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We report on the achievement of quantum degeneracy in both components of a Bose-Fermi mixture of

metastable helium atoms, *He* and *He*. Degeneracy is achieved via Doppler cooling and forced evaporation
for “He*, and sympathetically cooling *He* with “He*. We discuss our modified implementation, along with
the high versatility of our system. This technique is able to produce a degenerate Fermi gas with a minimum
reduced temperature of 7/T; = 0.14(1), consisting of 2.5 x 10* 3He* atoms. Due to the high internal energy
of both isotopes single atom detection is possible, opening the possibility of a large number of experiments into

Bose-Fermi mixtures.
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I. INTRODUCTION

Since the first realization of Bose-Einstein condensation
(BEC) in trapped atomic clouds in 1995 [1], BECs have
provided a great range of experimental possibilities, such as
atom optics [2], the study of the interaction between light and
matter [3], and quantum computation [4,5]. This is because
they offer a great degree of control and ease of measurement
in a large quantum system. Like bosons, ultracold fermions
also offer insights into numerous quantum phenomena, for ex-
ample high-temperature superconductivity [6], and fermionic
superfluidity [7,8], and have hence been an active field of
experimental study in recent years [9,10]. Furthermore, de-
generate Bose-Fermi mixtures have provided access to an
even wider array of possible physics, such as phase sep-
aration [11-13], and polaron physics [14,15]. While there
have been a number of successful investigations into degen-
erate Fermi gases (DFGs) and Bose-Fermi mixture [16-21],
these investigations are generally less common compared to
the pure bosonic counterparts. This is primarily due to the
increased experimental complexity that fermionic gases bring,
as the evaporative cooling that has allowed access to these
ultracold temperatures is not directly possible for a single
species of polarized fermions. To circumvent this issue the
fermionic species is often cooled to degeneracy sympatheti-
cally with either another fermionic species [16,22,23], such
as a spin mixture of the same atom, or a bosonic one [21,24],
as presented in this paper.

Metastable helium (referring to “He* or *He* in their
respective 23S, excited electronic states) provides an espe-
cially unique platform for the study of dilute quantum gases
due to its high internal energy, allowing for efficient single
atom detection (for either isotope). This gives access to the
quantum many-body wave function via measurements of mo-
mentum correlations in the time-of-flight profiles, and thus
can be used to test many important questions in the field.
For example, *He* has been used to observe atomic analogs
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of quantum optics phenomena such as Hanbury Brown-—
Twiss bunching [2,25], and wavelike interference in atomic
systems [26-28], as well as precision tests of quantum elec-
trodynamics [3,29,30].

Being able to detect individual atoms of a Bose-Fermi
mixture in the far field will also open the possibility of a
range of experiments such as the interplay of the two statis-
tics, the production and measurement of a mass entangled
state for quantum tests of gravity [31], and high precision
spectroscopic measurements of each isotope allowing for pre-
cision test of quantum theory [30]. In this paper, we report
on the production of a degenerate Bose-Fermi mixture of
bosonic helium (*He*) and fermionic helium (*He*). This is
only the second experimental realization of such a mixture,
with the first realization achieved by McNamara et al. [21],
an apparatus which has produced a number of pioneering
results [2,29,32]. Following laser cooling of both species,
the bosons are first cooled evaporatively and then used as a
sympathetic coolant for the fermions. The achievable tem-
peratures relative to their respective critical temperatures and
number of atoms are presented and analyzed. We describe our
approach of modifying our existing apparatus for the cooling
and trapping of “He* [33] to accommodate *He* with minimal
alterations to the vacuum and laser system. This represents a
simplification over the previous experimental realization of
McNamara et al. [21], which required the implementation
of new atom optic elements to incorporate the cooling laser
necessary for *He*. This system is capable of demonstrating
and studying many-body correlations and could shed light on
some of the most interesting problems in modern quantum
physics.

II. BACKGROUND

In this section we will cover the theoretical basis of the
cooling techniques applied to both *He* and “He*, highlight-
ing the most pertinent distinctions between the two species

©2023 American Physical Society


https://orcid.org/0000-0002-0207-6901
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.033313&domain=pdf&date_stamp=2023-03-15
https://doi.org/10.1103/PhysRevA.107.033313

KIERAN F. THOMAS et al.

PHYSICAL REVIEW A 107, 033313 (2023)

(arising primarily from differing electronic structures and
masses).

A. Degeneracy temperature for bosonic and fermionic matter

From their respective symmetries under particle exchange
we find the behavior of bosons (symmetric) and fermions
(antisymmetric) are governed by Bose-Einstein statistics and
Fermi-Dirac statistics respectively. At high temperature, quan-
tum statistics become negligible and both of these kinds of
particles obey the classical Maxwell-Boltzmann distribution.
However, for both fermions and bosons we can define a re-
spective temperature below which quantum effects become
apparent, and thus starkly different behavior is displayed both
between one another and their classical counterparts.

For the bosons, below the condensation temperature T¢, a
macroscopic fraction of the total number of particles will oc-
cupy the lowest-energy single-particle state, forming a BEC.
If we have N, bosons in a harmonic trap then the phase
transition temperature 7¢ can be obtained as [34]

kgTe = 0.94 haN," (1)

where kp is Boltzmann’s constant, and & is the geometric
mean of the bosons’ trapping frequencies.

In contrast, for fermionic matter the Pauli exclusion prin-
ciple prevents the simultaneous occupation of the same state
by two fermions. As a consequence, at low temperature, every
fermion settles into the lowest available energy state, succes-
sively filling them and forming a Fermi sea. The energy of
the highest filled state is called the Fermi energy (Er) and
the corresponding temperature for this energy is the Fermi
temperature kgTr = Er. For a Fermi gas containing Ny par-
ticles in a harmonic trap we have the following expression for
TF [34]

kpTr = 1.82ha)f1v}/3, (2)

where @ is the geometric mean of the fermions’ trapping
frequencies.

