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Chapter 1

Introduction

1.1 Spin-polarized hydrogen: a quantum gas

The quantum nature of matter becomes more obvious as one lowers the temperature.

However, at temperatures much below one Kelvin the equilibrium state of all materi-

als is either solid or liquid. Although manifestly quantum-mechanical behavior, such

as superfluidity and superconductivity, exists in these condensed phases, the influ-

ence of interatomic interactions overshadows many aspects of the quantum behavior.

Moreover, the interactions preclude a theoretical description of such systems from

first principles. One would prefer to study many-body quantum behavior in simple,

dilute systems. Cold atomic gases provide just such dilute systems, and although

they are far from absolute thermal equilibrium, their metastable gaseous state is suf-

ficiently long-lived to be cooled to the regime where quantum effects can be studied.

Such atomic gases are quantum gases: dilute enough that only binary collisions are

relevant, and cold enough that only a single quantum mechanical collision channel

(spherical wave) is open [1]. The thermodynamics of a quantum gas is characterized

completely by the scattering length a, which expresses the effect of the interactions,

the atom density n, and the thermal de Broglie wavelength Λ = (2π~
2/mkBT )1/2,

which expresses the quantum-mechanical uncertainty in the positions of the atoms.

Here T is the temperature of the gas, kB is Boltzmann’s constant and m is the mass

of the atoms in the gas. Atomic hydrogen (H) was the first quantum gas to be stabi-

lized [2], and since then the field of study of these gases has rapidly expanded, most

notably due to the development of laser cooling and trapping techniques.

The most widely known examples of quantum gases available at this time are
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2 CHAPTER 1: INTRODUCTION

the Bose-Einstein condensed atomic gases [3]. When a gas is cooled so deeply that

the thermal de Broglie wavelength exceeds the mean interatomic distance, nΛ3 & 1,

macroscopic quantum effects on the state of the gas become obvious. In a Bose

gas a large fraction of the atoms condenses into a macroscopic quantum state, the

Bose-Einstein condensate. Only in a dilute quantum gas this macroscopic quantum

behavior can be fully understood in terms of a microscopic theory.

Atomic hydrogen gas occupies a special place among the quantum gases. The hy-

drogen atom is sufficiently simple to allow its properties and interatomic interactions

to be calculated from first principles. Moreover, H is the only gas that can exist in

contact with helium coated material walls at temperatures below one Kelvin, where

even helium has negligible vapor pressure. At the interface between the liquid he-

lium and the H gas, adsorbed H atoms form a unique two-dimensional quantum gas

[4, 5, 6]. As hydrogen atoms obey Bose-Einstein statistics, and analysis has shown

that the effective interactions between the adsorbed atoms are weak [7, 8], the ad-

sorbed gas is an experimental realization of the weakly interacting two-dimensional

Bose gas. Under conditions where this two-dimensional gas can be made quantum

degenerate, it is still in approximate thermal equilibrium with the non-degenerate

bulk gas.

The physics of two-dimensional systems may at first glance seem simpler than

that of three-dimensional systems, as one has one degree of freedom less to account

for. In fact, most field theories are well known to be more subtle and difficult to

handle in two dimensions than in any other number of dimensions. There are two

main reasons for this: the specific topological properties of two-dimensional space,

and the presence of a relatively large number of low-energy states, which causes long-

wavelength divergencies in integrals over state space.

In the physics of Bose gases, the two-dimensional system represents an interesting

limiting case. In two spatial dimensions, the ideal Bose gas does not undergo Bose-

Einstein condensation [9]. When the phase space density is increased above n2Λ
2 =

1 the distribution function becomes degenerate, i.e., it deviates strongly from the

classical Boltzmann distribution, but no condensate is formed. However, the two-

dimensional case is a limiting case, and even a very weak external confining potential

restores the phase transition for the ideal gas. The behavior of the interacting Bose

gas in two dimensions is even more subtle, as the formation of the condensate and

the onset of superfluidity are separated.

