Properties of Atoms. Spectra (Part - 1)

Q.97. The binding energy of a valence electron in a Li atom in the states 2S and 2P
is equal to 5.39 and 3.54 eV respectively. Find the Rydberg corrections for S and P
terms of the atom.

Ans. From the Rydbeig formula we write

hR

(n+o)*

Ey = -

we use MR = 136¢eV. Then for n = 2 state

539 = -

L6 12 0(S) state

2+ay)
o, =-0.41

for p state
136
354 = - Geal
a; = -0.039

Q.98. Find the Rydberg correction for the 3P term of a Na atom whose first
excitation potential is 2.10 V and whose valence electron in the normal 3S state has
the binding energy 5.14 eV.

Ans. The energy of the 3p state must be - (Eo-€9) where - E, is the energy of the 3S
state.

Then
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Ey-eq = {____53,.,.:1 )
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Ey-eqy
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Q.99. Find the binding energy of a valence electron in the ground state of a L.i
atom if the wavelength of the first line of the sharp series is known to be equal to
A =813 nm and the short-wave cutoff wavelength of that series to . = 350 nm.

(35—=2F)

Ans. For the first line of the sharp series in a Li atom
2xhe TR + hR
" (3409)° (2+a,)

For the short wave cut-off wave-length of the same series

Enﬁc_ TR
A {2+ul]2

From these two equations we get on subtraction

2ahc(h
3+Cln \/-hﬂ/ T c( 1

113«.3

R hs
2rcAlr’

Ah =Dy-h

Thus in the ground state, the binding energy of the electron is

R
Ey = 7
(2+ag)
2,
= = ¥ v
'.F:R/ [b'l" Incﬂl 1] 532 ¢

Q.100. Determine the wavelengths of spectral lines appearing on transition of
excited Li atoms from the state 3S down to the ground state 2S. The Rydberg
corrections for the S and P terms are —0.41 and —0.04.

Ans. The energy of the 3 S state is

hR

EOS = - G vary

= — 203 eV

The energy of a 2 S state is



AR
E - ——— o - 539¢V
29 (2 - 0-41)° ¢

The energy of a 2 P state is

hR

ECR = - ooy

= - 355eV

We see that

E(2S)<E (2P)<E(3Y9)

The transitions are 3S — 2P and 2P —28S.

Direct 3S — 28 transition is forbidden by selection rules. The wavelengths are
determined by

2ahe
Ey-E, = AE = =5

Substitution gives
A=0.816 um ( 3S — 2P)

and A=0.674 um (2P — 2S)

Q.101. The wavelengths of the yellow doublet components of the resonance Na line
caused by the transition 3P — 3S are equal to 589.00 and 589.56 nm. Find the
splitting of the 3P term in eV units.

Ans. The splitting of the Na lines is due to the fine structure splitting of 3 p lines (The 3
s state is nearly single except for possible hyperfine effects.) The splitting of the 3 p
level then equals the energy difference

2ahe  2mhe _ 2%Rc(la-M) 2ahcAl

AL == "% " %

Here AL = wavelength difference & A = average wavelength. Substitution gives
AE =2.0 meV

Q.102. The first line of the sharp series of atomic cesium is a doublet with
wavelengths 1358.8 and 1469.5 nm. Find the frequency intervals (in rad/s units)
between the components of the sequent lines of that series.

Ans. The sharp series arise from the transitions ns — mp . The s lines are unsplit so the
splitting is due entirely to the p level. The frequency difference between sequent lines



AE
h

IS and is the same for all lines of the sharp series. It is

h

}"1 - }‘Q }“1 }"2

Evaluation gives
1.645 x 10 rad/s

1[2::1'” 2ahe 2acAh

Q.103. Write the spectral designations of the terms of the hydrogen atom whose
electron is in the state with principal quantum number n = 3.

Ans. We shall ignore hyperfine interaction. The state with principal quantum number n
= 3 has orbital angular momentum quantum number

/=0,1,2

The levels with these terms are 3 5, 3 P, 3 D. The total angular momentum is obtained
by combining spin and angular momentum. For a single electron this leads to

1.
JmztifL=0

J-L-% and L+% ifL=0

We then get the final designations

BSL' E.Fl, 3P3,.-2, 3D3_/2. 3-D‘L-2.
2 2

Q.104. How many and which values of the quantum number J can an atom possess
in the state with quantum numbers S and L equal respectively to

() 2 and 3;

(b) 3and 3;

(c) 5/2 and 27

— =

Ans. The rule is that if J=L+s then J takes the values

|L-S| to L+S
in step of 1. Thus :

(a) The valuesare 1, 2, 3,4,5

(b) The values are 0,1, 2, 3,4,5,6



(c) The valuesare 2'27 272" 2’

Q.105. Find the possible values of total angular momenta of atoms in the states 4P
and 6D.

3
Ans. Forthestate4p,L=1,S= 2 (since2s+1=4).Forthestate5d,Z,=2,5s=2

The possible values of Jare

5 3 1
J:E,E.E for 4 p

The value of the magnitude of angular momentum is AVI(J+1) Substitution gives
the values

4 P:

VAR VY E S NS
2 2 2 ! 2'2 " T2
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2

2 2

and

sD:0,hwV2,0Ve6,nV12, 8V 20

Q.106. Find the greatest possible total angular momentum and the corresponding
spectral designation of the term

(a) of a Na atom whose valence electron possesses the principal quantum number n
=4

(b) of an atom with electronic configuration 1s22p3d.

Ans. (a) For the Na atoms the valence electron has principal quantem number n =4, and
the possible values of orbital angular momentumare 1 =0, 1, 2, 3 50 lnx= 3 . The state

7
is 2F, maximum value of Jis 2

Thus the state with maximum angular momentum will be



Mm_ﬂ/z_g _mes

For this state

(b) For the atom with electronic configuration 1 s22 p 3 d . There are two inequivalent
valence electrons. The total orbital angular moments will be 1, 2, 3 so we pick | = 3.
The total spin angular momentum will be s = 0, 1 so we pick up s = 1. Finally 7 will be
2, 3, 4 so0 we pick up 4. Thus maximum angular momentum state is

EF.'

For this state Mmsx =hY 4x3 = 215 .

Q.107. It is known that in F and D states the number of possible values of the
guantum number J is the same and equal to five. Find the spin angular momentum
in these states.

