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Summary

In a more elaborate form, the title of this thesis reads, “Precisely measuring
the difference in frequency between two atomic states of helium, which is cooled
down to near absolute zero”.

This research combines a number of recently developed techniques of ex-
perimental physics: the cooling of atoms to absolute zero and a method to
determine the frequency (color) of laser light extremely accurately. Through
this combination of new techniques, we have measured an extremely weak ef-
fect in helium, which had never before been observed. To indicate the orders
of magnitude: helium is cooled to less than a millionth of a degree above
absolute zero. About nine orders of magnitude (a billion times) colder than
room temperature. The effect which is then measured, a transition between
two states of the helium atom, is fourteen orders of magnitude weaker than
‘normal’ transitions in helium. The frequency difference between these states
is measured to a fractional accuracy of 8 × 10−12, similar to measuring the
circumference of the earth, accurate to a hair’s thickness.

Bose-Einstein condensation

First, a brief introduction of the basis of this study: Bose-Einstein condensa-
tion. This is a phase transition to a form of matter in which all atoms occupy
exactly the same state, which occurs at extremely low temperatures. Similar
to light, atoms exhibit a particle-wave duality. This means that, depending
on the experiment, they seem to be behaving as waves, or as particles. Under
normal circumstances, the particle nature prevails and an atom appears to
be a little ball. At extremely low temperatures, however, the wave nature of
matter becomes apparent. Similar to light- and sound waves, matter waves
can interfere constructively and destructively.

The wavelength, associated with the wave nature, is inversely proportional
to the velocity of the atom. Which is to say, the lower the velocity with which
the atoms are moving about (i.e., the lower the temperature), the greater the
associated wavelength. In an experimental setup, the atoms are confined to
a small space, for example, by making use of magnetic forces. This imposes
a constraint to the wavelength: it can not exceed the dimensions of the trap.
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For a given geometry of the trap in which the atoms are confined, there is
a maximum wavelength, corresponding to the lowest possible energy that an
atom can have. This state of minimal energy is often referred to as the ground
state.

When the temperature of the gas is extremely low (less than a millionth
of a Kelvin), and the density is relatively high, such that the wavelength of
the atoms becomes comparable to the average distance between the atoms,
a phase transition occurs from a gaseous form to a Bose-Einstein condensate
(BEC). In a BEC, all the atoms occupy the lowest possible energy state the
trap allows: the ground state.

In the late eighties, a technique was developed that allowed the movement
of atoms to be manipulated using laser light. In combination with magnetic
fields, it became possible to slow atoms down (in a technique called laser cool-
ing), and to capture them in a magneto-optical trap, in which temperatures
below a milli-Kelvin were achieved. Although these temperatures were un-
precedentedly low, it had yet to be a thousand times colder to reach the phase
transition to BEC. To continue cooling further, techniques were developed to
confine atoms in a purely magnetic trap under high vacuum conditions (nec-
essary to minimize heating due to collisions with background gas). In the
mid-nineties, the first BEC was realized in a rubidium gas by the group of
Cornell and Wieman. Almost simultaneously, the group of Ketterle succeeded
in producing a BEC in a cloud of sodium atoms. For these achievements,
Cornell, Wieman and Ketterle received the Nobel Prize in physics in 2001.

Metastable helium

Bose-Einstein condensation of helium has been realized as well. Special to
helium is that it first needs to be excited to a long-lived (metastable) state.
Helium has two electrons that are both in close orbit around the nucleus. For
the technique of laser cooling to be used, interaction between laser light and
the electrons in the helium atom is necessary. That is to say, the laser light
must have a frequency that corresponds to the frequency difference between
two states of vibration of the atom. The problem with helium in the ground
state, however, is that the lowest frequency required to transfer the atom to
an excited state lies in the extreme ultraviolet, which is especially difficult
to generate. If, however, one of the two electrons of helium is already in an
excited state, the step to the next state of vibration is easily reached using
laser light in the infrared.
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In general, the lifetime of excited states is much too short (order of nanosec-
onds) to run an experiment with. Just as an atom can change its state by ab-
sorption of laser light, tuned to the the proper color, it can also decay from an
excited state to a less energetic state under emission of a photon (a quantum of
light). The condition that must be met for this process to occur, is that both
the energy and the angular momentum of the photon equal the difference in
energy and angular momentum between the two involved states of the atom.
In other words, energy and angular momentum are conserved. Some states
cannot easily spontaneously decay (or be excited), because the difference in
angular momentum cannot easily be carried away (or absorbed) by a photon.
A state of vibration that does not directly decay to a lower energetic state is
called metastable. The first excited state in helium is such a metastable state,
having a lifetime of more than two hours, which is sufficiently long for this
form of metastable helium to be used during an experiment.

