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2 (a) Laser transmission intensity versus frequency through spin-polarised hydrogen in a
magnetic trap before (red) and after (blue) laser cooling. The width of the absorption features is a
measure of the temperature. The sample was Doppler-cooled using radiation on the red wing of
the o, transition (arrow). (b) Energy levels in the 1s-2p transition in hydrogen (left). In the 2°P,,,
level the intrinsic spin and orbital angular momentum ot the electron are antiparallel; in the 2%P,
level they are parallel. In an external magnetic field each level is split into magnetic substates
labelled m; (right). The only stable trapping ground state is m;=1/2 with electron and proton
magnetic moments parallel; all five allowed transitions from this substate are shown (red)

vector sum of the intrinsic magnetic
moments of the proton and electron, and
the orbital magnetic moment of the
electron. In inhomogeneous magnetic
fields this total moment causes a dipole
force toward lower fields when it is
oriented antiparallel to the local field
direction. Figure 1 shows a schematic
drawing of the Amsterdam trap and lines
of equal magnetic potential: a strong linear
magnetic quadrupole field provides con-
finement in the transverse direction; dipole
coils with parallel orientation prevent
escape in the longitudinal direction. The
magnetic fields act like an oval bottle for
cold hydrogen gases at temperatures well
below 1 K, and on extended timescales
only doubly polarised atoms (electronic
and nuclear spin parallel) survive, The
atoms are then cooled by irradiation with
the 121 nm source in the longitudinal
direction.

Doppler cooling relies on the loss of
atomic momentum as a consequence of
radiative absorption and re-emission from
red-detuned counter-propagating laser
beams. It becomes inefficient at, or
below, velocities for which the Doppler
shift equals the natural line-width of the
cooling transition. The temperature corre-
sponding to these velocities is called the
Doppler limit. Since trapping times of the
order of hours are available in the
Amsterdam experiment, the atoms can be
cooled with a pulsed laser in spite of its low
duty cycle. The traditional Doppler cool-
ing method is further modified in this case
because it is applied to an optically dense
sample in which laser radiation is only
absorbed in the outer fringes. Overall
cooling of the sample is nevertheless
obtained because elastic collisions redis-

tribute the kinetic energy; this redistribu-
tion is also necessary because the laser
cooling is only active in one direction. Over
a 15-minute cooling period a temperature
reduction from 80 mK to about 11 mK is
observed, accompanied by compression of
the sample. However, the temperature
remains above the free-space Doppler

limit of 2.4 mK due to multiple scattering .

events.

By scanning the frequency of the cooling
laser around 121 nm, it is also possible to
record the 1s-2p absorption spectra for
hydrogen (figure 2a). In all, five transitions
contribute to this spectrum (figure 25) but
only two are shown in figure 2a. These
absorption spectra are not very interesting
in their own right, but they offer a powerful,
non-destructive probe for the temperature
and density of the hydrogen sample (O ]
Luiten et al. Phys. Rev. Lert. (1993) 70
544). This information is encoded in the
line shape (temperature) and line strength
(density) of the observed spectra. The
motion of atoms gives rise to a Doppler
shift in the transition frequency which
broadens the natural line width, and from
which the temperature of the sample can
be inferred.

The high optical density has allowed for
yet another method of cooling capable of
reaching temperatures below the Doppler
limit. At the outer fringes, atoms with
higher binding energies with respect to the
magnetic trapping potential are preferen-
dally excited and, therefore, the lower-
energy particles at the core are shielded
from radiation. The excited atoms may be
ejected from the sample altogether by
using a transition (the o, transition, for
example) to an excited state from which the
atom can decay to the unbound m=-1/2

substate of the ground level. This removal
of “hot” atoms is equivalent to the well
known thermodynamic evaporation cool-
ing scheme in which one lets fast energetic
atoms escape across a barrier. Although
atoms from the sample are lost in the
process, a cooler gas at higher density is left
and hence the approach to the quantum
regime is continued.

Conventional evaporaton cooling has
already been used by Thomas Greytak,
Daniel Kleppner and colleagues at MIT to
access the pK regime (J M Doyle et al.
Phys. Rev. Letr. (1991) 67 603). The
Amsterdam group have reached 3 mK
with the new method, which they call
light induced evaporation (LIE), and pK
temperatures may soon also be possible.
This opens up the possibility of an
additional, optical route towards the
realisation of degenerate quantum gases.[]
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