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Atomic Spectroscopy

Of all the tools that have been applied to the study of the detailed
strueture of matter, it can fairly be said that speciroscopy has been applied
in more ways to more problems, and has produced more fundamental
information, than any other. It has been used, and is still being used,
not only to extend our knowledge of the uliimate properties of matter, but
also to provide accurate measurements of many quantities of quite prac-
tical interest to physieists, chemists, and engineers. It is also an indis-
pensable tool in the study of the chemical composition and the physical
condition in which matter exists in certain situations which are inacces-
sible to more direct observation—such as in astrophysies and atmospheric
physics—and in situations of a highly transient character, as in fast
chemical reactions and electrical discharges.

In modern physics the term ‘‘spectroscopy’ is used in connection
with a great many quite different investigative techniques, e.g., optical
spectroscopy (including infrared and ultraviolet atomic and moleeular
spectroscopy), microwave spectroscopy, @B-ray spectroscopy, v-ray
spectroscopy. In each of these techniques the quantity that is directly
measured is the energy, momentum, wavelength, or frequency of a photon
or electron emitted or absorbed during a transition between two states of
an atomie, molecular, or nuclear system. From this information the
characteristics of the energy levels of the system are inferred, and from
these characteristics (spacing, angular momentum, multiplicity, etec.)
certain basic parameters of the system.can often be determined with
considerable precision. In this chapter we shall examine some of the
more imporfant aspects of the original form of spectroscopy——atornic
spectroscopy.
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sec. 8-1] ATOMIC SPECTROSCOPY

8-1. General Considerations

From what has already been said in the preceding chapters, the student
should be aware of some of the more important historieal facts concerning
atomic spectroscopy and the part it has played in the development of the
quattum mechanics. Having thus arrived at the correct mechanical

laws with the help of our knowledge of the spectroscopic properties of
y now properly seek to use these laws fo

certain simple atoms, we ma
Tmprove our understanding of the spectra and the detosled structure of the

mare complicated atoms. }
In the preceding chapier we have seen that quantum mechanies pro-

vides a beautiful interpretation of the periodic system of the elements

and of the ground state of an atom, wherein the electrons of the atom are

visualized as occupying——subject to the exclusion principle—the lowest-

lying of the various energy states that would exist for an electron moving

in the field of the nucleus and the spherically symmetric average field

due to the remaining electrons. The approximation used for that dis-

cussion was purposely kept as simple as possible consistent with the
requirement that the main features of atomic structure should emerge
from the treatment. We now wish to utilize quantum mechanies to add
some finer details to the above atomic model and to illustrate further
the extent of the suceess of the Schroedinger theory in accounting for the-
known features of ordinary atomic processes.

Before actually embarking upon this procedure, it Is desirable to
delineate the present problem more clearly by first considering quali-
tatively the various types of excited states in which an atom might exist,
he same approximate model that was used previ-

using for the present ©
ously. Thus if, as indicated above, the ground state of an atom is
visualized as corresponding to the electrons occupying the lowest-lying

of » number of possible energy states, it is clear that, if any one or more
of the electrons. were to occupy a higher level, the atom would be excited.
The most general state of excitation (which is of completely “negligible
importance) would then correspond to the various electrons being in
any of the energy states—including the continuum whick Lies above the
range of the discrete states —subject only to the limitations of the exclu-
sion principle. By far the more common situation, on the other hand, is
that in which most of the electrons are in the energy. states they occupy
when the atom is in its ground state, but in which one or more electrons

may be completely removed from the atom (that is, the atom is perhaps
ionized) and one or two of the electrons are in bound excited states
Even with this restriction the possible states of excitation of the atom
maay fall into several broad clagses according to the manner in which the

excitation was produced. Tor example, we shall see later thai the
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excitation of an atom by X-rays or by the impact of an energetic charged
particle often results in the removal of electrons from an inner shell.
This leaves the atom ionized and highly excited, and many interesting
phenomena may occur in such a situation. On the other hand the atom
may-bé excited by rather gentler means—as in an electric are, spark, or
glow discharge, or in a flame—in which case only the outermost of the
electrons will be affected. Although all such states of excitation are in a
sense a part of the same general problem, it is desirable to separate the
discussion into several different categories upon the basis of the tech-
niques used in the study of the excited states. Thus we shall study the
atates characteristic of X-ray and microwave excitation in later chapters.
‘We are concerned at present only with the states of excitation in which
the radiation involved falls in the visible or near-infrared or -ultraviolet
regions of the spectrum; these are states of excitation in which only the
outermost, ralence, electrons are involved.

8-2. The Hamiltonian Function of a Complicated Atom

Tn order to deduce some of the finer details of the energy levels of a
complicated atom, we proceed in a manner similar to that used In the
case of the one-electron atom: namely, we consider first a problem which
includes the major terms of the Hamiltonian function and whose energy
levels are therefore very closely the same as for the complete problem.
We then study the fine-structure splitting of these highly degenerate
levels that results when the next most important terms are included as
perturbations. For the extremely complicated problem now being con-
sidered, our treatment must remain rather qualitative throughout, even
though a certain amount of guantitative information can be’ obtamed
by the use of advanced techniques. We shall thus be obliged to place
heavy emphasis upon the similarities between the present problem and
some of the featiires of the oné-electron atom discussed in Chap. 5.

We first consider the various terms that should appear in the complet.e
Hamiltonian fungtion of an atom which has a nuclear charge Ze and is
surrounded by N electrons. We assume for the present that N < Z;
that is, the atom is not negatively jonized. The Hamiltonian functxon
should thus be the sum of the following terms:

1. The kinetic energy of the electrons:

. iy
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9. The electrostatic interaction energy of the electrons with the nucleus:

N
V. o— _ E Zet
&0 . 4’"’607"
i=1
3. The mutual electrostatic energy of the electrons:
N i—1
Veo = 4 Zz'r--
i T

4, The spin-orbit energy of the electrons:

N
Vao= -

1=

5. The spin-spin interactions of the electrons:

L

113—

G; Ii @K
')‘Jfblzi"'t'c2 d’n"',:

6. Interactions between the orbital magnetic moments of the electrons:
N =1 '
Vrm = z 2 C{,’li' I,'
i=1 j=1
7. Electron spin—nuclear spin interacfions
N

— E_O_ ﬁ Phoue ” di _ (Unuc * ri) (61, * Ti)
Veans 4."_ Z m [ Tiz 3 7«-1:5

i=

8. Nuclear spin-electron orbital moment interactions:

N
TS o
mee  Ag lm s
iz

9. Other terms due to nuclear electric-quadripole moments, modification
of the electric field near the nucleus owing to the finite size of the
pucleus, interaction between the spin magnetic moments and the
orbital motion of other electrons, ete.

In addition to the above terms which correspond to ‘‘true” interac-
tions, the Familtonian function should also include ferms to represent
appreciable effects which do not correspond to a classical type of inter-
action, such as

10. Terms to correct for relativistic effects, e.g..
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The Hamiltonizan funetion, when converted into an operator, will Iead
to certain wave functions for the energy states of the atom. According
to the exchange-symmetry postulate of the preceding chapter, only those
wave functions that are antisymmetric with respect to the exchange of all
pairs of electronic space and spin coordinafes are valid wave functions for
the atom. This restriction upon the choice of acceptable wave functions
has certain physically observable consequences, some of which have
previously been described. For the atomic systems now being con-
sidered, the most important of these effects are, as was shown in the
preceding chapter:

11. A tendency for electrons with parallel spins to avoid (or “repel™)
each other, and as a result of this and the electrostatic repulsion
of the electrons, a strong ““exchange correlation’’ between the spins
which lends to align electronic spins parallel to one another.

