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' PLANETARY ATMOSPHERES

2

‘1, Introduction

] The study of the planets and the sblar system is one of the most -
| .irriportant and oldest of the various branches of astrophysics. 'Wi-t_:,l'}
renewed interest on the part of the_chient-ists‘ and engineers during the

sixties and'the_early seventies on various space programs, this study
~-i——~——~~-—‘-~-.—»_-of 8olar. systern and the exploration of the possible existence ol life on‘F
other planets beSides earth has occupied .the maJor thrust of all programs.
.As we know, the programs are Stlli. continuing and with more and mote .°_
_' sophisticate.d instrumentation the healthy competition and cooperation

c

between the U.Ss. and U. S S.R. can be hoped to further our understand—_
_ ing of the solar system in detail, | -

Let us begin our dlS.CUSS].On Vyith the general ideas concerning the _
formation of the.planets and.the evolution of planetary atmospheres
Beginning With the "Big Bang” of our explanding. universe some nearly
ten billion years ago, the cont@us-burningof hydrogen has yi‘elded '
the helium in the univers.e 4nd hydrogen as Vyell‘ a_s‘heliurn are:'bijf.ar
the most ahundant elements in the uniyerse | In the interiors of the
star's, the continuous burning beSides yielding helium also leads to the
final nuclear reactions in the last stages. of nuclear burning when the

temperature rises to « lO9 K. .The final nuclear reactions take place '

80 fast that the resulting exploSion ejects a maJor part of the star into

¢ Lo
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interstellar space thus leading.to the enrichment of heavy elements

in the gala_ctic. ma'tte,r.
The solar system whroh is approximately five billion years old

traces its origin to-the ne:bula.'and‘-.the.va'stly enhanced solar wind in the’

early-stages of sun's life must have influenced the nature of the gaseous.

matter in tl’te' planets. 'I’he"inner- planets of Ivlercury,‘ Venrus'! Earth,

. . ) . . . - N - ] J
and Mars have only a small fraction of their total initial mass and very

11tt1e of hydrogen and hehum whereas the outer planets of Jup1ter, :

Saturn, Uranus, and Neptune are much more mass1ve and reta1n a

\ .

. compos1t1on very similar to the .initial nebula. In this evolutionary

‘.

“process from th'e-primordial nebula, it is interesting to note how the.

analy.sis of ancient rocks on e_arth gi\‘fes us clues to the beginnings of * '

. ) . . 2 o

.life.on earth. The early atmosphere of earth'was mainly Hz, CHy, Np, -
'NHj3, CN, WICO, and H,0. Arrunoaoids and orga.nic substances Were
formed from these oonstituents. The organic ohemi_gals at the'hottom_s

of the lakes -'and oceans through different -reaction's formed DNA RNA

. e

and others 11ke the var1ous enzymes and tnus 1ea.d1ng to photosynthesm i

w1th the v1ta11y needed oxygen as a by- product Fmally, the protectlve
& .

ozomne also.was formed from oxygen. In the next section, we shall"

" review ,very.briefly the gravitational escape of gases from planets and

then the general nature of their atmospheres.

1

2, Escape of Atmospheric Gases from Planets

The history of the atrnosphe're of a planet and the atrnosphere

o



retained Kl.ay the planet will depend on the rates of e}scape of the various .

8 from the gravitatiofgéi field of the platiet, The minimum velocity
. cape of a particle is governed by .'it_s total energy reaching a value

] o .

o' .« 7' The total eﬂergy‘is given by the sum of the kinetic e'pe’rgy and
: fhg gs evitational potentiéi energy. It is o
. . \ i"‘lv 2 .
E = 5 mv -

mMG e
2" -

(1)

1
f
/

- . . "~ '{ . . i . . 1
-where m is the, mass o§ the particle with velocity V, and M, G: , R

‘are the mass, grévif:ational constant, and radius of the planet res-

pectively. The minimum velocity which allows-the particle to escape’

from the gravitational field is called the "e.scape' velocity' V, given

by S °
Av? = mMG =0 S :
° ':z'."w‘/ . R | @
S N \/ ' .
2 M kw /sec .
= [2MG = oz e '\,—3 miee, .
Ve ® R (zgR) ' «..3 Re .-~-, (3).

whe x;e Me a;'ld R-eafé thé,;n‘flglss'and radius of the planet in terms of t_h'el ’

maés .and. iradi‘us of eari'h. .'I‘ahx}s ;oméﬁred.to th;s véhie o’f:h. 3 km/seq:

on ea.rt.h, for Mars wyéth M8= 6.108‘and Re= 0. 5.3," the es..cape 'velo'cit’y?

works out to w» 5 km/sec. Similar calculations would give 2. 3, 4.3,

a_i:1d 61 km/seé as the escape velb'c_i_tiés for the bla'nets*mdon, ‘me_'r'c_:u‘ryﬂ
" and _j'upbitér_'re\'spec_.i_:ively. Table I gives the_'v.ariogs plénéfary p‘#;é-

o meters and escape velocities.

(e B




. Table I, '.Plan:etary Parameters and Escape Velocities.

Mass

Gravity

Esc. Vel,

Name ' Radius .

' in Ry in M, . ~ in n'x_/s2 ' ‘in km/s
Mercury - 0,38 0,054 W) 4.2
Venus . . 0.96 0,815 8.7 10,3
Earth . 1,60 - 1.000 9.8 11.2
Mars . 0.53 0.108 . 3.8 5.0.

. Jupiter  11.19 - 317,8 26,0 61.0
Saturn : 9,47 95, 2 1.2 - 370
Uranus 3373 145 - 9.4 , 22.0
Neptune 3.49  -17.2 15.0 25.0 ,

" Pluto - 0.4 C 0.2 12.3 7.6 )

v >Ve but also they mus>t.be moving outwards with low probability for

o
C g

'The particles can ésc.ape from only .highbaltitudes and nc;t only

o

-c_ollfsi_ons. " The region where _th'e_.probabilit.yfor collisions is very much -

less than imity is called the exosphere: In the lower atmosphere, the

" ‘distribution of particles is goverﬁéd by -the hydrostatic eQﬁilibriufn given

by

dp = - Pgdh. e
© Using gas law, S k . ' '
P = NRT = FRT/ g (5)
one gets the differéntial»equa;tion for -hydf.o'static.; equilibrium as. -
_‘ | - . | | t‘ | ‘ | —



where. H = kT'/mg'is' the cbnsfant paraméter called the scale height

ofthe a."mosphere. Thus : - ‘
- PP oep[- ~(n- H/H] oo

'P being the pressure at a height h Sn‘mlar forms of equations will

: be apphcable for the densuty and the number of part1c1es. So we have

° » ° t

F ?, cxln\[_ (h- m)/H]

E Noe*P [‘”‘ '"°)/HJ -
(9)

. K .
3 -

(8) .

.To calculate the outward flux of particles- escaping the exosphere

one has the flux as (cons1der1ng an elementary volume)

S | B 17 -

E F (4R, )N 5dq>fs.nedej(vcose)-f(V)VadV (10)

where f(v) is the velocity d1str1but-1on of the part1c_1es, Rg is' the radius
of the base of exosphere at which N, ia the atmospheric”particle density.
-Assurrﬁng a_'_Maxwellian distribution of velocities for the particles, the

flux oecomes

o F 2V”R N ZkT e"P(::ﬁ.)'_zni‘] i)

Us1ng the above equatlon and Eq (9),- the tirrie“'in whi‘ch a fraction

o _1 -e -1 of-the or1g1na1 content i is lost by grav1tat1ona1 escape and only
T O R
[}

a fract1on e remai-ns,is determined. Table II.‘ gives Buch "ifetimes" .

S 'for the typical constituents of atmospheres in plan‘ets. .
. . ¢ -~ -
Q T »




'I‘able 1 L1fet1mes in Years for Planetary o ‘
Atmospher1c Const1tuents1

Constituent. = .. Moon '~ Mars Earth ~ Venus _-‘]'_u:éitei.
'H | 1‘0‘3,'&' “102 1038 B 1'03 10500
‘__Hé A 1~6'2 _ '.‘103 v1008 o “.105 . 102"090_
...OA - N 10l - ‘105 1% | 1085 -
- sz - 1O?.-_- : 1017 ._ 100 1“0_49 SR
qAr ” 107 25 80 80

10 10 10 -

It must be cléarly understcod that the nature of the resulting
equation for the 'l.ifeti‘me is such that a small uncertainty in tempera‘. o

-~

© ture causes a hnge uncertainty in the lifetime. ProbabLy only the exo-

sphere temﬁf‘erature of earth is known within reasonable limits of

uncertainty. Fcr other planets, probably the errors are between wide

11m1ts and this should be taken into account in dxscuss1ng the escape :

of gases._f'r.om these planets, Hoyvever,. cne can s'till draw some general |
and interesting conclusions frcrn the f_oregoing discns’sicn and the res_ults
of Table II, Except for small amounts of hydrogen _probabl.y.cordning '

from solar wind, all the terrestrial planets must have lost their hydro~

[

gen. Moon,. Mars?and, Venus must also have lost tfliéir_heli\_lm.'~ Moon

must have lost all of its atmosphere except Argon and any other heavier

gas like xenon. * Though not included in Table II, gases like methane and -

ammonhia might have heen dissociated by solar‘ ultray_ioletradia_tion and

.depleted by losing all fhe ‘hydrogen.. Hence it accounts for the scarcity

. (Y

s : Q



‘éf lthesé gases' like CH4-‘ and NH3‘ in te;rést;ial p_la;nets thou.gh they

might have b'e;gn pr'esen't,in" t};e'verly -t.).e.:ginning' t;o_ a‘cco_unt for the early
- history of f;'he earth and evo};ltion of li;v_ir{g ofga'.nism.s. Clearly

Jupiter must be ret'a‘in.irllg the constitu_e;n.ts"of..its pri:rrilitive‘a.trhos?heré
’ '.i.nclu;iing' hydr.o.:.g‘.e_;n 'a;nd hence m'éy be expected to h.av.e _"C.H4, NHl3 and

. ‘probably H30. These have been confirmed ,by—observ_atig.)n.s.‘ In the

case of earth by a fortunate circumstance the water has been retained -
‘by the. ""cold trap' of the atmosphere. The temperature of the tropo-

‘sphere.u&.‘ec_reases'with altitude very rapidly and produce'é the conden-
sation oi .escaping water vapor to droplets that return to the ground,
~ Also the ultravfxole't light which 'coul_d_‘diss'ociate Watér and allow its

) hydrogen to escape is absbr.bed'by oxygen and other constituents at
. high altitudes. The combination of the above circumstances has enabled
‘the retention of water essential on our planet.

"

.3 Basic A'trhosﬁheric Data

« The ‘Baéic data connected with the plafn,etary'atmosphe'ré-s‘ are the
_témpér'atur’e, density, and corr;\poéiti’on, The major thrust &_)f' the study -

of planetary, a‘tmosphecr“es is therefore the study of the_.aboxlie parameters.

-Of these, the temperature is the most important one as it is directly

involved with the absorptio‘n of sclar light and hence the.diagnostics
_ éoncernin'g:thenco,mpo.sitio'n of the structure of the atmégbhere.' The

- ] . ) . " . K E ’ . o
temperature profile of the earth's atmosphere has been determined

2,3

 with sufficient details?’ > and it is shown in Fig. 1. Such a profile

&




Ki
Altitude kra . .. , S
700 ) ~T -1 . T —T o
600— o . v | . M '\vh - .
500 el o e .
y) ) . » ) o
- . T ¢
oorE e e 1
o i Exosphere
300 |~ , . , B E
| . i
200 |- TS
- Thermosphere . .
100 |- Mesosphere . . .
Stratosphere ‘ ,
_ . Troposphere
0. L i | 1 - N
0 - 500 1000 1500 2000 2500 - 3000

o o

., Temperature K o
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enables us to understand the energy. trans,port_.mechanisms associated

' with various regions from the surtace of the planet 'out'“to the.inE‘er‘.-:A.

_ pl-anetary medium, | |

One of the 1mportant quant1t1es connected w1th our study 1s. the . -
"effective temperature"T of.a planet and this can be determt*ned

r

us1ng the Stefan Boltzmann law, Let us cons1der ‘the earth as an

[

CO -
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N ' ™
¢ i A A3 .
b \i . ® . . i
- . N )
' Lo '._: .‘\\ o \\j'\) . . 4
Lo ' v 3 8%, o
Ty "Example and if it reflects a fractmn Aﬁ the\ 1nc1dent solar\ rad1at1on

energy and absorbs (l - A), for thermodynamm equihbnum (constant

B terhperature of earth), one has . o

[
s - . \

B 4 |
TR 'S(l-j A) = 4WR G'T' o ('12-)“'5.

P .. bis the‘ Stéfan-Bbltzrnann constant., R is the rad1u3 of the planet o

'T.e is, t‘he effective temperature ‘and. S is the solar flux'at a %hstance of

N ) ) . . \\\

e , l A U. (Astronom1cal Unit = distance between earth and.sun). The ) N

’ value of S calculated from solar rad1us ‘and temperature is nearly

5 * s - 1

‘7

- l 4 x lO‘6 erg cm 2S 1or 2 'cal_ cm™=2 min” 1_.- Using a value of 0. 4 for

_— AU “the Albedo Aof earth and

S [9(1-A>/46‘] . o
e L (13)
U T J' the effect1ve temperature of earth is calculated to be v 245°K We
- ‘- :.-n. ~ - R N - R - >’
L ‘know that the average ground temperature of earth .Tg
o e R . .o . .

: inereasel'of‘ the temperature is due to what is callled the "greenhouse

isw 290°K, This

“ ’

effectv". of our ,terr&estrial atr'n'bsfr:here. " Such a_ "h_g'reenheuse effect".' :
rn\ist therefore be .eo.nsidetre;d ln the case of all planets when estimating
their te‘l‘n_peratures_.. \ | |

Let us..discouSs in general cnl.ualitati;ve,,terrns.the?ir_rlpo'rta.nce o\T-"Ehe'

' above—mentip‘ned "ér.eenhou'se' effect". The -frae,thn (l_ - A) of the solar“_

&)

energ} ine‘ident un.'e'arth is absorbed by the'-earth which therefore becomes

"+ "heated, Such absbrption is dominated by the maximum intensity of the |
‘solar radiation ;(which is mostly in the "vls_ibl’e region and’hence-‘suffer's
l‘a ' ’ L) " ) h ’ +

-




practically no attenuation by the 'earth's atmosphere) With the rise

- B “ [

1n temperature resulting from the absorption of the part (1 - A), the
earth radiates like a black body at a temperature Tg' ‘Most of this
B ' em1ssion is in. the 1nfrared region ( Awlop-) Such 1nfrared emission e

S strongly absorbed by the triatomic molecules like CO,,. HZO and
03 of the atmosphere.‘ These molecules re~radiate this energy partly

towards outer space and- partly towards the earth thus prov1d1ng

further heatup on the surface of earth. In equilibrium;

. CTe +Fy 0.‘9 S (14) = " ..

- where Fqis ‘the do',wnward flux from triatomic'mole"cules. To find Fq

E and thus Tg, one has to use the radiative transfer equations. This
;p‘rocedure 1s|generally very complex. -However assuming loc'al thermo- |
dynamic equilibrium (LTE) and's_imilar approximations‘, the value of

R . Tg‘ is given by Eddington approximation as : .

R : R - s N . “ . 1 4 .

I A NG
L . . -

T s .o

L

. where e' is the opacity. E" for earth's atmosphere ISnl 9 and’this .
-+ value gives. Tg.a value o'f$5c_'K slightly higher but easi-ly accounted
’ ‘f ~ ~ !, .
‘ ' \ for by the approximations 1ntroduced espec1ally neglecting effec"s of

convective transport of energy from the ground to the atmosphere. In

. - J.able_ III are s_hown the values of Te and Tg for some of the pl_anets.

.()
&




Table III, Effective and Ground Temperatures

F o

‘Planet TR L TK) . (T,-T K
: . . .Greenhouse

_ T N E%ect
Mercury - 6167 . w616 - %0 . N 'AV. ‘
Venus | 235 600 . 365
Earth 245 305 60
Mars. - © 209 2300 a1
Jupiter - - 105 . 150 1) . 45

.From the above Tab'le, one 'can infer in the- cage of mercury the

absence of molecules that prov1de the opacity in the i frared For
— ’

" venus the atmosphere is hxghly opaque to the 1nfrared radjation and -

B} >

therefo‘re polyatomic/g’aies that have st~rong absorption b 'nds-in t_he

. IR region should belabundant. Such-infereflcej'e to be considered

only for quahtatwe s1gn1f1cance rather than for accurate est&nates of'

opacity-leading to other conclu'sions." With this foregoing' di'scussion '

. we w111 now proceed to consider the atmospheres of planets begmnmg

¢

%th the earth's atmosphere. |

4. 'Earth's Atmosphere e

The atmosphere is divided into several layers: depending on the

pr1nc1pa1 pr0perty under consideration. Usually, the temperature is -

used as the parameter for su\Fha division, The dxfferent layers are

_ the troposphere, s/latp@re, mes08phere, etc. The temperatures .

-
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. Fig.'2. Ternperatures for the "Standard Atmoéphere'
N : S ’
' w : ad_opted for the various layers are shown in 'Fig;- ZThe lowest laye'r e

-

. troposphere extends from the ground up t_o' vi 13 km,. The source. .ef.

' heat for‘ this region is the earth's radiation and thus' the tempera ure

.~ .

' decreases w1th he1ght In the stratosphere, the temperature aga1\

. - 'begms to rise ton 290°K and the heatmg is due to the absorptmn of

- . . ] °




various regions, the'divisions in ter-ms'of theechemical"-compo‘SitiOn .

12

o

ultraviolet radiation by the ozone layer which reaches a maximum
concentration around 20. - 25 km. The temperature falls off with
increase in height in the me'.sospher'ic..-layer'due to the energy sink by .

the -CO2 and o':_cy_g.enemiss'io"n in the far infrared. This layer.extends'_

N s ’ _— ,'._,,4.::‘-‘?7\. ' .
tows 90 km as may.fl:égseen from Fig. 2. Fxnally, the- thermosphere is

the regxon where the temperatures reach as high as 2000°K due to the

far ultrav1olet (lOO - ZOOQA) radiation from the sun, I,n this region

photoionization and photodissociation of'atmospheric. constituents will‘

‘take place. The thermosphere extends to an altitude of 350"‘ 100 km.

LIRY . . AL D
thle the above divisions are based on the. temperatures of the.

!'1"'

are 'also of inte'rest for our pi'esent discussion. The homosphere

. extendmg from 0 to 100 km is the reg1on where there'is total m1x1ng of
""'atmospherxc const1tuents and the atmosphere has a un1form chemxcal '
composton of 28, 96 mean molecular we1ght.‘ The next regxon above -

. lOO km and up to: lOOO km, called the heterosphere is where the mole- .

- c ot

- cular we1ght decreases w1th alt1tude and the constxtuents are d1ssoc1atxon '

"products of 02 The layer between lOOO km and 2000 km is the heho- .

-

'p_he_re where"the main _.constxtuent is '-'helium, ..‘The r‘eg1on above5000km

. e L m/(_.‘_. e Tate e . ' . ' "
where ._the. ma_in~ constituent is ‘the atomic and ionized hydrogen,- is called
. .. - - - AN "

the protonOSphere.