Spectroscopy

The research described in chapter 3 can be regarded as a test of atomic physics.
The theory that currently describes the structure of atoms most accurately
is the theory of quantum electrodynamics (QED). This theory is extremely
precise, but requires progressively more computation to be even more so. To
explore the boundaries of this theory, measurements are required with similarly
high precision. A method that can be used for this purpose is spectroscopy
of atomic transitions, i.e., determining the frequency difference between two
states of an atom, as accurately as possible. In practice, this means one needs
to determine the exact frequency (color) of laser light that is absorbed by the
atom.

The transition that is measured in this study, connects the first two excited
states of helium. This transition is extremely weak, and had therefore previ-
ously never been observed. The practical difficulty of exciting this transition
is that a relatively large amount of light is required, at exactly the correct
frequency, over a long period of time (order of one second) on one and the
same atom, in order to attain a significant chance that the atom reacts. To
apply laser light to an atom for a prolonged period of time, the atom needs
to be pinpointed at a fixed location. For this reason, the atoms are confined
in a trap and cooled down to near absolute zero. The other ingredients are
stabilization of the laser, and the determination of the absolute frequency of
the laser light. To determine the laser frequency with 11 digits of precision,
a device was used which did not exist until a little over ten years ago, the
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optical frequency comb laser. This is a system that defines frequencies in the
optical spectrum, with the accuracy of an atomic clock. The combination
of these techniques makes this measurement a thousand times more accurate
than QED theory can predict at this time. We have measured the atomic
transition in the usual helium-4, as well as in the more rare isotope helium-3.
Combining these results, the difference in size of the nuclei of the isotopes has
been determined.

Interactions between atoms

Chapters 4 and 5 describe research that addresses the interactions between the
ultra-cold metastable helium atoms. As a metastable helium atom is populat-
ing an excited state, it possesses a certain amount of internal energy. In case
of helium, this energy is so high that a collisional process, during which the
energy is released, can be regarded as a kind of nano-explosion. Therefore, the
lifetime of a trapped sample of ultra-cold metastable helium is directly depen-
dent on the frequency with which collisions take place. The various collisional
processes are characterized by the number of metastable helium atoms which
partake in a collision. During an interaction with background gas (that is gas
which, despite the ultra-high vacuum, is still present in the setup), the gas
particle is ionized and the helium atom is launched from the trap. What can
also happen (but is highly suppressed), is that two trapped metastable helium
atoms collide with each other and are both expelled from the trap. The latter
process is known as a two-body interaction, and prevails as a loss process at
high density of the metastable helium cloud, in spite of the suppression.

Chapter 4 focuses mainly on two-body interactions in a Bose-Einstein con-
densate. The frequency with which collisions between the atoms take place,
depending on the size of an externally applied magnetic field, is examined.
These measurements confirm the theory, which predicts that the two-body
interaction rate increases significantly above a certain magnetic field strength.

In chapter 5, the loss process due to one-body interactions (collisions with
background gas) is examined. Not only the Bose-Einstein condensate is of
interest here, but also the ultra-cold metastable helium gas in the trap that
is not Bose-Einstein condensed. Hence, there are three systems which play
a role here: the BEC, the non-condensed gas, and the background gas in the
setup. Investigated here, is how the lifetime of a BEC, determined by one-body
interactions, is influenced by the presence of the non-condensed metastable
helium gas in the trap. Because the BEC and the non-condensed gas are
continuously in equilibrium with each other, the loss processes in either system
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are not independent. For example, when an atom from the non-condensed
helium gas is expelled from the trap due to a collision with background gas,
this may be followed by a BEC atom transferring to the non-condensed gas
in order to restore equilibrium. In this way, losses in the non-condensed cloud
indirectly contribute to the losses in the BEC. This effect, previously predicted
theoretically, has been experimentally demonstrated with this study.


