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ABSTRACT

Feshbach association of ultracold molecules using narrow resonances requires exquisite control of the applied magnetic field. Here, we present
a magnetic field control system to deliver magnetic fields of over 1000 G with ppm-level precision integrated into an ultracold-atom experi-
mental setup. We combine a battery-powered, current-stabilized power supply with active feedback stabilization of the magnetic field using
fluxgate magnetic field sensors. As a real-world test, we perform microwave spectroscopy of ultracold Rb atoms and demonstrate an upper
limit on our magnetic field stability of 2.4(3) mG at 1050 G [2.3(3) ppm relative] as determined from the spectral feature.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0143825

. INTRODUCTION

Feshbach resonances' have taken a prominent place in the
ultracold atom toolbox. In a Feshbach resonance, the relative kinetic
energy of a colliding atomic pair is tuned to the position of the
molecularly bound state of the two atoms. Typically, these two
states correspond to internal atomic states with different magnetic
moments, and varying the external magnetic field is the most com-
mon way to achieve the required energy tuning. Magnetically tuned
Feshbach resonances’ have become a powerful tool in ultracold
atom physics, and quantum gas research,’ enabling tuning of the
interactions,” ° exploring the BEC-BCS crossover,” magnetoassocia-
tion of atoms to molecules,”” and controlling atom-ion collisions.'”

Furthermore, high-precision Feshbach resonance spectroscopy is
promising for further applications in fundamental physics such as
exploring Efimov resonances'"'” and searching for the variation of
fundamental constants.'”

A particular challenge to magnetic field control arises when
the coupling between the two states is weak and the, consequently,
narrow Feshbach resonances are located at a high field, so very
accurate and precise control at this field strength is needed. For
instance, our group has previously identified and observed several
Feshbach resonances in ultracold thermal mixtures of Rb and Sr
atoms at fields of several hundred gausses.'*'” In principle, these
could be used to coherently produce samples of ultracold ground-
state RbSr molecules in a manner similar to alkali systems'* "’ —by
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Feshbach magnetoassociation of free atoms to weakly bound molec-
ular states followed by a stimulated rapid adiabatic passage’* to
the rovibrational ground state. Our interest in producing RbSr
molecules is fueled by their tantalizing property of a %% ground
state with both a magnetic and electric dipole moment (in the
molecular frame). The two inherent dipole moments could find
use as independent “tuning knobs,” increasing flexibility in such
applications as many-body physics,” quantum computation,” and
simulation.”"”’

Realizing the magnetoassociation of doublet molecules such as
RbSr has proven an elusive goal so far, although substantial progress
has been made.''>** " Because of the singlet character of Sr and
other divalent atoms, the usual spin-spin coupling expected for a
bialkali system is absent, and the Feshbach resonances are extremely
narrow.”” " In fact, the most promising resonances for the RbSr sys-
tem are located at 1313 G (for the Bose-Bose ¥ Rb + ®*Sr system)
and 519 G (for the Rb + ¥Sr Bose-Fermi mixture) and have
respective widths of 1.7 and 16 mG."” Thus, ppm-level control of
the applied magnetic field is needed. Furthermore, the initial laser-
cooling stages require switching between near-zero and quadrupolar
magnetic flelds, so permanent magnets and other magnetic materials
need to be avoided. Taken together, the levels of control and repro-
ducibility desired for the magnetic fields pose a serious experimental
challenge.

Previously reported schemes stabilized either the Feshbach coil
current or the environmental magnetic field in the laboratory, but
not both. For example, low-noise current drivers for atomic physics
averaging to sub-ppm precision were previously demonstrated.””
However, merely stabilizing the current does not guarantee an
equally stable magnetic field at the atom position due to the influ-
ence of other sources of varying environmental magnetic fields.
Therefore, a number of active magnetic field stabilization schemes
were also demonstrated. For example, Xu et al. demonstrated ppm-
level magnetic field control at a 15-G level,”” while Merkel et al.
showed sub-ppm level control at 150 G in the context of ion trap-
ping.”® Duan et al. were able to extend coherence in ultracold
Rb at low fields.”” It is important to note that active magnetic
field control typically involves both the compensation of slow field
drifts (via a feedback mechanism) as well as the cancellation of
oscillatory fields created by mains power (usually achieved via a
feedforward). A number of adaptive feedforward schemes have been
reported.’’ "