:5 Atmospheres of Other Planets

-

_ We at.tempt here only a brie£ summary of the contents of the atmos-

o .
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‘ph'ex;es of other planets and then discuss methods.adopted. to study them

" using .slpectrc-)é"co;;ic téchniqueé; ‘The planet n"1'.__e rcuf?? if it has any

..a;r_npsl.ahe:_re at_..a.l.l,L s}.lodld have a %/.ei;y' thin atmospherg'prbbé’b_ly c'or;-.
sisting'of A\r‘.*o /f'x__'om the"radioacéivg -de-cayo .o.f I(IQO; Krypto_;l, Xer:m.n ani.i.
,a'trz;_ée'of. COZ.. ,"I“[‘he.:. atr-n_osph_er'é.of- M’;ﬁ has_“blge;i"the -s-:ubject of' |

]

investigations by several workers and measurements in the 8700 A

region as well as the Mariner experiments have clearly identified the
étmésphere to be f)redo'mina'ntl'y CO,. ' \Th'e'Marine.r e'xperlir'nen;'ts have .
'a;l-soco'r.lfirme'd the presence of traces of ‘oxygen, hydrqgéh,"and carbon -

- monoxide. Argon is vanothér -c'on‘stitue_n_t p_x"ese;;it in léx_'ge amounts.

Tﬁé study of the atmosphére of the planet Venus, involved fche' .

A

terrestrial observations in the radio, visible, and infrared regions of

the sp‘ectr-ur_n and more importantly the '"in situ. " me.qsur'ern“ents' by .
. the instrument-‘packaﬂgesl "goft-landed' on the planet. These obser-
vations have established the atmosphere of Vgnus‘.to be moétlir CO, . y

.‘ . - . ’ - . .:- I no o .
(v 95%) and perhaps nitrogen (3.~ 4%). The strong greenhouse effect

"
' qf_.CO{.z. is responsible for the very high fémp_e:fature on the surface of
'Venus:as measured. by the above-mentioned expevriments." The heavy: .

-

'CO, atmosphere will provide the required infrared op"acit'y'. n

Jupiter with its high gravity and low-tempér'atu‘re";; has been able '_
to retain most. of its original atmt’:_spheré sincethe gravitational escape
. . ° . N o ] . . . . - kS .
of gases is extremely slow. Thus the Jovian atmosphere contains large

-

amounts-of hydrdger{ and helium. In addition, spectroscopic methods

¢
[N
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" have confirmed t“hefpr‘es'ence of appreciable'am_ounts of NHj _a‘nd CHy.
'I‘he plane'ts Saturn, Uranus, A'and'Né“ptune.are also massive ones like -

Jup1ter and have high values for the escape veloc1t1es (see Table 1.

@Thus the1r atmospheres al.,o c0nta1n vast amounts of hydrogen and -
’ - . ey . $ . ? <

hel1um and also ammonia -and methane. W1th th18 general summary

~

let us c0nsider the spec_t"ro'scopy‘of planetary atmospheres;

: 6, Spectrosc@ic Studies of Planetary Atmospheres.'

I:n~ this section we will summarize'brieflyﬁthe general nature of the - =~

L _1nformat1on that has been obtalned on planetary atmospheres usmg B
. J : . .
spectrosc0pic techmques 4 Major advan'ces' have been made in our ,

;knowledge of the planetar‘y atmospheres both fromgroun‘d»-based. obser~

vations and observat1ons above the atmosphere through the use of

.-various space mi-ssions; First of all the albedo of the pl-tnet (the
fract1on of solar l1ght reflected by the planet) is a pr1mary 1nd1cat1on
of the ex1stence 'of: an atmosphere. A.hrgh albedo -suggests-’a dense

_ atmosphere due to the mult1ple scatter1ng of l1ght Table IV g1ves the

‘albedo values for some ofthe pla'nets. One should also remember that -

_ 1cy surfaces also may show a h1gh albedo It is possible to infer thé

&

- dlstmbutmn of absorb1ng and scatter1ng const1tuents from observat1ons ,

'..“:::
" at various wavelengths.

Let us illustrate the extr,emeusefulness ‘of speotroscopiomethods.'
_and the }possibility of getting thve Nmost valuable information'a-bout ‘the

__,,_planetary atmospheres from quantitative Spectrosc0py. With the
. - to v 2 PN ._ .

L . N
[ S . - -

1

RNy
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'la' Table IV, Albedo Values for Planets .

‘Planet .. Albedo ' Planet - - - Albedo

© Mercury . 0,06 . Jupiter . 0.50 -
B e~ . . . L
Venus - 075 F_Sa-turn h_ - . 0,50 o
. Earth a0 Uraﬁsémb BT R
Mars t' . o _ ,_ Nbptﬁne” ??? ” o,sqi‘ o

" various m1ss1ons 1n our space program and the supplementary laboratory :

' .__._studxes as well a.s other ground based observat1ons, h1gh resolutxon .

=

spectroscopy'has_been one of the.most,productive areas for r‘najor'- L

advances 'in_our',knowledge"of planetary atmospheres and for postulating °
B .atmospheric models. "I‘he‘ rotation-vibration Spectra of the molecular
' constxtuents of the atmospheres of the planets and part1cularly the pre-

cise values of the pos1t1ons as well as’ the mtensxties of the spectral lmes -

'-have not only a1ded in the 1dentification of th'e' moleéules ‘present but also

¥

enabled the deeratxon of such pr0pert1eé as therr temperature, pressure, .'

_and abundance. FoJucs has summarxz.ed the spec1es'ot molecules 1denti-:'

' fi.ed 1n planeta:y atmo.'sphe-res';yith"_refe_rences for recent s‘tudies of their‘: |
h1gh reslolut'ion ispe’ctra-.l"“ "I‘Iabl\e \' givesa-_\part'ral summary For minor
constituents see F_oxs. ' | . |

) -Let us firstconsider th_e eﬁcample of Venus, B‘esides usin'g the
, posxtxons of COZ lmes to establxsh the ex1stence of COZ as the main
. 58 - . [

constxtuent of 1ts atmosphere, the)}ntens1ties of the rotdtional lines are



e ... . Table V. Molecules in Planetary Atmospheres -

. (S
- T

“Planet. = Mdlécule/_ B ) Arnoun‘t.((rh-atn;i)“ -

Venus .. €O,  © +-.’ 3300
» co” 0.15
. HCL. | 0, 002

v.‘*tEart'h' . N, - S 6240; S ' =
o o, D 1670 IR
. \ S .
€O T s 2-3
CHy I 0.01 - 0,02
H, SR 0,004 -
co. -~ oo o, - 0005 - 0,008
e - .. HO 001..004
' o ' . ' co oy ;. .0,05 0,2

-

" - Jupiter - -.H,; - 67000 - 85000
R , . . . - CH4 : . 3 0 -10‘0
- - 13

.Saturn o H, .. . 19
- 'CH4- L o ' 40-350

"« " Uranws. . H, -"_;-'250000 - 480000,

- o © CHy . 3800° )
 Neptune  H, . 250000 430000 o
3 . och, 6000 e

used to es.timaté;the ',’rotart-i'or;aI temperatures'' of the ’gas.’: Fora

clear ’a'tmosph'e‘re,‘ the line width. W is related to the ‘rotational quantum

‘number T and "rotatmnal temperature“ﬂrasé L

'09; " _n\l_\_/__ COnsf‘ - 024y I(T-H)

"0 2T+l

.. R | (16)
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For a sc'attering atmosphere,7 the corresponding re1at1on 1s

CWI(T) ”'-.'C" o2 T(TH)
=~ = , . (17)

o \Jerer =

Young i?‘.‘.: ' 8 ~obtained an average rotational_u'tempe_rature of 244°K

9

assuming a squar.e'-'root absorption law. Further, Young'

: log

—

also studied - -

the effective 'p:ressure for the line formation a%d concluded that'the
Weak absorption lines are.' indeed'for'med'r'deeper in the atmos‘phere.
o In the case of Mars, a-series of spectroscop1e stud1es5 have been. made
@ e .. . ~\.

usmg the bands at 0. 87 1 05 1 6 and 2 Op,a.nd abundance{s as we11 as .

S, -
i

' surface preseures haVe been deduced A rotat1ona.1, temperature of

v .
b Neany

L e 205 K has been determmed
Jup1ter, the 1argest p1anet 1n the solar system, has an atmosphere

whose compos1t1on, structure and dynam1cs are comp11cated Owen10
LT 'has'reviewedath_espe'ctral' studi’es, of the Jovian-atmo'sphere and empha-

- ] .
b P

sized that a careful ,study' of'Ju;pite'r- cou1d rev'e-al- the "essential clues

- T

to the or1g1n and evolut1on of the solar system, and perhaps 11fe as’

." = s
LN

.well” Let us f1rst d1scuss-br1ef1y .-t-he mo st abu__ndant species gnamely -

; - ‘ o B . - .' . ) . . . '- i v ;:' ’ - ' -

. hydrogen) in the atmosphere of Jupiter and other massive planets like ™
- Saturn, Uranus, and Neptune; R

.~ Hydrogen in its molecular form has no spectrum allo_jw‘ed'hy‘ the

, 'sele,cti;on rules for dipole radiation. Thus, following the suggestion of
Herzbergu, :the fo cus was on the'quadrupole rotation-'v'i'bration‘ _spectrum'.

. [
3

Several lines ahelonging to this spectrum were ident_if‘ied,'inth,e'laboratory




ao
~ e

i

and then compared with th‘e spectrum of Uupit_er'; With precise measure~
> ' ments of intensities in'laboratory_st_udi_cs, it was possible Lo obtain -

* estimates of the abundance of hydrd‘gen at about 85._*_‘,15" km-;atm, " An

- effective temperature of 1452 __ZOOK was also deduced, The positions «
“of the quadrupole rotation-vibration.lines that have been measured are

e

a'amrnarized'by 'Fox.'?'
."I:he irnp_ortance of.hi.gh-‘-reselxrtibn -spectrescoPic inveStigations is. ,‘
vbest itlustrated by its u'sg :in.determining the urotatienal ternperatnlre
: and abnndanee‘ u'sing‘_t}le éqegyal'erft y;'idt_hs_o-f the_l‘inesd_n the ‘30-»3 band

. of CI-_I4. molecule present in the atmosphere of Jupiter, ‘The band is .
. ) R » . <L ) Lt o (“ : P .?;‘: . . R . .v . . . B
S centered at about 9050 cm:_'l. ~In the determination of the rotati_qnai -
N ’ B ’x' h . . . v .A-. L - - N
temperature the line positions and relative intensities were taken from.

. high-resolution .labo'rat_ory spectra,’. An abh_undanc-e of w 30 rn-\atm‘was '

_ ‘deduced for methane in Jupiter. The most significant result is that

°a._c_ei1r'ate'va1ues of CH4_abundance and H, would provide the C/H ratio

[ o » ' -
s

wh1ch is very relevant to the or1g1n and evolutmn of the solar system.
. / . -

Also the red band at 6450 A due to I7H3 has been extens1ve1y studxed
and an'effectwe pressure ofw2,5 atm was deduced Other molecules 77"

v
[

‘have ‘al'so been identified to be p_resent in small amounts'and ‘this was
. : : S h ' S ’

doneAusing‘thelaborat‘ory and planetary speetra in the photographic’

infrared region, Using rne‘thane spectra, the 'planet.s Saturn, Uranus,

\

\ . .and Neptune have been found to havé CHy as one of their atmos'pheric

constituents, .




* The,above. discussion. has~be.en~keplu:'_ very general a:r;'d 'br.iefl,cons-is- -
- ’ . . i " .‘. -._- ) k'- - ‘. . .t L

tent with the aix.n-_.gf this introduction to-planetary 'at_mosphéres. A
det_aiied study of gpéc‘trbs.cgp'ic methods of_'in.vestigating"pla.nel':ary:;_

! '

' _atmosPhe.r'g:Ag will present an interesting topic by itself especially the -
- cprhpal‘isona of high-resolution laboratory data, With the planned
. Large Spacé Telescope (LST) program and the highly sophisticated:

~ infrared a‘.nd.ul;traviolet as well as visible spectréméters_ fhat_ha;»re'.be_en'

" Y- T de.:\'rélop‘ed‘.fo'i- this prograrm during the last fle_:W'Yearﬁs, the study of )
planetary atmospheres ,is_entering-a new and e#c_itingera. There is-
. definite hope in the near future to understand more fully the evolution
" ° _ ofour 's'o‘—la.'r,‘ syqte'rn“-‘ém-'d the predictions for the future b‘;:havior of its” . °
T e ..o o ! ;: . . | . X ) . - .v
. components,
. ‘“‘:i‘-‘/’?&;_ : ? .
. [
I;h 0 .’ 3 .
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X-RAY ASTRONOMY

‘\‘lt;"““Intrvo,duction '\‘
Photons with energies in'the range 100 eV,to 200 keV would
S " des cribe the enei'gies in X_-'faiy astronomical astrx.l;‘c"lies. '~Due““t“9 thé .‘very

. strong absorption by the elar‘th’s atmosphere of phof.:on_s" in the above .
range, the experi'r‘hen.ts- in X-ray. a;s:tronomyhha've to be nec_::es sarily - -~

‘carried out'with X<ray detectors above the earth's atmosphere using =

.
R ) . -
o . a

,;j‘{f"aétronorhy be'g'an with the ficst directfdbse_rvation of solar X~rays 1n

rockets, ballgons, and satellites. .Historically, the studies in X-ray

'. 1"(_3.48 ai{d' bc_01.j1tirA1u’.ed'. dur1ngthe 19‘5'0,',5',W.ith.l r‘hany..inf_grevsti.ﬁg‘ resq‘lf;s_,’ ‘ | X

._; Altho':ughl_t_ill 1962 the;,sun w%s _.;ssuméd to ;é thé_ :ori'lyﬁ S_O\,ll;ce, m\ -
A. a}dditi..oqpto vthe":solpa-l; :}(-_x;ays,_ of(.:h'elf X-'-xfay_ so:\'zr.ces 11kethe supé'r'n‘évﬁe,
th.eA_Cra»Lb nebula, and .‘rhagnetié sta;s.d'elgeljve special me;'ntibn.a-l_s f;hese L
}‘;a\}e b"ele'n_ide‘nt_‘ified' si;ch:e the g:'.Jcpe.:rirxl.el:nté of"(_]i.ac.c.én_'.i-,’ _et. al. 1 . In :
this ‘mod\:ﬂe, we will d_i.s cuss maihly,.‘thﬁ‘e _techpiq}les At;ha't:axl'e':__ usedm
.«'«'thq s;tudies of X—raf astronénﬁy,' 't'hé in.str;rlmént_s; 'tha'.lt‘ ha&'e been “

developed, and some of the interesting results that have been obtained
N . . . X . N L

s recently. i "y
SR ' There are several f-e*g.‘/s*gns for pursuing this important branch
o s -~ . b 'A . . M : e, B .

. .- of astrophysics. In the first ﬁla;cie; it will enable us to understand-" .

_new and unexpected phenomen.a‘ that in turn will influence our-ideas
about the universe." Secondly, it is ;‘ve',r_y i:mp'o rtant and inte r‘esting
. to-examine the physical condition within these X-ray sources and the

. v , ) B
; . i .“ " L' W - . hal
Lo v ..

N



_ information about the generation of X~rays within the sourccs by~

qbsefving the X-ray fluxes; - Tﬁirdly, from a ‘study of the-abso rption

_of low energy X-rays by the interstellar medium, it is possible to
s e S L L
.+ “™obtain the aensitx of interstellar gases. In this connection,-the

. o

ilprablem of the',_concentfatio“rx ‘of molecular. h?drpgen_ in interstellar

medium de;e"r\}es._ 'a.lso:.ai .s_pec‘ial }heption. S%ﬁée ‘théﬂ_c.th"'i.ca_l and-
| radio p_obs er..vatidlns have nuot fyieidg.d r_nué_h iﬁ.fb r;n_at-ion about in_te--r; )

. o .galacéic gas, the. fourth reas“on for .s‘;\:ldying X;-ra‘y él.uxes frc;m i_nte:ro- -
.g’aia,&cic_ ga'; 15 the ‘_great_ ,ccji‘.s'mol.?:g;i‘cal siig‘ni.__f.ica‘m’:_'é th;_t.:su;:%l: st\i:di'es

Fl . L.

' p.réf‘vi‘d'ev-in'déte‘q'ting.l”ll'ni'ssing matter," - e e

.. 2. Observational Techniques. e st
L Iﬁ’X-r'é.y a'strbnc_jmy, ‘a-_s in.other branch_es of astronomical
‘obs ervations; the qirantities‘fhé.t are rel’evant__are' the .ihte'ns‘i‘_ty',‘ ‘the"‘ -

Qavele‘ngths prgjsé‘nt, ‘and the polarization .__charactg';'isjci,cs. ;’I"’}_ie! N

a.
. .

general requiremerts for a successfil experiment should inClide a

a

‘detector, collimator, and an analyzer., Howeéver,.there is2a- basic

© ., N ! @ e
.

. difference between these ‘eXperiments.and’others. Since there is a
. . o . - no S .o B

i, -

.\'re_l.'y strong:é.bso_rption of theé X-Tays by.thé eart'}‘f"s atrr,io.s“phere;a-'v.

B . . - .

—

. the instruments must be carried by rockets or s,gtell_itgs ‘beyd‘nd the

“earth's atmo sphere and méasureme’ntsﬁ should be made'from those
altitudes. Naturally this.as‘pect..’c_’)?f;:-gxperimehts mé‘lfy'impo_s'c‘a certain

‘limitations on the type of experiments besides limitations on the

7

.....
[

-Wéight and volurr_l_e of the inst-i'_umel_'nq package to bé carried by

rockets or satellites. Also, the rbqket or satellite carrier has to

¢ ‘ . ? - . :
) . .
o
- 3
[}
n J
- ) 3




- be oriented towards the possibli-"source and stabilized in that

- -

posjition with the heip of some suitable attitude control nlechahism; C

. “For .Very' low fluxes of radiation that are present, o_‘n'e needs highly

- ' efficient ouantum ‘detectors in the 'rnsfl'ument pac‘kages_.. .

' The instrumentation that has ‘heen developed. so far in the .
field of X-ray astronomy is in no way c'orhparable to the sophisti-catiop .

- attained for use in the optical and.'radio regions, of the spectrum, ‘The '+
‘ techniques that are to be}us ed here 'should (i) detect the locafion, size, .
- _shape, and ex‘t;efnt of the source,’ (ii) m_easure the total intehsfrty o{

\ . the source in the X-ray region, (iii) examine the variationof intensity

with time, (iv) pola_r:i"zation'of the radiation, 4nd (v) si:ructure nf

N emission lines and absorption edges. Only such detailed studies
. ° . X ) - -.;.' . . B a . Ty - :_5__'__;'__;1% . . .
¢ would enable us to obtain the maximum amount of‘-'i-‘/{'x"forrnation about . -
28 » . N . R ° Lo . . L 1. : . b ’
° ' ’ 2

‘ ".t:hesﬂe').(l-ray sources. Let us therefore consider the vari\ous tech- o
: "niquee that have been used 1n these-_:s'tudies?..
Lo In develo‘ping exp.er.imen_tal techniques in the f_i'eldoof x;fay T
astrohomy, ‘.fsig-nifi'cant contrihutior-ls"have been "rriade‘ bjr’ three. g'roups :

s
&~ e

.....

. viz., (1) Amerlcan Sc1ence and Engmeermg Massachusetts Instltute '
& ' .