The discussion of the preceding chapter was based upon a model
which included terms (1) and (2) and a spherically symmeftric *‘average”
of term (3). We must now consider what effects the inclusion of the
remalming terms will have upon the degenerate energy levels of that
model. We are interested in two aspects of these effects—the gqualiiaiive
character of each term in splitting a degenerate level into a number of
distinet levels of smaller degeneracy, each characterized by a different
quantized value of some “constant of the motion,” and the magnitude
of each effect.

On the basis of the perturbation theory, one can deduce the approxi-
mate magnitude of the various effects included in the above list. The
analysis is too involved to be included here, but is quite straightforward

for most of the effects. The final conelusion, which is in agreement with

observation, is that there are two main categories into which most
atoms should fall with regard to the relative magnitudes of the remaining
effects:!

1. For most atoms, the nonspherically symmetric residual electrostatic
effects of termt (3) and the spin correlations of (11) are the largest
of the remaining terms; the spin-orbit term (4) is considerably smaller,
and the remaining terms are quite negligible.

2. For some atoms, mainly the heavier ones, the spin-orbii term (4)
predominates.

‘We shall now consider these two cases separately.

1 Some of the effects, such as the relativistic correction terms, have a very large
influence upon the lowest energy states, and much less upon the higher states. These
corrections will thus appreciably affect the fotal ground-stale energy of the atom, but
not the energies of the states available to the valence electrons measured relative to
the ground-st.ate energy,

sec. 8-3]

8-3. Russell-Saub

The first of the
effects of term (3
remaining terms, w
Russell-Saunders ¢
effect these terms
simple central-field

We recall first th
were degenerate Wi
of the various elec
central field and nc
keeping device to
that is, the ndivid
as well as the net o
tum, and the total
the motion. Thus
degenerate with re
equally well in ten
v valence electrons

(a) (ayla, 81,70
(b) (nlvllyslsjla'
(e) (nylisn,1)
(d) (nljllxsl):u {
The first two of ¢
alternative quantt
eleciron energy st
sions the natural
tized angular mo
electrons. In the
numbers that defi:
electrons, the squ:
total angular mom
tum, respectively
used in the last t
combinations of ¢
the same total m

If we now con
we see that, sinc
nucleus, the orbi
will no longer be

! Astrophys. J., &




[cmap. 8

serator, will lead
tom. According
apter, only those
e exchange. of all
ave functions for
e wave functions
: of which have
now being con-
as shown in the

oid {or “repel”)
ostatic repulsion
etween the spins
wiher,

1 upon a model
aetric “average”’
inclugion of the
iy levels of that

s—rthe qualitative .

nto a number of
«d by a different
id the magnitude

luce the approxi-
above list. The
2 straightforward
1 agreement with
nto which meost
of the remaining

lual electrostatic
) are the largest
siderably smalier,

n-orbit term (4)

, have a very large
igher states. These
gy of the atom, but
neasured relative to

SEC. 8-3] ATOMIC SPECTROSCOPY 259

8-3. Russell-Saunders, or LS, Coupling

The first of the above situations, in which the residual electrostatic
effocts of term (3) and the spin-spin correlation (11) dominate the
remaining terms, was first studied by Russell and Saunders! and is called
Russell-Saunders coupling, or LS coupling. Let us now consider what
offect these terms will have upon the degerierate energy levels of the
simple central-field approximation.

We recall first that the various energy levels of the central-field model
were degenerate with respect to the orbital angular momenta and spins
of the various electrons, since each electron was assumed to move in a
central field and no spin interactions were considered except as a book-
keeping device to prevent two electrons from being in the same state;
that is, the éndividual orbital and spin angular momenta of the electrons,
as well as the net orbitel angular momenturm, the net spin angular momen-
tum, and the total angular momentum of the electrons, were constants of
the molion. Thus the various orthogonal states of given energy were
degenerate with respect to all of these quantities and might be described
equally well in terros of various possible sets of quantum numbers for the

s valence electrons, such as

() (nl,ll,sl,mu,mﬂ), (ﬂa,la,sz,’mm,msz), e ey (nv;lv,sv;mf.n,msu)

(b} (nylysuiumis), (aleSejemi), - - - COMBEI N Y )
(C) (ﬂ’hzhsl)jl)r (n27l2=s‘21j2)= -t (n?:lursmjv)y J! M,

(d) (ny,l1,81), (ngls,82), - - - 5 (Payloy o)y Lsy S, J, M,

The first two of these expressions will be recognized as being Just the
alternative quantum-number designations for the various individual one-
electron energy states as described in Chap. 5, and the last two expres-
sions the natural extension of the law of addition of independent quan-
tized angular momenta given in-that discussion to the case of several
clectrons. In the last two expressions, L, 8, J, and M; are the quantum
numbers that define the square of the net orbital angular momentum of the
electrons, the square of the net spin angular momentum, the square of the
total angular momenturm, and the z-component of the total angular momen-
fum, respectively. {Note that; although fewer quantum numbers are
used in the last two expressions than in the first two, the various possible
combinations of quantum numbers in each expression necessarily define
the same total number of substates of the degenerate state.)

If we now consider the effects of the residual electrostatic repulsions
we see that, since these involve forces that are not directed toward the
nueleus, the orbital angular momenta of the individual valence electrons
will no longer be constants of the motion.. Since the mutual repulsion

1 Astrophys. J., 61,.38 (1925).
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between pairs of electrons is directed along the line joining them, how-
ever, the fotal orbital angular momentum will remain constont. Similarly,
the spin-spin correlations given by (11) may cause the individual spin
angular-momentum vectors to change, but the total spin angular momen-
tum will be constant. '

In the case of the spin-spin correlations, the individual spin angular
momenta cannot, change their magnitudes, since the spin is an intrinsie,
unchangeable property of electrons. The directions of the spins may
change, however. On the other hand, in the case of the electrostatic
repulsions, the individual orbital angular momenta could change in magni-
tude, but this is found seldom to occur.

We thus find that the introduction of these two terms into the problem
leads to a situation in which only the fourth of the alternative sets of
quantum numbers given above is suitable for describing the substates
of the perturbed system.

As to the quantitative effects of these two terms, the effect of the

spin-spin correlation is usually greater than that of the electrostatic
repulsion and, for the reason given in Exercise 7-13 of the previous chap-
ter, gives the lowest energy for the state of largest possible §. Further, we
can see that the electrostatic energy will be a minimum if the valence
electrons remain as far as possible from one another. We thus expect
that the state of lowest energy would be one in which the valence-electron
orbits are arranged symmetrically around the periphery of the atom, and
in which this symmetrical configuration “rotates” more or less as a
“rigid body.” Since the individual electrons would all then be revolving
in the “same direction” about the nucleus, we might expect the state of
lowest energy to be the one whose quantum number L is as large as can be
Jormed from the individual orbital angular-momentum quantum numbers.
This is observed to be the case. The states are thus arranged in energy
in the order of decreasing L, the largest L-value having the lowest-lying
energy.

