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Abstract

Bose-Einstein Condensation in an ultracold gas of neutral sodium atoms has been
observed and studied. This was achieved utilizing a combination of laser cooling
techniques, magnetic trapping and evaporative cooling.

A novel tightly confining dc magnetic trap was developed and demonstrated. This
trap combines tight confinement with excellent optical access. Evaporative cooling
in this trap produced Bose condensates of 5 x 10° atoms, a tenfold improvement
over previous results.

The Bose-Einstein phase transition was studied and characterized by mapping out
the condensed fraction as a function of temperature across the transition point.
The characteristic mean-field interaction of particles in the condensate was
investigated.

Collective excitations of a dilute Bose condensate have been observed. These
excitations are analogous to phonons in superfluid helium. The frequencies of the
lowest modes were studied for a temperature close to 0 K and compared with
theoretical predictions based on mean-field theory. The characteristic damping of
one of the modes was measured and compared to damping of “sound waves” in an
ultra-cold gas above the Bose-Einstein transition.

We have also demonstrated an output coupler for Bose condensed atoms in a
magnetic trap. With short rf pulses Bose condensates were put into a
superposition of trapped and untrapped hyperfine states. By varying the rf
amplitude we could adjust the fraction of outcoupled atoms between 0 and 100%.
This source produces pulses of coherent atoms and can be regarded as a pulsed
“atom laser”.

Thesis Supervisor: Dr. Wolfgang Ketterle
Title: Assistant Professor of Physics
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1. INTRODUCTION

The introduction first briefly outlines the history of Bose-Einstein condensation in
dilute atomic gases up to the realization of the phenomenon in 1995. It is followed by a
coarse outline of this thesis. The chapter is supplemented by a derivation of Bose -Einstein

condensation is in the appendix.

1.1 Historical Background
In 1924 Albert Einstein calculated that an ideal quantum gas will undergo a phase
transition when the average distance between the particles is comparable to the thermal de

Broglie wavelength [1]. This transition occurs when

n A =2.612, (1.1)

where 7 is the peak number density of the sample. The thermal de Broglie wavelength A

is given by

A= (2rh*/mkgT)'?, (1.2)

where m is the mass of the particle and T the temperature of the gas.

Below the transition temperature a macroscopic number of particles occupies the
ground state of the system, i.e. the state with lowest energy. The remaining uncondensed
atoms, the so called normal fraction, behave like a saturated gas with the saturated peak
density given in Eq. (1.1). The quantity nA® is used as a measure of the proximity to this
transition. (For high temperatures it is the occupation of the ground state and usually
called the phase space density). A short derivation of the Bose-Einstein condensation
(BEC) phenomenon based on quantum-statistical mechanics will be given in the appendix

of this introduction.
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It is remarkable that Einstein made this prediction before quantum theory had
been fully developed, and before differences between bosons and fermions had been
revealed. The Bose-Einstein phase transition only occurs in bosonic systems: systems
with completely symmetrized many-particle wave functions.

After Einstein’s seminal work, important contributions were made by, most
notably, London, Landau, Bogoliubov, Penrose and Onsager, Feynman, Lee, Yang and
Huang, Goldstone and Anderson (See Ref. in [2-4]). The relationship between Bose-
Einstein condensation and superfluidity in liquid helium has always been an important
issue. The history of this subject is extremely interesting by itself. The references to the
historically relevant publications can be found in [2], but a comprehensive review from a
science historical perspective does not exist (yet).

What makes this phenomenon of BEC remarkable is the fact that it occurs even in
the complete absence of interactions among the particles. Einstein called it “condensation
without interaction” [1]. It is a purely quantum-statistical phase transition and hence an
important paradigm for statistical mechanics. However, in “real life” there will always be
some interaction among particles in the system and an interacting Bose-gas will behave
qualitatively differently than the ideal case (see e.g. Ref.[2]).

Another remarkable fact is that, even though Bose-Einstein condensation has been
invoked as an important process in condensed matter physics, nuclear physics,
elementary particle physics and astrophysics, until recently there have only been two
experimental systems which actually exhibit BEC: liquid helium and exciton systems [4,
5]. However, strong interactions in the liquid state significantly modify the nature of the
BEC phenomenon. It is therefore understandable that the realization of Bose-
Condensation in weakly-interacting gases was a long standing goal in atomic physics.

Already in 1959 Hecht [6] realized that a magnetic field can polarize the electron-
spin of gaseous hydrogen atoms and prevent them from recombining to molecules. He
reasoned that this fact might allow the atoms to stay a gas all the way down to zero

temperature, making it an ideal candidate for Bose condensation. Later on, in 1976,

11



Stwalley and Nosanow [7] brought up this idea again and also who pointed out that due
to weak interactions the Bose condensate of the polarized hydrogen could exhibit
superfluid properties. They also realized that the weakness of the interactions and the
ability to change the density make it an ideally suited “quantum” gas for a detailed
comparison to theory. In 1980 Silvera and Walraven first stabilized spin polarized
hydrogen in the laboratory [8). An exciting discovery made soon thereafter was that the
stabilized sample also develops nuclear polarization [9, 10]. Between 1980 and 1987
several groups tried to reach BEC by compressing a cryogenically cooled and doubly
spin-polarized hydrogen gas [11-13]. They soon had to realize that a novel molecular
recombination effect, three-body recombination, limited the density of the sample to
about 1/50 of the density needed to reach the phase transition and blocked the route to
quantum degeneracy.

In 1986, soon after the first observation of magnetically trapped atoms in 1985
[14], Harald Hess realized that it was possible to trap the “low field”- seeking spin state
of hydrogen in an inhomogeneous magnetic field and, hence, to thermally isolate the atoms
from the dewar walls. Hess proposed to avoid the three-body-recombination “roadblock”
by choosing a lower density and low temperature route to BEC, namely to cool
magnetically trapped spin-polarized hydrogen through evaporation [15)]. This is the same
process that also cools water in a bathtub or a cup of coffee. Evaporative cooling is
discussed in chapter 2 of this thesis. Briefly, evaporative cooling works by continuously
removing the most energetic atoms from the distribution while the remaining sample
equilibrates at a lower temperature through elastic collisionus. The driving force for this
process is elastic collisions. Evaporative cooling of magnetically trapped hydrogen was
first achieved at MIT in 1987 [16] and resulted in the closest approach to BEC with
doubly polarized Hydrogen so far [17]). This cooling technique reached a temperature of
100 pK and a density of 8 x 10'* atoms/cm®, a factor of three in temperature short of

BEC.
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The development of laser cooling and trapping during the 1980’s had a profound
impact on atomic physics and opened up a novel route to low temperatures which does
not impose the constraints of cryogenic techniques. These methods made sub-mK atoms
routinely available to a variety of experiments. The most commonly used techniques are
Doppler cooling[18, 19], polarization gradient cooling [19-21] and the magneto optical
trap (MOT) [22]. Attempts to achieve BEC solely with laser cooling methods had to
maneuver around serious obstacles such as heating due spontaneous emission and density
limitations due to radiation trapping [23]). The closest approach to BEC with
conventional laser cooling techniques stopped five orders of magnitude short in phase
space density (see e.g. Ref.[24]). More refined optical techniques which overcame some
of the above limitations came as close to BEC as a factor of 400 in phase space density
[25].

The only successful approach to BEC so far has been a “joint venture” of the
spin-polarized hydrogen community and the laser cooling community: Ultracold alkali
atoms which were predominantly used for laser cooling have approximately a 1000 times
larger elastic collision cross section than hydrogen while the cross section for the inelastic
processes (dipolar relaxation) is about the same. Since clastic collisions are the driving
force of evaporative cooling (see chapter 2), this permits evaporative cooling at densities
much lower than those necessary for hydrogen. The inelastic loss processes and the
implied limitations to evaporative cooling become insignificant. The key idea was to laser-
precool a sample of alkali atoms in order to achieve the condition at which evaporation
can start. The sample would then be transferred into a magnetic trap for further
evaporative cooling. The challenge was to reach densities and temperatures sufficient for
the onset of evaporative cooling in a magnetic trap and then successfully join both
techniques. Work focused towards this goal in our group at MIT in 1991. Similar
techniques were developed by Eric Comell and Carl Wieman in parallel at JILA,
Colorado[26]. Related work was also done at Rice [27] and Stanford [28].

13



Very recently Bose-Einstein Condensation has been realized in dilute atomic alkali
vapors: Eric Comell’s group at JILA, Colorado observed BEC in a Rubidium (Rb*") vapor
in June 1995 [26], while our group at MIT reached the transition with Sodium (Na?) in
September 1995 [29] (Chapter 3 of this thesis). A few month later, in March 1996, our
group achieved BEC in a novel “cloverleaf” magnetic trap with up to 16’ condensed
sodium atoms [30] (Chapter 4 of this thesis). Subsequently there have been further
reports on the successful realization of Bose-Einstein Condensation with Rubidium in
Carl Wieman’s group at JILA, Colorado [31] and also in Lithium by Randy Hulet’s group
at Rice University, Houston [32]. Fig. 1.1 illustrates the routes towards large phase space
densities taken by the different BEC experiments. Fig 1.2 shows the progress made over
the last two years by the evaporative cooling experiments working with alkalis.

These experiments received a lot of attention inside and outside the physics
community (see e.g. Ref.[33]) and they have raised hopes and expectations for a very
fruitful experimental future. As of December 1996, there are more than 35 experimental
groups who are pursuing BEC in atomic gases, and there has been an equally impressive
amount of theoretical work related to BEC. An excellent discussion on why BEC in
atomic gases created so much excitement can be found in Daniel Kleppner's PHYsICS
Tobay-article “The Fuss About Bose-Einstein Condensation”’[34]. This essay also
includes a short historical background on BEC.

The realization of BEC by itself is not new physics. The recent BEC experiments
just showed that it is experimentally possible to cool and compress atomic gases into the
quantumn degenerate regime before molecule formation or other inelastic processes set in.
In that sense, the more than 15 year long quest for BEC in atomic gases was more a search
for adequate cooling and storage mechanisms.

The study of BEC in weakly-interacting systerns promises to reveal new
macroscopic quantum phenomena that can be understood from first principles. It also
may advance our understanding of superconductivity and superfluidity in more complex

systems. During the last year the experimenis at JILA and (here) at MIT have explored
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the properties of the Bose-Einstein phase transition and this new form of “quantum”

matter. A summary of results can be found in the proceedings of ICAP 1996 (35, 36].

Some of the most recent progress is only available in the from of preprints (as of

November 1996). This includes studies of a pulsed source of Bose condensed atoms

(Chapter 6 of this thesis) [37], the production of condensates of Rubidium atoms in two

different hyperfine states simultaneously trapped in the same magnetic trap [31] and

studies of collective condensate excitations at finite temperatures [38].
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Fig.1.1 Approaches to BEC taken
by the different cooling
experiments. The trajectorics are
plotted in a space defined by the
relevant cooling parameters, the
density n and the de Broglic
wavelength A, with the phase
space density given as nA’. The
diagonal line marks the BEC
phase transition. Points on the
BEC line mark the different
density regimes at which BEC
was observed.

Trajectories and Points

HJ: compressed atomic hydrogen
(MIT

HT: evaporatively cooled atomic
hydrogen (MIT).

Na, Rb, Li: evaporatively cooled
sodium (MIT), Rubidium (JILA)
and Lithium (Ricc) respectively.
He I: Bose condensed Helium 11
Excitons: Bose condensed
exciton system (Urbana)
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Fig.1.2 Progress in evaporative cooling of alkali atoms. It incorporates all experiments
reported thus far. Plotted is the number of atoms in the lowest quantum state of the
system. It is proportional to the phase space density and has to exceed 2.612 in order to
achieve Bose condensation. For No<10™ the increase in phase space density is plotted.
IQEC, DAMOP and Les Houches are conferences during which results were reported.
MIT and Stanford cool sodium, Rice cools lithium and JILA rubidium.

1.2 A Cearse Outline of this Thesis

The “backbone” of this thesis consists of three papers which have been published
in Physical Review Letters [29, 30, 39] and of one manuscript which has been submitted
to the same journal [37]). The chapters in this thesis are only supplementing these
publications.

Chapter 1 gives a brief historically motivated introduction to Bose-Einstein

condensation in atomic gases. It is supplemented by a section in which Bose-Einstein
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condensation of an ideal gas is derived in order to point out the quantum-statistical nature
of the transition.

Chapter 2 is a brief overview of the experimental techniques used to obtain BEC
in a dilute gas of atomic sodium. This includes evaporative cooling in a magnetic trap, a
short outline of the preparation of the sample for evaporation with laser cooling, as well
as rf induced evaporation. The transfer of cold atoms into the magnetic potential is
covered in more detail since it has not (yet) been extensively discussed in the literature.
The chapter concludes with a short explanation of absorption imaging, the method used to
observe the ultra-cold atomic gas.

Chapter 3 presents the realization of BEC in a gas of atomic sodium. It first
explains Majorana Flops, the trap loss mechanism encountered in linear magnetic trapping
potentials and introduces a “hybrid” atom trap which avoids this trap loss phenomenon:
the optically-plugged (OP) trap. The chapter concludes with the realization of BEC in the
optically plugged trap and the reprint of the publication on this subject.

Chapter 4 introduces a novel, tightly-confining magnetostatic trap, the “clover-
leaf* trap. This trap combines tight confinement with excellent optical access.
Evaporative cooling in this trap produced Bose condensates of up to 107 atoms, a tenfold
improvement over the results presented in Chapter 3. The Bose-Einstein phase transition
was studied and characterized by mapping out the condensed fraction as a function of
temperature. The characteristic mean-field interaction of particles in the condensate was
investigated. A brief comparison of the different experiments producing Bose condensates
supplements the chapter.

Chapter 5 is devoted to low-lying collective excitations of a condensate. These
excitations are similar to phonons in superfluid helium. In the experiment the frequencies
of the lowest modes were studied and compared with theoretical predictions. The
characteristic damping of one of the modes was measured and compared to damping of

“sound waves” in an ultra-cold gas above the Bose-Einstein transition.
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Chapter 6 discusses the recent demonstration of an output coupler for Bose
condensed atoms in a magnetic trap. With short rf pulses Bose condensates were put into
a superposition of trapped and untrapped hyperfine states. By varying the rf amplitude
we could adjust the fraction of outcoupled atoms between 0 and 100%. This source
produces pulses of coherent atoms and can be regarded as a pulsed “atom laser”.

Chapter 7 concludes this thesis with a brief overview of very recent experiments
not presented in this thesis, such as the non-destructive, “real” time observation of Bose-
Einstein condensation and interference of two independent condensates. It also discusses
possible directions for future experiments

Note: This thesis does not aspire to describe the experiment in technical detail. It
was written with the intention of putting the results of my thesis research which have
been published into a more general physics context. The depth of the presentation varies
throughout the thesis. Topics that have not been discussed extensively in the literature,
such as the transfer of laser cooled atoms into a magnetic trap, are covered in more detail,

but are not necessarily the most important issues.

Appendix to Chapter 1: Bose-Einstein Condensation of an Ideal Gas

In this supplement I derive Bose-Einstein condensation of an ideal gas in order to
point out the quantum-statistical nature of the transition.

We consider the grand partition function 3 for ideal Bosons as a function of the

fugacity z and the Boltzmann factor B=1/kgT:

5(2.ﬂ)=§) }z”e’”z‘s'"‘=~2:, Z;, l:[(ze"’")"' (1.3)
ne=N n.=N

€ [Ln=0 €

=H[i(ze-”-’-' ’"J=Hi-—;’ﬂ?

18



N is the total number of Bosons in the sample, while n, is the occupation number of the
energy level € with energy E, . The products in Eq.1.3 extend over all possible energy
levels € of the systemn, while the sums include all possible level occy; ation numbers
which add up to N. This grand partition function leads to the equation of state for an ideal

Bose gas

pV - — “PCe
-I;;-T-_-_logS(z, V.T)--zc:log(l-ze Pey (1.4)

where p is the pressure exerted by the gas which occupies a volume V. The sum extends
again over all existing energy levels €. From Eq.(1.3) we deduce the expected number of

particles occupying an energy levei € as

BE, -1
<n5)=——;—az lOgS:(f-;-—]) . (1.5)

Since occupation numbers (nc) for all possible energy levels have to add up to the total

number N, we obtain an implicit expression for the fugacity z:

-1
z("—ﬂi-x] _N. (1.6)

€ Z

So far we have discussed a general system of ideal bosonic particles. We did not
specify the energy level structure, i.e. the density of states. It is this structure which
determines whether the systein Bose condenses.

Let’s examine a non-relativistic gas in a three dimensional box at a given density

N/V. In this case the dispersion relation 1s

E,=>— (1.7)



where Ej, is the energy of a particle of mass m with the quantized momentum p. The

quantization of the momentum states in a volume V allows us to transform the sum in

Eq.(1.6) into an integral for V—eo;

N"4”Idp-p2 1

0

12
Z-tepp’lzm -1 Vi-

vV "

(1.8)

As z—1 the single term corresponding to p=0 diverges. This term may therefore be as
important as the entire integral. The integral in Eq.(1.8) can be expressed by the infinite
sum g3(z) [3] as

N

1 b4
"7 JX —582(2)+ 'l““ (1.9)

|4
= 2

83/2(2) 2 P
=1

where A = (2nh*mkgT)'? is the thermal de Broglie wavelength of the particles. Eq.(1.6)

requires z to assume values between O and 1.g,,,(z) then is a monotonically increasing
function of z which vanishes for z=0 and is bounded by 1 for z—1.

We rewrite Eq.1.9 in the form

N
3 =—V--g:uz(l)/‘\3 (1.10)
where
(ng)=—— (1.11)
-2 *
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is the number of particles in the ground state of the system. This implies that if we increase

the density of particles in the system such that

N
v 2 g,,,(D/ A, (1.12)

a finite fraction of particles will occupy the ground state. This phenomenon is called Bose-
Einstein condensation. The condition above also defines the critical temperature T, at

which the transition occurs

2mh* I'm
[2.612...-VINT"

kT, = (1.13)

The condensate fraction (n, )/ N vanishes for temperatures above T,. For temperatures

below T, it varies as
(n)/ N=1-(T/T)" (1.14)

The nature of the phase transition is purely quantum statistical. I want to give a

“hand waving” argument for this: Consider a system with N bosons. The total energy E in

the system is fixed and a number of accessible states per particle increases with the energy €
per particle as €° (d=2 for the free three dimensional gas considered above ). In thermal
equilibrium all possible realizations of the ensemble which conserve the total energy are
equally likely to occur. The expected ground state occupation is obtained as the average
over all members of the ensemble. To find out what makes indistinguishable particles
accumulate in the ground state of the system (under certain conditions), we have to
understand the structure of possible realizations of the ensemble. There are two extreme

cases:
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(a) The available energy can be distributed over as many particles as possible. For a
total energy E which is large enough, that there are far more than N states accessible to each
particle, even if the energy is evenly spread over all N particles, the number of possible
realizations of type (a) scales as (E/N)™. In this case there are hardly any particles
populating the ground sate.

(b) In the other extreme, the total energy is distributed only over a small number of
particles N (f<<1), such that each particle can access a very large number of states, the
number of possible realizations of type (b) scales as (E / fN )™, Is this case the majority of
the particles populates the ground state.

As long as the total energy E is large and the indistinguishability of the particles is
not relevant, i.e. the range of accessible states is so large, that it is extremely unlikely for
particles to occupy the same state, most realizations in the ensemble are of type (a). For
decreasing energies however, fewer states are accessible to each particle in (a) and
realizations with levels occupied by more than one particle occur. This reduces the number
of “type (a)’-realizations due to the indistinguishability of the particles. The number of
“type (b)”-realizations is not affected significantly by the indistinguishability of particles as
only a few particles are distributed over many states and are not very likely to occupy the
same state. The entropy of case (a) might fall below the entropy of case (b) and the system
Bose condenses. Whether this is the case depends on the energy level structure of the
system: In the thermodynamic limit, a system is able to undergo Bose condensation, if the
number of states accessible to a particle as a function of its energy € increases more rapidly
than €',

So far we only discussed a gas of bosons in a three dimensional box in the
thermodynamic limit (N—ec, V—e0) quantitatively. In all BEC experiments a finite number
of particles is condensed in a anisotropic harmonic potential U which has approximately

cylindrical symmetry:

U(r,2) ={molz* +{mw?r’. (1.15)
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z is the position along the symmetry axis of the potential, r is the radial coordinate and ®,,
o, are the respective trapping frequencies. This case is very similar to the “3D-box” and
was discussed by Bagnato ez. al. [40] as well as by de Groot[41] for the thermodynamic
limit. The critical temperature is given as

1/3
T =M(_IX_) . (1.16)
ky \1.202

13, . . .
where & =(a)za)f) is the geometric mean of the trapping frequencies. The condensate

fraction is given as
(ng)/ N=1—(T/T). (1.17)

Intuitively one expects Bose condensation in three dimensions to begin when the
density of particles is approximately A, i.e. one particle per cubic de Broglie wavelength.
In fact, as was shown in [40], the onset of BEC is given by Eq.(1.12) irrespective of
nature of the trapping potential (N/V in this equation denotes the peak density of the
sample).

Strictly speaking, a phase transition only occurs in the thermodynamic limit.
However, as was shown e.g. by Ketterle and van Druten [42], the behavior of the finite N
system is very similar to the thermodynamic limit. Phase transitions are usually defined by
singularities or critical behavior. However, there are no singularities in a finite system. For
finite N-systems we take the macroscopic occupation of the ground state as the defining
characteristics of the phase transition. As a consequence systems which Bose condense in

the thermodynamic limit also condense in the finite-N case.
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2. EXPERIMENTAL TECHNIQUES

This chapter presents the techniqucs used to achieve and observe Bose-
Einstein condensation in a dilute atomic vapor of sodium. Some experimental methods are
discussed in more detail in the theses of Michael Joffe [1] and Kendall Davis [2].