We will refer to T/Tp and T/T¢ as the reduced tem-
peratures of the Fermi and Bose gases respectively. It is of
relevance to note that for our experiment the masses and
magnetic moments of *He* and “He* give a fixed ratio of the

trapping frequencies &y = \/g @p and hence

T =223V 1/3T 3)
F =2 N, C-

B. Momentum and time-of-flight distributions

We analyze our Bose-Fermi mixture by measuring the
time-of-flight profiles of each species on a microchannel plate
and delay line detector, which gives the position and time of
each atom that strikes it (as described in Sec. IIID). In this
section we will summarize the analytical forms of the time-of-
flight and momentum profiles for both bosons and fermions.
While the fermions’ distribution can be completely described
by a Fermi-Dirac statistics, the distribution of the bosons
has two separate components, a BEC and noncondensed part
which follows Bose-Einstein statistics. We will approximate

this noncondensed component as thermal, and it will hence
serve as our thermometer for the system.

The time-of-flight expansion of a BEC has been investi-
gated by Castin and Dum [35], and was found to be well
approximated by a rescaling of the in trap density profile. If
we have a cylindrical trap o, < @, w; and 0, = w, = w |,
we can solve for the long-time, w ¢ > 1 where ¢ is the ex-
pansion time, time-of-flight profile of the BEC for a harmonic
potential:

2

& (1 — L), r; <R

my Ot (X, y, 2, 1) = o Z‘f”"”z mir) <Ry
0, otherwise

. . . 2
where , is the boson chemical potential, g, = 4”2%

is the interaction coefficient between bosons with a4y =
7.512(5) nm the *He* - *He* scattering length in the m; = +1

state [36], R, (1) = /zm—*?t,andkx(t)z ez /242 Note that

2 mp

the time-of-flight profile of a BEC does not ballistically map
to its momentum profile [37], as is the case for the Fermi-
Dirac and Maxwell-Boltzmann gases. Hence, generally the
BEC profile alone does not encode any information on the
temperature of the system.

To determine the density distribution of the trapped cloud
of fermions we take the semiclassical approximation (also
known as the Thomas-Fermi approximation) [38]. In this
approximation each fermion is treated as having a definite
position and momentum. If we neglect interactions between
the fermions due to the suppression of s-wave scattering of
identical fermions, the ground-state momentum density pro-
file is given in this approximation by [39]

ny(p) = / &7 wF, p) (5)

(2m)3
AL |BI*
= —AsLisjn| =& exp _me—kBT (6)

iy
A . _ kgT \3/2 :
where § = e%7 is the fugacity, Ay = —m‘; )°/=, and Li,

1
a0 (i
is the polylogarithmic function of order n.

At high momentum both the fermion and noncondensed
boson distributions are well approximated by a classical

Maxwell Boltzmann distribution

2

n(p) = Aje” T, (7)

where A, = (ZJT)WZZV—rrtszW’ for a given number of thermal par-
ticles N, at a temperature 7.

As we can neglect interactions in the fermionic and thermal
components, the momentum distribution can be converted to
the far-field time-of-flight profiles using the procedure de-
scribed in Yavin et al. [40]. To represent the coordinates of our
measurement procedure we will assume our detector is along
the x-y plane, with the origin of the plane directly beneath the
initial position of the cloud. Hence, the coordinates (x, y, )
correspond to an atom arriving at the detector at time ¢ at the
spatial location (x, y) on the detector. First we transform the
momenta (py, py, p;) into time-of-flight coordinates (x, y, t)
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TABLE I. Summary of the momentum and time-of-flight profiles for different particle statistics and a Bose-Einstein condensate. We

1/2
have used the following abbreviations: p is the magnitude of the three-dimensional momentum vector; v;, ; = (f:fj) is the most probable
o2
: ; valy _ 1 keT _)3/2 A N, _ T izati
velocity of thermal bosons and fermions respectively; A, ; = ST (mz;/w;, - )=, A, = G (rr/thT)3 77, and Aggc = . are the normalization

constants of the respective momentum distributions; &7, = e %7 is the fuga<:1ty of the respective distribution; A = %’I is the aspect ratio

of the time-of-flight profile of the BEC [35]; R(¢) =,/ 2"‘”t g(t) = exp(— i 3 2 ) f(x) = exp(—- bres ) These distributions are all valid for
0

Vs pto < lo. This is equivalent to assuming the average expansion of the cloud is negligible compared to the fall distance, which for our
experiment is a very good approximation. We use the semiclassical approach and assume the behavior of an ideal gas for all distributions

except the BEC. For the BEC, where the mean-field energy dominates we use the scaling solution derived in Ref. [35].
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via the equations for a ballistic motion under gravity:

~ | =
~ <

)

(Pxs Pys Pz) > m X ( o

where ty) = +/2ly/g is the fall time for a zero momentum par-
ticle, [y is the distance from the center of the trapped cloud to
the detector, and g is the acceleration due to gravity. We must
also account for the change in differential volume between the
two coordinate systems by multiplying the probability density

by the relevant Jacobian J = m} B 2“;421” [40]. Assuming the
initial cloud can be treated as a point source, i.e., the spatial
distribution can be ignored, the probability density distribu-

tions are related by

nTOF

ey i) =, g’ +2lon<)_C y & —to)) ©

2t4 t’t’ 2t

where n(py, py, p;) is the corresponding in trap momentum
distribution.

