axial rays, Z  is the  c o o rd in a te  a lo n g  the axis 
of sy m m e try ,  a n d  r is the  rad iu s  o f  the  su rface  a t Z .

R M S  b lu r  circle rad iu s :

(C +  1) t a n 2 6 ( L r
(7 =

10 tan  y. \ Z ,
- 1  +  4 tan  0 t a n 2 1  rad ia n s

and
/** — y  ̂

P'

(a* a n d  a,* a re  the  g raz in g  ang les  betw een the  tw o  surfaces  a n d  the 
pa th  o f  an  axial ray  th a t  s tr ikes  a t  an  infin itesim al d is ta n ce  from 
the  in tersection).

F o r  m o s t  te lescope designs: £ =  1.

<x =  \  tan  1 (r0/ Z 0) =  |( a p* +  a h* ) ,

0 =  ang le  be tw een  inc iden t rays a n d  op tica l axis.

G eo m e tr ica l  collec ting  a re a :

A ^  2 n r0L p tan  a .

Effective collecting a rea :

A e(x,  E)  *  A R 2(z , E)  ^  8 n Z 0L pR 2(y., £)oc2,

w here  R  is the Fresnel reflectivity a t energy  E  a n d  m e an  g raz in g  ang le  a.

(Adapted from Van Speybroeck. L. & Chase. R.. Ap.  Opt.  11. 440. 1972.)
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Vacuum technology

Vacuum nomograph.  (Adapted from Roth. A.. Vncuum  T e c h n o lo g y , 

North-Holland Pub. Co.. 1976.)

>

102

----- L o w ------- -  H ig h

\
1018-- 1022 

1016 --1 02C V)
I

1 0 14- - 1 0 16 

2  TO1?- - lo 1̂  2
UJ 0)

Q g
^  lo ^ - f  1014 -S

Medium

U lt r a -h ig h  v a c u u m -----  |
|

10 4 -j

10 6

- 10 4

Pressure  (N  m

104 102 10° 10 2 10 4 10 6 io«  10
106 r—t1—^—ri—■--r1—-----------------------------------------------r1-----k—V-----—j1------A—r1- * ’’—r1—r1— \

o 102 100 10 2 10 4 10 6 10-8 10 10 10 12 10 14
i£>

P R E S S U R E  ( T o r r )

O
h-
<
cc
O
li­
en
UJ
>
<
C
z
o

10? h 1 m'n
I— 10 m in

„ _ , f— 1 h r  
L l O 4 j

L l0  h r  
r  1 d a y

-106 | 1 week 
- 1  m o n th

1 y e a r

P u m p in g  speed o f  an  a p e r tu re  of a rea  A : 

d  V

d t
=  / l (c m 2)x [1 .32 x  l 0 7T (K )/m o l .  w t.]  c m 3 s

K inetic  th e o ry  of gases 

M ean  free pa th ,  / =  l / v  2nncr2 
v iscosity , tj = p v / . /3 
heat co n d u c t iv i ty ,  K  =
m ean  speed , r  =  x [2.1 x 108T  (K )/m ol.  w t.]  cm  s ’ , 

w here

n =  n u m b e r  of m olecu les  cm  \  
p  =  g as  density  in g c m  “ 3, 
a  =  m ol.  d iam ete r ,
c\ =  specific heat c a p a c i ty  a t  c o n s ta n t  vo lum e,
i: =  2.5 a n d  1.9 for m o n a to m ic  a n d  d ia to m ic  gas ,  respectively.
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Equivalents for various cryogenic fluids

Fluid

Boiling 
point at 
1 atm

Weight
in
pounds

F t3 at 
70 F and 
1 atm

Liquid 
liters 
at b.p.

Liquid 
gallons 
at b.p.

Heat of 
vapor.
(Btu)

Nitrogen -3 2 0 .4  F 1 13.81 0.5618 0.1484 85.2
-  195.8 C 0.0724 1 0.0407 0.0108 6.168

77.3 K 1.780
6.738

24.58
92.94

1
3.785

0.2642
1

151.7
574.1

Helium -452.1  F 1 96.8 3.628 0.9585 8.8
-  268.9 C 0.0103 1 0.375 0.0099 0.0906

4.2 K 0.2756 
1.043

26.68
101.0

1
3.785

0.2642
1

2.425
9.178

Oxygen -2 9 7 .4  F 1 12.09 0.3973 0.1050 91.7
-  183.0 C 0.827 1 0.0329 0.0087 7.584

90.1 K 2.517
9.527

30.43
115.2

1
3.785

0.2642
1

230.8
873.6

Hydrogen -423 .2  F 1 192.3 6.481 1.712 193
-  252.9 C 0.0052 1 0.0337 0.0089 1.004

20.2 K 0.1543
0.5841

29.67
112.3

1
3.785

0.2642
1

29.78 
112.7

Argon -3 0 2 .6  F 1 9.680 0.3235 0.0855 70.2
-  185.9 C 0.1033 1 0.0334 0.0088 7.251

87.2 K 3.091 29.92 1 0.2642 217.0
11.70 113.3 3.785 1 821.3

Optical point spread function

T h e  i r r a d ia n c e  d is t r ib u t io n  o f  th e  m o n o c h ro m a t ic  im age  o f a p o in t  ob jec t ,  
/?; (x , y; a ,  /i), is called th e  p o in t  sp read  fu n c tio n  (P S F )  of an o p t ic a l  system , 
x  a n d  y  a re  the  c o o rd in a te s  o f  th e  im age  p o in ts  a n d  a a n d  fi a re  the 
c o o r d in a te s  o f  the ideal im age  o f  the ob jec t (a po in t) .  I f  f ?(x ,  y)  is th e  ideal 
im ag e  o f  a n  ex tended  m o n o c h ro m a t ic  o b je c t ,  th e  im age  p r o d u c e d  by  the  
o p tica l  sy s tem  is given by:

v) = oc, /jf) dot d / l .

In so m e  cases ,  the optica! system  is shif t - invariant  (at least, o v e r  a res tr ic ted  
field):

/t ;(x ,  y: a , ft) = K }(x -  a ,  r  -  ji).
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an d  the a b o v e  integral can  be w ritten  as a c o n v o l u t io n :

</>.(*< \ ) K - ( x ,  -  a. v -  lUfJoL. //) dot d/>.

In genera l,  for op tica l system s, the  PSF is w ave leng th  d e p e n d e n t ,  shif t - 
varying , an d  asym m etr ic .  O v e r  a restric ted  field, say w ith in  a few a rc  
m in u tes  of the op tica l ax is, it is a p p ro x im a te ly  sh if t- in v a r ian t  a n d  
sy m m etr ic  an d  it is possib le  to  simplify the  d e c o n v o lu t io n  of an  im ag e  a n d  

use F o u r ie r  transfo rm s.
In the following d iscussion  we will co n s id e r  the  PSF- to  be shift in v a r ia n t  

a n d  sym m etr ic  an d  will d r o p  the  /  subscrip t.
T h e  P S F  is the  function  tha t com ple te ly  ch a ra c te r ize s  th e  im ag in g  

p ro p e r t ie s  of an  op tica l system . Several useful func tions  a n d  q u a n t i t i e s  can  

be derived  from  i t :

The line spread function

4 (x )  =  J  K ( x ,y ) d y  (K(x,y) is th e  P S F )

rep resen ts  the  intensity  d is tr ib u t io n  for a line object.

The edge trace

A(x)  d.v

rep resen ts  the  in tensity  d is t r ib u t io n  for a knife edge ob jec t.

The modulation transfer function (MTF)
T his  rep resen ts  the  response  o f  an  o p tica l  system  to  an  object w ith  a 
s inuso ida lly  v a ry ing  rad ia n ce  G o f  sp a tia l  frequency  v:

M M
M T F M = w -7 ’M 0(v)

w here  M x a n d  M () a re  the m o d u la t io n  o f  the  im age  a n d  ob jec t,  respectively .

T h e  m o d u la t io n  is given by:

/  m ax — m i n \  .
Vf, or0(v) =  -------- , im age  o r  o b j e c t .

\ m a x  +  m m  J

Since the  rad iance  of the ob jec t ( im age) varies  s inuso ida lly ,  we c a n  w rite :

G0(x) =  aQ 4- h0 sin 2 n v x ,

G,(x) =  a j + b{ sin 2 n v x .

T h en

, ,  ( « o  +  ^ o )  -  ( " o  -  bJ  b„lyj = ----------------------------- =  —
(aQ -f b j  +  (a0 — b0) a0
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M = (a. +  /? , ) -  (at -  /?,) /?,

(^i +  ^i) +  (^i — h{) 

a n d  th e  m o d u la t io n  tran s fe r  function ,

(fejA '»)
( b j a j

T h e  M T F  is a lso  given by the  a b s o lu te  va lue  o f  the  F o u r ie r  t r a n s fo rm  o f  the  
line s p re a d  f u n c t io n :

M T F  =

M T F (v )  = ,4 ( . \)e“ 2rrnv d x .

The full-width-half-maximum (FW HM ) o f  a ro ta t io n a l ly  sy m m e tr ic  P S F  is 
th e  w id th  o f  the  function  a t half  its p eak  value. If K ( x . y )  = K { r ), w h e re  r is 
th e  rad ia l  c o o rd in a te  in the  im age p lane ,  a n d  th e  rad iu s  r () is such  th a t :

K ( r 0) = \ K ( 0) (half  th e  peak  v a lu e  of the  P S F ) ,

then

F W H M  =  2 r 0 ; r0 = half-widtlu 

o r  ha lf-w 'id th -ha lf-m ax im um  (H W H M ).

The root mean square (rms) radius<r> is defined  by:

2 _  jg  r2K ( r ) r d r  

<J> ~  f t  K ( r ) r  dr  '

The encircled energy function E(r ), th e  f rac tion  o f  the  to ta l  im ag ed  
p h o to n s  th a t  a re  w ith in  a circle o f  ra d iu s  r, is given by:

E(r) =

K ( r ) r d r

K ( r ) r d r
J o

T h e  ra d iu s  o f  the  circle w hich  c o n ta in s  5 0 ° {) of the  im aged  p h o to n s ,  the  
half-power radius, r 1/2 is defined by:

E ( r 1 / 2 ) =  0 . 5 0 =  —7T

K(r)r dr

K ( r ) r d r
. o

In o r d e r  to  c o m p le te  the  d iscuss ion  o f  th e  p o in t  sp read  fu n c t io n ,  w e g ive  
here  th e  v a r io u s  func tions  a n d  p a ra m e te r s  d er ived  from  a  G a u s s ia n  p o in t  

s p re a d  s ince  th is  can  be a useful d e sc r ip t io n  of the  in n e r  c o re  o f  the  P S F .
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T h e  form  o f  the  radia l sym m etr ic  G a u s s ia n  is given as:

P S F  =  Ce r  2a\

w here  C  a n d  a  a re  a rb i t r a ry  c o n s ta n ts .  W e have der ived  the  fo llow ing  
functions  a n d  q u a n t i t ie s :

the  line sp read  func tion .

r4 ( \ ) = Ccr x (27r )e v 2f7’. 

the  edge trace .

\  (2n)
I ( x 0) =  C a  - —  (1 +  erf(.v0 crv  2))

w here  erf(r) is the  e r ro r  function , 

the  m o d u la t io n  tran s fe r  function ,

M ( v )  =  C e _2(7rVf7)\  an d

the  encircled  energy,

E ( r ) =  1 -  e r 2<

T h e  tab le  below  gives the  re la tions  betw een the  F W H M ,  the  rm s  rad iu s ,  
a n d  the ha lf-p o w er  rad iu s  for th e  G a u s s ia n  sp read  function .

P A R A M E T E R S  F O R  T H E  G A U S S IA N  S P R E A D  F U N C T I O N
Full width Half power
half maximum radius

Spread function rms radius <r> (FW HM ) /•, 2

C e " r" (7» 2 2.36 o 1.18 rx

Point spread function fo r  a circular aperture (diffraction by a circular 
aperture)
If th e  t ran sm iss io n  o f  the  system  is u n ifo rm  o v e r  the  (c ircu lar)  a p e r tu r e  a n d  
th e  system  is a b e r ra t io n - f ree ,  the  i l lum inance  d is t r ib u t io n  in the  im age  
b e c o m e s :

/ N A \ 2 
P ( y , z )  =  n l  - j -  j  Px

'2 J x(m ) 
m

2

w h e re  N A  is the  nu m erica l  a p e r tu re  o f  the  system , J  { is th e  f irs t-o rd e r  
Bessel func tio n :

,  v (v  2 ) - '  (.V 2 ) 5
J t i x )  -- ------ ~ -y --------------  • • • ,

2 122 122 23

P, is the  to ta l  pow er in the p o in t  im age , a n d  m  is th e  n o rm a l iz e d  rad ia l
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Point spread function fo r  a circular aperture (diffraction by a circular 
aperture) (cont.)

c o o rd in a te :

I n I n
m  =  —  N A ( v2 +  z 2)1 2 =  —  N A  • .s.

/  /

T h e  frac t io n  o f  the  to ta l  p o w e r  falling w ith in  a rad ia l d is tance  s0 o f  the  
c e n te r  of the  p a t te rn  is given by 1 — J l ( m 0) -  J 2(w0), w here  J Q is the  
z e ro -o rd e r  Bessel func tion :

2 (x /2 )4 (x /2 )6

1 22 2 3 2
+

Fraunhofer diffraction at a rectangular aperture (a) and at a circular 
aperture (b). (Adapted from Born, M. & Wolf, E., Principles o f  Optics 
Pergamon Press, 1984.)

sin x

The first !<ve maxima of the /unction

* V

0 1

1 4 3 0 * 4 4 9 3 0  0 4 7  18
2 4 5 9 n 7 7 25 0 0 1 6  9 4
3 4 7 0 7r 10 9 0 0  0 0 8  34
4 4 7 9 14 0 7 0 . 0 0 5  0 3

0 1 2

The hrst few maxima anil 
nun/ma of the function

1 ? 2 0 n 3 8 3 3 0
1 6 3 5  rr 5  136 0 0 1 7 5
2 2 3 3 rr 7 0 1 6 0
2 6 7 9 rr 8  4 1 / 0  0 0 4 2
3 2 3 8  rr 10 174 0
3 6 9 9  n 11 6 2 0 0  0 0 1 6

- y 27,

1 2 3 4 5

(b)

+

8 9
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O ptical telescopes

Configurations of optical telescopes. (Adapted from Sinnott. R. W., 
Sky and Telescope, July 1980.)

N ew ton ian

S c h m id t-C a sse g ra in

C oncentric  S c h m id t-C a sse g ra in
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Focus configurations for optical telescopes. (Adapted from Survey o f  
Catadioptric Optical Systems , J. B. Galligan, ed., Itek Corporation, 
1966.)

O ptical telescopes (cont.)