SRR of Technology (ASE MIT) group, (11) Naval Research Laboratory (NRL)

group, and (111) the Lockheed group. The healthy compet1t1on betWeen

I ‘the-;se v‘armus groups has been pr1mar11y respons1h1e'fo‘r the ‘rapid

. - <development of instrumentation for observation of even very weak .
. R N [ T N . ' .
PO : S o : . . :

' . o

. T sou:rcesl ‘;'T‘He' first ,experi{x_eut by AS_.'E-M’IT.group' led by Ciacconi,

CON T

8 -

. etal,, 'in1962 employed a set of large geiger couﬁteré to study X~rays

. 2“ o ' Yoo €,
P v . T W, E




. 0 .
region 2 to 8 A and each had

!

from scattaring of the solar radiation by the moon. The counters,

§ .

carried in an Aerobee rocket, ‘were sensitive to the wavelength

. \ \ . .

§ . . .
a wi‘nd(ow area of 20 cm?

with mica
windg)vs of varying -thick'nessgs'.' The strong spa‘éial anisotropy‘-
% L

indicated a strong extra-terrestrial source of X-rays. The source )

' was detected close to the center of.the galaxy and ramed Sco X‘.R-l.

because of its location in the constellation of Scorpius, This

experiment was followed By another from NRL group with a’counter

- of sensitivity 10 times greater than the previous one and confirmed

the source,

-
The basic experimental set~up should consist of a collimator

~which transmits X~rays coming from the source within a certain

range of angles, a z_i_etect.or that can receive the incident X~rays
and measure its flux in terms of the effects préduced, and an 7)
analyzer which can be used to study the wavelength as well as

polarization charadteristics of the X~rays received, »Let us there~

S

fore lbok at each of these three stages and discuss the basic instru- -

méi}taﬁon_ for observations. %’ 3 -

a

- (a) Coliimators : T ' —_— .

A}

For -td e?rhf—y i ing the locations and angular sizes of the X=ray
e " ) - - . . ‘ -' i ‘ L »
sources, it\is necessary to limit the field of viewlof the detectors
using suitablecollimators, In one tYpe_"of collimators, ‘called the

Ceil.\il_a_-.r'Colli’mato'rs, “one. can study.fields: of view of"differel_nt'

shépes'and,different angular widths. .The collimator is made in the N

€




form of a honeycomb of lonp mtal c-.yli.nc'lug's_-.l\iq.nitinu fher field of
Jview within'1°, With these it-is possible to scan only a"small area
~ Another type of tollimator (called !'modulation collimator')
y with high resolution and wide field of view .has._be_é';n developed by
1  the ASE=MIT group. - The design involves two g'riq.s of parall_l‘el
wires separated by a small distance and ‘moiun'te'd"in front of the |
i window of thé detector as shown in Fig, 1. .
distant S T
point '%‘Q“ R o @
rs‘ZLg:‘:felon 'S ‘ 5 :‘:1 .
RN '// i < . \ .. . . e
) b .\\\.2 ?.’ ;‘zagvee'fer-i ' €= .7 é
: \ ; .\\!~ § radiation | .k « :'i:
, CloemT—el | cere /el e .
d -*_'Q_ f | T L . @
5 — e o
s£§~~i ' =
[ C =y
_ Fig.'1 Configuration of a Modulation Collimator
The wires are of the same thickness as the spacing between the
? S wires, For a parallel beam of incident X~rays if the shadow ca_stf
by_'i:he first gri.d falls on »thé wires 1n the :second'_grid"tv}_i‘ex"e will be




maximum transmissidn. Such «onfigurations will be 'lubssilil'(z for a-
_nur'nber‘o‘f a"ngilet.s. - This type of collimator has ‘the decided advantage

of very _High resplutién andnth'e féasibility, to scan é'la_rgé.'_area of thg S

sky '._tIf_sth’é d.ial.jﬂe'tel: of theb'».vi‘;-.és_ (équa‘i.gq__ t_}-1e~ s.pa'._:cir'xg be't.weer: the

»\{j:fes‘;_.) 152” ar}tfi;.__f.:hej”in'rier g:;idbis".at a. di."st'alnn.ce D frém:th%:' outer g;ici, '

the aﬁgﬁiar distance betw;eﬁ ma_u.c;irri‘a w111 l.’.la’.e..d/‘D.. . ThlB thefe:fc;a;'e

will enable the si?e oé thé.:.s.ou.rc.e':t;)" be> d'ete}mipe'd". and ang\.lla'r.

Ije_solu.it_.ig; 6f?>on'é n"xiriuf;'e of airc;_..i_.sl;—.poé__sibilé wit;h this '#;"::;ngement._ .
.To _i;"n;)robve» ;he re_so‘lht_'iqn further and pI:?)V.ide. :\;pahﬁb‘i.gu:)\_lsb

r_e'sulf.:s" wifh'se_:“v.efa'll sources in‘the field df view or study an extended - =

. ™ ‘.“;. . P . M
- .source, an image:forming telescope is used, These telescopes

e

'depe__nd on%he totai éxte;'_r.nall reﬂélction of X~rays under gra‘“zihg

in‘ci__de;nc_e and use two r.eflgc.ti'h'g surfac_es,:-a»-par‘abol.qid".ahd a
) h_y.l')“erbol'o"ild as sh.ov_v.:n‘l 1n F1g. 2, 'S\._l'ch .ir;"s_tr.luments'w‘.hiéh make us.é'_:...

of. gfficient s_'catéeri;ig. of.X-.-'ray.sb- at é‘razing' incide'nc;e- ére the rr}os;tt_-
. ué_;éftil"one;s 1n X--rai* detecfion.,techniquesf An opt'i__lcal sensqr'indic_:ate:s"v"

the po‘s:itio_n of the'~’deté5t6r‘rélgtive to a known source like the sun or

- frio_(:ﬁoraibrights'tar. ] o R
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Fig., 2 Principle of a Reflecting X:-i'a.-y Teieéc’:ope

-
- ~

'(b) Detéctors

Due to the low:phd'ton' ﬂukes"and the particular needs, the —

‘detectors to be used in studying X~rays should have a sensitive area *

"0£ 10 to 1000 ‘em? and have high efficiency as well as well~defined

LY

energy response, Therg'a.r"e three different‘tyi)eS'of,detectogs

commonly us ed for experiments in X~ray .astr.onbmy.  They are: . ~ .

(i) Proportional Counters (gas counters l_iRe Geiger. counters;

s

~ (ii) Scintillation Counters, and (iii_)'Phptoélecyfic_Devicesé

1

The Proportional Counters are gas counters filled with a gas

~ at suitable rp'ressdre and depend on the -ejection of the photoelectrons .

.

.fror_n‘th-'e gas and the formation of el_écfron__-;-.ion':pairs,k:é.s aresult of -

) ) S . . . . ,
- the ionization by the incident X-ray energy. The efficiency of such



~a counter is given'by t

3, -

enby b Mgk,
e )

" where ’.tw, ;tu’._ are the-abséf_ﬁioﬂ‘coeffi_cient .and thickness of_the>‘ .

&:}indow matéx;_ial," and Iuﬂ, tﬁ are the cbrre'sp_'ohding .quantitics -

'for'_th'e gas in the-reser_voir:._ The lirﬁiting values of the thickness

of-the window will depend on pwand the pressure of the gas inside,
Normally, the lower limit of Xa~ray photon energy is 1 keV although
* this has been push_ed'to lower “values (A0, _4'keV) using special -

_windows. " The upper limit of energy is determined by the trans- o

parency of the gasin the counter, . A'schematic layout of a gas

1

proportional counter is shown in Fig. 3. S
_WINDOW . .
SUPPORTS -
Be WINDOW
9‘0m_q/cm2

Fig. 3 Schematic Layput of a' Thin Window
o - Gas Proportional Counter - 1

&

For exa.r'ripIe,“ ‘With xenon gas in the counter, up to 50 k_é.V '
eﬁergies of the incident photons can bé- d_et_ﬁ_c_ted_._ The nobler"ga'.s 1é .

"

13|



' ’pref'errod since no encrgy los's will take 'pla.ce ag in the cglso of .
poly'ato.miic rrio.lleolples 'where,.energy rhay be disstpated‘ 1n exciting
the'gas to its“rotationél o'r%ibx;ational stat,es.‘ While a"'pur'e noble' | 2 |
gas countet is very unstable, the addition of a polyatowuc quench ;
gas (like CH4, COZ, ~ete, ) will enable absorpt1on of the ultrav1olet
11ght from the noble gas.. Proportional,‘;counters use thin windows
. ‘ N
; of an organi_c materi_al like n:1y1ar or tevf.lo_‘ri‘ coated wi‘th a thin n‘letalj
layer to 'eliminate th'e-s‘ensitﬂivity to \tltraviolet i‘ight: 'a.ndlalso too
. rﬁedi\;:c_e’.the gaé 'leakagé.-_ jHc')wev.e_r,. itlliq_‘clear“ that.‘the-z efficien_cy of
the coi;hter “;i_ll depenti on the X—rayphotoninot being absorheti 4b}.r _‘ h
the wi_hdow rhatex_-iat. but a@bso.rbed by ;he:'g_?s.:in the ,clouhter.’
E‘»eryl'lli_ur-n and metai-ooated myla:x'f have .be‘e‘r‘l 4us ed with'cor‘nfsidex'-ahl'e |
’ success.l The output pulse_is proport.ior‘xavl' “to the h,.ul;hbe'r of ione

pr.oduoed which'in turn depends on the incident X=-ray energy. .

1

The scintillation counters use‘the photoe'lectron emitted from o
the colhs1on of the 1nc1dent X-ra.y photon w1th the sc1nt111at1on

.mater1a1- The 11ght photons em1tted before the capture of the electrons
.w1i1 be o theasure of. the ‘electron er:ergy and hence of the 1nc1deht
X-ray photon. ~The light _photons are detected byt a photomultiplier.
‘Generally, the s'ointilla_ltion deteo.to_r.s ar'e_u,sed for photoh energias,
greatter.xthan l_Ofk‘e.V.. Th'es e counters. are more -.e:ffi.ci-’ent than a gas
co_hriter an‘d\' have highex: erxet‘g,y res_olutjon as shown by-s everal

rocket experirir;ents. ‘Nal has been used in scintillation counters to



“handle due to its hygroscopic nature,’

these detectors idedlly sui:ted'for.-studie's at low energies. The

photoelectrons from the alkali halides are electrostatically focussed

observe X.-rays from Crab Nebula from a balloon and from Sco XR-l
. ‘ . s '
CN

»f'i:'\ma rocket as well as, fi'om Cygnus sources. " Csl has _also‘F’(‘:"enW""“

used as a very useful sc1nt111at1ng mater1a1 While NaI g1ves more

.light and thus lg‘ette-r energy re's_olution, itis somewhat dif_ficult' to

" Photoelectl{ﬂfdetectofs without scintillation c"rystals ‘Wer_e

désigned since the discove_ry of the véry high effi_ciency of s‘ome,

alkali. halide f_or__photoelectro'n emicsion, No windows need.be'used

K . i . . o : o S , — o
and this coupled with high efficlency at long wavelengths would make

.

" on the first ‘dyn"o""de as in an oi;di'na'ry photomiﬂtiplier_.‘ Sensitivei areas ..

of nearly 40 crn2 have been used and the1r eff1c1ency range from 8%

for 5 keV photons to’uZS% ‘for 0, 8 keV/hotons. The photoelectr1c

‘ detectors also need filters for absorb1ng the ultrav1olet 11ght

It must be rn_entloneq that in the use of the abo_ve-rnenti’oned

detectors which are not just‘ unique to detect X~rays, it is essential :

to reject rthe diffose_baekground like those due to-the primax_'yoos_mi‘c‘

. radiation or other chaljged partieles. Such rejection is ‘é'a_sil_"y achieved
. by the _c:onfigufations and"combinations off d_et'ectors.' jIFor example,

two'scintillation eounte'rs may be arranged with different scigtillation

L7l

- materials such that one will respond to the photons that a_te’ incident -

while the other rejects c11arged_;?artic1e5. ‘In photcelectric ‘devices‘a .
i B

A En}
v
-~

RY} “ .



N

thin window may be dmployed Lo shut out visible and ultraviolet light
" without fcdﬁeing the séheifivity, of the detoctor to‘incident-’-ix-'l__';’(y
: eneegy;

~3. Mechanisms for Cosmic X~ray Emission

'

In this section we are concerned with the various mechanisms

for the productien of X;-rays in a cosmic sett_inqg a,nd.'we'will examine'_' B
the',physics of fhe various _procéssesiwith definite formulae important

g .

for applications,' There are three definite processes for the pro- =~

"duetion-'of Xarays thaf':..need to be discussed. .fI‘_he'se._a}re::' (i) Magnetic

v

) Bremsstrahlung (or .Synchrotron emission), (ii) Bvremsstra_hlurig
'radia’tion by electrons in the Coulomb field of a nucleus:and_(iii) o
o Inverse Compton Effect I e

(1) Magnetm Brems strahlung (Synchrotron R.ad1at1on)

«“ b

.Con's1der a particle. of charge. e’ and veloc1ty CP ( ’3 ! )
: - ) P T -

. experiencing an acceleration O .. To calculate the © energy radiated
: . o , —_— _ S - "N
by such an accelerated char‘ge- one.can use classical electro_dyna;mie_s

and. recall f’he Larmo r' radiatieh formula, Using the‘ expressions for -

"the electr1c E) and magnet1c (B) f1e1ds, one has the. 1nstantaneous

- energy flux given by the Poyntmg vector . _ )
- gzt EXB . w
: ’ - . _‘ . . " .4-11. - - ' ’ . oL .

' and - . 7 SN Do .
.Ei AT E S ey
‘N being the unit vector. The power radiated to infinity per unit _-

-~ g
.

- - o . . . L . . . N

ERIC- . oo o s SR




gsolid angle thcn becomes

dP ____3 as sin?e RN . .('4).

d. 4mc S
where e is the angle between the vectors a and h Integrating
. over all solid angles, the total 1nstantaneous power is ’
N 2 2
2 —
3. 3

v

"which is the Larmor r(ad1at10n formula. . ,'

N\ “

" To use the above expres s_.ion."fo r the relativistic.electrons

L

 with ene;g.'y' E =¥ mC
: g_eneralize the abeve i‘es

"part1c1e sp1rals in a magnet1c f1e1d as shoWn in Flg. 4 w1th the

-

_ relat1v1st1c narrowmg of t e beam W1th1n a small angle as, shOWn. g

\

F1g 4 Relat1v1st1c Partlcle Sp1ra11ng in a-
' Magnetm Field B

'I'he equatmn of mot1on is g1ven by S

-

,,| (rmcp) e /3««&«5 o \ ._(6)'.

" - . Foon

and the part1cle experiences an acceleration perpendicular to its
. X R % VI T K .

S

velocity, The particle radiates as t,hox_l_g_h:-it we,re spiira.ling- in a.

P=3 &g e

in a uniform magnetic field B} we ca#

ts. x =1 ‘{T__ 2 .. A relatii}i‘stie"

Te



- P;ET‘;'OY B[BJ_ 'IGXIO Y B ,3,,5‘mo(

o the "half life' can be calculated by sett1ng E(t Eo/Z

ma[,nenc f1eld‘_-'- ' - . : o
| B'r L X-mC p/e R

’I‘o calculate the power one has to use

A

azeypB o @

where Cﬁ is the veloclty component perpend1cular to the f1eld

LY

The total power radiated is thus

ngsls‘c ° (9)

- i . ot

- where T =€ /m("= 2. 82 x'10 13 cin for an electron and & is the -

pitch angle between P and B For isotropic dis‘tr'ibution of particle

veloc1t1es the mean rad1ated power 1s

F:%’f . Y B ‘9 - i l5 252P eygslsec .

49 . --'ll.ﬁ;.» ' (10)

a .. . L. ., S . . ) - : .

" Since P is the rate of em1ss1on of energy, one can talk about the

-~ -

3 "half 11fe" in wh1ch t1me the energy E (t) of the elect'ron w1ll b reduced

to one half of its 1n1t1a1 value (E) Us1ng'the relat1on

£ = & /(FpEE) |

’I‘hc magnet1c Bremsstrahlung model has been us ed ve

: successfully to explam the or1g1ns of X-rays from ’I‘au XR—-l ans\ o
Cyg XR~l, The _{nost 1mp0rta‘nt cbnsequence of th1s_ model 1s'the \- -
presence of'l'a-rge nurnb'ere of ulbrarelati\}istic electro'n.sl in the Crab .

._nebula'antl similar sources, -For exarnial'e‘, with magnetic field B ~

= ‘ ) . *\\:"_:"::. “
- -
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-

' electrons works \out to be 1. 6 x 10 +7 . secs to 5 lx 108 .secs or -

: aftern sath of a stellar"elc-pl.OSiont.. The _origi_n‘ of these relativistic

proton-proton coll1s1ons. - For prof)er 1dent1f1cat1on of the magnet1c -

- measure.' :
o .

%
[ 3

g
R, A
)

B4
v J : :

. R S - .
necarly 10 " to 10 4 Gauss and { S 40 ch,‘ the "halfdife" l'u r the

. &
-

N
0 5 to 15" years. Whe‘n ’We realize. the fact t_hat the Cr;ab is more
1.« 7 - . ._ - v o

“then’ 900 years -old,I it can Be seen that it is-an active source with a. -~

- 3
. !
.. .

steady .s‘upply'of relativistic particles and not just-a sl'owl_y decaying -

- .

. v

. - Ce . . . : : L A

B elect_erns 'is»perha.p-s the de'c:ayluof the charge'd.mesons pfoduced 'in

B*emsstrahlung model W1th any of the X'-ray sources, the va11d1ty

L%

ha_s to be es’cablished.from X-g_ray pol'arizat«io,_n rpeaSurements.

However, polar1zat1on of weak ﬂuxes 'is  somewhat difficult to

B . . o oo o : . v '

.'(ii)' Bremsstrahlung mechan1sm refers to the cr at1on ot
. 8 » . \’ N * N ..

photons as a result of the coll1s1ons of re1at1vist1c e1ectrons w1th

>*

_ -atom1c nucIei as ‘well_ as el'ectron‘s in th‘e- medium, - .’I’he'X'-ray"

o ~

. em1ss1on from a hot opt1cally thin nonrei;at1v1st1c gas or from hot

. 'tx'

N .__electrons in a cold plasma can be exp1a1ned by the thermal

By

_ Bremsstrahlung, mechamsm The em1ss1on of{gh energy photons :

[ v

. “\

~ isasa result of Coulomb scattermg Wh1ch causes thWe electrons to

v . ' . { . - 2
accelerate and t».hus:.ra'diate ene:fr;gy. The former process of,

e -
. N - PR BN .. . 9-
L8 Lt . . ) o . . .

X-radiation from a hot gas‘ found 'in the envelope around a Supernova
. . . . . . [ T ~ : . A PN

ot in the envelope of a radiogalaxy or a star is more important.