To simplify the fitting process we integrate out two of the
time-of-flight dimensions. Explicitly this can be written as

nTOF(;)zfoof dxdyn}°" (x, y, 1), (10)

o0 o0
nF(x) = / dt / dyn}° (x, y, 1). (11)
0 —00

The relevant momentum distributions, along with correspond-
ing integrated time-of-flight profiles, are displayed in Table I.
Note that while the momentum profiles, and consequently
the time-of-flight profiles, for the bosons and fermions look
superficially similar their behavior is quite different, most
relevantly in how rapidly their high momentum wings decay
to a thermal distribution [41].

C. Laser trapping and cooling of *He* and ‘He*

To achieve quantum degeneracy in our Bose-Fermi mixture
of He* atoms we apply a series of laser cooling and trapping
techniques to both “*He* and *He* in the 23, state simulta-
neously. The 2 39, state is a metastable state, with a lifetime

of 7870(510) s for the *“He* isotope [43], and can therefore be
treated as an effective ground state. The lifetime of the 23S,
state in *He* is expected to be similar. From this state, the
laser (Doppler) cooling transitions utilized in our experiment
are the D,: 235, (J = 1) — 23P, (J = 2) transition in *He*
and the C3: 23S, (F =3/2) — 23P, (F = 5/2) transition in
*He*, as highlighted in Fig. 1, which are the same cooling
transitions utilized in Ref. [21]. The Doppler cooling limit for
both of these transitions is ~39 uK [48], and simultaneous
one-dimensional (1D) Doppler cooling of both isotopes has
achieved temperatures of 0.13 mK with no atom loss, which

E _, F'
2%p, ' 2 2
2%p,
2%p, 811 MHz
~33 GHz 27423 MHz
3
T 669 MHz i’f% 2P
4512 MHz
3/2 2°p,
N
D, — 1781 MHz 5/2
276.7322 THz
C; |G C4 |Cs
276.6986 THz F
1/2
16740 MHz
23S, — 3/2 2%,
“He 3He

FIG. 1. Energy-level diagrams of *He* and *He* relative to the
metastable state energy. The spacing of energy levels is only indica-
tive. The 238, state of *He* has a lifetime of 7870(510) s [43].
The D, and C; atomic transitions for laser cooling and trapping
are indicated in orange and red respectively. The resonant frequen-
cies of these two transitions are 276.7322 THz (1083.331 nm) [44]
and 276.6986 THz (1083.462 nm) [45]. Off-resonant excitation of
the Cs transition can be induced by the C; frequency, which is
1.781 GHz below the Cs frequency [45]. However, the C, and C, act
as repumpers to repopulate the F = 3/2 metastable state [46]. The
hyperfine energy intervals in 2 *P of *He are provided in [45] and the
interval in 239 is given in Ref. [47].
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is a sufficient starting point for evaporation to quantum degen-
eracy [21].

Efficient laser cooling is possible in both isotopes as these
cooling transitions are closed, with a high probably of re-
turning the atom to the initial state after a cycle of photon
absorption and decay. In each case a photon absorption ini-
tially populates the 2°3P, state which predominately decays
to the metastable state as a decay to the ground state is
forbidden [49]. In the hyperfine structure of *He* (I = 1/2),
the excited F = 5/2 state can only decay to the F = 3/2
metastable state following the selection rule AF = +£1. In
the presence of a magnetic field the (initial) total angular
momentum projection may also be maintained after a laser
cooling absorption-emission cycle. Here o ™-polarized cool-
ing light is used to drive the m; = 1 — m; = 2 transition
in *He* (my = 3/2 — myp = 5/2 transition in *He*) which
can only decay to the original state given the AMp; = %1
selection rule.

While the C;5 cooling transition in 3He* itself is closed,
the small energy differences between the excited hyper-
fine states [45] comparable to their natural linewidths (I" =
1.6 MHz [50]) means that laser cooling at this frequency
will drive other excitations. Specifically there will be a weak
off-resonant excitation from the metastable state to the 2 3P,
(F' = 3/2) state (Cs transition), from which the atom decays
to the 23S; F = 1/2 state, resulting in a depletion of the
F = 3/2 metastable state. However, this depletion is coun-
tered by the stronger off-resonant driving of transitions which
drive population out of the F = 1/2 state. In particular as
the detunings of the C; laser with respect to the C, and
C, transitions are —249T" and 169I" respectively (=1100T"
for Cs), the F = 3/2 metastable state is quickly repopu-
lated by decay from the 2°3P, (F' = 1/2) or 2°P; (F' = 3/2)
states [46]. Therefore, this state leakage is strongly suppressed
and an extra laser frequency is not required to excite atoms
out of the “dark” ground state for any stage of our experi-
ment. This result was originally confirmed experimentally in
Ref. [21].

The detuning between the D, and C; transitions used to
cool each isotope is sufficiently large (33.574 GHz [45]) that
there is negligible off-resonant excitation of one isotope’s
cooling laser from the others’ cooling laser.

D. Evaporative and sympathetic cooling

For our system laser cooling alone is not enough to
reach quantum degenerate temperatures. We have previously
successfully achieved degeneracy in *He*, reaching BEC,
by applying radio-frequency (rf) induced forced evaporation
(on the 23S, my; = +1 — my; = 0 transition) in a magnetic
trap [33]. However, this procedure cannot be directly applied
to fermionic *He*. Only the s-wave component of scattering
interactions has a nonzero contribution to the scattering am-
plitude in the low-energy limit. Furthermore, due to the Pauli
exclusion principle the s-wave scattering length of fermions
is zero, and thus a Fermi gas will be unable to rethermalize
with itself via elastic collisions [22]. However, as the fermions
are in thermal contact with the bosons and the interspecies
scattering length is relatively large [a34 = 29(4) nm [51], for
sufficiently slow evaporation the fermions will thus remain

