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SECOND PUBLIC EXAMINATION

Honour School of Physics Part B: 3 and 4 Year Courses

Honour School of Physics and Philosophy Part B

B3. QUANTUM, ATOMIC AND MOLECULAR PHYSICS

TRINITY TERM 2014
Thursday, 19 June, 2.30 pm — 4.30 pm

10 minutes reading time

Answer two questions.

Start the answer to each question in a fresh book.

A list of physical constants and conversion factors accompanies this paper.

argin indicate the weight that the Ezaminers expect to
sign to each part of the question.

n over until told that you may do so.
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1. Under certain assumptions the time independent Schrodinger equation for the
helium atom can be written in the form
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where 71 and ry are the radial coordinates of the two electrons and 712 is their separation.
Discuss the physical origin of each of the terms in this expression. 4]

When the term e?/4meqr)s is ignored, a solution of the form %, = Ya(r1)Yu(rs)
can be found, where a and b are labels for the states occupied by electrons 1 and 2.
Explain why such a wave function is not in general acceptable for two identical particles.
Discuss the symmetry properties of the wave functions that describe the 1s% and 1s2p

configurations, and sketch an energy level diagram for helium showing the terms that
arise from them. [9]

Without detailed calculation, state how would you expect the expectation value .
of 1/712 to scale with Z for a helium-like ion. . (3]

The energy required to remove an electron from the ground state of atomic he-
lium is approximately 25eV. For the helium-like ion N°+ the corresponding energy is
approximately 551 eV. Estimate, giving your reasoning, the corresponding energy for
the helium-like ion Al'!*, and the hydrogenic ion, Al'**. The figure below s ows a
- soft X-ray spectrum of the emission from a hot plasma created by shining '
pulsed laser beam onto an Al target, producing highly ionised material j;d" ify he :
ionic spec1es and conﬁgura.tlons 1nvolved in each of the transitions mar.
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2. Explain what is meant by the LS coupling approrimation. State the selection rules
for electric dipole radiation between terms for which this approximation is valid. (7]

Consider a fine-structure level of an atom which is well described within the LS
coupling approximation. Show that in the presence of weak magnetic flux density B
the degeneracy in M; may be lifted, and the energy shift of the states is given by

AE = gjupBM;

and obtain an expression for g;. State the selection rules for Zeeman transitions. Wilat
is meant by a ‘weak’ magnetic flux dens‘ity in this context? [=1 D7 (8]

A transition in an alkali ators has an upper level denoted by 252*1D; and a
lower level denoted by 231+1L”1, where Sy and S; are the spin quantum numbers of
the upper and lower levels respectively, J; and J; (where J > J;) are the total angular
momentum quantum numbers of the upper and lower levels respectively, and Z; is the
orbital angular momentum quantum number of the lower level. In the presence of a
weak magnetic flux density B of magnitude 0.5 T, four emission lines are observed when
observing parallel to B, and six emission lines are observed when observing perpendic-
ular to B. What are the values of L, S, and J for the upper and lower levels? Calcuiate
the positions of the lines relative to those in the absence of an applied magnetic feld,
and sketch them on a relative wavenumber scale in units of cm~?, indicating which
transitions are seen as a function of direction of observation. =
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_comment on the result

3. State what the fine structure constant o would represent in the simple Bohr model

of the atom. Calculate the value of a?mec?/2, where m, is the rest mass of the electron
and comment on the result.

Explain why you would expect the magnitude of fine structure splittings in hy-
drogen to scale as o* times the rest mass energy of an electron.

The spin-orbit interaction within a single-electron atom can be represented by a
term in the Hamiltonian

17 ] 8V(r)
om22r  or
where 7 is the radial coordinate of the electron, m its mass, 1 the angular momentum

operator and s the electron spin operator. V(r) is the central electrostatic potential
energy. Give simple arguments that justify the form of the above expression

For hydrogenic ions of atomic number Z, and assuming a pomt nucleus, for a 3p
electron :
) (5)3
3/ 81 \ag

the 3p spm-orb1t splitting is given by

Ej_3/2 — Ej=12 =

and evaluate this splitting for hydrogen.

Light from excited neutral sodium (Z
ing to transitions between the 3p to 3s st
and the other at 589.6 nm. Calculate n»

(4]

[4]

(6]
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4. Why does the input signal level influence the gain of a laser amplifier? Y"“LM 4]

A homogeneously broadened laser amplifier operates on a transition from an upper
level 2 and a lower level 1, which have degeneracies g2 and g; respectively. The excitation
rates into the respective levels are S; and Sy, and the effective lifetimes 7, and 77 (where
7 includes radiative decay to level 1). The Einstein coefficient for spontaneous emission
between the two levels is Ag;. Show that the gain coefficient a(w) for a signal with
angular frequency w varies along the length of the amplifier, such that at a point within
the amplifying medium where its intensity is I the value of a(w) is given by

ap(w)

Q(UJ) = ——1 7 I/Isat

where i
op(w) = o(w) [5272 (1 - gzg%) - 22517.1]

and o(w) is the gain cross section of the transition. Obtain an expression for the
saturation intensity Iga¢.

Two identical laser amplifiers, of the same length and small signal gain coeffi-
cient, are placed one after another, so that light is amglified by them successively. A
. monochromatic signal of intensity Ip is input into the first amplifier. At the end of
the first amplifier, the signal has been amplified to 100 Iy, and after exiting the second
amplifier the final output is 300 Iy. Deduce a value of Iga¢ in terms of Zp.
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