Pri mory mir ror  .

ri mary mirror

F o c u t  p o s i t io n

*r imory mir ror

Coudrf Focu*
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S p ec t ra l  luminous  ef f iciency.  Rela tive  lum inosity  values for p h o to p ic  and  

s c o to p ic  vision

Photom etry

Wavelength (nm)
Photopic V(a ) 
(B > 3 ed m 2)

Scotopic V(a )
(B< 3 x 1 0  5 cdm  2)

350 0.0003
360 0.0008
370 0.0022
380 0.000 04 0.0055
390 0.000 12 0.0127

400 0.0004 0.0270
410 0.0012 0.0530
420 0.0040 0.0950
430 0.0116 0.157
440 0.023 0.239
450 0.038 0.339
460 0.060 0.456
470 0.091 0.576
480 0.139 0.713
490 0.208 0.842
500 0.323 0.948
510 0.503 0.999
520 0.710 0.953
530 0.862 0.849
540 0.954 0.697
550 0.995 0.531
560 0.995 0.365
570 0.952 0.243
580 0.870 0.155
590 0.757 0.0942

600 0.63 1 0.0561
610 0.503 0.0324
620 0.38 1 0.0188
630 0.265 0.0105
640 0.175 0.0058

650 0.107 0.0032
660 0.061 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 0.000 03 —
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K(/.), spectral luminous efficacy for 
scotopic and photopic vision. 
Scotopic:
max K = K( 5 1 1nm )=  1746 lm W 
Photopic:
max K = K {555 nm) =  680 In W 1

300 4 0 0  500 6 0 0  700
W A V E L E N G T H  (nm)
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Sum m ary o f  typical sources parameters fo r  the most commonly used 
radiant energy sources

DC
nput Arc Luminous Luminous Average

power dimensions flux efficiency luminance
Lamp type (watts) (mm) (lm)t (ImW ') (cd mm 2;

Mercury short
arc (high
pressure) 200 2.5 x 1.8 9500 47.5 250

Xenon short
arc 150 1.3 x 1.0 3200 21 300

Xenon short 20 000 12.5 x 6 1 150 000 57 3000
arc (in 3 mm 

x 6 mm)
Zirconium arc 100 1.5 (diam.) 250 2.5 100
Vortex-stabilized

argon arc 24 800 3 x 10 422 000 17 14a)
Tungsten i

f 10
— 79 7.9 ] 10

light < 100 — 1630 16.3 > to
bulbs 'L1000 — 21 500 21.5 J 25

Fluorescent
lamp standard
warm white 40 2560 64

C arbon  arc,
non-rotating 2000 5 : 5 x 5 36 800 18.4) 175 to
rotating 15 800 ^  8 x 8 350 000 22.2 J 800

Deuterium 40 1.0 (diam.) (Nominal irradiance at 250 nm at
lamp 30 cm =  0.2 //W cm 2 nm " 1)

t  Luminous flux cl) in lumens from a source of total radiant power W{/.) watts per 
unit wavelength:

fcc
0  =  680 dA,

where V(k) represents the spectral luminous efficiency.

Conversion table fo r  various photometric units

L um inous  in tens i ty  (I)
1 c a n d e la  (cd) =  1 lu m e n /s te ra d ia n  (lm sr 1)

L um inous  f lux  (d>) [ lum en  (lm)]
4 n  lu m en s  =  to ta l  flux from  u n ifo rm  p o in t  sou rce  o f  1 c a n d e la  

I l luminance  (E )
1 fo o tca n d le  (fc) =  1 lum en  f o o t -2  
1 lux ( l x ) =  1 lum en  m -2  =  0 .0929 foo tcand le
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L u m in a n c e  (L)

1 fo o t la m b e r t  (fL) =  1 n c an d e la  foot 2.
1 nit (nt) =  1 c a n d e la  m 2 =  0 .2919 fo o t la m b e r t

Luminance values fo r  various sources

Source
Luminance
(fL)

Luminance 
(cd m 2)

Sun, as observed from Earth’s surface at meridian 4.7 x 108 1.6 x 109
M oon, bright spot, as observed from Earth's surface 730 2500
Clear blue sky 2300 7900
Lightning flash 2 x 10*° 7 x 1010
Atomic fission bomb, 0.1 ms after firing. 90-ft 

diameter ball 6 x 1 0 " 2 x 1012
Tungsten filament lamp, gas-filled, 161m W 1 2.6 x 10b 9 x 106
Plain carbon arc, positive crater 4.7 x 106 1.6 x 107
Fluorescent lamp, T-12 bulb, cool white, 430 mA, 

medium loading 2000 7000
Color television screen, average brightness 50 170

Typical values o f  natural scene illuminance

A pproximate levels of 
Sky condition illuminance (lux)

Direct sunlight 1 1.3 x 105
Full daylight (not direct sunlight) 1 2 x 104
Overcast day 103
Very dark  day 102
Twilight 10
Deep twilight 1
Full moon 1 0 " 1
Q uarter  moon 10 2
Moonless, clear night sky 1 0 "3
Moonless, overcast night sky 10~4
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Natural illuminance on the Earth for the hours immediately before 
and after sunset with a clear sky and no moon

- 4 - 3 - 2 - 1 0  1 2 3
H O U R S  B E F O R E  AND A FTER  S U N S E T

Radiant responsivity
C a lc u la t io n  o f  r a d ia n t  responsiv ity  from  lu m in o u s  re sp o n s iv ity  for 

p h o to c a th o d e s :
T h e  re sponse  o f  a p h o to c a th o d e  (in am p ere s )  to  the to ta l  r a d ia t io n  W(/.) 

w a t t s  p e r  un it  w av e le n g th  is:

cjR(X) W(/>) d / . ,

w h ere  the  re la tive  spec tra l  response  o f  the  p h o to c a th o d e  is R ( a ) ( R mAX =  1) 
a n d  a  is the  a b s o lu te  ra d ia n t  re sponse  a t  the  p eak  o f the  re sp o n se  c u rv e  
(am p e res  p e r  w a tt) .  T h e  light flux (in lum ens) is given by:

680 V(/.) W ( a ) d / . .

w h e re  V(/.) is th e  sp ec tra l  lu m in o u s  efficiency. T h e  lu m in o u s  re sp o n s iv ity  o f  
th e  p h o to c a th o d e  in a m p e re s  p e r  lu m en  is th en  given by : 

a  j  R(A) W () .)Ak  

680  J V(/.) W ( a ) dA 

a n d ,  the re fo re ,
680S  j  V(k)W (/ .)  dA

S =

CJ =
R(/.) W (k )  dA

(The material in the preceding sections was adapted from Engstrom, R. W., 
Photomultiplier Handbook , RCA Corporat ion,  1980.)
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Detectors

Visible and ultraviolet light detectors
Photodiode

Schematics of photodiodes (</) sealed with semi-transparent 
photocathode,  (h ) open (or sealed) with opaque photocathode.  (From 
Timothy, J. G. & Madden,  R. P. in Handbook on Synchrotron 
Radiation, E. Koch, ed.. North-Holland Publishing Co., 1983, with 
permission.)

(b)
h

h v

A

Anode

— Guard ring 
Opaque 

photocathode
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Q uantum  efficiencies of opaque ( s 2Te and C si photocathodes. (From 
Tim othy, J. G. & M adden. R. P.. op. cit.)

W A V E L E N G T H  (A )

Q uantum  efficiencies of transfer standard detectors available from 
NBS. (From Timothy, J. G. & Madden, R. P., op. cit.)
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Generation I electrostatically focused image intensifies (Reproduced 
with permission of the publisher. Howard W. Sams & Co.. 
Indianapolis. Image Tubes. by I lies P. Csorba. < 1985.)

I M A G E

/

Im a g e  intensijiers

SCENE

-OBJECTIVE LENS

The electrostatic image-inverting generation II image intensifier 
employs a microchannel plate (MCP). (From Csorba. I. P., op. dr.)

f— CATHODE SHIELD

CORRECTION RING

MCP INPUT 

< -6 0 0 0  V

N P U I f iB f R  
F AC EP l A l t

P H O SPHO R SCREEN

CATHODE O UTPUT FIBER OPTIC 
FACEPLATE
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Typical voltage-divider arrangem ent for fast pulse response and high 
peak current systems.

CATHODE FOCUSING ELECTRODE

P = P r W ( a ) d / .

w h e re  P0 is th e  inc id en t  p o w e r  in w a t t s  p e r  u n i t  w a v e le n g th  a t the  p e a k  o f  
th e  re la tive  sp ec tra l  r a d ia t io n  c h a ra c te r i s t ic ,  W(/.),  w h ich  is n o rm a l iz e d  to 
u n ity .

T h e  resu lt ing  p h o t o c a t h o d e  c u r r e n t  / ,  w h e n  the  light is inc iden t o n  th e  
d e te c to r ,  is g iven by :

r  x
W ( / . )R ( a ) d / . ,

w here  o  is th e  r a d ia n t  sensitiv ity  o f  th e  p h o to c a th o d e  in a m p e re s  p e r  w a t t  a t 
the  p e a k  o f  th e  re la tive  c u rv e ,  a n d  /? ( / )  rep re se n ts  the  re la tive  
p h o to c a th o d e  sp ec tra l  r e s p o n se  as  a fu n c t io n  o f  w av e le n g th  n o rm a l iz e d  to  
u n i ty  a t th e  p eak .

W ( a )R( a ) d/,

L  = a P '

W ( k ) d k
J o

T h e  ra t io  o f  th e  d im e n s io n le ss  in te g ra ls  c a n  be  defined  as the  match ing  
f a c t o r , Af.
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Typ ic a l  p h o t o c a t h o d e  s p e c t r a l  r e s p o n s e  c h a r a c t e r i s t i c s  ( f r o m  R(  A 

C o r p . )

100 -r------------J ——;—prvo
90 T------ ^ X - 1 1^ ? ^
80 |  133 r f - 8: 8̂ '

t B  i a  k  a ' i L ^

900 1000 1100BOO 600 700
W A V E L E N G T H  (nm )

Shor t  wave length transmission limits o j  som e  U  V window mater ia ls

Material Approximate limit (10°„, 2 mm thick)

LiF 1040 A
M g F 2 1120
C a F 2 1220
S rF 2 1280
B aF2 1340
Al20 3 (sapphire) 1410
S i 0 2 (fused quartz) 1600
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Sodium salicylate Diphenyistilbene
Tetraphenyl butadiene p-Terphenyl
Coronene Dimethyl P O P O P
p-Quaterphenyl P O P O P

L V fluorescent converters (wavelength shifters)

X-ray and gamma-ray detectors
Detec tion principles quantum ef ficiency

In genera l,  the  q u a n t u m  efficiency, s(E),  for an  incident p h o to n  o f  energy  E 
is d e te rm in ed  by the  tran sm iss io n  of the d e te c to r  w in d o w  o r  an y  ‘d e a d  
layer* a n d  by the  a b s o rp t io n  of the  d e te c to r  m e d iu m :

s(E) =  e ^  ( j _q ~

w here  (/*//>)* an d  (p/p)^  a re  the m ass  ab so rp t io n  coefficients o f  th e  d e te c to r
w indow  (or ‘dead  la y e r ’) a n d  d e te c to r  m ed ium , respectively, p w a n d  p d a re  
the  densities  o f  the d e te c to r  w indow  (or ‘dead  laye r’) a n d  d e te c to r  m e d iu m , 
respectively, a n d  fw an d  td a re  the  th icknesses of the  d e te c to r  w in d o w  (or 
‘d e a d  layer ')  a n d  d e tec to r  m ed ium , respectively.

Detection principles point source detect ion with X - r a y  telescopes  
T h e  f luc tua tion  S N s in the  n u m b e r  o f  c o u n ts  from a p o in t  sou rce  o f  flux
density  F  p h o to n s  cm 2 s -1 keV 1 is given by:

S N s = (A enA E F t  +  J  2(i)B{A E t  4- A enojjDA E t ) 1 2,
w here

A cff=  effective a rea  (cm 2) o f  te lescope inc luding  d e tec to r ,
A £  =  energy in terval (keV), 
t =  observ ing  tim e (s),
/  =  focal length (cm) of te lescope,
(o =  solid angle  (sr) of p ic tu re  e lem ent,
B, =  in te rna l b a c k g ro u n d  ( c t c m " 2 s 1 k e V - 1 ) of d e tec to r ,  
j D =  diffuse X -ray b a c k g ro u n d  (p h o to n s  cm  2 s 1 k e V -1 s r - 1 ).

T h e  b a c k g ro u n d ,  b o th  in te rna l  a n d  from diffuse X -rays, is a s su m e d  to  be 
s teady  a n d  well kn o w n . F o r  a s t ro n g  source , the  s ign a l- to -n o ise  ra t io  
NS/ 8NS = (Aef[A E F t ) 1 2 is g iven  by the  f luc tua tions  in th e  so u rce  on ly .

F o r  a weak source , f luc tua tions  in th e  b a c k g ro u n d  d e te rm in e  th e  s ignal-  
to -n o ise  ra tio :

_iVs_ = ____ (Ag A E Ft )1' 2 _ _
S N s u)li2( f 2B J A c„ +  j D)112 '
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Beta a bs o rb e r  
B r e m s s t r a h lu n g

Scinti l lation detector

Illustration representing a Nal scintillation detector showing sequence 
of events producing output from electron multiplier and various 
processes which contribute to response of detector to a gamma-ra\  
source. (Adapted from Heath. R. L.. Scintillation Spectrometry,
L S.4EC Report, I D O - 16880, 1964.)

S ource

P b

s h ie ld in g !

C o m p to n  sca tte ring  
ph o ton

U.V. p h o to n s  
p ro d u ce d  fro m  loca l ^
e x c ite d  sta tes  -------'
fo l lo w in g  io n iz a tio n

D yn o d e  (secondary 
e le c tro n  e m iss io n )

A n n ih i la t i o n  
ra d ia t io n  i,—  R ef lec to r

A n n ih i l a t i o n
r a d i a t i o n

P h o to c a ih o d e

|  PbXraYx^ / \  ! 
P h o t o m u l t i p l i e r

P h o to e le c t ro n  e m i t t e d  
f r o m  c a th o d e

Pb 
sh ie ld in g

A node

Z
z  <Iu
cr -j 
uj 1 0 J CL

S e m itra n s p a re n t
p h o to ca th o d e

P ho tons

Ba K X -ray  ■ 0.6612 , 1 3 730 yr. Cs 
3" x  3" Nal (Tl)

1200

G rid

hield

G rid  3
-14

Facepla te

200 400
C H A N N EL N U M BE R  

A  ty p ic a l p u ls e -h e ig h t sp e c tru m  o b ta in e d  w ith  a 
N a l (T l) sp e c tro m e te r, il lu s tra tin g  the  e n e rg y  response  
o f in o rg a n ic  s c in tilla to rs . The  scale o f th e  abscissa  is
1 keV  per ch a n n e l.

14: D ynodes 
15: A n o d e

S igna l
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Gas proport ional  counter

Since a p r o p o r t io n a l  c o u n te r  has  in te rn a l  g a in ,  th e  system  no ise  can be 
neg lec ted  a n d  the  energy  re so lu t io n  is:

(AE),-whm =  2 .3 5 [ (F  +  . / ) ^ E ] 1 2 eV,
w here

£  =  energy  d e p o s i ted  in c o u n t e r  (eV).
F  =  F a n o  factor.

J  =  a fac to r  to  a c c o u n t  for v a r ia n c e  in the  g as  g a in ,
W =  m ean  energy  to  fo rm  a n  ion p a i r  (eV).

As an  e x a m p le ,  for m e th a n e  gas :

F =  0 .26 

/  = 0 . 7 5  

W  = 21  eV,  
so th a t  for a p ro p o r t io n a l  c o u n te r :

E
/ Air:-------- =  2 .6E x 2 (wi th E  in keV) .
( A E ) f w h m

Total number of ion pairs collected in a gas-filled cham ber as a 
function of the voltage across electrodes of the chamber.
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Posit ion sensit ive gas proport iona l  de tec tor

Readout system of detector. Incident photon is absorbed at point a 
electrons drift toward anode cathode planes. An avalanche at the 
anode (A) gives rise to pulse distributions at the cathodes (K and 
K  ). The position (.V. Y ) is obtained by analog summation and 
division. (Adapted from Bade, E. et al.. Nucl. Inst, and Meth..  201. 
193. 1982.)

a

Y  _ I_Vi_Vj
I  Vj

X ~

6

Typical  per formance  
Spa tia l  re so lu t io n :

0 .25 m m  ( F W H M  ) a t 1 keV .