in thermal equilibrium with bosons as they are cooled. Given
that the expected interspecies scattering length is significantly
higher than the *He* intraspecies scattering length [ay =
7.512(5) nm [36]] we were able to use the same evaporation
cycle that is used for a pure sample of “*He* (approximately
16 s in length). The change in temperature of the mixture due
to the forced evaporation process depends on the efficiency
of the evaporation ramp (parametrized by 7), the sum of the
heat capacities, and the rate of change in energy of the Bose
gas with respect to particle number [52]. As the behavior of
the thermodynamic properties of the gases changes between
the classical and degenerate regimes, especially for a Bose
gas, the exact behavior is fairly complex. However, if the
heat capacity of the Fermi gas is negligible compared to the
heat capacity of the Bose gas for all temperatures greater
than T¢, then the final reduced temperature of the Fermi gas
T /Tr is only dependent on the ratio N,/Ny, where Nj, and
Ny are the number of bosons and fermions in the mixture
after evaporation [53]. This implies that having a larger initial
number of fermions is equivalent to evaporating closer to the
trap bottom (the detuning for zero momentum), in terms of
the reduced Fermi temperature (7 /7F) reached. Furthermore,
as Tp and T¢ are related by Eq. (3) and the mixture is in
thermal equilibrium, the reduced temperature of the Bose gas
will also only depend on the ratio N,/N;. This also implies
that for a given evaporation efficiency and initial phase-space
density there is an optimal Fermi reduced temperature that
can be reached (i.e., when all the coolant, 4He* gas, has been
used up).

We expect a negligible amount *He* to be removed during
the evaporation process, even in the thermal regime where the
fermionic scattering lengths are nonzero. The energy due to
the external magnetic field for a given substate is Ej,, =
gmp B, where upg is the Bohr magneton, B is the field
strength, and g is the gyromagnetic ratio. If we consider
the relevant transition for the magnetically trapped substates
of each species (m; = +1 — my =0 for “He* and mp =
+3/2 — mp = +1/2 for *He*) and their gyromagnetic ratios
(g =2 and 4/3 respectively) we can see that the resonant
frequency for a given magnetic field is 3/2 times larger for
“He* than it is for *He*. For our trap minima of B = 0.3 G
this corresponds to a detuning of ~0.3 MHz. Thus, if >He*
is in thermal equilibrium with “*He* then *He* will be prefer-
entially evaporated, assuming we start our forced evaporation
sweep above the “He* trap bottom. For further detail on this
mechanism see Ref. [21], where we note that preferential
evaporation of 3He* was also observed. For a magnetic trap,
as used here, this effect is further exacerbated by the 3He*

atoms experiencing a \/g times higher trapping frequency due

to their smaller mass, which means that on average they will
sit closer to the trap center.

We characterize the evaporation cycle by the detuning,
or height, of the final frequency applied from the frequency
of the transition for an atom at zero temperature. This is
equivalent to the detuning for an atom sitting at the minimum
of the trapping potential, thus we refer to this parameter as
the evaporation height above trap bottom. Note that once all
4He* atoms have been evaporated, if we continue to lower the
evaporator height then *He* atoms will be removed.
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III. APPARATUS

In this section we will cover the technical aspects of our
experimental apparatus, focusing on the modification required
to incorporate *He* into the cooling process, specifically the
laser and vacuum system.

A. Source of metastable atoms

Before using laser cooling and trapping techniques, we
need to first produce metastable helium. However, optically
producing He* by exciting helium from the ground state to
the 239, is impractical, as it would require far ultraviolet
light, which is not conveniently accessible, and furthermore
the scattering cross section of the transition is extremely
small [54]. Therefore, we use high-energy electron collisions
in a liquid nitrogen cooled dc discharge plasma to excite
both species to the 23§, state. This plasma is focused by
an insulating nozzle through the gas flows before undergoing
a supersonic expansion [55]. Atoms with a low transverse
velocity are then selected to enter the next stage with a simple
mechanical aperture.

B. Atom-optics elements

The atom beam comprising both “He* and *He* is initially
collimated by cooling in the transverse direction with a two-
dimensional optical molasses and then slowed via a Zeeman
slower, in which a red-detuned laser light combined with a
magnetic field acts to continuously slow the beam. The slowed
He* atoms are then captured in a magneto-optic trap (MOT)
variant which produces a focused cold beam of He*, which
is used to load a second MOT [56]. After transferring the
atoms from the MOT to a magnetic trap, 1D Doppler cooling
is employed to further cool the atoms [33].

C. Magnetic trap

We perform our 1D Doppler cooling and rf evaporation
of the two species in a biplanar quadrupole Ioffe magnetic
trap [33], which can be treated as a harmonic potential with
cylindrical symmetry. For the data presented in this paper we
have used trapping frequencies for “He* of {w,, wy, .} /21 ~
{60(2), 600.5(1), 605.7(7)} Hz, with gravity aligned along the
z axis. The trapping frequencies were measured using a pulsed
atom laser technique described in Ref. [57].

D. Detection

We measure the far-field time-of-flight profiles for both
species using a microchannel plate (MCP) and delay line
detector [25] system, which due to the high internal energy
of both species’ metastable state allows us to detect the posi-
tions of single atom impacts after they are released from the
trap. The MCP is located 858.7 mm below the trap, which
corresponds to a fall time of 7y = 0.4187 s, for a particle with
zero initial momentum.

As both clouds’ momenta distributions are initially cen-
tered on zero they will overlap on the detector if they are only
influenced by gravity. To separate the clouds we apply a linear
magnetic-field gradient to both species, produced by a set of
coils surrounding our BEC chamber. While the two isotopes

have the same magnetic moment, and hence experience the
same force from the external field, they will be accelerated
by different amounts due to their differing masses. This pulse
alters our time-of-flight profiles and must be accounted for
in order to obtain accurate measurements of the mixtures’
properties (see Sec. II B).