Superfluidity in two dimensions is usually studied in conjunction with the Berezinskĭı-

Kosterlitz-Thouless (KT) transition [10, 11], which has been widely studied in sub-

monolayer films of 4He [12]. The KT theory predicts that a two-dimensional Bose
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fluid becomes superfluid when nsΛ
2 = 4. Here ns is the two-dimensional superfluid

density, which is only slightly less than the total density in a weakly interacting sys-

tem. This prediction has been verified to great precision in helium films. It should

be noted that sub-monolayer films of 4He are effectively a rather weakly interacting

two-dimensional gas. The KT theory analyzes superfluidity in terms of topological

defects in the phase of the local Bose condensate (quasicondensate), but it does not

predict anything about the formation of this Bose condensate. Although some work

on the theory of the two-dimensional condensate formation exists, it is much less well-

explored than the condensate formation in three dimensions. It is predicted that in

the condensate both elastic and inelastic processes (recombination) will be reduced.

However, predictions of the magnitude of this reduction, and of the behavior in the

region around the KT transition temperature vary [13, 14, 15].

Metastable quantum gases, such as H and laser cooled atoms, are well suited for

the study of the formation of the Bose condensate. In contrast to helium, these gases

can be optically probed, and the decay processes yield additional information on the

correlation properties in the gas. Superfluidity is much harder to observe in these

systems, and in this sense experiments on adsorbed H are complementary to those in
4He films.

Two-dimensional gases of laser-cooled atoms have only recently been created [16],

and their density is presently extremely low. On the other hand, two-dimensional H

forms naturally in any experiment where cold H is studied in contact with helium

coated walls. High densities can relatively easily be obtained by using H atoms in the

stable electron-spin-down state (H↓) in a magnetic field (see Fig. 1.1). The H↓ atoms

have the lowest energy in a high magnetic field, they are therefore called high-field

seekers. When the atoms are additionally hyperfine polarized into the “stretch” b

hyperfine state (which has no components with electron spin down), the gas can only

decay through third order inelastic collisions, and the rate constant for this process is

exceptionally small. A gas of H↓ atoms in the b state can be compressed to more than

1016 atoms per cm3, a much higher density than is possible for any other quantum gas.

At temperatures much below one Kelvin, the density of the two-dimensional adsorbed

gas is strongly enhanced, to more than 1012 atoms per cm2. Formation of molecular

hydrogen in the dense adsorbed gas then dominates the decay of the system. The

heat production associated with this decay (4.5 eV per molecule) is the main obstacle

on the road to two-dimensional quantum degeneracy. This heat can be disposed of in

an inhomogeneous, ‘open’ system, where the high densities are obtained only locally

[17].

Adsorbed H↓ has already been studied for many years using magnetic resonance
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methods [18, 19, 20] which are in principle able to directly probe the adsorbed atoms.

A drawback of these methods is that they require an homogeneous magnetic field,

in which the conditions for two-dimensional quantum degeneracy are hard to fulfill

[17]. This problem was circumvented by the use of a cell with an inhomogeneous tem-

perature (cold spot) in an experiment performed in Kyoto [20], and this experiment

succeeded in reaching a phase space density of n2Λ
2 = 0.7. The density of the gas

was probed through the decay processes.

A probing method that is rather indirect, but compatible with strong magnetic

compression has been demonstrated in Turku, by Safonov, Vasilyev, Yasnikov, Luka-

shevich and Jaakkola [21]. These authors probed a two-dimensional H gas in the

b-hyperfine state by injecting hydrogen atoms in the reactive a-hyperfine state and

analyzing the resulting recombination pulse. Recently, they have observed formation

of a two-dimensional Bose condensate by this method [22]. The temperature and

density of the adsorbed gas were calculated from the recombination data by inverting

a model of the population dynamics in the apparatus, and the formation of the con-

densate was observed as a reduction of the recombination rate. The magnitude of the

observed reduction in recombination is slightly larger than theoretically predicted by

Kagan, Svistunov and Shlyapnikov [13], even when taking into account delocalization
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Figure 1.1: Hyperfine states of the hydrogen atom. By convention, these are labeled

a, b, c, d by order of increasing energy in small field. The electron spin up (H↑) states

c (f = 1, mf = 0) and d (f = 1, mf = 1) can decrease their energy by going to lower

field, the electron spin down states a (f = 0) and b (f = 1, mf = −1) are high-field seeking.

The b state is a stretch spin state (both electron and proton spin down), while the lowest

energy a state has a field dependent component with electron spin up. See also Table 3.1.3.
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of the adsorbed state wavefunction [23]. Still, the reduction is much smaller than that

predicted by Stoof and Bijlsma [14].