. 3.,
1 L. - . R

) '-I-'Ien"ce we will discuss briefly this mechanism, _Such.a study is also’

g . ©. - ‘

Y : ' L . o2 C -
. l." '_|\



of interest in thelrmohuclea.r rnsea.rch.,b. ‘ s
" The collision of an electron With an atomic nucleus is = -
“shown in‘F.i'g. 5.
0
. . ELECTRC?N ‘. 1 PHOT ,
¢ . ‘
T u I S
] - . _ © NUCLEUS
' )
Fig. 5 Bremsstrahlung Emission from Colhmon )
o - of Electron with Nucleus _' . ke
: The power radlated by the electron acceler"ated in the Coulomb
“ f1eld of the. nucleus of charge Ze 1s g1ven by Larr* or's formula
as SR ' . | : ' - R
'-'P.:.ze_a/s.c' T
IR : - A o L. (12) :
: S1nce most of th1s energy is rad1ated near the d1stance of closest | i
' -aPProa,ch Coe T 5 G o R
‘: . 2 ‘ b—; . . X . S a -_" .
a- _—- Ze .,//m‘ . .. | : - (13)

.For the effectlve coll151on tirne wh1ch is nearly l)‘,(/ ) Lhe total enem

'rad1ated 1s

AW’U) 32-- 3 (m;> v | e

The power rad1ated by an electron flux of N VvV is

dP ' =47 € NN, Z
_ch N ZWN A Vféw(_b)lrdbf% gy
k ) ‘ sy .-




G

- ~

where N is the ion dens1ty and ‘rm‘n" is the minimum irnpact .,
.Aparamete'r and g¢quals .~ R /mv.. Ro._writing in te_ririls of W the

",

energy of the incident electron, _

g ._‘%IT:Z A WYN N,

<

o

A .
where o(' e /e -1/137 and)\ h/mv DeBroghe wavelength

A more exact calculatmn gives -
2 2
4P _-leT Z > e wvg N, Ne
.dv. T 3vE a

- irrcluding 9 the Bremsstrahlung Gaunt factor wh1ch is ~1

.‘I

'(17') B

- The electrons for a plasma in eq\nhbrmm obey the Maxwelhan S “e -

' dlstrlbutmn of veloc1t1es g1ven by A
S vV .
1[“’) 4" (zvrhT e | o o qs)

and the “resulting Bremsstrahlung spectrum frorn‘a hot plasma is
N ‘ . L. v . . . .

of the form = ' - _
o IO (b - CLay

1 . X ' A |

- In man}r old novae, ‘the above Bremsstrahlung mechamsm

-y

seems to be operatlve.' Sco }\.R 1is a good example where X—-ray T X
" line emission would be expected High resolution i-nstrumeﬁts should

A enable us to study the many lines leading to a fuller understanding ef '

the processes falc-i-xag\p&:e.in»such sources. - However, it must be noted

that many old novae resembling SccT\'}GRe-elQ'e_n'ot_lX-»ray sources but_ .
’ 3 : . o . . ‘\-".‘ L . . _l L vo.- ..
are often surrounded by a halo of hot gas giving r’is"e_t‘o'\opt\ical .
. "‘ - Te - .‘~ . . o B y ) - 2 a . ..,';‘ \\ . ) ) \u‘i L
"Bremsstrahlung, Another possibility is to explain th‘e\ spectrum of “~__

. M .. ®
Q@ . . . . . ’ h . i o ? .




-‘"“ * ' .
~ . . R

. N ) . . ) o - . » . . o ' . . .
- .- the ‘supernovae remnant ‘group‘in terms of theX~ray c¢mission
“ . L .L A *

o .commg from a hot dilitg gas plasma surbroundmg the hot\ dccaymg

a e

_ nucleus. The heat is, supplued by the\ rad1oact1ve decay of the heavy
"elements produced in a supernova exploslon. - B

Ja

"

C e (111) Compton scatterlng 1s a th1rd posmble mechamsm
Ve s » . . . o 1 ,.
, whereby X-ray.: may/be produced asa result of a hlgh energy

-
) - b

Vv
‘.
Mo -
-,

e1ectron g1v1pg sbme of 1ts k1net1c energy to a. low Qlergy photon.
o - » : \. N . “ 2
. For :fn e1ectron w1th an 1mt1a1 energy vn c where’ Y>> 1 after - .

+ PR
.
ot S8

. < :
Sl T a colhsmn w1th -a lo\g enelgy photon of’energy E it can be shown
‘ . r . - & N r, ’ 3 a t - o z
. that the ene‘rgy of the sca.“tered photon iy - .
A , M - v L el ‘ ’ .
S f )" f } 8 N - ‘ﬁ St (20)
. The scatte»r g ih uch cases 1‘s rea11y the 1nVers!e Compton .
S scaj:termg and 1n contrast to the usual degradatmn of photonoenergy, e
‘. -thlS is a *hoton\%‘nhancement@rocess. o . T
oL -, M_\ \ I o ' _ . -.
I 'I_n ‘_as'trophysica’.l situatipn‘s,.photon densities are relatively
ST e ¢ - ';,. e :
. hw‘h electron dens1t1es are low, .and the energy spectrum of cosrmc <
o p .
S '-.’~ 12 ¢ . . . ,
IR e1ectrons obeys a power law up to 1011 100 eV.‘ .As shown in F1gs. 6
SO SP 2T L ' '
AP *and 1 below, theo scattermg processes in the lab frame (s) and in thel
- ? \b ." . " ) ~ g i"-u‘
' I.‘est«f"alne of the e1ectron (S ) can lea,d to equatlor;s for the scattered
a : o . "' IS S . o
'energ1es of the p\hotOn a:nd the electron T : L o -
, e L : .. L ] ., . ” R . . P ) . . ~ .
= N ) © N, A N o /-a* T . *
'_: . t . .:~ ”‘ 4 - 1‘._/ )
' - ./ ) l: : ;‘ ‘ )
s Tl - ' .
.~ & M '

B R - St . : 3 ~ o -:._. -t



” - - ) m .’ . I_]}}..
o \\ . a : 6= angle 360°- a:igle &
‘( ' : ‘ betwcen incident and ~ -
scattered pliotons

~

»

SC&'H.BY‘:J '\ ) /0( T.ncuden%, 'Pholon
Phoion ' e

Fig. 7 Rest'Frame of the Electron - Comptoh _Scattelring

For a more detailed.digcussion of the mechanisms and the results ‘.

/ i PO

" tefer to the summary on recent developments, 4 S

- 4, Results of Observations from X~ray Sources

’

L

_ A . . . . ’ ! - . i ) .
".  As was-mentioned earlier the observations in X~ray astro-

‘" nomy have to be carried out from rockets or bailoons or satellites,

-t

The early studies were. made withAz"ockéts and necessarily these

-

]

'exp'eriments wer’e at a’ éonsid'erable disédv"antage because of the
extremely short t1mcs ava1lable to scan the sky. Of course in
_ : = N
T g sp1te of th1s trémendone progress has bec_n made’ smce 19624{

1dent1fy1ng .X-sray sources and to date more than 160 sources have

e : ‘ .

. T : . . . ' o . .
\‘1‘ N ) ,-041. - L e -" a

v e

- )
dor. o



_ been observed. For many of these detalled studies have been made -
‘and models of X~ray ernission mechaniams have been postulated.

. . « zp’ ' o ' . o I .. .
- Needless to add that the models are in continuous dé.bate'_aLnd refine~

- ment as a result of more  experimental ‘evidence 'being accumulated -
a . “ . . - .. X :

e';re'-ry'da.y. '

| The_fix-'sf and strongest discfete.X-irg_Ly sogrce-dis.c':overed i‘s o
.v_Sco‘;XR-l using an Aerobee rolcket; at an altitude 80 km for _# duration

" of 35‘0 secg. The location of Sco XR-l' w#s determined to an af:cu_r'acy
;of about 10° and qu‘ité‘ clo.se' to thé galactic ec-qpat-qr_. | ‘Fo_ilowing‘ :

‘Sco XR.-.I dis c':over_y,v ‘vwith mor.e~sop.:histi.cat.ed\ d.et-:g‘ct"ors .fhe. sources °
Cyg XR-i. a‘hdrTaq"XR-l we',rev also detected. The ;a_éier'théugh'a.

weak sotu.'cev i.n Tgurus was of mu.ch'int'eres.t as the Crab nebula also

" lay in that region of the sky. With improved dete_cti.on tech'niques-, )

by 1963 the'éxistenc; of Sco XR-1-had blgéh.confil";me.d eight times and
its .poéition locate& to_within 1°, Beé‘id;&:s confifmafidn of the Taurus
so{'irc.:'e the intens’ity of the weak'.s.eurce was found to be 1/8 of that .‘

" of Seo xa-i;.

. The ...followinﬁgk phase .c.)f &évelopment of X~-ray asfronbmy con~. L
sisted of improving'th-e senlsit_?vit.y.,o'f ;:he'd"etec,to rs to find n'e“; sou;'.ces
which were too w'e'ajk‘t_o be ol.a'|s erv.ed 1n the first series of exper-ii'nents_,é-
imprbvi“hé the accuracy in fixing the po>s_ition'o'f the so.t;rc;‘e by .-

: .I'efil;ling .&et_e_:cto r”tech_nviques, and the stu.(.iir of the en.e.rgy sfaectrum. |
of thg stronger sources in order to fit the m().'deig. ‘Thus, in gengi::al
the étudies h;ive proccédcd_ along two principal dir'é‘ctionsl_:‘ (i) tcj fix

: - -



_ the cel_estial,coo'r_diriate;s of ther"so-\urces and.(ii)' to rﬁeasuré cairefully.

the spectrum in detail including polarization characteristics and

[

'\fi;i.riaﬁility; o
: /‘ L ‘. .In lthe early stages, !:h.e.s_ources were all fhg\;ght td_lay.in_' the.;_vv'
"g!a.lax'y and v&.rerve'prob'a.l.aly _r_e,r;u“l:a'mts of stiperno{rae. With t:he |
ex.ciepi::iori'of Séo _XR-I. (Wi’lich is-orily' ZOO’from t’he g;a.la_ictic equatori,
~ten <.)f the firstl ojasefved soufceg w,ere;_gi'éuped:alon~.g. éhe,gai'a.cti.c |
* . plane, Thé"récket_éxperir}‘le;nté. of the NRL .gr'ou.p (Br'ya’m iil. , 5.')

pxoduced some very interesting results that changed the earlier

belief that fn‘o'st sources were in the galacfic _plaihé. - NRL experiments

used'_-ii'"wé l_arg"e Geiger counters of total area 450 cm?

and a honeycomb

collimator (defining a field of view of 8°). Not only the overall sensi~
tivity of the in‘strument was increased by a' factor of four' (__with '
-_an_g\_ﬂar-resolution of'l._5°) but also the rocket c_arryirig_ the instrument .

ST payload was made to spin slowiy_ at 4 revolutions per minuté. Thé_:-
. experiments established to existence of extra-~galactic sources for -

the 'fir_'s_f_;:.time‘ and these'were confirmed by subsequent experiments

.of NASA., The most important ré:_éult of NRL experiments was also

'

| ‘the variability of the sources in the Cygnus region and t,hes.e had A
- proved to have f#r lr_ea_chi-ng implications, In 'lad'_dition‘_to séur'césI Vi»f XR-1
‘and Le;é XR-1 W'ith_salloon boirrlle i.nstlrul.rnents Cyg XR-1 .a'ridlothelr .g‘;'éups'
: ' o T . . ¢ oo
‘of s'burcgs in thé -rggion of the Coma clgstgr of ga}axies have_b,eeh

4

identified.

\)‘ o o . ) ~
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Aruitoxt provided by Eic:

the sources known up to that time into one group’ lying in the Cygnus -

~ and others,

Fig. 8 shows the principal _}‘{-r'ay soiirées and many qf.ther,h.

‘lie within # 15° of the galactic plane, Some ‘of ther could be related =

w ~ .

a

to the 'su;fz"é\r"r'vll_byée' remnants, Friedrnan e_t_a_l'.,._o of -NRL had arranged

[

C_él_s siopeia region within i' 79 of the galacgic'eQuator a_md another

Dechinatian {degrees)

- ~80 T T s 5 ! I\ I 1 ! i ‘ !‘ o
' 249 22 20 . 18- 18 14 12 10 8- (] 4 2l 0
Right ascension. ( hours)

L Yl

. Flg. 8 Map Showing Some Principal X~ray S‘ouil'ée;s
~group lying' within‘.i- 3,5° of the galactic equator-in geher.al'dir.eéti'on
“of the center of the galaxy. * These can be associated with the positio.n.

of‘_the' spiral arms of the galaxy. For a detailed account of the °
. ‘ ) 4 . . -

"nature oftH_e spectra of these sources, the 'reader-is'-refér'red to the
joint discussions on X~ray astronomy with reports from Giacconi

'

7 . . . . . ) } ) ) .

o
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Shin'ee 1963 oné'of the things that had been very puzsling and

. therefore 'ra_is'ed more questions is the _variabili_t;y of the X~ray .

' sources; _;Naturaily the variatio'n-"ef inten's_i_ty, of a source with time - -

r_n'alge's' it difficult to c_'orn'pareth_e observations of'di_f_frer‘ent ‘g'ro-up's

or com_bine the. results of experiments done by the sarne group at

~different t1mes and’ draw mean1ngfu1 conclusxons. ' The var1at10n in

.

I

the relative 1ntens:,t1es of Cyg XR-1. and Cyg XR-Z is a good example. )
At one time it was not1ced that Cyg XR-l was slxghtly stronger than

' Cyg XR~2 and then the s1tuat1on reversed at a later t1me. The

L A
\

strongest and most studied sources Sco XR~1 and Taq XR-?1°hav'e not -

shown any strong variations. .This picture has’changed since the

Ny
L

advent of‘satellites that can be used for observations over extended

periods ef time, ;I‘he'most notable satellite which prow?ided the g‘iant'.'

-

leap fbrward in the stuidy'of X--ray astronomy is the "UHURU"

launched by NASA;i‘n.19:?O. Fig. 9 shows the nature.of Uhuru in'st.ru—-_-- :
mentation. Ea_ch'c‘:ollim.ater definés nearly 840 cm? efféctive area

for X~ray detection. Energy band Width is 2 - 20 keV. Fig. 9 shows '

the sch'erne of observation of the sky by Uhuru detectors.. The spin

 axis can be commanded anywhere in the. s. vy with a stability of 1° in

one day.' .
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_Novdiscussio'n on X-ray astronomy would be complete without™

' " the mention of the most significant results provided by the Uhuru |
- . satellite. This satellite was launched from a pléffo rm off the coast
- of Kenya on the -s_eventh',anri.i've_rsary of thaf: nation's ,indep‘endén‘ce'.'

B ) , . . .'._._._ . '. . v c . A ) =
“Uhuru (meaning "freedom' in Swahili) rotating slowly every 12 minutes.
high ahove the earth fed the data obtained by the sweep of its X-ray | R

telescope into a control cent.:g_;;__r-on earth directed by Giaccon'i.ga\.r'ld

o his asso c"i'ates at Cambridge, _.Ap[_l,q_,ng_the...many—-s-i—gfri‘.fi—cant‘"dleer-'-
o oo _vations by Uhuru, th‘e most notable’ achievement is_the proof it hag" °

prov’idéd_ for thg'eXistencje 6f_ binary star systems and ""black 'holes"".“'-'—-»..\ ‘

A

v

Ce‘ntaurgé X~3 a.nd Herctﬂeé’ :X;-‘llare .t».voio'f the‘:‘ sourc;eé piniadinted: s
by t;he Uhuru sa.’teilife and thes e é.ppf:a\fl to be part ofbi_ria_ry star
.é_ys‘tems w-it.h a neutron st':a..r as 6ﬁé of the pé.ffners. X~rays from
_ Cehtaﬁ-rus X=3 a_rr‘iv"e‘d p.reci‘sély every 4. 84‘239 seconds and from
) <Herc_\'11»ls-s X-1 they arrived every 1‘. 23782 seconds, As in the case of "
“'black holes", the tinf I;é\;tr.(?h. star _Wo_uld Bé_ l.ptlllling'.ga._ses ffom-its'
"'lal.'ger ‘c;ompanic‘)n and i:he gases wo.uld.bé he,at;:d to such high ‘
temiaératures as they. ap;‘)“ro.ach the ne.:-utror.l' sta.r_‘th‘at...X-sra'y's wo..uld
be gmittéd. Flur-_tho’sr,.' 'bec’:a.use,q‘f th..e. magné:ic field_s (éur.rounding
the ﬁeu_tron star, téhesé_XArays in's'téé.d .of bleing ;ispex_';ed in all
' di;ections wq_u.lhd'be fo.Cus_s‘eé into a beam. ' The 'pheﬁomenon is .

- similar to the neutron star as a "lighthouse" beacon., During the

" rotation of the neutron star the signal crosses the path of the earth ..

\




'and is 1egxstcred by “Uhuru” fntelhto._'. _ & s T
: Another rnost sxgmfxcant result of Uhuru 8 contr1but10ns is o
‘ '~in-connectxon w1th Cygnus XR-—I and the eviden'ce'for the existence ' S

of a "black hole”.u After the ‘Uhuru- satelhte pmpoxnte”d the source

in the cor‘stellatlon Cygnus, the radxo a.stronorners got a def1n1te

f1x frorn 1ts radxo errussxons. Then the 0pt1cal astronomers found

Vi - e -
i N B

[

___‘.the exxstence of a huge star _ ”class 3 super-,.-giant gian_t” With a
mass Equal to.at l'east, 20 s'olar magses, ’ The astronomers concluded

frorn its motion- through space that- the supergxant is about 8000 light’

years away and also has : a compamon of mass three t1rnes the solar e
g _._‘ma_s _s or more-wh_ich would fall Within the lirnits of the’masses.'for

a black hole, ' el

+In 1973 the X-ray satellite named Copernxcus regxstered

a

o "'the sharp decrease of X-.ra,ys ,from Cygnus XR-l every 5 6 days

LI

' wh1ch seems to be precxsely the t1rne taken by the unseen companijon

of Cygnus XR 1to rnake one revolutxon”around 1ts.masswe partner.
Every 5. 6 days, _ h ”black hole" goes behind the superg1ant the

flow of X-rays is br1ef1y cut off and th]S is sa1d to be the reason for

the_ variations in X-ray intensity deterrnined.by -Copenn'icus.__':__Wh\ile
more evidence;n'ay be necessary to substantiate the hypothésxs, the
b1nary system of Cygnus and the behavxor is the best evxdence yet

for the existence of 'black hole” ..X-ray astronozny and the satellites .

like '"Uhuru" and "Copernicus' are yet working hard to provide us'



. with more and more startling: results.to clear our understanding of e
| not only X~ray sources but also of binary systemg, ‘néutron stars,
and "black holes". = . ~ S £
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'RADIO ASTROPHYSICS

~-.--1'.' Introduction o . - . - o

“"Radio ;AstrothSicé has become one of the most produdti;?e :
branches of Astrophysics for providing a vast ra,nge;of information

9 .
L4

on celestial bodies during the last thnfy'years.' .T.,he_ study has led " :

 to.a deepl'er uh_d_-e'rsta"nding' ofm5gf}—a.ﬁWé’iEil‘fﬁ_h‘én'dmena~a~nd'ifthei_r,;_5
' .cosmological significance. -The field divides itself into two disfinct
~t}.rpesb of.ob_servatioris: (i) studies of radio ‘emission from _céles’_tia_l o

'bodies and-(ii) analysis_o_f radar echo.es from these bodies from radio
* pulses transmitted from eqrth:'. .The techniqu_es' o’f,,ra@io.astronbm'y .

a
@

have yielded a wealth of info;ma'tién, one followed by .another in r:ipid

succession,_especially since the war, " Besides pure scientific

s -

interest, there'are.a number applications for these radio astronomical

.

techniques,
As an example'; ‘the study of the sun‘which is our closest s'ta_i' _

has contributed importantly to our understanding of térre;s'triaI mag -

T . ) 3 - | . 'Y . o L ) E ' . g .
' netism, the ayrorae, and radié propagation over considerable distances .

