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12.1
Introduction

Degenerate Fermi gases (DFGs) earned their place"at the leadingsedge of degen-
erate quantum gas research with the first demonstration of anjatomic *K DFG in
1999 [1]. Since then, DFGs have been central to many importantiadvances in the
field, including molecular Bose—Einstein condensates (BECs), resonant superflu-
idity, fermion lattice physics, Mott insulator phase, and beson-fermion mixtures
(see [2] and references therein).

Not long after the first DEG, was produced, efficient loading of cold atoms into
atom chip microtraps enabled the first demonstrations of Bose—Einstein condensa-
tion on an atom chip [3, 4]. In subsequentyears, research efforts in DFGs and atom
chips progressed independently, but were combined with the 2006 demonstration
in Toronto ofia DEG of “’K on an atom chip¥5].

In this«hapter, weé"provide the backgrotind to our work, including ideal fermion
statistics and the challenges_ partieular to evaporative cooling in a chip trap. We
then describe our observations of Fermi degeneracy in “°K, and of the Ramsauer—
Townsend effect. Finally, we discuss several works in progress: species selective
manipulation, interaction tuning.

This chapter begins with a review of statistical and thermodynamic properties
of the ideal, non-interacting Fermi gas. We discuss our experimental approach to
producing a “°K DFG and a “*K-¥Rb DFG-BEC mixture, and our observation of
the Ramsauer-Townsend effect. We also include a discussion of how trap depth
constrains the possible wire geometries for chip traps. Finally, we discuss several
works in progress: species selective manipulation, and interaction tuning using a
Feshbach resonance.

Atom chips offer a wide array of techniques for trapping and manipulating
ultra-cold atoms using a single micro-fabricated device (see Chapter 3). These
techniques, discussed extensively in this book, include magnetostatic potentials
(see Chapters 1 and 2), electrostatic potentials (see Chapter 13), dynamic radio-
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frequency (RF) and microwave dressed potentials (see Chapters 7 and 9), and
integrated optical potentials (discussed here and in Chapter 3).

With these tools atom chips are well poised to advance active research in fermion-
ic many-body systems. The “Z” trap configuration often used for chip traps makes
an elongated potential that, when smooth enough, can produce one-dimensional
gases. One-dimensional fermion physics might include Luttinger liquids [6-8],
confinement-induced molecule formation [9], and spin-charge separation [10].

RF-dressed double-well potentials on atom chips [11-14] have only recently been
applied to ultra-cold fermions [15]. This combination is an exciting step in the di-
rection of fermion quantum atom optics, including interferometry [16], mesoscopic
quantum pumping circuit simulations [17], antibunching [18]"and number statis-
tics [19-21]. (See also Chapter 7.)

Spin-independent optical potentials can trap theqspin mixtures necessary for
strong inter-particle interactions in fermions. Optical trapswiear the surface of an
atom chip [22, 23] provide opportunities to combine strongly interacting DFGs with
near-field RF and microwave probes. We discuss afirst step in this direction in Sec-
tion 12.7.

Finally, there are several attractive technieal advantages in.using atom chips for
fermions. Large collision rates, made possible by the(strong*€onfinement of mi-
crotraps relative to conventional, centimeter-scale traps, permit rapid sympathetic
evaporative cooling to quamtum degeneracy. This gbviates the need for minute-
scale vacuum lifetimes, multi-chamber vacuum=systems, and Zeeman slowers.
Dramatically shorter experimental cycle times from atomic vapor to DFG also be-
come possible, a péint of practical value in day-to-day laboratory research.

12.2
Theory of Ideal Fermi Gases

Ultra-cold Fermi gases differ from ultra-cold Bose gases in their simplest theoreti-
cahdescription in twoimpertant ways: first, there is no macroscopic occupation of
the single-particle ground state; second, spin-polarized Fermi gases are completely
noninteracting at ultra-cold temperatures [24, 25]. Ideal thermodynamic functions
are thus excellent descriptors of cold spin-polarized fermions, even as T — 0. In
this section we review fermion thermodynamics, calculate trapped density distri-
butions, and discuss observable signatures of Fermi degeneracy.

12.2.1
Thermodynamics

In the grand canonical ensemble description of an ideal Fermi gas, the mean occu-
pation number of the single-particle energy state € is
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Figure 12.1 Universal curves of the mean Fermi-Dirac occupation of singlé particle states € vs.
€/Er, shown at select values of T/ Tr. The gray, dotted line indicates the T, =0 filled Fermi sea
(see text).

where f = 1/kg T, kg is the Boltzmann constant, u is the chemical potential of the
gas,and Z = ePr is the fugacity. The occupation'number is bounded 0 < n, < 1as
a result of the Pauli exclusion principle. Figure 12.1 shows the®cclipation number
as a function of single-particle energy for various temperatures, The I = 0 ideal
Fermi gas is characterized by a filled “Fermi sea”: all enefgyulevels ¢ for which
€ < Ey are fully occupied (n. = 1), while those for which ¢ > Ep are empty
(n. = 0). The Fermi energy Eg isiequal to the chemical potential u at T = 0. At
high temperatures the gas.is described by a Boltzmann-like distribution [26].
Since a trapped gas is not in“eontact with number ox energy reservoirs in exper-
iments, we ignore fluctuations in the total number and energy predicted by the
grand canonical ensemble description, taking N and E to be the average total num-
ber and total energy, respectively. These can be calculated using the discrete sums

N&=) ta) and & =) “en.), (12.2)

€

whete,the sums run over all diserete states. In the limit of a large number of occu-
pied states we can take the continuum limit, writing

N==/0g(e)(n€)de and E==/Og(e)€(n€)de, (12.3)

where g(€) = €%/2(h®)? is the energy density of states for a harmonically trapped
gas in three dimensions, and @ = (0,0, )"’
trap frequency.

Integrals of this type can be evaluated using the Fermi-Dirac integrals [26]

is the geometric mean harmonic

£(C) = F(1C)/ a'"lda__ “Lis(~C) (0<C <oo, n>0), (12.4)
0
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where Li, (C) = ZT.;1 CJ/j™ is a polylogarithmic function and I"(C) is the gam-
ma function. For n = 1, f; =In (1 4+ C). Using Eq. (12.4) we find that the average
total number and energy are

N = (Bh@) > f3(2) and E = 3kgT(Bhd) > fu(2) . (12.5)

The number and energy at zero temperature can be found using the zero tem-
perature limit of the Fermi function,
. (B)"
lim Z)=—"—. 12.6
T—>of”( ) I'n+1) (12.6)
As mentioned above, the Fermi energy Er is defined as the zero temperature
limit of u. For convenience, we will also refer to the “Fermi, temperature” Ty =
Eg/ kg, even though this temperature does not correspond to a phase transition, as
is the case for T, of Bose gases. Re-writing Eq. (12.5) in terms of Eg, we find

1(E\ 3

N=-|-— d E=-NEg. 12.

6 (ha)) an 4" (12.7)

The chemical potential and fugagity at finite temperature’can be found numeri-
cally by solving

63(2) = (BEr) . (12.8)

Using the Sommerfeld expansion of the polylogarithms, one obtains low- and high-
temperature approximations to the chemical potential in a three-dimensional har-
monic trap [28]:

2
Ex l:l— TET ("B—T> ] for kg To<< Er, and
] (12.9)
2k TIn [6 (’CB—T) } for kg T > Er.

Low Dimensionality Under certain conditions, a T = 0 Fermi gas in an anisotrop-
icmagnetic trap having | > w| may become effectively one dimensional. If the
atom number and temperature are such that Er < hw |, the transverse degrees
of freedom are “frozen out” and fermions occupy only the longitudinal energy lev-
els of the trap. The maximum number of fermions Njp that can populate such a
one-dimensional configuration at T = 0 is equal to the aspect ratio of the trap:
Nip = o /o). This scenario is especially relevant to atom chip micro-magnetic
traps, whose aspect ratios can be on the order of 10% to 10* [29].

