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Rapid generation and number-resolved detection of spinor rubidium Bose-Einstein condensates
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High data acquisition rates and low-noise detection of ultracold neutral atoms present important challenges for
the state tomography and interferometric application of entangled quantum states in Bose-Einstein condensates.
In this paper, we present a high-flux source of ®Rb Bose-Einstein condensates combined with a number-
resolving detection. We create Bose-Einstein condensates of 2 x 103 atoms with no discernible thermal fraction
within 3.3 s using a hybrid evaporation approach in a magnetic and optical trap. For the high-fidelity tomography
of many-body quantum states in the spin degree of freedom [M. Hetzel, et al., arXiv:2207.01270], it is desirable
to select a single mode for a number-resolving detection. We demonstrate the low-noise selection of subsamples
of up to 16 atoms and their subsequent detection with a counting noise below 0.2 atoms. The presented techniques
offer an exciting path towards the creation and analysis of mesoscopic quantum states with improved fidelities
and towards their exploitation for fundamental and metrological applications.
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I. HIGH-FLUX SOURCES
OF BOSE-EINSTEIN CONDENSATES

Because of their well-controlled spatial mode and their
phase coherence, Bose-Einstein condensates (BECs) of neu-
tral atoms present a valuable resource for atom interferometry
and quantum atom optics experiments in general. Many of
the applications, however, require short preparation times. In
atom interferometry, the preparation time defines the dead
time of the sensor and therefore influences bandwidth and
noise sensitivity. Short preparation times are also impor-
tant as they often dominate the data acquisition rate. In our
case, we wish to generate entangled many-body states and
perform a high-fidelity state tomography. The number of re-
quired measurements scales exponentially with the number
of atoms. Therefore an accurate characterization of quantum
states with an increasing number of atoms requires the ac-
quisition of large data sets, during which the environmental
conditions have to remain stable. An improvement of the
measurement rate not only improves the quality of the re-
sults, but also in fact constitutes a requirement for scaling
up the number of atoms in the generation of high-fidelity
quantum states.

Besides a few exceptions [1,2], BECs are typically real-
ized by forced evaporative cooling in conservative potentials
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resulting from inhomogeneous magnetic or optical fields. Fig-
ure | displays a selection of atom numbers and repetition rates
obtained with atom-chip magnetic traps [3—7], macroscopic
magnetic traps [8—14], all-optical traps [15-22], and combi-
nations of magnetic and optical traps [23-26].

For our experiments, we aim at BECs with 10° rubidium
atoms at a maximal repetition rate. At the same time, the
setup is supposed to enable the selection and detection of
subensembles with single-particle counting resolution. The
inclusion of such a high-performance detection excludes the
implementation of an atom chip, which would promise short
preparation times but leads to detrimental light scattering on
the chip surface.

In this paper, we present our experimental setup, which
enables the generation of 2 x 10° rubidium atoms with a
cycle time of 3.3 s and the number-resolving detection of
a subensemble in a specific spin state. The BEC generation
relies on a macroscopic quadrupole trap combined with a
crossed-beam optical dipole trap (cODT). The fluorescence
detection is a fiber-based second generation from an earlier
implementation [27]. This paper describes the experimental
setup and the obtained results, also as a reference for the
quantum detector tomography reported in Ref. [28].

This paper is organized as follows. In Sec. II, we describe
the details of our apparatus and our experimental sequence for
fast BEC production. Section III presents the successive spin
preparation of small ensembles by microwave transitions and
subsequent optical removal of atoms. The number-resolving
detection setup is described in Sec. IV. Section V concludes
with a summary and outlook.

©2023 American Physical Society
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FIG. 1. Overview of the production time for different BEC
sources with a given final atom number. Orange squares are atom-
chip-based experiments, teal circles correspond to magnetically
trapped ensembles, blue triangles show all-optical evaporation, and
yellow diamonds represent hybrid magnetic and optical methods.
Sources featuring other atomic species than rubidium are marked in
gray. The red star marks the result of this work corresponding to an
atomic flux of 6 x 10* atoms/s. Solid lines illustrate the atomic flux
of the best-performing experiments per category.