E nergy  re so lu t io n :

-  E -  =  2 .2 E '  2 (wi th £  in keV).
(A E) I W H M

F o r m a t :

10 cm  x 1 0 c m .

The  solid-state de tec tor

(AEVwhm =  2 .35[(//ff)2 +  (F i]E )Y  2 eV .
w here

// =  c o n v e rs io n  fac to r  (Si: 3 . 6 eV per e lec tro n  hole  p a ir :  G e :  2 .9 eV 

per e lec tro n  ho le  pair) .  
a  =  d e te c to r  rm s  no ise  (e lec trons) ,
F  =  F a n o  f a c to r  (Si: 0 .14 ; G e :  0 .13),
E = p h o to n  o r  p a r t ic le  en e rg y  (eV).
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Schematic diagram of a solid state detector. (Adapted from Enge, H. 
Introduction to Nuclear Physics, Addison-Wesley, 1966.)

Particle
\
\

Charge-coupled device (CCD)

(F r o n t -s id e  i l lu m i n a te d )  

X - r a y s

O N E  P I X E L  V  
W I D T H

M O S  capa ci tor  

M eta l  e le ct r od e  Dielectr ic  S i 0 2

'01 02 03 ! 01 I 02 I 03 01
'& ////<

X
\  C h a r

t r a n s f e r  S u r f a c e  potent ia l
at S i/Si02  interface 

S i l ic on  sub strate

X - r a y s  

(B a ck -s id e  i l lu m in ate d)

(AE)fwhm =  2.35[(//<r)2 4- (rji6l )2 f rjFE] 1 2 keV ,
w here

/d =  d a rk  c u r re n t  (e lec trons  s~ 1),
(j =  rm s re a d o u t  no ise  (e lectrons),
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// =  m e a n  energy  req u ire d  to  p ro d u c e  o n e  e lec tron  hole pair  
(0 .0036 keV for s ilicon).

! = in te g ra t io n  tim e (s),
/ =  F a  n o  fac to r  ( ^  0 .15),
E  = energy  o f inc iden t p h o to n  (keV).

Expected quantum efficiency (defined as the probability that an 
incident X-ray photon is detected as 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 range spanned by real devices. There will be a 
low energy cutoff (not shown) depending on the minimum signal 
which can be discriminated against the system noise.

o
2
LLI
O

LU

Z)

1.0

0.si-

0.10

<
Z)
O  0.05

0.01
0.1

~ T n  i n  t t i  i i 1 | i M l

Si A B S O R P T IO N  EDGE 1.84 keV

h ^  ^  • -

L

I

/  .*
//  .

\

i  : -

- i  : -

- i  :  

i  /

-

— /  / —

- B • A

- / ; Device D ead Layer Substrate

-
i

A 0.5 m ic ron  Si 200 m icron Si"
- B 0 .25  m ic ron  S 30 m icron  Si -

-
i

-

1_____
i 1 ! 1 1 ! | | | • 1 1 1 1 l L

0.5 1.0
(keV)

10

M icroChannel p la te  detector  
Typical perform ance  
S p a t ia l  re so lu t io n :

2 0 - 3 0 / im  ( F W H M ) .

Q u a n tu m  efficiency:

2 5 ()() a t l . 5 k e V (Csl p h o to c a th o d e ) .

F o r m a t :

25 100 m m  in d ia m e te r .
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Schematic diagram of a microchannel plate detector.
(Adapted from Behr, A. in Landolt Bornstein, subvol. 2a, Springer- 
Verlag, 1981.)

M i c r o C h a n n e l
p la t e

In c id en t  
X - r a y s

1 m m

B ur st  of  
s e c o n d a r y  
e l e c t r o n s

\  N i c h r o m e  contact  
H o l l o w  
g lass  f ibre 

n d i v id u a l  
m ic r o c h a n n e l

I  Z- M u l t i p l i e d  
— •- e le ct r on  

~  ou tp u t

N i c h r o m e  f i lm 
c on tac t

G a i n  c o n tr o l  
( m a x  v o l t a g e  1 kV)

Propert ies  o f  com m on X - r a y  detectors

Detector

Energy
range
(keV)

A E/E{a) 
at 5.9 keV
( ° o )

Dead
time event 
(jis)

Maximum 
count rale 
( s ' 1)

Geiger counter 3-50 none 200 104
G as ionization in

current mode 0.2 50 n a n a 1011 {h)
G as proportional 0.2 50 15 0.2 105
Multiwire proportional 3 50 20 0.2 105/a node

cham ber wire
Scintillation

[N al(Tl)] 3-10 000 40 0.25 106
Semiconductor

[Si( Li)] 1 60 3.0 4-30 Xto

Semiconductor (Ge) 1 10 000 3.0 4 40 5 x  104

u,) F'WHM.
lh) Maximum count rate density is limited by space-charge effects to around 1011 

photons s 1 cm \
(F rom Thompson. A. C . in A -ray Data Booklet , Lawrence Berkeley Laboratory, 
University of California, 1986.)
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Ionization and exc i ta t ion  data  for a number o f  gases

First Second First Principal
ionization ionization excited emission

Atomic potential potential state wavelength
Gas number (eV) (eV) (eV) (A)

He 2 24.48 54.40 20.9 584
19.8 met a 3888

5875
Ne 10 21.56 41.07 16.68 734

16.53 meta 743
16.62 meta 54(X)

5832
5852
6402

Ar 18 15.76 27.62 11.56 1048
11.49 meta 1066
11.66 meta 6965

7067
7503
8115

Kr 36 14.00 24.56 9.98 1236
9.86 meta 5570

10.51 meta 5870
Xe 54 12.13 21.2 8.39 1296

8.28 meta 1470
9.4 meta 4501

4624
4671

H 1 13.60 10.2 1215
4861
6562

N 7 14.53 29.59 6.3 1200
4110

O 8 13.61 35.11 9.1 1302
7771

15.4 11.2
n2 15.8 6.1
o2 12.5
h 9.0 1.9 1782

2062

(Adapted from Rice-Evans, P., Spark , Streamer , Proportional and Drift Chambers , 
The Richelieu Press, London, 1974.)
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C o m p to n  telescope fo r  high energy  gam ma-rays

a) Configuration of a Com pton telescope which relies on the detection 
of scattered photons: S. scatterer; C. collector; A,. A2. anticoincidence 
detectors, h) Basic configuration of a Compton telescope which relies 
on the detection of secondary electrons. (Adapted from Hillier. R.. 
Gamma Ray Astronomy, C larendon Press, 1984.)

(a) (b)

A |

S

A: C -tr-
!o\

Spark  chamber  telescope f o r  high energy  gam ma rays

Diagram showing the basic design of a spark chamber with plates (S), 
anticoincidence shield (A), and triggering detectors (C , and C 2). 
(Adapted from Hillier, R., Gamma Ray Astronomy, Clarendon Press, 
1984.)
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M icrocom puter topics

A S C I I  character code
T his  ch a r t show s th e  A SC II c h a ra c te r  set a n d c o r re s p o n d in g  code
n u m b e rs ,  in d ec im al ,  hexadecim al a n d  b in a ry  form .

Decimal Binary Hexadecimal ASCII character

0 00000000 00 (NUL)
1 00000001 01 (SOH)
2 00000010 02 (STX)
3 00000011 03 (ETX)
4 00000100 04 (EOT)
5 00000101 05 (ENQ)
6 00000110 06 (ACK)
7 00000111 07 (BEL)
8 00001000 08 (BS)
9 00001001 09 (HT)

10 00001010 0A (LF)
11 00001011 0B (VT)
12 00001100 OC (FF)
13 00001101 OD (C'R)
14 00001110 OE (SO)
15 00001111 OF (SI)
16 00010000 10 (DLE)
17 00010001 11 ( D O )
18 00010010 12 (DC2)
19 00010011 13 (DC3)
20 00010100 14 (DC4)
21 00010101 15 (NAK)
22 00010110 16 (SYN)
23 00010111 17 (ETB)
24 00011000 18 (CAN)
25 00011001 19 (EM)
26 00011010 1A (SUB)
27 00011011 IB (ESC)
28 00011100 1C (FS)
29 00011101 ID (GS)
30 00011110 IE (RS)
31 00011111 IF (US)
32 00100000 20 (SP)
33 00100001 21 i

34 00100010 22 "

35 00100011 23 #
36 00100100 24 S
37 00100101 25 o

o

38 00100110 26 Et
39 00100111 27 *
40 00101000 28 (
41 00101001 29 )
42 00101010 2A *
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ASCII character code (cont.)

Decimal Bina r\ 1 lexadecimal AJ

43 00101011 2B +
44 00101100 2C
45 00101101 2D -

46 00101110 2E
47 00101111 2 F
48 00110000 30 0
49 00110001 31 1
50 00110010 32 *)
51 00110011 33 3
52 00110100 34 4
53 00110101 35 5
54 00110110 36 6
55 00110111 37 7
56 00111000 38 8
57 00111001 39 9
58 00111010 3 A
59 00111011 3B
60 00111100 3C <
61 00111101 3D —
62 00111110 3E
63 00111111 3F •>
64 01000000 40 (a
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 I
74 01001010 4A J
75 01001011 4B K
76 01001100 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
85 01010101 55 U
86 01010110 56 V
87 0101011 1 57 W
88 01011000 58 X
89 01011001 59 Y
90 01011010 5A Z

character



A S C II  character code (cont.)

Decimal Binary Hexadecimal A!

91 01011011 5B [
92 01011100 5C
93 01011101 5D ]
94 01011110 5E A

95 01011111 5F —

96 01100000 60 ‘
97 01100001 61 a
98 01100010 62 b
99 01100011 63 c

100 01100100 64 d
101 01100101 65 e
102 01100110 66 f
103 01100111 67 g
104 01101000 68 h
105 01101001 69 i
106 01101010 6A J
107 01101011 6B k
108 01101100 6C 1
109 01101101 6D m
110 01101110 6E n
111 01101111 6F 0
112 01110000 70 P
113 01110001 71 q
114 01110010 72 r
115 01110011 73 s
116 01110100 74 t
117 01110101 75 u
118 01110110 76 V
119 01110111 77 w
120 01111000 78 x
121 01111001 79 y
122 01111010 7A z
123 01111011 7B
124 01111100 7C
125 01111101 7D >
126 01111110 7E
127 01111111 7F (D
128 10000000 80
129 10000001 81
130 10000010 82
131 10000011 83
132 10000100 84
133 10000101 85
134 10000110 86
135 10000111 87
136 10001000 88
137 10001001 89
138 10001010 8A

ASCII charac te r
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A SC II  character code {com.)

Decimal Binary Hexadecimal

139 10001011 8B
140 10001100 8C
141 10001101 8D
142 10001110 8E
143 10001111 8F
144 10010000 90
145 10010001 91
146 10010010 92
147 10010011 93
148 10010100 94
149 10010101 95
150 10010110 96
151 10010111 97
152 10011000 98
153 10011001 99
154 10011010 9A
155 10011011 9B
156 10011100 9C
157 10011101 9D

Boolean algebra

A  
A A 

A + A 
A x O  

A + 0 
A x 1 
A +  1 

A x  A  
A +  A 

A B  
A + B  

(A B ) C  = 
/ 1 + ( B  +  C) :  

A ( B  +  C ):  
( B + C ) A  :

A
A
A
0
,4

1
0
1
BA  
B  + A 
A (B C )
(A + B)  + C 
A B  + A C  
B A  + C A  

A B

A B  = A + B

C o m m u ta t iv e  law  for  m u l t ip l ic a t io n  
C o m m u ta t iv e  law  for a d d i t io n  
A sso c ia t iv e  law  fo r  m u l t ip l ic a t io n  
A sso c ia t iv e  law  fo r  a d d i t io n  
Left d is t r ib u t iv e  law  
R ig h t d is t r ib u t iv e  law

>De M o r g a n 's  law s
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A B + A B = A  
A + A B =  A 

(A +  B ) B =  A B  
(A -f- B)(A -1- B) = A 
(A + B)(A + C) = A + B C  

A(A  +  B) = A 
A B  + B =  A + B 

A B - \ - A B = A ® B  Exclusive O R

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 gates in the right column.)

OR Negative AN D

AN D Negative OR

NOR Negative N AN D

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 
o ther lines, since a 36-pin connector is used there. (From Sargent, M. 
& Shoemaker, R., The I B M  PC from the Inside Out , Addison-Wesley, 
1986, with permission.)

Printer

Signal Adepter
Name

-  Strobe 1
-‘-Dete Bit 0 2
-D a ta  Bit 1 3
-D a ta  Bit 2 4
-D a ta  Bit 3 5
-D a ta  Bit 4 6
-D a ta  Bit 5 7
-D a ta  Bit 6 8
-’-Date Bit 7 9
- Acknowledge 10
-Busy 11
"-P. End (out of peper) 12
-‘-Select 13
- Auto Feed 14
- Error 15
-  Initialize Printer 16
- Select Input 17

Printer
Adapter

Ground 18-25
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I E E E  4SS interface

Example of an IEEE 488 interface bus (GPIB)  configuration. (Intel 
Corp.)

D A V  data valid
N R F D  not ready fo r  data 
N D A C  not data accepted 
IFC interface clear
A TN  atten tion
SRQ service request
REN remote unable
EOI end or inden t i fy
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D ata transmission

Data transmission nomogram.
Transmission time (s) =  size (bytes) data rate (byte s ')
(1 byte =  8 bits; T1 and T3 are telephone transmission standards.)

S i z e : S i n g l e  T ra n s m is s io n
T r a n s m is s io n  ( B y te s )  T i m e ( s )

- - -  Full CD

1 Gb -

100 Mb -

10 Mb

1 M b -=

100 kb -=

10  k b  -

1 kb  -

0.1 kb J

F u ll tape

D a t a  Rat e

(Byt es  s”1) 
1 G - r

/  
/  0.1

/

> Eye 
Resp.

1 Gb s /
-

V T 3
/ '

1 M -  /
x r * - T  1

Hi R eso lu tion
C olor Screen

/ ^ 5 6  k b  s
/

/  1 K -

- • - H i  R eso lu tion r * - 1 2 0 0  b s
B 8  W Screen

1.0

) Mai

me

1.0

10

100

1.0 k

10 k

100 k

1.0 M ^ *  I Day

I Hour
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P E R IG E E  HE IGHT (km)

Lifetime =  N  P — N

w here

N =  n u m b e r  o f  o rb it  r ev o lu t io n s  in the satellite  lifetime from  the 
ab o v e  d ia g ra m .

Ballistic coefficient =  m /( C n A)  (typically, 25 l O O k g m 2). 
m  =  m ass  o f  the satellite ,
C D = the  d ra g  coefficient ( ^  1 2),

=  satellite  c ross-sec tiona l a rea  p e rp e n d ic u la r  to  th e  velocity  
vector,

G =  g ra v i ta t io n a l  c o n s ta n t ,
/?p =  perigee height. 
e  =  eccentric ity  o f  the o rb it ,
P =  satellite  per iod ,
M, =  m ass  o f  the Ear t h .
K F =  rad iu s  of the  Ear t h.

Satellite  pe r iod  (hr) =  \ . 4 \ (a  ft,.)3 2, 
w here a =  sem i-m a jo r  axis.

(Adapted from Wertz. J., ed.. Spacecraft Attitude Determination and Control, 
D. Reidel Publ. Co.. 1980.)