12.2.2
Density Distribution

Apart from the choice of g(¢), many of the expressions derived in Section 12.2.1 re-
semble the textbook treatment of a uniform Fermi gas. In this section, we calculate
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the non-uniform position and momentum distributions of trapped fermions. The
position distribution is observable in situ (with sufficient spatial resolution), while
the momentum distribution is observable in time-of-flight. We calculate these dis-
tributions by two different conceptual starting points: first, using semi-classical
integrals; and second, using the local density approximation.

Semi-Classical Approximation Taking the energies € = €(r, p) = p?/2M + U(r) to
be those of a classical free particle at position r, where U(r) is the trapping potential
and M is the atomic mass, we can integrate the occupation function of Eq. (12.1)
over the momentum degrees of freedom to find the semi-classical position distri-
bution:

Pp [ oo petr -
”('):/(Znh)3 [Z 1eﬁ(,p>+1] , (12.10)

in which we have used the semi-classical phase-space volumetof one quantum
state, (27th)3. Integration using Eq. (12.4) yields

n(r) = A7’ fin (Ze_ﬁu"’) , (12.11)

where A1 = /27h% /M is the thermal de Broglie wavelength, Unlike the corre-
sponding expression for ideal bosonsfgEq.4(12:11) is valid at all\temperatures. The
difference lies in the fact that we haverignered the occupatign ofithe single-particle
ground state in taking the continuum lifnit (see Eq. (12:3)), evidenced by the van-
ishing density of states g(¢) forie =,0. This does notspose a/problem for fermions,
for which the occupation efithe ground state Z/(1 +,2Z) < 1. For bosons, however,
the corresponding expression ZJ(1 — Z) diverges; the continuum limit completely
ignores the condensed fraction, whose eontributien to the thermodynamics must
be accounted for separately [26].

Local Density Approximation Angalternate conceptual approach to the calculation
of inhomogeneous distributions is the'local density approximation. We start with
the expréssion for the densify ofia uniform Fermi gas nunitom = A7° f32(2) [26]
and“assume that local properties can be described by a local chemical potential
u — U(r)'and hence a local fugacity Ze=#U". We immediately recover Eq. (12.11),
and obtain its zero-temperature using Eq. (12.6)

T—0 1 [ZM ]3/2

Muniform — Q ? F (1212)

This implies that long-range properties of the Fermi gas may be ignored, unlike
in a BEC, which exhibits long-range phase coherence. In fact, the local density
approximation and the semi-classical approach generally yield identical results for
non-interacting fermions [24].

Specializing to the case of a three-dimensional harmonic oscillator potential
U(r) = 3 M(w%x* + 0’y” + w’z?) we obtain

n(r) = A7 fip (Z exp [—ﬂTM (wixz + inz + wizz)}) . (12.13)
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At zero temperature,

where Rrg = /2Ez/M®? is the mean Thomas—Fermi radius of the cloud, Xr¢ =
V2Ep/M? and so on are the Thomas—Fermi lengths along each trapping axis,
and O (---) is the Heaviside step function.

The momentum distribution can also be calculated using either the local density
or semi-classical approach. Experimentally, we observe the momentum distribu-
tion in a time-of-flight density image, for which the distzibution is obtained by
rescaling all spatial coordinates

X; —> X

1+ wit?

in Eq. (12.13) along the direction i €%, y,z}, and renormalizing to conserve
particle number [25].

12.2.3
Crossover to Fermi Degeneracy

The T = 0 filled Fermi sea'is quantum degenerate in the sense that it repre-
sents the absolute manysparticle ground’state of this non-interacting system. The
meaning of the termdegenerate” here should not be confused with its more con-
ventional meaning for a gas of bosons, forwhich degeneracy implies multiple or
macroscopi€eccupation of thessinglesparticle ground state (see Chapter 2). Multi-
ple oceupancy is forbidden for fermions, and so they are always “nondegenerate”
in‘thémore conventienahsense,of the word.

What, then, is the mature of the transition to quantum degeneracy in fermions?
In contrast to the boson case, there is no phase transition into or out of the filled
Fermi sea. As is the case with bosons, however, high-temperature expansions for
thermodynamic quantities fail around Z = 1. At lower temperatures the behav-
ior differs dramatically from the predictions of classical, Boltzmann statistics. As
T — 0, Z — 17 for ideal bosons, whereas Z — oo for ideal fermions with the
scaling Z ~ e/F as implied by Eq. (12.9). It is interesting to note the quantitative
relationship between fugacity and degeneracy for fermions:

noA% = f32(2), (12.15)

where ny = n(0) is the central density of the cloud. Thus, nyA13 ~ 0.77 when
Z = 1 for fermions, which occurs at T ~ 0.57 T¢. By comparison, noA3 ~ 2.61
when Z = 1 for bosons, at T = T..

The lack of a marked phase transition raises the question of what an experi-
mental signature of Fermi degeneracy might be. Unlike a BEC, the non-interacting
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DFG has an isotropic momentum distribution in time-of-flight, even when released
from an anisotropic trap [28]. Thus, the aspect ratio of the cold cloud cannot be a
signature of degeneracy. Instead, observations of Fermi degeneracy rely on two sig-
natures: the average energy per particle, and the shape of the time-of-flight density
distribution.
Using Eq. (12.5) we may write the average energy per particle as
E f4(2)

N TR

(12.16)

The finite zero-temperature limit of Eq. (12.16) is 3 Er/4, corresponding to Fermi
pressure [26, 27]. By comparison, the corresponding expression for the Boltzmann
gasis E/N = 3kg T, which tends toward zero at zero temperature.

The second signature of Fermi degeneracy is evident when the observed fermion
time-of-flight distribution is compared to the predictions«of the, Boltzmann and
Fermi-Dirac models. The latter is obtained by integrationiof Eq. (12.13) along the
imaging line of sight.”

Taking z as the imaging direction, we find

Ai(x, p,t) = N 6 Zep| - < W (12.17)
T i on 0 AERE TR 220 sl )

where r2(t) = (o] % + %)/ Mdis the cloud size in the i’€ {%, , z} direction after a
time t of free expansion. By comparisen, the spatial distribution for an expanding
cloud of classical particles is

i (x t)—Lex — < - Y (12.18)
dlx, y,t) = anx(t)”y(t) p erzc(t) 27‘%(13) ’ .

using theysame definitions for r;(t). Both of these signatures have been observed,
as diseussed further in Section12.5.5.

123
The Atom Chip

The experiments described in this chapter were carried out at the University of
Toronto with an atom chip designed and fabricated in the atom chip group at the
Laboratoire Charles Fabry de I'Institut d'Optique [30, 31]. This section details the
conductor layout, material composition, and supporting electrical and mechanical
infrastructure for the chip. See Chapter 3 for a more thorough review of atom chip
fabrication.

28) When integrating Fermi functions over Gaussian degrees of freedom, it is useful to note that

[220 dx fu(Ce™) = /T fut1p(C).
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12.3.1
Chip Construction and Wire Pattern

The atom chip consists of gold wires electroplated onto a cleaved 16 mm x 28 mm x
600 um silicon substrate. The chip was patterned using photolithography, with the
metal wires deposited by evaporation and electroplating. A 20-nm titanium adhe-
sion layer and 200-nm gold seed layer were evaporated onto the SiO, surface oxide,
followed by solution electroplating of gold to a final wire height of 6 um. The final
result is a mostly bare silicon substrate hosting eight gold electrical contact pads
connecting five separate conductors on its surface [30]. The wires can sustain an
operating DC current of 5 A, though we never exceed 2 A in th€é central Z-wire.

We use two of the five chip wires in the work presented here, highlighted in
dark gray in Figure 12.2a. The central Z-wire forms¢the(bagisiof odr static micro-
magnetic trap. An adjacent, thinner wire is used as amear-field antenna for deliver-
ing RF and microwave fields to the trapped atoms.