Ans. For the f state L = 3, For the d state L = 2. Now if the state has spin s the possible
angular momentum are

|IL-S| toL+S

The number of J angular momentum valuesis2S+1 if L>Sand2 L+ 1ifL<S.
Since the number of states i1s 5, we must have S > L = 2 for D state while S<3and 2 S
+1=5Iinply S = 2 for F state. Thus for the F state total spin angular momentum

M, =hV23 =hve

while for D state M+ 2 #VY6.

Q.108. An atom is in the state whose multiplicity is three and the total angular
momentum is % ¥ 20. What can the corresponding quantum number L be equal
to?

Ans. Multiplicity is2S+1so0S=1.

Total angular m om entum is #VJ(7+1) 50 J = 4. Then
L must equal 3,4,5

in order that J = 4 may be included in
|L-5]| to L+5.



Q.109. Find the possible multiplicities x of the terms of the types (a) XD:; (b) XHPs.;
(C) XF.

Ans. (@) HereJ=2,L=2.ThenS=0,1,2,3,4
and the multiplicities(2S - 1) are

1,3,57,09.

(b) Here J=3/2,L=1Then

5=

B | LA
P | Lt
b =

and the multiplicities are 6, 4, 2

(c)HereJ=1,L=3.ThenS=2,3,4
and the multiplicities are 5, 7, 9

Q.110. A certain atom has three electrons (s, p, and d), in addition to filled shells,
and is in a state with the greatest possible total mechanical moment for a given
configuration. In the corresponding vector model of the atom find the angle
between the spin momentum and the total angular momentum of the given atom.
Ans. The total angular momentum is greatest when L, S are both greatest and add to

3
—-5-2

form J. Now for a triplet of s, p> d electrons Maximum spin

/2.5 _nVis
M=2V32="3

Maximum oibital angular momentum — L =3

corresponding to

hY 15
2

ML--'&

b |
b LA

corresponding to

_r:-

9
Maximum total angular momentum 2

h
. M=2-V%
corresponding to 2

—- =& =@
In vector model £ =7=5 or in magnitude squared

L(L+1)# = J(J+1)W +5(S+1)4-2T-5



ms{{j:-ﬂ _J(J+1)+5(S+1)-L(L+1)

Thus 2YT(T+1)VS(S+1)

— —

Substitution gives <+ 5) = 31-1%

Q.111. An atom possessing the total angular momentum * V6 isin the state with
spin quantum number S = 1. In the corresponding vector model the angle between
the spin momentum and the total angular momentum is 0 = 73.2°. Write the
spectral symbol for the term of that state.

Ans. Total angular momentum #V6 means J = 2. It is givesthat S =1.
This means that L = 1,2, or 3. From vector model relation

L(L+1)% = 60 +2% -20*V6 V2 cos73:2°

= 59987 w 67

Thus E = 2 and the spectral symbol of the state is
HD}

Q.112. Write the spectral symbols for the terms of a two-electron system consisting
of one p electron and one d electron.

Ans. In a system containing a p electron and a d electron
S=0,1

L=123

For S = 0 we have the terms

'p,, 'D,, 'F,
For S = 1 we have the terms
‘P, °Py, °Py, ’Dy, ’Dy, Dy, °F,, °F,, F,

Q.113. A system comprises an atom in 2P, state and a d electron. Find the possible
spectral terms of that system.

Ans. The atom has



$, =12, h=1,j,=%

1
5 = hL=2

The electron has = 2" so the total angular momentum quantum number must

be

ji-lm_
2 2

InL -Scomplingwe getS=0,1.L=1,2, 3 and the terms that can be formed are the
same as written in the problem above. The possible values of angular momentum are

consistant

. 3
h ==

to j é-nulr-s-
-2 .f! s

with the addition 2 2

The latter gives us J=0,1,2,3;1,2,3,4
All these values are reached above.

Q.114. Find out which of the following transitions are forbidden by the selection
rules: D py — iPl,-'zi Py 8,1y, My 3P, APt = "'st.

Ans. Selection rules are AS=0

AL =z 1

AT =0, +1({no 0—=0).

) — 2 .
Thus Ps= P is allowed

3 2
p, — 1§
1 2 not allowed

F; = P2 jsnotallowed (AL =2)

4 — L} .
Frra Dsz2 s allowed

Q.115. Determine the overall degeneracy of a 3D state of a Li atom. What is the
physical meaning of that value?



1
|
Ans. For a 3 d state of a Li atom, 2 because there is only one electron and L = 2.
The total degeneracy is
g=(2L+1) (25 +1)=5x2=10.

zﬂi

3 n
The statesare 2 and ~¥?

and we check that

[Zx%+l]+[2x%+l]
g:4+6:



Properties of Atoms. Spectra (Part - 2)

Q.116. Find the degeneracy of the states 2P, :D, and *F possessing the greatest
possible values of the total angular momentum.

Ans. The state with greatest possible total angular momentum are

J = -;-'-1-1 - % ie. Py q
For a2P state

Its degeneracy is 4.

f 3
For a°D state 7 = 1*+2 = 3 e "Ds

Its degeneracy is2x3+1=7

For a “F state z

 2x2+1 = 10.
Its degeneracy is 2

Q.117. Write the spectral designation of the term whose degeneracy is equal to
seven and the quantum numbers L and S are interrelated as L = 3S.

Ans. The degeneracy is 2J + 1. So we must have J =3. From L =3 S, we see that S
must be an integer since L is integral and S can be either integral or half integral. If S =
0 then L = 0 but this is consistent with J = 3. For S >2, L > 6 and then J = 3. Thus the
state is

3F3

Q.118. What element has the atom whose K, L, and M shells and 4s subshell are
filled completely and 4p subshell is half-filled?

Ans. The order of filling is

K, L, M shells, then 4 sz, 3dv then 4p3. The electronic configuration of the element
will be

15525723573 p% a5 34" 4p?



(There must be three 4p electrons)

The number of electrons is # = 33 and the element is As. (The 3d subshell must be
filled before 4p fills up.)

Q.119. Using the Hund rules, find the basic term of the atom whose partially filled
subshell contains (a) three p electrons; (b) four p electrons.