Finally, we must introduce the small spin-orbit term (4) as an addi-
tional perturbation upon the above separated but still individually
degenerate levels. It is found that the total spin-orbit interaction may

be represented with sufficient accuracy by an expression of the simple
form

Vi =TF{r)L -8 | (2)

Using this expression for the spin-orbit interaction, we can deduce an
important semiquantitative rule governing the fine-structure splitting of
a given level. We follow a procedure exactly similar to the case of the
one-electron atom except that the r-dependence is now so complicated
that it cannot be evaluated analytically. We represent it for each given
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unperturbed level by a constant €' which can in principle be calculated-
but in practice must be evaluated empirically for all but the simplest
cases. The angular part of the spin-orbit energy ean, howevet, be evalu-
ated just as for the one-electron atom by writing

J=L+S 3)
and 72 = |Zl2 4+ |82+ 2L -8 . @
50 that L8 = (72— |L|* — |S]®) : (5)

Thus the average of V,, over the unperturbed wave functmn descrlbed
by the guantum_ numbers (1d) is equal to

(L S) LI + 1) - L(L + 1) — 88 + 1) (6);

since |J|2, |L|%, and |S|? are all quantized constants of the motlon in the
unperturbed system (¢ = Ch?).

We thus see that, just as in the one-electron atom, states of dlfferent
J, L, and S have dﬁferent energy. The shift in.energy is, for given L and
S proportlonal to J(J 4 1), and the spacmg of consecutive levels within
a multiplet is

S Baa = By =00 DU+~ D] = CU D) ()

Thus the spacing between consecutive levels of a fine-structire multiplet is
proportional to the larger of the two J-values involved. This is called the
Landé interval rule. It can be of great help in determining the J-values
of observed energy levels.

To illustrate the results of the discussion up to this point, consider the

specific case of an alom having two valence electrons and suppose a

4
1
5=0 /- £ — Dy
(Singlets) . R
\ F \
! Fs
/ .
I
IJ’
! 3 ip 2 ] ’
e o [P N
! T4 .r“"—"‘:-.:—-——-—f 390,12
4pdd N N P 3p 1 g
N s 3
. \ §=1 g/,«———e:‘_::g Diga,
riplets > z -
(Triplets) N .3 - vy 4,
—_— 7 : s 3
N 3 3 “Fasa
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-state correlation electrostatic energy
+ -energy + ‘energy . +

Fra. 8-1. Schematic diagram illustrating the fine-structure splitting of a level corre-
spondmg to 2 4p and a 4d valence electron. The La.ndé—mterval rule is zllustrated in
the spa.cmgs of the trlplet levels. . R
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certain unperturbed excited energy state of the atom corresponds to one
of thesg electrons being in a 4p level and the other in a 4d level. The
effect of the three perturbations is shown schematically in Fig. 8-1.
At the left is the unperturbed level. The spin-spin correlation splits

this level into two levels, the upper-

Number of independent electrons
0 1 2 3 4 5

one having 8 = 0 (singlet state)
and the lower level having S = 1
(triplet state). The electrostatic-
energy term then splits each of these
vz states into three states having IL-
w2 values ranging from |2 — 1| to

0?: w2 1), that is, L = 1 (P-state),
£7" L =2 (Dstate), and L = 3 (F-
/
/

state). Each of the triplet levels is
then further split by the spin-orbit
energy into three levels having J-
1—12  values ranging in each case from

/D
-—_\1

0—-y/2

/
/
—_—

Fra. 8-2. A diagrammatic illustration of
the resultant spin guantum numbers for
0, 1, 2, 3, 4, and 5 independent electrons.
If a given subshell is more than half
oceupied, the exclusion principle will
limit the number of spin combinations.

let their configuration be 2p 3p 4d.

|I; — 1} to (I + 1). The finalspec-
troscopie designation of the various
states is also indicated in the figure.

To illustrate the procedure by
which the expected fine-structure
character of a level having more
than two electrons in unfilled shells
can be deduced, consider the case of
three electrons, and for definiteness
We first find what spin combinations

will be present. This is most easily done by first combining the spins of

two of the electrons and then combining the third spin with each of them.
Figure 8-2 illustrates the possible spin quantum numbers which can be
obtained by combining several independent electron spins. We thus
find that there will be two sets of doublet states (S = 14) and one set of
quartet states (8 = 34).

Next, we must combine the three orbital angular momenta. I we
first combine the two p states, we see that these will lead to an S-state
(L = 0), a Pstate (L = 1), and a D-state (L = 2). Combining the
d state with each of these in succession then leads to

S+d—D

P+d—P DF
D+d—S,P,DF G

Finally, the introduction of the L -8 coupling splits each of these levels
into an appropriate number of separate levels having different J-values.
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to make a total of 65 déstinct levels in the multiplet. (Little wonder that
a spectrum can be complex!) Note that, although all leyels bear the
name doublet or quartet, some of them have fewer than two or four com-

ponents, respectively, because L is less than § for these levels.

The fine-structure splitting of a level in the case of ideal LS8 coupling

may be generalized as follows for the case of » valence electrons whose

configuration is mily, Rale, - . ., Noly:

1. The unperturbed level is split by the spin-spin correla.tioﬁ effect.iﬁﬁo
o number of well-separated levels, equal to the number of different
values of the spin quantum numbers S that can be formed from the v

electron spins, ollowing for exclusion-principle limilations if eny gwen & " .

subshell is more tha_n half filled. 1f a given subshell is more than half
filled, the possible values of § are the same as would be obtained for a
number of electrons equal to the number of vacancies in that subshell.
Of these levels, the one of highest multiplicity (largest S) lies lowest.
9. Tach of the above levels is further split by the residual electrostatic
offects into a number of less well separated levels, equal to the number
of different values of the orbital angular-momentum quantum number
L that can be formed from the individual orbital angular momenta
of the v electrons, again allowing for exclusion-principle limitotions if
any two or more electrons are n the same subshell. TFor each value of S,

the level having the largest L lies lowest.

3. Each of these resulting levels is again split by the spin-orbit effect
into 28 + 1 or 2L + 1 levels, whichever js smaller.” The Landé-
interval formula governs the relative spacing of all levels within each
of these multiplets, using approximately the same value of C for all
multiplets resulting from o given unperturbed level. Within a given
multiplet, the term having the smallest value of J lies lowest unless the
configuration involves a more-than-half-filled subshell, in which case
the largest J lies lowest. The latter are called inverted multiplets.

- The above description shows that the fine-structure splitting of an
energy level in LS coupling can be quite complicated if very many
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Fia. 8-3. Schematic illustration of the LS fine-structure splitting of & configuration

involving two p electrons. The dashed levels are missing from the multiplet if the
“electrons are equivalent (n = n').

valence electrons are involved. This complexity is somewhat reduced,
of eourse, if some of these are in the same subshell. Electrons which
.are¢ in the same subshell are called equivalent electrons; the exclusion

ture of a configuration involving equivalent electrons.