12.3.2
Electrical and Mechanical Connections

The chip is fastened to a coppefysupport,“stack” without glue‘¥ screws, but by me-
chanical pressure only. Custom-made MACOR ceramic C-clamps press flattened
strips of beryllium-copper foil onto the gold contact.pads for DC and RF elec-
trical connections, while atithesSame time pressing the chip onto the stack (see

3 mm

(@) copper

/ 50 10
|
X 80
(b) (c)

I

28 mm

16 mm

Figure 12.2 Atom chip conductor pattern
and mounting schematic diagram. (a) Central
atom chip conductor pattern, highlighting the
Z-wire (“DC”) and adjacent, thinner antenna
wire (“AC”) in dark gray. Thick arrows indicate
the directions of external, uniform magnetic
fields. (b) Close-up view of dashed region in

(), showing wire widths, center-to-center sep-
aration, and location of the trapped atomic
cloud (black ellipsoid). All dimensions are in
micrometers. (c) The atom chip is pressed
onto a fly-cut copper block using ceramic MA-
COR C-clamps (white). Electrical connections
are not shown.
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Figure 12.2¢). The beryllium-copper foil strips are in turn connected to ceramic-
insulated copper wires which deliver current from the air side into the UHV cham-
ber and onto the chip. The entire assembly is mounted vertically in the vacuum
chamber with the atom chip at the bottom, face down [32, 33]. The stack also
acts as a heat-sink for the atom chip, and was machined from oxygen-free high-
conductivity (OFHC) copper.

12.3.3
The Z-Wire Magnetic Trap

We use an anisotropic, loffe-Pritchard-type Z-wire microtrap [34] thréughout (see
also Chapters 1 and 2). The external DC bias fields used for magnetic' confinement
are supplied by three pairs of magnetic field coils mounted outside ofithesvacuum
chamber. With this setup we have achieved atom-surface distancesbétween 80 pm
and 300 pm, harmonic oscillation frequencies w , ~ 2.x200 HZ to 2;t x 2.5 kHz,
wy ~ 27 x 32 to 50 Hz, and trap depths as large asikp X 24anK.

The effects of wire surface roughness on the magnetic'potential have been stud-
ied extensively for atom chips of this type [30, 35%36]. Though sub-micrometer-
scale wire rugosity is not a problem at our,190-um working(distance) we do ob-
serve three large and unexpected miniman the longitudinal ‘magnetic potential.
Though these “defects” prevent us from reaching the largest trapianisotropies avail-
able in Z-traps, we use them to our advantage during evaporative cooling. Magnetic
gradients applied along y tilt the longitudinal potential so that atoms preferential-
ly fill the largest and deepest of these local potential minima. In this local trap,
the longitudinal oscillation frequency is two 40 three times larger than it would
be in the absence of the défect. The increased mean oscillation frequency @ (see
Section 12.2.1) and aceempanying gaing inycollision rate allow us to evaporate to
quantum degeneracy more rapidly and efficiently than would otherwise be possi-
ble.

12.4
Loading the Microtrap

Our experimental approach to creating a **’K DFG on an atom chip is motivat-
ed in large part by the scarcity of “°K, whose natural isotopic abundance is only
0.012 %. Even when using a potassium dispenser with *°K enriched to 5 %, we find
that large MOT beams are essential to capture enough “°K in a background UHV
pressure compatible with magnetic trapping. Rather than using a reflected surface
MOT [37], which would require a mirror-coated chip of length ~ 6 cm to accom-
modate our 4-cm-diameter MOT beams, we first load a large conventional MOT
several centimeters beneath the atom chip, then magnetically trap and transport
the atoms to the chip. Once loaded into the Z-trap, we sympathetically cool “°K
to quantum degeneracy with a 8 Rb reservoir to minimize “°K atom number loss.
This approach also obviates the need for a mirror-coated atom chip.

373



374

12 Fermions on Atom Chips

In this section and the next, we review our laser cooling, magnetic trapping and
transport, chip loading, and evaporative cooling steps, noting that further detail
is available in [5, 15, 32]. We also add to our previous work with a discussion of
the roles of trap depth and trap volume in micro-trap experiments, with particular
emphasis on chip loading in our setup.

12.4.1
Laser Cooling and Magnetic Transport to the Chip

Both “°K and ®Rb are initially trapped and cooled in a dual-species MOT formed
by six counter-propagating 4-cm-diameter beams centered 5€mibelow the atom
chip [15, 32]. We use a single-chamber vacuum system, and,load the MOT directly
from atomic vapor created using a combination of dispengets and light-induced
atom desorption (LIAD). During each MOT loading ¢ycle, commercial high-power
405-nm LEDs irradiate our 75 mmx 75 mm x 160 mm-Pyrex vacuum cell for several
seconds to generate the atomic vapor. We dse commercial Rb and home-made K
dispensers to replenish the “°K and # Rb coatings'efi the interior walls of the UHV
chamber as needed — typically every few days or weeks [15], By this method we
achieve *°K and ¥ Rb atom numbers$)of roughly 6 x 10%and 67108 in the MOT.

After optical molasses coolinig of Rb, both # Rb and 42K afe optically pumped
into the stretched internalsmagnetic hyperfine states, |F" = 2, mg = 2) and
|F = 9/2,mg = 9/2), xespectively. With alllasers.extinguished, the mixture
is magnetically trapped in‘a,quadrupole magnetic trap and transported vertical-
ly to the surface of,the‘atom chip using external coils. From there atoms are
smoothly transferred from the quadrupole magnetic trap into the Z-trap locat-
ed 190 um fromythie chip surface, whichghas harmonic *°K oscillation frequen-
cies wy . = 2mXx 823 + 7Hz andyw, = 27 x 46 = 1Hz, and a trap depth of
~ kp.x 1.05mK.

12:4.2
Loading Bosons and Fermions onto the Atom Chip

Along with the advantages of high compression and fast collision rate characteris-
tic of atom chip microtraps comes a disadvantage: small trap volume. The volume
occupied by a trapped gas depends on its temperature, unlike in the uniform “box”
potential we are accustomed to from thermodynamics. The trap volume is not typi-
cally discussed when creating “macroscopic” magnetic traps with large coils, since
their trap depths can be orders of magnitude larger than is required to confine
laser-cooled atoms. For microtraps, however, the trap volume may limit the num-
ber of atoms that can “fit” into the trap, in a way that we will quantify in the fol-
lowing subsections. Our discussion points out a clear route to larger atom number,
when it would be desirable.

An atom is trapped when its energy is less than the trap depth Uy. A good
model of a thermalized gas in a trap-depth-limited trap is a truncated Boltzmann
distribution [38], where truncation occurs at # times the temperature, that is
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U = nkgT. For the collision rates typical of atom chip traps, free evaporation
resulting from the limited trap depth occurs when 5 < 3; by contrast, efficient
evaporation occurs when n > 5.

The laser cooling discussed in Section 12.4.1 allows atoms to be delivered to the
chip at temperatures less than Uyy. However, our loading efficiency is typically 10 %
or less, while phase-space density is roughly preserved: we load roughly 2x10” ¥ Rb
atoms and 2x 10° *°K into the Z-trap. We will attempt to explain the factors limiting
this efficiency in the following subsections.

The initial loaded number of fermions places an upper bound on the number
of ultra-cold fermions we can produce. Furthermore, though we load many more
bosons than fermions, bosons are continually lost during the evaporative cooling
process, as described in Section 12.5.1. The limited amount of “refrigerant” even-
tually limits the number of fermions that can be cooled, or their(final température.
It is, therefore, important to understand our loading process' and ways in which it
can be improved.

12.4.3
Effective Trap Volume

Our discussion here concerns the number,demperature, and density‘of a gas at the
start of evaporative cooling, havingalready,been loaded intg the microtrap. We will
assume an initial phase-space defisity pofiwhich is typically, $:107> for laser-cooled
atoms. At the densities typical of this point in the experimental cycle, the density
distribution of the gas is well approximated as that of an ideal non-degenerate gas.
From Eq. (12.11), the density distribution of/an ideal Fermi gas in three dimen-
sionsis n(r) = A7 f3,2(2€ £ U"), where U(0) =0¢The corresponding expression
for ideal bosons is obtained by using the thermodynamic Bose—Einstein function
g3/2(-++) in placeof f3p(- - +) in this expression. In either case, at low fugacity

(P 73 Ze 0 (12.19)
Integrating both sides of the equation, we recover the total atom number
N = no / e PGy, (12.20)

where the volume of integration is defined by U < Uy, and ny = n(0).
In analogy with a uniform gas, we define the effective volume

Ver = /e_ﬁU(')df, (12.21)

such that ny = N/ Vg [38]. For a simple three-dimensional box of side L, Vg =
V=1

In the limit of 7 > 1, we can integrate the full Boltzmann distribution to find
the trap volume in several typical cases. For a three-dimensional simple harmonic
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oscillator potential,

3
2w \? 3
Var o = (Ma)z) (ks T)?, (12.22)

where @ is the geometric mean oscillation frequency. For the three-dimensional
quadrupole (linear) trap,
VI = 8nF 3 (ke T)?, (12.23)

where U = |F - r| and F is the geometric mean gradient. Finally, a hybrid two-
dimensional quadrupole and one-dimensional box model gives

Vi = 2nLF (ks T)° . (12.24)
In all of the above cases, the effective volume has a powet-law dependence Vg =

CsTP.