Here, we present a dual-level magnetic field control system
designed to meet these challenges. It is generally not feasible to
directly stabilize large magnetic fields on the order of 1000 G for lack
of precise magnetic field sensors at this range and with the desired
precision, so we employ a hybrid approach, where we actively stabi-
lize both the current through the magnetic-field (“Feshbach”) coils
as well as the environmental magnetic field as measured by exter-
nal sensors. We demonstrate the desired ppm-level control of ~kG
magnetic fields by performing microwave spectroscopy of ultracold
Rb atoms. In the following sections, we first describe the design
and implementation of the two levels of the control system. This
is followed by the characterization of the performance, both using
fluxgate magnetic field sensors and cold-atom magnetometry. Our
system achieves a resolution of 2.4 mG at 1050 G (2.3 ppm relative),
which, to the best of our knowledge, constitutes the most accurate
kilogauss magnetic field control system to date.

ARTICLE pubs.aip.org/aip/rsi

Il. ACTIVE MAGNETIC FIELD CONTROL

A schematic overview of the system is shown in Fig. 1. Our sys-
tem comprises two levels of magnetic field control. At the first level,
we stabilize the current through the Feshbach coils. The second level
is designed to compensate for the remaining residual magnetic field
variation at the location of the atoms based on the measurement of
the ambient magnetic field around the setup. We choose to only
stabilize along the high-field axis; the other, orthogonal, magnetic
field components add quadrature to the high fields along this axis
and have negligible effect in practice.

We also note one additional source of instability: the temper-
ature of the Feshbach coil. Even though the coil is water-cooled,
passing large currents of several hundred amps causes the coil to
heat up over time by about 1 °C on average. The associated thermal
distortion causes up to a 20 mG shift in the magnetic field value.
To mitigate this, we simply run our experiment continuously for
about half an hour before taking data that requires high magnetic
field stability.

A. Level 1: Control of coil current

The first level of control is based on stabilizing the current sup-
plied to the Feshbach coils. In short, the elements are as follows:
a battery stack is used as the low-noise power source. The current
supplied to the coils is varied using a MOSFET bank and measured
using a current transducer. The system is controlled by combining a
proportional, integral, and derivative (PID) controller and feed-
forward signals. The time-varying setpoint is provided by the overall
system that drives the full quantum gas experiment.*” We now
describe each of these elements in more detail and then give some
specifics on the operation procedure and achieved stability.

The Feshbach coil design follows that described in a previous
study.** The coils are water-cooled and can withstand over 450 A
of current, delivering up to B, ~ 1500 G of the magnetic field at the
atom position between the two coils. The coils have an estimated
inductance of 150 yH and a combined DC resistance of 27 mQ.
The battery stack consists of six absorbent-glass-mat (AGM) deep
cycle batteries as a power source (Victron BAT412151084), each
rated at 12 V nominal voltage and 165 A h capacity. To achieve a
nominal voltage 24 V, we first connect two batteries in series. Then
we connect the resulting three pairs in parallel to obtain the capa-
bility to deliver a maximum current of 450 A and a capacity of
495 A h. By default, the battery stack is charged in constant-voltage
charging mode at 27.3 V using two chargers in series for improved
balance. While running the experimental sequence, we use a pair
of high current relays (Schaltbau C600) to alternate between charg-
ing the batteries and powering the Feshbach coils. While charging,
the high current system is galvanically isolated from the experimen-
tal setup to avoid noise. The water-cooled MOSFET bank consists
of five banks of 20 balanced parallelized MOSFETs (IXYS IXTK
140N20P), each with a 0.05 Q shunt resistor* at its source terminal.
We employ a standard MOSFET linearization technique: the shunt
resistor acts as a sensor for the current passing through the MOS-
FET and Feshbach coils and provides feedback to a high-precision
operational amplifier (OPA277P). The amplifier output automati-
cally controls the MOSFET gate terminal such that the voltage on
the shunt resistor matches the control voltage provided by a DAC.
Voltage oscillations at the gate, sometimes referred to as gate ringing,
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FIG. 1. Schematic representation of the relevant magnetic field coils and fluxgate magnetic field sensors (not to scale). A glass science chamber is enclosed by two water-
cooled Feshbach coils capable of withstanding over 450 A of current and delivering up to B, ~ 1500 G of the magnetic field at the atom position. The fluxgate field sensors
are placed at a distance on two sides of the science chamber to avoid saturation from the large field generated by the Feshbach coils. Small field fluctuations are controlled by
a set of large “Earth-Z" field compensation coils. The sensitivity of the two fluxgate sensors to changes in magnetic field from the Earth-Z coils is ~1:1, but less than 1% of the
Feshbach cail field reaches the sensors. The current reaching the Feshbach cails is actively stabilized with a proportional, integral, and derivative (PID) loop fed by a current
sensor (‘Level 1,” Sec. || A). Additionally, we stabilize the environmental magnetic field in the laboratory via feedback and feedforward mechanisms (“Level 2,” Sec. || B).