Clearly, an additional and more direct way of probing the two-dimensional con-

densate is desirable. Already in 1991, Svistunov, Hijmans, Shlyapnikov and Walraven

[24] analyzed the possibility to probe the two-dimensional gas by light-induced flu-

orescence (LIF), excited by light at the Lyman-α wavelength, λ = 121 nm. Their

analysis shows that it is possible to optically determine the density of the adsorbed

gas, and to study the equilibrium between the two-dimensional condensate and the

three-dimensional bulk gas. The formation of a condensate leads to an increase by a

factor two in density of the two-dimensional gas, due to the reduction in elastic inter-

action strength [24], see Fig. 1.2. The theory of the LIF lineshape was later extended

to negative detuning by Reynolds and Walraven [25]. Although there remained some

uncertainty if the predicted optical signals would be strong enough to be usable in

practice, these theoretical papers have provided a solid basis for the design of an

experimental apparatus.
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Figure 1.2: Adsorption isotherm which relates the density of the two-dimensional adsorbed

H↓ gas to that of the three-dimensional bulk gas, for a temperature of 100 mK [24]. The

formation of the condensate has a clear signature in this isotherm: a sudden increase in the

adsorbate density by a factor two. The behavior in the region where the condensate forms

and the KT transition takes place is not well-understood.
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1.2 This thesis

In this thesis, I present and discuss the first optical investigation of magnetically com-

pressed H↓, both in the two-dimensional adsorbed state and in the three-dimensional

bulk gas. The first measurements of the LIF signal of the adsorbed hydrogen show

the signal is strong enough to allow sensitive determination of the adsorbate density,

even at densities which correspond to one percent of a monolayer, on a surface area

of less than 1 mm2. The signal of the adsorbed atoms is seen both in transmission

and in fluorescence. It is an approximately 300 GHz broad feature which is shifted

approximately 300 GHz to the red from the lowest Lyman-α transition of the free

atoms. Both the line width and the redshift are reduced upon adding 3He, which

lowers the adsorption energy for H atoms. From the optical absorption signal we can

infer the density of adsorbed atoms, and from the spectrum of the bulk gas we can

deduce their temperature. Using this data we found the highest phase space den-

sity reached in the present compression cell was n2Λ
2 = 0.9, an encouraging result

as improvement is possible. The design of the current apparatus was optimized for

spectroscopy, and stronger magnetic compression is possible while maintaining the

ability to optically probe the gas.

The Lyman-α optical method is based upon the one used in previous optical

studies of atomic hydrogen [26, 27, 28, 29]. Contrary to this work, those studies have

focused on hydrogen gas in the low-field seeking (H↑) hyperfine states (see Fig 1.1),

which can be confined in magnetic traps [30, 31], and evaporatively cooled to Bose-

Einstein condensation (BEC) [32]. The previous optical studies have offered insight

into the physics of magnetostatic trapping, and of optical and evaporative cooling of

trapped gases. The density in experiments with trapped H↑ is necessarily limited, as

the low-field seeking gas suffers from trap loss due to spin-flip collisions.

In the bulk H↓ gas in our compression cell, the density can be raised more than two

orders of magnitude above the highest densities reached with trapped H↑. This high

density has enabled us to observe photoassociation of hydrogen. Photoassociation

is an optical collision process in which two atoms are excited by a photon into an

excited molecular state. Obviously, the photoassociation process depends on the

number of atom pairs being within range of the excited state potential, and this is

proportional to the square of the density. In experiments with trapped H↑, searches

for photoassociation have been fruitless, due to a combination of low density, and

therefore very small signal, and large uncertainty in the predicted line positions. In

H↓, we were able to measure the photoassociation line positions to an accuracy of

1 GHz. The line positions are in agreement with the calculations by KoÃlos and
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Rychlewski of the vibrational levels in the excited a3Σg potential. The line width is

an indicator of the temperature of the gas, and this may be useful for thermometry

of low-temperature H↓ in future experiments. The magnetic field dependence of the

lines is a sensitive probe for the magnetic moment of the molecule, and we have used

it to reveal non-adiabatic effects due to the rotation of the molecule. It is found that

the light hydrogen molecule rotates so fast that the electronic wavefunction cannot

follow the rotation of the internuclear axis. Corrections to the Born-Oppenheimer

approximation (rotational coupling to a nearby 3Π state) have to be taken into account

to explain the observed magnetic moment. A similar effect has recently been observed

in magnetically trapped CaH molecules [33].