) by,_ io’posph’éric reflections, 'Ra_tdlilo' spectra a‘p& radio tem'perétuf.e's

'. cﬁp_bé m_'eafs;1red on. sources: thaf; are toé far §1Way ‘fox: any optibcal '
vmeasureménts even with ﬁ‘}.1e largest optical tfeles'c:op'es;"‘ ]jes_pi.-'ce__'ifl:s. )
‘ adva’ntages:," radio astfonofny ié faced with ;.seveol_:al probl.él;ns in .ité

use. . The signals are rathér weak and theb't.';:c:}mic‘lues for 1'eceivi1:1g

such weak signals ha\"re. been uride'rgoing considerable impro_;verlnent

50



tc increase sensitivity, The angular resolving power 6f-any -

_electromagnetic receiver, »op'ti‘cal_t'elescope‘ and radio telescope |
. .. alike depends upon the size of the receiving aperture in relation to. -
- the wavelength of the radiation received. Since even the shortest':

‘prac't-ic,a.l ‘radio waveleﬁgths.are more than a factor of 104'grea‘t'e1;.-_\“
" than 'optical wavelen'gths,rec_ei_\g%d by converntional ~te1e’scopéé,: a. . ’

-—w—---radio telescope would need to have a receiver several miles i_n size

to equa.l the resolution of t_ﬁe _la-rge»ét _dpgi::al télesébb’e.s. Conaeﬁuently,‘j,

xpo.bor re,solu.tiénl 15 a cha'racteristjcn disa(.ivaz.ltage'v c-_f"the ..ave.r_a_ge' Ijac‘iio

' e tel_.esc;apne.‘- ' | -
- We.will focus our attention iv'ir.s(:,-on the yp'rép;rties of the radio
‘\:VaVes°and the design of the 'radio .telés cdpéé that a_1:e the analogs Vb.f

N

" the optical telescopes.

2. Radio Waves
| ‘The :s;j called '"radio chanhel” gqmﬁris’és.elect.rorr'lag'netic.: waves
of lengths ra.ng.ing frf:mwl cr_nl to ~ 30 fnetérs. The ra(_.i..lioi waves, have
addéd s.ignificantly to. our k_n_ov;le.dgAe.: of t.he c_ésmds a.s they éan_ travel
through mosf of the galactic m.atter and are not abs'orb‘ed b'y"gas and .
>dust liké the. optical wavelengths., With oP’gic‘ai waQes wé can see -

10, OOO’light. years in'the galactic 'plane, .hu.t wit}:1-fa_di,o waves we can -
: sée the whole ‘galacjti_(: diameter (of ~.100,‘0'00"lig_ht y'ears): This aiaility.?'

of radio waves to transit the entire galaxy has made radio astronomy’

an essential tool in studying the structure of our own Gélaxy.

-3




J/ o ’. f
N ' ‘a_., - ' g ‘ ' : P
i .‘5 - Radio wave ermasmns have been detected from Lhe plaue_ts,/ .
L the sun, and beyond thc solar system. The sources beyond thc )

‘solar system consistof (a) galactic arrns a.~nd center, ‘(b) su'pernova R
remnants, (c)} Quasars, (d) radio galaxies external'to our galaxy, .-

< .‘: . and (e) ionized hydrogen clouds.':vFor the 8tudy~of't&h‘"’ese"wavelenéths s
T Lo s . . -~

- T , . Soa -
N el i
s T e We need*the radio telescopes which are sensitme receivers w1th all

—

. accessories to receive, amplif’y, and detect even the very weakest

— LR
J.’. - vrom 2 .

' signals. Such deve]opments in the design and construction of powerful;_ :
radio telescopes have ta nplace during thﬁe last 'se‘ve'ral- vears and_, G
‘major centers for radioastronomical res earch have been established = -

in various countries. As a first step in our discussion of this topic,"

o

—

we will therefore stu’dy the g’eneral. features of the radio telescopes

.‘_s_o;vital‘ to obseryations in this range of wa_\relengths; .For a‘historical
perspective of radio astronomy and radio telesc0pes the reader should

refer to the works. of Hey1 2 o - , . R

‘ 3. Radio .Teles cope

. “
.
o

Detection and -analysis of.radio waves is carried out with a radio . = .-

teles;cobe.f ‘Basically such an“instrument consists of’(i).an antenga .

o . " that collects the energy from the incident radiowa.\i/es,‘ (ii) a trans-

mission line through which the"oollected energy:is delivered to a .
. receiver, and (iii) a receiver in which the electromagnetic oscillations

" of the incident wave_s are filtered and detected after .aniplifi'cation by




¢
| .several-orders ol magnitude. In view of the weak nature of the
o ' ' e - ‘
- signals from celestial sources,.the antenna which collects the

energy from the radio waves plays a major role in a radio telescope.
. ) . ) ww R ) . . . ». N . I N
Let us first consider the different types of antennas that are used. °
The antenna of a radio feleBCOpe is analogous to the lens or the
mirror of an optical telescope. The type of antenna to be used will
“depend on the special rqq.uf%gr_r_lggts in terms of'its uses in radio ;
: astrondmical studies, The most important criteria arethe high sensi~

tivity for the very small flux densitiés of cosmic radic sources and

2 ..._

adequate resolution, These two criteria can be fulfilled by having

l:ix;ge'r apertures for the antennas. Also, in order to observe

-

sufficiently lharge regions of the sky, a ce__rfain degree of gteerébility -

of the antennas is needed, In general, radio teiescope antennas fall
into three distinct groups depending on their mechanical steerability,

They are (a) completely steerable types (b) partially ’éte"er'ablé[types, :

.,

Y4

. and (c) fixed ty‘pes‘.“ ?
Tne large i'adio»telescopes‘wcommonily make \Klseﬂo.f_hug‘.e p‘ai'.‘abolic.
or spherical reflectors of.a__rra_ys of large nurnb_e?s of: element.al,. e
_ antenna types guch ¢s dipoles. Thé.major anten”’ri"a’us:ai'e_ '(i)«‘ZIO ft.
pa}abdlic reflector of t‘he Australian CSIRO telescope, (ii) the éngs
~at'Jodrell BSnk Radio Observatory in England, and (iii) the 300 ft

diameéter parabolic _feﬂeétor at the National Radio Astronomy

Labora‘tory in Green B‘ank',_ West Virginia, and the h\;ge'fixed



-

parabola at‘Aré.cibo, :Puerto Rico. There are several other parabolic
reflectors and elemental types of antcnna arrange'ments' in cxistence

at various ce\hters; For a fuller discussion of the -theory and 1isting". '
. . : e - S -
the student should(refer to the text by Kraus.™ In addition to parabulic

typev_s', spherical reflectors with neqeésary h‘orrections fo'll". spherical

aber~,‘;atioh are a;lsvo'pse‘d in 'many installé.tions. , The antenlna~de's‘igner
hh.l;i th ta;ke\ i‘r;tginccoﬁnt a number of fa.chérs and .vtheo'.ljétb_i'callly evaﬂiuate

the perfo rmance charhctgriétics ‘befére a definite d'es.ig_.n. han be,chﬂt.‘)s..en.' ‘

Howevéf,' it is npt the aim of this mddule to discuss these details,
The interested reader is ref_erréd to familiar texts on antenna theoxjy;
“As was mentioned earlier,” sensitivity and resolution are the.main

|

criteria, | ' : o
< - .

In the radio telescope, the next most‘ii'nportant component is the |
. radio telescope receiver, These ruceivers are basically similar to -

the receivers in other branches of radio science and engineering.

“HOWever_,' it must be remembefed ‘,h'a.t the power' level of the signal

-15.

is usually qu1te small of the order of 10

t 10720

watt and the
background "n01se" level may be much h1gher in many cases., Thére-—-

‘fore, ‘high sens_iti_vity'and,high stability are ir‘nporbtantj :equxrcménts.~' -

The. r'nost.commdn type is a superheterodyne receivere Fig. 1

fg1ves a schematu. avrarigement of'a'superhet'erodyne radio -'-telescope

receiver 1nc1ud1ng the data recording system The sect1on after the
”m1xer" is the same for. all frequencms ~whereas the RF a.mphﬁer

.,



.

the "nu‘cer”, encl the local oscillator must be desu,ned appropr1at<\iy
for the renge of frequene1es to be efudmd Also, r(:_(:eivers'rnhey be
corlvenierltly divided into l;wc_) gr_orlp's viz, ',‘ "continu.\:l.m. receivers " a_n"d
A"spectral line receivers"., Whi}e the 'exect. frequency of operatiorr

is not critical for the first type, for the latter type pro.vision for

precise tu_ning to the frequency that is to be obs_e_rved.is very'Criti'cal.
Multichannel rece1vers are used extenswely in. rad1o astronomy For

a detalled rev1ew of the rece1vers in us\,,' refer to the text b-y-Kraus3.

O
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Fig. 1. A Superheterodyne Radio Telescope Receiver .
A
: v . ‘ ) , : RS o
A , . .o - : : . s ¥l .
\ + Fig. 2. shows the block diagram of a simple interferometric.

el
#5h

- receiver where two or mere -anterl’nas are s'epar-é.teld'fr"grrﬁie‘achA other
.b.y dilstanees of several _wav&: ngfhs. | The t:\;vo ‘antennas receive_ the
same signal because the an_termas are pointed in the same direction.-

. However, the two signals will -ha.ve a phese difference _depending QI)E.

o ¢

5 ‘:' ' //-




the direction of the source of radio waves. The two antennas have
_their own associated separate amplifiers. Sensitivity of thesc
. receivers may be improved by signal correlation techniques which

~are special data processing methods.

3 PREDET. S AR
. | A T
AT T | TR 2 e ’ — 1
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VA | A |
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i / ! N _ : . ae
9 b ————t ! . . . |
1 e PREDET. | |
"af | N AT | secTioN |

/‘ Tan TRTz A‘)‘l_’ F

‘Fig. 2. Simple Interferometer Receiver

Another ‘essential component in a radio.telescope is the a_mpliﬁer. )

- These are low-noise amplifiers which are commonly used as RF pre-~
| a.rnptlifier_s to oB't:ai'n'»thé"re'c'fuis.ite sensitivity. ‘Para.metri'cga:pplif_iers, '
] . Lo R - . . . . .

masers, and tunnel-diode amplifiers are special low-noise types'of =
¥ . e . ¢ .

e : 4 .
amplifiers used in radio astronomy., The masers and parametric

.
YGRS

B amplifiers are relat_ively‘narrow_band-—widt.h devices, while o-r"la/l;gdd—

“ band devices tunnel-diode amplifiers are chogefi, Parametric ampli- |

fiers use a nonlinear reactance element to achieve amplification. -




Stuch a nonlinear element may be a varactor (or a variable capacitance
diode) like a p-n: junction diode with Voltage'-dq'pendént cz_xp.acita.nce.

The parametric amplifiers are practically devoid of internal noise

‘and constitute a new useful éategofy of amplifying dévices. The new
very high-frequ.en'cy amplifier using ihduco_ed emission of atoms to
prOdhée amplification called the maser amplifier has come.intq greater

use in radio telescopes, (The maser is actually the forerunner of the
mo re familiarla.,se'r and operates in the radiofrequency spectrum R '
“whereas the laser operates at optical wavelengths.) In a. maser‘ampli=

) . . . . ) oA i :

vt

fi'er‘(e.‘g. ;uby crystallw.it‘h chromiﬁm'impurify), t:he ,c{;z\arlitu‘kf?nergy..
. ‘ . e . F B
states of ‘an atom é.lfe used f(?r é.m'}:)ljifi_c;a:.tion. These '}(1a (fiief%nit‘e- :

. -_;.a:.(i.vantages'iri.t.e:rms of the; gﬁin 'rr-1echanism'.and‘the 16 o¥§£gtlng

S _ S S SRR
tve_mp.era-t»ures. Fig.-j. shows the records qf. signal froEn’C;‘gﬂ\us A |
with an ordina;'y r‘ecé.i\l/er_\land al_so_iyith_the é.__dditidn.ciaf.a\. n.'1a5 er, tfle

latter resulting in an appreciable reduction in receiver~-noise )

N

a7

.fluc:t.u_atiqr'l.s.'
The #bove di_scussion ;?.p.t.:.hé general fe'atht‘;r‘es‘ of the radio l;elels.copes:_

would be _i_ncompléte .withou.t the mention of the ahterir_las_ used for

n“1eas‘uring .th}.1e_ state of polafiz.atid;fl of the _wavle s of cqémic_o‘rigin.

- There are four pargmeteré that _are.to. be 'rn'ea'sure(.i in connection w1th

polarization and they are (i) intensity of the unpolarized compqn_eflt,'

(ii) the inten_sity of qnle_ul_ine.:a; or "rig..ht-:.hahded‘cirlcular cqfnpo'nent,

(iii) the ir;tensity of thé of.:h_erl:‘l.i).lea-.r: égmi)oﬂent'perpendicular to the . -
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Fig, 3. Records of Cygnus A (a) Ord1nary Rece1ver‘ B
E oL (b) Same W1th a Maser :
- first or the left—‘-hande‘d ci'r_e',ul.ar com'pon‘ent, and (iv) the relative
“ .phases'of,the_,. two’ cornponents. In the cas’e of the radiation from the
. sun the problem is easy because of the strongly polarlzed rad1at1on.
But the problem is d1ff1cu1t in the case of Weakly polarlzed and fa1nt -
-‘ s\1gna1s from::the ga1ac_:"§1c and extragalact1c sou_rces.~ For such -

' purpose, a linear p_olarized antenna may be rotated about the po.inting"'
direction: and the variation in the energy received_' may be studied.
Sometimes, two differently p_olarizedantennas may a1l3,o be used and.

e the correlation of the two polarized .components may be mewsured.

~ ‘Since there are several instrumental factors to.control the precise

60
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and other sources.

. reduces to-

measurements of the states of polarization of the radiation from

radio sources are still in need of improvements to obtain astro-

_physically signifi-c‘:ant results‘._ For descriptions of radio tele'scopes

one can also use as a guide the book by Christiansen_and"'Hogb'om,'-.4

),
1,

5,6 |
St/

4. Mechanisms for Emission of Radio Waves S \

. Thefe are three principal mechanisms for continuum emission’
v . ' T . . 4.

’ y . . R ' L. s . ." :
.of radio waves. They are: (i) thermal emission from sources

from- ionized gases, and (iii) emission from electrons with relativistic

B

radi.alting like classical blackbody ra_diators, (ii) thermal emission -

energies under. the influence of a ma.gnetic field (magnetid¢ brems~""

-y . . e

- strahlung or Synchrotron radiation). Other types of radiq waves '

emission mechanisms have also been postulated'.' However, the above
three icco_uht'f_or most of the obsérved radio waves and therefore
let us-discuss them briefly. g

(i) ‘Therrrral emisﬁo-n from-blackbody rédiators is -charicteriz‘.ed ..

by the Planck's law of rad1at1on which g1ves the br1ghtness B(-v) of a

-blackbody rad1at1ng a frequency 2) at temperature T°K as

2hv i T St
Bl) = % TR, ST
e - T

". In the radio wayelehgth' region; hv << RT éin'pe we are dealing with

. very large wavelengths and very low frequ»encies, ‘the above relatien

N

4
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N
N

It fnust be.np.t‘ee the radiation fr\em the hla:lckbod'j)" r_a&iatore 'ie'_

rather"Weak, The fherrnal faaia\tion_s frhm' f:he fnoon,"" -Mars, and |
other planets have been detected a\nd the brtghtness has been found
to . be 1nverse1y pr0port1ona1 to thel\ square of the wavelength con~

R

sistent w1th Eq. (2_);""'f’I‘h'e"’continuO'\J;a—s‘p"e‘ét'rﬁm"'i's“‘un'p'ol'af'iz‘ed‘.
(ii) Thermal emission from ionized gases is caused by the - -

" detached electrons in.an ionized gas, While the,}_ine emi_s'eionslare .

¢

asgheiated°with transitions between thexd.is.erete:beuni:i"state's:efl'_. ‘
atoms _of rnoleetiles. 'tzhe‘centtnuutn of}ig’inates frofn thel ac'c‘elerati.on '
expe'rienched_ b}'r\the,free eiectrone ,when.deﬂ',ected in.'pa'ss'ingneall' a

- proton".‘ -Su'ch '.'luencele":on the free'ele‘ptrons are-tefni)ora-ry and
the interaction or ap'pro_a.ch’ results_z"in'a ',v"freeﬂ-afr'ee"';, transition in
‘ﬂcqnéras_t to the "bonnd-bound"' t‘ransitionzs_ i!’l' atdr'_ns"o‘lj Ijl;lg)llelc;uie's.-

-

As an example, for diffuse hydrogen, ‘the’ absorption co_effici'e'nt is .

'éhiven by _ - -
| -3/2 -2
Kow NTT o

N b‘eing the .free electton density. The ﬂufl,densit_Y is Propéf'tional _

to )\ '))

- and the spectrum for the Orion\_ nebula is consistent:

1 . . . s e

Wlth that type of déPendence. ' ' ' ,,’ \\ L P
(iii). Synchrotron emission is believed to|be the mechanism for

|

. . e 1
T S o \




continuum emission in the radio wave length region for most of the
: nonth‘er~ma1 radio gources, - In a'radio source, thenmmgnetic 'ficlda
L) . S ’ '
are v'ery weak and the r'elat{vi_stic ele‘ctron_s interacting with the

x"nagn"etic fields give rise to radio waves. Ina S1mp11f1ed treatment

/

of_the problém, the radius R of the path of a particle of charge e’

.and mass m mov1ng perpendicular to a_magnetic; field B is.

. - _.___Nv ,,._-.;_ e__n., S
= "‘“’/Be °"‘" kS ‘2TR zg'fr_v?v @

Y For 'mterstellar magn_etic fields B is 10~ t0 10710 w/m2 and
- therefore 7 is in the range 140 to 14 éps..' "When the electrons have "
relativistic energiesA the radiation from the pal_'ticle'is concentrated '

in a cone of angle

. ’ . ’ . — a . . ‘. . ) - - 'v -
o = 2\ 1-WMkc) . . :
6 =2yt R CH
“ . For 109 eV energy, B 'is‘IO'? radian or 3.4 min cf arc, " The observer

in the plane o,f.the'orbit will'receive from the e1;e¢tron pulses of -

-~1ength o ” o k ~"'
At o Re D (v/c)] I

" '_The radius of the path is e ¢
o I ;v _A_e ’ C/ 27\"1)
and thus- ‘ '{: g _ A ) " S . N
o= 8e \/ I- (v/c)? s .




-

m, being the rest mass of the ¢lectron, One can'see that when

\,[ S : .’ 2-» 0 as R-»0, Thevalue of p_\uls.c timc
At = 2m° [" (¥) ,]
. Be

and

¥

9)

» o Be . .
max .-— :ZTTA;tF' '4-17'"‘0 [l—(V/C)QJ (10)._

A5

As an example, for electrons with energy ofl GeV ‘and B = 1072

Gauss, 1:“ is 60 Mc. The synchrotron radiation is 11near1y polar1zed

w1th the direction of’ the electr1c vector parallel to the orb1ta1 plane

of the_electron.