To avoid detector saturation [25] we employ a pulsed atom
laser technique for “He* [57], which out couples only small
portions (*2%) of the cloud, with each pulse being well below
the saturation limit and thus giving an accurate measure of the
“He* atom number. In order to determine the atom number
of the *He* cloud we employ absorption imaging. The linear
polarization of our probe beam will pump the imaged atoms
into a steady state after some time (approximately 50 us for
our experiment). Using the relevant Clebsch-Gordan coeffi-
cients we can solve for the steady-state distribution and find
a 25/14 increase in our saturation intensity for *He*. Hence,
we can find the number of *He* atoms in our mixture via the
relation Ny = Gi [[ dxdy D(x, y), where the optical density D

is defined as I,y = Lye~” and the absorption cross section o,
is the absorption cross section [58].

E. Recirculation system

The plasma discharge source used to create He* is rel-
atively inefficient with only a small fraction (107%) of the
helium atoms input into the source being converted into He*
and making it into the first stage of the system (transverse
cooling). The remaining gas is pumped away with a turbo
molecular pump and previously had been discharged to atmo-
sphere via the exhaust of a backing pump.

While this approach is reasonable with “*He, which is rel-
atively inexpensive, the cost of *He means that this approach
would quickly become prohibitive given the relatively high
flow rate [0.7(1) NTP L/h] required by the source. We have
therefore implemented a system which can recycle this helium
gas while maintaining the high purity required for an efficient
metastable producible.

The plasma source of He* is quite sensitive to contaminants
owing to both gas interactions and mechanical effects. First
in a gas of helium and metastable helium the presence of
impurities acts to destroy the metastable component through
a process known as penning ionization. This process is highly
favored for almost all impurity atoms (except for neon) given
the large helium metastable state energy compared to the
impurities’ ionization energy. Furthermore, contaminants can
mechanically degrade the source; organics such as oil are
decomposed by the source into carbon soot, while impu-
rities such as oxygen accelerate the erosion of the copper
and tungsten materials of the source. In the previous system
contaminants were avoided by using high-purity helium gas,
however in the recycling system oil from the vacuum pumps
and the inevitable leakage of air into the system will accumu-
late and must be dealt with.

To recycle the gas requires compressing the gas that is cap-
tured by the three relevant turbo vacuum pumps (see Fig. 2),
to the pressure needed to run the discharge source (between
10 and 0.5 kPa), and then feeding it back into the source. To
reduce the source of oil as much as possible we replaced the
rotary-vane backing pump for the source turbo, which uses oil
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CG3  Media

FIG. 2. Simplified schematic of the recycling system. TMP, tur-
bomolecular pump; SP, scroll pump; PRV, pressure release valve;
BG, baratron gauge; LN2, liquid nitrogen; GV, gate valve; V, valve;
CYV, convectron.

as a sealing and lubricating agent, with a “dry” (oil-free) scroll
pump. This does not eliminate oil from the system entirely
as all three of the turbomolecular pumps use oil lubrication
of the rear bearing. To manage this contamination two filter
stages are used. First, on the backing line of the turbomolec-
ular pumps we use micromaze traps comprising a number of
highly porous ceramic plates that trap oil vapor. This serves
to reduce the contamination of the scroll pump which com-
presses the gas to the source pressure. After compression the
gas then passes through two molecular sieve filters filled with
SSZ-13 zeolite media. This second stage further reduces oil
and presents a large surface area which also serves to adsorb
water vapor. The molecular sieves can be partially regenerated
by removing the circulating gas and heating them to approxi-
mately 120 °C.

As the recycling system is closed, any small air leaks will
compound over time. To remove this air the final filtration
stage uses a liquid nitrogen cooled activated carbon adsorber.
At low temperatures gas molecules make a weak van der
Waals bond to the carbon surface through a process known
as adsorption which is maximized by using activated carbon
with a large surface area. Operation of the adsorber at lig-
uid nitrogen temperatures is able to remove all atmospheric
gases (oxygen, nitrogen, water) while preventing adsorption
of helium. To regenerate the adsorber the liquid nitrogen is
removed from the surrounding dewar and the unit heated to
~120 °C. During regeneration of the adsorber and the molec-
ular sieves the helium gas is stored in a separate storage tank.

A key parameter for engineering this system is the amount
of *He needed to fill the system. This is set by the volume
(tubing and filters) which is pressurized to the pressure re-
quired to start the source plasma. This pressure is decreased
(compared to our previous design) to a few kPa by using a
flyback based high voltage ignition system from a residential
barbecue. The total volume at the source pressure is kept to
5 L, while the total gas needed to operate the system is then
0.1 L STP, which in a 50:50 ratio of >He to “He represents a
few hundred AUD of *He.

The recycling system only captures gas before the Zeeman
slower. However, the loss of helium which goes beyond this

point from both the helium background gas pressure (1 x
1072 L STP/year) and metastable flux (2 x 10~* L STP/year)
is acceptably small.

As a test of operation, *He has been successfully recircu-
lated for months at a time without problem. A residual gas
analyzer fixed to the collimator stage was used to monitor the
gas composition of the source, with no detectable impurities
above the background levels in the chamber.