In order to reach Bose-Einstein condensation starting out with a 600 K
hot saturated vapor of atomic sodium we have to increase the phase space density by
twelve orders of magnitude. So far, there is no single technique that accomplishes such an
enormous increase. Several different schemes have to be applied consecutively. The first
part of this chapter (sections 2.1-2.3) explains magnetic trapping and evaporative cooling,
the techniques used to cool a sample of ultracold atoms into the quantum degenerate
regime. The second part of the chapter (sections 2.4-2.5) deals with the preparation of

such an ultra-cold sample and the transfer into a magnetic trap.

2.1 Magnetic Trapping of Neutral Atoms
According to Eq.(1.13) sodium atoms Bose condense at the cntical

temperature’

h2 l 2/3 n 2/3
L=t (i) () @
2mkym\2.612 54-10°cm

where n, denotes the peak density of the sample. Above densities of 10'* atoms/cm’ a
sample of sodium atoms is estimated to decay within less than a second into molecules
through three-body collisions [4]. We have to observe BEC at a density below 10"
atoms/cm’. This requires a transition temperature T, smaller than 7uK. This temperature
is close to the single-photon recoil limit T, ,)=2.4uK. kgTccoi/2 €quals the kinetic energy
transferred to a sodium atom at rest due to the emission or absorption of a photon

resonant with the dominant optical transition (589 nm). In order to achieve Bose

' Eq.(2.1) is valid for a non-interacting gas. Weak interactions can increase the transition
temperature in a harmonic oscillator potential [3]. For a samples of sodium with a critical
peak density around 10" cm™ the shift is predicted to be less than 10%.
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condensation the temperature has to be controlled with a precision better than the recoil
limit. The atoms need to be confined in a trap which has a intrinsic heating rate that is
much smaller than the cooling rate down to T.. Consequently the atoms also have to be
isolated from the “hot” environment such as the walls of a vacuum chamber or the
background gas in the chamber. Collisions with the background gas can be avoided by
storing the sample in ultra-high vacuum. Confinement principles for neutral atoms, which
satisfy the above conditions, are: trapping with the far-off resonant dipole (light) force
and magnetic trapping. We confine sudium atoms magnetically.

An atom with a magnetic dipole moment g in a magnetic field B(F) experiences
the potential

U(F) = ~J1B(F) 2.2)
provided it moves slowly encugh for zi to follow the changes in the orientation of B(F)
adiabatically?. The absolute value B of an inhomogeneous magnetic field can possess a
local minimum, Maxvvell’s equation however exclude a magnetic field configuration with a
local maximum. Atoms with a magnetic moment oriented anti-parallel to B(F) can be
trapped in a magnetic tield minimum and are called “weak-field seekers”, while it is
impossible to magneto-statically confine the “strong-field seekers”, atoms with a magnetic
moment parailel to E(F).

We magnetically trap sodium atoms in the F=1, mg= -1 hyperfine ground state. F
is the quantum number of the total angular momentum and mf denotes the quantum
number of its projection onto the local magnetic field. These weak-field seeking atoms arc
moving in a magnetic potential

0.70MHz

U(r)=%ﬂaah,3(f)=h'_6;;;;3(') (2.3)

? This is the case if the Lamor precession of the atom is much faster than the rotation of the
magnetic field in the reference frame of the atom. A detailed dicussion of this subject is
included in chapter 3.1.
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So far we have not specified the geometry of the magnetic trapping field. There are
two classes of static magnetic traps: Traps with a vanishing magnetic field in the center,
which leads to a linear trapping potential in the vicinity of the origin, and traps with finite
magnetic field at the origin. The latter trap type produces a magnetic trapping potential
which is quadratic.

Which of the two classes is better suited for cooling atoms ? “Real” cooling is
synonymous with the increase of the sample’s phase space density ©, which scales as
noT*? according to Eq.(1.1) and Eq.(1.2). ny is the peak density and T the temperature of
the sample. Our objective is to achieve a high densities and a low temperatures in the trap.
In order to maximize the density of a trapped sample we have to provide confinement, i.e.
a restoring force, which is as strong as possible for a given magnet current. In this respect
2 linear trap is clearly superior. The trapping potential we initiaily chose to cool sodium
atoms into the quantum degenerate regime was therefore linear [5]. It was constructed

from two current carrying coils in “Anti-Helmholtz” configuration as shown in Fig.2.1 .

Anti-Helmholtz Coils

Fig. 2.1. A lincar magnetic
trapping potential can be
realized with two identical
coils , which have the saine
symmetry axis and arc
scparatcd by approx. the coil
diameter. The currents flowing
through the coils are of equal
magnitude but have opposite
sign. The magnetic field
geometry is that of a sphencal
quadrupole field. The field in
Trap Center Magnetic Field the geometric center between
both coils vanishes. From the
. . center outwards along the z
Magnetic Potential at (x,y)=(0,0)  axis. as well as in the f_y plane
4U=pB the magnetic ficld incrcases
lincarly. The magnetic field
gradient in the z direction is
twice as large as the gradients
in the x-y plane. This follows
from Maxwell's equations and
z results in an anisotropic
o .
potential.
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2.2 Evaporative Cooling

In addition to a storage mechanism, we also require a cooling technique which
increases the phase space density of the confined atoms. In section 2.1 it was shown tha!
in order to achieve BEC we have to cool to temperatures close to or even below the
photon-recoil limit. Optical cooling methods which cool atoms below the recoil limit in
three dimensions have been developed and demonstrated [6, 7], but the successful
combination of optical sub-recoil cooling and high atomic densities has not yet been
achieved. We decided not to cool the magnetically trapped atoms with photons. Instead,
the temperature is lowered by evaporation: Atoms with more than average energy are
continuously removed from the sample while the remainder thermally equilibrates through
elastic collisions. These collisions replenish the “high-energy” tail of the distribution.

Evaporation is a universal phenomenon. It denotes the transition from a liquid to a
gaseous state or, more accurately, it describes the process of energetic particles leaving a
system of finite binding energy. Since the evaporating particles remove more than their
average share in energy, the temperature of the remaining system is lowered. Hence,
evaporation results in cooling. It is this phenomenon that efficiently cools a hot cup of
coffee. Evaporative cooling occurs naturally since a thermalized system always has a
population of high energetic particles. It persists as long as the system is able to
thermalize and replenish the high-energy tail of the distribution. However, the efficiency
of evaporation process can be greatly improved by forcing it i.c. by lowering the energy
threshold above which particles evaporate as the temperature of the system decreases.

The idea to apply evaporation to an ultra-cold trapped atomic gas was first
conceived by Hess [8] and implemented with spin polarized atomic hydrogen at MIT [9].
In order to simply model evaporative cooling analytically, it can be approxiinated as a
series of discrete two-step processes [10]: A sample of atoms in thermal equilibrium is
trapped in a conservative potential. In the truncation step the high energy tail of the
distribution is removed from the system. It then reequilibrates at a lower temperature in

the equilibration step. The atoms have to elastically collide to redistribute energy. The
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speed of evaporation is therefore determined by the elastic collision rate in the sample. It
is vital to the method that we prepare a sample of atoms with collision times much
shorter than the trapping time.

The physics governing evaporative cooling of rapped atoms is discussed in detail
in the theses of Kendall Davis [2] and Michael Joffe [1] as well as in the review by
Ketterle and van Druten [11] and references therein. In the following I will summarize the

issues and considerations relevant for the research reported in this thesis.

(a) ®) (©

o= ofo _

Fig.2.2 Evaporative cooling is driven by elastic collisions. Trapped atoms (a)
redistribute energy through elastic collisions (b) and produce atoms in the high energetic
tail of the distribution. These atoms escape the potentiul of finite depth (c). The
remaining atoms will collide with less average energy and the temperature is lowered.

Evaporative cooling is driven by elastic collisions as illustrated in Fig.2.2. The

peak elastic collision rate in a sample is

rel = ”oaa l6kBT

2.4)

where ny is the peak density and G is the elastic scattering cross section at temperature
T. A sodium atom at T=200uK and a density of 10'' atoms/cm?® collides with a rate of
20Hz. After truncation about 5 collisions per atom are nceded o approach thermal
equilibrium [12]. A possible scenario is a continuous truncation at 6kgT in a 3-
dimensional harmonic potential, which leads to a 0.8% decrease in number per collision
time and to a phase space density increase of 2.3% per collision time. Starting from a

phase space density which is approximately by a factor 10® short of BEC, this typically
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leads to the onset of the phase transition in 600 collisions per atomn with 1% of the
onginal number of atoms remaining [11].

We have to truncate in such a way that the collision rate increases as the
evaporation process proceeds, i.c. the sample density has to increase faster than T'”?
decreases. If this criterion is fulfilled the cooling process speeds up as it proeresses and
does not fade out. This regime is called runaway evaporation.

The role of inelastic collisions is discussed in [11]. For sodium inelastic collisions
determine the lowest temperature practically achievable with evaporation, ~100pK [11].
This is much lower than typical transition temperatures of 2uK in our experiments [13,
14].

So far we have assumed that the evaporated atoms are selected based on their total
energy. However, some truncation mechanisms only use the energy of the atoms in one
or two of the three dimensions as a selection criterion [11). This “washes” out the edge of

evaporation and lowers the cooling efficiency (see also chapter 4.2).

2.3 Rf-Induced Evaporation

There are several ways to truncate the energy distribution of trapped atoms. For
magnetically trapped atoms radio frequency (rf) induced evaporation is a very convenient
method. This technique “flips” trapped atoms into the untrapped hyperfine state with a
very narrow energy-selective rf transition. It was first proposed by David Pritchard [15].

Sodium atoms in the trapped F=1,mg=-1 hyperfine level experience a linecar
Zeeman shift as they are oscillating in a relatively weak magnetic field of the trap (<100
Gauss). This energy shift is given by Eq.(2.3) and corresponds to the potential energy of
the atom in the trap. The Zeeman shift of the untrapped F=1,mg=1 state has the opposite
sign. Atoms in the trapped state can be coupled to this untrapped state with radio
frequency radiation through electron-spin resonance. Both states are coupled by a
resonant two-photon transition through the intermediate F=1,mg=0 state. Rf induced

evaporation spin-flips atoms on a resonant shell where
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_ 0.70MHz

s B (2.5)

Vg
vt is the frequency of the rf field. By adjusting the radio frequency we can decrease the
edge of truncation to force the evaporation. Rf-induced evaporation is a three-dimensional
energy truncation as long as B=const is a equipotential surface. This is the case if gravity
is negligible. Gravity pulls the cloud downwards in the potential. If the temperature
decreases to a value such that potential due to gravity varies by more than kT over the
B=const truncation surface, the energy-selection becomes lower-dimensional [11] (see
also chapter 4.2).

Rf evaporation can be described in the dressed atom formalism which is illustrated
in Fig.2.3 . One important feature of rf evaporation is that it does not modify the
confinement due to the magnetic trapping field. It allows for independent control of trap

parameters and the edge of evaporation.
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Fig. 2.3 Radio frequency induced evaporation of atoms trapped in a magnctic potential.
Depicted (top) is the potential energy of the trapped and the untrapped hyperfine state. RY
radiation of an adjustable resonance frequency comresponding to a given potential energy
shell couples the trapped with the untrapped state. In the dressed atom picture [16] the
radiation introduces energy levels which are a mixture trapped and trapped states ncar
resonance. An atom which slowly passes through the resonant region adiabatically
follows the energy levels. The atom is adiabatically transferred from the trapped into the
untrapped state and escapes (bottom). For fast atoms the adiabaticity condition is not
valid and the probability for spin-flips is determined by Landau-Zener theory[17].
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2.4 Preparing Atoms for Evaporative Cooling

The depth of magnetic traps based on conventional electro-magnets is in the mK
range. In addition evaporative cooling requires atoms to be dense enough to collide
elastically. We therefore need to prepare a sample of atoms with a temperature of less
than one mK and a density around 10'' atoms/cm®. In order to achieve this goal, we use
laser cooling and trapping techniques developed during the 1980°’s [18] for the
preparation of the sample:

In our experimental setup the source is a thermal beam of sodium atoms
originating from an oven with an average velocity of 800 m/s. The phase space density of
this beam is about 12 orders of magnitude short of BEC. A Zeeman slower first slows
these atoms to a velocity of 30 m/s, a kinetic energy corresponding to 1K [19], sufficient
for capturing by a Magneto Optical Trap (MOT) [20]. The Zeeman slower has an
increasing magnetic field and produces a flux of up to 10'? atoms/cm? [21]. This allows us
to load the MOT with about 10'* atom within 1s. The MOT compresses atoms into a
volume of 2 mm diameter at an approximate density of 5x10'' atoms/cm’. In the MOT
atoms are cooled to 1mK. The MIT group had developed a “dark” version of the MOT in
which the atoms are mainly confined in a hyperfine level which only hardly interacts with
the trapping light. This dark SPOT (dark Spontaneous-force Optical Trap) [22] reduces
the reabsorption of spontaneously scattered photons and consequently removes the
strong radiation pressure forces between atoms. This “trick” leads to an improvement in
density by almost two orders of magnitude cver “conventional” magneto-optical traps.
This development provides the crucial link between laser cooling and evaporative cooling
by providing sufficient density to start evaporation. After compression and cooling in
the dark SPOT the magnetic fields of the dark SPOT are extinguished instantaneously and
polarization gradient cooling [23] is applied for 3 ms. During this short time the ballistic

expansion of the atoms is negligible and the temperature is reduced to 100 pK. This cold
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cloud is then caught by quickly switching off the light and tuming on the magnetic trap
(chapter 2.5).

2.5 Loading Atoms into a Magnetic Trap

The last necessary step, which has not been discussed so far, is to join laser
cooling and evaporative cooling by transferring the optically pre-cooled sample into the
magnetic trap. I first describe the procedure qualitatively and then present a simplified
quantitative analysis of the transfer conditions.

The atoms have been cooled and trapped in the dark SPOT trap. After
polarization gradient cooling the density of 5x10'' atoms/cm’ at the temperature of
~100puK allows for 40 elastic collisions per atom per second: A starting point for
evaporative cooling in a magnetic trap. How do we transfer the atoms into a magnetic trap
without loosing the initially gained phase space density and the already achieved collision
rate ?

Since the magneto-static potential is conservative, it is impossible to “drop” the
atoms into a magnetic potential without providing an additional damping mechanism. We
suddenly switch on the magnetic potential around the atoms instead. Only the “weak-
field seeking” F=1,mg=-1 hyperfine state can be confined magnetically. After laser cooling
the atoms are approx. equally distributed over all three mg-states in the F=1 hyperfine
manifold. This leads to a loss of ~2/3 of the atoms during the transfer. This loss can be
avoided by optically pumping all atoms into the mg=-1 state immediately before transfer
(while providing a small magnetic guiding field). We have not implemented this technique
because our initial collision rate in the magnetic trap is sufficient. (Note that this loss in
number is not a loss in phase space density, since we reduce the number of internal states
accessible to the trapped atoms by a factor of 3. Optical pumping would therefore
increase the phase space density.) The magnetic trap is switched on in about 1 ms in
order to avoid spreading of the pre-cooled and unconfined cloud. The strength of the

magnetic potential has to be chosen appropriately: If it is too shallow, the trapped cloud
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will spread out and density is lost. If it is too stiff, too much potential energy will be
added to the cloud and causes unnecessary heating. After an optimized (“mode matched”)
transfer the confinement is increased adiabatically by ramping up the current flowing
through the trap coils to its maximum value.

The peak phase space density during adiabatic compression is preserved if the
power law of the potential remains unchanged [24]. During the compression the density
and the temperature of the sample increase, which results in a gain in elastic collision rate.

Fig. (2.4) illustrates the steps involved in the transfer into a linear potential.

de
rofie
Gaussian Density
Dlstributlorzl
n(n)=ng e"("r) Equilibration
potential U(n=agr
U(r)=oy r

“Catching"” Adiabatic Compression

Fig.2.4 Transfer of laser-cooled atoms into a linear magnetic trap and subsequent
adiabatic compression. Atoms with Gaussian density distribution are caught in a
magnetic trap, which is switched on instantaneously (“catching™). The density
distribution in the linear trap “relaxes” with a few collisions per atom. This “relaxation”
can increase the samples phase space density (see section below). After “equilibration”
the sample is compressed adiabatically, which increases the elastic collision rate.

In the following paragraphs the transfer and the adiabatic compression are
discussed quantitatively. We only consider the transfer into isotropic linear and harmonic
traps and the subsequent compression by increasing the confinement current. The
“idealized” atoms have no internal degree of freedom and are transferred with a 100%
efficiency. In reality the confining potentials are anisotropic (e.g. see Fig.2.1) and 2/3 of
the atoms are in the “wrong” spin state and lost during the transfer. Thesc discrepancies

of the model do not affect the conclusions.
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After polarization gradient cooling the density distribution of the N atoms in free
space is approximately gaussian
5 (26)
Ny = Mg )
ng is the peak density and the temperature of the sample is Tpoigraa. - N atoms, which
thermalize at a temperature T in a linear trapping potential U(r) = ar, have an exponential

density distribution

3 =
n, =D& hT Q.7
8(k,T)

In a harmonic trapping potential U(r) = oo’ the thermalized distribution is gaussian

2
o N 2.8)
harmonic W :
The strength of the confinement o is proportional to the current through the trap coils for
both the linear and the harmonic traps. o can therefore be regarded as the normalized
trapping current. According to the virial theorem the relation between the total energy of

the trapped atoms E,, and the temperature T is

E = (% + %)NkaT (2.9)

where p=1 for the linear case and p=2 for a harmonic potential. During the instantaneous
transfer atoms receive potential energy in addition to their thermal energy. After

performing the integral of the density distribution this leads to a sample temperature

4
kBT _ 4a(ziino) + kBT;;;l.gmd. (2.10)
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in the linear trap after thermalization. In a harmonic trap the relation is

!
k7= C M) | Koo g, @.11)
2 2

We want to preserve (or even increase) the phase space density during the
transfer. The peak phase space density of the sample scales as npe T~ according to Eq.
1.1 and Eq.1.2. n,. is the peak density of the sample.

We can analytically show that the phase space density after the transfer is
maximized if T=Tpo grq. This is the condition for “mode matched” transfer. We
normalize the phase space density such that it is unity in the sample right before the
transfer. o is normalized to & such that it is unity in the mode matched case. The

)2 after the transfer into the linear

normalized phase space density a~)=npuk/no (Tool.grad/ T

trap (and relaxation) is

7 2~3
-linear = 36 ﬁﬂ ?% (2.12)
2°(1+2a)
For harmonic trap it is given by
~3/2
) Sa 2.13)

Drormonic = 21_4_-_5)_"

The phase space density vs. trap current is displayed in Fig.2.5. The phase space density
after the mode matched transfer into the linear trap has increased by approx. a factor of
4. This is a surprising result but does not violate Liouville’s theorem since collisions are
involved in the relaxation. Fig. 2.5 also indicates that the phase space density is not very
sensitive to o.. A deviation from the “mode matched” current by a factor of three barley

halves the phase space density !
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Fig.2.5 displays the peak phase space density @ of laser-cooled atoms after transfer into
a magnetic trap and collisional “relaxation”. @ is displayed as a function of the initial
catching current. © is plotted in units of Dinix, the peak phase space density of the
sample right before the transfer. The catching current o is measured in units of the mode
matched current Otmachea. The scale of the abscissa is logarithmic.

Aside from maximizing the phase space density, which is the ultimate figure of merit, we
would like to maximize the elastic collision rate, which scales as nyeT"? according to

Eq.(2.8). The collision rate after transfer normalized to the mode-matched case is

. 35/2&?
for a linear trap and
- 2&?/2
i =7 +' E (2.15)

in the harmonic potential. & is the renormalized catching current.
After “catching” the sample is adiabatically compressed. Adiabatic compression

preserves entropy. If the power law of the potential is unchanged during compression the
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phase space density remains constant during this process [24]. ( A change in the power
law of the potential during compression changes the phase space density and is discussed
in chapter 4.1.4). 4 n interesting question is whether we can trade off phase space density
for elastic collision rate by catching at a non-mode matched current and then compressing
to the maximum trap current. The advantage of such a trade off (if possible) would be a
faster initial cooling rate. A taster cooling rate might allow us to cool more atoms into the
quantum-degenerate regime on a shorter timescale. The increase in number would be due
to fewer background gas collisions and a different evaporation path. We therefore
investigate the final elastic collision rate as a function of initial catching current and final
compression current. During adiabatic compression in the linear/ harmonic trap the phase
space density is constant and given by Eq.(2.12)/ (2.13). The normalized collision rate

after adiabatic compression in the linear trap is

35:2&2&5!3
- , = 3= ‘

and
=" "t=faa (217
l+a

describes the same quantity for the harmonic trap.

Fig.2.6 demonstrates that the final elastic collision rate is actually optimized in the
case of a mode-matched transfer. The above considerations concerning a trade-off are
therefore purely hypothetical. The conditions which optimize the phase space density also
optimize the cooling rate. This is generally the case in an arbitrary power law potential,
since the elastic collision rate I'(D,N) is a monotonic function of the phase space density :D.
It is interesting to note how insensitive the collision rate is with respect to a mismatch of the
initial catching current. A catching current mismatched by about a factor of three reduces
the final collision rate by less than a factor of 2. This implies that an optimization of the

transfer is only important if the initial collision rate is extremely marginal. A much more
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important quantity is o. The final collision ratc in a linear trap is proportional to the square
of this quantity, while it increases proportional to it in a harmonic potential. In order to
achieve a large collision rate we should design a lincar trap which maximizes the

confinement oL,
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Fig.2.6 shows the elastic collision rate after transfer at the catching current o, and
adiabatic compression to the final current o.. The plot on top displays the collision rate
for the linear trap while the bottom plot shows the hammonic case. Both axis are
logarithmic. The catching and final current are normalized to the “mode matched™ case.
The collision rate is normalized to the rate in a “inode matched” uncompressed cloud.
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2.6 A Few Numbers

Table 2.1 summarizes the steps undertaken to cool sodium into quantum
degeneracy. The listed numbers apply to our current Bose condensation setup, the
“cloverleaf trap” (see chapter 4)[14). The steps are listed in the order in which they are
applied to the atoms (top to bottom). At is the duratici of each step in the experiment.
The experiment produces Bose condensates about every 25s. This result in a (pulsed ) flux
of more than 2x10° coherent atoms/s. N is the number of trapped atoms present after each
step. T and n are the temperature and the peak density respectively, while T is the peak
elastic collision rate. ® denotes the figure of merit: the peak phase space density of the
sample. During the preparation the sample D is increased by more than eighteen orders of
magnitude (sodium oven—pure condensate): We gain six orders in magnitude with laser
cooling and trapping, another six orders through evaporation to the onset of condensation
and the last six orders by cooling the cloud beyond the phase transition into a pure
condensate. Coincidentally the dens'ties in the sodium oven and in the condensate are

similar, while the temperatures differ by more than 8 orders of magnitude.

