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10th lecture: Summary 9th lecture: Atomic effective spin-½ systems 
Interaction of an atom with a classical laser field: 
Dipole approximation: wavelength λ of light >> dimensions r of atom, 
then 
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Optical Bloch equation 
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↑E-field  ↑energies
Examples: Photon echoes, optical free induction decay, optical adiabatic rapid passage, Ramsey fringes. 
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Time-independent perturbation theory 
[image: image8.wmf]V

H

H

+

=

0

, 
[image: image9.wmf]nm

nm

H

V

0

<<

: 
1st order eigenvalues 
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1st order eigenfunctions 
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2nd order eigenvalues 
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Time-dependent perturbation theory 
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with ω1 << ω0, the transition probability is 
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both processes having the same probability. 

6. Atoms dressed with a quantized radiation field 
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6.1 Quantization of the radiation field 
Reminder (without proof): The Hamiltonian of a radiation field 
(an electromagnetic field confined to a resonator whose volume 
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is formally identical to the Hamiltonian of a collection of harmonic oscillators. 
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so in 'number state' 
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 there are n quanta of energy ħω, plus the zero-point energy 
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The creation operator a+ connects a state with quantum number n+1 to a state with quantum number n: 
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The annihilation operator a connects a state with quantum number n−1 to a state with quantum number n: 
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Hence the creation and annihilation operators are represented as: 
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a is the transpose of a+, with 
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for example: 
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then represents the number operator: 
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With this the photon Hamiltonian becomes Hph = ħω(a+a + ½). 
A pure photon number state 
[image: image45.wmf]ñ
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 ('Fock state') is difficult to realize, 

the normal situation being a superposition of various number states of the photon ('modes'), 
with different wavelengths, directions of flight, and polarizations. 

In the vacuum state, all these modes have occupation number zero, 

that is they contain only the corresponding vacuum fluctuations. 

On the vacuum state 
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 for a given mode one can build up any state 
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by successive application of the operator a†. 
As we shall see below, this description includes spontaneous decay, 

angular momentum conservation, multiple quantum transitions, and so on. 
6.2 Interaction with the radiation field 
An atom with ground state and excited state is an effective spin-½ system: 
ground state 
[image: image48.wmf]¯ñ
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, excited state 
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The atom is brought from the groundstate to the excited state by the 'spin raising operator' 
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and back to the g.s. by the 'spin lowering operator' 
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The only non-zero matrix elements are the off-diagonal 
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When a photon is absorbed by an atom, 
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while a brings the radiation field from photon state 
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When a photon is emitted by an atom, 
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Hence, the Hamiltonian describing the atom-photon interaction ist 


[image: image66.wmf])

(

int

-

+

+

+

=

σ

a

a

σ

g

H

h

, where the coupling constant g is given by the usual dipole matrix element. 
If the exciting field oscillates along x, then this reduces to 
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Hence the matrix elements of Hint for photon absorption are 
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and the matrix elements of Hint for photon emission are 
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(The photon operators a and a+ and the effective spin operators σ± operate in different spaces.) 

The squares of these matrix elements are the emission and absorption probabilities, 

their ratio is 
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Induced emission 
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Spontaneous emission 
[image: image74.wmf]2

0

|

|

1

ñ

á

µ

+

a

 begins with no photon and hence can go into any mode. 

6.3 Dressed atoms 
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The total Hamiltonian of the 'dressed atom' is (we drop the constant zero-point energy 
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We know all matrix elements of this system: 
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FIG. 3. Optical FID in NH,D at 10.6 um following a
step-function Stark field. The transition is (vy,d, M)
=(1, 5, 90, 4, 3).
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1. The atomic Hamiltonian 
[image: image81.wmf]z
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 describes the Zeeman effect of the free atom. 

2. Add the photon Hamiltonian 
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and the energy diagram for the atom plus the radiation field with n = 1, 2, 3, ... photons is obtained.  