F. Laser lock

A laser with a stable frequency is important for cooling and
trapping an atomic gas. In our setup an external-cavity laser
(ECL) system is used for “He* [59], featuring a diffraction
grating that selects the coarse laser frequency. The grating
is installed on a piezoelectric chip (PZT) that changes the
cavity length and finely modulates the frequency. This ECL
is locked to the D, transition in *He* using saturated ab-
sorption spectroscopy (SAS) [59]. For He*, the need to have
an excited-state population means that SAS requires an rf
discharge driven plasma inside the vapor cell as an atomic
reference. Due to problems caused by the plasma etching, the
cell needs to be refilled regularly. However, because of the
high cost of *He gas we have utilized an alternative setup,
based on a frequency comb and a phase-locked loop, which
locks the *He* laser relative to the “He* laser by stabilizing
the beat frequency between the two lasers.

As discussed in Sec. IIC, the *He* laser is locked to the
C; transition [23S,(F = 3/2) - 23P,(F' = 5/2)], which is
33.574 GHz red-detuned from the *He* D, transition (23S, —
23P,). This detuning is too large for conventional electronics
to easily process. To circumvent this we used a high-frequency
optical phase modulator (ixblue NIR-MPX-LN-10) to create a
small span frequency comb, with the *He* laser as the carrier
frequency (f,) and tooth spacing f, set by the modulation
frequency [60,61]. Specifically the Nth-order tooth (or side-
band) has the frequency f. & N f,,. For our experiment f,, &
10 GHz and is set by a microwave synthesizer (Windfreak
SynthHD v2).

The *He* laser is then mixed with light from the frequency
comb on a photodiode, generating a series of beat frequen-
cies equal to the absolute value of the offset between the
3He* laser and the sidebands. The lowest of these beat notes
[fo1 = | fae — (fe + Nfn)l] is for the third-order lower side-
band N = —3 in our system, and is at most 5 GHz. The beat
note can be reduced to arbitrarily small values via tuning f,,
for our experiment f;; & 1 GHz. The value of f}; is actively
stabilized by a feedback loop that compares it with a refer-
ence frequency using a fractional-N phase frequency detector
(Linear Technology LTC6947). The LTC6947 board outputs
a signal proportional to the phase and frequency difference
between f;; and the target frequency. The error signal is then
used to stabilize f;,; through both a fast proportional-only path
to the *He* laser diode current and a slower proportional-
integral (PI) path which controls the PZT of the *He* laser.
As f. +Nf, is fixed stabilizing f,; is equivalent to stabi-
lizing fige. In this system we find the frequency difference
between the *He* C; transition and foy. (Acs3) using the pre-
viously measured frequency difference of D, and C3, Ac3 =
fHe — frre + 33 574 MHz [45]. This procedure is illustrated
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FIG. 3. Laser system. Sidebands of the “He* laser are generated by an EOM, driven by a MW frequency synthesizer. The “He* light,
together with its sidebands, is mixed with the *He* laser on a photodiode, synthesizing a series of beat signals. One of the beat notes is
chosen as the input to the PLL, whose output controls the current modulation of the laser and is also sent to a PI controller. After being
integrated by the PI controller, the output is fed back to the PZT of the *He* laser to actively lock its frequency to the expected value.
AOM, acousto-optic modulator; EOM, electro-optic modulator; Var. Attn., electronic variable optical attenuator; PZT, piezoelectric actuator;
Curr. Mod, current modulation; Freq. Mod., frequency modulation; Synth. 10 GHz, Windfreak MW synthesizer; PI Ctr., proportional integral
controller; SAS, saturation absorption spectroscopy; FBS, fiber beamsplitter; SFP, scanning Fabry-Pérot interferometer. In the spectrum, with
a phase modulation of 4.4 rad, the third sideband amplitude is 0.22. The parameters f,; and f;, are the lowest-frequency beat notes produced
when the *He laser is mixed with the frequency comb generated with the EOM.

in Fig. 3, which also shows an indicative spectrum of the
frequency comb.

The linewidth of the beat note is one of the primary indi-
cators of the performance of the laser lock. To evaluate the
linewidth, a Gaussian is fitted to the central region that spans
~]1 MHz of its spectrum and a Lorentzian is fitted to the
tails [62,63]. Figure 4 shows the linewidths measured for a
series of sweep times of the spectral analyzer. The linewidth
is deduced to be on the order of 100 kHz, which is larger than
the linewidth of the *He* laser (=33 kHz [59]), as is expected,
but much smaller than the natural linewidth of the relevant
transitions (I' & 1.6 MHz). The Allan deviation o (7) (shown
in Fig. 4) indicates that the laser could readily be used in
spectroscopic measurements, with a measurement uncertainty
of &5 kHz only requiring 10 s of integration time. This system
could in principle be used to stabilize even larger frequency
offsets by increasing the modulation drive power and using
higher modulation orders. It could also lock multiple lasers at
the same time as the maximum beat note frequency (5 GHz)
can be readily captured on a photodiode.