Atls) N TIK] nlem?® T [Hz] DA’
Sodium Oven - - 600 ~10% - 1012
Dark SPOT 2 (5-10)x10° 107 s5x10" - ~3x10®
Dark Molasses 3x10?  (5-10)x10° 10*  sx10" . ~10°¢
Magnetic Trapping 107" 2x10° 10*  6x10" 4 ~10°¢
After Compression 1 2x10° ~2x10¢ ~2x10" ~16 ~10%
Rf Evaporation 16-25 l l T T T
Onset of BEC - 15x107 2x10% 1.5x10" 10° 2.6
Pure Condensate - 5x10° - 3x 10" - 5x 10°

Table 2.1 Preparation of ultra-cold atoms.

* egilibration time after catching
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2.7 Imaging Ultra Cold Atoms

We observe clouds of ultra-cold atoms by absorption imaging. For this purpose
the magnetic trapping fields are extinguished in less then 100ps. The originally trapped
atoms then ballistically expand and fall. After a adjustable time-of-flight between 0 and 50
ms the absorption of a 100us-to-1 ms short weak near resonant laser pulse is imaged onto
a charge coupled device (CCD) camera (Fig.2.7). The absorption can be adjusted by
changing the detuning of the probe light. For a large time-of-flight the absorption images
reflect the initial velocity distribution of the trapped cloud (an example is given in Fig.
2.8). This technique allows us to observe the condensation phenomenon in momentum
space. In case of very slow expansion, such that the size of the initially trapped cloud is
significant compared to the ballistic spreading of the cloud during the time-of-flight, the
image displays a convolution of initial density distribution and the velocity distribution.
(This is the case for the axial trapping direction for a condensate produced in the
cloverleaf trap —chapter 4) Absorption imaging is destructive as the atoms are released
from the trap and scatter photons. Trapped condensates and trapped ultra-cold clouds
close to the transition are too small and dense for quantitative absorption imaging. For
near resonant probe light these samples are completely absorptive and appear as “black”
spots on the image. If we lower the absorption by detuning the probe light from
resonance, dispersive effects become dominant and refraction of the sample limits the
resolution [25]. We recently demonstrated a technique that can image trapped
condensates “in-situ” and non-destructively through dispersive scattering of photons.

[25] (also chapter 7.1).
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Fig.2.7 is illustrates the absorption
imaging technique with which we
study ultra-cold atoms. The initially
trapped cloud is instantancously
released and ballistically expands
for an adjustable time-of-flight of up
to 50 ms. The absorption of a
vertical near resonant probe beam is
imaged onto @ CCD camera . The
probe pulse is short such that the
atoms do not move significantly
during the imaging. A typical
probe pulse is 100us long. The
resolution of the imaging system is
Sum.

Fig.2.8 shows the absorption image
of an ultra-coid atom cloud after 20
ms of free ballistic expansion. The
horizontal width of the image is
6.2mm. The scale below is linear.
“Black” comresponds to 100%
absorption while areas with 100%
transmission are “white”. The
image effectively maps the velocity
distribution. Atoms near the center
have small  velocity  while
absorption further out correspond to
high velocity atoms of in the
distribution. [The dark oval peak in
the center is due to the Bose
condensed fraction of the cloud
—chapter 3.2]
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3. THE OPTICALLY PLUGGED TRAP

3.1. Majorana Flops

Evaporative cooling in a linear magnetic trapping potential does not extend into
the quantum degenerate regime. This is due to the fact, that the magnetic field in the center
of a linear magnetic trap vanishes. In regions of very small magnetic field, trapped atoms
can undergo non-adiabatic transitions to the untrapped hyperfine ground states. These so
called Majoraiia Flops constitute a temperature-dependent trap loss mechanism which
results in a complete loss of the trapped sample during evaporative cooling far before the
onset of BEC.

Majorana flops have been discussed in detail in Ken Davis’ doctoral thesis [1].
The purpose of this section is to briefly e¢xplain the limitation with classical physical

arguments and to motivate the following sections, which discuss ways around this loss

problem.
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Fig.3.1 shows an atom moving near the center of a spherical quadrupole trap. (The sketch
visualizes the quantities used on the following page.)
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The trapped atoms are spinning magnetic dipoles which are precessing around the
direction of the local raagnetic field B. The Lamor precession frequency is proportional to
|B| and therefore increases linearly with the distance from the trap center. In order for the
atom to remain in trapped “weak-field seeking” state, the magnetic dipole moment of the
atom has to adiabatically follow the magnetic field while the atom is oscillating in the
trapping potential. The Lamor frequency @y is therefore required to be much larger than
the rate of angular change d®/dt of the magnetic field direction in the reference frame of
the atom. If this is not the case the atom can undergo Majorana flops to one of the
untrapped hyperfine states. d@/dt is largest when the oscillating atom is closest to the
trap center. dO/dt is then proportional to the atoms’ speed v and is inversely
proportional to the distance b from the trap origin: d©/dt ~ v /b. Non-adiabatic spin flips
are likely to occur if atoms atoms are oscillating through the area in which @ is
comparable or smaller than d©/dt. Since @, is proprtional to the magnitude of the

magnetic field, which is in turn proportional to the distance b from the trap origin, the

effective area Ay, of this “hole” scales as

Apoie ~ b~ T2 (3.1)

where T is the temperature of the sample and v is the average speed of an atom.
According to the virial theorem the characteristic diameter of the magnetically
trapped cloud in the linear potential is proportional to its temperature T and its

projection onto the Majorana-loss “hole” scales as

Ap ~ T2 (3.2)

From Eq.(3.1) and (3.2) it follows, that, as the cloud cools, its size decreases much more

rapidly than the “hole” shrinks, evaporative cooling fades out and all the atoms will
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eventually fall out of the trap. The temperature range (and phase space density) for which
this occurs is well cut of reach of BEC.

A classical estimate for the temperature dependent loss rate I in a spherical

quadrupole potential is given in [1]:

r= .ﬂ‘f_(_?'_)z (3.3)

where y is the magnetic dipole moment of the atom and B’ is the magnetic field gradient
along the strongly confining direction of the potential. For the magnetic field gradient B’
of 1000 G/cm used in our initial evaporative cooling experiment [2] this results in an

order-of-magnitude estimate of the Majorana flop limited trapping time 1/T":

(1/T)/[s] = 1000 T¥[uK]>. (3.4)

We observed a decrease of the trapping time from initially 30 sec (limited by background
gas collisions) to a few seconds for a cloud evaporatively cooled to 80 uK [2]. This agrees

well with the estimate (Eq.3.4).

3.2 Avoiding Majorana Flops

In order reach the BEC phase transition we had to find a way around this loss
problem. As discussed in chapter 2, a linear potential is ideally suited for run-away
evaporation [3]). We would therefore like to preserve the linearity of the potential for an
energy range extending as close to the Bose-Einstein transition temperature as possible,

while storing the atoms away form the low magnetic field near the center of the trap.
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In order to achieve this goal the research group of Eric Cornell at JILA in Colorado
adds a rotating magnetic bias field B,,, to the spherical quadrupole trap [4]. The bias field
is rotating with a frequency @, much larger than the oscillation frequency of the
particles @y, but much slower than the Lamor precession frequency ®pamr of the stored

atoms to assure stability against spin flips :

@,y <O, <Oy (3.5)

trap

This ac magnetic field causes the momentary zero-magnetic-field point to orbit on a circle

around center of mass of the trapped cloud (Fig. 3.2).

Momentary Fig. 3.2 is a schematic diagram of an atomic cloud
B=ha/u ———— trapped in the TOP trap. The momentary zero-B-
e o Trapped atoms field point is orbiting around the trapped atoms.
/ -7y~ The momentary B=#Aw/u shell orbits around the
/ ’/ \ trapped atoms with the momentary B=0 as its
| Momentary /:' 4 center. The points on this shell closest to the center
{ B0 9% ' of the irapped cloud during the rotation define the
/) surface of evaporation.

\ \
\ Trajectory_~_
\\ of B=0 ~o

’l
N 7 Surface for

~ .
S evaporation

The atoms were consequently stored on the “slope” of an orbiting linear potential.
The resulting time-averaged potential is mostly linear and only harmonic near the trap

bottom with an effective field curvature of
B’=B’%/(2B,.) (3.6)

The Lamor frequency ®p,mor Of the atoms near the bottom of the effective potential is

directly proportional to B,,,. Hence, the above constraints (Eq.3.5) impose a lower bound

on B, and consequently limit the magnetic field curvature (Eq.3.6) and the confinement
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of the TOP trap. This is discussed in more detail in the appendix of Chapter 4, our
publication on the “cloverleaf” trap [5].

The JILA group observed Bose-Einstein condensation of Rubidium atoms in
such a TOP (time-averaged orbiting potential) trap in June 1995 [6]. It was the first
observation of this phase transition in a sample of weakly-interacting atoms. Condensates
with 2000 atoms were obtained after 300s of loading and 70s of evaporation.

Contemporaneously our group at MIT took a different approach to “plugging”
the Majorana flop “hole”. We employed the conservative dipole force exerted on atoms in
a light field to repel atoms from the “lossy” trap center. An atom in a light field

experiences a conservative light shift potential U,, , the ac Stark shift :

L (63)
mc(@® - w,*)

3.7

ac

If the frequency o of the light is larger than the resonance frequency ®, of the atomic
transition, the resulting potential will be “repulsive”, i.e. the atom is pushed towards the
regions of low light intensity I f,,, is the oscillator strength of the transition. In the case
of sodium D-line this oscillator strength is very close to unity.

The ac Stark shift can be explained with a simple classical model. (In following we
only discuss the far off-resonant case): We consider an atom as an “electron on a spring”.

Such an oscillator is driven by an electric field at a frequency ® far above its resonance
frequency w,. The electron will oscillate with the frequency of the drive, but 180 degrees

out-of-phase with the driving field. The amplitude of the oscillating dipole due to the

driven electron is

o = E

3.8)

- TH
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where fe is the amplitude of the oscillating electron, l':f is the electric field amplitude of
the driving field. The interaction of the oscillating dipole with the driving field gives rise to
an time averaged potential
(U)=(-p-E)
o2 E?
T 2m(@? - ©,)
_ 4me’l
mc(w® - »,°)

3.9

Eq. 3.7 and Eq. 3.9 differ by the oscillator strength f,, which accounts for
deviations from the simple harmonic oscillator model. We can realize such an repulsive
“optical plug” by focusing the green light of an argon ion laser (515 nm) into the “leaky”
center of the spherical quadrupole trap. The frequency of this light is far detuned from
the relevant resonance of the sodium atoms (589 nm). 3.5 Watts of green light-are focused
to beam waist with a gaussian waist parameter of 30 pm (1/e’-radius of the intensity
profile). By overlapping this focus with the center of the magnetic trap as illustrated in

Fig. 3.3 we create a hybrid potential shown in Fig. 3.4.
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Magnetic field coils

Escaping
atom

Fig.3.3 shows experimental setup of the optically plugged trap. The trapping potential is
“customized” with a magnetic quadrupole field (to provide confinement), the Ar'-ion
laser beam (to plug the hole in the center) and rf radiation field (to adjust the depth of the
trap for evaporation).
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Fig. 3.4 is a cut through the three-dimensional adiabatic potential due to the magnctic
quadrupole field, the optical plug and the rf. This cut is orthogonal to the propagation
direction of the blue detuned light. The symmetry axis of the quadrupole ficld is the 2
axis. The potential has to two pockets due te the anisotropy of the quadrupole field. This
causes a trapped atom cloud to split into two clouds at temperatures below 15pK.

The “light-plug” is detuned far enough from resonance to neglect spontaneous
light forces and heating due to spontaneous scattering of photons. The spontaneous
photon scattering rate for far off-resonant light for atoms trapped in the potential
displayed in Fig. 3.4 is below one spontaneous photon in 50 seconds corresponding to a
heating rates of a few 10nK/sec or less. Even for atoms in mK-energy range, such as

samples before evaporation, the photon scattering rate does not exceed one photon in 10

seconds [1].

In the spring of 1995 we were able to evaporatively cool atoms in the optically
plugged trap to 10pK at a density of 3.6x10' cm™. The highest phase space densities

achieved at that time were a factor of 30 above BEC [1]. When atoms were cooled below a
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temperature of 15 pK at a gradient of 1000 G/cm in the optically plugged trap, they

settled down in two spatially separated minima as shown in Fig. 3.5.

Fig.3.5 shows absorption images of atoms confined in an optically plugged magnetic
quadrupole trap. The cloud in (a) has a temperature of 40uK and a 2:1 aspect ratio due to
a magnetic field gradient which is twice as large along the vertical axis than along the
horizontal direction . In (b) the atoms have rcached a temperature of 1SuK. They have
“broken up” into two spatially separated clouds which are located at the two minima o
the potential. (c) shows the clouds at a temperature T<10uK. The cloud size is smaller
than the resolution limit of our imaging system (~8utm).

3.3 Observation of BEC in the Optically Plugged Trap

We tried to observe colder clouds and BEC in the Spring 95 by adiabatically
expanding the potential during the last stages of evaporation and for observation. The
clouds were expanded in order to (a) avoid inelastic loss or heating processes which might
occur at densities exceeding 10'*cm™ and (b) to optically resolve the clouds. Attempts to
observe BEC this way were unsuccessful. This was possibly due to a heating rate which
made evaporation inefficient and did not give us enough time for adiabatic expansion.
Sources of the heating might have been vibrational motion of the plug relative to the
magnetic field and collisions with the background gas at gracing incidence. The
experiments up to this point are summarized in Ken Davis’ thesis [1], who graduated in
May 1995.

We did observe BEC in the plugged trap in September 1995 after minor’
modification of the experimental apparatus. Possible sources of vibrations, such as turbo

pumps, were eliminated?.

' The changes were minor in terms of physics but quite labor-intensive.
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The signature of Bose condensation in velocity space (as observed after ballistic
expansion) is a sudden appearance of a bimodal velocity distribution below a cntical
temperature (Fig.3.6): a broad distribution due to the normal gas and a narrow distribution
due to the condensate. Another striking feature is that the velocity distribution of the
condensate fraction is anisotropic. This is caused by the “explosion” of the condensate
due to mean-field interaction among the condensed atoms (see chapter 4.4). A detailed
account of the first observation of BEC is given in the appendix of this chapter.

Fig. 3.7 is purely of historical interest. It is a time sequence of images detailing the
ballistic expansion of the very first condensates we observed. We had instantaneously
switched off the magnetic field while the potential due to the light plug remained. The
condensates were sliding down the light plug potential like “ping pong balls” while

expanding ballistically.

Fig.3.6 (on the following page): A three dimension rendering of two dimensional probe
absorption images, after 6ms time of flight, showing evidence for BEC. The vertical axis
represents the optical density. To the left is the velocity distribution of a cloud cooled to
just above the transition point, in the middle the distribution just afler the condensate
appeared, and to the right is the distribution after further evaporative cooling has left an

almost pure condensate.

? An active beam pointing stabilization of the Ar+-ion laser beam was not necessary.
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Appendix to Chapter 3

I conclude this chapter with the publication detailing the observation of Bose-

Einstein condensation in a gas of sodium atoms.
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We have observed Bose-Einstein condensation of sodium atorms. The atoms were trapped i 8 novel
mpthnunploycdbo:hmgnﬂicmdopﬁalfm. Evupmtiveeoolingbaundtbm-w
density by 6 orders of magnitude within seven seconds. Condensates contained up 10 § X 10° stoms at
densities exceeding 10'* cm™3. The siriking signature of Bosc condensation was the sudden appearance
ohbimodllvelocitydimihmionbelowﬂfuiﬁalwof~2plc The distribution consisted
ofmimopicdmnnldiwiwﬁmmdmeuipﬁ:dmmwdwlheuwdnm
condensate.

PACS numbers: 03.75.Fi, 05.30.Jp. 32.80.P). 64.60~i

Bose-Einstein condensation {BEC) is a ubiquitous phe-
nomenon which plays significant roles in condensed mat-
ter, atomic, nuclear, and clementary particle physics. as
well as in astrophysics [1). lts most striking feature is &
macroscopic population of the ground state of the system
at finite temperature [2). The study of BEC in weakly
interacting systems holds the promise of revealing new
macroscopic quantum phenomena that can be undersiood
from first principles, and may also advance our under-
standing of superconductivity and superfluidity in more
complex systems.

Duﬁngdnpmdeade.wotkmwudsBBChmkly
interacting systems has been carried forward with excitons
in semiconductors and cold trapped atoms. BEC has
been observed in excitonic systems, but a complete
theoretical treatment is lacking {1,3]. The pionecring
work towards BEC in atomic gases was pesformed with
spin-polarized atomic hydrogen {4,5). Following the
development of evaporative cooling (6), the transition was
approached within a factor of 3 in temperature [7). Laser
cooling provides an alternative apg roach towards very low

, but has so far beer, limited to phase-space
densities typically 10° times lower than required for BEC.
The combination of laser cooling with evaporative cooling
[8-10] was the prerequisite for obuaining BEC in alkali
atoms. This year, within a few months, three independent
and different approaches succeeded in creating BEC in

0031-9007/95/75(22)/3969(5)$06.00

61

rubidium [11], lithium {12}, and. as reported in this paper,
in sodium. Our results are distinguished by a production
rate of Bosecondensed stoms which is 3 orders of
magnitude larger than in the two previous experiments.
thcnm.wc:upmanoveluommdmoﬂma
superior combination of tight confinement and capture
volume and the attainment of unprecedented densities of
cold atomic gases.

Evaporative cooling requires an stom trap which is
tightly confining and stable. So far, magnetic taps and
optical dipole traps have been used. Optical dipole traps
wovidcti;h(eonﬁnemt.buhlveodyaverymull
trapping volume (10~% cm®). The tightest confinement in
amkmphulﬂﬂodwimlsphaiulquwupolc
potential (linear confinement); howeves, atoms are lost
frose this trap due to nonadiabatic spin flips as the atoms
pass near the center, where the field rapidly changes
direction. This region constitutes a “hole™ 15 the trap of
micrometes dimension. The receatly demonstrated “TOP”
mpsupptumthismplou.lmulheoonoﬂowa
confinement (8).

Wewpplusedmemloubynddinglmpuhive
potential around the zero of the magnetic field, Literally
“plugging™ the hole. This was accomplished by dghtly
focusing an intense blue-detuned laser that genersied a
repulsive optical dipole force. The optical plug was
created by an Ar* -lsscr beam (514 nm) of 3.5 W focused
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10 a beam waist of 30 um. This caused 7 MHz (350 uK)
of light shift potential at the origin. Heating due to photon
scatiering was suppressed by using far-off-resonant light,
and by the fact that the atoms are repelled from the region
where the laser intensity 1s highest.

The experimental setup was sinilar to that described
in our previous work [9). Typically, within 2 5 10°
atoms in the F = |, my = —1] state were loaded into a
magnetic trap with a field ient of 130 G/cm; the peak
density was ~ 10" cm™>, the temperature ~ 200 uK,
and the phase-space density 10° times lower than required
for BEC. The lifetime of the trapped atoms was ~
30 s, probably limited b?’ background gas scattering at a
pressure of ~ 1 X 10~!! mbar.

The magnetically trapped atoms were further cooled
by rf-induced evaporation [8.9.13). rf-induced spin flips
were used (o selectively remove the higher-energy atoms
from the trap resulting in a decrease in tempesature for
the remaining atoms. The total (dressed-atom) potential
is a combination of the magnetic quadrupole trapping
potential, the repulsive potential of the plug. and the
effective energy shifts due 10 the rf. At the point where
atoms are in resonance with the rf, the tapped state
undergoes an avoided crossing with the untrapped states
(corresponding 1o a spin flip), and the trapping potential
bends over. As a result, the height of the potential barrier
varies linearly with the rf frequency. The total potential is
depicted in Fig. 1. Over 7 s, the 1f frequency was swept
from 30 MHz 10 the final value around ] MHz, while the
field gradient was first increased 10 S50 G/cm (1o enhance
the initial elastic-collision rate) and then Jowered to 180
G/cm (10 avoid the losses due to inelastic processes at the
final high densities).

Temperature and total number of atoms were deter-
mined using absorption imaging. The atom cloud was
imaged either while it was trapped or following 2 sud-
den switch-off of the trap and a delay time of 6 ms.
Such time-of-flight images displayed the velocity dis-
tribution of the trapped cloud. For probisg, the atoms

FIG. 1. Adiabauc poienual due 1o the magnetic quadrupole
field, the optical plug. and the rf. This cut of the three-
dimensional potential is orthogonal 1o the propagation direction
(v) of the blue-detuned laser. The symmety axis of the
quadrupole field 1s the : axis.
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were first pumped to the F = 2 state by switching on a
10 mW/cm? laser beam in resonance with the F = | ~
F = 2 transition. 10 us later the stoms were concui-
rently exposed to a 100 us. 0.25 mW/cm? probe laser
pulse in resonance with the F = 2 — F = 3 innsition,
propagating along the trap's y direction. This probe laser
beam was imaged onto a charge-coupled device sensor
with a lens system having a resolution of 8 um. Up to
100 photcns per atom were absorbed without blurring the
image due to heating.