Lifetime (d) ^  1.15 x  10 7 x  N  x
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S pace  tran sp o r ta t io n  sysleni (Space Shut t l e)

Orbiter coordinate system and cargo bay envelope. The dynamic 
clearance allowed between the vehicle and the payload at each end is 
also illustrated.

I

Principal Orbiter interfaces with payloads.

O M S/ST O R A B LE PR O PU LSIVE 
PA Y L O A D  O X ID IZER  PAN EL

C R Y O G E N IC  PA YLO A D  
FU EL PA N ELS

A FT B U LK H EA D

C R Y O G E N IC  PA Y LO A D  
O XID IZER PA N ELS

ELE C TR ICA L FEED TH R O U GH  
IN TERFA CE PAN ELS. 

G R O U N D  SU P PO R T EQ U IPM EN T 
FLIG H T KIT

FO R W A R D  BU LKH EA D
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Shuttle  perfo rm ance  capabili ty

Launch azimuth and inclination limits from KSC in Florida. The inset 
globe illustrates the extent of coverage possible when launches are 
made from KSC.

Cargo capability for a KSC (28.45 degree inclination) launch.
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l aunch azimuth and inclination limits from VAKB in California. 
Note added in proof: no longer to he used for shuttle launches.

L O N G IT U D E  (deg W )

Cargo capability for a KSC (57 degree inclination) launch.
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( S  launch vehicles

S cou t

(Ling Temco Voizt.)

S T A G E  I V  
Height 
D ia m ete r  
Th rus t

ST A G  E III 
Height 
D iameter 
Thrus t

S T A G E  II 
Height 
D iamete r  
Thrus t

S T A G E  I 
Height 
D iamete r  
Thrus t

m (feet) 
m  (feet) 
k n  (pounds

m  (feet) 
m  (feet) 
k n ( p o u n d s

m  (feet) 
m  (feet) 
k n ( p o u n d s

10001

1000)

1.2 ( 4  0)  
0 .7  (2 .1 )  

2 5  6  (5  8)

3  4  ( 1 1 .2 )  
0  8  ( 2  5)  

8 3  1 ( 1 8  7)

6 . 3  ( 2 0  7) 
0.8 ( 2 6) 

100 0 )  2 8 5 . 2  <64 1)

m  (feet) 
m  (feet) 
k n  (pounds

9 . 4  (3 0 .8 )  
1 1 ( 3 .8 )  

100 0 )  4 3 1 .1  <96.9)

Delta
(McDonnell Douglas Astronautics Co.)
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STAGE II
H e ig h t  
D ia m e te r  
T h ru s t  

STAGE I 
H e ig h t  
D ia m e te r  

T h ru s t  
STAGE 0 

H e ig h t  
D ia m e te r  
T h ru s t

A scent A gena

m  (feet) 
m  (fee t)  

kn ( p o u n d s  x  1,000)

m (feet) 
m  (fee t)  

kn (p o u n d s  x  1,000)

m (feet) 
m  (feet) 

kn (p o u n d s  x  1,000)

P A Y L O A O  AND 
A S C E N T  A G E N A  i

t
S TA G E  2 

1

STA G E

I
T I T A N  3 4 B

9.6 (31.3)
3.1 (10.1)

449.2  (101.0)

23.8  (77.8)
3.1 (10.0) 

2 ,059 .4  (463.0)
N /A

PAYLOAD

T I T A N  3 4 0 /
No U p p e r  Stage

9.6 (31.3)
3.1 (10.0)

449.2 (101.0)

23.8 (77.8)
3.1 (10.0) 

2 ,353 .0  (529.0)

27.6 (90.4)
3.1 (10.2) ea

6,227.2 (1,400.0) ea

T i tan

(Mart in M arietta Denver Aerospace.)
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French launch vehicles
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ARIANE 5

VOL HABITE 
MANNED FLIGHT

HE RME S

P 170

L 1 a 4

CHARGES UTILES 
NON HABITEES - y  

UNMANNED FLIGHT

Diametie utile 

Useful diameter 

>■ 4 6m

G T O ; ^

>
5 T  .  8 T A

0 R B I T E  B A S S E  . L E O

400 400 30 1ST
800 800/HELIQSYNCHR0NE -  S S 0 . 10 T

MASSE AU 0EC01LAGE S50 T
LIFT OFF MASS

HAUT EUR HEIGHT 52 M

(Aerospatiale.)
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Soviet launch vehicles
METERS

60

40

20

0
LIFT OFF WEIGHT (kg)1 290000
LIFT OFF THRUST (kg)1 410000
PAYLOAD TO 180 km (kg)1 6300

100

SL 4

310 000 
420 000 

7500

SL 6 

A SL-11

SL 12

A
S L  1 3

SL-8

A

iui
310 000 120 000 180000
420 000 160 000 280000

2100 1700 4000

680 000 
900 000

SL 14

A

L \ b

670000 190000
900 000 280 000

19 500 5500

METERS

80

60

40

20

MEDIUM-LIFT HEAVY-LIFT
LAUNCH VEHICLE*' LAUNCH VEHICLE'

R E U S A B LF 
SPACE 
PLANE IN 
DEVELOPMENT

0

A HEAVY LIFT 
LAUNCH VEHICLE"'

A A

LIFT-OFF WEIGHT (kg)1 400000
LIFT OFF THRUST (kg)1 600000
PAYLOAD TO 180 km (kg)1 15000 +

US Department of  Defense.

WITH 6 OP MORE 
2000000 STRAP ON BOOSTERS 
3 000 000 4 000 000

30 000 150 000

Approximate
In final stages o l developm ent
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Coordinate transformations

C o m p o n e n t s  o f  a  vec to r ,  r, in C a r t e s i a n  (x, y 
cy l indr ica l  ( p , 0 , r )  c o o r d in a t e s .

z

T h e  fo l lowing r e l a t io n s h ip s  exist be tw ee n  th e  C a r t e s i a n .  S pher ica l ,  an d  
Cylindr ica l  sys tem s :

z  =  r co s  0 = z

r —- (.x2 +  y 2 +  z 2)1 2 = ( (>2 + z 2)' 2

0 =  a r c  c o s { z / ( x 2 +  y 2 -f r 2)1 2) =  a rc  t a n (f> z)  0  ^  0 ^  n

(p= a rc  tan(  y x)  =  (j) 0  ̂  </> <  I n

f) =  ( x 2 -f y 2)1 2 = r sin 0

x  = r sin 0 co s  c/> =  p  cos  4>

y =  r sin 0 sin (j) =  p  sin (j)

Vector analysis

Vecto rs  a a n d  b def ined in t e rm s  o f  the  un i t  vec to rs  i ,j ,k  h av in g  the 
d i rec t ions  o f  t h e  pos i t ive  v, y. a n d  r  axes  respect ively:

a — axi -h ay] + azk

b =  hx i +  h v j -I- h. k

T h e  sca la r  p r o d u c t :

a • b — a xb x -h ayby + a zb z



a x b =  (tiyb, — a : by)i +  Ui: bx — ax b=)j -1- (c/vA)v -  </v

I i j k

cl x Clv c l -

K  K  h.

Vecto r  identi t ies:

a • b x c =  (a x b ) c  =  b * ( c x a )  =  ( b x c ) a

=  c - ( a  x b) =  (c x a ) b .

a x  (b x c)  =  ( a c ) b  — ( b - a ) c ,

(a x b) • (c x d) =  (a *c)(b • d) — (a • d)(b*c) ,

(a x b) x (c x d) =  ((a x b)*d)c — ((a x b ) c ) d .

T h e  vec tor  o p e r a t o r  V:

c  c c
V =  i ~  4-j — +  k -■ =  g r a d  

ex cy cz
T h e  d ivergence  o f  a  vec to r  func t ion  F:

r  r  n  r  . r F  . ( F , PF
d i v F  =  V • F  =  i • -— f  j • —— f  k • —  ,

r.v c y  cz

cFx cFv cF.
V F = ^  +

cx cy cz

T h e  curl of  a v e c to r  func t ion  F :

, _  _  _  . r F  . ^ F  r F
curl b = v  x  b =  i x  +  i x - — h k x

( X  c y  CZ

T h e  \ eel o r p ro d u c t :

» j k
C ( c

c x  c y c z

FX Fy Fz

Different ia t ion  fo rm u la e :

V*(/>u =  0 V - u  +  u-V</>,

V x </>u =  0  V x u +  S/cj) x  u ,

V . (u x v) =  v * V x u  — u • V  x v ,

V x (u x v) =  ( v  V )u  — (u* V )v  +  u ( V • v) — v ( V - u ) ,

V(u* v) =  (u • V)v  - f  ( v • V ) t i  +  u x  (V  x  v) +  v x  (V x

V x (V</>) =  curl g r a d  </> =  0 ,

V* (V x  u) =  div curl  u =  0 ,
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V x (V x u) =  curl curl u =  V (V • u) -  V • Vu

=  g ra d  div u — V 2u

V • (V</>, x Vc/>2) =  0

In these  fo rmulas  u a n d  v a re  a rb i t r a ry  vec tors  a n d  </>, </)j, an d  (j)2 a re
a rb i t r a ry  scalars  for which  the indica ted  der iva t ives  exist.

Surface integrals
Divergence  theorem :

-%/%/% /% /%

V - V d K =  o  V - n d S
J j s

Stokes '  theo rem :

n • (V x V) dS  =  (h V • d r
Js

G re e n ' s  theo rem :
re

[01 v 20 2 -  0 2v 20 , ]  d V  = n * ( 0 j V 0 2 — <t)2V<l>\) dS ,

w here  n is the surface o u t w a r d  un it  no rm al .

Differential elements

Cyl indrical  coordinates  
Line e lement :

d^ =  v  ( d r 2 +  r 2 dO +  d.T2)

Area  e lements :

dSr =  rdO  d z , d S 0 = d r  d z , d S 2 = r d 0 dr

V o lu m e  elemen t :

d V  =  r d O d r d z

Spherical  coordinat es 
Line e l e m e n t :

d.s =  x ( d r 2 -f r 2 d 0  +  r 2 s in 2 Odcj)2)

Area  e lements :

d S r = r2 sin 6 d 0 d </>, d S 0 =  r sin 0 d r  d</>,

V o lu m e  element :

d  V — r2 sin 0 d r  d 0 d (p
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D e f i n i t e  i n t e g r a l s

r " c  , , r d/

fMe d/

I" = 0 . 1 . 2

1 ■ 3 . . .  (2/1 1) If 71

-(I

n:
(»

\
(// =■■ 0. 1 . 2 ___ )

rA d.v - I

vc v d.v =
Jo

,A d.v =

sin v r  7i

,  ) -  2
1  j  V

erf.v — - e ' d/ .  e r ro r  function 
\  71 J o

C(A ) -  

/ I ( V) =

r (a) = 

L\tV)\

c o s /   ̂ t 2 \ d i .  N (A ) -- Sin( f2] ^ -
Jo “ Jo V“

I rcsncl integrals

f *  A  Je
d / ,  exponent ia l  integral

r v ‘e ' d / ,  u a m m a  funct ion

e *'/•'(/) d / ,  Lap lace  t rans form

T h e  F our ie r  t r an s fo rm

I he F o u r i e r  t r ans fo rm  of  / ( v ) is:

an d

I (s)

/  ( a  ) =

/  (A )C l2rr vs d.V

h'(s)e'2nxs d.s.

I here  a re  tw o  o t h e r  equ iva len t  vers ions :

F ( . v )  = /  (a ) e 1XS d.v.

I ' M  =
2n

/  (s)elvs d.s
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an d

/ ( n) =
( 271)

1 2

/ (V)  (271)' 2

which a re  also used.

/ (.v )e 10 d.v, 

F(.s)eIAS ds,

£ seful definitions

The  convolution  o f  tw o  func t ions  f ( x )  an d  g(x)  is:
r x

f { u ) g ( x  -  u ) d u  = f * g  = g ( u ) f ( x  -  u ) d u  = g * f .

T h e  autocovariance  function  o f  f ( x )  is:

r  *
f ( x ) ® f ( x )  =  f * ( u ) f ( u  +  a ) dr/

J - *
T h e  autocorrelation  function  of  J { \ )  is:

f * ( u ) f ( u  +  v)di i

v< v) =  -
f ( u ) f * ( u ) d u

7 ( 0 ) =  1.

T h e  cross-correlation  of  tw o  func t ions  </(.v) a n d  h[ \ )  is:

/(•v) = g(u — x)h(u)  du

T h e  power  spectrum  of  a function  / ( v ) is:

/ M e I2nxs d.x = \ F ( s f

T h e  norm al ized  power spectrum  is the power  spectral dens i t y  function:

\F(s)\2

(,v)|2 d.v

T h e  equivalent width  of  a function  f ( x )  is:
r-x
I f i x )  d.x

|0 (s ) |2 =

Wj = - —
/'(0)

T h e  f i l tering  o r  interpolation  funct ion ,  sine x:  
sin nx

71X
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Fourier transform theorems

Theorem / ’(*) Fis) = / (v)e d.v

Similarity

Addition
Shift
Convolution
Autocovariance
Derivative

J'(ax)

f i x )  +  y(x)  

f i x  - a )  

f { x ) * i ) ( x )  

f ( x ) ® f ( x )

/' ( A)

F(s a)
\a\
Fis) +  G(s)  
e - i2n,,sF(s) 

Fis)G(s)

\2nsF(s)

[ f ( x )  * g(x)] =  f ' ( x )  * g(x)  = J ( x )  * g' (x)

D er iva t ive  o f  co n v o lu t io n :  

d

d.v 

P a r s e v a l :
e x f  •

| / ( x ) | 2 d.v =
-  x

|F(.v)|2 d.v

M ul t ip l i c a t i o n :
r x

f * ( x ) g ( x )  d.v =  F*( s ) G(s ) ds

Sam pl ing  theorem:

A fu n c t io n  w hose  F o u r ie r  t r a n s fo rm  is ze ro  for |.s| >  .sc is fully specified by 
va lues  s p a c e d  at  equa l  intervals  no t  exceed ing 1 save  for  any  h a rm o n ic  
t e rm  w i th  zeros  at the sam pl ing  points .

(Adapted from Bracewell, R. N., The Fourier Transform and its Applications, 
McGraw-Hil l  Book Company,  1978.)
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Fourier transform  pairs

(From Korn. G. A.. Basic Tables in Electrical Engineering. McGraw-Hil l,  New 
York, 1965, with permission.)



Special functions

Spheric al harmonies

(21 4- 1)(/ — m)\

V 4 n( l  +  m)\
P"'(cos 0)e'm*

P/M(cosf ))  =  ( -  1)'" sin'" 0 ( d \ d (c o s  0)

2,/i (  d \ d (cos  0)
( — s i n 2 0)'

Y r nV K ^ )  =  ( ~  l P [ r / " ( 0 ,  0 ) ] *

(/ — /??)!
p  M(c o s « )  =  ( - l ) m ^  P/"(COS 0)

(/ +  /?!)!

=  0 >0° =
1

(47T)

=  2 y 2° =

V

>2‘ =  - 

y 22 =

/ =  3 y 3° =

=  - .  I

> /  =

1671

15

3 2 tt

(3 c o s 2 0 — 1) 

sin 0 c o s  e10 

s i n 2 0 e 2uh

/  21 N 

V  V64zr/
/ / 1 0 5

sin 0(5 c o s 2 0 — 1 )e,</> 

s i n 2 0 cos  0 e 2l</'
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Bessel functions

1 )5 n + 2 s

5 = 0

{x)= X  " 7 (;  +'s]~ [ J  j Jn-i [*) + Jn * A*)  = (2n/x) Jn (x)

J 0 (x) = (2/7rx) : c o s ( x — 7r/4)

(Adapted from Chantry,  G. U. J., Long-wave Optics, Academic Press, 
New York, 1984.)