In case a subshell is more than half filled with electrons, the applica-
tion of the exclusion principle leads to the important result that fhe
combinations of L and S available to these electrons are exactly the same as if
cmly o number of electrons equal to the number of unoccupied substates in the
subshell were actually present. (Thus if five electrons were in a certain
psubshell, the number of L and § combinations would be exactly the
sarie as for one electron in this subshell, namely, § = 14 and L = 1.)
The most complicated fine structure therefore is associated with those
‘clements having approximately half-filled subshells.

‘As an illustration of the effect of the exclusion prineciple upon the fine

principle must always be taken into account in analyzing the fine struc-

' structure of & level, the fine-structure splitting is compared schematically

in Fig. 8-3 for two equivalent and for two nonequivalent p eleetrons.
The lévels missing from the fine structure for the equivalent electrons are
shown dotted. -

This figure indicates that the D, %S, and P terms that are found
in the fine structure of a configuration of two nonequivalent p electrons
are missing from the corresponding multiplet for equivalent electrons.
These terms are eliminated because of the exclusion-principle requirement
that no two electrons may have the same set of quantum numbers =, 1,
my, and m, and because only physically distinguishable stales can be
counted. ‘

The general case of any number of equivalent electrons is best treated
by the use of group theory, but unfortunately this method is beyond the
scope of the present work. We can, however, deal with the particular
case illustrated in Fig. 8-3 by a more elementary method. Let us tabu-
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jate the various possible values of ma, Ma1, Miz and ., for the two
electrons, first treating them as nonequivalent (Table 8-1). ~We then
take account of the exclusion principle and the’ indistinguishability of the
electrons by striking out those states for whichmn = s and Ms1 = May
and by eliminating duplication of indistinguishable states, Thus states

1, 4, 17, 20, 33, and 36 are removed by the first criterion, and such

TapiE 8-1. my AND Wty VALUES FOR Two EQUIVALENT p ELECTRONS

mn iz Ml me | Labet mi Mg a1 Miga
+1 | 41 | + | +¥ | OUT 0| -1 + +
+ - 1 + 0 -
- + 1 - +
- - OUT - -
+1 0 + + 2 -1 +1 + +
+ - 3 + -
- + 4 - +
— —_ 5 —_— —
11 -1 |+ + 6] —1! 0o | + +
+ |- 7 + | -
- + 8 - | +
— — 9 - —
0 +1 |+ + 2 -1 -1 + 4+
-+ - 4 4 -
-~ + 3 - +
0 o | + L+ ouT
4 — R 15 0
it + 10
— - QuT

pairs of states as 2 and 3, 5 and 13, 6 and 15, oke., are labeled with new
numbers 1, 2, 3, ete. Tor two equivalent p electrons, only the fifteen
combinations of Mz = mu + Mz, Mg = M1 T My and M, = My + Ms
shown in Table 8-2 are possible. 'We must now compare these states
with; the:states expected in the BS multiplet: S, Py, Dy, 3By *Po i

31D 45 - “Of these, we can immediately see that the 3D, state cannot be.
present, since this would require M values of +3and 3. Thisin turn:

rules .out the: presence of e and 3Dy since if one possible combination

of ‘a given I and § is present, all must be. On the other hand, state 2:

requires the presence of an 7.8 term with L > 1 and 8 2 1. _-Of the

available” combinations,. this requires that *Po.12 be present.” Further-
more, state-1-can come ‘only: from an LS term having L > 2.and-S 2105

from this we conclude that the ‘D term must be present.
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- TaBrLE 82. M1, Mg, anp My Varves ror Two Equvarent p ErmcTrRoNs
Label| My | Ms | M; |Label| M. | Ms |- M,

1 o +2 | el 429l 0| 1| 21
2 41 | 41 +27710 0 0 0
3 +1 0 +1 11 -1 +1 0
4 +1 0 +1 12 1 -1 0 -1
5 +1 -1 0 13 —1 0 -1
6 0 +1 +1 14 -1 -1 -2
7 0O 0 0 15 -2 0 -2
8 0 0 - 0 :

If we now count how many independent LS terms are known to be
present, we have, from P, *Py, and Py, 5 + 3 + 1 = 9 states; from
1D, 5 states, or a total of 14. Furthermore, those states require M,
values of +92, +1,0, —1, —2; +1,0, —1; 0; and 42, +1, 0, —1, —2,
respectively. These account for all of the J; values in the table except
for one, whose: M value is zero. This then both permits and requires
156 to be present. : )

By this procedure we have found that the fifteen independent states
of two equivalent p electrons are to be identified with the fifteen LS
states contained in 'Sy, 1Dy, and ‘Pors. By a similar procedure one can
deduce the fine-structure terms for other configurations involving
equivalent electrons, with the results shown in Table 8-3.

If a given configuration cohtains both equivalent and nonequivalent
electrons, one ean analyze the LS coupling fine structure by starting
with the equivalent electron terms and combining the other electrons,
one by ¢ne, with them. Thus for the configuration 4p? 5s, the LS terms
would be T

) D 48— Dy . o B

P 4 5= PPuss, Pragess o o o

EXERCISES

8-1. Add up the degeneracies of the various LS terms appearing in
Fig. 8-1 and thus verify that this is equal to the degeneracy of the 4p 4d
level.  Ans.:g = 2? X 3 X 5 = 60. S

8-2. Add up the degeneracies of the various spin states appearing’in.
Fig. 8-2 and thus verify that this is equal to 2¥, where N is the number
of electrons whose spins are to be combined. (Each electron can inde-:
pendently have either of two orientations.) This expression is of course

valid only if the exclusion principle does not limit the possible spin:
orientations. : I

. g
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. seo: 8-4]
gWen level can be des
of the two extreme t
* oéeurs in its ideal for
the residual electrosi
In this case the lar
analogous, for each

8-3. By ‘donsidering the combining properties of thé gpin angular
momenta of a number of electrons, establish the law of alternation of
multiplicities for LS coupling: *“The spectral terms of successivé elements
in the penodlc table alternate between even and odd multiplicities.”

8-4. What spectral terms result from an electron configuration 3d 4{,
assuming LS coupling? Indieate on a sketch the expected spacing of
the various components of the multiplets.

8-5. What spectral terms result from an electron configuration 2p 3p
4p, assuming IS coupling? What degree of degeneracy is possessed by
each of these levels?

8-6. What spectral terms should be present in the configuration 2p? 3p?

The foregoing desecription of LS coupling provides a basis for predict-
ing the spectroscopic character of the ground state of .a given atom. The
ground state ought to possess the highest values of L and S—and if the
valence subshell is less than half full, the smallest value of J—that are
possible under the limitations of the exclusion principle. (If the valence
subshell is more than half filled, the largest value of J will lie lowest.)

When the exclusion principle limite the possible combinations of L and
8, the ground state is found to be a state of the highest multeplicity
(largest value of S) that can be formed under the exclusion principle. If
more than one value of L is possible for this multiplicity, the larges!
of these values determines the ground state. Then, depending upon
whether the valence subshell is less than {or more than) half filled, the
smallest (or largest) value of J for this combination of 8 and L completes
the identification of the ground-state term. These rules, which almost
without exception are observed to hold, show clearly that the spin-spin
correlation effect which tends to make the spins line up parallel to one

another is the largest of the perturbation terms, followed by the residual’

electrostatic effects which tend to line up the orbltal angular momenta,
and then by the spin-orbit term. i

EXERCISE

8-7. Show thaf the following gréund—sta.te terms satisfy the above
rules: B(2Py), Se(*Dyy), Se(3Py), Zr(*Fs), Nb(*Dy), Pr(*Iy), Ta('Fy).