Ans. (a) when the partially filled shell contains three p electrons, the total spin S must
equal

1 3 3
5 = = -, - = . . . -
2 ™ 2" The state $=3 has maximum spin and is totally symmetric under

exchange of spin lables. By Pauli’s exclusion principle this implies that the angular part

of the wavefunction must be totally anti symmetric. Since the angular part of the wave
function a p electron is vector 7" the total wavefunction of three p electrons is the

totally antisymmetric combination i, 72, ad 3. The only such combination is

. _‘) * X3 X3
Fys(raxrs) = | ¥ Y2 s

( o T
This combination is a scalar and hence has L = 0. The spectral term of the ground state
is then

'8, sin-:a:.i’-%,
H

(b) We can think of four p electrons as consisting of a full p shell with two p holes. The
state of maximum spin S is then S = 1. By Pauli’s principle the orbital angular
momentum part must be antisymmetric and can only have the form

— =
JFixF

where 1+ 2 are the coordinates of holes. The result is harder to see if we do not use the
concept of holes. Four p electrons can have S =0, 1, 2 but the S = 2 state is totally
symmetric. The corresponding angular wavefunction must be totally antisymmetric. But
this is impossible : there is no quantity which is amtisymmetric in four vectors. Thus
the maximum allowed S is S = 1. We can construct such a state by coupling the spins of
electrons 1 & 2to 5 =1 and of electrons 3 & 4 to S = 1 and then coupling the resultant
spin states to S = 1. Such a state is symmetric under the exchange of spins of 1 & 2nd 3



and 4 but antisymmetric under the simultaneous exchange of (1, 2) & (3, 4). the
conjugate angular wavefimction must be antisymmetric under the exchange of (1, 2)
and under the exchange of (3, 4) by Pauli principle. It must also be antisymmetric under
the simultaneous exchange of (1, 2) and (3, 4). (This is because two exchanges of
electrons are involved.) The required angular wavefunction then has the form

- e e i
(’1’”‘:)"(-"3"&}

and is a vector, L =1 . Thus, using also the fact that the shell is more than half full, we
find the spectral term 3P,
(J=L+S).

Q.120. Using the Hund rules, find the total angular momentum of the atom in the
ground state whose partially filled subshell contains (a) three d electrons; (b) seven
d electrons.

3
Ans. (a) The maximum spin angular momentum of three electrons can be 572 . This
state is totally symmetric and hence the conjugate angular wave function must be
antisymmetric By Pauli’s exclusion principle the totally antisymmetric state must have
different magnetic quantum numbers. It is easy to see that for d electrons the maximum

value of the magnetic quantum number for oibital angular momentum [Mial = 3 (from 2
+ 1 + 0). Higher values violate Pauli’s principle. Thus the state of highest orbital
angular momentum consistent with Pauli’s principle is L = 3.

The state of the atom is then Fr where J =L - S by Hund’s rule. Thus we get
4Fm

The magnitude of the angular momentum is
vV 2.2 B,

Sz
(b) Seven d electrons mean three holes. Then 2 and L = 3 as before. But

9
J=L+§ ==
* 2 by Hund’s rule for more than half filled shell. Thus the state is

Fon

Total angular momentum has the magnitude



Q.121. Making use of the Hund rules, find the number of electrons in the only
partially filled subshell of the atom whose basic term is (a) :F,; (b) 2Ps; (C) ¢Ssp.

£ i - i
Ans. (a) F2 The maximum value of spinis S =1 here. This means there are 2
electrons.

L - 3 so s and p electrons are ruled out. Thus the simplest possibility is d electrons. This
is the correct choice for if we were considering f electrons, the maximum value of L
allowed by Pauli principle will be L =5 (maximum value of the magnitude of magnetic
quantum number willbe 3+2-5)

Thus the atom has two d electrons in the unfilled shell.

1 3
2 L=1,5==and J==
(b) P2 Here 2 M2

Since ] =L + S, Hund’s rule im plies the shell is more than halffull. This means one
electron less than a full shell. On the basis of hole picture it is easy to see that we have
p electrons. Thus the atom has 5 p electrons.

6 -2
(c) 52 Here 5=2 'L = 0. We either have five electrons or five holes. The angular part
is antisymmetric. For five d electrons, the maximum value of the quantum number
consistent with Pauli exclusion principleis (2+1+0-1-2)=0soL=0.Forforg
electrons L > 0 whether the shell has five electrons or five holes. Thus the atom has five
d electrons.

Q.122. Using the Hund rules, write the spectral symbol of the basic term of the
atom whose only partially filled subshell (a) is filled by 1/3, and S = 1; (b) is filled
by 70%, and S = 3/2.

Ans. (a) If S =1 is the maximum spin then there must be two electrons (If there are two
holes then the shell will be more than half full.). This means that there are 6 electrons in
the full shell so it is a p shell. By Paul’s principle the only antisymmetric combination
of two electrons has L =1 Also J = L - S as the shell is less than half full. Thus the term
IS 3P,

§=2
(b) 2 means either 3 electrons or 3 holes. As the shell is more than half full the
former possibility is ruled out. Thus we must have seven d electrons. Then as in



4
Fon

problem 6.120 we get the term

Q.123. The only partially filled subshell of a certain atom contains three electrons,
the basic term of the atom having L = 3. Using the Hund rules, write the spectral
symbol of the ground state of the given atom.

3
: 5=z : . : .

Ans. With three electrons 2 and the spin part is totally symmetric. It is given that

the basic term has L = 3 so L = 3 is the state o f highest orbital angular momentum.

This is not possible with p electron so we must have d electrons for which L = 3 for 3
electrons. For three f, g electrons L > 3. Thus we have 3 d electrons. Then as in (6.120)
the ground state is

4 F,
2

Q.124. Using the Hund rules, find the magnetic moment of the ground state of the
atom whose open subshell is half-filled with five electrons.

5
§a==
Ans. We have 5d electrons in the only unfilled shell. Then 2 aximum value of L

consistent with Pauli’s principle is L = 0. Then

5(7 5(7
E[E)*E(E)'“
g=14+ -2
507
()
V3as
Thus p=gVI(J+1) u,-z—i-pﬂzﬁp,.

[
The ground state is Ssn2 -

Q.125. What fraction of hydrogen atoms .is in the state with the principal quantum
number n = 2 at a temperature T = 3000 K?

Ans. By Boltzmann formula



N _ & o~ MEKT
Ny &

Here AE = energy difference between n = 1 and n = 2 states

= 13*6(1—%):\-" = 10:22 eV

N ) -, =
-h_rz_ 4e-|.w:l:lm:l:lﬂ LM w0 w3000 2'?!1“‘-1‘?
1

M 2 _apxr AE, "ﬁﬂ[l-lz']
Explicitly "~ M ¢ L. "

for the nth excited state because the degeneracy of the state with principal quantum
number n is 2 n2,

Q.126. Find the ratio of the number of atoms of gaseous sodium in the state 3P to
that in the ground state 3S at a temperature T 2400 K. The spectral line
corresponding to the transition 3P — 3S is known to have the wavelength A = 589
nm.