Numer ic a l  analysis

Taylor series

f (x)  =  f ( x 0) + f i x  0)(x -  x0) + f " ( x 0 ) 1 ^ - o )* +

+  / ‘" ’(-Vo) —  + R ,
H\

( n + l ) !

Quadrature
Trapezoidal  rule
Cb

f { x )  d x  -  h ( ~  +  v, 4- 12 +  • • • +  yn _ , +  -  R„
a  \  /

R n = -  u ) h 2f " ( x x) (a <  x ,  <  b)

h — (b — a ) / n , yk =  / ( a  +  /</?), k  =  0,  1......... /?.
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Sim pson 's  rule \n even)

h
J ( v ) d v =  [y 0 4- 4( y , 4- y 3 4- • • • +  y„ ] )

4- 2( y 2 4- y 4 4- • 

=  c>7j(/? — )/?4/ (4,(.v,) ( i/<  a ! </>). h = ( h - a )  n.
+  ~ 2> +  An] — ^

Six-point Gauss Legendre

rh b - a  A  J z i(k ~  a ) +  b  +
1

. — a ^  J  
/(.v)d.\- -  ^ V  n /(

I 1 •
<>

/ (.v) d x  ~  2 y
vv.

( 1 +  z , )2 \ 1 +  ZjJu

where

j 1

1 \

fi --------- +  <1 -  1

Zj =  —z 2 =  0.238 619 186 1 
z 3 =  - z 4 =  0.661 209 386 5 
z 5 =  - z 6 =  0.932 469 514 2 
vv, =  W2 =  0.467 913 934 6 
vv3 =  vv4 =  0.360 761 573 
w 5 =  w6 =  0.171 324 492 4.

Linear interpolation

( xk + l - x ) y k + ( x - x k) yk + l
v =

x k + 1 Xk
for x k < x <  x k , , .

A pproxim ations

f i x ) Approximation 

#3log ,0 .v </,/+<;,/■
( l / v (10)$; x  s? v (10)) f =  ( V — I )/(.v + I)

Parameters

u, =0 .863 04 

«3 =  0.364 15

Maxim um
absolute
error

6 x 10 4

arctan \

( -  1 <  1) 

erf v
(0 5$ v <  x )

1 4  0.28 a-2

1 — ( a{ t 4  a 2t 2 4  a 3t *)e~x p = 0.47047 
1 =  1/(1 4  px)  a 1 =0.348 024 2

a2 =  - 0 .0 9 5  879 8 
a 3  =  0.747 855 6

5 x 10

2.5 x 10

(Adapted from Hastings. C., Approximations for Digital Computers, Princeton, 
New Jersey, 1955.)
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Curve fitting  (linear least-squares)
n

>’( * ) =  X  aj (t)M )» a p p ro x im a t i n g  func t ion
j = o

/ 2 =  Z  - 2 [v,— v(.v,)]2,
/ 1 O’/

where

=  s t a n d a r d  dev ia t ion  of  the  / th o b s e r v a t i o n  y , ,
N  =  n u m b e r  of  observa t ions .

M in im iz ing  / 2, -— / 2 =  0,  yields the  fo l lowing set o f  n o r m a l  e q u a t io n s :
c a k '

N

X  
i - 1

(F o r  the  case  o f  a  l eas t - squares  fit to a s t r a ig h t  line,  see C h a p t e r  17.)
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Probability distributions

Gaussian distribution

PCi(x , / i ,< 7 )=  (<TV (271)) ~ 1 exp 

where

.v =  va lue  o f  r a n d o m  o b s e rv a t io n ,  
f.i =  m e a n  va lue o f  p a r e n t  d i s t r i b u t io n ,  
a  =  s t a n d a r d  d ev ia t io n  o f  p a r e n t  d i s t r ib u t io n  
a 2 =  var iance .

F W H M :

r  =  2.354(t.

P r o b a b l e  e r r o r :

P E  =  0 .6745a .

G auss ian  probabi l i ty  dis t r ibut ion PG(x,^,cr)  vs. — Y =  2 . 3 4 5 rr; 
p robab le  e r ro r  (PE) =  0.6745a.  (Adapted from Bevington. P. R.. D ata  
R eduction and Error Analysis fo r  the Physical Sciences, McGraw-Hil l  
Book C o m p a n y ,  1969.)

x - n
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The G a u s s i a n  p r o b a b i l i t y  d i s t r i b u t i o n  l \ t[ v s . r =  |.v //| n

z

The integral of the Gaussian probabi l ity  dis t r ibut ion

/4(i(.\\ g ) vs. r  =  |.v -  n \ l a . where

(Adapted from Bevington,  P. R . Data Reduction and Error Analysis  
fo r  the Physical Sciences , McGraw-Hil l  Book C o m p a n y ,  1969.)

0.999

099

0.96

0.9

0.8

0.6

0.4

0.2

z 1~ ^ G Z 1 —A q

1 3.173 105 X 10" ' 6 1.973 175 X 10 4
2 4.550 026 X 10 2 7 2 .5 5 9 6 2 5  X 10 12
3 2.699 796 x 10 3 8 1.244 192 x 10“ 15
4 6 .3 3 4 2 4 8  X 10 s 9 2.257 177 X 10 19
5 5 .733031  X 10 7 10 1.523971 X 10"23
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P B(.x,n , p ) =  p x( 1 -  P)" x
x! (n — .v):

If p  is the  p ro b a b i l i t y  tha t  an  event  will o c c u r ,  the n  in a r a n d o m  g r o u p  of  
n i n d e p e n d e n t  t r ials ,  P B is the  p ro b a b i l i t y  t h a t  the  even t  will o c c u r  x  t imes.

ft =  m e a n  =  np

a 2 =  v a r ia n ce  =  np( 1 — p)

Poisson distribution

P p( * , /  =
x!

P  is the p ro b a b i l i t y  o f  observ ing  x even ts  w h e n  the a v e ra g e  for a  large 

n u m b e r  o f  t r ia ls  is ft events.

a 2 =  v a r i a n c e  =  p  =  m ean  

T h e  p ro b a b i l i t y  o f  o bserv ing  at  least s e v e n t s  is:

Pp( x > s , n ) =  V  ^  f e “
V — v  •

Binomial distribution
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Probability of /?, or more random events w ith Poisson distribution 
when the expected or mean number of events is n as a function of  the 
threshold number //,. (From RC A Fleetro-Optics Handbook,  1974.)

TH R ESH O LD  NUMBER n x
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Probability of n{ or  more random events with Poisson distribution 
when the expected or  mean number of events is ri as a function of the 
threshold number nr  Curves for 10 7 <  ri < 10 4 are approximate. 
(From RCA Electro-Optics Handbook , 1974.)

Poisson distribution {cont.)

THR ESH OLD  NUMBER n .
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Chi-square d istr ibution , confidence levels

T h e  c h i - s q u a re  d i s t r ib u t io n  for n{) degrees of  freedom is given b \ :

/ \ , ( / 2 ) d / 2
2lT { h ) ( / 2 i/i 1 ,, /' 2d / 2

w here  // (for *half) =  n{) 2.
The  conf idence  level C L  as soc ia ted  wi th a given va lue o f  /?() an d  an 
obse rved  y 1 is the p ro b ab i l i ty  of  y 2 exceed ing the observed  value:

C L  = d y 2Pntp . 2 )

y 2 confidence level vs. y 2 for nD degrees of freedom. (From Review of Panicle 
Properties, Lawrence Berkeley Laboratory,  University of California, Berkeley, 
CA, 1982.)

10 20 30

10 20 30
x 100 f o r -----)

40

40

50 60

50 60

80 1 0 0

80 100

0.06

0.04

C J  0 0 3

W 0.02>ju
O 0.01c

5  0 .006  

o 0 .004  
°  0 .003

0.002

0.001

0.0006

0.0004
0.0003

0.0002

0.0001
1 2 3 4 5 6  8

X2 (or x2
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. 2 =  y  Ln * l  — NP(Xj )Y  
7 j I V/>).V; I

w here

/ ( . \ J.) =  observed  f requency  d i s t r ibu t ion  of  possible  o b s e rv a t io n  .xj7, 
n =  n u m b e r  of  different values o f  x- observed ,
N  — total  n u m b e r  o f  m e asu re m en ts ,
P(xj )  =  theore t ical  p robab i l i ty  d is t r ibu t ion .

y 2 =  y 2/v  (for y 2 tests,  y 2 shou ld  be  ^  1),

v =  degrees  o f  f reedom =  n — n u m b e r  of  pa ra m e te r s

ca lcu la ted  from the d a t a  to descr ibe the d is t r ibu t ion .

The probability P , ( y \  v) of exceeding y 2 vs. the reduced chi-square 

y l  =  / 2 v ar*d the number of degrees of freedom v.

y2 test o f distributions

(Adapted from Bevington, P. R.. Data Reduction and Error Analysis 
for the Physical Sciences, McGraw-Hill Book Company,  1969.)

\2/v
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S am ple  m e an :

1 v\  =  , 2^ a , > //, pa ren t  m ean .

S am ple  var iance:

.s2 =  V  ( x .  — ,\ ) 2 ^  rr2 , pa ren t  variance.
.\ 1

F o r  v =  /'(£/,

a =  / (//, f , . . .), the  m o s t  p ro b a b le  value  for  a . and

Propagation of errors

\ c ‘u j  \ ( i j  \ c u j \ c v j
where

1

an d

° u  =  l im 771  ( " i  -  “ I 2- v ;  =  I 'm 7, I  (»•, -  I ' ) 2
.V-  /  /v .V— /  /V

a 2. =  lim V  [(w, — w)(r, — r) ]  , the covar iance .
,v -  / /V

F o r  w an d  r  u n c o r re l a ted ,  cr2 =  0.

I east-squares fit to a straight line

Linea r  func tion :

y(x) — a 4- bx. 

C h i - s q u a re :
1

07
(y, -  a -  bXiV

a,  =  s t a n d a r d  dev ia t ion  o f  the  o b s e rv a t i o n  y f.

L eas t - squa res  fit ting p ro c e d u re :

m in im ize  / 2 with respect to eac h  of  the  coefficients 
a a n d  b s imul taneous ly .
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Coeff ic ients  o f  l e a s t - sq u a re s  fit:

a = 1 f r  x i sr yi  r x i r x i)' i
.2A \ a - < 7 j  o f  G

A = Z ^ ^ ( l ^ 2n, a,- \  a x J

E s t im a ted  v a r ia nce :

fT2 - . V 2 =  — ( Y i - C I  - b x , ) 2

s 2 =  s a m p l e  va r ia nce  

U n c e r ta in t i e s  in coefficients:

1 v 2 1 12 V" 1 2 \
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U n i t  o f  ac t iv i ty  =  C u r ie :

1 Ci =  3.7 x 1010 d i s in t e g ra t i o n  s 1.

U n i t  o f  e x p o s u re  d o s e  for  X- a n d  y - r a d ia t io n  =  R o e n t g e n :

1 R =  1 esu c m  ~ 3 =  87.8 e rg g “ 1 (5.49 x 107 M eV  g ' 1) o f  air.

U n i t  o f  a b s o r b e d  d o s e  =  rad :

1 rad  =  100 erg  g 1 (6.25 x 107 M e V  g “ 1) in a n y  m a t e r i a l .

U n i t  d o s e  eq u iv a le n t  (for p r o t e c t i o n )  =  r em :

rems ( R o e n tg e n  eq u iv a le n t  for m a n )  =  rad x Q F .

w here  O F  (qua li ty  fac tor)  d e p e n d s  u p o n  th e  ty p e  o f  r a d ia t io n  a n d  
o th e r  fac tors .  F o r  y-rays  a n d  H E  p r o t o n s ,  O F  ^  1; for  th e rm a l  
n e u t ro n s ,  Q F  -  3; for  fast n e u t ro n s ,  O F  ranges  u p  to  10: a n d  for  a 
par t i c le s  a n d  heavy  ions .  O F  r an g es  up  to  20.

M a x i m u m  permissib le occupat iona l  Jose  for  the w h o le  b o d y :

5 rem y r -1 (o r  -  lO O m rem  w k ' 1).

F luxes  (per  c m 2) to  l ibe ra te  1 rad  in c a r b o n :

3.5 x 107 m i n i m u m  ion iz ing  singly c h a r g e d  par t i cles,
1.0 x 109 p h o t o n s  o f  1 M e V  energy

(These  f luxes a re  co r rec t  to  w i th in  a  fac to r  o f  2 for  all mate r ia ls .)

Radiation physics

R a d i a t i o n  e x p o s u r e  (m re m  yr  11) o f  a  typ ica l  pe r s o n  in the  US:

N atura l sources Artificial sources
Cosmic radiation 28 Environmental 8
Terrestrial radiation 26 Medical 92
Internal isotopes 26 Occupational 1

Nuclear power 0.3
Miscellaneous 5

(This table has been adapted from Partic le  P roper ties  D ata  B o o k le t . Lawrence 
Berkeley Laboratory,  Berkeley, CA, 1980, and Upton ,  A. C., T h e  biological effects 
of low-level ionizing radiat ion ',  Sci. A m er ., 246. 41. Feb. 1982.)
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Maximum permissible flux for occupational exposure to various types of 
ionizing radiations (cont.)

Stopping power as a function of energy. (Adapted from Nuclear 
Instruments and Their Uses, A. H. Snell, ed.. John Wiley and Sons. 
1962.)

OXYGEN ION n

ALPHA PARTICLE

PROTON

ELECTRON

01 10 
ENERGY (MeV)

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 - 9 0 °0 deaths, 2 12 weeks
600 1000 90 100°0 deaths. 1 6 weeks

1000 5000 100°o deaths, 2 14 days
>  5000 100° 0 deaths, 0 2 days

(Adapted from Glasstone, S. &. Dolan. P. J., The Effects o f  Nuclear Weapons. US 
Government Printing Office, 1977.)
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Astronomical catalogs

X-ray sources
Amnuel, P. R.. Cuseinov, O . H. & R akham im ov, Sh. Yu.. 1979. Ap. J. Suppl., 

41 .327 .
Bradt, H. V.. Doxsey, R. E. & Jernigan, J. G ., 1978. Adv. Space Exploration. 3.
F orm an , W. et al ., 1978, Ap. J . Suppl., 38. 357.
Cooke, B. A. et al., 1978, M .N .R .A .S . ,  182. 489.
M arkert ,  T. H. et al., 1979, Ap. J. Suppl., 39. 573.
Marshall, F. E. et al., 1978. N A SA  Tech Mem. 79694.

Radio sources
Dixon, R. S.. 1970, Ap. J. Suppl., 20, 1.
Finlay, E. A. & Jones, B. B , 1977, Aust. J. Phys ., 26, 389.

N G C I C  objects
Sulentic, J. W. & Tifft, W. G ..  1973, The Revised New General Catalog o f  Non- 

Stellar Astronomical Objects, University of Arizona Press.
Schmidtke, P. C., D ixon. R. S. & G ea rh a r t .  M R., 1979. Palomar Sky  Surrey 

Overlays, O h io  S tate  University  Radio  O bserva to ry .

Optical (non-stellar)
Dixon, R. S. & S onneborn ,  G . ,  1979, Master Optical List,  O h io  State 

University Radio O bserva to ry .

Infrared sources
Schmitz, M. et al., 1978, Merged Infrared Catalog, NASA Tech. Mem. 796X3. 