3. The matrix representation of Hint is the cross product 
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which means that we multiply every element of the matrix a + a+ with the Pauli matrix ħgσx. 
To obtain full Hamiltonian H we add to Hint 
the matrices for Ha: 
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 and Hph: 
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with unit matrix I in the space of a, a+ (of infinite dimension), 
and 2×2 unit matrix 1 in spin space. 
Only Hint has off-diagonal elements, which lead to the usual level repulsion ('anti-crossing') effects. 
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6.4 Dressed particle experiments

a) Dressed neutrons
PRL 58, 2047 (1987)

1. Reconstruction of the dressed-neutron energy level diagram for large photon number 
[image: image87.wmf]ñ

á

n

. 

[image: image120.emf]
The precessing neutron polarization 
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with eigenfrequency 
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has its maxima at 
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The eigenfrequency 
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 is then insertet into the energy level diagram.

State mixing occurs at 
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corresponding to 1, 3, 5-quanta transitions 

(angular momentum conservation forbids 
2, 4, ...-quanta transitions with spin-1 photons

for the −½ → +½ Δm = 1 case). 
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[image: image122.emf]2. Suppression of dressed-neutron spin precession 
The spin precession frequency is determined by the effective magnetic 
moment 
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, that is by the local slope of the energy level diagram. 

With increasing rf-field strength B1, this slope diminuishes, 

precession slows down, comes to a full stop, Fig. 3, 

and then reverses sign, i.e. precesses backwards. 

Fig. 4 shows the effective dressed-neutron g-factor as a function of B1, 

and theoretical expectation (which is a Bessel function 
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3. Measurement of dressed-neutron level-crossing signals 
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When B1 oscillates parallel to B0 (that is when B0 is amplitude-modulated), 

then 
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 does not lead to a coupling of different 

neutron spin states by the photon field, so the level diagram is that 

of the uncoupled system 
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 (up to a constant shift). 
The precession frequencies are again given by the energy differences. 

When precession is fast, the transverse polarization is averaged out. 

At the 'level-crossing' positions 
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precession partially comes to a stop, and the polarization signal reappears. 

(the case 
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 is the 'Hanle effect', which is nothing else than the 
ordinary low-field spin rotation curve.) 
The width of the level crossing signal is determined by the neutron ToF through the apparatus, 
its shape is given by the Fourier transform of the ToF spectrum. 
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b) The one-atom maser 
PRL 58, 353 (1987)

Rydberg atoms with main quantum number n 
have transition probability 
[image: image99.wmf]4

n

µ

, 
that is, a few photons can saturate a transition. 

Experiment: 

An atomic beam of 85Rb atoms in the 
[image: image100.wmf]2
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 Rydberg 
state crosses a superconducting cavity with ToF = 0.1 ms. 

The cavitie's quality factor is Q = 3·108 at T = 2.5 K, 
and, in time average, contains 
[image: image101.wmf]2
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 thermal photons. 

These photons induce transitions 
[image: image102.wmf]2
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The atomic transition is detected by selective field ionization of the upper state. 
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The superposition of these photon amplitudes leads to 'quantum collapse', 
i.e. decay of atomic inversion 
[image: image103.wmf]1
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. 
However, coherence stays intact, and after certain time intervals the amplitudes 
again add up coherently to produce multiple 'revivals' of the inversion signal. 

Theoretical expectations: 
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[image: image132.emf]

Each throughgoing atom changes the photon content of the cavity. 

When the ToF through the cavity is varied via the velocity selector,

a revival of the inversion signal can be observed after about 150 μs. 

c) Spontaneous transverse polarization of particles in a thermal radiation field 
PRL 70, 3396 (1993)
Between the revival signals, there is still a strong coherence in the system (
[image: image104.wmf]1

Tr
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®

r

. cf. p. 5.10). 

Even when one starts with an unpolarized system, a polarization can build up in the course of time, 

even for a thermal radiation field. 

This unexpected quantum effect can be simultated with a beam of neutrons in various configurations 

of (classical) magnetic fields. 
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