At temperatures above 15 uK the observed
clouds were elliptical with an aspect ratio of 2:1 due o the
symmetry of the quadrupole field. At the position of the
optical plug they had a hole, which was used for fine align-
ment. A misalignment of the optical plug by ~ 20 um
resulted in increased trap loss and prevented us from cool-
ing below 50 uK. This is evidence that the Majorana spin
flips are localized in & very small region around the center
of the trap. At temperatures below 15 uK, the cloud sepa-
rated into two pockets &t the two minima in the potential of
Fig. 1. The bottom of the potential can be approximated
as a tree-dimensional anisotropic harmonic oscillator po-
tential with frequencies w? = uB'/(2mxg), w? = 3w,
w] = w{(4x3/wj) — 1), where u is the atom's magnetic
moment, m the mass, B’ the axial ficld gradient, wy the
Gaussian beam waist parameter (1/¢? radius) of the opti-
cal plug, and x; the distance of the potential minimum from
the trap center. xo was directly measured 1o be SO um by
imaging the trapped cloud, wp (30 um) was determined
from xo, the laser power (3.5 W), and B’ (180 G/cm).
With these values the oscillation frequencies are 235, 410,
and 745 Hz in the y, z, and x directions, respectively.

When the final 1f frequency »,¢ was lowered below
0.7 MHz, a distinctive change in the symmetry of the
velocity distribution was observed [Figs. 2(a) and 2(b)).
Above this frequency the distribution was perfectly spher-
ical as expected for a thermal uncondensed cloud [14). Be-
low the critical frequency, the velocity distribution con-
tained an elliptical core which increased in intensity when

FIG. 2 (color). Two-dimensional probe sbsorption images,
after 6 ms time of flight, showing evidence for BEC. (a) is
the velocity distribution of 8 cloud cooled to just ebove the
transition point, (b) just afier the condensate appeared, and
(c) after funher evaporative cooling has lefi sn almost pure
condensate. (b) shows the difference between the isotropic
thermal distribution and an clliptical core aftribuied 10 the
expansion of & dense condensate. The width of the images
is 870 um. Gravilational acceleration during the probe delay
displaces the cloud by only 0.2 mm along the = axis.



- g

VOLUME 75. NUMBER 22

PHYSICAL REVIEW LETTERS

27 NOVEMBER 1995

the rf was further swept down. whereas the spherical cloud
became less intense. We interpret the elliptical cloud as
due 10 the Bose condensate. and the spherical cloud as due
to the normal fraction.

In the region just below the transition frequency one
expects a bimodal velocity distribution: a broad distribu-
tion due 10 the normal gas and a narrow distribution due
to the condensate. The cross sections of the time-of-flight
images (Fig. 3) indeed show such bimodal distributions
in this region. Figure 4 shows how suddenly the time-
of-flight image changes below vy = 0.7 MHz. The ef-
fective area of the observed cloud becomes very small
{Fig. 4(a)), while the velocity distribution is no longer
Gaussian {Fig. 4(b)] and requires different widths for the
condensate and the normal fraction [Fig. 4(c)].

At the critical frequency, a tempzrature of (2.0 = 0.5)
p#K was derived from the time-of-flight image. An inde-
pendent, though less accurate estimate of the temperature T
is obtained from the dynamics of evaporative cooling. Ef-
ficient evaporation leads to a temperature which is about 10
times smaller than the depth of the trapping potential [1s).
Since the speed of evaporation depends exponentially on
the ratio of potential depth 10 temperature, we expect this
estimate of 7 = 2 uK to be accurate 1o within a factor
of 2.

The critical number of atoms N, to achieve BEC is de-
termined by the condition that the number of atoms per

Velocity (cm/s)

0.63 MHz

Optical Density

1.0

0.5
Pcsition (mm)

FIG. 3. Optical density as a function of position along the &
axis for progressively lower values of the final f frequency
These are vertical cuts through time-of-flight images like those
in Fig. 2. For vy < 0.7 MHz. they show the bimodal velocity
distributions charactenstic of the coexistence of a condensed
and uncondensed fraction. The top four plots have been offset
vertically for clanty.
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cubic thermal de Broglie wavelength exceeds 2,612 at the
bottom of the potential {2). For a harmonic oscillator po-
tential this is equivalent to N = 1.202kp TV /BP0, 0, w;
{16). For our trap and 2.0 uK, N, = 2 X (1.2 x 10°0),
where the factor of 2 accounts for the two scparated clouds.
The predicted value for N, depends on the sixth power of
the width of a time-of-flight image and is only sccurate
10 within a factor of 3. We determined the number of
atoms by integrating over the sbsorption image. At the
transition point, the measured number of 7 X 10° agrees
with the prediction for N. The critical peak density n,
a1 20 pK is 1.5 X 10" cm™>. Such a high density ap-
pears to be out of reach for laser cooling, and demonstrates
that evaporative cooling is a powerful technique to obtain
not only ultralow temperatures, but also extremely high
densities.

An ideal Bose condensate shows a macroscopic popu-
lation of the ground state of the trapping potential. This
picture is modified for a weakly interacting Bose gas. The
mean-field interaction energy is given by nl. where n is
the density and U/ is proportional to the scattering length
a: U = 4whk%a/m [2). Using our recent experimental
result a=49nm [9), O/kp =13 X 1072 Kem®.
At the transition point, n U/ksT = 0.10. Conse-
quently, above the transition point, the kinetic encrgy
dominates over the interaction energy, and the velocity

FIG. 4. Funher cvidence for a phase transition is provided
by the sudden change of observed quantities &s the final rf
frequency vy is varied. (a) Area of the cloud in the time-of-
flight image versus ¥y, The arca was obuined as the mtio
of the integated optical dentity and the peak optical density.
The arca changes suddenly at vq = 0.7 MHz. Below the
same frequency, the velocity distnbations (Fig. 3) cannot be
represented by a singic Gaussian, as demonstrated by the x?
for s single Gaussian fit (b), and required different widths for
the condensate (full circles) and noncondensate fraction (c). In
(2) and (c) the lines reflect the behavior of a classical gas with
a temperature proportional to the trap depth.
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distribution after sudden switch-off of the trap is isotropic.
For the condensate, however. the situation is reversed.
As we will confirm below, the kinetic encrgy of the
condensate is negligible compared to its interaction
energy (17]. Furthermore. well below the transition
point, the interaction with the noncondensate fraction
can be neglected. In such a situation, the solution
of the nonlinear Schrodinger equation reveals that the
condensate density no(r) is a misror image of the trapping
potential V(r): noir) = no(0) — V(r)/U, as long as this
expression is positive, otherwise no{r) vanishes (sce,
e.g.. Refs. {5,18)). For a harmonic potential, one obtains
the peak density no(0) for No stoms in the condensate
no(0) = 0.118(Nom’ w, wy w, /K*a>2)?/3.

Typically, we could cool one-fourth of the atoms at the
transition point into a pure condensate. For an observed
No = 1.5 X 10°, we expect the condensate to be 2 titnes
more dense than the thermal cloud at the transition point,
and sbout 6 times larger than the ground-siste wave
function. The kinetic energy within the condensate is
~ K?/(2mR?), where R is the size of the condensate
(18], while the internal energy is 2n0U/7. Thus the
kinetic energy of the condensed atoms is around 1 nK,
much less than the zero-point energy of our trap (35
5K) and the calculated intenal energy of 120 oK. This
estimaie is consistent with our initial assumption that the
kinetic energy can be neglected compared to the interaction
energy.

The intema! energy is ~ 25 times smaller than the
thermal energy (3/2)ksT. at T,. Consequently, the width
of the time-of-flight image of the condensate is expected
to be about § times smaller than at the transition point.
This is close to the observed reduction in the width
shown in Fig. 4(c). This agreement might be fortitous
because we have so far neglected the anisotropy of the
expansion, but it indicates that we have observed the
correct magnitude of changes which are predicted to occur
at the BEC transition of a weakly interacting gas. In
several cooling cycles, as many as 5 X 10° condensed
atoms were observed; we estimate the number density in
these condensates to be 4 X 10' cm™3.

A striking feature of the condensate is the nonisotropic
velocity distribution [11,19). This is caused by the “ex-
plosion™ of the condensate due 10 repulsive forces which
are proportional to the density gradicnt. The initial accel-
eration is therefore inversely proportional 10 the width of
the condensate resulting in an aspect ratio of the velocity
distribution, which is inverted compared to the spatial dis-
tribution. When we misaligned the optical piug vertically,
the shape of the cloud changed from two vertical crescents
to a single elongated horizontal crescent. The aspect ratio
of the time-of-flight image of the condensate comespond-
ingly changed from horizontal to vertical elongation. In
contrast, just above the transition point, the velocity dis-
wibution was found 1o be spherical and insensitive (o the
alignment of the plug. However, we cannot account quan-
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titatively for the observed distributions because we have
two separated condensates which overiap in the time-of-
flight images, and also because of some residual horizon-
ta) acceleration due 10 the switch-off of the wap, which is
negligible for the thermal cloud, but not for the corden-
sate {20).

The lifetime of the condensate was about | 5. This
lifetime is probably determined cither by three-body
recombination [21] or by the heating rate of 300 nK/s,
which was observed for a thermal cloud just ebove T..
This heating rate is much higher than the estimated
8 nK/s for the off-resonant scaliering of green light and
may be due to residual beam jitter of the optical plug.

In conclusion, we were able to Bose-condense § X 10°
sodium atoms within a total loading and cooling cycle
of 95. During evaporative cooling, the clastic coilision
mate increased from 30 Hz to 2 kHz resulting in a mean
free path comparable to the dimensions of the sample.
Such collisionally dense samples are the prerequisite for
uudyingvnﬁmmsponmindemeumld
matter. Furthermore, we have reached densities in excess
of 10'% ecm™3, which opens up new passibilities for
sudying decay processes like dipolar relaxation and three-
body recombination, and for studying a weakly interacting
Bose gas over a broad range of densities and therefore
strengths of interaction.
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4. THE CLOVERLEAF TRAP

We first observed Bose-Einstein condensation of sodium atoms in the optically
plugged (OP) trap [1](—Chapter 3). To avoid inelastic heating and loss processes
predicted at densities much iarger than 10" atoms/cm® we weakened the trapping
potential during the last stage of evaporation. Loosely spoken, the optically plugged trap
is too tightly confining for evaporative cooling. However, the OP trap is an ideally suited
trap to achieve the conditions for the onset of evaporation, while avoiding non-adiabatic
spin flips (Majorana trap loss).

The magnetic traps used for evaporative cooling of ultra-cold atomic gases until
spring 1996 had major disadvantages: The field of the TOP trap was time dependent. The
OP trap was sensitive to the shape and the position of the optical plug. Traps employing
permanent magnets [2] were inflexible and didn’t allow for control of the field parameters,
while traps that used superconducting coils [3] imposed serious constraints on the

experimental environment.

4.1 The Cloverleaf Trap - A Tightly Confining DC Magnetic Trap
In order to not only observe but also study and manipulate Bose condensates, we
have to be able to adjust the trap parameters fast and accurately. A purely magnetic trap

operated with dc electromagnets can give us this flexibility.

4.1.1 The Field Configuration of the Ioffe-Pritchard Trap

We considered a magnetic trap of the lIoffe-Pritchard (IP) type [4]. This trapping
configuration was initially suggested by David Pritchard for the confinement of cold
atomic gases [5]. It was originally used for trapping hydrogen [6, 7] and sodium [8] in
cryogenic traps. A similar field geometry (on a much larger scale) has been used earlier for

plasma confinement as proposed by loffe[9]. The initially suggested trap geometry is
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outlined in Fig.4.1. It consists of two “pinch” coils with parallel current and four parallel
straight conductors with current in alternating directions. The trap has an axial bias field
By and axial confinement from a magnetic bottle field due to the two “pinch” coils.
Transverse confinement is provided by a four-wire quadrupole focusing field. Because of
a non-zero field in the center the Lamor frequency of even the coldest atoms can be larger
than the orbital frequency, such that Majorana flops do not occur.

The value of the axial field B, near the minimum of the trap can be described by

the bias field B, and the axial curvature component B”:
B,(z,r)=B,+B"/2 2 4.1)

Close to the trap minimum the absolute value of the radial field B, is linear in r=(x2+y?)!?

and vanishes in the center:

B(z,r)=B’r 4.2)

The resulting value of the magnetic field can be expanded around ‘ts minimum and

is
B(z,r)= Bo+[B’%/(2B,)] P+[B"/2] 22 (4.3)

4™ or higher order terms in r,z are neglected. The resulting magnetic trapping field is
harmonic near the trap center.

The geometric mean of the field curvatures (B;B;Bz”)m is the relevant figure of
merit of a harmonic trap for evaporative cooling. The BEC transition temperature T, is
proportional to the square root of this quantity' (Eq.1.16) while the collision rate I" after

adiabatic compression in the purely harmonic trap increases linearly with

116
' The geometric mean of the trapping frequencies @ is given by ~/{t/ m(B;'B)'.'Bz") .
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(B;’B;Bz’)m(Eq.Z.zO). The geometric mean of the curvatures therefore determines the

efficiency of evaporation. In the IP trap it is

o BB 113
(B:8;B;) ( 5 ) : (4.4)

curvature /

rent bars SR
current ba "pinch” coils

trapped atoms

cross section in the x-y plane

y
4

.Igd 1 '(3(1

¢ <@— B-field

|Grad i "Grad

Fig.4.1 The loffe-Pritchard trap (top) is a magnetic trap based on dc electro magnets.
Two coils with current in equal direction provide a magnetic “bottle” field which
confines atoms along the axial (z) direction . The coils also produce a bias field. The four
parallel wires with alternating currents provide radial confinement through a two-
dimensional quadrupole field orthogonal to the z axis (bottom). Near the trap center the
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magnitude of this field increases linearly with the distance from the symmetry axis z.
The absolute values of both fields add in quadrature.

The ratio of the radial and axial trapping frequencies /«, is given as

B
. VBB

JE

4.5)

For radial distances from the center larger than By/B’ the potential is linear in the radial
dimensions.

Eq.(4.3) thru (4.5) show that we can shape the power law , the aspect ratio and
the curvatures of the trapping potential by adjusting th > three field parameters By, B’ and
B”. It is therefore desirable to have independent control of all three parameters. An
adjustable bias field By is crucial in order to achieve the maximum possible confinement.
This can be realized by adding a Helmholtz coil pair to the trap geometry: The coils
produce an axial bias field which is homogeneous over the whole trapping volume. This
Helmholtz field can compensate the bias field produced by the “bottle” field coils without

affecting the curvature B”.

4.1.2 The Stabilty Against Majorana Spin Flips

In order to avoid trap loss due to Majorana spin flips (—Chapter 3), the Lamor
precession frequency Wy ,mo=pBo/h of the atom near the trap center has to be much larger
than the rate at which the atom “sees” the inhomogeneous trapping field rotate. This rate

is less or equal to the atomic oscillation frequency along the strongly confining radial

direction:
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We estimate a ratio @y ,me/@=100 to be : fficient to avoid Majorana flops. A gradient of

100G/cm would therefore necessitate a bias field on the order of a few hundred mG.
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4.1.3 The Design of the Cloverleaf Trap
An important issue, which has not been considered so far is the optical access to
the atomic cloud. The atoms are laser cooled and trapped magneto-optically before the

transfer into the magnetic trap.
To CCD Camera

Trapping
AtomsijEss

Trapping Trapping

LG .} L
Probing & Pumping
Fig.4.2 illustrates the optical access to the atomic sample (center) which is required to
facilitate laser cooling and probing. The figure shows a vertical cut through the
experimental setup along the axis of the horizontal atomic beam. The armrows labeled
“Trapping” and “Repumping” represent laser beams required for magncto-optical
trapping and polarization gradient cooling. “Pumping & Probing” are beams necessary
for optical pumping and absorption imaging, while the arrow “To CCD camera” marks
the imaging path to the camera. Labeled “Atoms” and “Slowing™ are the atomic beam

and the slowing light needed for Zeeman slowing. Additional access by two more
trapping beams orthogonal to the depicted plane is also necessary.

In order to facilitate laser cooling and trapping as well as probing and imaging, up
to 12 different laser beams have to be directed at the sample of atoms. Fig.4.2 illustrates
these requirements. The four current bars of the IP Trap seriously constrain the optical
access. We therefore produce the radial confining field without obstructing the space
between the two “pinch” coils. I want to briefly explain the idea which lead to such a

design:
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Consider the field in the geometric center of a Helmholtz coil pair (Fig.4.3a). In
this location the magnetic field is oriented along the symmetry axis. Radial field gradients
resulting from each coil exactly compensate. If we break the cylindrical symmetry by
pinching both coils along orthogonal directions (Fig.4.3b) the radial fields are imbalanced
and a radial gradient results. Near the (former) symmetry axis the radial field is
topologically identical to the two-dimensional quadrupole field produced by the current
bars. This is a possibility to provide radial confinement without limiting optical access.
We developed a design based on this idea and maximized the radial field gradients with the

experimental constraints and technological limitations taken into account.

Fig.4.3a

The field on the symmetry axis (broken
line) of a Helmholtz coil pair is oriented
axially. In the center beiween the coils
radial field gradients due to each of the
coils exactly add up to 0 (black vertical
arrows)

(b) Fig.4.3b

The pair of coils is now pinched along
orthogonal directions. The radial field
gradients due to each of the coils no
longer compensate each other. A radial B-
ficld results which is topologically
identical to a two-dimensional radial

quadrupole field near the symmetry axis.

Fig.4.5 shows the evolution of the “cloverleaf” -design. At first the pinched coil
(Fig.4.4a) is split up into three components (Fig.4.4b). The outer two coils dominantly
contribute to the radial gradient field while the coils in the center are largely responsible
for the field on axis. The radial gradient can be doubled by adding an extra pair of coils
(Figd.4c). This design is now optimized by deforming the current loops. Note that the
segments of the coils which carry current flowing radially away or towards the symmetry

axis as well as the part of the coils which is closest to the symmetry axis are contributing
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most efficiently to the radial field. The outermost part of the loops produces a field which
subtracts from the radial field. The final result resembles a cloverleaf. Extra coils are added

to provide the axial curvature field and reduce the on-axis bias field.

Gradient
Curvature

(b) (c) (dy  Bias

Fig.4.4 The evolution of a single “‘pinched” coil (a) into a “cloverleaf’. The coil is
segmented (b) to separate parts which mostly contribute to axial curvature and radial
gradient respectively. The radial gradient field is enhanced by adding an extra set of coils
(c). After optimization a design results which resembles a *‘cloverleaf”. Additional coils
provide independent control of bias and curvature fields. Note that the figure shows just
one of the two cleverleaves which make up the trap.

Fig.4.5 shows the cloverleaf coils, which produce the radial gradient, the curvature coils,
which are responsible for the axial curvature and a bias field coil pair, which makes the on-
axis bias field adjustable. All three trapping parameters are therefore independently
controllable. The cloverlecaves are separated by 2.5 cm. The outer diameter of each
“cloverleaf” consisting of four coils is 10 cm. The diameter of the inner hole which allows
access for the horizontal trapping beams, is 2.5 cm. Contrary to what the figure shows,
the curvature and bias field coils touch the clover leaf coils in order to be positioned as

close to the atomic sample as possible.
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Rf-Induced Spin Plip

Fig.4.5 shows the experimental setup of the cloverleaf trap. The gradient coils produce

the radial gradient B' in the trap center while the curvature coils provide the axial

curvature B”. The bias coils compensate for the axial bias field in the center added by the

curvature coils. All three relevant trap parameters B’, B” and B, are independently

adjustable. The two gradient producing “clover leafs” are separated by one inch. The

space between the coils is accessible to the laser beams required for optical cooling and

detection. An rf antenna inside the vacuum chamber produces the rf field which evaporates

atoms by means of electron spin resonance.
With the “cloverleaf” -setup we can realize a maximum curvature of 125 G/cm?, a gradient
of up to 170 G/cm and a bias field between 0 and 100G. This leads to a geometric mean of
the field curvatures of 5 kG/cm? for a bias field of 1G. In order to achieve these
parameters, trap currents of up to 270A are necessary. The coils have to dissipate up to
10kW. The trapping field can be switched on within 1 ms and extinguished within less
than 100 ps.

The parameters B’ and B, enable us to adjust the radial confinement over the
extend of a trapped cloud from nearly linear (By/B'<<cloud size) in two dimensions to

largely harmonic and isotropic (B"B¢=B"%).

4.1.4 Mode Matching and Compression in the Cloverieaf Trap
To “mode-match” the magnetic trap to the almost spherically symmetric laser-

cooled cloud, we have to provide nearly isotropic confinement. The axial curvature is
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adjusted, to provide mode-matched axial confinement. With the two parameters By and B’
the radial curvature is then matched to the axial curvature. The depth of the trap is
maximized? by choosing a radial gradient B’, which is as large as possible, and by
adjusting the bias field By accordingly. We would mode match to a 100pK cloud which
has a 3mm rms diameter with a curvature B”=125 G/cm? a gradient B’=170 G/cm and a
bias field B;=217 G. Our available bias field is limited to ~100 G. We therefore slightly
“over-match” the radial trapping frequency by a factor of 1.5. This mismatch causes
insignificant heating and does not affect the onset of evaporation. This illustrates the
point made in Chapter 2.5, namely that phase space density and collision rate are not
very sensitive to a mismatched transfer.

The transferred cloud is then compressed by decreasing the bias field adiabatically
to ~1 Gauss. This method of compressing the cloud differs from the model discussed in
Chapter 2.5, where we do not consider a change of the power law of the potential. As the
bias field is decreased, the confining potential turns from nearly isotropic and hanmonic
(over the size of the cloud) into a potential which is linear along the radial direction.