8-4. Jj-j Coupling

Although the LS coupling scheme deseribed above provides a suitable
deseription of the fine-structure splitting of most of the energy levels
of many atoms, there is another type of coupling which oceurs for some
atoms. Imits ideal form, this second type represents an opposite extreme
to ideal LS coupling in the sense that the fine-structure splitting of any
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Tig. 8-4. Schematic illustration. of the fine structure of a pd confi
coupling.

Chap. 5 for the one-electron atom. The effec
tions in splitting the unpe

1.

9. The electrostatic energy and spin-

~ <y

Electrostatic

Unperturbed + Spin-orbit +
and spin effects

level energy
guration in j-7

ts of the various pertufba.—
rturbed energy level can be described as follows:

The spin-orbit effects split the original level into a number of well-

spaced levels, each of which corresponds to 2 cji{ig_rggg‘gg‘r_gbipa:gi_qn”ofh

the possible j-values for the individual valence clestrobs From

Eq. 5-8(5) it follows that the rlﬁgwéis%{l_yi'ngipf_ these levels will correspond
1o all of the electrons having their i&%ﬁ?fiﬂ?ﬁl&?_ (Gi="b— 14). The
pumber of levels depends upon the hamber of valence electrons, their

orbital angular momenta (only one j value if § = 0), and the exclusion
principle, and it cannot exceed 2%

€ abl spin correlation energy then further
" gplit each of the above levels into 2 number of levels characterized
ular momentum J. Here again the

by different values of the total angu
exclusion prineiple may acl to lirit the number of possible values of J.
We thus see that a given final level is characterized by the j-values
of the individual valence electrons and by the total value of J. The
various levels are commonly described by the notation (ju,f2 - - - Jer

As an illustration of the j-j coupling scheme, leb us Consider the same
case as was described in Fig. 8.1 for LS coupling. F¥igure 8-4 shows
schematically how the expected fine structure for ideal j-j coupling is
produced by the perturbation terms. The 4p electron can have the

j-values 34 or 34, and the 4d electron the j-values 34-or 9. Thus the

spin-orbit effect splits the unperturbed level into four levels, of ~which
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Tre. 8-5. Tustrating the gradual trend from ideal LS coupling in the light elements
toward jf coupling in the heavy elements. (Adapted by permission from M, E. White,
“Introduction to Atomic Speetra,” MeGraw-Hill Book Company, Inc., New York,
1934.)

(14, 34) lies lowest and (34, 54) highest. These four levels are then
further split by the electrostatic and spin-spin correlation energies into
the new levels shown. In each case the number of levels is equal to the
number of integrally spaced values of J that can be formed out of the two
j-values. : ‘

Note that the tofal number of final levels is the same as for the LS
coupling scheme and that the J-value designations are also in one-to-one
correspondence for the two schemes. Because of the highly schematic
nature of the above example, it is not possible to define which of the above
levels corresponds to each of the levels in the LS coupling scheme. The
gradual shift in the coupling for certain levels from LS coupling for the
light elements toward j-j coupling for the heavy elements has been studied
for several groups of elements. One of the best illustrations of this is
provided by the carbon group of elements. Figure 8-5 shows sche-
matically this change for the lowest-lying ps excited level in each of the
members of this group.

In actual fact, one seldom finds that the fine structure of a given con-
figuration is exactly describable in terms of ideal LS or j-j coupling,
because the relative maguitudes of the spin correlation, electrostatic,
and spin-orbit energies do not satisfy the requirements of the idealized
theory. Fortunafely, by far the majority of cases are sufficiently close
to ideal LS coupling that the LS notation is appropriate both qualita-
tively and quantitatively. BSeveral cases falling between the ideal limits
have been successfully treated, so that the observed departures from
ideal LS or j-f coupling are well understood theoretically. Accounts of
such treatments can be found in advanced textbooks on spectroscopy.

8-6. Selection Rules

The two coupling schemes described above produce a quite satisfactory
semiquantitative basis for interpreting the energy levels of multielectron
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atoms. In order to understand the speciral lines that result from fransi-
tions between these levels, however, we must also know what selection
rules govern the most common types of transition. The selection rules
given below are those for_eleciric-dipole transitions. Most of them can
be derived by using only the general properties “of the angular-momentum
eigenfunctions and do not require a knowledge of the complete wave
functions. A few depend upon the assumption that the valence electrons
have only a weak interaction with each other. Note that they are very
closely similar to the selection rules derived in Chap. 6 for the one-
electron atom.

A. Selection Rules for LS Coupling -

1. Transﬂnons oceur only between conﬁguratmns in which one electron
changes its state. (Only one electron *“jumps’” at a time.)
2. The [-value of the jumping electron must change by one unit

Al

This is-a special case of the general requlrement that the parity of the
wave function must change in an electric-gipole transition. Terms
amising from conhgurations of odd parity are so designated by a super-
seript o, that is, ¥P3.

3. For the atom as a whole, the quantum numbers L, 8, J, and M ; must

change as follows:
L AL =0, +1

G ;"0' +1 butJ = 0—J = 0 forbidden
ABL, =0, 1 but My = 0— M, = 0 forbidden if AJ = 0

B. Selectwn Rules for 7 C’ouplmg

1. Transitions occur only between conﬁguratlons in which one electron
changes its state. (iny one electron “jumps” at a time.)

9. The l-value of the jumping electron must change by one unit; or,
more generally, the parily must change.

3. Aj = 0, +1 for the jumping electron, and Aj = 0 for all the other
electrons.

4. For the atom as a whole,

A =0, 1 but J = 0 — J = 0 forbidden
AM; =0, £1 but My = 0--» Mj; = 0 forbidden if AS = 0

The above selection rules are observed to be in operation in the vast
majority of transitions. The commonest violations of these ‘selection
rules involve transitions in which more than one electron changes its siale,
or (in LS coupling) in which the spin changes by one unit. In case more
than one electron jumps, the selection rules still require that the sum
of the individual orbital angular-momentum quantum numbers change by
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one unil for an -electric-dipole transition, since the parity of a state is
just that of the sum of the I quantum numbers of the electrons.

8-6. Energy-level Diagrams for Complex Atoms

One of the most satisfactory ways of descn'biﬁg the character of the
spectrum of a given atom is by means of an energy-level diagram similar
to that used to illustrate the fine structure of hydrogen (Fig. 5-6). In
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Fra. 8-6. Termn diagram for neutral helium.

the following pages, diagrams are given for a number of atoms. A

partial energy-level diagram for a relatively simple ““complex’” atom is -

shown in Fig. 8-6 for helium. This element has, in its ground state, two
equivalent electrons in the 1s subshell. Thus from the foregoing con-
siderations we expect the ground state to be a 1S, state. The lowest
excited states involve the elevation of one of these electrons into a higher
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shell, so that the exclusion principle does not affect these states. For.

two electrons only singlet and friplet states can occur; and because of the

selection rules AS = 0, it is convenient to represent these states in two___r

sepamte groups “with permitted transitions occurring only within each

‘group. A “transition which violates this selection rule then goes from one
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group to the other and is called an infersystem transition. One of these
is shown in Fig. 8-6. It often happens that some of the strongest lines
in the spectrum of an atom are intersystem lines, because the lowest level
of one group may lie above the ground-state level and the only means of
getting to the ground state from this state may be through a magnetic-
dipole or electric-quadripole transition.