II. RAPID CREATION OF BOSE-EINSTEIN CONDENSATES

The experimental setup (Fig. 2) consists of two glass cells
which are connected by two sequential differential pumping
stages. The first, rectangular cell (150 x 60 x 60 mm) con-
tains a two-dimensional magneto-optical trap (2DT MOT).
The second, octagonal glass cell (seven 1-in. and two 3-in.
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viewports) contains a 3D MOT, and further experiments are
carried out. The experimental sequence is initiated by loading
the MOT and continues with the BEC creation and the mode-
selective detection (Fig. 3). The design of the 2D* MOT is
described in Ref. [29]. The 3D MOT is operated with a coil
pair of 20 windings each in the vertical direction, yielding
12 G/cm at 103 A. The cooling and detection laser light is
generated by two external-cavity diode lasers [30], frequency
stabilized via modulation transfer spectroscopy [31], and four
tapered amplifiers. Optical fibers deliver the light to the vac-
uum setup, where the light power is actively stabilized. Here
six beams with a power of 35 mW and a waist of 7.5 mm
are formed and enter the glass cell via the 3-in. windows at
an angle of 45°. This beam configuration offers large optical
access for detection with a numerical aperture NA = 0.42.
The glass cell is antireflection-coated on both sides for 780-
nm light to maximally suppress background light during the
fluorescence detection. The initial loading rate of our 3D MOT
is 2.4 x 100 atoms/s, and within 200 ms, 4 x 10° atoms are
captured.

After MOT loading, an optical molasses cools the atoms to
18 uK. The atoms are optically pumped to the level |F, mp) =
|2,2) onthe D2 F = 2 — F’ = 2 transition and loaded into a
magnetic quadrupole trap (QPT). The magnetic field gradient,
generated by a coil pair with 62 windings each, is linearly
ramped up from 58 to 169 G/cm in 50 ms. The currents
are measured by current transducers and actively stabilized to
better than 10~ relative stability. The 1/e lifetime cannot be
measured during the maximally allowed continuous operation
of 10 s and exceeds 150 s. We perform evaporation by two
linear radio-frequency (rf) ramps from 20 to 3.5 MHz within
1.6s.
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FIG. 2. (a) Computer-aided design of the ultrahigh-vacuum system with the two-chamber setup and the coil system. The system contains
two glass cells for the 2D MOT and for the 3D MOT and BEC generation, which are connected via two differential pumping stages at a 45°
angle. The connection tube and the science cell are individually pumped by two pump arrangements. The coil system surrounding the science
cell is assembled by a pair of vertical 3D-MOT coils, a pair of horizontal quadrupole coils, and a pair of orthogonally aligned Helmholtz
coils. The science cell and the coil arrangement are optimized for a high-NA optical access along the x direction. (b) Cross section of the
two-chamber setup and the coil system. Atoms are released from dispensers, building up the pressure inside the 2D MOT. A pusher beam
guides the 2D*-MOT beam through the two differential pumping stages into the science chamber, where they are captured and cooled.
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FIG. 3. Schematic of the experimental sequence. The upper and lower panels illustrate the light and magnetic fields, respectively. The field
strengths and the time axis are not to scale. The BEC is created within 3.3 s in a hybrid evaporation approach in a magnetic and optical trap.

Subsequently, the desired spin component is chosen and analyzed in the number-resolving mMOT setup.

Afterwards, a crossed-beam optical dipole trapping poten-
tial is added with a trap center slightly below the magnetic trap
center [24,32]. The optical dipole potential is generated by
a 55-W Coherent Mephisto master oscillator power amplifier
(MOPA) laser with a wavelength of 1064 nm. Two beams,
whose intensities are each stabilized via an acousto-optic
deflector (AOD), enter the glass cell via free-space optics
along the x and y directions with waists of 70 and 35 um,
respectively. The power is increased to 6.5 W and 600 mW
within 200 ms, and the quadrupole field is ramped to zero
within another 200 ms. Finally, the power of the dipole trap
beams is decreased in six linear ramps to final values of 95 and
45 mW within 1.2 s resulting in simulated trap frequencies of
(wy, wy, w;,) =27 x (60, 160, 150) Hz.

The evaporation is optimized for speed instead of atom
number yielding an evaporation efficiency of y = 1.7. After
the final evaporation, we obtain BECs of 2 x 10° atoms with
no discernible thermal fraction. The total BEC preparation
takes 3.3 s. Due to an insufficient cooling of the quadrupole
trap coils, this cycle rate can so far only be maintained for
200 repetitions. An operation for longer times requires an
additional 2 s cooldown time or an improvement in the water
cooling which is planned for the future.

