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Wefshall.diSCussnnext.the“originﬁof,spectralhlines~inaradio‘astfonomy.
The frequency v of aniatomic or molecular;spectralmline‘canabe predicted

. from . the familiar Bohr condition’

(1)

where:El;anthz,are the initial and-finalxenergiesofethe-atom;anda h .is
vplanck's constanttt Intoréer tO:computeaEi andsziln aﬁspeelfic.case, weehayeb
,to use the methods-of'quantum~mechanics. :Oneiof'the»basic postulates‘of
quantum theory is that the energy states of an atom can have only . certaln
.discrete values of a.set of values. Th1s is usually done by puttlng restrlc-,
tions on . the p0531b1e values of the various . angular moments .of the atom 'For_

;

;ourvpurposes, these angular;moments are: .(l) .the»totalqelectron1C‘oroltal
rangularfmomentum,i;v(2)‘the total electronic spin‘angular,m@mentumgé,j(3) thé'
totaltelectronic-angular;momentum13_= E *~§, (4)~the}nuclear’spin.angular
momentumrl,,andL§5)_the totaleangular momentum1§:=<i’+'3. jQuantumémechanics
also requires that.the magnitudes-of these?vectOrs-areirestrictedato the
ivalues VET?ET:—T_ h/2n where L is an. 1nteger and s1m11ar express1ons for
-the other angular moments except that S and T may. be multlples of a:1/2.

. For givenuvaluestof‘L andVS, the‘permitted.valueS'of.J are L.+“S,4L +.S —;l,
LI;-S 4.2 ...L"L -S and.slmilarly for F.

It is a. fundamental property of .the electron that assoc1ated w1th 1ts

‘spln angular momentum is a. magnet1c moment u given. by



B o=_.p=— §° @

The minus sign implies that the magnetic moment is o:iénted'opposite to the

v

electron spin. Similarly, the magnétic moﬁent ﬁi is associated with the
atomic niucleus and may be Telated to its spin I in an analogous manner.

- o eh; - ‘ '
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where gy is known as‘thé "nuclear”g‘factor"'and'is characteristic of a.par-

ficular nucleus.  The vélue of g; maylbe positive or negafivé. "M is the mass
RO _ A - , INE

‘of the proton.

. The existence of 'the fwo,mohents imﬁlies~fhat a system m&ll’hévé dif-

' fefentfenergieswfor_different.origntafiqng of thé'totalielectron;moménf
relative tb‘the'nugiéar moment. ' This energy. difference is the so-called.

. "hyperfine energy" and is the most important of}the.interactionS'within;thev7

e

- atom for-radiofastronomy,as:it'is the origin of the 1420 Mc/s line of atomic

hydfogen;'

We shall only very roughly.sketéh‘the procedure fdr‘computingvthe
interacfion energy for such interactions. The-energy of thé'magnetic inter-
action.between the electron and the nucleus. follows from the usual expres—

sion for a magnetic’dipoie in a field. e cL
- : . .'~/ : . o \ ) . j |
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where M is the Bohr maghetoh'eh/4nmc.and H is the.field at the nucleus due
. 0 . - . - . . e

to all the electrons. ‘The field at the nucleus consists of two. parts: (1)

~ the field dﬁe.tqlthe‘électroﬁ's magnetic mdment, and (2) the field resulting

Ry
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from the orbital motion of the electron. The detaiis of these calculations

can be found in a number of books on.atomic sbectra,,pafticularly in Condon

and Sﬂortley "Theory of Atomic Spectra” and Nuclear Moments'" by Kopferman.
The interaction.energy is found td be

boe2\| [ m\ a?hcRze [E(F+1) - I(I+1) - J(I+1) (s)

moI |\ Tan [\ M) Tee | 3(3+1) (2L+D)