. ’

.~ While we have considered.in the above discussion only.three . -~

mechanisms briefly, it must be noted that_th_ere-'a"i‘.'e’cther various

mechanisms of radio -ernissic‘n"Iike the os cillations of ioniied gas,

' gyromagnet1c em1ssaon hyperf1ne structux:e of 1nt‘e'rste11ar hydrogen

—— .

rmesmns. As can bef '

- >

.seen from the Table _below3, the varlous mechanlsms present d1'7rerse

3

.',/

characteristics. For a’ fuller' _treatr‘nent of all. mechanisms ond should .

U s o . ' Lo .
discuss the laws of emission and absorption, radiation transfer in a

gas, and fundamentals of Cerenkov radiatior, 'However, for our

present sccpe we-shall review vel'y‘bri'eﬂy' the most. inte r'e'.sting e

‘results obtained from several radio sources,

- I . . : '



“
Tablé 1 Summary of Various Mechanisms of Radio E_mlissit'm'“ - |
. :T'Ype"of . Orig-i'n © . Excitation | ;Sp'e'ctrum’: ; Polarization
- _Radiation ' temperature .
 Aemline ]nterstellar neutral - (100 to 130°K)  Narrow line shiftéd or "“Unpolarlilzed
' "t liydrogen o S w1dened by, Doppler - .
S e ~effect 1% ' o
k Black body Moon, planets Equals abso- _Contmuous spectrum = Unpolarized
- emission © B lite temperature . o S
Yoo Thermal Interstellar ionized ﬂO?OK) " Continuous spectflmn - Unpolarized
emission from hydrogen =~ - © - with absorption coeffl-
‘lonized gases .- | © . clent varymg as ‘P
-—- e i _ o . o and-"Ne - T ___w__-mm«w-»—"ff
S // ‘;sola.r_mm — (106 o1y QK\i |
e o _ 1y
.~ Plasma . Sum .. ~ (10 t 10" K) Furgiamental (frequency Usually unpolanzed
© coscillations - varying as N"l) .
- | harmonics " |
:erd_magne_ltic Sun - . very high = Fundamental (frequency C1rcu1ar1y polanzed
emission .. I varymg asB) +harmonics - . .
N | ‘. :
..+ Synchrotron - Sun - Z10°%% Very wide 5pectra1 band L1near or circular
| ~ emission. | T polarlzatlon
.,Radi‘o‘sourcés - Always very . ‘Continuous Spectrum Linear in some
S - kgh ' © cases
IILnterstel'lar space.  Veryhigh . Contindous spectrurn, " Linear in spme' -
| - SR br1ghtnesstemperature _ca'ses | ‘
60 - .. varying s 1.! I
‘[KC Cerenkov ' Sun? - Very high. - - ’Narrow b;a‘nd e g 63
¥ rad1at10n P PR L S O TP A



5. 2l crh Line of Hydrogen

e ¢

‘-Th_e gre_a_testiad:v.ance in radio astrophysicsl has becn as a result
of the obseryati'on of the emission of 21 cm wavelength _-line.. ’_I‘he vaot
arno.unt of data that this single 'disco‘very' has contr:ibhted over the
- '.ye.a.'r_s' to the understanding of our own galaxy as‘w_ell as many other
astrophySi'cai nhenoomeno is very 's?gnifioant and deserves de!:a}iled
: .d‘ieods‘sion~g; a separate topic by itself. .However,h \;v.e.sha.ll review
.only briefiy the ori‘gin of this i;nportant emisei_on and its ‘contri:‘bu'tions.“
to.astrophysfic.s.
.‘ The ..poesibility of~observing _such a transition of neutral hyd_rogen
.v in interstellar epace was theoretic_ally .predicted by van de Hnlst..as
.early'as 1945 and experim-entally wa_e first.det_'ected'by-.Pnrcell ;in
_ 19517; The line has its origin in the trans;it'ion.'hetWeen two-hyperfine
levels of the grodnd state of neu‘tral hydrOgenin lwhioh the magnetic
moment_s of the »proton and electron are antiparallel end parailel ‘:'." .
- The tran°s1t1on with a frequency of 1420 4 MHz is a magnetic d1pole
tran31tlon ordinarily c1a531f1ed as "forb1dd,en trans1t1on" dnd the’
radrat1ve_ lifetime of the upper 1e7n'e1‘ ie very long (=1, 1 X 1(_).7 lyears_).
.. *  The line derives its particular significan'c‘:e frorn.th-e fact that it.is
the only means of d1rect1y obs erving netural hydrogen in the ground state -
since opt1ca1 observat1ons cannot be used to. estu‘nate the populatmn
i '* 2

of the ground level where pract1ca11y a11 of the hydrogen atoms are -

in the’ 1nterste11ar matter. Further, unlike_the optical methods which

v h : . ’ :




" are affected by the interstellar dust clouds _cansing obscuration, the

e ’ .radio observations ar,e not affect'ed and .eayn be us"ed-with advantage‘

-

to -study even the’ remote parts of the galaxy. o o I
F1rst of all the most 1mportant contr1but1on of the 21 .cmdme \*

'stud1es to the knowledge o the galact1c structure is the deta1led
| _mapp1ng of the di tr1butlon of neutral hydrogen in the plane of the
- e,
galaxy by obta1n1 g the hne prof1le. The bulk of the hydrogen was

.found to be conta1ned in'a f1at th1n d1sk , ’I‘he outlmes of large hydrogen

> clouds in wh1ch the stars are formed have been mapped through the

.
L T

observatlons of 21 cm line:  That the Mﬂ.lcy Way is a great splral of

el

.stars whose arms swirl out from the center was also mferred frorn .
N ‘
~ -

~ such obs ervatlons. The spiral arm structu're'togethe.'r with the d'e_ter- -

mination of the galactic. rotation gay,e -the‘ oomplete.picture of the .

, galaxy 1nclud1ng the d1stances, dens1t1e's and Ve].OCltleS of the neutral

r

'hydrogen clouds. Fig. 4 shows the spiral.arms‘ of.the'galaXy'."‘ o

v"
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. 6. Radio Emissions From the Solar System .
L | The studies of the solar atmosphere and sun spot activity have
always attracted the attentionof astrophysicists in general and radio
a astronorh\efs in‘particulér. " After the'ihrllitia.l .observational and
©" theoretical work on thermal _radio emission from the. solar atmosphere,
the first significant step was the"'determinétion-éf the radio coﬁtour rrnlap‘
‘ . N - . ' - . .D‘ ‘ . . . .
. . of the quiet sun (period of minimum sunspot activity). As expected
A ] FT ,
Q ()J - . ®
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v

\ . v
g - the optical and radio spectral data con.qple,m‘enti»ng each other gave ‘
values of electron densit‘y_andtemp_er_atfi:e_ and thus ‘abcit the

conditions of the solar chromosphere and corona in good agreeraent,

“~

The. ;adio emis sioh_ fol‘l.dwin_gv éertairi large ,solarl "fiires'" and
}abelled I;niclrowave out'bt;r‘st;'s. has been .;dve‘:n‘t{fie(:i w1th .sjrn‘chbro'trdn,
;adia.f:iop frbm ‘t'ré.pped' elégtroﬂé t_ﬁat} 'zjt‘c'chelerat'éd t@n re;laf':ivisf:i;:-
" . —j 'si)egds in tﬁe mag‘ne%ic‘: fields of the active region,
" Radio emission has been obsefved .aléo from other pI;hets,. =

notably the s_t:rong‘ sign'é.ll from Ju'piter;"' -The temperatures of the

planets like 'Jupiter, *Venus, and Mars ha\;"é; 'b'_e,en esti_matved‘ from

ol

the radio waves emerging from these planets and their intensities,

Radio"waves from Saturn, Uranus, and Neptune also have been

49){\. )

'detecté.d..' The temperatures recorded at some Waveiengths havea.

-

) been higher than expected. 'Another intereéting rqé;lilt has been'the

©  "greenhouse effect!' attributed to the atmosphere of Venus-in an
attempt to. eicplain the differences in temper,a.tures of 4OQ°K and 600°K - .

.6b_ta.ined using 8 mm and 10 cm waves. Since presumably the 8 mm ,
waves originate from cooler points of the atmosphere -and the 10 em
radiation was shown to come from the solid surface, .the vast amounts—-—

" “of.carbon .dioxide in the Venus. atmosphere would account for the

"greenhouse effect'."

7. Superncva Remnants . -

‘One of the most .powerfu‘l radio emitters beyond the sur is thej,g""""'

I R
-y |

im0
-




’ act1v1ty. Th1s 1ed to the search for radio emg-zons from other -

“outset, the star is. in a pre-supnrnova stage, This i5 followed by the

constellat1on Taurus ‘A that coxnc1des with the Crab nebula. . The
:-study of the Crab nebula actually marked the beg1nn1ng of br1dg1ng

opt1ca1 and radio astronomy. It was suggested tha.t in'the Crab

-

. nebula both the Optiga-l emission and the rad1o emission may arise 4 '

from'the same mechani_sm- viz, synchrotron emission. The

' va11d1ty of this hypothes1s was estabhshed from polar1zat1on measure- )

ments of opt1ca1 radiation and the 3 cm wavelength More 1mpor-

.-tantly, the discovery po1n1;ed to the- type of astrophys1ca1 phenomenon

-

associated with mtense rad1o sources viz, the unusual explo sive -

~ supernova remnants. The remnants of Tycho Brahe's supernova '

- . v

of 1572 was stud1ed and radio mapp1ng aj: A= 21 3 cm was completed

‘n 1967 Another remnant as a powerful radio waves em1tter is

Cas s1ope1a A (Cas A), It rs‘believed tnat in the -evolution of-the

' various stages of the supernovae, these remnants are powered by

0 .

neutron stars that produce relativis’ic eléctrons and these.electrons
interact in the nebula to produce radio emissions, visible light,

and X-ravs. Thus the radio astronomical studies cf these remnants

provide an 1nslght into the evolution of these things including the

. pulsars to be discussed next.

LR - - . . ]

The schematic of the-evolution of a supernova. remnant"responsible

for emission of radio waves .and X~rays is shown in Fig. 5. At the-

SOV EOS SR,
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Fig. 5. Supernova Explc}_sion'and Radi:o Emission

| sudden collapse of the core to form a.highly magnetized rapidly

‘rotating neutron star with simultaneous ejection of matter with

treniendous velocities into the interstella‘r‘mediurn. The rapidly .
rotating neutron star produces in the next stage the electrons at

relativistic speeds,” By synchrotron process these relativistic
Q La. 7"’

ERIC
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electrons give.rise to_ré.dio' wayes;~ During th'eifirs\t"thous_and .year's
. or so folloi;ving_"the explosion, the radio 'eni.isgsions_'l as well as o.ptical
. ~a.nd_'X--ray emissions are _observed'togeth'er lv‘vith'pulsed radiation' due'
_to t’he_ rotational speed of the rieutron star.. The Crab n:.ebula and the'
associated pulsar (labelled NP0532) arelat this‘ stage; W1th the loss
of the rotational k1net1c energy, the rate of slow dovwn of the pulsar

T

g1ves approx1mately 1000 years as the age wh1ch is in- good agreement
w1th the known age of the Crab nebula. Q Also, ‘frorn the expansion of -
the shell with the formation of shock wave, the relatlﬁsthic :electr_ons
' left over from the active phase will produce radlo waves on. inter-
action/with the high magnetic field behind the .shock. |
8. Pulsars . | |
e The'di.sco-very'.of the pulsating radio sources _v_vhichseern like
beacons broadcasting tlme signals is another m’ostl‘astonishing event ,
1n the progress of radlo astrophysics. -’l‘he.se are de’tected»using large
) .-‘aerials at meter wavelengths". Nearly lSO‘pulsars ha\}é I;eenediscoveredf
followmg the f1rst one CPl9l9 recorded by the Cambr1dge team. 8
The rapidity of the pulses gave the prel1m1nary clue to the nature
.of' these emitters- suggesting they should he from an" extrlemely ,small .
condensed obj‘ect. Golid9 pr0posed the hy_pothes‘is' that a pulsar is a
neutron star that is rotat1ng at a. fast rate W1th a very h1gh magnet1c

f1eld (-\.101 Gauss) resu1t1ng from the contract1on of the or 1g1nal field.

of a co'llapslng'.star. Also it was predicted that w}ith lapse of time

° .
'

~1




o th‘e puls.e'rep;t_i‘tion rates would slow down, . Tl;g study of t};e s_ui::ér- :
_vnov-a remﬁantéi' ;:onfir}ned.such h‘y‘pothgsis.'andblpredi.q':tlions. ..For . |
e)_c.afnple, jt'he._ extend;éd ra.dio‘sour.ce-.b Vela X.belig,ved to be .the (_iebraivs_-
of ‘a_..'Sllpe?:l'l.QVé.. e_xplbs;iqr;:has a p.e'r',iovd .of 89 millis_ec_o'nds' cor;rlp,ar_e.d B .
to 33 ms of the pulsar; NPO532 in .th'e Cllra.b'nebul-a. _ The latter being

the fastest is the youngest pulsar known thus far, ' As mentioned |
_ea- .ier, the rate of slowing down of the pulsar'ﬁuts the a'ge'o'f the

Crab nebula at nearly 1000 years, f The Crab nebuia, and the associated”

pulsar have been studied in great detail from ‘observations using .

rockets, balloons, satellites, and ground-baéed stations, - The

identification of the above pulsar as also the first X-ray pulsar has . =

3

‘stimulated further activity in the realm of the -experime;hts.

9. Radio 'Speéi;}'al Lines Due to Molecules
The observations of the 18 c¢m hydroxyl (OH) lines in 1963 marked
the first significant step in the detection of molecular iines by radio

ast.rono‘mical methods . The 18 cm line results from the dipoie-

allowed transitions between the hyqufine structure of the two levels

(resulting fromA doubling) of the lowest electronic, vibrational, ahd_

10,11 These tran:sitions are shown

.rotational énergy of the molecule,
schematic.ally- in Fig, 6. Siflce they are dipolé.tranéitions_, they_ are -
10%..strqnger than the 21 .'_c.i‘n line which'is a”fo'rbidde.n transition',

) Into.srAst‘ellar OH linés were observgd from radio source Cassiopeia

El

A and Sagittarius A, The strong intensities, polarization, and narrow

<}
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bandvi/idth's_ of OH e™igsion s::ggest the passibilitv of some kind of
maser action involving guruping at_"on‘e frequer -y and stimulated

- emission of radiation at radio frequencies.” 7 OH lines provide .

also a usefal tool for est1mat1ng the abundanht3'ol ~kXygen vs Lyel: ngeny ™™
Following the observation of OH lires other molecular lines in

the radio. frequency region have been ol:served., NH; was detected

have been identified using radio astronomical techniques anc_l__detai‘ljed

- o
o ¢
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10, Radirr Goisxies

o]

comparisons have been made with rotational spe ctral and micro=-

wave sPectralh-data.“: As, examples the molecules HCN methyl

: alcohol (CH3OH), fcunaldehyde (CHZO) and dimethyl ether (CH3OCH3)'

"~ should be mentiored, The 11st of molecules in the galactlc environ-

rnent13 is still growing rapidly ant_i- the study of molecular abundaneest ﬁ
in space. has;received" a nerand great impetus frohl‘l,.tne te.chni'qnes

of radio astr.qphysics. Ii’ is als.o"inte;'esting that polyatomic mol.e-
cules; many of.the».tn qf considerable bibc_hemica'l i‘nf.:er'est, de survi'ire

. . - . -8 ’ l ) - i :
in the interstellar eavironment contrary to expectations, 'I‘hese .

identifications Lave ;rovided more questions clues, and scope for ‘
at : i , Sy LLMES R

eluci'dating the format:cz of stars, The study of the synthesis of
molecules in space ix of great cosrhblo'gi_cal signi.ficance"to our under~

standing of the nature, origin, and future of the universe.

“

=

Many normal galaxies and their radio characteristics have been
studied since 1959 and their neutral hydrogen content _estirnatfed—_u_sing '

the 21 em line. In addition, over the last nearly 20 years, the study

9
~

of the _eScternal galaxies usingradio te,ehniques,has been one of tlle '

~

principal aims of the astrophysicists in--view-of_the?vé’ﬁe;’::ial significance.
. . . ) . ¥ /!

it has in connection with the evolution of-galaxies iAnd cosmology.

~ Since optical data on red shifts are the only means of estirnating_.great{’/-'

distances, nececssarily in all cases the companson of racuo ast1o~
‘kl

nomical data with optical iiife'i"ﬁ_a'i:'fdnmﬁas been very essential 5"



iinder-standin_g the astrophysical processes involved,
"The most powerful of radio galaxies identified 80 far is Cygnus A

‘ata distance of about 550 rriilli_on_ light .yea'r"'s. The structure of this
- K L -y : ) . oo

source has been studied and the detailed contour mapl hasAsh'ow_n the

existence of double structure. Another radio gal-..y which has also

-been studied in detail is Centaurus A. Several things have emerged :
from such observations. In the first place, the rne_chanism of fadio

emis sion has been established to be the synchrotron radiation account-;-.

ing f_or_ the intensities, spectra, and the polarization char'acteristics'.- '

e 'I'he > magnetic fie]d directions have been deddced from the radio studies.

1

’I‘hese radio galaxies with theL‘ multiple structures (e. g. , Cygnus A)
do not fit into the Hubble s group of norrnal galaX1es “The extende'd

J
features (beyond the optical galaxy) 1rid1cate that the-high energy

particles and fields responSible for* radio characteristics are thrOWn -
AR

# -
; l

o\utward and ar'_e' consi‘d‘ered _to' be tl’i’e_ result_‘of an expansion from a

B

"past explosmn in the optical galaxy The vast release of energy and.

" the 'optical evidence of violent event.sl_- in the galactic nuclei are funda-

s N
= P

=

mental questions concerning the,.nature of these sources.

v - a.. 11, . Quasars
K - -y o a . ' ‘
. s - . - X ~ i .
The quasi&tellarradlo- sources or quasars as they are called,
PN . : . . i
A

were first d'is'coyer_ed in 1963 and perhaps form the most important

' . . ) ' ¢ X
as well a's intriguing problem in extragalactic astronomical research.

The radio spectral data and the optical emission lines with appreciable




red shifts ha've shown that these are ve’ry cdmpaht sour':ces. -For

\

: example, the spectra of 3C273 was noticed to consist of highly red

o

shifted absorption and emission lines (e g I--Iuc line,appearmg in .

,-the_hi_n_fr'ared region) and remained a puzzle in the.qdasar story until

\-

the myster.y was'- solved later, The lines of 3C48 cerrespon_ded_to

— ~ an even larger shift of 0,367,

From their optical magnitudes and distances of billions of light \l

years, their optical luminosities must be very large. TheY are as .

e ¢

bright as 100.normal galaxies. The distance of 3C273 1s derived to

v r. -

be l 6 billion light years from the Hubble 's law of red shifts and

-~ r

similarly 3C48 is 1nferred to be 3.6 billion light years away. The
" quasar OQ172 is estimated to be speeding 'at.90% of the'velocity of
light and at the limits of the observable universe. Thediseoverie-s

of several quasars had followed and the study of the properties of

these radio s'éurces at high-galactic altitudes suppl:emented_ by optical

and X-~ray data will lead to-an integral picture.
12, Conclusion - .

There are many other features that have been conti_x:i_h_l}ted by .