This has a subtle implication for the phase space density during adiabatic
compression: It increases by a factor of e=2.73 as the entropy remains constant [10, 11].
This increase requires elastic collisions to keep the sample thermalized. It has very
recently been observed experimentally with spin-polarized hydrogen [11]. In our
experiment we compress the samplc to a mean geometric curvature of 5 kG/cm?. Due to
radial compression the ratio of the radial and axial trapping frequencies increases to

approximately 15.

4.1.5 The Dimensionality of Evaporation
Such a large aspect ratio has important implications for rf evaporation in such a

trap: As discussed briefly in Chapter 2.3, rf evaporation can become one-dimensional, if

? The dependence of the trap depth on trap paramelcr; gvas discussed by [10].



the potential energy due to gravity across the rf truncation-shell is larger than kgT. This
means that gravity pulls the cloud towards a larger magnetic field at the trap bottom, such
that only atoms at the very bottom of the cloud are in resonance with the rf. It leads to a
truncation which is energy selective in one instead of three dimensions and hence greatly
depreciates the evaporation efficiency [12]. The temperature T)p, at which this effect

occurs for sodium, is given by [12]

Tip/[1K] ~ 10(B”venical [KG/cm])! 4.7

The above formula assumes an rf truncation at ~10 kgT. B”,qcz1 i the curvature along the
vertical axis of the trap. According to the considerations above, the most strongly
confining axis of a magnetic trap should therefore be vertical. For the trap parameters
described in section 4.1.4 ( B’ nica=B'Bo=(170G/cm)*/1G ) one dimensicnal
evaporation would set in at a temperature T~100puK if the axial direction of the
“cloverleaf “ trap is oriented vertically. The trap is however oriented horizontally, which
leads to one-dimensional evaporation at temperature ~ 400nK, well below the onset of

BEC [13].

4.2 Bose-Einstein Condensation in the Cloverleaf Trap

We observed BEC in the cloverleaf trap in March 1996 [13]. The procedure and
the evidence are similar to the OP trap experiment [1]. The detailed publication on BEC in
the cloverleaf trap is presented in the appendix of this chapter.

The fact that the confinement is purely magneto-static and that the fields are
highly stable allowed us to adjust the temperature of a Bose condensed sample such that
it was possible to map out the condensate fraction as a function of (normalized)

temperature across the transition [13]. The measurement of this fraction in superfluid
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helium was a major accomplishment which took many decades to complete. A fascinating
historical account and a description of the measurement is given in Sokol [14].
Evaporation in the cloverleaf trap lead to an order of magnitude increase in the
number of condensed atoms (5x10° atoms) over the OP trap experiment [1]. This increase
is probably due a lower heating rate because of less vibrations. The adjustability of the
potential parameters also allowed us to adiabatically expand a trapped condensate [15]
and excite collective excitations [16] in subsequent experiments. The reduction in
curvature, compared to the extremely tight confinement of the OP trap, resulted only in a

doubling of the evaporation time to ~20s.
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4.3 A Summary of different Bose-Einstein Condensation experiments
Table 4.1 is a short comparison of the BEC experiments reported thus far [1, 2,
13, 17, 18]. The table does not include the observation of BEC of rubidium 87 in a
modified “Baseball” trap which was reported very recently by JILA [19]. The first
report of the Rice group [2] is not considered as the observation of BEC in a gas of

atomic lithium but rather a report of cooling lithium into the quantum degenerate regime.

JILA 95 MIT 95 MIT 96 Rice 96
Atom 5Rb Na Na Li
Scattering length [nm] + 6 nm + 5 nm + 5 nm - 1.5 nm
Trap TOP Opt. plugged Cloverleaf Permanent
mag. trap mag. trap mag. trap
(B"B”, B, )"’k G/cm*] 3 150 5 ]
first BEC June 95  Sept. 95 March 96 (July 95)
summer 96
Evidence for BEC TOF TOF TOF (Halo)
direct imaging direct imaging
N, 2x10° 2x10¢ 15x10¢ 2x10°
T, [nK] 100 2,000 1,500 400
n. [cm™) 2x10™ 1.5x10™ 1x10™ 2x10"?
No 2,000 5x10° 5x10° 2000
Cooling Time 6 min. 9s 20s S min.
condensed atoms/s 6 60,000 200,000 6
lifetime =15s =1s =20s =20s

Tab.4.1: Comparison of BEC experiments reported thus far.

4.4 The Weakly-Interacting Bose-Einstein Condensate

This section will briefly explain the mean-field which arises due to the weak
interactions between atoms in the condensate. It will also introduce the Thomas-Fermi
approximation and its implications on the condensates shape, the density distribution and

the dependence of the mean-field energy on the number of condensed atoms.
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The many-body wave function of a condensate which contains 5x10° atoms in the
fully compressed cloverleaf trap is about 17 um wide radially and extends over 300 um
axially [13]. The ground state wave function of a single atom in the same trap on the other
hand would have an rms width of 1.7 pm and 7 pm along the radial and axial direction
respectively. A condensate of ideal non-interacting bosons would have the size of the
single-particle ground state. The large extent of the condensate is due to weak repulsive
interactions between the condensed atoms. The characteristic length scale for these
interactions is the s-wave scattering length for sodium atoms in the F=1 hyperfine
groundstate. The value of this scattering length was determined spectroscopically to be
a=2.70(3)nm [20], much shorter than the expectation value of the distance between two
atoms in the condensate which is on the order of 100 nm. The wavefunction of the
condensed atoms on the other hand extends over the full size of the condensate. These
atoms therefore “overlap” and experience a mean-field potential Uy, due to the mutual

repulsion which is proportional to the condensate density p(z,r) [21-23]:

mh’a

Uny(r2)= 4 p(r,2) (4.8)

m

The mean-field is a result of the large extent of the ground state wave function. It
is not a time averaged potential which arises due to frequent elastic collisions between
atoms. In fact, the condensate ground state is stationary and the mean field results from
collisionless interactions, a manifestation of quantum mechanics.

The physics of such a weakly-interacting condensate is governed by the non-linear

Schrodinger equation (NLSE) (also referred to a Grosz-Pitaevskii equation [24, 25]):

ihi<b(r,t) =

(_ W'V’ 4mh
o

2
+U,, (1) + == |®(r, 1) )d)(r,t) (4.9)
m m
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®(1,t) is the macroscopic order parameter of the system and the expectation value of the

density is given by

p(r,t) =|@(r,n)’ (4.10)

For a large number of condensed atoms N we can obtain a very good
approximation to the ground state wave function by neglecting the kinetic energy term in
the NLSE. This approximation is called the Thomas-Fermi limit and applies to
condensates in the cloverleaf trap: The mean field of 5x10° atoms in a condensate with a
peak density ppes=3.0x10"*cm is on the order of 100 nK while the zero-point energy in
the ground state is a approximately 16nK [13]. The density distribution p(r,z) resembles

an inverted “image” of the trapping potential and is given by

m
Po(r'z) = m(&u - U,mp(f,Z))

m 4.11)

= (it moir? - ma’2?)

as long as this expression is positive and vanishes otherwise. [ is the chemical potential

of the condensate given by

2/5
= 1523 ( W*a@’N (4.12)
2 m

where & = (0,0,2)'"" is the geometric mean of the trapping frequencies. The ground state
wavefunction is shaped such that the potential due to the mean field exactly cancels the

trapping potcntial. This is illustrated in Fig. 4.6.
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Fig.4.6 In the Thomas-Fermi limit the kinetic energy of condensed atoms is negligible

compared to the mean-filed energy. The contribution to the potential due to the mean-

field is directly proportional to the local density. The resulting ground state density

distribution is a “mirror image” of the potential, which flattens out the bottom of the

total potential.

The solution is not a good approximation at the “boundary” of the wave function
where the density vanishes and the kinetic energy term becomes comparable to the mean
field. Far outside the boundary, where the mean-field is negligible, the wavefunction falls
off like a gaussian in analogy to the single particle wavefunction [26].

The peak density of the condensate in the Thomas-Fermi is by a factor
8/(15%51t'"2) N*(a/a,s.)*” smaller than the peak density of a non-interacting condensate
with the same number of atoms [27]. a.=(#/mw)"? is the oscillator length. The aspect
ratio of the condensate o, the ratio of the axial to the radial extend of the wavefunction, is
the reciprocal ratio of the corresponding trapping frequencies: o=w/®,.*’ The wave
function spreads out due to repulsive mean field interaction. In fact, the linear extent of
the condensate in the Thomas-Fermi limit is proportional to N>, The volume which the
condensate occupies consequently scales as N** while the peak density increases
proportional to N** (Eq.4.11 and Eq.4.12). The mean-field energy stored in the

condensate should therefore scale as N7/ 5(~jdx3 p?) and the mean field energy per atom in

the condensate E ¢ increases as N**. From Eq.4.11 and Eq.4.12 follows

3 The effects of the anisotropy of the potential are much more pronounced than in non-interacting case,
where o=(0,/0,)">.
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152/5 ,
E,= T(h’m“aw’N)

23 (4.14)

Dalfovo et al. [26] derive a simple estimate for the ratio between the mean field
energy and the kinetic energy of a particie in the many-body condensate ground state.
According to that estimate the mean-field (~100nK) energy is more than two orders of
magnitude larger than the kinetic energy of the particles in the condensate (<InK). We
consequently expect the mean field to play a significant role in the dynamics of the
ground state.

In fact, if the trap is switched instantaneously, atoms will be accelerated due to
the mean-field repulsic. and the “explosively” released mean-field energy will be the
dominant contribution to the kinetic energy of the atoms in ballistic expansion. We were
able to confirm the N?* dependence of the mean-field energy per particle by recording the
ballistic expansion of condensates with a variable number of condensed atoms [13]
(—appendix of this chapter).

In ballistic expansion the mean-field energy is predominantly released in the
direction of strongest confinement (the radial direction in case of the cloverleaf trap): The
local mean-field scales as the condensate density and the initial acceleration due to the
mean-field after the switch-off of the confinement is proportional to the density gradient
in the cloud. Thi - gradient is largest along the strongly confining directions.

Castin and Dum predicted that a ballistically expanding condensate, which was
initially trapped in a harmonic trap and in the Thomas-Fermi limit, does not change its
characteristic shape of an inverted 3-dimensional parabola [28]. It only rescales width and
peak density. Such a dependence is apparent in the absorption images of ballistically
expanding clouds [13] (— appendix of this chapter).

The Thomas-Fermi approximation often simplifies a theoretical description

tremendously, which permits quantitative analytical predictions of the condensate
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dynamics (see e.g. [29]). If the kinetic energy is not negligible compared to the mean ficld

energy a theoretical treatment can become very complex and require numerical approaches

(see e.g. [30)).
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Appendix to Chapter 4:

This appendix contains the publication which describes the observation of Bose-

Einstein condensation of atomic sodium in the cloverleaf trap.
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Bose-Einstein Condensation in a Tightly Confining dc Magnetic Trap

M -O Mewes. M R Andrews. N.J. van Druten, D.M. Kum. D.S. Durfee. and W Kenterie

Department of Phsics and Research Laboraton of Elecironics. Massachusens Institute of Technologs. Cambndge.
Massachusents 02139
(Receined 17 May 1996)

Bose-Einstein condensation of sodium atoms has been observed in a novel “cloverieal” uap
This trap combines ught confinement with excellent opucal access, using only & elecToimagnets
Evaporative cooling in this trap produced condensates of § X 10® stoms. a tenfold improvement over

previous results
agreement with theoreucal predictions

PACS numbers 03 73 F1. 05 30Jp. 3280 P), 64 60 -1

Einstein predicted 1n 1925 that an ideal quantum gas
would undergo a phase transinon when the thermal de
Broghe wavelength becomes larger than the mean spac-
ing between particles {1] For many years. this phenom-
enon. now known as Bose-Einstein condensaton (BEC).
was regarded as a mathematical artifact. until London “re-
discovered™ 1t 1n 1938 10 eaplain the superfluidity of hq-
uid helum (2] However, i liquid helium. the purely
quantum-stauist:cal nature of the BEC transiion is com-
plicated by strong interactions {3). BEC was recently
created 1n excitons. which behave similarly 10 a gas of
particies {4]. Bose-Enstein condensaton in dilute atomic
gases was first pursued 1n spin-polanized hydrogen {5).
and last year was finally observed in alkali vapors al JILA
and MIT [6.7] A third group. at Rice Umiversity. reported
cooling of hithwm atoms into the quantum-degencrate
regime (8] These experiments Jed to renewed expen-
mental and theoretical interest 1n the study of quantum-
degenerate gases (9]

In this Letier. we repon a detaled study of the
properties of a weakly interacung condensate and a
companson with theory [10]). These expenments were
carried out in a novel alom trap which overcame major
Jimitations of the traps used so far for evaporauve cooling
and BEC: the time-dependent field in the case of the
TOP twrap [11]. the sensitivity 1o shape and pcsition of
the optical plug In the optically plugged trap (7). the
inflexibility of a trap that uses permanent magnets [8). or
the constraints of a cryogenic environment for a trap that
employs superconducting coils [5).

Our new trap is of the loffe-Pritchard (IP) type.
suggested in Refs. [12.13] and oniginally used for urapping
hydrogen (14.15] and sodium {16} in cryogenic traps. In
contrast. our trap is built with normal clectromagnets.
Previously. it had been concluded that IP traps are infeiior
in confinement compared to the TOP trap [11]. which uses
a siatic spherical quadrupole fizld and a rotating bias field.
Howerer. the previous analysis was incomplete, and we
point out here that spin flips induced by the roiaung field
limit the confirement of a TOP trap tu below the vajue
that can be achieved in an IP trap  Tight confinement

416 0031-9007/96,77(3)/416(4)$10.00
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We measured the condensate fracuon and the repulsive mean-field energy. finding
150031-9007(96)00729-6)

is crucial because evaporative cooling [17] (the techmque
used to attain BEC 1n atomic gases) requires densities high
enough that the thermalization time is much shorter than
the lifeume of the sample.

The design of our trap was based on the following
considerations. The magneuc trapping potential HB 1
given by the effective magneuc moment 4 of the atom
and the absolute value B of the magneuc field Both
the TOP and IP traps are harmonic and cyhindncally
symmetnc near the minimum of the potenual. with
different radial and axial curvatures. The geometnc mean
of the cunvatures 1s the relevant figure of ment of 8
map for evaporative cooling [18). The radial curvature
Bl in an IP trap vanes with the radial gradient B and
the bias field Bo as Bip = B*/Bo. In the TOP trzp.
one obtans for the curvatre Brop = B?/2B.. where
B is the amplitude of the roaung bias field Subility
against spin flips requires the Larmor frequency (which
is proporuional to By or Brx) to be much higher than
we. the frequency at which the moving stom sees the
inhomogeneous magnetic field rotate. For 2n IP trap, we
is less than or equal to the atomic oscillauon frequerisy.
whercas in a TOP trap. the frequency of the rotsting ficld
we Must be much higher than the atomic oscillation
frequency (in Ref. [6). for example, the rauo of wr 10
the radial rap frequency was 150). As a comsequence.
the minimum By of & TOP trap must be much lasger than
B, of an [P wap. This himits the radial curvature of the
TOP trap 1o be about 2 orders of magnitude wes ker than
that of an IP trap with companble radial gradient B'. In
the axial direction, the TOP trap creales 8 B" which can
be a hundred times larger than in an IP wap: however, the
product of the three curvatures is higher for an opumized
IP trap. The above discussion assumes that the curvature
does not change over the extent of the cioud and 1s thus
valid for cold samples

A somewhat different discussion applies when a
warmer cloud of temperature T is loaded into a magnetic
trap. In the TOP trap. B, must be larger than 20k7 /u
to maintain a trap dept arger than 347, determined by
the rotaung zcro of the magnetic field. The resulung

© 1996 The Amencan Physical Society
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radial cunature of wB~/40kT is much lower than the
effective curvature uB”/kT of the IP trap [17]. Again,
the IP trap has a higher mean curvature.

The usual configuration of the IP trap. using the so-
called “loffe bars™ or the baseball winding panemn (19]).
limis optical access to the trapping region. This was
solved by a novel winding pattern. allowing full 27
optical access in the symmetry plane of the trap: each
of the two axial coils (the so-called “pinch coils™ [19])
was surrounded by four coils, in the form of planar
cloverleaves, which created the radial quadrupole deld
Two larger axial coils were added to reduce the bias
field The twelve coils of the “cloverleal™ trap allowed
independent and almost orthogonal control over the three
important parameters of the trapping field: axial bias
field. axial curvature, and radial gradient. Additional coils
generated bias fields along the x, y. and : directions,
allowing accurate overlap of the centers of the light trap
and the magnetic trap.

The expenmental procedure was as follows. A high
density of magnetically trapped sodium atoms was ob-
tained in a mulustep procedure similar to that descnbed
in our previous works [7.20]. Using a Zeeman slower
and a dark SPOT [21]. within 2 s typically (5-10) x
10° atoms were confined a1 densities of § x 10" em™>.
In situ loading of the magneuc rap was accomplished by
extinguishing the laser-cooling light quickly and switching
on the cloverleaf trap with the maximum values of axial
curvature (=125 G/cm?). radial gradient (=170 G/cm).
and axial bias field (=100 G) within | ms. The tapping
potenual was appronimately isotropic and provided con-
finement at about the same temperature and size as the ini-
tial laser-cooled cloud This resulted in typically 2 % 10°
trapped atoms inthe F = |.mys = -1 state, at a peak den-
sity of 6 x 10' cm™? and a phase space density ~10°
times lower than required for BEC  The elastic collision
rate 1n the center of the cloud was abcut 20 Hz. based
upon an elastic collision cross secuon of 6 X 1071 cm?
[20]. Subsequently, the cloud was radially compressed
by reducing the bias feld 1o 1 G. The lifeume of the
trapped atoms was approximately | min, probably lim-
ited by backgropnd-gas scattenng al a pressure of typi-
cally 3 X 10 '" mbar. From Hall-probe measurements
of the magnetic fields, the axial and radial trapping fre-
quencies were calculated 10 be w, = 27 X 18 H2 and
w, = w. = 27 X 320 Haz. respectively.

The atoms were further cooled by rf-induced evapo-
ration (11,17,20,22]. The rf frequency was swept from
30 MHz 10 a vanable final value, typically around | MHz.
The sweep time (between 15 and 26 s) was longer than in
our previous expenment 7). where such a long evapora-
tion time did not result in more efficient cooling. This
suggests that some additional heating process was present
1N OUT Previous trap.

After evaporation. the atom cloud was allowed to
thermalize in the magnetic trap for 100 ms, with the
rf switched off. Finally. following a sudden switch-off
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of the trap and a vanable delay ume, the stom cloud
was imaged using the same method as in our previous
work [7]. The probe laser beam was direcied verucally
through the atom cloud. along a radial axis of the trap. and
the probe absorption was imaged onto a charge-coupled
device sensor with a system of lenses having a resolution
of § um. The verucal absorption beam allowed for declay
times of up 10 $0 ms (corresponding 1o 8 drop distance
of 1.2cm) No refocusing was necessary due to the
expansion of the falling cloud. Density, temperature,
and towal number of atoms were determined from these
absorption images. as will be described below.

As in our previous work {7). the BEC phase transition
was observed as the sudden appearance of a bimodal dis-
tribution in time-of-flight images when the final f fre-
quency was lowered below a critical value of typically
1.1 MHz. Examples of time-of-flight images are shown
in Fig. 1. for varying delay times; they show the ex-
pansion of the initially pencil-shaped cloud. The normal
component expands isciropically, whereas the condensate
expands predominantly along the radial direction.

For the longer flight times, the image reflects the ve-
Jocity dastribution of the expanding thermal cloud tecause
the initial spaual extent 1s negligible. We analyzd such
images taken with a 40 ms time of fight, ax¢ a arying
fina) rf frequency. At the transition temperature 33d be-
low, the velocity distribution of the normal com ronent
is isotropic and proportional to gy/a(exp(—mu®; 2kT))
where g32 is the familiar Bose function. On the other
hand. 1n the Thomas-Fermu regime (see below ) the density
distribution of the expanding condensate 15 anIsOUoPIC

Time-of-flight images of cxpanding muxed
clouds Flight umes for (a)~(f) are 1, S, 10, 20, 30. and 45 ms.

F1G. l(color)

respecuvely. The normal t expands tsotropscally
{most clearly seen in (d) and (e). the hight-blue sphencal cloud).
whereas the condensate expands much faster in the radial than
in the axsal direction  The zashiest image shows the pencil-hke
shape of the inival cloud In the carly phase of the expansion.
the clouds appear larger than thewr true sizes due 1o complete

absorpuon of the probe laser ight  The width of the field of
view is | 6 mm
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and predicied to maintain its parabolic shape [23). Full
wo-dimensional images were fitted assuming this model
for the expansion of the cloud. The shape of the con-
densate was clearly non-Gsussian and was fined well by
the parabolic function. The relatively low optical den-
sity of the normal fraction limited the determination of an
accurate temperature 10 clouds with condensate fracuons
smaller than 50%.
. Theoretically, one expects 2 critical temperature T, of
{24)

kT, = R@(N/1.202)'7, m
with N the number of atoms and & the geometric mean of
the harmonic trap frequencies @ = (w,w,w;)'?. Below
the critical temperature, the condensate fraction should
vary as [24)

No/N =1 = (T/Te)*. @

In Fig. 2. the condensate fraction is plotied versus nor-
malized temperature T/N'’? (both determined from the
fits) and compared to the theoreucal prediction, Eq. (2).
As the temperature was lowered by evaporative cooling,
the number of atoms N decreased. The daa were plotied
in terms of T/N'/? 10 account for the scaling of T, with
N, Eq. (1). The scatter in the experimental data is con-
sistent with our estimated statistical and sysiematic errors.
Comparing the honzontal scales of the theoretical and ex-
perimental data yields (using Eq. (D) @ = 27 X 142 Hz.
in reasonable agreement with @ = 27 X 120 Hz, as de-
termined from the Hall-probe measurements.

Note that Eqs. (1) and (2) are equivalent o N — Ne =
1.202(kT /E®)}. expressing that the normal component
behaves as a saturated vapor where the interaction encrgy
is much smealier than the thermal energy. Therefore, the
condensats fracuon is only weakly affected by interac-
tions between the atoms.