are reduced by an additional resistor. We suppress the Miller effect'®
by reducing the bandwidth to about 300 Hz using an analog filter.
For every group of ten MOSFET drivers, we use one differential
amplifier to produce an error signal for the feedback loop. A snubber
circuit across both coils was also added to suppress oscillations even
further.

We actively stabilize the coil current by monitoring its value
using a current transducer (LEM ITN 600-S ULTRASTAB), which
we expect to allow current stabilization at the 10 ppm level or better.
The current flow is actively stabilized using a field-programmable
gate array (FPGA, Xilinx Zynqg-7000) implementing the PID and
hard-coded feed-forward (not shown in Fig. 1) signal processing to
drive the linearized MOSFET bank. The current signal is digitized
using a 24-bit analog-to-digital converter (ADC) (Analog Devices
AD7763); a 20-bit DAC (Analog Devices AD5791) is used to pro-
duce the analog signal to drive the MOSFETs. For both the ADC and
DAC, we use commercially available evaluation boards with the fol-
lowing modifications: the input stage of the ADC board was replaced
to match the bandwidth of the current transducer; the on-board
voltage reference was replaced with an external one; and finally,
the shunt resistor for the current transducer was placed directly
on-board. Both the ADC and DAC boards were placed in sepa-
rate shielded containers, and each had its own highly-stable, low-
dropout-regulator power supply. The ADC is running at a relatively

high sample rate (78 kHz), and this is being downsampled via an FIR
filter by the FPGA.

The overall system has a relatively large bandwidth,
~0— 100 Hz, and 1.7-ppm relative stability, as measured over
10 min at 80% of the maximum output, i.e., around 1300 G mag-
netic field. The power-supply design is more generally applicable,
not only to experiments involving similarly narrow Feshbach
resonances but to any setup with similarly extreme requirements for
stability and control of an electric current.

For longer measurements of several hours, this system alone
achieves 5-10 mG stability (see the top panel in Fig. 4 below). To
achieve greater stability, we need to account for and compensate for
fluctuations in other environmental and magnetic field sources. This
is achieved by the second level of control, described next.

B. Level 2: Control of environmental magnetic fields

A stable Feshbach coil current does not guarantee an equally
stable magnetic field at the atom position, as there are other vary-
ing magnetic fields in the laboratory. For us, the two main sources
of instability in the environmental magnetic field are the slow, seem-
ingly random drifts of the magnetization in the laboratory and the
oscillatory magnetic fields (nominally 50 Hz in Europe) created
by the main cables as current passes through them. The former
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is typically on the order of 1-2 mG during the day, likely due to
thermal fluctuations of the magnetization in the room, but can be
increased to a few mG due to the operation of other experiments
in the building. On the other hand, the oscillatory magnetic fields
are smaller—well below 1 mG in amplitude—but could potentially
thwart our future efforts to magnetoassociate RbSr molecules by
violating the adiabaticity condition."*”**

To monitor these extra environmental fields, we use a pair of
fluxgate magnetic field sensors (Bartington Mag-03). The sensors
are placed on two sides of our science chamber (MAIN and AUX in
Fig. 1). Since the sensors are capped at 10 G, we are forced to place
them at a distance of 50 cm to avoid saturation or even destruction
with the large Feshbach fields. The Feshbach field decreases roughly
as the distance is cubed, and at the sensor position, it is reduced by
over two orders of magnitude.