12.4.4
A Full Tank of Atoms: Maximum Trapped Atom Number

Using the effective volume, we can now relate the trapped atommumber to the ini-
tial phase-space density po, whichds equivalent to the'degeneracy parameter no13
for Z < 1:

N = poA7> V(T . (12.25)

Since kg T = Uyg/n by definition, we cafl write'out the explicit temperature depen-
dence in Eq. (12@25)sto find

M % Utd 6+%
N~ ay =< , 12.26
ma L0 (23‘[712) o ( 7 ) ( )

foria trap with a 6 power law effective volume.

This equation shows us why the loaded atom number is typically smaller in
microtraps than macrotraps. First, the trap depth Uy is typically smaller, which
reduces atom number with a power law as fast as Ut?i/z for a three-dimensional
quadrupole. Second, even for comparable trap depths, the stronger trapping
strength of a microtrap reduces Cs: C3 o< @ in the case of a three-dimensional
harmonic oscillator, for instance.

Equation (12.26) also demonstrates the importance of large currents in trap-
ping wires. Consider the case in which a three-dimensional harmonic microtrap
is formed above a single long wire, for which w; o B /I where By is the
perpendicular bias field and I is the wire current. Since the trap depth increases
linearly with By , Eq. (12.26) suggests that the maximum atom number at a fixed
17 and phase-space density is Nyax & I2Bg | /@ .. Assuming that the distance from
the trapped atoms to the chip surface is fixed, and that w, VI, Npayx o< 152,
Thus, we see that larger wire currents allow an increase in the number of trapped
atoms.
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12.4.5
Effect of Geometry on Loaded Atom Number

We now evaluate the trap volume and the expected maximum atom number loaded
into several well-studied chip traps. We will start with the earliest proposed traps,
described in [39] by Libbrecht, and assume they are loaded with Rb in the |2, 2)
state. For a single-loop quadrupole trap of radius 10 um and using a 1-A current,
the gradient is 5.4x 10° G/cm and the trap depth kg x21 mK. Assuming the trap can
be loaded with # > 4 (corresponding to an initial temperature of < 5mK), the trap
volume would be V.g < 310 pm?. At an initial phase-space density of 10~°, 2 x 10*
atoms could be loaded into the trap. However, a quadrupole trap hag"a‘magnetic
field zero at its center, and is thus unsuitable for trapping ultra-cold atems.

The Toffe “(c)” configuration of [39] consists of concentricthalf-loops,with a 10
minimum diameter. Using a 1-A current, the trap has a depth of kp»¢'1.3 mK and a
curvature that gives @ /27 ~ 94 kHz. Although the trap_is impressively strong, its
effective volume is only 0.4 pm?; less than one atofn wouldbe trapped at a phase-
space density of 107°. For this reason, larger trap volumesthan those of Libbrecht’s
pioneering geometries were required to achieve quantum degeneracy in an atom
chip microtrap.

Finally, let us consider the Reichel Zstrap/{37] (see also Chapten2)#The potential
at the center of the trap is harmoni€pwith a typical geometric mean frequency of
@/2n =~ 300 Hz in our setup. The trap depth is limitedsby thetransverse applied
field, for which a typical value of'20 G/gives Uy a» kg x 1.3 mK. Assuming the
trap is loaded at # = 4, wefind that the effective volume is 1.3 x 107 um?, and the
maximum trapped atom numbe# 1.2 x 107 at an'initial phase-space density of 107°.
Although approximate, our‘calculation shows thatthe Z-trap geometry is capable of
loading six to seven orders of magnitude more atoms than the Libbrecht geometry
for the same, initial phase-space density.

Furthermorejthe.calculation suggestsithat the loaded atom number in our exper-
iment is limited by trap depth andyolume. For our geometric mean field curvature
of 3 x\104G/cm? and initial tempetature of 300 pK, the effective trap volume is
3 X107 |um’. One would expect 3 x 107 #Rb atoms at py ~ 107°, and 3 x 10°
“0K atoms at py ~ 4 x 1078, This is consistent with our observations to within an
order-of-magnitude (2 x 107 for ¥ Rb and 2 x 10° for *°K), and demonstrates that
we are close to, if not at, the maximum possible number of loaded atoms, given the
phase-space density and temperature after magnetic transport to the chip.

12.5
Rapid Sympathetic Cooling of a K-Rb Mixture

In this section we describe the sympathetic evaporative cooling of *°K with 8Rb
in a microtrap, by which we produce a pure *°K DFG or a dually degenerate BEC—
DFG mixture. Particular emphasis is placed on the temperature dependence of the
K-Rb scattering length, and its effect on K-Rb rethermalization and evaporation
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efficiency. The section concludes with a discussion of experimental signatures of
quantum degeneracy in DFGs.

12.5.1
Forced Sympathetic RF Evaporation

We reach dual quantum degeneracy in *°K and # Rb via sympathetic RF evaporative
cooling of ¥ Rb in a Z-trap having By ~ 2.6 G, “*K harmonic oscillation frequencies
Wy, = 2nx823+7Hzand w, = 2nx46+1 Hz, and a trap depth of kg x1.05 mK|[5,
40-43]. In our case, **K is cooled indirectly by thermalizing elastic collisions with
87Rb. By sweeping the RF evaporation frequency from 28.6 to8.65MHz in as little
as 6s, we reach T/ Tr ~ 0.1 — 0.2 with ep ~ kp x 1.1 pK.and'as many as 4 x 10*
#0K atoms, faster than has been possible in conventional magnetie'traps [5, 15].”)
This rapid evaporation to degeneracy is made possible, bysthe strong atom chip
confinement.

As is evident in Figure 12.3, the “°K is céoled t6 quantum degeneracy (Z > 1)
with only a five-fold loss in atom number, while'the ¥ Rb is evaporated with log-
slope efficiency —d[log(po)]/d[log(N)] = 2.9 0.4, where py is.the peak phase-space
density. When evaporating # Rb alone to BEC, the evaporation‘éfficiency can be as
high as 4.0 £ 0.1; sacrificing some evaporation efficiency,’a more rapid evaporation
can produce a BEC in just 2%» By contrast, for **K-$Rb ‘mixtures, we observe that
RF sweep times faster than 6 s aré not successfulinachieving dual degeneracy. The
reason is that ¥ Rb and #K'rethermalize more slowly than 8Rb alone, particularly
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Figure 12.3 Sympathetic cooling to dual “°k- indicate the evolution of phase-space den-
87Rb quantum degeneracy. Spin-polarized sity en route to dual quantum degeneracy
fermions without a bosonic bath cannot be (Z > 1) during evaporation: 4°K fugacity Z
successfully evaporatively cooled (diamond). on the left, and 3’Rb ground-state occupation
However, if bosonic 87Rb (squares) is evap- on the right. A typical run-to-run spread in
oratively cooled, the fermionic *°K is sym- atom number is indicated on the right-most
pathetically cooled (circles) by thermalizing point; all vertical error bars are smaller than
elastic collisions with 8Rb. The vertical axes the marker size.

29) A °Li DFG has been produced in an all-optical setup in as little as 3.5s [44].
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during the initial high-temperature stages of evaporation. Direct measurements of
the “°K and 8 Rb temperatures indicate that “°K thermalization lags that of 8’Rb
despite an experimentally optimized RF frequency sweep that is slower at higher
temperatures and accelerates at lower temperatures [5].