Incorporating *He* light into the existing *He* BEC ex-
perimental apparatus [33] required overlapping the *He* laser
with the “*He* laser for every atom-optic element of the ap-
paratus. Previously, cooling light for *He* was produced by
amplifying light from the master laser with a fiber amplifier
(Nufern, NUA-1064-PB-0005-A2). To cool both *He* and
“He* we seed this fiber amplifier with a mixture of C3 and D,
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FIG. 4. (a), (b) FWHM/ /2 of the Gaussian and Lorentzian of
the locked beat note for different sweep times respectively. As the
sweep time increases, the beat note linewidth given by the Gaus-
sian shows an increasing trend while the linewidth estimated by
the Lorentzian remains stable. The beat note is estimated to have
a linewidth of ~100 kHz. (c) Allan deviation o (7) of the beat note
frequency. It decreases over time as the noise of the signal measured
at different times cancels out. The fitted relationship between ¢ and
integration time 7 is o'(t) = 16037/ Hz /2.
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cooling light. The output of the amplifier then contains both
frequencies of light, which is overlapped in the atom-optic
elements previously arranged for the “He* laser. This avoids
duplicating many of the optical components of *He*. The ratio
of the frequency components at the output is then dynam-
ically controlled using electronically variable attenuators on
the inputs. Furthermore, we have measured the ratio of output
powers for the two wavelengths using a scanning Fabry-Pérot
cavity and have found it to be very stable over time. We have
found that the spatial overlap for the frequency components
along the optical path is robust even with the incision of
acousto-optic modulators (AOMs). In this approach, the inde-
pendent control of the detuning of *He and “He cooling light
for each atom-optic stage via the AOM is compromised for
the simplicity and convenience of overlapping the two lasers
using the fiber amplifier. In contrast, in the previous experi-
mental realization [21] a second cooling laser was added to
cool He*, which meant they also implemented a new AOM
for each optical cooling section and then manually overlapped
the optical paths with the “He* beams, which allowed for full
independent control of the cooling stages for each isotope.
As we only need to sympathetically cool a limited amount of
3He* [52], this compromise only leads to a minimal decrease
from the optimal conditions that would be possible with inde-
pendent optics for each laser. This can also be clearly seen by
comparing the results of our apparatus with that of Ref. [21],
as will be discussed in Sec. IV B.

IV. RESULTS

In this section we will discuss the level of degeneracy
achieved in our Bose-Fermi mixture, along with how our main
two control parameters, detuning of the *He* laser and final
stage rf evaporator height, affect the most relevant experimen-
tal parameters, reduced temperature and atom number of the
respective gases.

A. Time-of-flight profiles

We find the temperature of the final mixture from the high
momentum tails of the time-of-flight profile of the *He* atoms
(see Fig. 5). This is due to a number of factors; however,
it is primarily because it is difficult to accurately fit the
temperature and fugacity of Fermi-Dirac distribution inde-
pendently as there is strong cross correlation between their
values, significantly stronger than in the Bose-Einstein distri-
bution (see Ref. [41] for further details). However, we still
fit the Fermi-Dirac distribution as a verification of the order
of magnitude of the temperature measurement of the “He*
cloud.

This approach of thermometry using only the “He* cloud
assumes that both gases are in thermal equilibrium at the
time of release from the trap. Due to the high scattering
length between the species aszg = 29(4) nm [51] we expect
them to thermalize relatively quickly. However, due to the
difficulty of extracting the temperature from the Fermi distri-
bution accurately we cannot confirm this directly. In the data
presented here we hold the clouds for 400 ms after the end of
evaporation.

B. Dependence on laser detuning and evaporator height

As the same relative detuning along the shared optical path
is employed for both *He* and *He* for all cooling we are ef-
fectively only able to change the initial amount of *He* in our
final magnetic trap via three methods: The ratio of the amount
of 3He and *He gas in the metastable source; the ratio of power
between *He and “He light (controlled by changing the ratio
of power in the seed light); and the detuning of the *He seed
light from its cooling transition, which can be controlled inde-
pendently of the detuning of the “He seed light. For this paper
we only focus on the behavior of *He detuning as it is the
only parameter of the three that changes the initial amount of
SHe* atoms while leaving the initial amount and temperature
of “He* atoms completely unchanged. All relative detuning
and alignment of optomechanical components are optimized
for “He* flux. As will be shown this is reasonable, as even
with suboptimal conditions for *He* we can still load more
SHe* into the magnetic trap than we can effectively cool [52].
In Fig. 6 we show how the atom numbers, temperature, and
reduced temperatures vary with *He detuning (fige — fige) for
a fixed evaporator height of 15 kHz. There is a region around
zero detuning (A3 = 0) where all 4He* atoms are evaporated.
We do not present a temperature measurement in this region
due to the unreliability of the temperature measurement from
the fermionic cloud. In this data set we have a minimum
boson reduced temperature of T /T = 0.25(1). Note that our
system is capable of achieving significantly lower reduced
temperatures of the boson cloud, however here we deliberately
keep a significant portion of the “He* cloud thermal in order
to more easily measure the temperature.

In Fig. 7 we investigate the effect of evaporator height on
the mixture’s reduced temperatures and atom number with
a fixed *He* detuning of Ac; = 0.75 MHz. As expected,
the mixtures, temperature, and 4He* atom number decrease
with evaporator height, while the *He* atom number remains
roughly constant until almost all “He* atoms have been evap-
orated. The Fermi reduced temperature hence decreases with
evaporator height, while the Bose reduced temperature in-
creases when there is a nonzero number of *He* atoms.

As discussed in Sec. IID, the behavior of the reduced
temperatures seen in Figs. 6 and 7 can be understood purely
by how each variable (detuning of the 3He* laser and final
evaporator height) affects the ratio N,/Ny. In Fig. 8 we show
how the Bose and Fermi reduced temperatures 7 /7 and
T /Tr vary with the atom number ratio N,/N;. We find that
the Fermi reduced temperature follows the expected relation
derived from comparing heat capacities of the coolant (*He*)
to the atom being sympathetically cooled (*He*), and model-
ing the forced evaporation as a temperature dependent energy
cutoff [52,53]. For our system the Bose and Fermi critical
temperatures are related purely via the atom number ratio
[Eq. (3)]. Thus, we can convert the relation between the Fermi
reduced temperature and the atom number ratio to a relation
for the Bose reduced temperature.