III. SELECTION OF A SUBENSEMBLE
IN A SPECIFIC SPIN STATE

After the rapid creation of a BEC, we aim at the generation
of many-body spin states and their analysis by selecting one
spin mode for number-resolved detection. This spin-selective
number detection is the prerequisite of the characterization
of a coherent spin state in Ref. [28]. Here, we demonstrate
that a particular spin component can be chosen for detection
with a fluorescence-based number counting. The technique
is demonstrated for up to 16 atoms but can be extended to
several hundred atoms in the near future. While this number
seems to be small at first glance, we would like to highlight
that this spin-selective detection allows for a tomography of

multiparticle states with much larger atom numbers, as long
as they are sufficiently polarized (e.g., spin-squeezed states).
As an example, we transfer a variable number of atoms to the
spin level |1, 0) while we remove all remaining components
in the F = 2 manifold. The atoms in level |1, 0) are counted
in a fiber-based miniature magneto-optical trap (mMOT). The
same technique can be implemented for a large variety of
many-particle spin states to select a specific spin level for
counting. For the creation of many of these states, an ensemble
in the spin level |1, 0) serves as a starting point. Therefore
we characterize the necessary techniques by preparing and
detecting a small fraction of the BEC in |1, 0). We select a
subensemble of the BEC that we transfer into the spin level
|1, 1) by choosing the length of the microwave (MW) pulse
as a fraction of its w-pulse length. We remove the remaining
components in the F = 2 manifold by a 100-ps resonant cool-
ing light push. In the following, a MW m pulse transfers the
atoms to the spin level |2, 0). To ensure there are no remaining
fractions in F = 1 caused by a nonperfect MW transfer, we
employ a 100-us resonant repumping light push. A final MW
pulse transfers the atoms into the spin level |1, 0), and another
removal of atoms in F' = 2 ensures the detection of the desired
components in F = 1. Between the optical removals, short
waiting times on the order of 10 ms have been implemented to
guarantee that the mechanical shutters open and close reliably.
The transfer of atoms to the level |1,0) from the initially
prepared level |2, 2) is carried out by a low-noise microwave
source [33]. The quantization axis is given by a magnetic field
of 0.78 G, which is actively stabilized to a magnetic field
sensor, yielding a magnetic field noise of 170 uG.

A counting resolution on the single-atom level places
strong requirements on the efficiency and selectivity of the
final removal process. Two effects deteriorate the counting
precision: (i) Atoms expelled from the trap may collide with
atoms that are selected for detection and remove them unin-
tentionally. (ii) The resonant light that is used to expel the
F =2 atoms may pump atoms into the nonresonant F = 1
levels before they leave the trap. To avoid unwanted loss
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FIG. 4. Histogram of the fluorescence signal for up to 16 atoms. The signal (blue bars) shows a clear quantization for integer atom numbers.
The individual peaks are fitted with Gaussian distributions (black curve), whose widths are shown in the inset. The linear fit (solid red line in
the inset) is compatible with a previously determined single-particle resolution limit of 400 atoms.

due to collisions during the optical removal, we transfer the
atoms into a single-beam optical dipole trap. Pumping the
atoms into a closed cycling transition reduces the probability
of populating nonresonant states. Therefore we use a homo-
geneous magnetic field of 6.7 G and a o T-polarized light
beam for optical removal of the F' = 2 manifold before we
detect the atoms in F' = 1 in our number-resolving mMOT
setup. To avoid recapturing the previously removed atoms, we
implement a waiting time of 150 ms after the final removal
before detection.

IV. NUMBER-RESOLVING DETECTION

We detect the number of selected atoms in the F =1
manifold with an improved mMOT setup that is based on
the system described in Ref. [27]. The initial version of
the detection setup included beams distributed via free-space
optics so that they could be superimposed with the larger
MOT beams creating our 3D MOT for BEC generation. This
setup proved to be capable of accurate atom counting, but it
showed long-term instabilities due to the long beam paths.
The updated version therefore features six fiber-based beams
minimizing the optical path lengths. Each fiber is individu-
ally mounted, and its output intensity is actively stabilized,
enabling a precise balancing of the intensities of the counter-
propagating beams. The exact position of the mMOT depends
on several parameters, including the magnetic field minimum,
the precise beam alignment, and the beams’ intensity balance.
To precisely overlap the mMOT with the BEC position, the
mMOT beams are aligned onto the BEC position. Homo-
geneous magnetic fields in both horizontal directions shift
the magnetic field minimum to the BEC position. The beam
intensities and thereby the exact mMOT position have been
optimized by a differential evolution algorithm [34], because
the nontrivial interference of the beams leads to jumps in
the mMOT position. The mMOT is operated at a magnetic
field gradient of 12 G/cm with a detuning of 10 MHz (1.7T")
and an intensity of six times the saturation intensity. Due to
spatial constraints, the new horizontal beams enter the science