For the ground staté_of atomic hydrdgen;n»= i, S =:i/2,,L =v0, J = 1/2,
I=1/2, and=hencé'P =1 or O, and eq. (5) givesltwo\valueS*of Em‘for two
values of F. This illustrates how‘a sing1e energy .level is split;inko two
closely spaced levels by magnetic}hyperfine int_eractionT . Substituting the
appropriate'values‘of F,,I,-J;.and.L_fbf the two.cgse3»ihz(5) and using eq. _

(1), we get

8 'Hocz" m o
vV = =g  omn a=cR . . (6)
’ 3 1\ 4gn M o

where R ‘is the Rydberg cohstant,-a the fine structure constant. The value
of v turﬁs out to bevve;y Ciose-t0-1429 Mc/s. In the above for@gla,.higher
order quantum mechanical effects-havé-beenfneglecteq. ‘ihe accurateiy.meas—
ured laboratory value is 1420 : 405726 + 0.000030 Mc/s.

In addition to“the‘hyperfine’struéture lines we ﬁave also the so-called
fine strﬁctu:e lines. The physical‘baSiS<fof.these lines-lies in fhe féct
that the electron is‘iﬁ motion in:thé eleétri; field of the nucleus; thus it
experienqes not only the %lectric field, but also a magnetic field, which. in

~turn interacts with the electron magnetic moment to produce different eﬁergies,

depending on the orientation of the moment with respect to the field. Tables
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of nqmber of fine structure and hyperfine structure lines have 5een giyeh‘by
Barrett (Proc. I.R.E., Jan. 1958). Of these, oniy the hydrogen line gf'
1420 Mc/svhés been obSe?ved‘so far, | |
vRadio f;equeﬁcy linés<are also produced by the many possible inter—
actidns-in the éase df moleégies.‘Since hydfoéen'is the most abundant elemeﬂt

in the universe, we might expect that diatomic molecules containing hydrogen,

¢

'i.e{, thé hydrides;ﬁill be tﬁe most important. We,shai} éonsidet bniy,two of
’ these;_the H; and OH iéﬁs. A‘morg‘detéiied discussion willvpelfoggd in
Shklovsky s “book. a |
The_radiqgfreqUeﬁcy.lines,invthe caée Qf-H; ion a;iseé in. a manner

'similér;to the ﬁyperfiﬁe strucfufévline‘qf hydrogen. However, because of the
‘ mgqy pdssibie intefactiéng‘in‘é.mole;uie fhé line is hot‘a sihgle'qné but o
has;many cbﬁponénté. ﬁnf&;tunately‘we~do nofihayé“a-reliablé theoreficél orr
AeXpefimentéi dete;minationlof this,iinef |

iq the case of tﬁe OH molecule, the @echanism for the ekisfence:pf

radio.f;equenéy;lines.is known as A'dOupling. The quantum number A = Zli
.where1l is the projectiop of the total orbitalhéngulaf momentqﬁ of an'éléctron
‘on the axis of the ion. Hénce; A determines the gbso1ute falue of the pro-
. jéction-of the total orbital angglar moment@ﬁ,on,the'axis éf fﬁe mblecule.
In thg caséngf_aum§lecu1elin rotation andﬁA}> 0 the energy‘ievelé-are éplit.
- For Oﬂfthe two‘strongegt iines~which§arise due to‘ﬁhisAdoubling;have been_
‘measured in the iaboratof& and from th§ measuredAtransifibﬁ probébilitiés
the two qfhef‘cpmponenfs»we:e'assiéﬁedﬁtbeir4frequencies. ihé\frequenéiesb
~are near 1612, 1665;,;667,‘and 1720 Mc/s. The four linesihave;been‘observed,
in absorpfion againét radio.sources, Qy-radié aStronomérszin~the'USA and in

‘Australia. From these measurements many surprising results have been found.
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The problem of excitation.of the 21 cm-hydfogen line has been treated

v

in'the,following'references:

1. Field, Proc. I.R.E., 46, 240, 1958.
2. Field, Ap. J., 129, 536, 1959,
‘3. Purcell and Field, Ap. J., 124, 542, 1956.

4, 'Shklovéky,’Cdsmic Radio. Waves.