Ans. We have
N _ B _chunT o & -20henkT
No & Eo

Here g = degeneracy of the 3P sate = 6, g, = degeneracy of the 3S state = 2

2xahe

1p—=3 -

and A wavelength of the Slinel * energy difference between 3P &

3S levels.

N o113k 1wt

Substitution gives “°

Q.127. Calculate the mean lifetime of excited atoms if it is known that the intensity
of the spectral line appearing due to transition to the ground state diminishes by a
factor n = 25 over a distance 1 = 2.5 mm along the stream of atoms whose velocity
Isv ==600 m/s.



Ans. Let T = mean life time o f the excited atoms. Then the number o f excited atoms
I
- [ ==,
will decrease with time as € “ In time t the atom travels a distance vt so vV Thus
the number of excited atoms in a beam that has traversed a distance | has decreased by

=lwT
e

The intensity of the line is proportional to the number of excited atoms in the, beam.

Thus

_ 1
e VT e = or T
n

viInn _ 129 x 10 second.

Q.128. Rarefied Hg gas whose atoms are practically all in the ground state was
lighted by a mercury lamp emitting a resonance line of wavelength A = 253.65 nm.
As a result, the radiation power of Hg gas at that wavelength turned out to be P =
35 mw. Find the number of atoms in the state of resonance excitation whose mean
lifetime is { = 0.15ps.

Ans. As a result of the lighting by the mercury lamp a number of atoms are pumped to

the excited state. In equilibrium the number of such atoms is N. Since the mean life
N

time of the atom is T, the number decaying per unit time is  Since a photon of

2ahe 2mhe N
energy * results from each decay, the total radiated power will be AT This

must equal P. Thus

r11. 1 & 7. 9
H-PT/ T-m-ﬁ'.-'xlﬂ

Q.129. Atomic lithium of concentration n = 3.6.10% cm= is at a temperature T =
1500 K. In this case the power emitted at the resonant line's wavelength A = 671
nm (2P — 28) per unit volume of gas is equal to P = 0.30 W/cms. Find the mean

lifetime of Li atoms in the resonance excitation state.

Ans. The number of excited atoms per unit volume of the gas in 2P state is

N = n B2 g=2whenkT
-4



Here g, = degeneracy of the 2p state = 6, g. = degeneacy of the 2s state =2 and A =
N

wavelength of the resonant line 2 p — 2 s . The rate of decay of these atoms is T
per sec. per unit volume. Since each such atom emits light of wavelength X, we must
have

llu'ﬁcn&e-zﬂmu =P
T A .

1 2*1“-'"_5}_2—2:#:41:?

T = _—_— =9
P A = 654%x 10" "5 = 654ns
Thus &

Q.130. Atomic hydrogen is in thermodynamic equilibrium with its radiation. Find:
(a) the ratio of probabilities of induced and spontaneous radiations of the atoms
from the level 2P at a temperature T = 3000 K; (b) the temperature at which these
probabilities become equal.

Ans. (a) We know that

P = Ay

ind
Py = By u,

e hw’ 1 - _An
= Hod ""'ﬂl'nzcs e MET | ety

P 1

Pﬂ ehufkr_l

Thus

B 7o = >hR and
For the transition 2P—1S 4

Lin
Py “hwkT
L

we get P
substitution gives 7 x 10
JhokT 2

(b) The two rates become equal when €

or T = ['.Flw.fklnil - 171X 105K



Properties of Atoms. Spectra (Part - 3)

Q.131. A beam of light of frequency ®, equal to the resonant frequency of
transition of atoms of gas, passes through that gas heated to temperature T. In this
case ho >> KkT. Taking into account induced radiation, demonstrate that the
absorption coefficient of the gas x varies as X = X, (1. — e 1), where X, is the
absorption coefficient for T,.

Ans. Because of the resonant nature of the processes we can ignore nonresonant
processes. We also ignore spontaneous emission since it does not contribute to the
absorption coefficient and is a small term if the beam is intense enough.

Suppose | is the intensity of the beam at some point. The decrease in the value of this
intensity on passing through the layer of the substance of thickness d x is equal to

-dl = XIdx = (N, Bys - N, By, }(%]mu dx

Here N.= N,. of atoms in lower level

N. = N, of atoms in the upper level per unit volume.
B.., B are E in stein coefficients and

I. = energy density in the beam,

¢ = velocity of light

A factor *© arises because each transition result in a loss or gain of energy *®

X --"T{DHI'BIE(I -

N; By, ]

N, B
Hence v

But  g:B.. =0.Bx S0

ho &M
X = c H]'Bu[l-gzﬁl]

Ny g o Ho/kT

By Boltzman factor M &

When '*@>>kT \ye can put N,= N, the total number of atoms per unit volume.



= xn(l-eﬁ"ﬁr)

Then

*w
¥ = ——NoBu . .
where 1s the absorption coefficient for T — 0.

Q.132. The wavelength of a resonant mercury line is A = = 253.65 nm. The mean
lifetime of mercury atoms in the state of resonance excitation is { = 0.15 ps.
Evaluate the ratio of the Doppler line broadening to the natural linewidth at a gas
temperature T = 300 K.

h

AE_=
Ans. A short lived state of mean life T has an uncertainty in energy of =T which is
transmitted to the photon it emits as natural broadening. Then

l]
2act’

A.m_,-l? 50 Al =

The Doppler broadening on the other hand arises from the thermal motion of radiating
atoms.

The effect is non-relativistic and the maximum broadening can be written as

E_l._".’:h‘: -2p = _EZ\.r
A ¢
Adpogy 4RV, T
Thus &M A
W = 2:[? = 157 m/s,

Substitution gives using

A
Dop oy 1.2 % 10°
Ak

Note: Our formula is an order of magnitude estimate.

Q.133. Find the wavelength of the K, line in copper (Z = 29) if the wavelength of
the K, line in iron (Z = 26) is known to be equal to 193 pm.