G o d d a rd  Space Flight C en ter ,  G reenbelt ,  M ary land .
Price, S. & W alker, R., 1976, The AFGL Four Color Infrared Sky  Survey, 

AFGL-TR-76-0208, H anscom  AFB, M assachusetts  {Supplement: 
A FG L -T R -77-0I60 , 1977).

Gezari, D. Y. et al., 1984, Catalog o f  Infrared Observations, NASA ref pub 
1118.

Gamma-ray sources
Wills, R. D. et al., 1980 Adv. in Space Exploration, Vol. 7. Pergamon 

Press.

Quasars
de Veny, J. B , O sb o rn ,  W. H. & Hanes, K., 1972, Pub. A S.P.,  83, 611.
Burbidge, G . R., C row ne, A. H. & Smith, H. E., 1977, Ap. J. Suppl., 33, 113.
Hewitt, A. &  Burbidge. A.. 1987, Ap. J. Suppl., 63. 1.
Hewitt, A. & Burbidge, G . R., 1980. A Revised Optical Catalogue o f  Quasi- 

Stellar Objects, Ap. J . Suppl.. 43, 57.

Clusters o f  galaxies
Abell, G .,  1958, Ap. J. Suppl., 3, 211.
Klemola, A. R., 1969, A.J.,  74, 804.

Seyfert galaxies
W eedm an, D. W ., 1977, Ann. Rev. Astr. Ap., 15, 69.
Adams, T. F.. 1977, Ap. J .  Suppl., 33, 19.

Markarian galaxies
Peterson, S. D., 1973, A.J.,  78. 811.

Galaxies
Sandage, A., 1961, The Hubble Atlas o f  Galaxies, Carnegie  Institute, 

W ashington , DC.
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Zwicky. 1 et til.. 1961 68, Cataloy of Galaxies and C lusters of Galaxies.
6 vols.. Calif. Inst. Tech. (Pasadena).

Vorantsov V elyam ino \.  1964. Morphological Cataloy of Galaxies.

Bricj hi if ataxies
dc Vaucouleurs. G . & de V aucouleurs. A.. 1964. Reference Cataloy of Briyhi 

Galaxies. University of Texas Press (Austin).
Dressel. L 1 & C o n d o n .  J. J.. 1976, Ap. J. Suppl.. 31, 1X7.

Peculiar yalaxies
Arp. H . 1966. Ap. J. Suppl.. 123. 1.

/ /  II reyions in yalaxies
Hodge. P W . 1969, Ap. Suppl.. 157, 73.
Lynds. B. T., 1974, Ap. J. Suppl.. 267, 391.

Infrared yalaxies
Reike. G  H.. 1978. Ap. J.. 226. 550.
Reike. G . H. & Lebofsky. M. J.. 1978, Ap. J ., 220. L37.
Reike, G . H & Low. F. J.. 1972. Ap. J.. 176, L95.
Neugebauer, G .. Becklin. E. E.. O ke, J. B. & Searle, L., 1976. Ap. J.. 205. 29.
Kleinm ann. D. E. & Low. F. J.. 1970. Ap. J ., 159, L165.

Stars
AGK3 Star Cataloyue , 1975, H am b u rg er  S ternw arte  (H am burg).
Smithsonian Astrophysical Observatory Star Cataloy . 1966, Smithsonian 

Publ. 4652, US G overnm en t Printing Office, W ashington , DC.
Hofleit, D.. 1964, Cataloyue o f  Briyht Stars. Yale University Observatory  (New 

Haven).
Fricke, W. & Kopf, A., 1963, Fourth Fundamental Cataloy (h K4). Braun 

(Karlsruhe).
N agy, T. A. & M ead , J., 1978, HD-SAO-DM Cross Index, NASA Tech.

Mem 79564, G o d d a rd  Space Flight C enter, Greenbelt,  M aryland.
Schmid ike, P. C., D ixon, R. S. & G ea rh a r t ,  M. R., 1979, Palomar Sky Surrey 

Overlays , O h io  State  Radio O bserva to ry .
G ottlieb . D. M ., 1978. .4/). J. Suppl., 38. 287.
Hirshfeld. A. & S innott,  R. W., 1981, Sky Cataloyue 2000.0, Sky Publishing 

Corp . (Cam bridge, MA).
Rufener, P ., 1980. Third Cataloyue of Stars Measured in the Geneva 

Observatory Photometric System, O bserva to ire  de Geneve, Switzerland.

Shir clusters and associations
Alter. G ..  Balazs, B. & Ruprecht, J., 1970, Cataloyue o f  Star Clusters and 

Associations. Akademiai K iado  (Budapest).
Fenkart .  R. P. & Binggeli, B.. 1979, Astron. Ap. Suppl., 35. 271.
Becker. W. & Fenkart .  R.. 1971. Astron. Ap. Suppl., 4. 241.

Superyiants, 0  stars, and OB associations
Hum phreys, R. M.. 1978. Ap. J. Suppl.. 38, 309.
Cruz-G onzales , C .,  Recillas-Cruz, E., C oste ro .  R.. Peim bert,  M. &

Torres-Peim bert.  S., 1974. Revista Mexicana de Astronomta y Astrofisica, 1, 
2 1 1 .

Luminous Stiirs in the Northern M ilky Way, 6 vols., 1959 65, Ham burger 
S ternwarte  and W arner  and  Swasey O bservato ries  (Hamburg-Bergedorf).

Variable stars
K ukark in , B. V. et a!., 1969. Cataloyue o f  Variable Stars , 3rd edn. Astron. 

Council o f  the Academy of Sciences in the USSR (M oscow) (plus 
Supplements).
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Ultraviolet
Catalogue o f  Stellar Ultraviolet F luxes , 1978, The Science Research Council.

White dwarfs
M cC ook , G . P. & Scion, E. M.. 1977, Obs. Contrib ., No. 2, Villanova Univ.

Nearby stars
Gliese. W.. 1969, Catalogue o f  Nearby Stars, Veroffentlichungen des

A stronom ., Rechen-Inst., Heidelberg, No. 22, Verlag G. Braun (Karlsruhe).
Woolley, R„ Epps. E. A., Penston . M. J. & Pocock, S. B . 1970. Roy. Obs. 

Ann., N o . 5.
Halliwell, M. J„  1979, Ap. J. Suppl., 41, 173.
Gliese. W. & Jahreiss, H ., 1979, Astron. Astrophys. Suppl., 38, 423.

Proper motion and halo stars
Eggen, O . J., 1979, Ap. J .. 230. 786.
Eggen, O. 1979, Ap. J. Suppl., 39. 89.
Eggen, O. J.. 1980, Ap. ./.. 43. 457.
Luyten, W. J., 1979, N L T T  Catalogue. 4 parts, Univ. of Minnesota 

(Minneapolis).
Luyten. W. J., 1963. Bruce Proper Motion Survey. 2 vols., Univ. of Minnesota 

(M innea polis).

Luyten, W. J., 1961, A Catalog oj 7127 Stars in the Northern Hemisphere with 
Proper Motions Exceeding 0.2 arcsec Annually, Lund Press (Minn.).

Luyten. W . J.. 1976, A Catalog o f  Stars with Proper Motions Exceeding 
0.5 arcsec Annually, University of  Minnesota (Minneapolis).

Giclas, H., B urnham , R. Jr. & T h o m as ,  N. G ., 1971, Lowell Proper Motion 
Survey (The G Numbered Stars). Lowell Obs. Bull.: Nos. 118. 125. 141, 153, 
163, Lowell Ohs., Flagstaff (Arizona).

Double stars
Aitken, R. G .,  1932, New General Catalog o f  Double Stars within 120 o f  the 

North Pole. Publ. 417, C arnegie  Inst.. Washington.

Radial velocities
Abt, H. A. & Biggs, E. S., 1972, A Bibliography o f  Stellar Radial Velocities, 

K itt  Peak N ational O bserva to ry .
Evans, D. S., 1978, (  atalog of Stellar Radial Velocities (microfiche).
M oore . J. H., 1932, A General Catalog of the Radial Velocities of Stars, 

Nebulae, and Clusters, Pub l.  of  Lick Obs., Vol. 18, Univ. of Calif. Press 
(Berkeley).

Wilson, R. E., 1953, General Catalog of Stellar Radial Velocities Prepared at 
Mount Wilson Observatory, Publ. 601, Carnegie Inst.. Washington.

Stellar spectra
H ou k , N. & Cowley, A. P.. 1975, Univ. o f  Michigan Catalog o f  Two- 

Dimensional Spectral Types for the HD Stars, Vol. I (Ann Arbor).
Buscombe, W , 1977, M K  Spectral Classifications. Third General Catalog. 

N orthw estern  Univ. (Evanston , Illinois).
Kennedy, P. M. & Buscom be, W.. 1974, M K  Spectral Classifications Published 

Since Jaschek's La Plata Catalog , N orthw estern  Univ. (Evanston, Illinois).
Jaschek, C., C onde , H. & de Sierra, A. C., 1964, Catalog o f  Stellar Spectra 

Classified by the M organ Keenan System, Obs. Astron. de la Univ. Nacional 
de la Plata  (Argentina).

Seitter, W. C., 1970, Atlas fur Objektiv-Prismen-Spektren, D um m ler (Bonn).
Breakiron, L. A. & U pgren ,  A. R., 1979, Ap. J. Suppl., 41. 709.
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Globular dusters
Harris, W I . 1976. A.J.. 81. 1095.
Arp. H . 1966. in Galactic Structure. eds. A Blaauw & M. Schmidt, Univ. of 

C hicago Press, p. 401.

Planetary nebula
Perek. L. & K ohoutek . L.. 1967. Catalogue of Galactic Planetary Nebula 

Czechoslovak Acad, of Sciences (Prague).

Reflection nebulae
van den Bcrgh. S.. 1966, A.J.. 71. 990.

Supernova remnants
Downes, D., 1971. A.J., 76, 305.
Clark , D. and Caswell, J ., 1976. M .N.R.A .S ..  174, 267.

Pulsars
Manchester. R. N., Lyne, A. G .. Taylor,  J. H.. D urd in ,  J. M .. Large. M. I. & 

Little, A. G ., 1978, M.N.R.A.S.,  185. 409.
D am ashek , M.. Taylor, J. H. & Hulse. R. A.. 1978, Ap. J.. 225. L31.

OH masers
T urner,  B. E., 1979, Astron. Ap. Suppl., 37, 1.

CO clouds
K utner. M. L., M achnik, D. E., Tucker. K. D. & D ickm an. R. L., 1980,

Ap. J.. 237, 734.

H l l  regions anil spiral structure
Georgelin. Y. M. & Georgelin, Y. P.. 1976, Astron. A p ., 49, 57.
M arsaklova, P., 1974, Ap. Space Sc.. 27. 3.

5 GHz continuum surveys (galactic plane)
Altenhoff, W. J., Downes, D , Pauls, T. & Schram l. J., 1978, Astron. Ap.

Suppl., 35, 23.
Haynes, R. F., Caswell, J. L. & Simons, L. W. J., 1978, Australian J. Phys 

Ap. Suppl.. 45, 1.
Haynes, R. F., Caswell, J. L. & Simons, L. W. J., 1979, Australian J. Phys.,

Ap. Suppl., 48, 1.

Radio recombination line surveys
Downes, I), et al., 1980, Astron. Ap. Suppl. 40. 379.
Reifenstein, E. C. I l l ,  Wilson. T. L... Burke, B. F.. Mezger. P. G . & AltcnhofT. 

W. J., 1970, Astron. Ap.. 4, 357.

H I (21 cm) surveys
Heiles, C. & Habing, H., 1974, Astron. Ap. Suppl., 14.
Heiles, C. & Jenkins, E. B., 1976, Astr. Ap., 46. 333.

Sun
Solar-Geophysical Data (monthly, 2 parts), N O A A . N ational G eophys . and  

Solar-Terrestrial D a ta  Center (Boulder); Solar-Geophysical Data, Descriptive 
Text , 1974. No. 354 (Suppl.).

Planets
American Ephemeris and Nautical Almanac (yearly), US G overnm en t Printing 

Office, W ashington. D C ; Explanatory Suppl., 1975. H M  Stationery  Office, 
L o n d o n .



4 2 8

Stellar rotational velocities
Bernacca, P. L. & Perinotto , M ., A Catalog o f Stellar Rotational Velocities, 

Contrib. Oss. Astrofis. Asiago, Univ. Padova, No. 239, 1970; N o. 250, 1971; 
No. 294, 1973.

Boyarchuk, A. A. & Kopylov, I. M., 1964, A General Catalog o f  Rotational 
Velocities o f  2558 Stars, Publ. Crimean Astrophys. Observ., 31, 44.

Uesugi, A. & F ukuda , I., 1970, A Catalog o f  Rotational Velocities o f  the Stars , 
Contrib. Instit. Astrophys. and Kwasan Obser. Univ. Tokyo, No. 189.

Radio galaxies
Burbidge, G. & C rowne, A. H., 1979, Ap. J. Supply 40, 583.

Dark clouds
Lynds, B. T., 1962, Ap. J. Suppl., 7. 1.

Binaries
Batten. A. H.. Fletcher, J. M. & M ann, P. J., 1978, Seventh catalogue o f  the 

orbital elements o f  spectroscopic binary systems, Pub. Dominion Astrophys.
Obs., vol. XV. No. 5.

W ood, F. B., Oliver, J. P., Florkowski, D. R. & Koch, R. H., 1980, Finding 
list for observers o f  interacting binary stars, University of Pennsylvania Press.

Machine-readable astronomical catalogues
The Astronomical D ata  Center  of  the N A SA -G oddard  Space Flight C enter ,  

Greenbelt, M D  20771. maintains a large num ber of machine-readable 
astronomical catalogues. See Astronomical Data Center Bulletin. 
N S S D C /W D C  N A SA -G oddard  Space Flight Center.

Selected astronom ical catalog prefixes (see references in p rev ious  
section)

X-ray and gamma-ray
IF. HEAO-2 (Einstein).
H HF.AO-1. A-2 experiment (GSFC).
XRS Amnuel et al. compilation.
4U, 3U, etc. U huru catalogs.
IM OSO-7 catalog (MIT).
2A, A Ariel catalogs.
2S SAS-3 source (MIT).
CGS Bradt et al. galactic sources.
MXB M IT burst source (Bradt et al.).
C G (cosmic gamma-ray), usually COS-B source.

Radio
G (galactic coordinates), various sources usually continuum  surveys
3C (3rd Cambridge) 1959, Mem. R .A .S ., 68. 37; 1962, 68, 163.
4C (4th Cambridge) 1965, Mem. R .A .S .. 69. 183; 1967, 47. 49.
W (Dwingeloo) W esterhout 1958. B A N , 14. 215.
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C I A. CTB. C T l)  (Cal Tech) I960. tt/M. .4.5.P.. 72. 237; Ca/. Km//Y>. Ohs.
Reports ( # 2 )  I960 65. 1963. A.J.. 68. 1X1.

N RAO (Green Bank) 1966. Ap. J. Suppl., 116.
PKS (Parkes) 1964. Australian ./. Phys.. 17. 340; 1965. 18. 329; 1966. 19.

35; 1966. 19. X37; 196X. 21. 377.
MSH (Sydney) Mills. Slee & Hill. I95X. Australian J. Phys., 11. 360; I960.

13. 676; 1961. 14. 497.
OA 07.  (Ohio State) 1966. Ap. J .. 144; 1967. A.J.. 72. 536; I96X. 73. 381;

1969. 74, 612; 1970. 75. 351; 1971. 76. 777.
AM W W  (Bonn) AltenhofT. Mezger. W endkar & W esterhout. I960. Publ.