12.5.2
K-Rb Cross-Thermalization

We have studied the *°K-*”Rb inter-species scattering cross-section ogg;, by mea-
suring cross-thermalization rates at temperatures between 10 and 200 uK [5]. We
compare the results, shown in Figure 12.4, to the oygp-vs.-temperattresbehavior
predicted by two scattering models. The simpler model, assumingionly s-wave
contact-interaction scattering, predicts oxrp, = 4ma?/(1 + adk?) >0 gprythrough-
out the stated temperature range, where a = aygy, is the **K&’Rb sswhave scattering
length, and k the relative wavevector in the center-of-mass frame. The second more
detailed model is based on an effective-range atom-atom’scattering theory which
includes the next-order correction to the s-wave scattering®phase shift [45, 46] and
is in good agreement with our measurements.

We attribute the observed reduction in scattering cross-section to the'onset of the
Ramsauer—Townsend effect, in which the s-Wwave scattering phaseiand<ross-section
approach zero for a particular valueof relative energies between particles [5, 47].
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Figure 12.4 K-Rb cross-species thermaliza-
tion. Measurements of orp (diamonds) are
compared with the s-wave-only (dashed) and
effective-range (solid) scattering models (see
text). For reference, the s-wave ogpryp is al-

so shown (dotted). Inset: We measure the
cross-thermalization by abruptly reducing the
temperature of 8’Rb and watching the temper-
ature of “0K relax with time. The data shown
has an asymptotic “°K temperature of 27 uK.

The highest temperature point (open dia-
mond) did not completely thermalize and lies
off of the effective range prediction. A more
sophisticated analysis may be required for this
point, owing to severe trap anharmonicity at
this high temperature. The vertical error bars
are statistical (one standard deviation); the
horizontal error bars show the spread in initial
and final 40K temperature during rethermaliza-
tion.
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Despite the high-temperature reduction in cross-section, however, “°K and ® Rb
are relatively good sympathetic cooling partners. By comparison, °Li-#’Rb sympa-
thetic cooling measurements [48, 49] suggest a zero-temperature cross-section ap-
proximately 100 times smaller than oggyp; in other words, a maximum °Li-¥Rb
cross-section roughly equal to the lowest *°K-8’Rb value we measure.

12.5.3
Density-Dependent Loss

The large and negative inter-species scattering length aggy, results in a strong *°K-
87Rb attractive interaction. At low temperatures and high atémic densities, this
interaction creates an additional mean-field confinement that'can’lead to massive
and sudden losses during sympathetic cooling [40, 41443]. These studies of density-
dependent interaction-driven losses point to boson-bosen-fermion® 3-body decay
as the underlying mechanism for the collapse of the mixture. This effect ultimately
limits the atom numbers in *°K-#’ Rb mixtutes.

These effects manifest themselves in our ‘expetithent as *°K and ¥ Rb number
losses near the end of evaporation. While'we are able to produce BECs of up to
3 x 10° atoms when we work with #Rb alone, the simultarieou§®’Rb and *°K atom
numbers are restricted to at mest ~10%and 4 x 10* respectively (see Figure 12.3).

12.5.4
Required Temperature

The reduction in the™K-Rb elastic scattering cross-section discussed in
Section 12.5.3 may'lead the reader to wender why we started evaporative cool-
ing at such a‘high temperature, The reason’is that the 8 Rb-#Rb elastic collision
rate required for efficient evaporative cooling within our magnetic trap lifetime
imposes,a lower bound onsthe initial temperature. In this section we will shift our
focus to,single-species'collision rates in order to understand this constraint.

Evaporative cooling,requires a trap lifetime that is some multiple (typically 10°)
of v ;ﬁ where Y1 = ngov; is the collision rate at the center of the trap; ny is the
central density, o is the elastic scattering cross-section, and v, = /8kg T/tM is
the relative velocity of collision partners [50].

Since pg & no/3 at the start of evaporation (see Section 12.4.4), we can express
the central density in terms of the phase-space density:

_ OpoM 2
Vel = —525 (ks T)", (12.27)
which is independent of atom number.
This relation can be used to give a lower bound on temperature in a broad range

of traps. Defining y ™" as the minimum scattering rate,

coll
) 2h3
(kB T)Z min T

= Y coll MOPO : (1228)

30) Fermion-fermion-boson 3-body decay is precluded by the Pauli exclusion principle.
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In the case of ¥ RD, approximating o by its low temperature limit 87ta2, where
as is the s-wave scattering length, we find that the minimum temperature at the
beginning of evaporative cooling is

. 1/2
. 10—6 1/2 min
Ty = 300 pK x ( ) Peol : (12.29)

Lo 15051

for any loaded atom number or trap geometry. In our case, the Rb-Rb elastic col-
lision rate at the start of RF evaporation is roughly 150s™!, and the phase-space
density 107° or slightly higher. Equation (12.29) predicts T¢"® = 300 uK, which
exactly coincides with the temperature we measure at the start offévaporation.
(The excellent agreement should be taken with a grain of salt,.sinee the mod-
el is only approximate.) Can we gain anything by decompressing or compress-
ing the trap? Our trap lifetime 7, ~ 5s is only 750 timesrlargersthan the colli-
sion time y I = 1/150 >~ 6.7 ms — less than optimal, assuming that we require
7y 2 1000y ! for efficient evaporation. Any adiabati€ décompression would de-
crease our collision rate below y ™" and result in significant loss of evaporation
efficiency. If the trap lifetime were longer, decompzession would reduce the tem-
perature without sacrificing evaporation efficiency; 7, > 1000¢_i{wotild be much
easier to satisfy even as y | decreased in the'decompression. Compreéssing the trap
near the end of evaporation wouldsificrease in K-Rb 3-body loss, which would ex-
acerbate the losses we already observe diie to attractive#%K-8.Rb interactions near
the end of evaporation (see Section, 12¢5.3). Compressing near the beginning of
evaporation should not induce much loss since densities are relatively small at that
point, but compression causes dramatic lossqin our case due to the limited trap
depth. For these reasons, we have littleschoice but'to start our evaporation in the
regime where the Ramsauer—Townsend effect is significant.

12.5.5
Experimental Signatures of Fermi Degeneracy

Following the discussion in Seetion 12.2.3, we assess the degree of Fermi degen-
eracy in K by fitting ideal Boltzmann and Fermi gas theory to time-of-flight ab-
sorption data. Unlike the Boltzmann gas, whose spatial width tends toward zero
as T — 0, Pauli exclusion results in a finite-sized Fermi gas with a finite aver-
age momentum, even at T = 0 [27]. This Fermi pressure (see Section 12.2.3) is
evident in Figure 12.5a, in which the in-trap cloud width deviates from the Boltz-
mann prediction for T/ Tr < 0.5. Absorption images taken at T/ Tz = 0.95 and
0.35 are overlayed with a circle indicating Ep in Figure 12.5b,c, demonstrating that
the average momentum of the Fermi gas plateaus at low temperature.

In addition to the expansion energy, a second measure of the degree of Fermi
degeneracy is the deviation of the time-of-flight spatial profile from the Gaussian
envelope predicted by Boltzmann statistics. The Gaussian fit is excellent at high
temperatures, but fails at low temperatures [1]. Figure 12.5d shows the residuals of
a Gaussian fit using Eq. (12.18) to a gas at T/ Tz = 0.1, compared to those of a fit
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Figure 12.5 (a) The apparent in situ fermion energy in this data (circles vsadiamonds).
temperature measured by Gaussian fits to (b, c) Absorptiondmagesfor T/ Tr = 0.95
40K time-of-flight absorption data, plotted ver-  and 0.35 respectively, overlayed with black cir-
sus temperature of both thermal (diamonds) cles of radjus Rryrescaled after time-of-flight
and Bose-condensed (circles) 8’Rb. The da- (see Section12.2.2). (d) Residuals from ra-
ta follows a curve derived from Gaussian fits dial fits of Gaussian (dots) and Fermi-Dirac
to artificial, perfect Fermi distributions (solid (squares) envelope functions to absorption
line), deviating from the corresponding Boltz4%, dataat T/ T = 0.1. The good Fermi—Dirac fit
mann prediction (dashed) at temperatures andwpoor Gaussian fitrare evidence of a Fermi
below T/T¢ ~ 0.5. Quantum degeneracy degenerate sample.

of 8Rb has little effect on the *°K expansioh

using Eq. (12.17), which agsumesiFermi-Dirac statistics«Though the Gaussian and
Fermi-Dirac profiles are very similar, carefulanalysis shows that the Fermi-Dirac
function is a betterfit, with a reduced y? three times lower than the Gaussian fit.