glass cell at an angle of 35°. This changed angle results in
a higher background scattering in our detection objective and
therefore in higher background noise o new = 0.15 compared
with 0.03 in the previous setup [27]. Figure 4 shows a his-
togram of the recorded fluorescence signal for 2433 repeated
number measurements of atoms in the level |1, 0). The his-
togram shows a clear quantization of the fluorescence signal,
proving a counting resolution well below the single-atom
limit. The counting noise depends on the total number of
atoms and is well described by Gaussian functions with a
width oy = 0.169 4 0.0017N. Assuming a linear scaling, this
allows for single-particle detection of more than 400 atoms, in
correspondence to our earlier quantification [27]. The data can
now be binned at half-integer binning limits, with a number
assignment fidelity ranging from 99.7% at 1 atom to 99.0% at
15 atoms.

The mMOT has a finite probability of capturing unwanted
atoms from the background gas. These atoms are mainly cap-
tured because of the frequent use of the 2D+ MOT during the
BEC creation, leading to a temporally increased background
pressure. Atoms passing the small but still relevant trapping
volume of the mMOT can be trapped and therefore counted
in the detection process. This results in a detection offset of
0.27 atoms, which appears as a relevant signal in the quantum
tomography of our number detection [28].

The effects contributing to the detection offset are charac-
terized in Fig. 5. Figure 5(a) shows the unwanted background
loading of the mMOT, once in the beginning (cyan rectangles)
and once after 7.5 h of continuous operation (blue circles).
The increase from 0.1 to 3.4 atoms/s extracted from linear fits
is caused by the temporary increase of the background gas that
builds up over time. We find that this buildup is generated by
laser-cooled atoms in the 2D*-MOT beam and not by thermal
atoms passing the two differential pumping stages.

To maintain accurate atom number counting, the loading
of atoms from the background gas has to be minimized,
which poses a limit to the total mMOT operation time. At the
same time, our single-particle counting resolution demands
long illumination times. A total mMOT operation time of
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FIG. 5. Characterization of the detection offset. (a) The frequent use of the 2D™ MOT temporarily increases the background gas and
therefore the mMOT loading rate from initially 0.1 atoms/s (cyan rectangles) to 3.4 atoms/s (blue circles) after 7.5 h of operation. (b) The
detection offset linearly depends on the number of atoms before removal. The red curve shows a linear fit with an initial offset that is caused
by a nonperfect optical removal of atoms. The red star marks the detection offset in Ref. [28]. (c) The extinction ratio of the optical removal

improves with an increasing subsequent waiting time before detection.

115 ms including 65 ms for illumination yields a reasonable
compromise. Figure 5(b) shows the linear dependence of
the detection offset on the number of removed atoms Nien.
Nonperfect optical removals and increased recapturing of
previously removed atoms both contribute to this increasing
detection offset Ny following Nog = 0.26 4 0.001 Ve, . The
red star illustrates the detection offset obtained in Ref. [28].
Figure 5(c) illustrates the dependence of the extinction ratio
on the waiting time after the optical removal. A waiting time
of 150 ms reduces the probability of recapturing previously
removed atoms in the mMOT by more than one order of
magnitude. In summary, the described detection enables a
number-resolving tomography of quantum many-body states
up to a few hundred atoms.

V. CONCLUSION AND OUTLOOK

In conclusion, we have presented a method for the gen-
eration and number-resolved detection of spinor BECs. We
create BECs with 2 x 10° %Rb atoms within 3.3 s using
a hybrid approach. The high-flux atom source consists of a
2D MOT combined with a 3D MOT. After transfer into a
magnetic quadrupole trap, a first rf-evaporation step is applied
to increase the phase space density and to efficiently trans-
fer the atoms into the optical dipole potential, in which fast
efficient evaporation is performed. Our experiment shows a
high-flux BEC creation of 6 x 10* atoms/s, which is close

to the published record for Rb [24], disregarding the atom-
chip experiments which do not provide sufficient optical
access. The cycle time can be further improved by decreasing
the evaporation time in the crossed optical dipole trap. We
can readily implement dynamically shaped potentials using
our acousto-optical deflector setup, which will give us inde-
pendent control of the trap depth and trapping frequencies,
leading to accelerated evaporation dynamics.

We select a single spin level for detection and optically
remove residual atoms with an extinction ratio of 0.001. We
resolve the created output states with a detection offset of 0.27
atoms and a number assignment fidelity of 99% at 15 atoms.
The presented techniques pave the way for the high-fidelity
tomography of polarized many-particle entangled states, such
as single- and two-mode spin-squeezed states.
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