We combat the environmental magnetic field fluctuations with
a set of Earth field compensation coils in a near-Helmholtz configu-
ration. The coils are rectangular in shape, with sides 140 and 100 cm
long, are placed 90 cm apart, and easily encompass both the sci-
ence chamber and the two magnetic field sensors to ensure good
uniformity of the magnetic field they produce. The coils are driven
by a commercial laboratory power supply (Elektro-Automatik EA-
PS 3016-10) controlled by a custom signal processing unit. Our
power supply can pass up to 10 A of current, and we typically run at
close to 5 A for maximum flexibility. At the atom position, increas-
ing the coil current by 1 A induces an additional field of 159 mG
in the same direction as the Feshbach field, as determined from RF
spectroscopy of ground-state Rb atoms. The same change in current
causes the MAIN sensor reading to increase by 140 mG. Thus, the
two match better than 15%.

Our signal processing scheme is based on a 32-bit ARM SAM3X
microcontroller (Arduino Due). The output voltages of the two
magnetic field sensors are read out using a 24-bit analog-to-digital
converter (Analog Devices AD7175-8) operating at a 1 kHz sample
rate to achieve a peak-to-peak resolution above 20 bits (<107°). The
readout is interleaved between the two sensors, giving an effective
sample rate of 500 Hz per sensor and an upper limit on the servo
bandwidth of 250 Hz. The measured voltages are additionally sent
over the Arduino Due’s native USB port to one of the experiment
control computers for monitoring. The control voltage for the Earth
field coils is produced by a 20-bit digital-to-analog converter (Ana-
log Devices AD5791). Unlike Level 1 electronics, here we have used
custom designed boards for both the ADC and DAC portions of the
system. The microcontroller communicates with the ADC and DAC
chips over the Serial Peripheral Interface (SPI) bus. The timing of
the experimental sequence relies on a 2 MHz oscillator synchronized
via a phase-locked loop (PLL) to the 50 Hz mains, which we found
can fluctuate up to £1%. The ADC, however, relies on having a sta-
ble 1 kHz sample rate. To align the two, we feed the 2 MHz signal
into a 16-bit counter (a pair of 74HC590). On each new sample from
the ADC, the counter is read out by the microcontroller to find out
the current position in the experimental sequence.

Prior to the development of the present magnetic field con-
trol scheme, the Earth field compensation coil had been a vital part
of the sample preparation sequence to, e.g., control the position of
the atom cloud of a magneto-optical trap with respect to our opti-
cal dipole trap. To maintain this functionality, we now, prior to
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launching the experimental sequence, send a list of control points
to the microcontroller over the native USB bus (right hand side
in Fig. 1). Each point defines an offset—a baseline current to be
sent into the coil—and a setpoint—the target magnetic field for the
PID loop (“Feedback” in Fig. 1) to stabilize too. Finally, each point
also has a lock flag that determines whether or not the PID loop
is engaged. The microcontroller then linearly interpolates the off-
set and setpoint control points for a given time in the sequence.
This allows us to use just the offset signals to reproduce the prior
experimental sequence (without engaging the lock). Once we reach
a point where magnetic field stability is necessary, e.g., for the Fesh-
bach association, we can engage the lock and activate the PID loop.
We typically still use the offset signal to bring the baseline mag-
netic field as close as possible to the desired value, and we only
use the PID loop for the remaining few tens of mG. Finally, it is
worth noting that since both the setpoint and offset are interpo-
lated, we are able to use the PID stabilization loop on top of linear
field ramps necessary for, e.g., magnetoassociation of Feshbach
molecules.

To compensate for oscillatory magnetic fields, we synthesize a
180° out-of-phase 50 Hz sinewave. This is performed within our
signal processing microcontroller using a software sinewave gen-
erator. Its phase is aligned with the position in the sequence as
determined by the PLL-locked 2-MHz clock signal and, therefore,
is automatically in sync with the AC mains line. We set the ampli-
tude and relative phase of the synthesized signal by hand to minimize
the amplitude of the remaining interference. We find that we can
reduce the rms amplitude of oscillatory magnetic fields from about
270 to 300 uG down to 60 to 100 uG, depending on the day. This
depends, however, on the placement of any transformer based power
supplies close to the experimental setup, and a large part of mini-
mizing this interference was to move many of the power supplies
out of the laboratory and rely on low voltage DC rails for power.
While, in principle, we could also compensate for higher harmonics,
e.g., 150 Hz, we found these to have worse spatial uniformity and
day-to-day stability than the fundamental, so we dismissed that as
impractical.

