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Atomic Physics Problems MT 2015

Problem Set 3

Molecules and radiative transitions
§01:10 questions require further reading or looking up of f
n the lecture notes. They

should be written out neverthel
need to be worked through. The questions h
as possible, so there is litt]e repetition.

omitted initially.

acts, |

€ss - important derivations and proofs
ave been chosen to cover t

he ground as economically
Starred problems (*) are more challenging and may be

1. (a) Suppose that the valence e

lectrons of the molecule are
Show that the electronic ¢

confined to a region of size a.
nergy of the molecule w

ill be of order.

; h?
A

2ma®
where m is the electron mass.

(b) Show that the vibrational energy of the molecule will be of the order.

m
[ —E,.
V

where p = MM, /(M + M) is the reduced mass of the ts
vibrational frequency wy in terms of @ and 7 B
(c) Show that the rotational encrgy of the molecule will be of order.

i

E, ~ hw, =

vo nuclei. Find an expression for the

y 7
E, E,
: o
ilibri g 1 2 . Construct a table
(d) For the HCI molecule the equilibrium separation is Ry = 0 I._\nml ((; tnss
istic frequency. | characteristic timescale of the elec C,
ivi ale, characteristic frequency, anc
giving the energy scale, :
i i rotational motions. AT o
Vlbr(at)lo.‘:al’ antd tr(,atn‘l(‘nt shows that the energy levels of diatomic molecules may be written
¢) A quantum tre nt |
" : g
o E=FE,+ (v+1/2)hwy + B.K(K + 1)

-ompare these with the measured
U esults to find approximate values for wy and B, and compare these
Se your res . o !
valuzls of ¥y = wy/2mc = 2090 cm 1L and B, = 20.8cm ™",

« ‘ ( ( 1¢ L I()I\( DO (n“dl.
’ < f ra (h Lo “l()]((lll( IS pal LNeLrize l ISINg ” \ I t
Ihe lHtCI action I)()t.(‘”tl ll (8} ( 5

Alr-rg)|”

V(r)=D[L-c

T 18 he equ J » constants., :
7 o i he vibrational
i ilibri wiclear separation, 8 TR
Ireat ng (l‘hlnu.mm " ; lecule as a ¢ lassical harmonic 0sc ill I';)I SO o
. 5 P e ol . s reducec ast L A
‘ w‘t: ol t(;’”tlll Morse ]um-nll;ll parameters and the rec
in terms o 1¢ Mors
) ’

m TIC
Il l“(l”(!ll ]Nl |H'hltll) n ”l(
1« n i /] terator >

suppose the molecule is ml.lf!!lmji B o
] T { an effective
odelled in terms o i
- 2 MK(K+1)
i(r~ro)| | s

Vegs(r) =D |1 ¢ J 2pur=

UL many answers can be found
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Atomic Physics Problems

where K is the rotational q

the two atoms.
(c) Show that this chanee }

form AE = - B K2(K + 1)2

3. (a) Assume that tran
(namely stimulated ¢
the steady-state

S

sitions 1

mission or

populations is

where P(w) is the

energy
stimulated proce

density

(b) What happens to the
radiation is incre
this way?

rela

ased to v ry |

(c) In therma] equilibrium.

the
tion. Show that this Je

ads to the

B

2] =

where g; and g2 are the d

(d) Does the re

egeneraci
lation hetween

W

SSES, wo; is the tra

A

YR Be
1 LR
t : W (& 4 ‘A: >
W 1 1
tur er. Deternun ne n ju
num num
) R ¥

lead A 1 term mn the molecula; (
n Separation leads to a Il . mm
} v
hnere

'elween two levels in an atom occur only by radiative processes
absorption, and

SPontancous emission). Show that the ratio of
No Biap(uw
M By Plway A,

per unit (angular) f quency of the radiation field

driving the
nsition frequency

. a

14 and B are the E

: instein coefficients.
tive populations in the two levels as the energy density of the
arge values? Would it by possible to cre

ite a population inversion

* radiation density is given by the Planck P,‘Zan'.l:-budy distriby-
following re lations betwes n nstein coefficients-