Ans. From Moseley’s law



3
wg_ = E1::1:;5—1}*

4 1
?*:I‘."_
or - *R(z-1
M (CU) 25\ (Zg-1)'
A (Fe) ~ (za] B [Z___.,,-l]
Thus

Substitution gives

Ag (Cu) = 1539 pm

Q.134. Proceeding from Moseley's law find:
(a) the wavelength of the K, line in aluminium and cobalt:
(b) the difference in binding energies of K and L electrons in vanadium.

Ans. (a) From Moseley’s law
3
Wy, = 4—-H (2 -0 }2

Z2xe 8=e 1
or ?"r- g, iR (z-ﬂ]z

We shall take 6 = 1. For Aluminium ¢ = 13)

Ax (A1) = 8432 pm

and for cobalt (:‘? =27)

Ax, (Co) = 1796 pm

(b) This difference is nearly equal to the energy of the K, line which by Moseley’s law
Is equal to (:E = 23 for vanadium)

AE -‘ﬁmx‘ - %xll-ﬁzxnxﬂ- 494 keV

Q.135. How many elements are there in a row between those whose wavelengths of
K.lines are equal to 250 and 179 pm?



Ans. We calculate the 2 values corresponding to the given wavelengths using
Moseley’s law. See problem (134).
Substitution gives that

Z-23 corresponding to A = 250 pm

and % =27 corresponding to A = 179 pm

There are thus three elements in a row between those whose wavelengths of K, lines are
equal to 250 pm and 179 pm.

Q.136. Find the voltage applied to an X-ray tube with nickel anticathode if the
wavelength difference between the K,line and the short-wave cut-off of the
continuous X-ray spectrum is equal to 84 pm.

Ans. From Moseley’s law

, Bnc 1
A (Ni) = 3R T
where 2 = 28 for N, . Substitution gives

A (Ni) = 1665 pm

Now the short wave cut of off the continuous spectrum must be more energetic (smaller
. . . . Ak = - = R4
wavelength) otherwise K. lines will not emerge. Then since M, mho = BApm e et

A =82.5pm
This corresponds to a voltage of

- 2xhe
ehg

4

Substitution gives V = 15.0 kV

Q.137. At a certain voltage applied to an X-ray tube with aluminium anticathode
the short-wave cut-off wavelength of the continuous X-ray spectrum is equal to
0.50 nm. Will the K series of the characteristic spectrum whose excitation potential
Is equal to 1.56 kV be also observed in this case?

Ans. Since the short wavelength cut off of the continuous spectrum is



A =0.50nm

_Emﬁc

_ = 248 kV
the voltage applied m ust be €ho

since this is greater than the excitation potential of the K series of the characteristic
spectrum (which is only 1.56 k V') the latter will be observed.

Q.138. When the voltage applied to an X-ray tube increased from V, =10kV to

V., = 20 kV, the wavelength interval between the K, line and the short-wave cut-off
of the continuous X-ray spectrum increases by a factor n = 3.0. Find the atomic
number of the element of which the tube’s anticathode is made.

Ans. Suppose A, = wavelength of the characteristic X-ray line. Then using the formula
for short wavelength limit of continuous radiation

2athe
}Lo- EV] 'l

2ahe n
10_ EV:

Vi
(%)
_anc

Hence eV, n-1

Using also Moseley’s law, we get

n-1 eV,

Bne = 14+2 IR V]_
e

IRM v,

- 79
£ =14%

Q.139. What metal has in its absorption spectrum the difference between the
frequencies of X-ray K and L absorption edges equal to A® = 6.85.10 51?

Ans. The difference in frequencies of the K and L absorption edges is equal, according
to the Bohr picture, to the frequency of the K, line (see the diagram below). Thus by
Moseley’s formule



Continium

S i e -
n=4
K
edge : n=2
K line
¥ n=1

m-%nz—l}’

Or

4Am

3k "2

£2=1+

The metal is titanium,

Q.140. Calculate the binding energy of a K electron in vanadium whose L
absorption edge has the wavelength A, = 2.4 nm.

Ans. From the diagram above w e see th at the binding energy E, of a K electron is the
sum o f the energy of a K, line and the energy corresponding to the L edge of
absorption spectrum

2xhe

Eb- 1’__

+%1:R{zl}"

For vanadium £ = 23 and the energy of K, line of vanadium has been calculated in
problem 134 (b). Using

22RE _ 051keV for By = 2:4nm

we get E, =5.46 keV

Q.141. Find the binding energy of an L electron in titanium if the wavelength
difference between the first line of the K series and its short-wave cut-off is AL = 26
pm.

Ans. By Moseley’s law



_ 2ahe

T T

Ex-E, = 3hR(Z-1)

where - E is the energy of the K electron and - E,of the L electron. Also the energy of
the line corresponding to the short wave cut off of the K series is

E 2ahe 2mhc
x- -
A=Ak 2““_51
w
- T T
l_ﬂl _mﬁl
w Zxc 2mc
oo i
Bo=oan 0" Tae
Hence 2nc wA A

Substitution gives for titanium (:“"' =22)

® =6.85 x 10 st
and hence E, = 0.47keV

Q.142. Find the kinetic energy and the velocity of the photoelectrons liberated by
K. radiation of zinc from the K shell of iron whose K band absorption edge
wavelength is A= 174 pm.

Ans. The energy of the K a radiation of Z s

e = %‘.&R[Z-' 1y
where E = atomic number of 2 zinc = 30. Th e binding energy of the K electrons in

iron is obtained from the wavelength of K absorption edge as Ex=2xhe/M  Hence by

Einstein equation

2mhc
Ax

7T = %M{z-u’-

Substitution gives

T=1463keV

This corresponds to a velocity of the photo electrons of
vV = 2.27x10°m/s



Q.143. Calculate the Lande g factor for atoms (a) in S states; (b) in singlet states.

Ans. From the Lande formula
1+J[J+IJ+${S+1}—LLL+1_]
2J(J+d)

g-

(a) For Sstates L = 0. This impliesJ=S. Then, if S=0
g=2
(For singlet states g is not defined if L=0)

(b) For singlet states, J =L

J(J+1)=L(L+1)
=1+ T+1) =

1

Q.144. Calculate the Lande g factor for the following terms: (a) ¢F..; (b) *D.x;
(c) 5F;; (d) sP4; (e) :P..

1
F
3 S-E,L-J,J-%
Ans. (a) Here 2
3.3
. 1+q+ 4 12
- 3 3g-48 2
ZHE =14+ 6 -
3 1
4 . Suw = L =2 J=u—
(0) P2 Here 2, :
3 15
ata s
E=1+ 3
2x%  .1.1822

6

(c)sF,HereS=2,L=3,)=2

6+6-12
+ 12

2xb

g=1+

(d)sP,HereS=2,L=1,J=1

2+6-2 5

2x2 2

gr1+



(e) *P,. For states with J = 0, L = S the g gactor is indeterminate.