The signal flow proceeds as follows: the analog signals from
the two fluxgate sensors are digitized by the ADC. Both signals are
sent over the Arduino Due’s native USB port to a lab computer for
monitoring. The signal from the MAIN sensor is compared with the
sequencer’s setpoint signal to produce an error signal for the Feed-
back PID. The servo signal produced by the PID is summed together
with the offset signal from the sequencer. The result is then summed
with the output of the sinewave generator to produce the final con-
trol signal. This is converted back into analog voltage using the DAC
and sent to the power supply for the Earth field compensation coil.

lll. TESTING THE MAGNETIC FIELD STABILIZATION

We test our magnetic field stabilization scheme in two differ-
ent ways. First, we use the auxiliary magnetic field sensors to test our
ability to stabilize the environmental magnetic field. Second, we use
microwave spectroscopy of ultracold Rb atoms to perform magne-
tometry of the total magnetic field generated at the position of the
atomic sample in the science chamber.
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A. Fluxgate sensors

We first test our ability to stabilize the environmental interfer-
ence by using the fluxgate sensors on the two sides of the experi-
mental chamber. To do so, we run a realistic experimental sequence
where we ramp our Feshbach field coils to 1050 G, let the magnetic
fields stabilize, and then engage the selected stabilization mecha-
nisms: feedforward and/or feedback. Then, we record the magnetic
field signals from both sensors over a 100 ms time window, which
was chosen because it matches our expected experimental time scales
(trapped molecules are expected to have short lifetimes) and also
because it covers five full 50 Hz AC cycles. We repeated this experi-
ment over a hundred times for all combinations of the feedforward
and feedback being off or on.

Figure 2(a) shows histograms of the recorded sensor signals
lumped together from all experimental runs. If no environmental
stabilization is engaged, both sensors show a roughly Gaussian dis-
tribution of magnetic field values, with a standard deviation ¢ of
0.40 and 0.38 mG for the MAIN and AUX sensors, respectively. The
two datasets are strongly correlated, with Pearson’s correlation coef-
ficient of 94% showing that the environmental contribution to the
magnetic field is, to a large extent, spatially uniform. This gives us
confidence that stabilizing the environmental magnetic field for the
two sensors on the sides of the experimental chamber will translate
to the atoms within.

If we engage our feedforward mechanism, i.e., only synthe-
size a 50-Hz out-of-phase AC signal, we see slightly narrowed
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distributions with ¢ = 0.33 and 0.36 mG; the signals are also strongly
correlated at 95%. A drastically different picture, however, emerges
if we engage just the feedback mechanism: a bimodal distribution
emerges instead. This behavior is consistent with the probability dis-
tribution of a sinewave with an amplitude of about 0.3-0.4 mG. The
correlation between signals from the two fluxgate sensors remains
high at 91%. We note in passing that we operate under the assump-
tion that quieting magnetic field interference at the position of
the two sensors will also reduce the noise in the science cham-
ber between them. This requires the magnetic field interference
to be spatially uniform. Achieving consistent AC interference sig-
nals on both the MAIN and AUX sensors required the removal of
several linear power supplies from above the optical table. Finally,
engaging both the feedforward and feedback together reduces the
field distribution width substantially, down to 93 and 105 uG. The
signal correlation is also largely removed (p = 36%), showing that
the common-mode part of the magnetic field interference is now
controlled.

In Fig. 2(b), we show magnetic field values on a per-shot basis.
Here, the position B; of a data point indicates the magnetic field
averaged over the 100-ms window; the error bar denotes its stan-
dard deviation. Given that in our experiment the individual shots
were separated by over 20 s, the scatter of the data points shows
the slow shot-to-shot variation of the magnetic field offset that is
best compensated with a feedback loop. The size of the error bars
indicates the standard deviation and is sensitive to the fast variation

(a) No MF stabilization Feedforward only Feedback only Full stabilization
4 4 4 4
MAIN SENSOR
6 2 2 2 2
£
~ * 0 0 0
o
I
24
a -2 -2 -2 -2
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FIG. 2. Testing the stability of the magnetic field using fluxgate sensors. Panel (a) shows histograms of the magnetic fields experienced by the MAIN and AUX fluxgate sensors
(Fig. 1). Of particular interest is the bimodal distribution seen for the “Feedback only” case consistent with a mains sinusoidal signal; adding an out-of-phase feedforward
signal effectively removes this interference. Panel (b) depicts magnetic fields over individual experimental runs of 100-ms duration. Each data point is the mean magnetic
field B; for a given run with respect to the average field for all runs, Bayg; the error bar denotes the standard deviation of the field over the 100-ms run. Thus, the scatter in B;
values is a measure of shot-to-shot magnetic field drift, and the error bar provides information on the AC mains signal.
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of the magnetic field within the short 100 ms time window. It is a
good measure of the oscillatory AC signal that we combat with our
synthesized feedforward signal and rms noise.

