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Zeeman slowing: The force on an atom in an electro-magnetic field is

given by .
= = hksgy/2
F = iy = —hs02/2
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1. Describe in your own words the symbols hiE, “Ypy S0, ¥ and 4.

o

What is the maximum force and acceleration on resonance?
For Zeeman slowing the detung ¢ is given by
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with ' the difference between the magnetic moment of the excited
and ground state.

Find the maximum field B at the beginning of the slower required
to stow atoms down from 1000 m/s. Assume yu’' = ug.

. Find the minitmum length required to slow down atoms from 1000

m/s to standstill.

5. Describe the difference between laser slowing and laser cooling.

6. Indicate, if in the case of Zeeman slowing there is only slowing, or

also cooling.

Important numbers: my, = 23 amu, 1 amu = 1.67 x 107* kg, A = 580
nm, g = 9.27 x 1072 J/G and i =1.05 x 10~*Js.



Bose-Einstein condensation: The Maxwell-Boltzmann distribution func-
tion for a classical gas is given by

o

fus(e) = exp{—(e — p)/ksT).

. What is the meaning of the symbol u? Describe in your own

words, how it is used in thermodynamics.
For an uniform gas the density of states is given by
vV
€) = ——x
PE) = g
Calculate the number of atoms at a certain temperature T in a
volume V. Express your result in terms of the deBroglie wave-

length Agep = h//2amkgT. Hint: Use the definite integral given
below this exercise lo evaluate your integral.
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. Use this result to determine g and discuss its limits for small and

large atom densities.

. What happens, when N/V = 1/A3,3? What happens if N/V >

1/A3.s and do you consider this range physically sound?
Determine the total energy E of the system and express your result
in terms of the total number of atoms N.

In an isotropic, harmonic trap the density of states becomes
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with w the trap frequency.

Find the total number of atoms N and the total energy of the
system E in an harmonic trap.

Compare your results for the energy per particle in 5) and 6) and
discuss the difference.

For a Bose gas the distribution function is given by

1
Joe() = e — /et = 1

Discuss under which conditions this distribution function becomes
comparable to the Maxwell-Boltzmann distribution function.

Does the Bose-Einstein statistics lead to a larger or smaller oc-
cupation of the lowest states compared to Maxwell-Boltzmann
statistics. Indicate how this can be explained using the Dirac
symmetrization principle.



The following definite integral can be used, if necessary:
f dz 27 'e™ = ['{a).
0

For various values of o the values are

o [(a)
1 1
3/2  /7/2
2 1
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3 2
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The Zeeman effect:

The interaction of an atom with the magnetic field is given by

'sz—ﬁ-é,

with f the magnetic dipole moment. For an atom the magnetic moment
is given by
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with g = efi/2m the Bohr magneton, { the orbital angular momentum
and § the spin angular momentum. We want to calculate the effect of
the Zeeman effect for the p-state of the alkali-metal atoms.

1. Give the quantum numbers £ and s of the p-state.

[R)

. For a strong magnetic field, calculate the Zeeman shift for the

p-state assuming the magnetic field is in the z-direction.
The states are split by the spin-orbit interaction, which is given
by

where the function £(r) is only a function of the radius r of the
electron. In this exercise we will only use A = (£(r)).

What are the possible values of the quantum number j for the
p-state, where 7 is the total angular momentum: j = { + 7.

Hint: In this exercise we will neglect the effect of the nuclear spin
1, since the shift caused by the nuclear spin is much smaller com-
pared to the spin-orbit shift.

Show that ¢ - 5 can be written as

(5= 5 (€ps-+ € s )+ L.s.,
In the p-state of the alkali-metal atoms there are six magnetic
substates, which are given in the uncoupled basis by

state m, my,

1 -1 =1/
2 0 —1
3 +1 =1
4 -1 +1/2
5 0 +
6+l +Vs



5. Show that the spin-orbit interaction does not change me + m,.

For my + my; = +1/» the 2x2 submatrix for the Hamiltonian is
given by

'H’=Hso+Hz=( ~A/2 +A/\/§),

+A/ V2 +upB
with A = (&(r)).
6. Determine the eigenvalues for these two states.

7. At which strength of the magnetic field B is the spin-orbit inter-
action equal to the Zeeman interaction? Discuss your result.



