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Let us consider an atom with rest mass M in the energy level E; that moves

e~y
with the velocity v. If this atom absorbs a photon of energy hw; ~ Ej; — E; [ o) Y‘Qd we (Zy)d OYd ey
and momentum Ak, it is excited into the level Ey. Its momentum changes from
pi = Mv; before the absorption to vDOPP[e/Y\ e {{ec ¥ ( S ht\ "F +
i =pi+hk, (14.1) ond broadency ) e
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after the absorption (the recoil effect, Fig. 14.1). yymg-{— red uee. 'L‘he abgol ;,d'e

The relativistic energy conservation demands
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When we extract (Moc2+ Ey) from the first root and (Myc? + E;) from thé- T
second, we obtain by a Taylor expansi}on the power series for the resonant
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absorption frequency ond onder
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The first term represents the absorption frequency wg = (Ex — E;) of an atom - F m en 67“@7 Fm\m‘— O'P Vil QLJ,

at rest if the recoil of the absorbing atom is neglected. The second term-

describes the linear Doppler shift (first-order Doppler effect) caused by the
motion of the atom at the time of absorption. The third term expresses the abSorloeJ F Lt)L < ‘H &) e,

quadratic Doppler effect (second-order Doppler effect). Note that this term is

independent of the direction of the velocity v. It is therefore not eliminated g heous emISS 1on 'E(")\?
by the “Doppler-free” techniques described in Chaps. 7-10, which only over-
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Fig. 14.7. Laser cooling of atoms in a collimated beam with a fixed laser frequency and Nl Mo meY]"hLW\ rS Y?/db( ce C{

Zeeman tuning of the atomic absorption frequency [14.19]
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Fig.14.18a-c. Realization of optical molasses [14.50a]: (a) laser beam arrangement;
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Fig. 14.19a—c. Schematic diagram of polarization gradient (Sisyphus) cooling: (a) two
counterpropagating linearly polarized waves with orthogonal polarization create a stand-
ing wave with z-dependent polarization. (b) Atomic level scheme and Clebsch-Gordan
coefficients for a Jy; =1/2 < Jo =3/2 transition. .(c) Atomic Sisyphus effect in the lin
1 lin configuration>[14.55]




14.1.9 Bose-Einstein Condensation

At sufficiently low temperatures where the de Broglie wavelength

h
ADB = — (14.38)

s
m-v

becomes larger than the mean distance d =n—/3 between the atoms in the
cold gas, a phase transition takes place for bosonic particles with integer to-
 tal spin. More and more particles occupy the lowest possible energy state in
the trap potential and are then indistinguishable, which means that all these
atoms in the same energy state are described by the same wave function (note
that for bosons the Pauli exclusion principle does not apply). Such a situation
of a macroscopic state occupied by many indistinguishable particles is called
a Bose—Einstein condensate (BEC, Nobel prize in physics 2001 for E. Cornell,
W. Ketterle, and C. Wiemann).
More detailed calculations show that BEC is reached if

neAdg > 2.612. (14.39)

With v? = 3kgT/m we obtain the de Broglie wavelength

h
ADE = ——
DB = AmKsT

and the condition (14.40) for the critical density becomes

(14.40)

n>13.57(m ksD>?/h3.

The minimum density for BEC depends on the temperature and decreases
with T3/2 [14.6,14.59].
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Fig. 14.44a~c. Suppression of one recoil component by optical pumping with a second
laser: (a) experimental setup; (b) level scheme; and (¢) Ramsey resonance of the remain-

ing recoil component [14.115]
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Atom  Laser

Atoms in a Bose-Einstein condensate are coherent because they are all de-
scribed by the same wavefunction.’ If these atoms are released out of the trap
(for instance, by a radio-frequency field (Fig. 14.47), or by switching off the

" magnetic field, which forms the trap potential) the atoms-fall under the influ-

ence of gravity down as a parallel beam in the —z-direction, where all atoms
are in the same coherent state. Since this is in analogy o the coherent beam of
photons in a laser, this coherent beam of atoms is called an “atom laser.” The
first realization was a pulsed atom laser, where part of the BEC atoms were
released by an RF pulse [14.124]. In addition, quasi-~continuous atom lasers
have also been realized [14.125]. Using a weak radio frequency field as output
coupler with a small coupling strength, atoms could be continuously extracted
from the BEC over a period of up to 100 ms. The duration was limited by the
finite number of atoms in the BEC. There have been attempts to continuously
load the BEC and continuously extract the atoms, which would give a true cw

atom laser.
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14.6 Spectral Resolution Within the Natural Linewidth

Assume that all other line-broadening effects except the natural linewidth have

been eliminated by one of the methods discussed in the previous chapters.

The question that arises is whether the natural linewidth represents an in- -
surmountable natural limit to spectral resolution. At first, it might seem that
Heisenberg’s uncertainty relation does not allow outwit the natural linewidth -
(Sect.3.1). In order to demonstrate that this is not true, in this section we give

some examples of techniques that do allow observation of structures within

the natural linewidth. It is, however, not obvious that all of these methods may

really increase the amount of information about the molecular structure, since:
the inevitable loss in intensity may outweigh the gain in resolution. We dis-

cuss under what conditions spectroscopy within the natural linewidth may be

a tool that really helps to improve the quality of spectral information.
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Fig. 14.58. Optical frequency chain that connects the frequency of stabilized optical lasers
with the Cs frequency standard [14.150]}
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For very low light intensities the quantum structure of light becomes evi-

dent by statistical fluctuations of the number of detected photons, which lead
to corresponding fluctuations of the measured photoelectron rate (Sect. 12.6).-
This photon noise, which is proportional to /N at a measured rate of N pho-
toelectrons per second, imposes a principal detection limit for experiments:
with low-level light detection [14.158]. Additionally, the frequency stabiliza-
tion of lasers on the millihertz scale is limited by photon noise of the detector
that activates the electronic feedback loop [14.159]. ‘ >

It is therefore desirable to further decrease the photon-noise limit.

first, this seems to be impossible because the limit is of principal natur
However, it has been shown that under certain conditions the photon-noise:
limit can be overcome without violating general physical laws. We will di
cuss this in some more detail; partly following the representation given i
[14.160, 14.161]. '
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