Thus even though the probabil-
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ity of such a transition is many times smaller than that for an electric-

dipole transition, it is still possible to have a strong spectral line, because

atoms will continue to fall into this state from above until the number of
atoms in it is 50 greaf that many transitions will oceur per second in apite
of the low transition probability per atom.

In Fig. 8-6, it should be noted that the higher exmted levels approach
those for neutral hydrogen quite closely. The transitions between these
levels would thus approximate the corresponding transitions of hydrogen,
except that the helium lines would show different fine structure. Energy-
level diagrams for other complex atoms are shown in Figs. 8-7 and 8-8.

8-7. Regularities in Complex Spectra

From the earliest Investigations of atomic spectra great effort was
spent to discover quantitative or qualitative spectral regularities and to
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relate the spectra of neighboring elements in the periodic table. Many
spectral regularities were found empirically and were used as an aid in the
problem of determining the correct spectroscopic designations of.the
various energy levels in an atom. Modern quantum theory has pro-
vided an exceedingly satisfactory theoretical basis for these relationships
and has itself aided greatly in the task of mapping the spectra of the
elements. We have already seen how some of these regularities can be
derived from the application of the Schroedinger theory to complex
atoms. There are several regularities that we have not explicitly exam-
ined, however, and it is thus worthwhile to tabulate in a single place the
principal regularities that can be observed in atomic spectra.

A. The Rydberg-series Relationships. The earliest gefieral quantita-
tive relationships between certain lines in the spectrum of many elements
were discovered by Rydberg. Rydberg's series, which were described
in Chap. 2, expressed empirically a fact that can also be seen to follow
from the Schroedinger theory, namely, that many atomic spectral series
have a form similar to the Balmer series of hydrogen. This is reason-
able from the standpoint of the Schroedinger theory because, as has
already been pointed out, the electric field felt by a single one of the
electrons of a neutral atom at large distances from the nucleus approaches
an inverse-square field due to a singly charged nucleus. Thus the higher
excited states of any neutral atom in which only a single electron is
excited ought to approach those for hydrogen. This is illustrated in
Fig. 8-6 for helium, and it constitutes one of the most striking features
of the spectra of the alkali metals.

Of course the lower excited states of an atom do not approach the
hydrogen levels very closely, especially in the cases of the lower orbits
of small total angular momentum. This regular progression of the more
nearly “eircular” orbits toward the hydrogen levels can be explained
on the basis of the greater penetration of the states of low angular
momentum toward the pucleus, where the shielding effect of the inner
olectrons is smaller. 'This effect, too, is quite prominent in the alkali
spectra. :

'B. The Hariley Law of Constant Doublet Separation. Even before
Rydberg’s work in expressing series in analytic form, Hartley (1883) dis-
covered that the separation between corresponding members of g-multi-
plet line in the various members of a spectral series was constant when
measured in terms of reciprocal wavelength; that is, the components of a

doublet or triplet series are separated by the same frequency difference.
This law is an obvious consequence of the idea of energy levels with the
Einstein condition relating the frequency of emitted: radiafion to the
energy difference of two levels, since if one energy Jevel is, say,-a doublet,
then all transitions that begin or end on this level will yield two sets of
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lines, separated in frequency by just the energy difference of the level
divided by h. Clearly, this law will also apply to widely spaced energy
levels. : S

C. Similarities between Members of the Same Chemical Group. 1t was
recognized very early in the study of spectra that close relationships
exist between the spectra of chemieally similar elements. As we have
seen, the various groups of chemically similar elements are characterized
by similar valence-electron configurations, and we can now appreciate
that these elements will be characterized by similar electron configura-
tions, and also by similar fine-strueture splitting, for the various excited
levels, with a possible gradual trend in the character of the coupling from
one member of the group to the next.

" D. The Alternation Law of Multiplicities. The alternation law of
multiplicities states that spectral terms corresponding to successive
(neutral) atoms in the periodic table alternate between even and odd
multiplicities. This law was recognized empirically before the discovery i
of electron spin. As we have seen (Exercise 8-3), it is a consequence of ;
the combining properties of the spins of the various valence electrons.

E. The Displacement Law. The displacement law was first stated by
Kossel and Sommerfeld (1919): “The specirum -and energy levels of a
neutral atom closely resemble the spectrum and energy levels of a singly
fonszed atom of one unit higher atomic number.” This law clearly
follows from the fact that the electron configurations of two such atoms
would be the same. The main difference between the two cases results
from the fact that one atom has one more unit of charge than the other,
so that the field felt by an outer electron will be twice as great for the
ionized atom as for the neutral one. We have already seen the conse-
quences of this for the case of ionized He vs. neutral H: corresponding lines
are systematically shifted toward the violet in the spectrum of the ion.

F. Isoelectronic Sequences. The displacement law can also be applied
to a series of adjacent elements, each ionized to a successively greater
degree. Such a series of atoms, whose electron configurations are
identical, is cilled an isoelectronic sequence. The spectra of the various
members of an isoelectronic sequence of atoms show the same type of
fine-structure splitting, similar relative intensities for the various cor-
responding transitions, ete.

8-8. The Zeeman Effect

The analysis of the Zeeman effect given in Chap. 2 on the basis of the
classical electron theory appeared to provide a valid theoretical basis
for the “normal” Zeeman effect but was unable to explain the “anom-
alous” behavior of many spectral lines when the radiating atom is
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located in a magnetic field. One of the greatest triumphs of the quantum
theory lies in the beautiful quantitative interpretation it provides for the
entire Zeeman effect. We shall now briefly analyze the Zeeman effect
on the basis of the Schroedinger theory.

The “Zeeman splitting,” as it is called, of the energy levels of an atom
results from the interaction energy of the net magnefic moment of the
atom with an external magnetic field. If we denote this magnetic
moment by the vector y, the orientation energy of in an external field
B is, from classical electromagnetic theory,

W= —y-B oy
and since this energy is very small (that is, Zeeman splitting is ordinarily
much smaller than ordinary fine-structure splitting) we may intro-
duce this term into the Hamiltonian funetion of the atom as a small
perturbation.