TN (nK)
o s 10
1.0 g

Condensate Fraction

TN
FIG 2. Condensate fractior. versus normalized temperature
T/T. = T/N'". Solid line theoreucal curve, Eq. (2). The

expenmental data were determuned from fits 1o ume-of-flight
images (sec text); &: clouds with no detectable condensate, O:
clouds with both condensate and normal fracuon visible.
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Typical values for the number of atoms and temperature
at the phase transition were N,=15%10°and T, =
2 uK. respectively. The criucal peak density at 2 uK
was 1.5 X 10" cm™. Pure condensates with up to
§ x 10° atoms have been observed, a factor of 10
improvement over our previous result 7). which is
ascribed 1o the more efficient evaporative cooling in the
cloverieaf trap.

If the density of condensed atoms is high, the kinetic
energy of the condensate is negligible compared to its
interaction energy nol/ (Thomas-Fermi approximation),
wbe:enoinhepakcoodennuda\my.mdﬂispm-
portional to the scaticring length a (25): U = amwh?a/m
(O/k = 1.3 x 107 Kcm®). In this regime, the con-
densate density distribution is given by mo(r) = no —
V(r)/ U, where V(r) is the trapping potential {and no(r)
vanishes where V(r) > nol/). This results in a peak con-
densate density

ne = 0.118(Nom’@?*/K*a*?)*%. 3

For typical parameters of our experiment, no = 30 x
10'* cm-?. and the mean-field encrgy per atom. 2no0 /7.
is 110 nK. much larger than the zero-poini energy of
16 nX. Consequenty, the assumption of negligible ki-
netic energy is justified.

In the Thor as-Fermi approximation, the aspect retio
of the condensate is the ratio of radial and axial trapping
frequencies, which is approximately 20. The initial accel-
eration after switch-off of the trap is determined by the
gradient of the interaction epergy and is inversely propor-
tional 1o the width of the condensate. Consequenty, the
aspect ratio of the velocity distribution is inverted com-
pared to the initial spatial distribution. In our case, nearly
all the interaction energy is released in the radial expan-
sion. The axial expansion cormresponds (0 a temperature
arourd 0.2 nK. and is small compared to the initial length.
The radial kinetic energy obtained from the time-of-flight
images comesponds therefore to the interaction energy of
the condensate.

In Fig. 3, the interaction energy is plotied versus the
number of atoms in the condensate. No was vaned by
only partially condensing the cloud, or by using rf evapo-
fation to remove atoms from a pure condensate. As can be
seen from the figure, the expansion of the condensate did
nok depend on whether a normal component was present.
This indicates that interactions with the normal fraction
did not affect the expansion of the condensate. The mean-
field energy per condensed atom is proportional to ~3”.
as predicied by Eq. (3). From the proportionality constant
a value for the scatiering length was obtaned.

To eliminate errurs due Lo uncenainty in the rapping
frequencies and absolute measurements of atom numbers,
@ in Eq. (3) was expressed by using Eqs. (1) and (2). In
this way we find @ = 65 = 30 bohs, which agrees well
with @ = 92 = 25 bohr, the value previously deterimined
from thermal relaxation times {20). The determination of
the released energy per atom, 2no0/ /7, provides a direct
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FiG. 3. Mean-fieid energy per coondensed atom versus the
number of atoms in the condensate. A: clouds with no
visible normal fraction. O: clouds with both normal and con-
densed fracuons visible. The solid line is a fit proportional

w A"

measurement of the peak density ng of the condensate,
and, combined with Np, of the size of the condensate. For
No = S X 10°, the Thomas-Fermi approximation gives a
density distribution of the condensate which is nonzero
within 17 um in the radial direction and 300 um axially
[25]. Note that these widths are much larger than the rms

widths of the ground state, /2A/mw, which are 1.7 KM

in the radial and 7.0 um in the axial directions.

The condensate had a lifetime of about 20 s when
the rf radiauon was left on. This lifetime decreased o
about 1 s when the rf field was turned off. This reduced
lifetime might be caused by grazing-incidence collisions
with 300 K background-gas atoms, which excite trapped
atoms to an energy comparable to the trap depth of about
5 mK. If these hot atoms are kept in the trap, they rapidly
heat up the condensate. If the 1f is left on, it skims off
such atoms. A more detailed study is needed to accurately
characterize the decay of the condensate.

In conclusion, we have achieved Bose-Einstein con-
densation of sodium atoms in a novel cloverieaf trap, a
purely magnetic trap using only dc elecdomagnets. The
varisble confinement and aspect ratio of the cloverieaf
trap are ideal for studying various properties of the con-
densate. In the present case the condensaie had an as-
pect ratio of ~20 and a maximum length of 300 um.
The kinctic energy of the axial motion is about 1 pK.
An clongated condensate is advantageous for several
experiments. For instance, it is possible to spatially
resolve the shape of the condensate amidst the nor-
mal fraction [26). Also. an elongated condensate can
casily be cut with a sheet of far-off-resonant blue-
detuned Jight [7). This configuration might realize an
atomic losephson junction, or can be used to perform
interference experiments with two condensates, demon-
strating the existence of a macroscopic wave function

and superfluidity.
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S. COLLECTIVE EXCITATIONS OF A BOSE CONDENSATE

This chapter is centered around the publication on the observation of collective
excitations in a weakly-interacting Bose condensate (—appendix) . It starts with a historical
note on how the theory of collective excitations helped to establish the link between
superfluidity in He 1l and Bose statistics. The chapter then continues with a brief derivation
of low-lying collective condensate modes that can be observed in the cloverleaf trap. A

short section on the observation of a strong condensate excitasion is added as a supplement

5.1 Collective Excitations and Superfluidity

Superfluidity describes a range of experimental phenomena in ultracold liquid
helium such as frictionless and persistent flow, wave propagation on liquid surfaces and
other kinetic effects. We understand less about the physics of these complex phenomena
than we understand about Bose condensation itself which can be directly derived from the
basic principles in quantum statistical mechanics (appendix chapter 2).

Collective  quantum excitations played a key role in determining and
understanding the superfluid behavior of helium. In fact, it was the theory of these
collective excitations that helped to establish the link between Bose statistics and
superfluidity. I briefly sketch the historical steps towards this insight. A comprehensive
overview of superfluid quantum systems is given in [1]. A thorough treatment of Bose-
Einstein Condensation and superfluidity can be found in [2, 3].

As early as 1938 Fritz London realized that the discontinuity in the derivative of
the specific heat of an ideal Bose gas resembles the A—point of helium [4]. He suspected
that atoms in superfluid helium might move in a "self consistent periodic field formed by
the other atoms” similar to the description of electrons in the Bloch theory of a metal.
Drawing upon these analogies he pointed out that the condensation phenomenon in Bose
statistics (BEC) might be the underlying mechanism of superfluidity in helium. Unti! that

time Einstein’s prediction of BEC[S] had been considered purely a mathematical oddity

V.



and had not been taken serious as a physical phenomenon. London’s insight, however, did
not catch on right away. In fact, Landau opposed any connection of superfluidity with
BEC and in 1941 he used the theory of elementary excitations of the quantum liquid to
explain excited states of superfluid helium [6]. The excitations are also called
quasiparticles and are phonons in the long wave length limit. He argued that a system
with only phonon excitations would flow without friction, since they cannot absorb an
arbitrary small amount of energy or momentum. His theory enabled him to understand
various thermodynamic and transport properties of He II, such as the propagation of
second sound. Landau’s phenomenological approach to the subject was based on quantum
hydrodynamics. Earlier, in 1938, Tisza had predicted second sound by using another
empirical approach, the “two fluid” model [7]. Landau was not aware of Tisza’s results
due a lack of scientific communication during the second world war. It was Bogoliubov,
who finally reconciled Landau’s approach with London’s suggestion in 1947[8] . He
showed that in a weakly interacting system which obeys Bose-Einstein statistics the
single-particle energy spectrum is modified by a macroscopic population of the ground
state, the Bose-Einstein condensate. This modification leads to the low-lying phonon
states predicted by Landau earlier. From 1953 to 1957 Feynman enforced this link
between superfluidity and Bose statistics by thoroughly describing the nature of the
macroscopic wavefunction. He argued that Bose statistics excludes any low lying
excitations except density fluctuations in the immediate neighborhood of the ground state.
He was able to explain the excitation spectrum well enough that it agreed with
experimental data obtained through neutron scattering [1]. An interesting popular
overview over Feynman’s contributions to the theory of superfluidity can be found in
[9]. He also explained the creation of quantized vortex lines [10] by linking it to the
critical velocity of superfluids.

The observation of Bose-Einstein condensation in weakly interacting atomic gases
requires a quite different approach to the relationship with superfluidity and collective

excitations: in contrast to superfluid helium, it was rather easy to provide evidence for the



existence of a Bose condensate once the quantum degenerate regime was reached [11-13].

The determination of the Bose condensed fraction as a functicn of temperature {13, 14]
was simple compared to the decade-long effort necessary for the measurement in
superfluid helium [15]. However, the direct evidence for superfluidity in a quantum
degenerate atomic gas has not been observed. (It is also not well understood what
superfluidity in a small trapped sample implies.) The accumulation of a macroscopic
fraction of the atoms in the groundstate of the system is a direct consequence of the
complete symmetric many-body wave function. It would be desirable to observe the
quantum mechanical character of the system on a macroscopic scale: the coherence of the
condensed “matter waves”. The observation of superfluidity or the interference of two
independent condensates would be a major step in this direction.

Until the observation of BEC in exciton systems [16] and in dilute atomic gases
[11-13, 17] superfluid helium has been the only bosonic system that exhibits a
macroscopic quantum behavior. It took long to achieve a detailed theoretical
understanding of this phenomenon, since quantum statistical effects are entangled with
strong (and not only binary) interparticle interactions. A dilute Bose sysiem, on the other
hand is an ideal testing ground for theories. It might permit a complete understanding and
could lead to an improved theory for superfluidity in more complex systems. The
observation of phonon-like collective excitations is a first step towards establishing
superfluid behavior in atomic gases. The observation of vortex states or second sound
would be a step further.

There have been numerous theoretical papers which discuss aspects of collective
excitations in dilute Bose condensates (e.g.[18-22]), and there have been three

experimental studies so far[23-25], one of which is presented in this chapter [23].

5.2. Theory of Collective Excitations in the Cloverleaf Trap
A trapped Bose condensate of non-interacting atoms can exhibit collective shape

oscillations. The oscillations are due to synchronous uncoupled motion of single particles



and the frequencies of the modes therefore have to be multiples of the trapping
frequencies. In the weakly-interacting condensate on the other hand the particles are
coupled by the quantum-mechanical mean-field (see chapter 4.4) which significantly
modifies the shape and the frequency of these lowest-energy condensate excitations.

In this section I will derive the properties of the collective excitations for a
weakly-interacting Bose condensate in a magnetic trap. The derivation is not a general
theory of collective excitations. It is aimed at understanding the physics of the low-lying
excitations measured in the cloverleaf trap. I will therefore focus on “our” experimental
parameters: A pure condensate in an anisotropic harmenic trapping potential with axial
symmetry and a number of condensed atoms which is deeply in the Thomas Fermi limit.
The following derivation similar to the analytical treatment presented by Stringan [21].

The physics of a weakly interacting condensate i1s governed by the non-linear
Schrédinger equation (NLSE) which has been already introduced in chapter 4.4:

2y72 2
ihid)(r,t)= _hV +U,, (r)+4—”h—alcb(r,t)|2)d>(r,t) (5.1)
ot 2m g m

The non-linear term
4mh’a
m

|<I)(r,t)|2

accounts for the repulsive (a>0) interaction between the condensed atoms. ®(r,t) is the
macroscopic order parameter of the system and the expectation value of the density is

given by
p(r.0) =|®(r,n)’.

The NLSE (Eq.5.1) can be reexpressed in terms of quantum hydrodynamic equations

gz_p(r’t) +V(vp)=0

(5.2)
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mg?v+‘7(6u+%mv’)=0

The “velocity”-field of the condensate v(r,t) is defined as

@ (r,1)VO(r,1) - O(r,) ) VO (r,1)
2im|d(r, 1)’

v(r,r) = (5.3)

and d is the change in the chemical potential with respect to the chemical potential p of
the ground state
ou=v,+ 38, i 5y (5.4)
ext 2m \//_) p ‘

m

(The chemical potential of the ground state has been described in Eq.4.14.) The
hydrodynamic equations have exactly the same structure as the equations goveming the
dynamics of superfluids at T=0 [1].

As long as we are in the Thomas-Fermi limit, where the pressure due to the

kinetic energy

Zmﬁv \/—5

1s negligible compared to the contribution of the mean field
Amh’a
m

13

the perturbation to the chemical potential can be simplified:

4mh’a

ou=U,,+ p-U (5.5)

We substitute the density distribution of the ground state (see also Eq.4.12)

po(r) = ——(1=U,,,(r)) (5.6)

m
4mhla



into Eq.5.5 and obtain a proportionality between the perturbations to the chemical

potential 6j and the density perturbations of the ground state distribution

4nh (5.7)

2
ou = (P—Po)
m

This implies that, in the Thomas-Fermi limit, collective excitations are fluctuations of the
mean field, i.e. density perturbations to the ground state of the condensate. By expressing

O in terms of its normal spectral components

2

Su= P i ey (5.8)
m

and linearizing the hydrodynamic equations in Eq. 5.2 we obtain the “wave” equation for

Bose condensates at T=0 in the Thomas-Fermi regime:
06— ——VEpV (it ~U,,,(r))=0 (.9)
ma

This equation is solved for an anisotropic harmonic potential

U,op(r:2) =4 me} (r* + 0}/ 0}2). (5.10)

In an isotropic harmonic potential normal modes of Eq.5.9 have a polynomial
dependence along the radial direction while the angular dependence of the solutions is
given by spherical harmonics Y, (1=1,2,3,.., |m|=0,1,2,.,,1). “Our” anisotropic trapping
potential on the other hand only has cylindrical symmetry. In this case Y, and Y, .1
(1=1,2,3,..) are the only spherical harmonics which solve the “wave” equation. These

solutions are



8, =(r/R)'Y,,(6,0) (5.i1)

Q= "ﬁwr

and

8”1.:(1-1) =(r/R) Y 1a-1n(6,9) (5.12)

Oy 1) = ,/(l -ho+o

where r is the renormalized radial coordinate r=(x/R’+y*/R?*+z%/Z22)'? and 2R and 2Z give
the radial and axial extend of the condensate respectively, while (r,0,4) is the spherical
representation of the renormalized Cartesian coordinates (x/R,y/R,z/Z). Other excitations
are given by mere complicated superpositions of spherical harmonics (each multiplied by
polynomials in r). For now we are only interested in the low-lying excitations, the modes
with the lowest oscillation frequencies.

In order to excite a collective mode the condensate in the harmonic trap has to be
temporarily deformed such that its density perturbations overlap with the perturbation
associated with the mode of interest. The condensate is deformed by a brief perturbation
in the :ropping potential. Due to the field geometry of our trapping potential there a low
lying modes which we cannot excite by simply changing the current through on of the
trap voils:

Among the excitations we were able to excite and study are the modes 8p, ,, und
8pi10 .These modes oscillate with the radial and axial trapping frequencies w, and ®,
respectively. They are “sloshing” modes, center-of-mass oscillations which do not
involve a deformation of the condensate density. These “sloshing” modes therefore do not
reveal any mean-field effects. However, a measurement of these frequencies characterizes
the trapping potential.

The most interesting two low-lying excitations we can observe are “shape"
oscillations which correspond to density perturbations that are of superpositions of m=0-

solutions for the isotropic case:
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0Pz mao = ARV (r/ R)+ B(r/ R) Y, 4(6,9) (5.13)

O 1e2me0 = w,J2 + %(%,‘)2 ¥ -{-\/9(%-)‘ - 16(%‘;?)2 +16

Py is a Legendre polynomial in r/R of order 2. Both, the “slow" shape oscillation and
the “fast” oscillation, are depicted in Fig. 5.1. In case of the extreme aspect ratio of the
cloverleaf trap (a~15) their respective frequencies are w*:x(5/2)'?w, and w'=2w,. The
corrections due to Eq.5.13 are less than 0.1%.

Among the inaccessible modes are the dp, ,, excitations which propagate with the
frequency 2'2w,. They are “football” modes, which involve a compression of the
condensate along an axis orthogonal to the symmetry axis. This compression axis rotates
with the frequency 2'2w cither clockwise or counter-clockwise. A superposition of both
modes with equal weight results in a mode which compresses along one radial direction
and extends along the orthogonal radial direction and vice versa. Fig. 5.1 depicts this
mode. It was observed in the TOP trap at JILA [25].

It is important to note that the hydrodynamic equations with a structure similar to
Eq. 5.2 also govem the collective modes of a trapped classical gas in the hydrodynamic
regime [26, 27]. In this case, classical elastic collisions give rise to the coupling term.
These equations predict surface modes which have the same dispersion relations as those
for oscillations of a Bose condensate at T=0 within the Thomas-Fermi approximation.
The frequency spectrum of low-lying collective excitations is therefore not a distinctive
feature of Bose condensation. The existence of collective cxcitation of a Bose condensate

is however a manifestation of the quantum mechanical mean field interaction.
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Fig. 5.1 illustrates some of the low-lying collective excitaticns of a condensate in the
Thomas-Fermi regime at T=0 in a cylindrically symmetric anisotropic trap. The black
arrows indicate the directions of compression or expansion during the oscillation. (The
arrows reverse orientation twice during an oscillation period.) For the extreme aspect ratio
of the cloverleaf trap the “slow” shape oscillation oscillates with (5/2)'? times the axial
trapping frequency, while the “fast” oscillation has twice the radial frequency. The [mj=2
oscillation is a superposition of two counter rotating *football” modes.

Appendix to Chapter 5
Attached is the publication which details the observation of collective excitations in
weakly interaction Bose condensate. It also reports on the observation of “sound" waves

in a dense ultra-cold but uncondensed trapped sample.
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Collective excitations of a dilute Bose condensate have been cbserved. These excitaions arc
analogous to phonons in superfiuid helium. Bose condensates were created by evaporatively cooling
magnetically trapped sodium stoms. Excitations were induced by s modulation of the Uapping potcotal.

and detected as shape oscillations in the freely expanding condensates. The freq

ies of the

modes agreed well with theoretical predictions based oo mean-field theory. Before the onset of Bose-
Einstein condensation, we observed sound waves in a dente ultacold gas. [S0031-9007(96)00900-3)

PACS numbers: 03.75.Fi. 05 30Jp, 32.80.P), 64.60.-i

In 1941 Landau introduced the concept of elementary
excitations to explain the properties of superfluid helium
(1). This phenomenological approach, based on quarn-
tm hydrodynamics, gave a quantitative descripticn of the
thermodynamic properties and transpori proc=sses in lig-
uid helium. Landau rejected any relation to Bose-Einstein
condensation (BEC). A microscopic derivation of the ele-
mentary excitation spectrum for a weakly interacting Bose
gas was given by Bogoliubov in 1947 (2) and for He n by
Feynman in 1955 [3]. emphasizing the ;olc of Bose satis-
tics [3} and reconciling Landau’s approach with London’s
explanation of superfluidity as being dve to BEC (2.4).

The clementary excitations determine the spectrum of
density fluctuations in a Bose liquid. and have been
directly observed in He Nl by neutron scattering [3). The
Jow-frequency excitations are phonoans, long-wavelength
collective modes of the superfuid. So far, a satisfactory
microscopic theory for an interacting bosonic system
exists only for the dilute quantum gas. The recent
realization of BEC in dilute atomic vapors [6-8) bas
opened the door 10 test this theory experimentally. In this
paper we report on the observation of shape oscillations of
a trapped Bose condensate, modes analogous to phonons
in homogeneous systems [9).

The experimental setup for creating Bose condensates
was the same as in our previous work [10). Briefly,
sodium atoms were optically cooled and trapped, and
transferred into & magnetic trap where they were fur-
ther cooled by rf-induced evaporation [§1,12). Every
30 s, condensates containing S X 10° sodium atoms in
the F = 1, my = ~1 ground state were produced. Evap-
orative cooling was extended well below the transition
temperature o oblain a condensate without a discernible
pormal component. The condensate was confined in &
cloverleaf magnetic trap which had cylindrical symmetry
with trapping frequencies of 19 Hz axially and 25C Hz
radially (sce below). The trapping potential 15 deter-
mined by the axial curvature of the magnetic ficld B" =
125 Gem=2, the radial gradient B' = 150 Gem™', and
the bias field Bo = 1.2 G.

988 0031-9007/96/77(6)/988(4)$10.00
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The condensate was excited by & time-dependent
modulation of the trapping potential. First, we used
a sudden step in the gradient 3’ 10 identify several
collective modes of the condensate and to find their
approximate frequencies. B' was decreased by 15% for
a durstion of § ms with a transition time of about | m,
and then returned to its original value. A variable time
delay was introduced between the excitation and the
observation of the cloud. In this way, we strobed the free
time evolution of the sysiem after the excitation. The
cloud was observed by absorption imaging afier a sudden
switch off of the magnetic tap and 40 ms of ballistic
expansion. No trap loss was observed during the interval
over which the delay was varied. The images were
similar to the series shown in Fig. 1. Four modes were
jdentified from the messured cenler-of-mass positions
and the widths of the condensate. The radial and axial
center-of-mass oscillations (dipole modes) were excited
because a change in B’ displaced the center of the trap
slighty due to asymmetries in the fizld-producing coils.
A fast shape oscillation inanty showed up as &
sinusoidal modulation of the radial width while a slow
sinusoidal shape oscillazion was otscrved in the axial
width. When a strong parametric drive (sec below)
was used to excite the slow shape oscillation, & weak
oscillabon of the radis] width was also detected. Note
that the widths were observed after baliistic expansion
and reflect a convolution of the initial spatial and velocity

Cpee T ‘ﬁ; SN -

Absorption 0% L= EEERENED 100%

FIG. 1. Shape oscitlation of a Bose-Einsein condensatc.
Aher excitation the coodensate was allowed o frecly oscillate
in the trap for a varisble time, ranging from 16 ms (lefi) 10
48 ms (right). The al jon images were taken afier & sudden
swilch-off of the g potenctial and 40 ms of ballisuc
eapansion. The borizoatal width of each cloud is §.2 mm.