12.6
Species-Selective RF Manipulation

For, atomsiconfinedsto a magnetic trap, an applied field oscillating at radio fre-
quencies (RF) can resonantly couple adjacent my states. The atomic system in the
combined static and time-varying magnetic fields can be described by a Hamilto-
nian with new, uncoupled eigenstates — the so-called “adiabatic” or “RF-dressed”
states [51]. The spatial dependence of these states, and thus the spatial character
of the trapping potential, can be manipulated by varying the RF amplitude Bgp
and frequency wgr (see Chapter 7 for a thorough review of RF-dressed potentials).
In this section we discuss two useful regimes for manipulating ultra-cold boson—
fermion mixtures on atom chips using these effects.

The first type of RF manipulation is species-selective evaporative cooling. As im-
plied in Section 12.5, RF manipulation can drive ¥ Rb spin-flip transitions to un-
trapped spin states at the edge of the 8 Rb dressed potential without inducing loss
in “°K, as a consequence of the explicit my and gr dependence of the magnetic
trapping potentials. In the second type of RF manipulation, Bgg is large enough
that Landau—Zener tunneling between dressed states is suppressed and the usual
adiabatic condition is satisfied [50]. Atoms adiabatically follow the RF-dressed mag-
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netic eigenstates and remain trapped in a double-well potential [52-54]. This effect
was first demonstrated on both thermal [51, 55] and quantum degenerate Bose
gases [11, 56] and is now a well-established method for dynamically “splitting” an
ultra-cold Bose gas [11-14, 57]. We have added to this work by demonstrating the
simultaneous creation of a 8 Rb double well and a “°K single well [15]. This result
demonstrates that the adiabatic potentials experienced by each species can be dra-
matically different in an applied RF field, owing to the different values of gy for
Rb and *°K.

12.6.1
Sympathetic RF Evaporation

In this section we consider a simple sympathetic cooling seenario, typical in our
experiments; an RF “knife” is used to evaporatively cool ¥ Rb, which'then acts as a
refrigerant for the “°K.>Y Ideally, this scheme would causes'no 1oss of “°K atoms;
here we explore to what extent this is true.

A critical parameter in evaporative cooling is 7 =\Uq /% T (see Section 12.4.2).
The larger the choice of 7, the fewer atoms are femoved from the trap, since a
smaller fraction of the kinetic energy distribution lies above U [50].dfi'sympathet-
ic cooling of “°K by 8’Rb, we would ideally like'the RF field to Have nowéffect on the
“0K trap depth. However, we shallsee thag for our scheme/the RF knife does limit
the trap depth for *°K, though the effectfis small. This effectumay be quantified by
evaluating 7 for *°K in our cooling'scheme.

We begin by consideringiatoms in spin states | F, my) in a static (“DC”) magnet-
ic trap, whose potential is U(r) = mggrup Bpc(r). The minimum magnetic field
amplitude is By = Bpc(0) ising the notation Bpg(r) = | Bpc(r)|. We apply a weak,
sinusoidally time-vatying magnetic field ofiamplitude Bgr and frequency wgg. If
horr > grup Bofthen.atoms in state mp/atpositions r; for which

griep Bpc(ty) = hogs (12.30)

can undergo spin-flips to adjacent mr states, including untrapped ones. This im-
poses‘an effective trap depth Uy = grmpup(Bpc(r1) — Bo) on these atoms, since
any atom with energy above Uy is ejected from the trap. Therefore, we can write

Uy = 7]kBT = mF(ha)RF — 8FUB B()) (12.31)

for a gas of atoms in state | F, mg) in thermal equilibrium at temperature T.

For two species in thermal equilibrium in the same magnetic trap, we can write
down simultaneous equations like (12.31) for both species. From these, we infer
the relationship

(5
m K [ (Rb K] 48 Bo
e = (ﬁ) mro + mi g — gl . (12.32)
Mg

kg T

31) Microwave magnetic fields at 6.8 GHz may also be used to species-selectively evaporate 8 Rb via
hyperfine transitions [48].
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between the two 7 parameters in the case of “°K and # Rb, using the fact that wgy
and By are common to both species. This convenient form highlights the role of
mp and gr in the RF evaporation of a mixture of atomic species.

Moving now to a more specific case, we note that typical sympathetic cooling
ramps are done with 8’Rb in the |2, 2) state, and the **K in [9/2, 9/2), since this mix-
ture is stable with respect to many inelastic collisions [40]. Equation (12.32) yields

9 5 us Bo
77K—477Rb+4 T

(12.33)
from which we immediately conclude that #x > 97gp/4 for allvalues of temper-
ature. Having 7 > ngp ensures that ¥ Rb can be evaporated without inducing
significant loss in the “°K population, as required for efficiént sympathetic evapo-
rative cooling.

For a typical experimental value of 5y}, &~ 8, which is roughly constant through-
out the evaporation, Figure 12.6 demonstratesthat 7y rises sharply for all trap-
pable mg{) states as sympathetic evaporation préceeds and the *“°K temperature
decreases. “°K spin-flip losses are most, likely to occur when 7 is smallest. In
our experiments, this occurs at the beginning of evaporation, when By = 5.7 G,
T ~ 300 pK [5, 15], and g = 8.1.

We can also use Eq. (12.33) to.compare g and #gp, iy the scenario in which
all the 8’Rb is evaporatedfaway todleave a pure “°K DFG. Taking 7y, — 0 and
working at a typical pure:DFG temperature T/ ="2201K [5], we find nx > 220
for all trappable *°K sublevels=This confirm§'that 8/Rb can be fully and selectively
ejected from the trapwithout causing anyssighificant *°K loss.

Finally, we note that it is possible%in principle to evaporate “°K without in-
ducing 8Rb loss. For RF frequencies Awrr < g;Rb)yB By, only “°K atoms are
ejected from, thestrap, at positions #; such that zwge = g;K)yB B(r;). Following
the derivation of Eq. (12.31), we' can express the *°K trap depth in this scenario

T (K)
Figure 12.6 Evaporation parameter g for magnetically trappable values ofm,(:K) (1/2to
40K atoms in a typical sympathetic cooling 9/2, from bottom to top). 7k rises sharply as

ramp with By = 5.7G and ngp ~ 8 (dashed evaporation proceeds and the temperature
line, see text). The curves represent different decreases, while 77gp remains constant.
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as Utg() = mg() [g;Rb) - g;K)]/,tB By. In our experiment, using By = 5.7G and the
stretched states of “°K and 8 Rb, Uy = 5up Bo/4 ~ kg x 480 uK. Thus, we expect to
be able to evaporate T < 480 uK *°K clouds without affecting the 8 Rb population.

12.6.2
Species-Selective Double Wells

In this section we discuss the species-selective nature of RF-dressed double wells.
In a two-species mixture, this effect permits the simultaneous formation of a
double-well potential for 8 Rb and single-well potential for “°K [15], and vice versa.
We use an RF amplitude Brr < By, for which the effective adiabati¢"potentials®
may be written [11-13]

Ueir(r) = mler/0(r)2 4 Q (r)? (12.34)
where

0(r) = usgr Bpc(r) — hwgr
Q(r) = ugrBrr 1 (1)/2, (12.35)

Bpc(r) = | Bpe(r)| is the static magnetic fieldiamplitude, Brg_ (f) 1S the amplitude
of the Bgp component which is perpendicular to Bpc(r) atpoint r, and m7 is the
new, effective magnetic quantumnumber.iThe parameters.d(r) and £ (r) can be
identified as the local detuning and Rabi frequency of the RF field, respectively.
Using Eq. (12.34), we can_calculate éffective adiabatic petentials for Rb and “°K
and use them to illustrate the,simultaneous ¢réeation, of single- and double-well
potentials in a “°K-8’Rb mixture.