I". 7

= By = _2p

92 i

¢s of the lower and

ipper levels

21 and By, still hold jf th, radiation is not black-body? Ig it
necessary to assume that the atom has only two levels
4. A blob of matter is placed in » Cavity and allowed 1 interact with [,1_“_;\.},““1\. radiation of
temperature 7. (a) Show that for a transition ol angular frequency w21, the rate of stimulated
emission becomes equal to that of spontancous emission when
huw
/.',r;/ — "
In2
(b) Calculate this temperature for the following transitions-
® radio frequencies of 50 MHz
,/"
® microwaves at | GHy ¥ abd -
® visible light of wavels ngth 500 nm .
® X-rays of energy 1 kel
mic hydrogen is il unated by light resonant with the n l 5 pn=29 Lyman-a
inearly polarized along the is. Which upper state(s can be excited?

jPHFi
3
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Atomic Physics Problems MT 2015

|
WMrix l'|('11'.l".l'. 1 ez .3 {ox (E‘-(’ tral ! "X}
transition, (:\.)r“.\\ﬂlg your

(b) Calculate the electric dipole n
Bohr radius. (Look up the relevant hydrogen wavefunc-

answer in units of eag where ag 1s the

tions.)
(¢) Use your r
lifetime of the upper state.
(d) A laser capable of produ
which yielded a power of 1 nW in a beam ol
the laser were tuned to resonance with this transition

Rabi oscillations in this system.

1010
1S .

esult to calculate the Einstein A coefficient for the transition, and hence the

¢ing continuous wave Lvman-a radiation was recently developed,
| mm diameter. Estimat the Rabi frequency if
Commeént on the f asibility of observing

11) and |2) of a tum¢ independent Hamiltonian H which
vlitude Eq and angular

E;. Monochromati light of amj
iction as

6. (a) A two-level atom has cigenstates
Writing the wave fun

re separated by an energy hwo = E2
quency w = wo 49 (Wht‘l‘(‘ 5 & wp) 18 incident on the atom
t/h)11) + calt) €xXP

| (1)) = cr(t) expl 1B
h Hamiltonian H+V(

w by substitution into the time-dependent Sehrodinger €« 1, W
the rate of change of the coefficient €2 15
b = 3 Vo101 xXPL
7 | .~ ecumptions have you
] =V1-2=(1l\' \2}—&\11‘.1‘“‘_‘ coswt and Vip = 0, What & ]
N [ X : W Ir®
: turbation” V b
utAt‘hc pc‘t'\ n And justiy |{-ll.~t‘h\'ll‘ .\:-\}u
plain what is meant by the rotating weve apPTOTI nd | e
. 1 Lo auatic ns tor ¢ Ol .
w that this leads to the followiny coupled differential €4te )
9 ‘( \v X A \
¢y 1202 €X] )
- oy, ) 9 ’ ; ;
hi frequency 0= (1| r.Eo|2 ' RS 0 ]m»]».\!\mf\
ca(t) and hence gshow that, 1l the atom 1s 10 state !
ftate |2) at later time t is given by
. (0 = 7)
, sin A
lea(t)] a3 4 o {9
)
) ) Al \ 3¢
lity as @ function ol Hk for the cases § = U ANV k
Wi
qous QU
3 s in the prevt
\ions ¢y () and ca(t) the differenti (]l equats ¢ 2 0)
y “' : ¢ Of 1t onant driving A
prclitions, but o the cas i1 o (08 ) I 2 ol the
Bf the system atte! times givelt ih the conventt e\
ne of the Bloch vector b these BIEE . \ and €2 ook}
sibh | \ ’
L ped DY
on the Bloch phure al leh o e &
i 8
sotation around ‘ Lol I‘”l" \! ““ ‘(.\Ll“"”
v ates (0,@) opform ¢
‘.“”ul atpte ol co-ording - aibl o P
ation about the same AxXi CRLR
hiﬁnlu" '
’ A
!
»
J
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