1.3 Future

The present experimental apparatus was optimized for observation of the optical

signature of the adsorbed atoms. We chose to employ relatively weak magnetic com-

pression, in order to have a large sample of adsorbed atoms and easier optical access.

Even in this geometry, we were able to achieve a phase-space density of n2Λ
2 = 0.9,

on the edge of the degenerate regime. To further increase the phase-space density

the compression cell will need to be modified. The results presented in chapters 4

and 5, together with the experimental results of the Turku group, suggest that two-

dimensional Bose-Einstein condensation is within reach in our apparatus if a stronger

magnetic compression field is arranged.

Stronger magnetic compression will also enable even higher densities, and it might

be possible to resolve more photoassociation lines. In addition, some features were

seen near the atomic resonances that might be photoassociation lines, but their char-

acter has not yet been determined. It should in principle be possible to Zeeman shift a

molecular line through the atomic resonance, in which case an excited state Feshbach

resonance occurs, leading to extremely high photoassociation probabilities.

A third line along which experiments could be developed is the substitution of

deuterium for hydrogen. Preliminary experiments have shown that it is indeed pos-

sible to obtain an optical signal from adsorbed atomic deuterium. Atomic deuterium

is a much less stable gas than hydrogen, and therefore attaining quantum degeneracy

of adsorbed D↓ requires even more stringent control of the experimental conditions.
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1.4 Outline

Including this introductory chapter, in which a brief overview of the context in which

the research was performed is given, this thesis contains six chapters, and an appendix

which consists of a table of constants.

In chapter 2 the experimental setup which was used to perform the experiments

described in this thesis is described. The cryogenic apparatus, which stabilizes the

H↓ sample and cools it to a temperature of ≈ 0.1 K, is described in detail, since it is

strongly modified with respect to previous experiments. The optical apparatus which

generates the Lyman-α light is treated more briefly, as it is similar to that used before

in experiments with trapped hydrogen.

Chapter 3 deals with the theory of light propagation in the H↓ gas. It is found that

most of the numerical methods that were developed for calculating the spectra the

relatively dilute H↑ samples can be used even in our much denser gas. The corrections

due to the high density are analyzed, and turn out to be small. To correctly analyze

the optics at high density, the resonant-dipole interaction, which gives rise to long

range interaction potentials between ground-state and excited atoms, is discussed.

The resonant dipole interaction dominates the physics of pressure broadening, optical

collisions and photoassociation in high-density monatomic gases.

The observation of the LIF signal of the adsorbed atoms is discussed in chapter 4.

From the LIF spectrum we can determine the density of the adsorbate n2, and we

reach the conclusion that the maximum phase space density reached is n2Λ
2 ≈ 1. The

temperature of the adsorbed atoms is inferred from the adsorption equation. This

allows us to determine the temperature dependence of the heat conductance from the

helium surface (ripplons) to the helium bulk liquid (phonons).

The population dynamics of the hydrogen atoms in the sample, and the transport

of heat in the apparatus are described in chapter 5. It is found that by taking into

account the migration of atoms through the apparatus as well as the heat dissipation

due to recombination, the behavior of the hydrogen sample can be accurately modeled.

The model is then applied to the design of a revised apparatus, and it is shown that

according to our model quantum degeneracy can be reached when a compression cell

with a smaller effective area is constructed.

In Chapter 6 we discuss the observation of photoassociation that was made in the

bulk vapor in our compression cell. Under the influence of Lyman-α light molecules

in the excited triplet a3Σg state are formed. The molecule formation gives rise to

narrow lines in the absorption spectrum, and the subsequent radiative decay is visible

in the light induced fluorescence spectrum. The binding energies of these molecules
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can be inferred from the line positions, and compare well to ab initio theory. The

non-adiabatic rotation of the molecule is discussed, and its influence on the magnetic

field dependence of the line position is shown. A simple model for the non-adiabatic

effects of the rotation of the molecule is developed, and its results agree well with the

data. Finally, an analytic expression for the photoassociation lineshape is derived.

Chapters 4 and 6 were published separately, and the introductory matter in these

chapters shows some overlap with the rest of this thesis.
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