In order to apply the perturbation theory, we must now determine a
suitable form for the operafor corresponding to W. This is most easily
done if we assume that the levels whose splittings are to be analyzed
are described by LS coupling. We may express the net magnetic moment
of the atom as the vector sum of the orbital magnetic moments and spin
magnetic moments of the individual electrons [see Hqs. 5-5(3) and (5)]:

IO N .
-3
= —*%(%)(L-!—?S) - —é(ﬂ%) 7+ 8)

Thus we see that the net magnetic moment is not necessarily parallel
to the total angular momenturn J of the atom. This is true because of
the different proportionality factors connecting the magnetic moment
with the orbital and spin angular momenta. To keep the analysis in
the simplest mathematical form, we now make the following physical
- srgument: In the absence of an external magnetic field, the total angular
momentum J is a constant, and L, S, and u “precess’” around J at a rate
depending upon the magnitude of the LS coupling. The frequency of
this precession is, in a given case, just the energy shift due to L.§
divided by k. Now, when an external field is applied, the total angular-
ntum vecbor will no Jonger be constant but will precess about the
lLied-field ‘direction. For a weak applied field this pregession will be
wch slower than the L + S precession, so that the time-average component

i




gt

278 PRINCIPLES OF MODERN PHYSICS fcaar. 8.

z (Direction of B')

J precesses 8
about B (slow) L and § precess

about J (fast)

Fre. 8-9. Tlustrating the approximations used in treating the Zeeman effect in rela-
tively weak magnetic fields (B < ~101 gauss).

of u along the field is very nearly equal to the component of u along J
multiplied by the component of J along the field. This is shown in
Fig. 8-9. Thus we may write

o L(e\J+8) - NU-B)
2\m I
_ L {eB\ (]2 +T-8)J.
. T 2\m i
By the same procedure as was used to arrive at Eq. 8-3(5) we now may
write )

3)

J- 8§ =YW + [8i* — |L1%) @
s0 that we have for W,

1G§YML+%wv+wvwwmm

W =35\m 7

The operator for W is thus just the operator for the quantity on the

right. Since [J|%, |L|2, |S]%, and J. all commute with one another, there-

is no problem regarding the order of appearance of the various quantities,
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in the state

defined by the quantum numbers L, S, J, M;:

AE =W =+ 5 (2
2\m
T A D F B+ ) +8E Y - Lt DIV Mk
JUJ+ 1
_ (kB JUJ 4D A8+ D - L+
H+2‘(m>[1+____'2—.f(i T ]MJ
- 3 (2B) o ®

» indicates that a level deseribed by quartum numbers
L, 8, and J will be sphit by the external magnetic field nto 2 number of
equally spaced levels corresponding to the various possible values of the
guantum number M. The number of such values is 2J - 1, since M
takes on the integrally spaced values from —J to +J. Thus the Zeeman
effect removes the degeneracy of the levels with respect to M;.

The quantity

This equatio

L I AD+SE ) ML)
g=1+- T FD ©)

If the proportionality factors connecting

is ealled the Landé g-factor.
the magnetic moment with the orbital and spin angular momenta were

equal, the g-factor would be a constant, independent of L, 8, and J.

The splitting of the various LS levels as described by Eq. (5) Into
9J -1 equally spaced components might still lead to a speciral line
splitting into only three components as in the classical theory, if the
g-factors of both of the levels involved In 2 transition were the same,
because of the selection rule AM, = 0, £1. This can be seen by writing
the energy shift for two Jevels, 1 and 2, in the form

5 ' A
A, = % (eTn];E qM; and  AE = é— (in—?) g:M s,

so that the frequency shift of a spectral transition from 1 to 2 would be
Avres = AE, — AE;
- 1 e; ' | @)
=3 (;;) (g My, — 9:2M1)

(eB/m)gy AM,, giving just the three

Thus if g1 = g2, then Aw = |23
{o the split line, in qualitative

components 14 (eB /m)gy, 0, —Ya(eB/m)g
agreement with the classical theory. '
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It is therefore the fact that the Landé g-factor varies from one level to
another, and. not necessarily the fact that each level is split into 2J + 1
components, that leads to an “anomalous” Zeeman pattern.

EXERCISES

8-8. Find the Zeeman structure of a spectral line which results from
the. transition ‘Fs, — “Dyge.

8-9. {a) By what factor will the total spread of the Zeeman pattern
of the transition *Hi; — Gy exceed the classical value? (B) ITow
many lines will appedr in the Zeeman pattern of this transition? Ans.:
{a) 211{s. () 6.

8-10. A certain spectral line is known to result from 4 $ransition from
a *D level to another level whose LS designation is-Unknown. The
Zeeman patiern of the line is shown (fo scale) in Fig. 8-10. TFind (a)
the J-value of the upper level and (b) the LS designation of the lower level.

l I l I I I | l I | 1 effect correctly predicts both qualitatively

| and quantitatively the pattern into which

Fia. 8-10. any given spectral line should be split by a

magnetic field. Inasmuch as each different

transition possesses a characteristic pattern that may be quite complex,
this fact strongly confirms the correctness of quantum mechanies, includ-
ing electron spin. Indeed, much of what we now know of the spectro-
scopic designations of the various energy levels of atoms was either
established by or checked against the observed Zeeman patterns of the

spectral lines. As an illustrative example, Fig. 8-11 depicts the Zeeman
splitt_ing of the line *P; — 3D,.

The Schroedinger theory of the Zeeman

8-9. ' The Excitation of Atoms

In our discussion of the spectroscopic transitions between the various
exeited levels of atoms we have almost completely ignored the question
of the processes by which an atom is raised to an excited state. It is of
course. a familiar fact that emission spectra are observed whenever the
atoms involved are in a flame or in an electric are or spark, but we have
not examined the fundamental mechanism by which excitation takes place
in these cases. In order to give some idea of the mechanisms by which
such excitation can take place, some of the commoner of these processes
are listed below:

A. Excitation by the Absorption of Light. - The analysis given in Chap. 6

concerning the effect of an electromagnetic field upon an atom has shown
that an atom may be excited by absorbing a quantum from the electro-
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magaetic field. In such a process the atom may reach with high prob-

ability any of the excited levels related to its initial level by an electric-

dipole transition, provided that light of the appropriate frequency is

available to induce this absorptive transition. A familiar case in which
such an effeet occurs is at the cool boundary of a flame or other source
of excitation. The atoms in such a region are generally in their ground
states, and radiation from the excited atoms in the center of the flame,
emitted as they refurn to their ground states, passes through this outer
region and thus provides an intense source of radiation of just the right
frequencies to induce absorptive transitions in the outer atoms. The
“agol”’ atoms, thus excited, later reradiate the energy they have absorbed,
but this reradiation takes place in all directions, so that there may be a net
loss of intensity of radiation proceeding in the original direction. This
is the origin of the so-called reversal spectrum of a cool vapor.

B. Ezcitation by Collision. In a /ﬂ;&me or other high-temperature
gaseous region, the atoms may have sufficient kinetic energies to raise
themselves or other atoms into excited states when they collide. Such a
collision is an inelastic collision in the mechanical sense, since kinetic
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energy of motion of the atom as a whole is transferred into ““nonmechan-
ical” energy of excitation of the atom. The transitions which ean be
induced by such means are not subject to the ordinary selection rules, of
eourse, so that an atom may be left in a state of excitation from which it
would be impossible to return to the ground state by electric-dipole
transitions alone. Conversely, if an atom finds itself in a state of excita-
tion whose mean lifetime is sufficiently long (i.e., one having a relatively
small transition probability to leave this excited state) the atom may be
removed from this state by collision before it ean undergo a radiative
transition. Certain transitions which have been observed spectro-
scopieally (in gaseous nebulae)} are so highly forbidden that their mean
lives are many seconds. Bueh transitions cannot be observed in the
laboratory because the atom would be removed from the excited state by
collision long before it could radiate.