) . N o
radio astronomy to greatly advance our knowledge of the universe

covering such diverse areas as cosmology, evolution of galaxies,
galactic rnagnetic_ ficlds, high energy particles and the like. ‘The

. . . 2 ] .
progress in experimental techniques and sophisticated instrumentation

ce-rtaihly.forces the focus of the optic'al'astroph}'rsieist to new and

3

o
C.
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.. exciting phenomena, The radio methods have achieved extremely

.-high a.mgu;ar resolutibn'lcor_nparable to*and év'en lée’tter than #n_y optical =
tel‘gscop.e.._z '1.‘he. studjr of most of the v.ery dist.'a.nt s}ovurA‘geis. has ~to

- de}jén_d entirely on fhe radio asf_:ronqrriicaLtechniques. With the
p.res'erl1t'.vtr:en.d to use the épac'e vehicles more and more in ast'ro_-;

. ' - i L
physlcé} studies, the astonishing and rapid gfo,\y"ch of radio astronomy_. ..
i'n-vthe_las_t fe»\;,years wil; easily place this branch of a~s'tro'p_~_!hy's"iés'

_ éﬁ:mf;'}ig"‘:fbﬂf“éfféﬁf“fb" un;hl manygthermys te r1esoftheun1v‘e—rseW1thm

the very near future,

oy
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MOLECULAR AGTROPHYSICS

1. Introcustion I S DI , ' .,.,‘"

has contributed Significantly 12 our knowledge in astro- "

physics, Molecular bands are observed in the spectra of

-

;all stars except for O, B, A type stars in which urface4~ 'fY‘

temperatures are so high as to prevent molecules from forming

'Thus tbe study of molecules in stars Wlll cover more than

half of stellar astronomy The most notable stellar molecular
spectra have been of G and K stars.: (show1ng CH,.~ CN;‘bands),
of_M‘stars (with TlO bands), and of.carbon stars With their
very-strong C,. CH, and CN bands; The vast amount’of data

on electronic, vibrational, and rotational energy‘levels{of_ .
molecules Has enabled aﬁdetailed quantitative analysis of
many'stellar sources during the last decade.

As is well known, stars with temperatures below v 4000°K.

(cool stars) are characterized by extensive'molecular'spectra;

Any attempt to study the nature of these stars would  therefore

iz
1nvolve a detailed inveSLigation of their spectra There are

‘in general three main areas pertcining to such a study. The

interpretation of these nolecular srectra and the formulations

of model atmospheres depend cru01ally on a kncﬂledge of the

_prec1se energy levels and the quautum-mechanical transition

probabilities. Further, the calculations of chemicalicompo:

t—

sitions from the_laws governing:chem.cal equilibria are very

_L\

THe §tudy of the molecular Spectra of stellar sources . . ©.
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1mportant espec1ally for cool stars.‘ The p%oblem of 1so—~f “

A .,.

tope ratlos can also be solved through study of ‘the 1so—' 1.1

[

tope shlfts in the molecular'&bectra of these sources £ .

;—ft—f~“that one”can prov1de ‘the- 1nf0rmatlon that~¢s-v1tglly~needed

“ﬁ about~stellar-evolutlon;:as in the_case of the cool red

4

The cold dust reglonngnclude both nebulag’clouds ]Q}': “oﬁ
) and clrcumstellar shells. The radlo observatlons of these'7ﬂi;bmf

reglons detect the em1ss1on and absorptlon lines cor1es—"_5 ﬁf&ﬁ:{
pondlng to the xotatlonal llnes of molecules. The study>of j 2

these 'spectral lines is essentlal to deduce the exc1tatlon -

= o

-temperatureS‘and abundances’;n these_reglonsvwhlch are obs— .
‘cured by dust and'thereﬁore inaccessible ‘to _the usual“opti-v-ﬁ

cal methods of observatlon.~ Abundance determinations in.

. I S

»nebular reglons are partlcularly 1mportant because these

Bl

reglons are thought to be areas of star formatlon..-Abunf?

- a

dunces in c1rcumste%lar 'shells of late glants and super—
glants are. 1mportant because they are thought to contaln

‘materlalvreturned to,the 1nterstellar medlum after being

)

préoessed inside a star: -Further, some of the emission . |

from\bH and HZO 1n these reglons are found to be ampllfled”

.

f'by'mas r~agtion. The detalled nature of thece'huqe inter-

stellar masets is stlll$not well understood and is a subject'__[

. of much cuxrent astrophys1cal 1nterest

4

-~ . - Molecular spectral studles are also of great lnterest

L
o

- for obtalnlng knowlodgt about comets, the solur chromo—
. sphere, and other terrestrlal phenomenawiuke the nlghg sky, ot
- e '

to. A largt number=of astrophys1cally
O . o _’- ' )‘\ ’ B .

- aurora, tw1l;ght7

rep
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, J significant diatomlc molequee‘has'been studied in great
detail ‘during the lasf few years, and.there has been a
strong renewed interest in molecular spectra stlmulated

by recent astronomlcal appllcatlons. It is the purpose

. . of thls~course to consider the basic‘principlee of diatomic
| molecular spectra‘®and then to discuss some important appli-
- »cations in astroohysics, as examples of the usefulne'- "

molecular spectroscopy.

‘2. Energies of Molecular Systems

o
Although both diatomic and polytomlc molecules have

been identified in yarious stellar sources, study of the
spectra of diatomic molecules is a good introduction_to a
subject thatlis of immense value for rhe'interpretation
of the various physical processes giving rise to the spectra
e | of ?tars~andwother~stellar~bodie51meence,-for,this‘module
| we will consider as our main interest the.characteristics
of the speCtra of diatomic molecules. Since the observed
‘ eoectra represent energies emitted or absorbeq’iu transi-
tions of the molecular system between levels each of which
.ig_characrerized by a oarticular value for the molecular!
energy, it is necessary to review briefly the theoretlcal
" bconsideratlons for evaluatlng molecular energles in dlffer—

ent. electronic and excited states.

) i R [

The .total energy of a diatomic molecular éystem consists

.

»  of (i) the electronic energy resulting from the nucleon po-

’fl‘fi‘ o . o o o :8:1 : | B .




tential energy and the electronic potential and kinetic
energies, (ii) the v1bratlonal energy due to the osc1lla—
t%ons of - the nuclel of the system, and (iii) the energy

due to the rotatlonwpf the molecule about an axis.' Thére-

fore, one has for the total energy of the molecule

Etotlal”=';electronic * Eyibrational T Erotational (1)

Figure 1.shows .the energy'levele of 5 diatomic molecular
.system schematically_for two different electronic states_
'El and E2 characterizeq by the corresponding two potentiaf
energy curves. The curves give the potential energy as a .
function of the diStanee r between the two nuclei of the

'diatomic'poleedle in each electronic Stete; |
It may be seen from Figure 1 that each electronic
state has associated with it" an electronic energy Eél
(correspondrng.to the_energy:fof the minimum of the poten-
tial energy curve) with reSpect to the minimum of the ground
state (El),.e»v1bratlonal energy E ib dependlng on the
vibrational quahtum level v (with 51ngle prime for denotlng
. the upper ‘electronic state and double prime for the lower
,y electronic), and a rotatlonal enerqgy E dependlng on the
moment ef'inertla of the~molecular system in the specified

quantum- level.-
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For exémple, the énergy for the level -in the upper
electronic state with v' = 1, J' = 1 will be -
+ E

1 ¥ Brot(a = 1) - (2

<
.1y

<

1

Egy is the‘énergy aiffeience between the miniﬁa of the

tﬁo'potential eﬁérgy.bﬁrves. As will be shown la}ér,—the

energies for the vib;ational level v"énd'the fotational
"leve} J' will depend on the vibrational fféquéncy w of B ;.

the molecule and the moment of inertia I of the molecule,

.
- A

fespectively, as well as on .the respective:quanthm
. hurbers. The electronic energy for the,ground sta}e (E;)
'is;zefo“énd one cénsiaers the vibrational energy (Eue to
v", @") and rotational ene{gy (due to J" and I")ionl?,_*ﬂ“””
Thué? for the mdlecular ﬁransiﬁion'from étate'Z.to state 1,
. the energy difference will be o

+’EV'~f Eﬁl] - [Q +’EV" f Ejn]‘ (3)

E, - E} = [Egy

The fredquency observed in the spectrum of the molecule

[4
,

will be - | S e

i

where h is the Planck's cdnstant. The spectral region in

which the transition'is observed will depend on the energy

]

//.
% -

—

i. difference E, = Ej- I1f the -transition is betWéen-;wo o
. 8 . ~y -' . 3 . -
. - : . i : . -
\‘1 N ) . . . . ) . ° ) . . ) . //‘ - ) ) B .
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A runtoxt provided by exic |8

:jcm_l) which is the reciprocal of wave’ lenghth in-the form

" electronic states is mentioned above, the energy differenCes

3

W1ll ‘be large and hence, the transition wmay be: observable 1n

the v151ble or ultraviolet. &..n if the tran51t10n is be—-

»

tween levels of the same electr: . = state, the energy

difference will be 'small and the Iransition will be observable

in the infrared or microwave region:z . *“he spectrum. The
typical values 0. "ia enérgies invcl: ' axc such that
E >> E__. 5> E [l ' olezhoonis on '

el vib roL r example,_ % i cnergles are of

the order of a few elorc.ron volts whiie V1bratlonal energles

are in: the range. CW0uono .1 eV and rotatiﬁnal energies'are'
from 001 to .01l ev. F[For a molecule the total energy is
written as a sum of tihree contributions,

s :

+.Evib + Erot N S . (5)

It is more conventional to write this as a sum-of terms.

which are the corresponding energies in units of wave number

1

~T =-Te'*.'G+F. ' R ‘ /(.3)_////

where Te'is the” elactroric, part, G ie/thefvihfational part,

. o
o - . . e

and'F is for the rotatignalfpaft of the msecular energy.
If the"diateﬁic'molecular system is consis red to be

_—a~ ﬁarmonlc SECilf%tdr, the vibrations of'the two nuclei may

- be represented by a one dlmens onal wave equation in termS~l -

of the force’ constant k and X is the dlspla(-ment rrom the

“
Fl




equilibrium distance r

o+ The vibrational energy levels can

" then be written in the simple form.
E,=h VKW (v +1/2) = hv___ (v+1/2) v =0,1,2, (7)

"%

‘where y is the reduced mass of the two nuclei and is given

by M2
my*my .
. £ y
: s 1+ b et i e i b [~ .
I N 5
7 -}
) — e 2
i 8 w
/\ . 1
ol
Lo o e emd et e et e e e e
. _ SPECTRUM - :
[:  fﬁﬁl‘ ..hﬁﬂufw_ungfm“N““_E.”-kﬁ .,
O' ,’ - e r." e e ..._. PR /) —— e — - e e e j..,. . > (V4
- Figure 3. Infrared Transitions forlAnharmonic Qscillator
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v is the vibrational quantum number and the vibration

frequency Vesc.= VK7/u. The vibrational term value is then
ertten in terms of wj ¥ osc/c as ’
T . N S _
e LG(v) = wou(v + 1/2) cm . _ (8)

The selection rule for.a dipole transition between levels '
,

v and'v" is that Av = ; 1 and the permanent dipole‘moment

et

o

“is dlfferent from zero MFor homonuclear molecules, those
with 1dent1cal nuclel such as H2, there 1s no dipole moment{
 hence.there are no allowed tran31tlons and hence no 1nfra-
‘red spectrum .in emission or absorptlon. In der1v1ng fhe ¢
selection rule, it must be noted"thaE'Av =+ 1 holds strictly
'dnly if the dipole moment can be‘expreeeed as M #nMo + Mlx}:
_If it is.necessany to include'terms inQolving higner powefs

in“x, then transitions with Av = $2, 3,...are also allowed.

o
i

b — ..

Figure 4.. Diatomic Molecuie

N
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The rotational energies for a rigid fotor.model of a

- diatomic molecule zre given by

where I is the classical moment of inertia of masses m and.

mz'roﬁatingiabout a common center of.méss;_naﬁely I= pfz
where r is the separation of the two masses aﬁd U is the -
reduced mass as befofet J 1is the rotatiohal QUantum'number
and ﬁas ¢ntegéffvalues.._$hé :otational energies iﬁ wave

.;numbér.units (term values) corrésponding to'Erot_will‘be
F(g) = BE__ /hc = (h/812Ic)J(T #1) £ BI(J +1) (10)

~ where B is the rotational constant h/8 '”QThe selection

L rule , . R
A = £1. o (11)

can be derived from ihe properties of *he solutions of
Eq.'(ll)-' The freunqcies obsérved in the spectrum of é

~ simple rigid rotator zre yiven by

we v o= F(J"+1, - F(J") = 2B(J"+1) | (12)

with J" = 0,1,2,.... and thus the spectrum consists of a

©

series of equally spaced spectral lines.

1



b=

'
e

}-1- »4
C—n W

M

»

& e .

Figure 5. Vibration-Rotation Spectrum
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The above discussion holds for the selection rules
for the infrared speetrum'of a_barmonic oscillator and rigid

'rotor. The Raman spectrum arises from the dipole moment

1nduced in a molecule by the presence of an electrlc field

i

1nclud1ﬁg that of. the light wave itself. ‘It is. the only

type of 1nfrared spectrum present in- a homonuclear molecule

]

which has no permanent electr;c dipole moment as pointed out

earlier. Ror-the'Vibrational Raman spectrum, the:selection:-

rule is the same as for the infrared spectrum{ i.e., Av = %1

- ‘while for the rotational Raman spectrum, the® selection rule

r

is - : °

. g =0, 2. , R (13)

S ; 923 . o .
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’

_hFor AJ é 0, the Raman displacement is zero and the frequency h
of the spectrum emission line is the same as that of the
- exciting light. -In effect, this is a kind of scattering

process ‘and is',in fact just the familiar Rayleigh scattering

phenomencm.( %cr AJ = 2, the displacement 1is
Av = F(J+2) - F(J) = (B(J+2) (J+3) - BJ(J+1) =}
| ' 4B (343) : for AT = -2
T (14)
Av = F(J-2) - F(3)' = [B(J-2)(J-1) - BI(I+1) =} | .
: [ - 4B(3-1/2) . J for AT = +2
° . = ) .. ﬁ
(15)

~

The series of rotatione}:lines for which~AJ = +2 form what
are called-s and 0 branches'respectiveiy

Dlatomlc molecules in practlce are nelther 1deal harmonlc
osc1llators nor rigid rctors. Hence, the observed spectral-.
transitibns do not ccrrespond exectly to the’ expre551ons glven
.in the preceding dlscu551on We'shall therefcre;consiaer an’
-anharmonlc osc1llator and a nonrlgld rotator model
ﬁ For an- anharmonic oscllletor where h;gher‘powers of
k( = r—re) are used in the expression for'the-pctential energy,

the solution of the wave equation gives for the term value

PR W
. . a2

6w =g (v o+ 1/2) - wxg (v ¥ 1R e ugy (vor 122 4

¢ o o - (16) -



'one calcuLates the anharmonlcxty constants w y and w_ 2z

"derived by including.a centrlfugal d1stort10n term. invol-

£y

. o . . v
where wg 1s the vibrational frequency and WeXgr WeYgr etc.,

are anharmonicity constants that are very small compared to
.me. The energy levels of the anharmonic oscillator are not

. separated by equal intervals; however, the anharmonicities

are small except for very light molecules such as light

-

element hydrides. = . o A
Ccnsidering the separation of successive levels and
neglecting cubic terms, one has

AG
_ Lo & e
2%, .. = G, - AG =2 ;o
.. v+l_\ v+ 3/2 v

e —— s ——

The above. equatlon thus glves a measure of the anharmon1c1ty

\41

as well as the zero-th order v1brat10nal frequency wg Ain any

given electronic state;.therefore, the3v1bratlonal constants

Q

_ we’and wg x can-be calculated from the cbserved infrared .

Lo
e o

"bands by calculatlng the first d1fferences and second dif- =

ferences. If termS|1nvolv1ng w y and weze are also 1ncluded

by considering the third and fourth differences of the forms
. ‘ A . . >

3 o2 2.

BG4 372) T DS+ 2y T BTG
4. .3 : C 3. - .

b6y +2) T8 C (v sy TS+ 32 (20)

ee

@

The rotational term value for a v1brat1ng rotator is.

‘ving_the distortion constant D which is'much=smallerjthan

i 3

Qai‘

vt-1/5" G(vfl)f- G(v) = w, = 20 X, = 20 X Ve . £17)-

v+ 1) (19)

+'1/2 =“%?exe _ ' '(18)

11
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A

B, . The nonrigid rotator term value may be written

F) = B J(J+1) - DVJ_Z’(+1')2 o (21)
where B, is.the%rotational constant h/(8n20u£e2). D, is
uéﬁally of thewéraef of.lO—4Bv.and cohtributes oniy a small
éorfectiohr “Theréfore; in'most cases the secbnd tefm is

:A;neg;igiblé.'-Thus, éhe freqﬁeﬁC& of a transition involving
a hange in .the eléctfonic, vibrational, and'fotéfional
S ;es{ is given by a general,expression of the—form

e

- | I LI ' - - . : - e
v =T T (Te. Te") +¢ (GV' GV'-')' + FJ,' FJu) .

° .- . . . . . . (22)

'The-selection'rulés‘for'the vibrational structure are such

that any vibrational state of one electronic state can

combine with any vibrational state of another electronic
. ‘ B 4
state, That is, in electronic tradsitions there is no

-

Av selection rule, and(é' and v!" may be any positive infeger..r

~  Howevexr, for the rotational structure the selection rule

-

el

- X ' : . :
for J isy . S : _ //.

% . . T "
) -
; i Y i o ek

AJ-= J' = J" = 0, *1 °. - (23)

[y

Dependlng on AJ, the llnes are greuped in serles (branches)

. -

"-as follows - for a partlpular v1brat10nal tran51tlon ffom v

~_>,

- N
v

L oto v': \ -

63 = + I, R branch, v = v_ + v .(J+l) Fyi(T)

'

N . . . . . . IR
[3 . .- :, o . Q\\
- . . . A

- iR(J) (24) o



Q

Ad

N o . : ' i LY Y

AJ-= -:lL P branch. v ='vvé§ vVI+F?V.(Jf}?—EV"¢q)

1

,O

in the above relatlons Vo v 1snca41e9 the band orlgln or

v

null line. ~.Therefore, ﬁrom the observed transitions,

in principle calculate the electronic energy Te, the.v1bra-

2

tional frequencies w

Tf‘\\‘"‘fﬁtatlonal constants B,

-

0, Q branenjav = fe,f.JQ-ﬁval‘J).‘ F;mﬁﬂ)

= Q(Jd)

P

o anharmonicity constants,.and the

and D for the molecular system.

116

(25

(26)

one can

It

‘is to be* remembered that dependlng on the energies 1nvolved,

in order to evaluate the above quantltles, the.molecular

-

system has to be studled’u51ng_approprlate_ultravio;et;

‘visible, and infrared regions of the spectrum.
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Fortrat Diagram
. The series éf lines belonging to the positive branch.