Again, without stabilizing the field, we see both a scatter of the
average field magnitudes (standard deviation of about 0.3 mG) and
AC field noise (also about 0.3 mG). Turning on the feedforward
reduces the rms noise level to below 100 yG but leaves the scatter
untouched. On the other hand, engaging just the PID feedback loop
obliterates the shot-to-shot variation in a mean magnetic field to
14 4G on the MAIN and 52 uG on the AUX sensor. Note that we
use the MAIN sensor for the PID feedback loop; the AUX sensor
acts merely as a spectator. Finally, engaging both feedback and feed-
forward enables us to keep both the slow drift and short term noise
under 100 4G.

B. Cold-atom magnetometry

Our measurements of the magnetic field stability as experi-
enced by our magnetic field sensors give us confidence that we can
control the environmental magnetic fields to better than 1 mG. This,
however, is not the full picture—the atoms in the trap are immersed
in a combination of the magnetic field generated by our Feshbach
coils and the environment.

To benchmark the magnetic field stability at the sample posi-
tion we employ ultracold * Rb atoms as magnetometers. The sample
preparation procedure in our Rb-Sr machine is described in detail in
Ref. 49. To test our magnetic field stability we trap ~2 x 10° ultracold
Rb atoms in a spin mixture of all mr Zeeman substates of the F = 1
hyperfine manifold at a temperature of about 1 yK in a 1064-nm
dipole trap. We then purify the sample using a strong magnetic field
gradient in order for the Stern-Gerlach force to remove the mp = +1
atoms from the trap. We ramp the magnetic field to 1319 G and use
an RF sweep from 744.7 to 744.8 MHz to induce a rapid adiabatic
transfer of the remaining mr = 0 atoms to the mr = +1 stretched
state. We then ramp down the magnetic field to 1050 G (311 A coil
current) over 100 ms. Then, we engage our field stabilization PID
and let it reach its final value of over 650 ms. This settling time is
required for a number of possible reasons, including eddy currents
created while ramping the large Feshbach magnetic field as well as
the settling of thermal effects generated in the coil. We found that
a minimum wait time of 650 ms gave us the best performance in
terms of the stability of the resonance position. We note that the field
stabilization PID cannot compensate for those effects as it only sta-
bilizes the external magnetic fields and not those generated by the
Feshbach coil.

Figure 3 shows a Breit-Rabi diagram of the two Rb hyperfine
ground states as a function of the magnetic field. At a field of 1050 G,
the differential Zeeman shift between the two stretched states is
2.427 MHz/G. Thus, by performing high resolution microwave
spectroscopy on trapped Rb atoms, we can directly measure the
magnetic field fluctuations. After ensuring the magnetic field has sta-
bilized to its final value, we irradiate the atoms with up to 3 W of a
9232.5 MHz microwave field using a log-periodic antenna (Aaronia
AG HyperLOG 60180). We obtain our microwave signal using an
HP 8672A synthesized signal generator and amplify it using a Kunhe
Electronic KU PA 9001250-2A microwave amplifier. We use a lin-
ear 50 kHz frequency sweep, equivalent to about 20 mG of change in
the magnetic field. The sweep time is 20 ms, which corresponds to
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FIG. 3. Microwave spectroscopy scheme for our characterization of magnetic field
stability using ultracold atoms. First, we prepare ground-state Rb atoms in the
F =1, mg = +1 stretched state. Then, we interrogate the atoms with a microwave
pulse tuned near a magnetic dipole transition to the F = 2, mg = +2 state. For a
field B = 1050 G, the differential Zeeman shift is h x 2.427 MHz/G. Finally, the
transferred atoms are imaged in the high magnetic field using the closed 2S,
(F = 2,mg = +2) <> 2Py (F" = 3, mg = +3) transition at 780 nm.

a single AC line cycle. We estimate the Rabi frequency to be on the
order of 1 kHz based on a calibration of the rapid adiabatic passage
process. This value is of similar magnitude to the expected coupling
strength of the 1313 G Feshbach resonance in RbSr."” The initial
and final frequencies of the sweep are varied in lockstep; the final
frequency is set close to the RF resonance. We observe the num-
ber of atoms transferred to the F = 2, mp = +2 stretched state using
a high-field imaging system operating on the (semi) closed Sy,
F=2,mp=+2 < 2P3/2 F = 3, mp = +3 transition at 780 nm.