Univ. Ohs. Bonn.. No. 59.

Opt ical-s tars-genera I
H D  Henry Draper Catalog 1918-25. Harvard Ann., 91-100.
AGK #  Astronomische Gesellschaft Katalog.
FK #  Fundamental Katalog.
SA O  or # # # # # #  Smithsonian Astrophysical Observatory Catalog.
G C  General Catalog, Boss. 1936, Carnegie Inst. Wash. Publ. 468.
BD Bonner Durchmusterung, I860, Beoh. Bonn. Obs., 3; 4; 5.
SD Southern Durchmusterung, 1886, Beob. Bonn. Obs., 8.
C D  (or C oD ) Cordoba Durchmusterung, 1892, Result. Natl. Obs. Argentina, 16;

17; 18; 21a; 21b
C P D  Cape Photographic Durchmusterung, 1896, Ann. Cape Obs.. 3; 4;

5.
D M  BD, C P . C P D  combined.
±  #  #  . . .  Usually D M  catalogs.
HR (H arvard  revised) Harvard Ann., 1908, 50.
BS (Bright star) Yale Bright Star Catalog. Follows HR numbering

system (BS =  HR #  ).

Optical stars proper motion 
G  # # # - # # #

(or G D , H G ) Lowell P.M. Surveys.
BPM (or L) Bruce P.M. Survey.
LP (Luyten-Palom ar) 1969a, 1969b, Luyten 1963. P.M. Survey

with the 48-Inch Schmidt, Univ. Minn., Minneapolis.
LHS (Luyten Half-Second) Luyten, 0.5" yr ' .  P .M . Survey.
L T T  Luyten, 0.2" yr P .M . Survey.
N L T T  Luyten, new P.M. Catalog.
LB, etc. o ther Luyten P.M. Catalogs.

Optical-stars miscellaneous
E G  or G R  (White Dwarfs) Eggen and /o r  Greenstein; EG : Ap. J..  1965, 141,

83; 1965, 142, 925; 1967, 150, 927; 1969, 158. 281. G R : Ap. J.,
1970, 162. L55; 1974, 189, L I 31; 1975, 1% . LI 17; 1976. 207. 
LI 19; 1977, 218, L21; 1979, 227, 244. Also Greenstein, 1976, 
A.J.,  81, 323; 1976, Ap. J ., 210, 524.

G L  Gliese, W., 1969, Catalog o f  Nearby Stars , G. Braun. Karlsruhe.
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Y (Yale) Jenkins, L. F.. 1952, General Catalog o f  Trigonometric
Stellar Parallaxes. Yale Univ. Ohs.,  New Haven. (Also 1963, 
Suppl.)

(Yerkes) van Altena et al.. A J . , 1969. 74. 2; 1971. 76. 932; 1973, 
78. 781: 1973. 78, 201; 1975. 80, 647.

HZ H um ason & Zwicky, 1946. Ap. J.. 105. 85 91.
Wolf (or W) Nearby star discovered by Max Wolf (see Gliese ca ta log for data).
Ross (or R) Nearby star discovered by Frank  Ross (see Gliese catalog for

data).
PHL (Ton. Tn. TS) (Palom ar-H aro-Luyten) H aro  and Luyten, 1962, Bol. Obs.

Tonantzintla y Tacubaya, 3. 37. (Faint blue stars.)
VB Van Biesbroeck, G.. 1961, A .J., 66, 528.
Feige (or F) Feige. 1958. Ap. J .. 128, 267.

Optical-stars-variable
Nam ing convention (if no standard  name):

Constellation preceded by the following com binations in o rd e r  of  variability
discovery:
R , S , T .........Z , RR, RS..........RZ, SS .......... S Z _____ Z Z , AA, A B.......... AZ,
BB........ B Z .......... Q Q .......... QZ, V335, V 3 3 6 , . . .  (Note: the letter J is not
used.)

Optical miscellaneous galactic
TR Trum pier, R„ 1930, Lick Obs. Bull., No. 420 (associations).
Coll Collinder, P., 1931, Ann. Obs. Lund., No. 2 (associations).
RCW Rodgers, Campbell & W hiteoak, I960, M .N .R .A .S ., 121, 103 (H II regions).
R Reflection nebula, preceded by constellation, as in M on  R2.
S Sharpless, 1959, Ap. J. Suppl., 4, 257 (H II regions).
SS Stevenson and Sanduleak object.
HH Herbig-Haro object. Herbig, 1951, Ap. ./., 113, 697; H aro , 1952, Ap. ,/., 115,

572; Herbig, 1974, Lick Obs. Bull., 658.

Optical-general non-stellar
N G C  Dreyer’s New General Catalog.
IC Dreyer’s Index Catalog.

Optical extraga lactic
Mrk (or Mkn) M arkarian , Astro/izika (in Russian), 1967, 3, 55; 1969, 5,

443; 1969, 5, 581; 1971, 7. 511; 1971, 8, 155; 1973, 9, 488; 1974, 10, 
307; 1976, 12, 390; 1976, 12. 657; 1977, 13, 225.

Zw Zwicky.
M C G  Morphological Catalog o f  Galaxies.

Infrared
IRC (or TM SS) (Infrared Catalog) Ncugebauer, G. &  Leighton, R. B., 1969, Two- 

Micron Sky Survey, Cal. Tech.. NASA SP-3047.
A F G L  Air Force Geophys. Lab.
G M S Gillett. Merrill & Stein. 1971, Ap. J., 164, 83.
Hall Hall, R. J.. 1974, A Catalog o f  lO-pm Celestial Objects, Space and

Missile Systems Org., SAMSO-TR-74-212.
M1RC Merged Infrared Catalog.
BN Becklin Neugebauer object (in O rion  Nebula). 1967. Ap. J .,  147, 799.
KL Kleinmann Low object (in Orion  Nebula), 1967, Ap. J., 149. LI.

(The material in this chapter was prepared by C. W. Maxson of the 
Harvard/Smithsonian Center for Astrophysics.)
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A te m p la t e  l ibrary  is avai lab le for IBM  P C s  a n d  co m p a t ib l e s  run n in g  
D O S  2.0 o r  h ighe r  versions.  This  l ibrary is for vers ion  1A o r  highe r of  
L O T U S '*  1-2-3 a n d  all c o m p a t ib l e  sp readshee t  p ro g ra m s .  T h e  l ibrary  is 
ava i lab le  o n  d isket tes  and  con ta ins  mos t  of  the complex  fo rmulae  and  much 
o f  the  t a b u l a r  d a t a  o f  this h a n d b o o k  an d  ad d i t io n a l  ma te r ia l .  It is m enu-  
d r iv en  a n d  will yield g raph ica l  a n d  t a b u la r  o u t p u t  for ‘w h a t - i f  p rob lem s  in 
sphe r ica l  a s t r o n o m y ,  inc luding c o o r d in a t e  t r a n s fo rm a t io n s  a n d  r igorous  
p recess ion  a n d  n u ta t i o n  co r rec t ions ,  p la n e ta ry  pos i t ions ,  b ina ry  s tar  
o rb i t s ,  U V .  X-ray.  a n d  g a m m a - r a y  a b s o rp t io n  coefficients,  relat ivi ty,  uni t  
c o n v e r s io n s ,  p la sm a  physics p a ram e te r s ,  s y n c h ro t ro n  ra d ia t io n ,  least- 
s q u a r e s  f it ting,  s tat is tics,  elect ron ranges .  X -ray  reflectivity,  b la ck b o d y  
r a d i a t i o n ,  v a c u u m  physics, in te rs te l lar  pho toe lec t r ic  a b s o r p t i o n ,  a n d  
a t m o s p h e r i c  ab s o rp t io n .

R eques t s  for  in fo rm a t ion  shou ld  be d i rec ted  to  S C I E N C E . w k s ,  P .O. 
Box 426.  W inches te r .  M A 01890, USA.

Diskettes for PCs





I n d e x

A berra tion , 124 5 
co n s tan t ,  10 

A bsolute  m agnitude, 105 
o f  galaxies. 85 
o f  stars. 45 9. 105 

A bsorp tion  cross-sections. 177. ! 98 202.298 
oscilla tor  s trength. 257 

A bundances,  30. 221-3 
A G N s.  87 
Alfven speed, 284 
A lpha particle sources, 312 

range-energy. 308 9 
specific energy loss, 309 

A ngstrom  unit. 11 
A ngular  density vs. redshift. 253 

size vs. redshift, 250-51 
A pp aren t  m agnitude, 98 

place, 125 
so la r  time, 107, 125 

A pprox im ations .  405 
ASC II cha rac te r  set. 370 3 
A stronom ical catalogs, 424-8 

ca ta lo g  prefixes, 428-30  
co-ordinate transform ations, 111 
facilities, 114-19 
p h o to m e try ,  98-102 
un it ,  10, 126 

Astrophysical p lasm a parameters, 286 
A tm osphere ,  a t ten u a t io n  of photons in, 203, 

240
c o m p o si t io n ,  239 
c ons ti tuen ts ,  239 
density  vs. a ltitude, 238 
elec tron  density vs. altitude, 239 
In te rn a t io n a l  Reference, 238 
pressure  vs. altitude, 241

standard , 8 
structure, 243
tem perature  vs. altitude, 238. 242 
transmission, 164 
US standard , 241 -2 

Atmospheric composition, 239 
constituents, 239 
depth. 229 
opacity, 155, 240 
transmission. 164 

Atomic energy levels, 258-60 
mass unit. 8. 10. 11 
num ber, 20 1 
physics, 256 7 
scattering coefficient, 257 
scattering factor. 322 
time, 107 8 
weight, 20-1 

A ttenuation coefficients, 291-303 
of electromagnetic radiation, 291 303 
lengths. 295
of photons in the atmosphere, 79. 203, 240 
of pho tons in the interstellar medium.

198 202, 204 
A utocorrelation function, 400 
Autocovariance function. 400 
A vogadro 's  constant,  6

Background, EUV. 172 
gam m a-ray , 216 
infrared, 162—3. 165 
microwave. 143—4 
X-ray. 197 

Ballistic coefficient, 380
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Bar. 13 
Barn, 11
Bessel function, 314. 404 
Besselian year, 107, 139 
Beta-ray a t tenua tion .  308 

range-energy, 311 
Binary num ber  system. 16 
Binary s ta r  elements, 61 
Binomial distribution, 410 
Blackbody, flux densities, 165 

rad ia tion , 268-9 
BL Lac objects, 88 
Bohr m agneton , 3, 10 

radius, 3, 10 
Bolometric correction, 68-70, 102 

m agnitude , 102 
Boltzm ann constan t,  7. 10 

form ula, 257 
Boolean algebra, 373 
Bragg Kleem an rule, 308 
B rem m strah iung  radiation . 206-8, 276 

Brighter galaxies. 85 
Brightest stars. 44 9 
Brightness. M oon , 105 

night sky, 106 
p lanetary . 106 
Sun, 106 
tem perature ,  165 

BTU, 13, 19

Calorie, 11, 19 
Celestial coord inates , 110 

sphere, 109 
Cepheid variable, 62 
Characteris tic  lines, 320 
C h a r t ,  equa toria l  to galactic coordinates, 

112
precession, 113 
star,  38-9 

C h i-square  d istr ibution, 413 
test, 414 

C hrom osphere ,  27 
Civil day, 107
Classification, spectral. 64- 5 

of variable stars, 62-3  
star. 71

Clinical effects of rad ia tion , 420 
Clusters of galaxies, 91 2. 193 
C o lo r  excess, 103 

index. 99. 103 
tem perature ,  165 

C om ets, 36

C o m p to n  scattering, 272 5 
inverse, 274 
shift, 272 
wavelength. 4. 10 

Constellations, 40-3 
C onstan ts ,  astronomical. 10-11 

numerical, 16 
physical, 2 10 

Conversions, 11. 12-15, 19. 278. 343 
Convolu tion , 400 
C oord ina te  transformations, 396 
C o ro n a ,  27 
C O S-B  catalog, 212 
Cosm ic background radiation, 143-4 

tem perature. 11 
Cosmic ray abundances, 221 3 

altitude variation. 228 
composition, 220 
energy density, 93 
magnetic rigidity, 225 
spectra, 224 

Cosmological constant, 248 
data , 11 

Cosmology, 248-54 
C o loum b gauge, 278 

logarithm, 285 
C ra b  nebula. 64. 192, 212, 215 
Critical density. 11. 249 
Cross-correlation. 400 
Cryogenic fluids, 334 
Crystal properties, 319 

rocking curve, 318 
scintillators, 366-7 
solid-state, 366-7 
spectroscopy, 318 

Curie. 11. 418

D ata  transmission nom ogram . 378 
D ay, civil, 107 

sidereal, 107 
solar, 107 

Debye length, 284, 286 
Definite integrals, 399 
Density, critical, 11. 249 

of  crystals, 319
d a ta  for astronomical objects, 94 
of  elements. 20-1 
of hydrogen. 180 2 
of detector materials, 366-8 

Detectors, visible and ultraviolet. 348- 
X-ray and gamma-ray, 358 69 

D euteron magnetic moment. 6 
mass, 6
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Diffraction. 337 X 
Dispersion measure, 55 
Distance, luminosity. 250 

m odulus. 105 
vs redshift. 252 

Doppler effect. 246 
shift. 257 
width. 257 

Dynamical form factor. Earth. 10

Earth 's  a tm osphere ,  232-43 
dynam ical form factor. 10 
env ironm ent,  232 44 
equa to r ia l  radius. 10 
equa to r ia l  surface gravity. 31 
magnetic  dipole mom ent. 10 
m agnetosphere ,  244 
mass. 10. 31
m ean surface gravity, 10 
rad ia t ion  environm ent. 232-35
radius. 10. 31 
ro ta t iona l  energy. 19 
ro ta t io n  rate, 10 
satellite lifetime. 380 
to ta l  heat content. 19 

Ecliptic. 109 
ob liqu ity  of. 11 1 
system, 11 1 

Effective tem perature . 68 70, 103, 165 
Einstein coefficient, 257 

Held equations,  248 
E lectrom agnetic  conversion table, 278 

defiinitions, 279 
Held strength  tensor, 247 
rad iation a t tenua tion , 291 303 
sp ec tru m  nom ogram , 281 

Electron charge. 2, 4. 10, 17 
classical radius, 4. 10 
C o m p to n  wavelength, 4, 10 
cosrmic rays, 224 
density , 27. 156, 286 
drift velocity. 284 
eneirgy loss, 304-7 
eneirgy s tan d a rd s ,  313 
flux con tours ,  235 
gyrofrequency, 284 
gy ro rad ius ,  285 
-ion' collision frequency, 285 
m agnetic  m om ent,  4. 17 
rnasis, 3, 10, 17 
radi us, 4, 10 
range-energy, 307. 311 
resistivity, 285

rest energy. 3 
spin. 17
storage ring. 316 [7 
tem perature ,  286 
thermal velocity, 284 
volt, 8

E lem entary  particles. 17 18 
Elements, abundance ,  30 

a tom ic  numbers. 20-1 
a tom ic  weights, 20  1 
boiling points, 20 1 
densities, 20 I 
melting points. 2(V 1 
periodic table. 20-1 

Emission coefficient. 279 
of hot p lasm a. 276 7 
line widths. 71 
lines, 173. 206, 276 