Q.145. Calculate the magnetic moment of an atom (in Bohr magnetons) (a) in :F
state; (b) in2D,, state; (c) in the state in which S=1, L = 2, and Lande factor g =
4/3.

Ans. (a) For the IFstate S=0,L=3=1

-1 Ixd=-3xd -1
g K 2x3xd

Hence M ™ Vixd py = 2V3y,

’Dmsums-L,L.z,J-%

(b) For the 2

U= ;_flsm ug = %\"15 ug= 2\ % b -
Hence

4 J(J+1)+2-6

_—

(c) We have 3 TTIOAYD

;Jun}.f{hl}_a
or

or J(J+1) =12 =T =3

4 8-
Bo= g‘h“lius- Fm-
Hence 3

Q.146. Determine the spin angular momentum of an atom in the state D, if the
maximum value of the magnetic moment projection in that state is equal to four
Bohr magnetons.

Ans. The expression for the projection of the magnetic moment is

Mg = g m; iy



where mj is the projection of '/ on the Z-axis.
Maximum value of the m;is J. Thus
gJ=4

Since J =2, we get g = 2. Now

1+J(J+1}+S{S+1]—L{L+1}

¢= 27(T+1)

6+ S(5+1)-6
+

=1 26 , a5 L =2

Hence S(S+1)=120rS=3

Thus Ms =#V3x4 - 2V3H

Q.147. An atom in the state with quantum numbers L =2, S= 1. is located in a
weak magnetic field. Find its magnetic moment if the least possible angle between
the angular momentum and the field direction is known to be equal to 30°.

Ans. The angle between the angular momentum vector and the field direction is the
least when the angular mommentum projection is maximum i.e. J™

ThUS Jh = YJ{J-F]]',IMW

v .3
J+¢1 T 2

or
Hence J=3
Ixd+lx2-2x3 8 4
- - l4— = =
Then & 1+ 2x3x4 24 3

b= VIxdu - f_-ua.
and 3



Q.148. A valence electron in a sodium atom is in the state with principal quantum

number n = 3, with the total angular momentum being the greatest possible. What
Is its magnetic moment in that state?

Ans. For a state with n = 3, | = 2. Thus the state with maximum angular momentum is

5 7T 1
2Xzty%g"%x3
E=1%+
lxixz
Then 272
I5+3-24 1 [}
=1+ 0 -1+5-5.



Properties of Atoms. Spectra (Part - 4)

Q.149. An excited atom has the electronic configuration 1s22s22pd being in the
state with the greatest possible total angular momentum. Find the magnetic
moment of the atom in that state.

Ans. To get the greatest possible angular momentum we must have S = Spax = 1
L=Lm=1+2=3andJ=L+S=4

_1+4x5+1x2-3x4 - 1+E_
Then £ 2xd4x5 40

Fr

5 —— 5vs
r 4x5 pg = He

and *°~ 2

Q.150. Find the total angular momentum of an atom in the state with S =3/2 and L
= 2 if its magnetic moment is known to be equal to zero.

Ans. Since = 0 we must have either ] = 0 or g = 0. But J = 0 is incompatible with L

3
=2andS= % Henceg=0. Thus

3 5
J{J+1}+2K2-—Ix3

0=1+

2J(J+1)

15 9

; -3J(J+1) = T-6= -7
1
Ja=
Hence 2

21,3 Y VE]

M=%hY 3%x3 =3

Thus
Q.151. A certain atom is in the state in which S = 2, the total angular
momentum M = ¥ 2k,  and the magnetic moment is equal to zero. Write the
spectral symbol of the corresponding term.

Ans. From M =#V7+1 = V24



we find J = 1. From the zero value of the magnetic moment we find
g=o0

1+112L{L+1}+2x3 -

Or 21112 u

-L{L+1)+8 _

1+ )

0

or 12 =L (L+1)
Hence L = 3. The state is

°Fy

Q.152. An atom in the state 2P.. is located in the external magnetic field of
induction B = 1.0 kG. In terms of the vector model find the angular precession
velocity of the total angular momentum of that atom.

Ans. If M s the total angular momentum vector of the atom then there is a
magnetic moment

P = E g M/

associated with it; here g is the Lande factor. In a magnetic field of induction B an

energy

H = -gl.tgj'l_»!.-‘f_i:“h

Is associated with it. This interaction term corresponds to a presession of the angular
momentum vector because if leads to an equation of motion of the angular momentum
vector of the form

Q
where h

. . . . -2 .
Using Gaussian unit expression of #a #a=0927x10""" gjg/gauss, B = 10° gauss



& =17
= 1034x 107" o0 sec and for the2P., state

and Q=1.17 x 10 rad/s
The same formula is valid in MKS units also But ps = 0.927 x 102 A.m?, B = 10T and
'h = 1.054 x 10-*Joule sec. The answer is the same.

Q.153. An atom in the state 2P is located on the axis of a loop of radius r =5 cm
carrying a current I =10 A. The distance between the atom and the centre of the
loop is equal to the radius of the latter. How great may be the maximum force that
the magnetic field of that current exerts on the atom?

—=

Ans. The force on an atom with magnetic moment Wina magnetic Geld of induction B
IS given by

F=(i"V)B

In the present case, the maximum force arise when ¥ is along the axis or close to it.

a8
Then F—E = ':I"E! - ﬂ_z

(el = 2 Lod

Here . The Lande factor g is for 2P,
1.3 1.3
_ 22t
£ ] 12 2
272 3273
J == 50 (puz) -1

The magnetic field is given by

Ho 20nrt
45 {F;,gf}ﬁ



4 B; §Inr Z
s == r
or d= 4n [rz+£2}m
(E_ﬂ_e _ Mo 3im
aZ 4 Z
Thus - AV8r

Substitution gives (using data in M K S units)
F=4.1x107N

Q.154. A hydrogen atom in the normal state is located at a distance r = 2.5 cm
from a long straight conductor carrying a current | = 10 A. Find the force acting
on the atom.