Figure 4 shows example lineshapes obtained using our
microwave spectroscopy. If the RF resonance is well within the
frequency sweep, then all atoms are transferred; conversely, if the
resonance is well outside of the sweep, all of the atoms will remain
in their initial state. The transition between the two regimes can be
used to provide information about the magnetic field’s stability. If
we assume that the magnetic field as experienced by the atoms has a
normal distribution with a standard deviation o, then the expected
signal S(B) is proportional to the cumulative distribution function
of that distribution,

1 B_Bres
S(B) = Spg + A x 5[17 erf( Tas ):|, (1)
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FIG. 4. Impact of active stabilization on microwave spectra: (a) no external mag-
netic field stabilization; (b) full stabilization: both feedforward and feedback. Note
that in both cases, the Feshbach coil current is actively stabilized; the difference
lies in the active stabilization of the stray magnetic fields in the laboratory. In each
measurement, we sweep the microwave frequency over 50 kHz, corresponding to
about 20 mG of a magnetic field at 1050 G. The sweep time is 20 ms, so it cov-
ers one 50-Hz line cycle. The fitted functional form, Eq. (1), assumes a Gaussian
shot-to-shot magnetic field distribution.

where Bres is the resonance position, while Sy, and A are the signal
background and amplitude. Here we also assumed, for simplicity,
that the sweep range is much larger than the detuning from reso-
nance. We stress that both the temporal and spatial (i.e., gradient)
magnetic field variations can contribute to ¢. In addition, magnetic
field instability is not the only broadening mechanism present here,
so fitted values of ¢ should be seen as an upper limit on the field
fluctuations.

The upper panel in Fig. 4 shows a microwave spectrum of Rb
atoms when only the current stabilization in the coils is engaged and
the environmental magnetic field is not actively stabilized, whether
by our feedback or feedforward mechanisms. Fitting our simple line
shape model [Eq. (1)] to experimental data (upper panel in Fig. 4)
reveals an upper limit on the field standard deviation of ¢ = 5.3(9)
mG. We also note a significant scattering of data points around the
resonance. Once we engage the field stabilization (lower panel in
Fig. 4), the scatter is significantly reduced, and the fitted standard
deviation drops down to ores = 2.4(3) mG. This final result corre-
sponds to a 2.3(3) ppm instability at 1050 G. While we can identify
several broadening mechanisms, they seem to be much weaker than
the measured field instability. For example, we estimate that the
residual field gradient created by a nearby ion pump is ~50 mG/cm,
which over a cloud of about 10 ym in diameter would lead to a
few tens of microgauss of broadening. The Fourier limit for our
20-ms pulse time is 277 50 Hz. Additionally, we have characterized
our microwave spectroscopy setup by observing magnetic-field-
insensitive clock transitions in Rb°” with a resolution of a few Hz,
which gives us confidence that our resolution is not limited by the
frequency source used or by optical trap shifts.
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IV. CONCLUSION

In conclusion, we have demonstrated a two-stage magnetic
field stabilization scheme that enables the creation of magnetic
fields of over 1000 G with ppm-level stability. We stabilize both
the current flowing through the magnetic field coils and the envi-
ronmental magnetic field. Our tests using microwave spectroscopy
of Zeeman-split hyperfine levels of ultracold rubidium show an
upper limit of magnetic field stability of 2.3(3) ppm or better at
1050 G. This result should enable the magnetoassociation of ultra-
cold molecules in cases where only ultranarrow magnetic Feshbach
resonances at high fields are available. Thus, this work paves the
way for experiments such as those in our laboratory aimed at
coherently producing ultracold samples of RbSr molecules.' "' Pre-
cision Feshbach spectroscopy can also find use in fundamental
physics: Efimov resonances, '” the tuning of s-wave interactions
in quantum gases, and searches for the variation of fundamental
constants.”"’
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