Emissivity, 279 
Energy content of  space, 93 

conversions, 19 
density of the G alaxy , 82 
levels, 258-61 
loss, 304 10 

Ephemeris day. 10 
second, 107 
time, 107 8, 129 

E quatoria l  coord inates ,  I 11 
system, 11 1 

Erg, 19
EUV abso rp tion  cross-sections, 177 

a t ten u a t io n ,  179 
background ,  172 
sources, 171 
spectra, 173—4 
spectral features, 175 
s trong  lines, 176 

Excitation da ta  for gases, 365

F a raday  constan t ,  6 
ro ta t ion , 154 

F e igenbaum ’s num ber ,  16 
Filter materials for X-ray detectors, 368 
Fine structure  constan t ,  3, 10 
Fluorescent converters, 358 

yields, 304 
Flux unit. 11 
Fourie r  theorems, 401 

transform s, 388-402 
F raunhofer  diffraction, 338 
F resnel’s equations,  323 
F r iedm ann  universes, 248
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F u n dam en ta l  physical constan ts , 2 10

G alac tic  coordinates. 111 
Galaxies, classification, 84 

clusters, 91-2  
liners. 89 
local g roup , 83 
lum inous emission. 11 
m ean sky brightness, 11 
nam ed , 86-7  
nearby, 84 
radio . 89
selected brighter. 85 
Seyfert. 88 
space density. 11 
X-ray emission. 193 

G alaxy , age. 82 
d iam eter . 82 
energy density, 82 
luminosity , 82 
mass, 82 
nucleus. 82 
period of ro ta tion . 82 
properties, 82 
type, 82

G am m a -ra y  absorp tion , 291 303 
a t ten u a t io n ,  291 303 
background ,  216 
C ra b  N ebula  spectrum . 215 
detectors, 369 
dow nw ard  flux, 218 
energy s tandards .  312 
p roduc tion  in the a tm osphere ,  227 
source catalogs, 212 13 
source m ap, 212 
sources, 212. 214 
spectral features, 217 

G a u n t  factor, 276 
G auss ian  d istribution, 408 
G auss ian  gravita tional constan t ,  130 
G auss  Legendre q u ad ra tu re ,  405 
G eo corona l  emission, 172 
G M T ,  109
G ra t in g  spectroscopy. 321 
G rav ita t iona l  constan t ,  2, 10 
G rav ity ,  Earth  surface, 10 

p lanetary  surface, 31 
so lar  surface, 25 

G regor ian  calendar. 131 
G reek  a lphabe t ,  22 
G yrofrequency , 284 
G yro rad ius .  285

H E A O  A 1 Ail Sky M ap. 185
Henry Draper spectral classification. 64
Hexadecimal num ber system. 16
H ertzsprung Russell (HR) d iagram . 66
H o u r  angle. 109. 111. 131
H R diagram, 66
HST, 120-4
H ubble , classification of galaxies, 84 

constant.  11 
distance. 11 
radius, 249
Space Telescope. 120-4 
time. 11 

Hydrogen densities. 81. 180-2

IE E E  interface. 377 
Image intensifier. 350 
Index of refraction, 322, 325 
Infrared background. 162-3 

diffuse fluxes. 163 
source temperatures, 165 
sources, 160 1
transmission of the atmosphere. 164 

Ionospheric electron density, 156 
Intensity, 11, 279
International a tom ic time. 108. 132 
In ternational Reference Atmosphere, 238 
Interplanetary  medium, 153 
Interstellar abundances, 199-202 

F.UV attenuation , 179 
extinction. 178 
gas parameters, 81 
hydrogen densities, 81, 180 2 
magnetic field, 81 
medium, 154-5
medium cross-section, 198-202 
pho toabsorp tion  cross-sections, 198 202 
reddening, 103 
reddening law, 104 
scintillation, 155 

Ion gyro-frequency, 284 
gyroradius, 285 
sound velocity, 284 

Ionization data  for gases, 365 
loss, 304-7 

Ionosphere, 156, 243, 286

Jansky, 11
JH K L M  system, 101 
Joule. 11. 19 
Julian calendar. 132 

da ta ,  107. 132
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k  a lpha . 262 3 
beta. 262 3 
edge. 292 
lines, 262 3 
series. 262 3 

Kepler 's  third law. 61 
keV. 11
Klein Nishina cross-section, 272-4

L. a lpha . 264 5 
beta , 264 5 
lines, 264-5 
series, 264-5 

Launch  vehicles. 384-94 
Least-squares fit. 406, 415 
L ight, speed. 2. 10 

year. 11, 133 
L inear  interpolation, 405 
L iner  least-squares. 406, 415 
Liners, 89
Local g roup  of galaxies, 83 
Logic gates, 374 
Look-back  time. 254, 249 
L oren tz  factor. 271 

force, 247 
gauge. 278 
transfo rm ation , 246 

L oschm idt constan t.  7 
LS coupling , 256 
Lum inosity , absolute, 102 

cl ass, 65
distance. 250, 252 
functions, 74-5, 80-1 
stellar, 72-3
vs. surface tem perature, 66 

M agne tic  dipole m om ent of  Earth, 10 
field, 81-2, 93. 286 
rigidity, 225 

M agnetosphere ,  244 
M agn itude ,  stellar, 98 
Maim sequence, 66, 68-9 
M ass ,  a tom ic  unit, 8, 10, 11 

at tenuation coefficients, 291-303 
d a t a  for astronom ical objects. 94 
function, 74-5 
loss rate, 170 
reilativistic, 246 
res t ,  246 

M a them atica l  formulae, 17 
M ax w e ll’s equations, 247, 277, 280 
Maxwell velocity distribution, 285 
M e a n  free path , 333 

life of elementary particles, 17-18

magnetic  field in a p lasma, 285 
place, 134 

Mesons. 17-18 
Messier catalog, 95 7 
M eteor streams. 37 
M icrowave background . 143-4 
MK luminosity  class, 65 
Mile, nautical,  11 

sta tu te , 11 
M oon, ap p aren t  m agnitude . 105 

phase law, 105 
physical elements, 31 

M TF. 335-7 
M uon charge , 17 

magnetic m om en t,  4. 17 
mass. 4. 17-18 
mean life, 17 18 
spin. 17-18

N atura l satellites, 33 5 
N eutrino  charge, 17 

energy density, 93 
magnetic m om en t,  17 
mass, 1 7 
spin. 17 

N eutron  charge, 17 
C o m p to n  wavelength, 5 
magnetic m om en t,  6, 17 
mass, 5, 6, 10. 17-18 
mean life, 17 18 
spin, 17-18 

Night sky brightness, 106 
Novae, 63
N um ber system conversions, 16 
Numerical analysis, 404 6 

constan ts , 16 
N uta tion , 134 

constan t,  10

O B  associations, 59-60 
O bliquity  of  the ecliptic, 10, 135 
Octal num ber  system. 16 
Optical constan ts ,  325 

depth , 179
telescopes, 114-18, 120-4, 339-40 

O scilla tor s trength , 257

Parallax, 135 
solar, 10 

Parallel interface, 376 
Parsec, 11, 135
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Particle production . 226 
Pascal, 13 
P D M F ,  74-5
Periodic table of the elements, 20 
Permeability  of vacuum, 2 
Permittivity of vacuum, 2 
P ho to ca th o d e ,  349, 353-7 
P h o tod iode .  348-9 
P ho tom etry ,  341-7 

as tronom ica l,  98-9  
filter bands, 100 
lunar.  105
response curves, 100 1 
s tan d a rd  system. 100 

Photom ultip lie r .  351 -2  
P h o to n ,  spin. 17 
P ho tosphere ,  27 
Physical constan ts , 2 10 
P ion. charge. 17 

magnetic  m om ent, 17 
mass, 17-18 
m ean life. 17-18 
spin, 17-18 

Planck constan t ,  2, 10 
functions, 268 
length. 2 
mass, 2
rad ia tion  curves, 269 
time, 2 

Planets , brightness. 106 
orbita l elements, 32 
physical elements, 31 

P lasm a emission, 173-4, 206-8, 276-7 
oscillation frequency, 284 
param eters , 284-6 

Poisson dis tr ibution, 410-12 
P oin t spread  function, 334-8 
Positron , 17 
Pow er spectrum . 400 
Precession, general, 10, 136 
Prefixes, 19
Probabili ty  d istributions, 408 13 
P ro p ag a t io n  of errors, 415 
P ro p e r  m otion , 53, 136 
P roport iona l  counter , 360-1 

co un te r  gases, 367 
P ro to n  charge, 17 

C o m p to n  wavelength, 5 
-electron mass ratio , 5 
energy loss, 309 
m agnetic  m om ent,  5. 17 
mass, 5, 10, 17-18 
range-energy, 308-9

spin. 17 18 
Pulsars. 54-8. 189 90

Q u ad ra tu re .  136, 404 
Q uasa rs ,  catalogs. 424 

infrared fluxes. 161. 163 
rad io  fluxes. 145 50 
selected. 87
X-ray luminosities, 195 
3C272, 87, 145. 148. 150, 193 4. 21 

Q F \  418

Rad. 418
Radiation  environment, 232 

exposure. 418 
length, 306 
physics, 418-20 
trapped , 233-5 

Radiative loss, 305-7 
R adio , brightest sources, 148-9 

flux calibrators, 1 5 1 2  
galaxies, 89
p ropagation  effects. 153-5 
selected sources, 145 6 
source catalogs, 424 
spectra, 150 
spectral features, 157 
surveys, 142 
telescopes. 118-19 

Radioactive sources, 311-13 
Range-energy for particles, 307 11 
Rayleigh, 11
Rayleigh-Jeans law, 268 
RBE, 419
Recom bination radiation , 277 
Redshift, angular density vs., 253 

angu lar  size vs., 251 
correction, 250 
functions, 251-4 
look-back time vs., 254 
luminosity distance vs., 252 
m agnitude relationship, 250 
objects with large, 90 

Relativity, special, 246 
Rem, 418
Robertson W alker line element, 248 
Roentgen, 418 
RS232 interface, 375 
Rydberg  constant.  2, 10

S ak u r  Tetrode constant,  7 
Satellite lifetimes, 380 
Scintillation materials, 366 7
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Sidereal day. 107 
local time. 109 
period of planets. 31 
ro ia t io n  of Sun, 25 
time, 107 

Seyfert galaxies, 88 
S im pson 's  rule, 405 
Solar {see Sun) chrom osphere, 27 

co n s tan t ,  25 
co ro n a ,  27 
d ay ,  107
elec tron  density, 27 
effective tem perature. 25 
ELIV flux, 29 
flare. 236-7
high energy particle radiation, 232
gravity , 25
irrad iance , 236
lum inosity , 25
m agnetic  field strength, 25
m ag n itude ,  25, 28. 106
ma.ss, 25
me:an density, 25
n e ighb o rh o o d  density, 82
para l lax ,  10
pho tosphere ,  27
rad ius, 25
spec tra l  irradiance. 28, 237 
spetctrum, 237 
sysuem abundances, 30 
te m p era tu re ,  25, 27 
timie, 107
ultrav io le t  radiation, 236-7 
X-r ay rad ia tion , 236-7 

Solid-s ta te  materials, 366 7 
Space Shuttle . 381-3 
Space Telescope. 120-4 
Speciail relativity, 246 
Spectira, b lackbody, 268 9 

EU V, 173 
radiio source, 150 
UV 168-9 
X-r;ay, 205 

Spectral  features, gam m a-ray, 217 
in fra red  and  visible, 67 
EU'V, 175
irraidiance of the Sun, 28 
radiio, 157 
type:, 65 
u ltrav io le t ,  175 
X-raiy, 204-5 

S p ec tro g rap h ,  321 
g raz in g  incidence, 321

Spectroscopic terminology. 256 
Spectroscopy, crystal. 318 

grating. 320 
Spherical as tronom y , 107 13 
Stars (.str stellar), absolute  m agnitude. 7 1 2  

binary, 61 
brightest, 44 -9  
catalogs, 425-6  
charts ,  38 9 
classification, 71 
counts , 80 
giant, 70
infrared emission, 160 
in tegrated light, 78 
large p roper  m otion , 53 
nearest, 50-2 
num ber  densities, 76-9 
relative num bers , 78 
ultraviolet spectra, 168 
variable. 62-3  
X-ray emission. 188 

S tefan-Boltzm ann constan t.  7, 10 
law, 268 

Stellar {see s tars) density, 72-3 
EUV sources, 171 
luminosity , 72-3 
luminosity function, 80 1 
m agnitude , 71. 98 
mass, 72 3 
mass function, 74-5 
mass loss rates, 170 
radius, 72—3
spectral irradiance, 98, 103 
surface flux, 170 
tem peratures ,  66 
UV spectra , 168 9 
winds, 170 
X-ray flux. 188 

Sterad ian , 15 16 
S topp ing  power, 420
Sun (see solar) Earth  system constan ts ,  10 

d istance from G alactic  center, 82 
height above G alactic  disk. 82 
m agnetic field. 25 

S unspo t,  m agnetic  field, 25 
num bers , 26 

Supernovae  rem nan ts ,  64 
X-ray emitting, 191 

S ynchro tron  rad ia tion . 270-1, 314-17 
Synodic  period of  planets, 32 

ro ta tion  of  Sun, 25

T ay lo r  series, 404
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Telescopes, configurations, 339—40 
ground-based , 114-19 
radio, 118 
reflecting. 114-16 
refracting, 116-18 
Schmidt, 115-16 
Space, 120-4 
X-ray, 332 

T em pera tu re ,  brightness, 165 
co lour.  165 
effective, 68-70. 165 
electron, 286 
of the interstellar gas, 81 
-luminosity d iagram , 66 
solar d is tr ibu tion , 27 
surface, 66 

Tesla, 11
T ho m so n  cross-section, 4, 10 
T h o m so n  limit. 274 
Time, 107

barycentric  dynam ical, 108, 126 
sidereal, 107 
solar, 107 
s tandard ,  108
terrestrial dynam ical,  108, 138 
universal, 108, 139 

T o rr ,  11, 13 
T rapezoidal rule, 404 
Tropical year, 10, 107, 140

UBV system, 100 
U h u ru  m ap , 184 

unit, 11 
Ultraviolet absorp tion , 177 

b ack g ro u n d  fluxes, 172 
fluorescent converters. 358 
source catalog, 426 
spectra , 168-9 
transm ission, 357 

U nit conversions, 11-15 
Universal time. 139 
UV extinction, 178 

stellar spectra , 168 9 
w indow  transm ission, 357

V acuum  technology, 333 
Variable stars, 62-3  
Vector analysis, 396-8

W ate r  vapor in the a tm osphere , 239 
W eak coupling constan t,  11 
W ien 's  d isplacem ent law, 268 

law, 268 
W ilso n -B a p p u ,  71
W indow  materials, UV detectors, 357 

X-ray detectors, 368 
W olte r  m irror ,  332

X-ray abso rp t io n ,  198-204 
a tom ic  energy levels, 258-61 
a t ten u a t io n ,  203 
background ,  197 
characteristic  lines, 262-5, 320 
detectors, 358-64 
emission from galaxies, 193 
energy level d iagram , 261 
line emission. 206-8 
m ateria l properties, 367-8 
m irro r ,  332
optical param eters ,  325 
pulsars, 189 90 
reflection of, 322 4 
reflectivity, 326-31 
source cata logs, 424 
source n o m o g ram , 196 
sources, 184 95, 214, 311 
spectra , 205-8 
spectroscopy , 318 
supernova  rem nan ts ,  191 
telescope. 332 
wavelengths, 262 5 

XU unit, 8. 11
X U V  abso rp t io n  cross-sections, 198-9 

a t ten u a t io n ,  179 
spectrum , 173-4

Year, tropical, 10, 107, 140

Z enith ,  140, 153 
Zod iac ,  110
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