C. Excilation by Electron Bombardmeni. Somewhat related to the
previous mechanism is that of excitation by electron bombardment. In
this case, however, the temperature need not be very high, and the atoms
need not be in equipartition equilibrium with the electrons. The
electrons may themselves be produced independently of the atoms to be
excited, e.g., by thermionic emission from a hot body, or may be produced
as a by-product of the excitation process itself. In any case the electrons
are usually accelerated by electric fields to high enough energy that they
become capable of exciting an atom by colliding with it. This is one
of the most important mechanisms of excitation in operation in an
electric are, spark, or low-pressure eléetric discharge.

Bome of the early quantitative \jork on the excitation energies of
atoms was done by bombarding gaseous atoms at low pressure with
electrons of carefully controlled energy, and observing at what energies
wnelastic scatlering of the electrons took place, as evidenced by a decrease
in current to a collection electrode (Franck and Hertz, 1914).

D. Ionization. As a special case of some of the above mechanisms,
an atom may be tonized by photoelectric absorption of a high-energy
quantum or by an especially violent collision with another atom or
particle. If a supply of free electrons is then available, one of these may
come close enough to an atom to be captured into one of the higher

bound states, and from there proceed downward toward the ground state
in one or more *jumps.”

8-10. The Breadth of Spectral Lines

In the discussion of the excited states of atoms so far, it has been
assumed that each energy level is infinitely “sharp,’”’ that is, that each
energy level corresponds to a state in which the energy of the atom is
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precisely defined. Thus one would expect that a fransition between these
levels would yield a photon of precisely defined wavelength. 1t is actually
observed, however, that some transitions lead fo very “broad” or
¢ Jiffuse’” lines, that is, to photons whose wavelengths are not precisely
defined, but vary over a rangeé of wavelengths. A spectroscope may be
regarded as & device which resolves a photon into its various wavelength
components, so that a “Yine profile” in which the “‘brightness” of the
line is plotted vs. the wavelength is actually an experimental measure-
ment of ¢*¢ for the incoming photous. We shall now consider bilefly
some of the major causes of this so-called ‘““line broadening.”

A. Unresolved Fine Structure. One reason why some spectral lines
appear to be broad rather than narrow and sharp is that the spectroscope
may nob possess sufficient power to resolve these lines into their several
fine-structure components. This effect, althougff of great practical
importance, cannot be regarded as an important cause of line broadening
in any fundamental sense, and we shall not consider 1t further.

B. Finite Lifetimes of the Excited States. Probably the most important
source of line broadening from the standpoint of its theoretical implica-
tions is that due to the finite time that an atom is likely to remain in an

excited_state. The analysis of the interaction of an atom with an
electromagnetic field given in Chap. 6 can be extended for the case of
sponftaneous emission to apply to finite time intervals, for which the decay
of the ‘“occupation probability” @zt of the original state must be
included. It is then found that this probability decreases exponentially
with time, with & characteristic time constant which depends upon the
probabilities of transition into all of the lower-lying states. In order to
measure the energy of the system with high precision, the indeterminacy
principle demands that we use some means. of measurement which does
not limit the fime interval over which the measurement is made. If the
gystem is 50 perturbed, however, that it i unlikely to remain in a given
state for a very long time, we must make the measurement of its energy
in a short time, and thus accept a ceriain indeterminacy in our knowledge
of its energy. Thus the shorter the time available for measuring the
energy, the greater is the uncertainty in the energy.

The above schematic analysis can be carried out analytically, using
the perturbation theory, and it i found that the profile of a spectral line
due to a given finite ‘‘decay lifetime” of a given state 18 a. go-called
“regonance’’ curve with a «width” inversely proportional to the decay
lifetime of the state. That s, the intensity of light having quantum

energies between Eand & + dE is
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where T'is the reciprocal of the mean life of the state, , is the average

photon energy, and I, is the total rate of emission of energy in the
transition.

EXERCISES

8-11. A similar formula can be derived classically for a “damped wave
train’ whose electric vector is, at a fixed point,

E = Eoe—“"’ sin ik >0
and E=0 t <0

Anpalyze this wave train into its Fourier components, and thus show
that such a wave train has a distribution of energy as a funetion of fre-
quency similar to that of Eq. (1). Hént: Make use of the fact that T is
ordinarily <<w,. ‘

8-12. If the “width” A5 of a certain level is observed spectroscopically
0 be 10~ =1, what is the approximate lifetime of the state, in seconds?

C. Doppler Broadening. If the atoms of 2 gaseous source are at high
temperature, a spread in the frequency of a given transition is produced
by their randomly oriented velocities with respect to the spectrograph, as
a result of the Doppler effect. This cause of line broadening is found to
be sufficiently important that, for work requiring very high resolution, a

low-temperature light source is used in order to keep the velocities as
small as possible.

EXERCISES

8-13. The probability that the speed of 2 molecule of an ideal gas lies
between v and v 4- dv is given by the Maxwellian distribution

* 9
dP = dx (2?%?,) e=#2RT 2 gy (2)

where u is the molecular weight, R is the universal gas constant, and T
is the absolute temperature (see Exercise 10-20). Find an expression

for the intensity profile of a spectral line of central frequency », which
originates in such a gas.

s 2\ ey — 2
Ans.: I(») = V_S(Z:ET) exp ~—————“§ 1(3}#92%) (3)

8-14. Find the approximate magnitude of the Doppler broadening
for an argon glow tube whose temperature is 300°K. Assume a wave-
length of 0.5 u for the radiation.
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D. Collision Broadening. 1f the lifetime of a state is long compared
to the time between successive collisions of the radiating atom with
other atoms of a gaseous source, the atom may be disturbed suffielently
by the collisions that the successive “ pieces”, of the emitted phaton do
not form a single, coherent wave train. In this case the observed line
breadth will correspond more nearly to the time between collisiops than
to the “natural’”’ lifetime of the state, since the entire photon will effec-
tively be a serles of shorter, independent wave trains. -

EXERCISE

8-16. At what pressure in centimeters of mercury should collision
broadening and Doppler broadening become'compara.ﬁle in magnitude
for the argon source of the previous problem?

E. 8tark Broadening. In electric-discharge tubes, particularly’those
operating at high pressure and high voltage, an atom finds itself in the
rather strong electric field due to a neighboring jonized atom. This
electric field causes a perturbation of the energy levels of the radiating
atom by the Stark effect (the electric analogue of the Zeeman effect)
and thus produces a shift in the frequency of a given transition. The
random nature of the situation leads to an average broadening of the
spectral line. This effect can be so strong—as in high-pressure, mercury
lamps—that the emitted spectrum. appears almost continuous.

8-11. Conclusion

The material discussed in this chapter may be regarded as the culmina-
tion of our understanding of the electronic structure of individual atoms.
Most of the phenomena that have been treated here are actually in a
sufficiently advanced state of development that they no longer merit
great experimental or theoretical effort on the part of the physicist, but
since our present objective is to examine what ¢s known about atomic
structure, rather than what is not known, these subjects are actually the
most important ones for our purposes. It can be sald that every known
feature of the electronic structure of atoms finds an interpretation in terms
of the Schroedinger theory whose quantitative validity 35 limsted only by
purely mathematical difficulties or by the admitted limitation of the theory to
nonrelativistic situations. In view of the tremendous range of phenomena
which involve individual atoms, this statement is a strong one indeed.
Furthermore, we shall next find that the applicability of the theory is by
10 means limited to individual atoms but that it also provides an extraor-
dinarily complete interpretation of chemical phenomena as well.
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