© 1996 The American Physical Society
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distributions. further complicated by the acceleration due
10 the repulsive mean field.

From these “kicked”" eucitation experiments, we de-
termined v, = 250(5) Hz [13] for the radial trupping
frequency and v = 510(15) Hz for the fasier shape oscil-
lation. The slower shape oscillation was studied further
in the following manner. A better “mode selectivity” in
the excitation was obtained by modulating B” at 30 Hz
sinusoidally for five full cycles. The amplitude of the
parametric drive was varied between 0.5% and 6% of the
dc field strength. Axial and radial widths of the cloud
were then determined as a function of delay time. The
axial widths were fitted with an exponentially decaying
sine function. For the smallest drive an improved fit was
obtained by fitting the aspect ratio of the cloud instead of
the width itself (Fig. 2); this procedure eliminated the ef-
fect of fluctuations of the number Ny of condensed atoms,
which were about 20%. Note that in the hydrodynamic
limit the frequencies of the normal modes are independent
of No (see below). The amplitudes of the axial width
modulation Aw,, after a time Ar of ballistic expension,
varied from 77.8 for the smallest drive to $27 um for
the largest drive. From Aw, /(2A1) we obtained an upper
bound for the kinetic energy of the collective mode, which
ranged from 1.3 to 60 nK. The highest value is compa-
rable to the typical mean-field energy per atom in our
experiment [10). It is, therefore, remarkable that the
frequency of the coilective excitation was found not to
depend on the strength of the drive (Fig. 3). For the
smallest amplitudes, the frequency was determined to be
30.0(2) Hz which will be compared below to a theoreti-
cal prediction for small oscillations. An accurate value
of 19.28(11) Hz for the axial rapping frequency was ob-
wined by using a fivecycle sinusoidal modulation of B’
at 18 Hz. In this way, the simultaneous excitation of the
radial dipole mode at 250 Hz was suppressed.

0.40

io“- 3
-
} 0.304
°
028 - v -
] 50 100 150 200 %0
Detay Time [me)
FIG. 2. Analysis of the “quadrupole™ oscillation st 30 Hz.

The aspect natio of the expanding cloud is ploned against the
free oscillation time berween excitation and switch off of the
trap. Damping of the harmonic oscillations was observed with
a decay time of 250 ms. Note that the analagous mode in the
non-interacting ideal gas occurs at 2y, =~ 38.6 Hz.
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We first discuss the nature of the shape oscillations
for 2 noninteracting gas and a weakly interacting con-
densate in the simplest case of an isotropic harmonic
potential. For a noninteracting ideal gas (both in the
normal and in the Bose-condensed states), all modes
have frequencies which are integer multiples of the har-
monic trapping frequency »o. In panticular, the lowest
quadrupole oscillation occurs at a frequency of 25, In
a homogencous weakly interacting Bose condznsate of
density ng, the lowest frequency excitations are phonons
propagating at the g, oflmmdc-JnoU/mnT-O
[2,14). U = 4xhia/m characterizes the interactions of
bosons with mass m and scattering length a. In a semple
of size d, the lowest frequency » of s phonon is ob-
tained from the dispersion relation » = ¢/A with A =
2d. In the Thomas-Fermi approximation the conden-
sate wave function is nonvanishing over a size d =
(1/mvoW2noU7m [14,15) resulting in v = (7/2372)u,.
For an inhomogencous condensate this result is only an
estimate, bt it correctly shows that the lowest excita-
ticn frequencies are proportional (o #g. Thesc frequencies
should be independent of the number of atoms N in the
condensate since the dependences of the sound veiocity
and of the size of the condensate on Ny exacily cancel.

The pormal modes of the i interact-
ing coodensate are obtained by solving the correspond-
ing wave equation which is the ponlinear Schrodinger
equation, as recently discussed by several groups (5,14,
16-21). Stingari presented the analytical solution for
an isotropic harmonic potential in the Thomas-Fermi
mzlmewhichpvev’iwumeﬁnqua\cyddwlow-
est normal mode, aside from the center-of-mass oscil-
lation {16]. The normal modes of the condensate arc
classified by quantum numbers (n,/,m) where n is the
radial quantum number and /, m denote quantum numbers
for the total angular momentum and its axial projection,

Exchution Srevgy Q
w, 0 1 10 10

o4 | . s
° =0 <0 00
Asted Avgiusge Low]

FIG. 3. Froquency of the collective excitation ar 30 Hz as
a function of driving amplitude The sbscissa shows the
amplitude of the axial width modulation afier 40 ms of ballistic
expansion, which is used 10 estimate the excitation energy. The
solid line is the theoretical prediction of Stingan [16) when
combined with the measured &xial trapping frequency.
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respectively. For cylindrical symmetry (as in our trap), m
is still a good quantum number, but ! is not. Thus, the
normal modes are superpositions of wave functions with
the same m. Since our excitation scheme preserves the
axial symmetry of the rapping potential, we expect to ob-
serve only m = O modes. (However, the excitation of the
dipole modes shows that slight asymmetries in the trap-
ping coils also excite m = ! modes.) Stringari discussed
an anisotropic harmonic potential with axial symmetry in
the Thomas-Fermi limit [16). He showed that the lowest
m = 0 modes arc coupled excitations of (0,2,0) (which
is a quadrupolar surface oscillation) and (1,0,0) symme-
tries. For a cigar-shaped condensate with a large aspect
ratio, these lowest modes were predicted at frequencies
J572 v, and 2v,, where ¥, and v, arc the axial and ra-
dial trapping frequencies, respectively (16,22).

The observed ratio v/v, = 1.556(14) is in good
agreement with the predicted ratio of ng-f = 1.581.
It is the main result of the present paper &nd should be
regarded as a critical quantitative test of the mean-field
theory describing excited states of a Bose condensate.
The fast collective excitation which was observed is
probably the high frequency mode of the mixed (0,2,0)
and (1,0, 0) excitations for which & frequency of 2v, was
predicted (16}, in good agreement with our measurement
of 2.04(6)v,. Note that a noninteracting condensate also
has a mode at 2v,.

The solutions of the lincarized Gross-Pitacvskii equa-
tion are the normal modes of the condensate, also called
the elementary excitations or quasiparticles of the macro-
scopic quantum system {5.19). The collective excitations
which we have observed, such as in Fig. 1, are large-scale
density fluctuations which obey the hydrodynamic equa-
tion for superfluid flo» at zero temperature [5.16}. They
are a coherent excitation of many quasiparticles at the fre-
quency of the normal mode. The lifetime of the quasi-
paiticles.can thus be determined from the damping of the
shape oscillations.

Damping may be caused cither by interactions between
collective and thermal excitations, or by nonlinear inter-
actions which couple the normal modes of the condensate
{20]. For a nearly pure condensate (T = 0), the damping
due to thermal excitations should be negligible. In ourex-
periment, we observed a damping time of 250(40) ms for
the collective excitation at 30 Hz (Fig. 2). So far there
is no theoretical prediction for the damping of collective
excitations of a trapped condensate.

Similar excitation experiments were performed on a
thermal cloud at T/T, =~ 2. For an ideal gas at jow
density one expects quadrupole oscillations at 2w, the
damping of which is described by a Q factor given by
Q = mrv ~ 1/d, where d is the sizc of the sample, [ is
the mean-free path between elastic collisions, and 7 is the
amplitude damping time. Our experiments were carried
out at a density of 10' cm™> and an axial rms sample
length of 300 um. Using our recent determination of
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the cross section for elastic collisions of 6 X 10712 cm?
{11). we obtsin 4 kHz for the clastic collision rate in the
center of the cloud, and 12 um for the mean-frec path,
much shorter than the size of the cloud. We are therefore
well in the hydrodynamic regim:, where the normal
modes of the cloud are sound waves. One can estimate
the frequency v of the lowest mode from the speed of
sound which is ¢ = JSk.T?Sm for a monatoic ideal
gas.mdﬂnnmdiunemdoflhcmeﬂmlclwdd-
(l/ﬂvo)Jk.T/m. These give o lowest mode frequency
of v = ¢/2d =~ 2vo. This eatimate agroes ooincidentally
with the frequency obtained in the collisionless regime.
Dampiny in & classical gas is due to thermal conduction
and shear viscosity, with each mechanism contributing,
almost equally for an ideal gas [23]. From the kinetic
Myofgmweouxindacchctoffotamm
wave of wavelength A as Q = Ty = (1/2=)A/l. The
damping therefore decreases with increasing density in the
hydrodynamic regime, in contrast to the behavior at low
density. For our experimental conditions this estirna‘e
gives an amplitude damping time of sbout 100 ms.
Our measurements on # thermal cloud are in agreement
with these predictions. We observed oscillations in the
axial width at a frequency of 35(4) Hz = 1.8(2)», and
a damping time of about £0 ms, much loager than the
collision time.

Theoretical discussions of collective excitations af a
omdamhaveemphsiwdlhnmeﬁaqumydﬁhof
the normal modes compared to the uncondensed atoms
is clear evidence for the order purameter associsted with
BEC [19]. Wepoimo\mhnu\emnmlmcdaofdmn
clouds can show frequency shifts even above T, due to
the hydrodynamic propagation of sound waves. It wiil
be interesting to study the behavior of such shifts across
the BEC phase transition. For the accunte COMPpanison
to theory we bave normalized the frequencies of the
condensate with the center-of-mass oscillation frequencies
which are unshified and identical to the single-particle
trapping frequencies.

Tbemuhsreponedubovemnllobuinednmull
and medium drive amplitudes. At larger amplitude, we
observed striations in the time-of-flight pictures of Bose
condensates parallel to the radial direction. We conjecture
that these interferencelike structures are the self-diffraction
of an excited macroscopic matier wave and might refiect
the nodal structure of a strongly driven condensate.

'lhisptpaisonlylhcﬁmmpofasymmﬁc
study of the elementary cxcitations of a Bose conden-
sate. The ultimate goal is a complete survey of the

of collective excitations, including the lifetimes
of the quasiparticles and the behavior at different tem-
peratures and higher excitation evergies.  For excits-
tion frequencies lasger than the mean interaction energy
(typically 2 kHz or 100 nK in our samples) one expeits
a transition from collective to singic-particle behavior
[5). One limitation of the current experiment is that the
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time-of-flight probing technique is intrinsically destruc-
tive. We have recently demonstrated dispersive imag-
ing as a nondestructive technique to spatially resclve
Bose condensates [24]. Combining this technique with
a high-speed ~amena should enable us to observe colle:-
tive modes of & Bose condensate in situ and in real time.
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Supplement to Chapter 5: A Strongly Excited Condensate

For large drives we recorded striations in the time of flight pictures which are
paraliel to the radial direction of the trap, as shown in Fig.5.2.

We observed the striations with about 2x10® condensed atoms. The condensate
was stored in the axially symmetric potential of the cloverleaf trap with an axial trapping
frequency of 21Hz and a radial trapping frequency of 310 Hz. We instantaneously
lowered the radial trapping frequency to 230 Hz for 0.5 ms and then switched back to the
original confinement for 15 ms. Then we completely switched off the trap
instantaneously and observed the falling cloud after 75 ms time-of-flight through
absorption imaging.

These patterns might be due to self interference of the expanding matter waves
which reflects the nodal structure of a strongly driven condensate. This is a tentative
explanation as of yet and no theoretical description for this phenomenon has been

developed so far.

s
A Tk
ST T

-'“l,’-m :‘\;l'.'

- e Py

Fig. 5.2 Ballistic expansion of a strongly driven condensate. The time-of-flight image
shows high contrast striations. The image was taken after 75 ms of ballistic expansion
and has a horizontal width of 3 mm.
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6. AN OuTPUT COUPLER FOR BOSE CONDENSED ATOMS

6.1 Introduction

There has been a lot of theoretical and experimental interest in bright sources of
atoms with a very narrow energy spread. The quest for such sources is driving atom
cooling and trapping research. A promising concept is the atom-optical equivalent of the
laser, a source of coherent, spectrally pure matter waves '[1-4]. Such a “laser-like” source
of atoms, a striking example for the intrinsic wave nature of matter, would be an ideal
object for fundamental tests of quantum theory and the interactions of coherent atoms
with a radiation field. As a superior source of monochromatic atoms it might have
significant impact on atom optics similar as the laser changed optics and spectroscopy.
Diffraction limited atomic beams might push atom lithography to new limits.

One could define a laser-like source by the key elements and mechanisms that lead
to the emission of a laser-like particle beam. According to [1] a laser consists of three
elements: A cavity allowing the build-up of radiative energy in a cavity mode, an
irreversible pumping and gain process through which photons can accumulate in this
mode, and an output mechanism enabling the controlled extraction of coherent light from
the cavity and allowing for above threshold operation®.

The equivalent to the optical cavity in the recent BEC experiments [5-9] is the
magnetic trapping potential, in which the sample of atoms is confined and evaporatively
cooled. The pumping process is rather complex: Bosonic atoms are loaded into the
magnetic trap from an incoherent laser-cooled source. The atoms are further cooled by
evaporation to a temperature right above Bose-Einstein transition temperature 1. The

energy distribution is then truncated such that the average energy per particle corresponds

' The idea of the atom “laser” is an adaptation of the quantum optical formalism for the laser to atoms.
Despite many publications, there is no seminal reference on the subject.

Wiseman’s definition only applies to a cw source. We use a snore general definition and aiso include
pulsed lasers: In pulsed operation the output coupler should permit a cavity finesse such that radiative
energy can build up in the lasing mode between pulses.
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to a temperature below T.. This non-equilibrium situation is the analog to the inversion in

a laser. Thermal equilibration through elastic collisions and quantum statistics stimulate

atoms into the ground state of the system: This is the gain mechanism. The last missing

element is the analog of a partially transmissive mirror which enables us to couple atoms
coherently out of the ground state.

A more functional definition of a laser-like atomic beam was suggested by Eric
Comell [10): An atom -"laser” could be realized by an atomic Bose condensate in
combination with a device which coherently removes atoms from the condensate “little
by little” such that a quesi-continuous beam results. Since the outcoupled atoms are
coherent, it would imply that the beam is coherent on a scale much larger than the size of
the cavity, i.e. the trapped condensate.

Both definitions suggest that, in order to turn a Bose condensate of magnetically
trapped atoms into a laser-like particle source, two steps are essential:

1) An extraction mechanism has to be implemented, which acts on the condensate just
like an optical beamsplitter acts on light: It couples an adjustable fraction of the
coherent condensate atoms into a coherent untrapped state without affecting the
coherence or the phase of the condensate.

2) Onehasto establish proof for the coherent properties of the extracted atoms. This
can be done by recording the interference of pulses released from different
condensates.

One of the goals of the research in our group is to experimentally realize these steps. In

this chapter, I will present an output coupler for condensed “single mode” atoms, based

on the interaction of the condensate with an rf field. Atoms were extracted by coupling

the condensed atoms into a superposition of trapped and untrapped hyperfine states. A

similar process is employed for rf induced evaporation [11]. This method should allow

us to create coherent pulses of atoms from a condensate.
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6.2 Theory
6.2.1 A Simple Model for Two-Level Atoms

We first discuss the basic principle of the atomic output coupler and theretore
consider a Bose condensate of non-interacting two-level atoms in a trap. The internal
states of each atom are labeled |/> and |2> respectively. State | /> is confined while the
other state | 2> is expelled. A resonant rf pulse of frequency wpand duration 7 couples the
two states. The coupling matrix element in the interaction picture is given by @ z/2. The
trap frequency and the variation of the two level resonance over the size of the
condensate are negligible compared to 1/7 which makes the rf coupling position
independent. During the interaction the initially confined particle oscillates between the
trapped and untrapped state with the Rabi frequency w g. It evolves from the trapped

state | /> into the superposition #|/>+r|2> with the coefficients

r=sin( @,7)

=»\“-r2 =cos(%a)k‘t). 6.1

The wave function of a condensate with N atoms is then given by the symmetric product

N-—n
(I|1+r|2) fn'(N "IN = ®lr) (6.2)

where |N —n) ®|n) is an number state with N-n trapped and » untrapped atoms. The
fraction of atoms coupled out of the condensate oscillates with the single-particle Rabi
frequency wpg |

% =r? =sin*(w,7) (6.3)

while its relative rms fluctuations are given by

108



= |—-—. (6.4)

An alternative output coupler for atoms is a non-adiabatic sweep of the rf
through resonance. If the sweep range is much greater than the variation Aw, of the
resonance frequency over the size of the condensate and the sweep rate dw ,/dt is larger
than -- w,A®,, the coupling is again position independent . The sweep, like the rf pulse,

puts an initially trapped atom into the superposition f|/> +r|2> with

i = e
|r|2 R (6.5)
The Landau-Zener parameter I"is given by [12]
) 2
I'= d‘:'r/ . (6.6)

dr

Equ.(6.2)-(6.4) describe the effects of the sweep on the condensate and the untrapped

fraction

@ _ (1= ) 6.7)

can be varied by adjusting I In the adiabatic case, i.e. I" >>1, the whole condensate is
coupled out . In contrast to the rf pulse coupler, the extracted fraction is not affected by
drifts in the resonarce Ay, due to slow fluctuations of the trapping potential, provided

we sweep over a range much larger than Ay,

6.2.2 Optical Analogies

The rf based output coupler is the exact atomic analog to a beamsplitter in optics

(Fig.6.1).
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no initially
untrapped atoms
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(vacuum) @

initial remaining
condensate condensate

output portd @

input port a
mirror tf coupling
output port ¢ T
untrapped
atoms
Fig. 6.1 Analogy between a beam splitter for light (left) and an output coupler for Bose
condensed atoms (right).

We can understand the close analogy between atoms and photons better, if we
make use of annihilation and creation operators for the input port and output port modes

of the optical beamsplitter: The Hamiltonian of the uncoupled photon modes is
H=4hoy(a’a+aa’ +b"b+bb* +c*c+cc’ +d*d+dd") (6.8)

a,a” and bb* are the creation and annihilation operators for photons in the two “input”
modes, while c,c* and d,d" annihilate and create photons in the two “output” modes. The
creation operators are proportional to the electric field operators for these modes. The
beam splitter connects the fields a,b for the “input” modes to the “output * mode

operators c,d with a unitary transformation

) 7La) 6

t in this case is the transmission of the mirror, while r represents its reflectivity. The
mirror is non-absorptive, i.e. |12 +|f° = 1.

A Fock state of N photons in mode a and no photons in mode b
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+N
M) ®10),p = 7=10)BI0),,., (6.10)

is coupled to state

+\N
(rc* +td ) |0)®|0)

01[,1,(,\, N =) Bl

A state similar to this state was previously obtained in Eq.6.2 for Bose condensed atoms.

(6.11)

The states |p) ®[q) ,uoup) dENOte number states with p photons in the input mode a
(output mode b) and q photons in mode c (d) respectively.

The physics of the two-level atomic output coupler and the four-port beam
splitter is consequently analogous. As in optics, a condensate, which is mitally in a
“classical” coherent state jor > , remains in a coherent state |ta > (with a “field”
amplitude attenuated by a factor t) while the outcoupled pulse of atoms will also be a
coherent state [ra>:

la)—L— | ta)® | rax) (6.12)

Since the outcome factorizes into coherent states of trapped and untrapped atoms,
a subsequent measurement of the trapped fraction does not affect the quantum state of
the outcoupled pulse. The phase imposed on the pulse by the condensate before the rf
interaction remains preserved. It should thereforc be possible to consecutively launch
mult-le pulses in a state of definite phase from the same initially coherent condensate
and have them interfere with each other or even with coherent pulses launched from other
condensates of the same boson. The rf based output coupler could therefore realize a
pulsed atom- laser.

On the other hand, if the condensate is initially not in a coherent state, but for

example in a pure number-state (Fock state), then the extracted pulse of atoms is

111



entangled with the remainder in the trap as shown in Eq.(6.2). Any measurement
performed on the trapped fraction also affects the state of the outcoupled atoms.
Therefore, if we only perform a measurement on the outcoupled fraction , we perform a
trace with a statistical operator over the reservoir and the outcoupled pulse will just be a

statistical ensemble of atoms.

6.2.3 Magnetically trapped sodium atoms

We now apply the formalism derived for a two-level system in sections 6.2.1 and
6.2.2 to Bose condensed sodium atoms that are magnetically confined in the F=1 m=-1
groundstate. F and mg are the quantum numbers of the total angular momentum and its
projection onto the local magnetic field respectively. An rf field couples the trapped state
|-1> with the untrapped F=1,mg=0 level |0> and the latter with the magnetically
repelled F=1,mg=1 state |/>. The physics of such a spin 1 system is similar to the two
level picture presented in 6.2.1. After the rf coupling an initially trapped atom will have
evolved into a superposition #|-1> + r;|0> + r)|I> where the coefficients ¢, r, and r, are
determined by the specific interaction with the rf field. The energy of the three my
substates in a local magnetic field By is given by mgg,Boh to first order in B,. g,B, is the
Lamor frequency of a trapped sodium atom. An rf field that couples the mg=-1 and mg=0
levels resonantly is consequently also resonant with the my=0->mg=1 transition. The
condensate of N atoms after the interaction can be again described by the symmetric

product of the single particle wave functions similar to Eq.6.1

N N-n

(d=1)+ 5]0)+ | 1))" %Zo n'm'(N — m)'r,rz "tV IN—n—m)®|n)®|m)  (6.7)

|N =n—m)®|n)®|m)is a number state with n and m atoms coupled into the untrapped

mg=0 and mg=1 states respectively, while N-n-m atoms remain confined. For the resonant

112



case the coupling matrix element in the interaction picture is 255, A short resonant rf
pulse of duration T gives
t=cos’wpT/2
r=i/2"?sinagt, (6.14)
r=-sin’ Ogt/2
while the coefficients for a non-adiabatic rf sweep have been calculated numerically [13]

and can be approximated to better then 0.1% by the formulas

tP=e,

Irii*=2e™"(1- &™), (6.15)

Ir’=(1- e™)?