(R branch) and the negaﬁive bééﬁch_(Pbbranch) cah'be'répre4
senfed'by_ | | ‘ |

v =c¢ + dm +7em2

(27)
_wheré'c; d, e are cohstants and m is anlinteger. .The
graphical plot between v and m is lthe Fortrat.Parabola
(Fig. 3) with the vertex bf the,parabblé showing a "turning
back" of 6ne of the branches (m positive is the R brahéh and

. m negative is the P branch) .. Notice the abscissae for

9

L




m'

Figure 8. Fortrat Parabola

m.=w0'gives vo.' The ";urniqg~back"'qg}ré;poﬁds.tb thé
formation of a "band head". | |
| - If BV’.S év"’ the band heéd iies‘inlfhe P braggh and-
th;re is shading (degrading tdwhrd viplet (or shogterawave—
lehgthé). When B_, <‘BV",.the'shadihg (degréding)‘is
towafdé red (or longer wavgleﬁgths) and'thé band héad.lies”'
;n.the R. Branch. ‘Thé ﬁéftex'of the'pafabola-éorfespohds.

to

m = = (BVI + "Bv")/.z (_BVI -~ an)- ‘ | (28)

obtgined hy using a simrgle  formula bf'the.tyﬁé



‘3 (Bys *+ Buudm + (By, =By mo - (29)

T Vo= Vg
for the P and R branches. Hehcq,“from.thé nature of the
@egradiﬁg one can make inferences regarding the relati?e |
'magnitudes‘of the-rotatibhal constants Bv}, and Bow.
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Fidure 10. P, Q;‘ﬁ, Branches for the, Case B,us <"Fvu -

and Degraded’tb the Red

3. Electronic States and>MultipIéts

-

For a given .diatomic malécular system AB (see'Fig.'G)

_ Figure 11. Diatomic Molecule AB and Angular

- Momenttm Component



'electron spln S whose component_E along the 1nternuclear

the electronic orbital angular momentum?g has a component-

)

IM | = A along the 1nternuclear axis. Using Ayfthe‘moleculaf’

o

electronic states are de51gnated E, m, &, ¢, etc., according:

as A =0, 1, 2, 3....respect1vely._ This is the analog of

the more familiar atomic-spectra rotation, s, p, d 'f' etc.

_for.1 =0, 1, 2,_3., The .whole band or the individual - llnes

_or: both will also show multlplet structure due to  the total

axis can have values S, S-1, S-2,...-S. ‘This is analogous

to the values the spin quantum number can have 1n“the atomlc

case.,'Thus, as in the atomlc case one has 2S + l dlfferent

values giving the multipllc1ty of the term. Comblnlng the

above factors, ‘a- glven electronlc state is preflxed by the ERS

_ multlpllc1ty (28 + 1) and glven a de51gnat10n 1nd1cat1ng A

value%/ For eXample, 3H term Curresponds to A=1 and s =1

and 2¢ term has A = = 0 and s = 1/2. The deSignations are also

.preceded by letters A, B, C, X or a, b, c, ...Which have'
usually only historical 51gn1f1cance 1nd1cat1ng 1n some cases

'SOmewhat the order in whlch the states were actually dls-

covered. Generally the letter X represents the ground state

of the molecule.

Q= |A+t| o _\ T (30)

102 o

»

2



1

This “is’ the analog of the quantum number MJ in the atomic
'case where 3' L + S in_ the L -5 coupllng case. There
‘are 25+l dlfferent values of @ g1v1ng somewhat dlfxerent
energies for the molecular states 1f A 0~no‘A- spllt-

_tlng occurs. The general expresslon for the term value:

T, for a multlplet term is” 7
.. . T.=T_+ AAL " - - (31)

-'where T' is the'value neglecting spin. The constant A
is referred to as the coupling constant whlch 1ncreases
with the‘numher of electrons in{the molecule.f The posl—
tive values‘ofjh give rise.to normal -terms whl%e”the

, . ) . :

negative values correspond to inverted terms.

v

I

Si
&



are de51gnated Zg or Ld~'or Hg, Hu’ and so on, Invthe_

‘4, Symmetry Prdperties of the Wavefunctions

In des1gnat1ng molecular states, - the symmetry elements

'

plry a s1gn1f1cant part. The symmetry propertles of the

'ele'tronlc wavefunctlons, we in Eq. (5) -and of the rotatIonal

&

'levels w - in Eq. (ll) have tc be cons1dered for th1s purpose.

e

For the first part let us take 1nto account the symmetry

propertles of the fleld in whlch the electrons move.f There
%.{

'are two symmetry elements viz., a reflectlon plane "ontalnlng

Q

uthellnternuclear axis and a center of symmetry if the mole-

cule has'two‘nuclei of identical charge.f With respect to |
the3firstﬂelementﬂ(plane of symmetry),_the-wavefunction
maygor may not change sign‘on reflection at the plane-at
symmetry "If'reflectlon'in a“plane.containing the inter—

- C
nuclear axis is cons1dered and the e\¥ctron1c wavefunctlon .
does not change s1gn, the state is de51gnated (+) On the

-other hand, it. lS class1f1ed as a negatlve ( ) state if the .

wavefunctlon changes San. Thus, for~example, dependlng.on

4 /

P . _
,the effect of a refiection operatlcupone gets Z or T states;

'the case of identical charges on//he nuclel compr1s1ng the
molecule, there is also the/symmetry element called the
A center of symmetry" and/the electronlc states are.labelled

with g or u'as subscripts indicating that the eigenfunctions
| §

‘either remalng unchanged or change s1gn~on "1nvers1on" or

e

! .
that they are even (g) or odd (u)., Therefore, the states '

103._3' lf.: | i.f
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+

glu inversion x-+-x, yJ-yf-Zf~z, ‘(xyz) being the electron

coordinates. The electronic states g+ and u- are .symmetri-
o . T X .

cal while g- and u+ are antisymmetrical with respect to the
. . .‘ . . ﬁ\ . . .
exchange of nuclei. . . ' Q o

The total anefunction may be written as

T Ve Yy Vo I - (32)

“
P

where w and ¢ ot are the nuclear v1bratlonal wavefunctlon
and the rotatlonal wavefunctlon ‘respectively. The 51gns of
the resultlng wavefunctlon ¥ in relathg;to the 51gns of
we.and ¢ ot are shown in Table 1.- (+) for Y denotes even

parlty while (=) denotes odd parlty

8

RN
: Yable'1. - o+ . L
. q;é Positive - . v, Negative - Q
I Vrot by - J Yrot T?V
0 * * [ + -
1 - - - 1 - | N
2 + ~ + 2 + _
36 - ‘ s 3. - +
4 + .ot 4 + , -
5 - - 5 _ + .

4

5. Selectlon ‘Rules for Electric Dlggle Tran51tlons

n’

The precedlng dlscu551on on the symmetry propertles

o
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would bewincomplete without a Summary“of the seleotioh rules'w
‘governing the electric dipole transitions between'holecular'
staﬁesllln a Sense<the'atomic spectial selection rﬁlesumay o
be oairied over to ehe;molecular case with~neceesa;y addi--

tions. For ‘eledtronic states -alone, the allowed transitions

CEE'Y

are given by

-

Molecular Rule,A__ .ﬂ T Analqgous Atomic' Rule -, .
AN = 0, 1, h . © AL = 0, #1. - - (33)
A= 0, 1,87 0¢pO- S T P &£
s =0 S A3 = 0, *1_ (050 being for-  (35)
. - Y ' - bldden) AU

. . . @ . ‘ '..: ¢
AT =0, . as =0 . - .7 (38)

lIn addltlon, for homonoclear‘moleculee, the addltlon selec-.
tion rule lS that only g ++ u. tran51tlons are allowed. 'For
‘the actual rotational levels, the tran51tlons are allowed
between posrtlve-and negative states with the additional’
restriction that for-homonuolear moledule§~onfy symmetric <+~

- symmétric and ahtisymmetric°++'antisymmetric transitionsf
3

B

are allowed. Table 2 summarizes the allowed electronic-

" transitions
_ , Table 2. -
Heteronuclear Molecules Homopuclear Molecules.
t -t e
L+ ¥ : ’ L+ E7 .
o+ LT " SR )
. . g u
s +
) T o+ T ™ o+ LT °
u g

—— %




- P [ .
. . . .
. v , ' ) . . B . ~ ) 4,_\" . . . [
. . T . : - ",‘ 'Y "
-, T o« A N ’ ISR |
. Ce * . { R g 3 -
. B -
' A ++ A _ T+ iy A
g :
. . . . - x
¢ S LR
a . ': [] -
’'s N .~
. [} . A > A .
. - . ' s g
¢ v A = PN ¥ - ’ ’
. e . ... v, . . '-\,.. . ." v . .k . . I: s
6. Intensities in Molecular Spectra - ¥ oo [

.a'

The.most'important,aﬁd interesting problem in'molebular;

- -

astrophys1cs is that relatlng to lnténsltles ln the spectra

B4

of molecules and the lnformatlon to. be derlved from the ln—'

_ténSltleS. As a flrst step, we will analyze tﬁe bdsxc quantum

M. T

mechanlcal pr1nc1ples that.govern the lntenSLtyvof -a spec—~>‘
\ s
tral llne in absorptlon or emlss10n of a dlatomle molecul .

o ’

system.,.In thls eonnectlmn, let us examine the transltlon

hetween two electronlc states uslng the approprlate potentlal .

o
LI

- -

energy Cu;ves as shown "below and the Franck—Condon prlnCLple

4 .

‘explaining the intensity distribution in molecular “bands:

s

> v' .o & . " - ..
s .

\)‘ RN LT x

ERIC == -

Aruitoxt provided by Eic:




’

. ve
-~

. ) . R / v
o During'an electmonic transition, the electron jump is
so,,rapid compared to the vibrational motion that’the rela-

JT> £ 6~ e .
tive. pos1trons of the nuclei befere and after the transi-

¥ ‘

:t;on (Jump} are nearly ahe same. The above idea is: referred

~ ,? ™~

-

to as the Franck Condon/pr1nc1ple whlch was orlglnally pro-

posed by Franck and subsequently glven a quantum mechanlcal

baSlS. In a qualltatlve way the 1ntens1tyld1str1butlon

S

cah be explalned if .one’ cons1ders the relative pos1tlons

eof the minima of. the two electfonlc states 1nvolved If

v -

the minima of the potentlal énergy curves ‘are such that

T A

o . . . _ ' ' o , -
v'> ‘0 in absorption.and for emission it will be from v'=0

[

.

:mum of the upper state being vert/ga&ly above . the minimum’

A

of the lower state) as in Fig. 12 the trans1tlon v' = 0
to v* = 0 w1ll have the max1mum 1ntens1tv.' cher’transi~
tions rlke 1-0, 2 -0, . . . will have rapidly, decreasing'

. 1
<~

;ntens1t1es compared to the 1ntens1ty of 0-0 band (See

v

Herzberg, Spectra ‘of Diatomic Molecules pp. 1251197)

‘.If_re values correspondlng to. the minima of the poten—

L)

Fthey correspond to the same 1nternuclear.d1stance-(the-miniﬂj

y

tlal energy curves for the two. electronlc states lnvolved L

l"!‘; Ed

1n the trans1tlon are dlfferent, the trans1tlon 0-0 does

Z‘not conform to the most probable one accordlng to Franck—

) Condon prlnc1ple. In such a case,’ the O 0 trans1tlon w1ll

not have the max imum intensityﬂ 'For re '>rre", the most
intense transition will be from v" = 0 to_some value of

P& SPNN

P
€
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. probability.‘

Y
-

-to v">o. Such a qualltatlvo dlscusslon of the 1ntens1ty

dlstrlbutlon{ln electronic .bands is also entirely censis-

-

tent with thelquantgm_mechanrcal*formulation of the transition :

L

» @or a transltlon between v' and ‘v", the probabiliity_.

r

is given by o coo T o

R = fw_l*ﬁwly dt ' , - : (37)
where leS the electr1c moment ( M + M ) made up of the

electxonlc component M and the nuclear. component M + The

The-wavefunctlon Q.ltself.ls the*product of the electronic

- wavefunction Ve and the v1bratlon Wavefunctlon Yy ,_Substi-- o

.tutlng for M the quantlty M + Mn’ one gets

4 ® . B -,

- . .

R =- fw 1% F/i w 1 w , ') - dT + IM w wv" d T

e e v , noo
'f@'e.’f (lb u)dT v ' .'_. ’ (38)

Due to the orthogonallty of u\) and w "o the second factor

‘in Eq. (38) reduces to ‘Zero and the transltlon moment becomes

¢

Ro= Sy My v drg Sy ¥ dr - 393y

°

e v'! wv"

1 ! e R . i - . ,

% Re va"wv" dr .“_l,' o : Z' 5. ‘. (39b?

¢

In the above equatlon, ﬁe is an average value of R Wthh .
\

. is assumed to vary very slowly w1th the 1nternuclear dis-

Id
tance r. Thus, the intensity in emission or absorptlon will

k]

s - IR

n



Iw;' wvgﬁdr{W_we can_wrlte for a given band

. been- proposed by several authors.

be proportional to Rg and to the populations Nv' and Nv"

respectively, Hence,
1 (enﬁssion)' x NG.}sz

- ('40&)
and ° : '

From the precedlng d1scuss10nj}the 1ntens1t1es of the
trahsxtlons are proportlonal to the square of the electronlc

"o

transrtlon moment R‘ and to the square of tpe 1ntegral -

M

"2

. - Y .‘. .. :X ) -
and the quantlty , R . .
| " Uty ”w ar1®2 . (4

‘(,;V_'V,' = L

lS called the- Franck Condon factor (FC factor); lt ls the
+

square of the “overlap“ 1ntegral 1nvolv1ng the v1bratlonal

>

wavefunctlons of ‘the ‘two states.- Assumlng a knowledge of

)

'the elechonlc trénsxtlon probablllty R 2 one can-calculate

‘the relatlve,lntenSLtles of the bands from the v1bratlonal

o

"overlap" 1ntergrals.‘ o Cia el :f CoT T

©

“For. purposes of evaluatlng the v1bratlonal anefunc—A

‘tions one has to solve the ‘wave- equatlon ‘using an approprlate

.

form for the potent1al energY: U(r) for the d1atom1c mole-

Y
ular system. Emplrlcal forms for the functlons U(r) have
3" Many of the pr0posed

§! .

functlons do- not glve solutlons for N 1n closed’ forms'

!
*

o

R

I (absorption)s N, n Rz . .j ) o o . (40b) .



L. o S
-

or in a relatlvely slmple form to- calculate the "overlab"
1ntegra1s eas11y However, the moat useful- one 1s the
s1mp1e analytlcal form proposed by Morse4 usrng three_para-.
'meters: It is of the form B c _.'l- T B
U (x) =D, (1-e” 3*5 S L - 43)
where D is the d1ssoe&at10n energy referred to the m1n1-.
- mum and X “(r r_ )1s the displacement from the equlllbrlum

1nternuc1ear dlstance. B is related to the v1bratlona1

:.frequency me'ln the/partlcular electronlc state and uA is the

/ “ %
\quced mass of the molecule 1n atom1c mass units accord1ng
: t°«kr\ ) L /.- _ ,E -nf S ; _— j R ..v
. 'v o /I . . X . 1 . ) o o ! .- :
B = 1.2177x10  w Vi /D_ . . ST (44)
. . o e A'"e .o L e
Y -

fThe Morse functgon has been applled with-remarkable successn,-
in calculating the v1bratlonal wavefunctlons'and the Franck-
.;Condon factors} Fig 131shows the potential energy‘curves_"
:“drawn for the ground state of hydrogen us1ng actual experl-
"mental data (cont1nuous curve) and the Morse functlon (broken
curv?T.,~ " can be seen that the Morse curve is quite a
good'approxlmatlon even for hlgh quantum numbers. Tables
, of Franck—Condon factors have been prov1ded by several
1nvest1gators for a 1arge number of molecular systems of y

astrophys1ca1 s1gn1f1cance.

®
-

L . - | ,.l;j.g; ,



SJ

g'D;atom;c Molecules, p. 208)
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. Figure 13. :TyPical-Potential Curve and Vibrational Levels. -

2

.51dered only the electronlc tran51tlon moment (R ) -and the
3v1bratlonal structure accounted for 1n the form of overlap
‘1ntegrals from whlch Franck Condon factors Qgryn are cal—

f-culated However,'for a complete treatment of 1nten51t1es

}

it is necessary to 1nclude a factor to. account for the rel-

1} ~

ative: 1nten51t1es of the rotatlonal llnes. The complete llne

Vot pr - R TN ,‘,:.,?\-_;. SR .
S;X:’g"ﬁ" _=.R§.(IV'V") Ayt Sg'.'ﬁ" ‘ S (45)

ﬁﬁ"'ls the so- called Honl London factor whlch represents

.the 1nd1v1dual rotatlonal llne (See Herzberg, Spectra of

S i . -
v . T

A, N

I i,
25 ra0%m) . T

In the expre551on for the 1nten51ty we have SO far con-
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7. Transition Probability and Einstein Coefficiénts

The emission and absorption"of radiation are determined

by the;Einstein’s"ooefficients‘of'transition-probabiiity;

" - Consider the molecular system. undergcing a transition;from one

UpPER

LEVEL . : o
Co AN .,.[,\&-,__;nr.;_ E, - E,
lower - N m o

Flgure 14. Trans1tlons Between Bound States_~n

energy level E . to another energy leVel E w1th the em1ss1on

1’of the photon hv nm* ‘The fractlon of the molecules in state
n - experlen01ng a trans1tlon to state m’ in one second is- de-

-

’noted byvthe quantlty An called the Elnsteln trans1tlon

pfobabiiity for spontaneousIem1ss1onf='The.;ntensLty~of the

o

. photon emission is

, Tem = Nn Pnm hVom S j (46)"
3 -
' {

"whefe'Nn is the population{of'leVel n.. The expression for -
iAnmjftom quantum  mechanics is_
, 'E64w4vnm3' :
A= ———=— R

e _‘.3hc3

nm (47)
. where R, 1s the matrix elément’ for the transition moment.
The intensity’ in emission is therefore .
L 4. 2
I« N_ v |,an|

“em  'n ‘nm . .'S48)ﬁ
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Slmllarly, for absorptlon of radlatlon of density P mibyj

a layer of gas of thlckness Ax,-the absorptlon is glven by

"]L‘» :

abs " Pum Yo Bun 8% }hvnm . . o .3(49)’

wherehthe quantity Bmﬁlcalled the;Einstein_coefficient

for induced absorption; it is derived from:quantum mechanics

“to be oﬁ'the-formﬂ

-ﬁBnm is. called the Elnsteln coefflclent for 1nduced emlsslon.

JQThe 1ntens1ty in absorptlon 1s thus proportlonal to N_ V. Ianl

m nm

z

From the aboVe)dlscusslon, 1t 1s ev1dent that the 1nten51ty

‘of a molecular band in em1sslon or. absorptlon is proportlonal

to the concentratlon (or populatlon) of radlatlng or absorblng

soecles in the 1n1t1al state.” The constant of proportlonallty

T -

"1ncludes the transltlon probablllty Al -:or Bm dependlngvon

. the physlcal process 1nvolved 1If one assumes thermodynamlc

~

, equlllbrlum for the molecular s*stem at- a partlcular tempera-'

ture, the populatlons N and N of the dlfferent v1bratlonal

levels are determ1ned by the Boltzmann d1str1butlon. Accord-

-‘1ngly;1f N is the total number of-molecules for all practical

Y

purposes we have

N* = Ne‘ En/ka-. ' _ _. ) L (dla)’

N . . .’h_\ L . - ‘. ."> . - : "
Sy N =we EpAT 0 e (51b)
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~mat1ng the temperatures of stars, sun, planets, earth s;<

. using the lntenSLtles in, em1551on

Thus, the.most 1mportant appllcatlon of the study of the . .
lntenSL<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>