Note that this relation holds regardless of the method
by which these parameters are changed. This implies an
optimal Fermi reduced temperature for our current experimen-
tal conditions of T /Ty = 0.18(3), in the limit of complete
evaporation of “He*. This compares well to the minimum
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FIG. 5. Time-of-flight profiles for *He* and “He* for a final evaporation height of 15 kHz and detuningA¢; = 1.0 MHz. (a) We show the
flux as a function of arrival time after trap switch off. The two species are separated in time by using a magnetic-field gradient. The *He*
cloud lands on the detector first and is highlighted in blue, while the center of the “He* cloud arrives 10 ms later. Some saturation of the BEC
is present in the “He* profile, however this is not an issue as we do not derive any information from this section of the profile. (b) Average
x-axis flux of the *He* cloud fitted with a Fermi-Dirac distribution with T = 174(10) nK, and & = 3.8(2) (black dashed line). Inset: Density
distribution over the x-y plane, demonstrating the isotropy of the cloud. (c) Average x-axis flux of the “He* cloud. We fit a thermal distribution
(black dashed line) with 7' = 215(18) nK to the wings of the distribution, colored in gray, removing the central area which is either overlapped
with the condensate or affected by its mean field, colored in red. We fit along the x axis as this is has the smallest BEC momentum width. This
corresponds to a reduced temperature of 7' /T = 0.40(4) for the fermions and 7'/7T¢ = 0.29(5) for bosons. Inset: Density distribution over the

x-y plane, demonstrating the anisotropy of the BEC.

experimentally observed reduced temperature of T /Ty =
0.14(1), achieved for an evaporator height of 15 kHz and
3He* laser detuning of A¢z = —1.6 MHz. We note that this
value is well into the quantum degenerate regime. We also
wish to highlight that this minimum reduced temperature is
considerably lower than that reported by Ref. [21] of T /Ty =
0.45 where there was independent control of the individual
atom optic elements, albeit we finish with a lower total atom
number of *He*.

V. CONCLUSION

In this paper, we have successfully produced a degenerate
Fermi gas of *He*, with a minimum reduced temperature of
T /Ty = 0.14(1), via sympathetic cooling with “He* that is
undergoing forced evaporation. The limiting reduced temper-
ature could be improved further by using dynamic control
of the relative intensity of the two frequencies of light, such
that it is optimized for each stage of the experiment. This
is especially relevant for the 1D Doppler cooling employed
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FIG. 6. Atom numbers (a), temperature (b), and reduced tem-
perature (c) of both species of the Bose-Fermi mixture against the
detuning of the *He* laser from the cooling transition (A¢3) for a
fixed evaporator height of 15 kHz. This allows us to effectively load
various amounts of *He* atoms into the trap, while leaving the initial
number and temperature of the “He* atoms unchanged. The region
with no *He* atoms is shaded red. We do not present temperature
measurements in this region as our temperature measure from the
Fermi cloud is unreliable.

to initially cool both species, as this stage has a very strong
effect on the initial phase-space density of the mixture. The
minimum reduced temperature can also be improved simply
by increasing the heat capacity of the initial *He* sample.

The technique presented creates an excellent platform for
a range of possible experiments in the areas of many-body
physics, quantum atom optics, and Bose-Fermi mixtures. The
capability of single-particle detection for *He* provides the
opportunity to measure many-body correlations that display
higher-order antibunching, which has so far been unobserved.
This behavior is the equivalent Hanbury Brown—Twiss effect
for fermions, which has been used to experimentally observe
higher-order bunching in bosonic 4He* atoms [64,65], and
second-order (two-body) antibunching in fermionic *He* [2].
Single atom detection also allows access to interesting many-
body phenomena, such as creating an s-wave scattering
halo [66] between a highly degenerate BEC and DFG, which
will have a nontrivial range of Bose bunching and Fermi
antibunching across the different correlation functions.

Furthermore, this s-wave scattering can be used to obtain
a momentum entangled state of *He* and “He*. Such a state
could be used to test the validity of the weak equivalence prin-
ciple for a nonclassical state [31]. While the weak equivalence
principle has been extensively tested in the classical regime,
its validity for quantum entities is still an open question.
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FIG. 7. Atom numbers (a), temperatures (b), and reduced tem-
perature (c) vs the final height of the forced evaporation above the
trap bottom, for a fixed >He* detuning of Ac; = 0.75 MHz. Note
that the *He* number remains unchanged until almost all the “He*
have been evaporated, as expected. Furthermore, we see that while
the temperature of the mixture decreases with evaporator height, the
reduced temperatures remain roughly constant, with only a slight
reduction in 7' /Tf.

« detuning T—I;

—
[\V]
T

S
0 =
‘

Reduced Temperature
(=)
(2]

0.4
0.24
1072 100 102
Ny
Ny

FIG. 8. The reduced temperatures 7 /Tr and T /T plotted against
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cycle. We see that T /Ty and N, /Ny are equivalently related (solid
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(dashed line). The minimum of the average reduced temperature of
both species is achieved for 7/Tc = 0.31(4) and T /Tr = 0.20(3)
with N, /Ny = 3.0(4).
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Another area of possible future work is investigating many-
body physics using DFGs and Bose-Fermi mixtures of He*
in lower-dimensional dipole traps or optical lattices. Such
experimental work using *He* has leveraged the single atom
resolution to produce a variety of interesting results [67—70].
A lower-dimensional trap or optical lattice with *He* has yet
to be achieved; however, this would be an interesting area of
future research.

This system opens up a number of interesting potential
experiments in the area of scattering physics, for example the
measurement of the *He* - *He* s-wave scattering length a4
experimentally for the first time, and investigating the possi-
bility of Fermi-Fermi interactions between identical fermions
mediated by the Bosonic atoms. In the latter while spin po-
larized ultracold fermions cannot directly interact with each

other, they can interact with bosons, which can serve to cre-
ate an effective interaction between the fermions. Finally,
this system could also be used to continue our spectroscopic
investigation of the atomic structure of helium, allowing
us to observe thus far unseen quantum electrodynamic ef-
fects [3,29,30].
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