The Landau-Zener parameter I" for the Spin 1 system is given by

Wy

dw, *
o
25

I'=

(6.16)

The 1f puise duration T as well as the range and the rate dw/dt of the rf sweep should
satisfy the conditions for position independent coupling discussed in the two-level case.

The average number of atoms coupled into the mg=0 state and the mg=1 state are given by

<n> =N|I‘1|2 ’

<m>=Njr,|? (6.17)

Hence, in case of the rf pulse the population is periodically transferred between the

trapped mg=-1 state and the magnetically expelled mg=1 state with the Rabi frequency wy

3 wy, was chosen such, that it describes the frequency with which the system oscillates between the states
I-1> and 11> if a Rabi pulse is applied.
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while the mg=0 occupation oscillates between 0 and 50% with 2wg. The rf coupler for
condensates of spin 1 atoms also has an optical equivalent just like in the two-level atom
picture. The corresponding optical element is a six-port beamsplitter [14] with three
input and three output ports as shown in Fig. 6.2. Two of the three input ports couple to

the vacuum.

completely reflective mirror

input beam

output ports

open input ports
(couple to vacuum)

rf interaction

—— — —— — o

initial no atoms no atoms remaining m=0 mg=1
condensate initially in initially in condensate atoms atoms
mp=0 mg=]

Fig.6.2 The analogy between a 6-port beam splitter for light (top) and the rf output

coupler for a condensate of spin-1 atoms (bottom).
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6.3 The experiment

The rf output coupler experiment and its results are thoroughly discussed in the
manuscript “An output coupler for Bose condensed atoms” in the appendix of this
chapier. This section is complementary to the paper. It illustrates the evolution of a
condensate which was coupled into a superposition of all three F=1 hyperfine states in a
magnetic trap.

A magnetically confined condensate of sodium atoms in the F=1, mg=-1 ground
state was subject to an rf sweep. The rf sweep parameters were chosen such that the
sweep produced a condensate of atoms in a superposition of all three F=1 hyperfine
states. This multi-particle state evolved in the magnetic trapping field for an adjustable
delay time. By recording absorption images for different delay times we were able to
study how the pulse of different hyperfine states evolved in the presence of the magnetic
field.

The initially confined F=1, mg=-1 state and the expelled F=1, mg=1 ground state
both experience a linear Zeeman shift in the presence of a magnetic field. mg=-1 atoms
remain trapped in the trapping potential. me=1 atoms evolve in the inverted (and
therefore repulsive) potential. In contrast, the mg=0 state only experiences a very weak
quadratic Zeeman shift of -1.3kHz/G. This results in an only slightly repulsive magnetic
potential: For typical trap parameters (B’=170G/cm), about 1.5 mm away from the trap
center (in the radial direction) the mg=0 atoms experience a repulsive force which is 10
times weaker than the radial force experienced by the mg=1 atoms. Fig 6.3 shows a time

sequence of the pulse evolution.
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Figure 6.3 Time evolution of the outcoupled pulses of atoms in the magnetic trapping
field. The images are absorption shadows of the atomic sample imaged onto a CCD
array. The images present a view from the top, i.e. gravity points into the picture.
Because of the small angle between the observation axis and gravity the falling pulses
appear to move towards the bottom of the image. (see Fig. 6.4). After the start of a Ims
long a non-adiabatic rf sweep the atoms remained in the trapping potential for a variable
delay time indicated in the image. The central cigar shaped shadow in the image is the
trapped fraction of atoms. In the first 3 ms the pulse of atoms in the my=1 state escapes
from the sample. It is repelled by the inverted trapping potential (Fig.5.3a). The mg=0
atoms slowly “sneak” out in the following 25 ms until finally only the trapped fraction

remains. The width of each image is 3.1 mm.
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\ \ , trapped
condensate

fraction
19

outoupled
atoms

Figure 6.5 The shadows of the falling pulses and the trapped condensate are imaged onto

a CCD array. The observation axis is at a small angle with respect to the vertical axis.
The pulses are therefore moving slightly toward the bottom of the CCD images as they
are falling (see also Fig.6.3)

117



References for Chapter 6

19

11

12

13

14

H. Wisemazn, A. Martins, and D. Walis, Quantum Semicl. Optics 8, 737 (1996)

R. J. C. Spreeuw, T. Pfau, U. Janicke, e? al., Europhysics Letters 32, 469 (1995)

M. Holland, K. Bumnett, C. Gardiner, ef al., Physical Review A 54, (1996).

M. Olshanii, Y. Castin, and J. Dalibard, in Proceedings of the 12th International
Conference on Laser Spectroscopy, edited by M. Inguscio, M. Allegrini and A. Sasso
(World Scientific, Singapore, 1995), p.7

M. H. Anderson, J. R. Ensher, M. R. Matthews, et al., Science 269, 198-210 (1995).

K. B. Davis, M.-O. Mewes, M. R. Andrews, et al., Physical Review Letters 75, 3969
(1995).

M.-O. Mewes, M. R. Andrews, N. J. van Druten, et al., Physical Review Letters 71,
416-419 (1996).

C. C. Bradley, C. A. Sackett, and R. G. Hulet, preprint (1996).
C. J. Myati, E. A. Burt, R. W. Ghrist, ef al., preprint (1996).

E. Comell, Joumnal of Research of the National Institute of Stendards and Technology
101, 419-434 (1996).

D. E. Pritchard, K. Helmerson, and A. G. Martin, in Atomic Physics 11, edited by S.
Haroche, J. C. Gay and G. Grynberg (World Scientific, Singapore, 1989), p. 179.

J. R. Rubbmark, M. M. Kash, M. G. Littman, er al., Physical Review A 23, 3107
(1981).

J. Holley, private communication (1996)

D. M. Greenberger, M. A. Home, and A. Zeilinger, in Physics Today, August 1993,
p.22-29.

118



Appendix to Chapter 6

Attached is the manuscript which details the experiment with the rf output coupler.

It was accepted for publication in Physical Review Letters.

An output coupler for Bose condensed atoms

M.-O. Mewes, M.R. Andrews, D.M. Kurn, D.S. Durfee, C.G. Townsend, and W. Ketterle
Department of Physics and Rescarch LaSoratory of Blactronics,
Massachusetts Institute of Tochnology, Cambridge, MA 02139
(To appear as Phys. Rev. Lett. 78 882 (1997))

We have demoastrated an output coupler for Bose condensed atoms in & magnetic trap. Short pulses
of rf radiztion were nsed to create Bose condensates in a superposition of trapped and untrapped
hyperfize states. The fraction of out-coupled stoms was sdjusted between 0 and 100% by varying
the amplitude of the rf radiation. This configuration prodoces output pulses of ~cherent atoms sad

can be regarded as a pulsed “atom laser”.

PACS numbers: 03.75.-b 03.75.Fi, 05.90.Jp, 32.80.Pj

The recent realization of Bose-Einstein condensation
(BEC) in atomic gases [1-4] provides samples of atoms
with a macroscopic population in the ground state of the
system. This population forms a coberent matter wave
and is described by a macroscopic wavefunction, which
is the solution of the non-linear Schrédinger equation [8}.
Recently, several papers have discussed the analogies be-
tween coherent matter waves and coherent photons and
have worked out the theory Tor an “atom laser* [6-10).
An atom trap is the atomic analog to an optical cav-
ity, and evaporative conling into the Bose-Einstein phase
transition represents a gain mechanism through which
bosonic atoms accumulate in a single mode of the trap. A
condensate released from the trap propagates according
to a “single-mode™ wave equation {11-13]. Theoretical
discussions of the atom laser have considered the case in
which atoms are fed into and coupled out of the “lasing
mode” continuously {6-10}. In comparison to the photon
case, the coherence of the atom laser is complicated by
the dispersion of particles with finite rest mass and the
presence of collisicos {6-8].

In this paper, we do not deal with the subtle issue of
coherence, but demonstrate methods to couple & Bose
condensate cut of a magnetic trap. The rf-induced out-
put mechanisms discussed here provide a controlled, noa-
dissipative way of coupling the trapped Bose condensate
to propagating modes. Gravitational acceleration gives
the output a distinct direction. Cutput coupling realizes
a crucial element in turning a Bose condensate into an

atom laser [14), although the sudden release of a cox-

densate by switching off the trapping potential can al-
ready be regarded as a crude form of cuch a laser. The
creation of a controlled, quasi-continuous output from a
Booe condensate would allow one to monitor the pliase
of a condensate and study phase diffusion and other de-
coherence processes, as recently suggested by several au-
thors [12,15-20].

Our output coupling scheme is most easily discusesd
for the case of a two-level system cousisting of state |1),
a magnetically trapped state, and state |2), an untrapped
state. Consider a Bose condensate of atoms in state |1).

11

A resonant rf pulse of duration r couples states |1) and
{2) with the matrix element Awp/2, where wp is the Rabi

. State {1) evolves into the superposition ¢|1) +
r{2) with t = cos(war/2) and r = sin{war/2). The N-
pasticle wave function of the Bose condensate is then
given by the symmetric product

N X M -0
(¢l1) +rf2)) -g Pyl IN=n,n) (1)

where [N ~ n,n) is a state with N —n trapped and n
untrapped atoms. The fraction of atoms coupled out
of the condensate cecillates with the single-particle Rabi
frequency wp 88 (n)/N = [rf? = sin®(war/2).

The superposition state in Eq. (1) can also be achieved

dupe/dt, one bhao [ = 1 - e=**T and 1] ’
the Landau-Zener parameter T’ m wh(4dure/dt)™! [21).
The sweep scheme has the advantage that it is not af-
fected by small drifts in the resonance frequancy, for ex-
ample due to fluctustions of the magnetic fleld in the
trangler to the un-

w0



three-state system. A short resonant rf pulse of du-
ration 7 prepares the atoms in a superposition state
a-y|mr = —1) + ag|lmfr = 0) + a;|myr = 1) with the co-
efficients a_; = cos*(wpt/2), ap = (i/V2)sinwgr and
@, = —~sin’(wpT/2). wR parametrizes the coupling ma-
trix element which is Awa/v2. The coefficients for a non-
adiabatic rf sweep are obtained by solving a three-state
Landau-Zener model numerically, and are approximated
to better than 0.1% by [22]

h-l" -3
I"Ol’ = 2e""(1 - e---l‘)
id] l2 = (1 - C—.r)’| (2)

with I' = w}/(2duye/dt). These recults are also valid
for interacting atoms as long as the total wavefunction
factorizes into position-dependent and spin-dependent
parts.

Since the atoms are trapped in an inhomogeneous
magnetic field, the rf resonance frequency varies cver
the spatial extent of the condensate. However, by us-
ing a sufficiently short pulse duration 7 or a fast sweep
rate duye/dt, the inhomogeneous width can be neglected,
and the coupling is position independent. Otherwise
oae would produce spatially dependent superposition
states [23)].

The f output coupler was demonstrated for & Bose
condensate of sodium atoms, produced in the same way
as in our previous work [3). Briefly, sodium atoms were
optically cooled and trapped and then transferred into
a magpetic trap, where they vere further cooled by rf-
induced evaporation [24]. Evaporative cooling was £x-
tended well below the transition temperature to obtain a
condensate without a discernible normal fraction. Every
30 seconds, a condensate containing 5 x 10® sodium atoms
in the F' = 1,mfr = ~1 ground state was produced. The
condensate was confined in a cloverleaf magnetic trap
with the trapping potential determined by the axial cur-
vature of the magnetic field B” = 125 G/cm?, the radial
gradient B’ = 150 G/cm and the bias field By, which was
set to 1.1G for the rf pulse output coupler and to about
0.4G for coupling induced by an rf sweep. The rf mag-
netic ffeld was linearly polarized and orthogonal to the
static magnetic field in the trap center.

Implementation of the output coupler using a reso-
nant rf pulse required a high degree of bias field stability.
Shifts in the resonance frequency from drifts of the bias
field between cooling cycles had to be much smaller than
the inverse duration of the rf pulse. The minimum pulse
duration was spproximately 5 us due to limitations of the
svailable rf power. The small bias field By in the center

of the trap was achieved by canceling the large magnetic -

field due to the axial curvature coils with an “anti-bias”
fiedd produced by a Helmholtz coil pair. High stability
of By was accomplished by operating these coils in series
with a single current-stabilized power supply. It should

be noted that evaporative cooling removes atoms with an
energy of 10kpT (which corresponds to 300kHz at the
onset of BEC) and is consequently much lees sexsitive to
bias fleld drifts.

As discussed above, the rf pulse couples a fraction of
initially trapped condensate atoms into the untrapped
Fmlmpy=0,1states. Atoms with mp = 1 are strong
feld seekers and are accelerated away from the trap cen-
ter, while the atoms in the mp = 0 state fraely expand
and eventually experience a weak repulsive poteatial due
to quadratic Zeeman shifts. In addition, both pulses are
accelerated downward due to gravity. The time evolu-
tion of the mp = 0 pulse in the magnetic trap is ehown
in Fig. 1. The output pulse of atoms in the “repeiled”
mp = ] state was obeerved only in the first Sms aftes
the of interaction.

The different propagations of the two output pubes
in the magnetic feld allowed their separate obeervation
by abeorption imaging, either in the F' = 1 level using
near-resonant F = 1 = FY = 2 probe light, or by opti-
cally pumping the atoms into the F = 2,y = 2 state
and using the F = 2 < F' = 3 cycling transition. The
number of atoms was obtained by integrating the ab-
sorption signal over the image. The magnetic trap was
switched off at least 1 ms before probing to avoid Zeeman
shifts. The trapped fraction of atoms was messured af-
ter 40 ma of free ballistic expansion between switch-off of
the magnetic trap and probing. Due to gravity, the atoms
dropped up to 1 an between release and detection.

Quantitative measurements were performed using res-
onant rf pulsss.of varisble amplitude a¢ 767kHs, which
is ths Larmor frequency at a bias field By s 1.1G. The
f was pulsed on for § full cycles (6.06us). Figure 2
shows Rabi oscillations in the population of the trapped
hyperfine state as a function of the rf Seld amplitude.
The osciliations were found to be in excellet agreement
with the predicted cos*(war/2) dependence. The ob-
served Rabi frequency {obtained from the theoretical fit
in Fig. 2) agreed with the single-particle Rabi frequency
wr = gupBi;/2 (Bu/2 is the magnetic fleld amplitude
of the rotating wave) to within the accuracy of the of
antenna calibration (estimated to be 20%) [25).

A different variable output coupler for Bose cor.densed
atoms was demonstrated using a non-adiabatic rf-sweep.
The bics field was set to & value between 0.3 and 0.4 G,

dhgwnmnceﬁ‘qumquwom
S00kHz. The frequency of the rf radiation was chirped
from 0 to 500kHz at a constant rate within 1ms. The of
magnetic field amplitude B,y was adjusted between 0 and
16 mG, corresponding to a maximum single-particle Rabi
frequency wg of 2» x 11 kHz and a Landau-Zener param-
eter T of up to 0.8. Figure 3 shows the fractional popula-
tions in the two output pulses versus rf amplitude. The
results agree excellently with the solution of the three-
state Landau Zener problem [Eq. {2)]. As before, the
Rabi frequency obtained from the fit agreed very well
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with the one obtained using the antenna calibration.

A third, less controlled method for extracting atoms
from a Bose condencate was realized using Majorana
fiops [26]. These non-adiabatic spin-flips were induced by
switching the bias field in the trap center to a small neg-
ative value. This created two zero-magnetic field points
which were swept through the cloud. In the cases of both
the Majorana flops and the rf sweep, the coupling ia de-
scribed by a Landau-Zener crossing at zero ot at a Snite
magnetic field, respectively.

In principle it is possible to continuously couple atoms
cut of a Bose condensate with resonant rf radiation. The
strength of the magnetic trapping field varies by about
10 mG over the spatial extent of the trapped cloud. This
variation is mainly due to gravity, which requires a com-
pensating magnetic field gradient of 8 G/em in the trap
center. A controlled cw output coupler therefore requires
a very high stability of the magnetic trapping Seld. It
would offer the advantage of coupling out atoms locally,
e.g. at the surface of the cloud where the mean-field en-
ergy is low.

The spin dynamics of an rf-driven Bose condensate re-
flects the dynamics of a single atom, as expressed by
Eq. (1). The major differences from the classic experi-
ments by Rabi and Rameey [27] are that 5 x 10° atoms in
the same quantum state perform Rabi oscillations syn-
chronously (Fig. 2), and that the inhomogeneous 8eld of
a ruagnetic trap serves as the Stern-Gerlach filter.

We have not demonstrated the coherence of the
extracted pulses. However, the rf coupling is noo-
dissipative and the system undergoes s unitary time evo-
lution. A pure quantum state will thus evclve into an-
other pure quantum state. An rf pulse or sweep applied
to a condensate with a definite number of atoms creates
an entanglement with respect to trapped and untrapped
particle numbera [Eq. (1)] . This is analogous to the sit-
uation when a Fock state of light passes through a beam
splitter. Indeed, the rf output coupler for a two-state sys-
tem is the atomic equivalent of an optical beam splitter,
e.g. a partially reflective mirror. The three-state case is
analogous to a beam splitter which has three inputs and
three outputs [28]. A condensate which is initially in &
coherent state (i.c. hac a well-defined phase) remains in
such a state after the rf interaction (with an attenuated
field amplitude) while the out-coupled pulse of atoms is
aloo in a coherent state. In this case the total N-body
wavefunction factorizes into the trapped condensate and
the untrapped pulse.

If the rf coupling scheme is applied to two condensates,
observations of the interference betwesn vutput pulees
from each of the condensates can create a definite phace
relation between the two trapped condensates through
the quantum measurement process. Measurements on
subsequent pulses can then be used to verify the initial
phase measurement (for a non-interacting condensate) or
to observe the phase-diffusion due to the mean field inter-
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action [12,15-20]. Fur an ideal Bose condensate, repet-
itive pulses as obeerved in Fig. 1(d) should be coherent
and therefore analogous to the output of a mode-locked
Incer.

Rf pulses can also be used to manipulace the effective
potential of the condensate in two ways. First, when
a significant fraction of the atoms s coupled out, the
trapped condensate & reduction of the repul-
sive mean field and should show collective excitaticns.
Similarly, the out-coupled pulse is accelerated both by
the repulsion among the extracted atoms, and also by
the interaction between the output pulse and the trapped
condensate. Second, during resonant rf coupling the ef-
fective trapping potential vanishes a4 the effective mag-
petic moment of the trapped atoras — that of dremsed
atoms in an rf field {20] — goes to sero. More generally,
by choosing 1f pulses with veriable detuning the effec-
tive moment can be varied between sero and
fts maximmun value (up/2 in our case). This allows for
a sudden switch-off or reduction of the magnetic trap-
ping potential which is faster than the inductivity-Emited
shut-off time of electromagnets.

In condlusion, we have demonstrated an rf output cou-
pler for a magnetically confined Bose condensate. This
scheme was used to generate pulses of coherent atoms,
and realizes a beam splitter for matter waves or & vari-
able output coupler for an atom laser.

‘We are grateful to J. Holley for helpful discusmions,
and thankfully acknowledge H.-J. Miesner for assistance
in the final stages of the experiment. This work wus
supported by ONR, NSF, and JSEP. DM.K. would Lke
to acknowledge support from an NSF Graduate Research
Fellowship acd C.G.T. from a NATO Science Fellowship.

Note added in procf — Since submitting this paper we
have obeerved the coherence of the condensate in an fn-
terference experiment [M. R. Andrews et al. (to be pub-
Eished)]. This experiment proved that coherent pulsse of
atoms can be extracted from a condensate. Thezefore a
Boee condensate with &n output coupler should be re-
garded as an atom loser,
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Figure 1. Absorption images of atoms coupled into the
untrapped F = 1,my = 0 state by a short of pulse. Im-
ages were recorded (a) 14ms, (b) 20ms and (c) 25ms af-
ter the rf pulse using a vertical probe beam. The trapped
condensate fraction appears s a thin line in the center
of each image. Figure 1d shows two pulses of mp = 0
atoms coupled out of the same condensate by two con-
secutive rf pulses spaced 10 ms seconds apart. The image
was taken 10r1s after the second if pulse. It has a noisier
background due to lower probe laser power. The width
of each image is 3.1mm. '

Figure 2. Rabi oscillations of a Bose condensate. The
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figure shows the fraction of atoms remaining in the
trapped F = 1,mp = 1 state versus the amplitude
of the of pulse. The eolid line is the theoretical predic-
tion. The population undergoes Rabi oscillations with
the same period a4 a single particle.

Figurs 3. Realization of an rf output coupler using rf
sweeps. The figure shows the fractions of condensate
atoms coupled into the untrapped mp = 0 and mp = 1
hyperfine states versus the amplitude of the rf radistion
expressed in terms of the Landau-Zener parameter T' of
the rf sweep. The solid line i the theoretical prediction
[Eq- (2)]. The maximum mp = 0 fraction was sct equal
to the theoretical value of 50%, because only relative
pumbers of my = 0 atoms were measured.



"An output coupler....”, Mewes et.al., Fig.1
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Later on, when they fiad all said "Good-bye" and "ThanRk-you" to
Christopher Robin, Pook and Piglet walked home thoughtfully
together in the golden evening, and for a long time they were silent.

"When you wake up in the moming, Pooh," said Piglet at last,
"what's the first thing you say to yourself?"

"What's for breakfast?" said Pooh."What do you say, Piglet?"

"I say, I wonder what's going to happen exciting to-day?" said Piglet.
Pooh nodded thoughtfully.

"It's the same thing," he said.

AA. Milne, Winnie the Pooh
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