For clarity, we considerithe formation ofithe 8 Rb,double well and *°K single well
separately. Our starting point is a |9/2/9)2)=2, 2) “°K-8Rb mixture confined to a
static, anisotrepieharmonic Z-trap dirgctly above the RF wire (see Figure 12.7a)
with By 2 1214G, 0., = 20 x1.23kHz, and w, = 2m x 13.7 Hz.

RbyDouble Well An RF field with"initial frequency wrr = 27 x 800 kHz and de-
tuning"d®® = —50kHz is applied by ramping up its amplitude from zero to the
final value Brr = 200 mG. A potential barrier is formed at r = 0 by sweeping the
RF frequency through the resonant point 6®?(0) = 0. As the RF field is applied,

(@) (b)

Figure 12.7 Atoms confined to single-well (a) and double-well (b) potentials induced by RF
manipulation 80 pm above the chip surface.

80—

32) For Brr = By, Eq. (12.34), which relies on the rotating-wave approximation (RWA), is no longer
valid [53, 54, 58].
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Figure 12.8 Simultaneous adiabatic dressed
potentials for 8 Rb and “°K. (a) The 8Rb-
double-well case. 8’Rb (black) and “°k/(gray)
effective dressed potentials are plotted as a
function of the spatial coordinate x (see Fig-
ure 12.7). Each curve corresponds to a single
value of mf. for 3Rbiand “°K, with the‘upper-
most curves corrésponding to mi =.2 and
m} = 9/2 respectively. 8 Rb atoms popu-
latetheinupper-most mr = 2 dressed state

dressed state (thick, gray). (b) A closer view
of the 2”Rb. double well and 4°K single well,
plotted together on a single vertical Ues/ h
axis in units of kHz. Both curves have been
shifted vertically to align their potential min-

ima at zero kHz. (c) A closer view of the 0K

double well and 37Rb single well, with vertical
axis similar to (b). The dressed /Rb single
well (black, dashed) deviates slightly from
the undressed single well (solid, thin black),

(thick;'dashed), while 40 atoms populate
theirlower:most mp = =9/2 single-well

illustrating the slight loss of radial trap curva-
ture.

each undressed state is adiabatically connected to one dressed state; here m;Rb) =2
is connected to m;(Rb) = 2, shown as the upper-most black curve in Figure 12.8a.
After sweeping to a final RF frequency wgr = 27 x 860kHz, the barrier height
is h x 2.4kHz and the x-direction double-well separation is 4 u (see Figure 12.8b).
The m;(Rb) level repulsion at the double-well minima is 70 kHz, sufficient to pre-
vent Landau—Zener spin-flips at our working temperatures T < 1 pK. The ¥ Rb

population thus remains trapped in the m;(Rb)

= 2 dressed level.

K Single Well The trapping potential for the *°K atoms is affected in a very differ-
ent way for the same magnetic field configuration. In our current example (Fig-
ure 12.8a,b), the detuning for *°K is positive; 6(8(0) = 27 x 482kHz at the trap
minimum. Near r = 0, the RF dressing adiabatically connects mgx = 9/2 to

mi) = —9/2. Since [6M(0)]2 > [2®(0)2, the potential curvature near r = 0
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is largely unaffected by the RF coupling (see Eq. (12.34)). More quantitatively, the
dressed states are most deformed where 6®(r) ~ 0, which corresponds to x ~
£23 um, and a potential energy of roughly 110 uK above the local minimum at
r = 0. Since our experiments are typically conducted with T < 1 pK, we can be
satisfied that the “°K potential retains its original form near r = 0 without inducing
any “K loss.

One important feature of this single- and double-well arrangement is that the
87Rb double-well separation and barrier height may be tuned over a wide range by
adjusting wgr and Bgy without affecting the shape of the “°K potential.

An obvious extension of the work described here and in [15] would be to reverse
the roles of boson and fermion, creating a double well for fermions ovetlapped with
a single well for bosons. The magnetic hyperfine structure of “*K.and¥’ Rbimakes
this possible in a “°K-%Rb mixture, but with slightly different fesults,thafi in the
87Rb-double-well case.

Following the 8 Rb-double-well example of the preceding section, here we sweep
the RF frequency from wgrr = 27t x 338 kHz to wrg =27 %1383 kHz. In the same
static trap with By = 1.214 G, 0™ changes sign from —50"to +5 kHz, while 6 (R
remains negative throughout. This creates a *’K*deuble well in the m;(K) =9/2
state with x-direction well separation ~ 4 pwm, barrier height # x 2.9&Hz at r = 0,
and m;(K) level repulsion ~ 70 kHz at #4= #2.%um. In contrast to,thé#”Rb-double-
well scenario, here both *°K and 3/Rb adiabatically follow theifyrespective upper-
most dressed levels, which exhibit their strongest spatialdeformation near the trap
center. While K experiences aidotible-well potentials the ’Rb m/ " = 2 potential
is a single well with slightly reduced radial curvatuge from the initial, undressed
mg = 2 potential, as shown in Figure 12.8c.

In addition to the species-selectivity ofithis process, it should be emphasized that
atom chips are particulatly well-suited to creating adiabatic dressed-state potentials
due to the proximity of the atoms to ¢hip wire RF antennae. The double wells de-
scribed in this'section'were createdusingRF Rabi frequencies 2 ~ 100—200 kHz,
though we\canjachieve values as large as 1 MHz with tens of milliamperes rms in
the chip wire antenna. By comparison, achieving £ ~~ 1 MHz with an air-side RF
antennawould require a circular coil of radius 3 cm and 3 turns bearing 10 A rms
of AC curtent.

12.7
Fermions in an Optical Dipole Trap near an Atom Chip

In our discussion of fermions on atom chips thus far, we have focused on spin-
polarized *°K in magnetic traps. In this section we describe an extension of our
atom chip capabilities with the incorporation of an external crossed-beam optical
dipole trap skimming the surface of the atom chip. (See Chapter 3 for a discussion
of other on-chip optical potentials.) Optical trapping enables the use of any and
all hyperfine and Zeeman spin states in our experiments, as well as more flexible
control of the magnetic field environment. These added features allow us to work
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with strongly interacting “°K spin mixtures, while retaining the atom chip bene-
fits of near-field RF and microwave manipulation and rapid evaporation to Fermi
degeneracy.

12.7.1
Optical Trap Setup

Two optical trapping beams are generated using the output of a single 500-mW
Nd:YAG laser operating at A = 1064 nm, and directed along the x- and y-directions
through the vacuum cell and beneath the atom chip using air-side optics (see Fig-
ure 12.9). Ideally, the foci would be near enough to the chip gurface to allow suf-
ficient RF and microwave coupling, but not so near that.thejoptical potential is
degraded by light scattering off the edges of the chip as the beams are focussed.
The beams should also be aligned to the existing Z-trap‘position for efficient trans-
fer from the Z-trap into the dipole trap. To satisfy these constraints we focus the
two beams at roughly 190 p beneath the chip Surface, with 1/e? waists wy ~ 18
and 30 pm, and Rayleigh ranges zo =_siwg /A ~*10 and 2.7 mm, respectively, as
shown in Figures 12.9b,c.

12.7.2
Loading the Optical Trap

We load the optical trap bysramping off thesZ-trap/magnetic fields and ramping
on the optical beams one at a time. First, the y-direction peak beam intensity is

,i y

’

(@) ()

Figure 12.9 Alignment of the dipole beams surface. Beam waists and Rayleigh ranges are
to the atom chip. (a) Bottom view, showing indicated, along with the outer dimensions of
the alignment with the Z-wire and the trapped  the atom chip (black) and copper mounting
atoms (black ellipse). (b, c) Side-views of block (light gray). Dimensions are in units of

beams skimming 190 um below the atom chip  micrometers unless otherwise indicated.
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increased linearly from 0 to ~ 2.9 x 10’ mW/cm? in 100 ms. The Z-trap is then
ramped off in 50 ms. Finally, the x-direction peak beam intensity is linearly ramped
from 0 to ~ 8.5 x 10° mW/cm? in 100 ms.