Ans.The magnetic field at a distance r from a long current carrying wire is mostly
tangential and given by

ol  pg 27

B -an-dmr'

L

The force on a magnetic dipole of moment K due to this magnetic field is also
tangential and has a magnitude

(W-V.)B,

This force is nonvanishing only when the component of i along 7non zero. Thep

a g 21
Fm — B = = —
“’ar ¥ “’4:: ~

Now the maxim um value of * ™ * ##* Thus the force is

Fru = ua%% - 297 %1075 N

Q.155. A narrow stream of vanadium atoms in the ground state “F:. is passed
through a transverse strongly inhomogeneous magnetic field of length 1. = 5.0 cm
as in the Stern-Gerlach experiment. The beam splitting is observed on a screen



located at a distance l.= 15 cm from the magnet. The kinetic energy of the atoms is
T =22 MeV. At what value of the gradient of the magnetic field induction B is the

distance between the extreme components of the split beam on the screen equal to

0=2.0 mm?

Ans. In the homogeneous magnetic field the atom experinces a force

JdB
F=glus, g

Depending on the sign of /, this can be either upward or downward. Suppose the latter
Is true. The atom then traverses first along a parabola inside the field and, once outside,
in a straight line. The total distance between extreme lines on the screen will be

2 |
YA

Here mv is the mass of the vanadium atom. (The first term is the displacement within
the field and the second term is the displacement due to the transverse velocity acquired
in the magnetic field).

dB

b= 2glus 57

lmuvz =T

Thus using 2

H—--l':aﬁ—ﬁ—— —lp ———

B 2TH

-

For vanadium atom in the ground state “Fs.

3:5+3:5+3!4
g=1+ . .30-48 18 2
2x3:5 1+73 =1-3"5

3
J== i
2" using other data, and substituting



‘;—g = 1-45 x 10" G/cm
we get

This value differs from the answer given in the book by almost a factor of 10°. For

neutral atoms in stem Gerlach experiments, the value T = 22MeV is much too laige. A

more appropriate value will be T = 22 meV i.e. 10° times smaller. Then one gets the
right answer.

Q.156. Into what number of sublevels are the following terms split in a weak
magnetic field: (a) 3P.; (b) 2Fsz; (C) “Pu.?

Ans. (a) The term 3P, does not split in weak magnetic field as it has zero total
angular momentum.

—4l =

b) The term 2Fs, will split into "2 sublevels. The shift in each sublevel is
( p

given by

AE = -gugM; B

where My = = J(J=1), ... J and g is the Landi factor

S5x7 1x3
+

~3x4

4
S5=x7 38 - 4%

%=y 0

(c) In this case for the *D., term
1x3 3Ix5
+ -2x3
g=1+— - 3+15-24
1x 3 - ] ¢TIt
2! 4 ﬁ

Thus the energy differences vanish and the level does not split.

=1-1=10

Q.157. An atom is located in a magnetic field of induction B = 2.50 kG. Find the

value of the total splitting of the following terms (expressed in eV units): (a) 'D;
(b) *F..

Ans. (a) for the D, term

_1+2x3+ﬂ—2x3
£ 2x2x3

=]

and AE = - '.IHHJB



My == 2,-1,0,+ L+ 2. Thys the splitting is

GE = 4“33

Substitution gives 3£ = 379uneV

g = 1+4x§+1:2-3r4 - 1+E_ 5
(b) For the *F, teim 2x4x5 a0 "3
A=-2uBM,
and 4
where Mj=-4to+4.Thus

BE = %u,ﬂxﬂ - 10ppB (= 28T pg)

Substitution gives 9 E = 1447 pcV

Q.158. What kind of Zeeman effect, normal or anomalous, is observed in a weak
magnetic field in the case of spectral lines caused by the following transitions:
(a) P — 1S (b) 2Disp—> 2Psp; (C) 3ID; — 3P; (d) s — sH.?

Ans. (a) The term *P.splits into 3 lines with M, = + 1, 0 in accordance with the formula

AE = -gugBM;

g = 1+1x2+ﬂ~1x2 -1

where 2x1x2

The term S, does not split in weak magnetic field. Thus the transitions
between P, & *Sowill result in 3 lines i.e. a normal Zeeman triplet.

(b) The term 2Ds, will split ot in 6 terms in accordance with the formula

AE = -gugM;



5 3 1
Mguzz,tz,:z,and

_ 1+5X’-’+1X3—4X2!3
& Zx5x7

-8
5

Ther term 2P, will also split into 4 lines in accordance with the above formula with

3 1 =1+3x5+1:~:3-4::1:-c2=
‘i'.{l-t-i,i-iandg zxaxs

4
3

It is seen that the Z eeman splitting is auomalous as g factors are different
(c) D1 =P

The term 3D, splits into 3 levels (g =5 /2)
The term 3P, does not split. Thus the Z eeman spectrum is normal.

(d) For the 515 term

_ l+5!6+2:3—ﬁx'?
g 2x5x%6

6-42 _ 1 _9

60 10 10
For the H, term

= ] +

L 1,4x5+2x3-5x6 _ 26-30 _ 9
g 2x4x5 0 1

We see that the splitting in the two levels given by 4E = -8BaBMz s the same though
the number of levels is different (11 and 9). It is then easy to see that only the lines with

following energies occur
h iy '.'Iﬂ)g = EHBH'

The Z eeman pattern is normal

Q.159. Determine the spectral symbol of an atomic singlet term if the total splitting

of that term in a weak magnetic field of induction B = 3.0 kG amounts to AE =
104peV

Ans. ForasinglettermS=0,L=J,g=1



Then the total splitting is 8E =27 psB

Substitution gives J = 3( = 3E/2p; B)
The term is *F..

Q.160. It is known that a spectral line A = 612 nm of an atom is caused by a
transition between singlet terms. Calculate the interval AL between the extreme
components of that line in the magnetic field with induction B = 10.0 kG.

Ans. As the spectral line is caused by transition between singlet terms, the Z eeman
effect will be normal (since g = 1 for both terms). The energy difference between
extreme components of the line will be 2 ps B .This must equal

A 2ahe .En‘ﬁc&.}.
' [ M ] M

Thus whe

Q.161. Find the minimum magnitude of the magnetic field induction B at which a
spectral instrument with resolving power A/6L == 1.0.105 is capable of resolving
the components of the spectral line A = 536 nm caused by a transition between
singlet terms. The observation line is at right angles to the magnetic field direction.

h,ohx Ad,

Ans. From the previous problem, if the components are then

A _2ahe

Ak pgBA

A% R "o

For resolution of the instrument
Thus

2ahc 2athc

R B
wBh - T T T AR

Hence the minimum megnetic induction is



2athe

ma = iR = 4KG = 04T
(]

Q.162. A spectral line caused by the transition:D.— 3P, experiences the Zeeman
splitting in a weak magnetic field. When observed at right angles to the magnetic
field direction, the interval between the neighbouring components of the split line
is Ao = 1.32.10 s * Find the magnetic field induction B at the point where the
source is located.