Unlike when loading the Z-trap from the macroscopic magnetic trap (see Sec-
tion 12.4.1), the mode matching between the Z-trap and the initial single-beam
optical trap is excellent. This allows us to load the optical trap with no observable
loss in atom number, but not without introducing some heating: 6 x 10* atoms
in the Z-trap at T/ Tz ~ 0.56 are all transferred into the optical trap, after which

12.7.3
Microwave and RF Manipulation

With the atoms now trapped solely by the optical trap, we cap use the antenna wire
(see Section 12.3.1) to apply microwave radiation with amplitude B, and frequency
w, ~ 27 x 1.3 GHz to drive transitions between K hyperfine ground states. To
test and calibrate our microwave system, however, we first'observed the effects of
microwave radiation on magnetically trapped “°K*By scanning the microwave fre-
quency near 1.3 GHz in a Z-trap with magnetic minimum B, £ 5.22:G e observe
a loss feature in the trapped atom numbergCorresponding to hyperfine transitions
between the initial trapped state |9/279/2),and the final, untrapped’|7/2, 7/2) state
(see Figure 12.10a).

Microwave and RF manipulationialsosallow us to create an interacting Fermi gas
in the optical trap with a |92, —9/2) —|9/2, —7/2) spin mixture after loading a spin-
polarized sample from the Z-trap in state |9/2, 9/2). Atoms are transferred from
19/2,9/2) to |9/2, —7/2) by fapid adiabatig transfetydn a 20-G external magnetic bias
field, we sweep the mierowave frequency from below the [9/2,9/2) — |7/2,7/2)
transition (w, =27 %,1235.8 MHz) t0 above the |7/2,-7/2) — |9/2,—7/2) transi-
tion (w, =21 1336.2 MHz) in 500.ms.This is followed by a 5-ms RF frequency

5000 14000
@ 4000 oM = 92 @ 12000
£ i : g
3 3000 . S 10000

\ . [

€ 2000 . £ 8000
© m. =-72

1000 5 85 MHy 6000

0 —_ _ 2
650 750 850 950 1050 M = 92 4000 7490200 210 220

(a) o,(+1.272GHz) (b) (<) magnetic field amplitude (G)
Figure 12.10 (a) Microwave-induced atom used to create a [9/2, —7/2) —| 9/2,—9/2)
number “°K loss from a magnetic Z-trap. (b) spin mixture (see text). (c) 3-body loss of

Schematic Zeeman level diagram of the “°K spin-mixed *°K from an optical trap is due
F = 9/2 hyperfine ground state, indicating the  to an enhancement of the scattering cross-
microwave adiabatic rapid population transfer  section induced by the Feshbach resonance

(dashed arrow) and RF pulse (solid arrow) near 202 G.



390

12 Fermions on Atom Chips

sweep from wgp = 27 x 5.80 MHz to 2t X 5.90 MHz (see Figure 12.10b), creating
an equal spin mixture of |9/2, —9/2) and [9/2, —7/2).

The “°K-*K interaction strength may be dramatically increased using the well-
known Feshbach resonance in a DC magnetic field of roughly 202 G [59]. Using
external coils, we apply a magnetic bias field and monitor the “°K population as a
function of this field. We have observed the Feshbach resonance in our atom chip
setup as a strong loss feature near 202 G, as shown in Figure 12.10b. The atom
number loss is attributed to 3-body decay induced by the strong interactions near
the Feshbach resonance.

12.8
Discussion and Future Outlook

The union of Fermi gases and atom chips is an impottant step forward in degener-
ate quantum gas research. In this chapter, we have described our work producing
the first DFG on an atom chip. Using a large duals€pecies MOT, “°K and ®RbD are
captured and loaded onto an atom chip in*numbers large enough to enable sym-
pathetic evaporative cooling to DFGland dual DFG-BEC quanttim degeneracy. The
strong confinement and largedinter-species collision rate afforded by the micro-
magnetic trap permits an evaporation to quantum’degeneracy in as little as 65,
faster than had been previously possible in magnetieitraps. We have also demon-
strated species-selective dotible-well potentials in a “?K-8’Rb mixture, as well as the
creation of a strongly interacting “*K DFG ‘in a crossed-beam optical dipole trap
skimming the surface of'the atom chip.

We also note Several disadvantages asseeiated with using micro-magnetic traps
for fermions. Magnetic traps are not ideal for working with the spin-mixtures re-
quired fof an interacting DFG, sinee spin-changing collisions can populate mag-
netically,untrapped spin states, ‘catising loss. We address this limitation by incor-
porating a‘erossed-beam optical'dipole trap into our atom chip setup. The relatively
small trap volumes of mierotraps also limits the number of target *°K and refrig-
erant ®’Rb atoms that ¢an be loaded into the chip trap. Even at our maximum
achievable trap depth, these limits on the number of refrigerant atoms ultimate-
ly limit the DFG to 4 x 10* atoms at T/ Tz 2 0.1 in our system. By comparison,
larger, colder, interacting DFGs are routinely produced in spin-independent optical
potentials [2].

Despite these drawbacks, atom chips remain a useful and versatile tool for ultra-
cold Fermi gas research. We close this chapter with descriptions of some of our
ongoing and future research directions with a new atom chip: double-well poten-
tials; interacting DFGs and DFG-BEC mixtures; and optical probes and traps.

New Atom Chip We have recently adopted a richer atom chip design, which im-
proves on its predecessor (described in Section 12.3) in three important areas. First,
the new conductor layout allows a wider selection of micro-magnetic traps with
greater tunability of the oscillation frequencies. We are also now able to generate
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RF double-well potentials at arbitrary angles and distances from the chip surface, as
in [12]. Second, new near-field antenna wire geometries and high-frequency electri-
cal feedthroughs improve microwave and RF impedance matching, reducing cou-
pling losses between the air-side and the chip. Finally, all electrical connections to
the chip are made on the back side of the substrate, increasing the optical access for
probe and trapping beams compared to its predecessor. Designed and fabricated at
the University of Toronto [60], the chip consists primarily of silver conductors that
were patterned by photolithography and evaporatively deposited onto an aluminum
nitride substrate.

Bose-Fermi Mixtures and Double-Well Potentials The species-selectivity of RF-
dressed double-well potentials may be useful in studying boson—fermion interac-
tions in ultra-cold atomic mixtures. The strong attractive interaction betwéen “°K
and ¥Rb, known to impede sympathetic cooling in “°K-8 Rb'mixttires, depends
on the inter-species collision rate and related peak **K_andy®’Rb number densi-
ties [5, 40, 41, 43]. Adiabatic RF manipulation codld besised to reduce the ¥ Rb
peak density by decompressing the m;(Rb) = 2 effective potential at the center of
the trap during sympathetic RF evaporation. Ideally,the RF-dressed **K-*"Rb colli-
sion rate would be small enough to avoid aydensity-driven collapse bt still large
enough to maintain good inter-speciesirethérmalization for sympathetic cooling.

These potentials are also amenable to the study of phasé coherence in the “0K-
87Rb mixture as the potential bartier is raised. Recent studiesiof phase-coherent RF
splitting of ¥ Rb BECs on atomichips [14, 12, 14] and in optical traps [61, 62] have
focused on interactions anditunneling in BEC-in-double-well systems. An interest-
ing extension of this work would'be to assessqthe effects of a background, unsplit
fermion “bath” on the tunheling dynamics andieoherence properties of this sys-
tem.

Light Scattéring\by a,DFG An inhibition.of optical scattering is predicted to occur
in DFGs when, Ep»> Eg, where Ep is the recoil energy [63, 64]. The optical scatter-
ing rate depends on the availability of atomic recoil states (“final states”), which is
constrained due to Pauli blocking in the filled or nearly filled Fermi sea of a trapped
DFG. Thelarge oscillation frequencies and Fermi energies available in anisotropic,
harmonic atom chip microtraps (Er o @, see Section 12.2.1) offer a promising
route toward measurements of this effect (see [65] and references therein).
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