Ans. The 3P,term does not split The D, term splits into 3 lines corresponding to the
shift

AE = -gug B M;
with M,= £ 1, 0. The interval between neighbouring components is then given by
hAw = gugB

Hence

_ﬁﬁm
£ Wp

B

Now for the :D, term

-1+1x2+lx2-2x3 _1+4-6,=1
4 2x1x2 i "2

Substitution gives B = 3.00 kG. =0.3 T.

Q.163. The wavelengths of the Na yellow doublet (2P — 2S) are equal to 589.59 and
589.00 nm. Find:

(a) the ratio of the intervals between neighbouring sublevels of the Zeeman
splitting of the terms 2Ps. and 2P.. in a weak magnetic field;

(b) the magnetic field induction B at which the interval between neighbouring
sublevels of the Zeeman splitting of the term 2P;.is = 50 times smaller than the
natural splitting of the term 2P.

Ans. (a) For the 2P;,term



Ko+ =1x2

b | 1
Ml'i.ri

o | =

2
2

g1+

5
2 =1+
x Iz

e |

and the energy of the 2P, sublevels will be

4
E(Mz) = Eﬂ'il‘ﬂﬂyz

3 1
Mz==23.=3-

where Thus, between neighbouring sublevels.

4
SE(*Pyg) = Eﬂsﬁ

For the 2P, terms

1 3 1 3
fx§+5x.5'1x2
g=1+
Exlxi
2 2
6-8 1 2
=+ =1-3=3

and the separation between the two sublevels into which the 2P,, term will split is
2 2
BE("Pyy) = B
The ratio of the two splittings is 2 : 1.

(b) The interval between neighbouring Zeem an sublevels o f the 2P, term

i 2ahe
is' 3"% The energy separation between D. and D, lines is  »* (this is the

natural separation of the 2P them)

2ahcAl
g B = "1—2-_
Thus n



B - IanhcAl

2 ug A2
or Mg A T

Substitution gives

B = 5-46kG

Q.164. Draw a diagram of permitted transitions between the terms2P:. and 2S..in a
weak magnetic field. Find the displacements (in rad/s units) of Zeeman

components of that line in a magnetic field B = 4.5 kG.

Ans. for the 2Py, level g = 4 / 3 (see above) and the eneigies of sublevels are

" r 4 ]
E'=E D-EHEH—E

My== 1, + 1
where 2 2for the four sublevels

s y level,

Forthe 2 g =2 (since L =0) and

E = Ey-2py BM;

1
where Y= *2

Permitted transitions must have AM,-0, +1
Thus only the following transitions occur

3.1
2 2 Aw = = pgB/h = 396 x 100 rad/s
~3/2=>-1/2
1,1
¢ 2 A0z tppBh = 132x10"nd/s
—— o == 3
2 2
3:1'_"'% S paB
B
_i—.!—: hm-:l 'ﬁ = 66 10 rad/s
2 2



These six lines are shown below

+3 24458
+%._____ — 1T %MgB
_% . T
1
=3 f 34dgB
: r 2sidg
[
|
o R o e L
MUV U S DR
_% i : 1 ¥ _‘LBB
[
NN
— @

Q.165. The same spectral line undergoing anomalous Zeeman splitting is observed
in direction 1 and, after reflection from the mirror M (Fig. 6.9), in direction

N
2 -——-—-——}H—FI
ez

Fig. 6.9,

2. How many Zeeman components are observed in both directions if the spectral
line is caused by the transition (a) 2P:.— 2S.. ; (b) *P. — 3S,?

Ans.The difference arises because of different selection rules in the two cases. In (1)
the line is emitted perpendicular to the field. The selection rules are then
AM;-0,+1

In (2) the light is emitted along die direction of die field. Then the selection rules are
AM;-+1
AM;- 0 is forbidden.

2
(a) In the transition ©¥2 ™" Sin

This has been considered above. In (1) we get all the six lines shown in the problem
above

: : %_' % and - 2. .
In (2) the line corresponding to is forbidden.



Then we get four lines

(b) 3Pz — 381

g = +2:3+1x2~1x2
For the 3P, level, 2x2x3

-3
2

so the energies of the sublevels are
i r 3 U
E'(Mz) = Eu-fl‘-nﬂﬂfi

where Mz;=+2,21,0

For the 3S, line, g = 2 and the energies of the sublevels are
E(Mz) = Ey-2us BM;
where M- 1, £ 0 The lines are

AMg; = Mg-Mz = +1 ; -2—-1,-1—*0and 01

AM; =0 -1—>-1,0—0,1—1

AM; =1,2—>1,1—>0,0—=>-1

All energy differences are unequal because die two g values are unequal. There are then
nine lines if viewed along (1) and Six lines if viewed along (2).

Q.166. Calculate the total splitting Ae) of the spectral line :D; — — 3P, in a weak
magnetic field with induction B = 3.4 kG.

Ans. For the two levels

Eq = Eq-g waMzB
Ey = Ey-gug Mz B

and hence the shift of the component is the value of

B0 =21y My gi]



- . 3
subject to the selection rule Mz =0, = 1. For "D,

Ixd+1x2-2x3

g =1+ Z2x3x4

For =P,,

2x3+1x2-1%2

g= I+ 3

o B
h

Amp = i

Thus

-3
2

3
3”-2_2""{2|

-]
24

Wk

For the different transition we have the following table

3i—=12

23

2==1
1—=2
1—1

1==0

wg B
"'%I*HE
7/6 ug B
-5/3uyB
-1/6 uz B
4/3 ug B

There are 15 lines in all.

The lines farthest out are

0—1

0—0

0—=-1
-1—=0
-1==_1
-l ==_2—
2]
e,

-3 _2—»

1= 2 and -1 —-2.

3
-EHB
0

3/2pug B
-4/3 ug 8B
1/6 pg B
5/3ugB
= 7/6uyB
1/3 ug B

-ps B

The splitting between them is the total splitting. It is

Aw = %uﬂﬁﬁl

it : 10
Substitution gives 4@ = 78x 10" rad/sec.
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