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Direct control of high magnetic fields for cold atom experiments based on NV centers
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In atomic physics experiments, magnetic fields allow to control the interactions between atoms,
eg. near Feshbach resonances, or by employing spin changing collisions. The magnetic field control
is typically performed indirectly, by stabilizing the current of Helmholtz coils producing the large
bias field. Here, we overcome the limitations of such an indirect control through a direct feedback
scheme, which is based on nitrogen-vacancy centers acting as a sensor. This allows us to measure
and stabilize magnetic fields of 46.6 G down to 1.2mG RMS noise, with the potential of reaching
much higher field strengths. Because the magnetic field is measured directly, we reach minimum
shot-to-shot fluctuations of 0.32(4) ppm on a 22 minute time interval, ensuring high reproducibility
of experiments. This approach extends the direct magnetic field control to high magnetic fields,
which could enable new precise quantum simulations in this regime.

I. INTRODUCTION

The direct control of modest magnetic fields up to
10 Gauss enabled experiments with cold atoms on spin
squeezing close to a Feshbach resonance [T}, 2], while tun-
ing the fields directly to values below 1mG made the
controlled investigation of spontaneous demagnatization
possible [3]. More recently it was employed for the quan-
tum simulation of scaling dynamics far from equilibrium
[4] and a scalable building block for lattice gauge theories
in atomic mixtures [5].

In all these cases, the direct magnetic field control is
based on active feedback from a fluxgate sensor, which
limits this class of experiments to magnetic fields below
10 Gauss, the working range of fluxgate sensors [6]. Many
phenomena, like droplet formation close to a heteronu-
clear Feshbach resonance [7], or spin changing collisions
between fermionic and bosonic species [8], do however oc-
cur at much higher field strengths, reaching up to a few
100 Gauss. Direct magnetic field control has so far not
been possible at these values due to a lack of high preci-
sion sensors, making precision experiments challenging.

This shows the need for alternative sensors, with the
ability to measure large magnetic fields with high preci-
sion. Over the last years, several sensors based on quan-
tum systems with the potential to close this gap have
been tested: Most prominently, SQUIDs can measure
magnetic fields with sensitivities below 11G/viz [9, [10],
with atomic gases reaching only slightly worse sensitiv-
ities [11L [12]. However, these systems are fairly bulky
and complicated to set up, making them impractical as
a sensor for an active magnetic field stabilization.

The nitrogen-vacancy (NV) center in diamond provides
a versatile and compact magnetic field sensor, covering
ranges of several hundreds of Gauss with precisions below
100G /vHz [13] for AC magnetic fields. For measurements
which approach the DC regime, sensitivities of 500 nG
have been reported [14]. Due to their small size, they

are the perfect candidate for magnetic field stabilizations
past the range of fluxgate sensors, and allow the study of
spin dynamics in regimes previously not experimentally
accessible.

In this letter, we investigate the direct control of ho-
mogeneous magnetic fields based on such NV centers.
Our experimental setup is sketched in Fig. A set of
Helmholtz coils produces a homogeneous magnetic field
By, which is directly proportional to the applied control
current flowing through the coils. The magnetic field is
sensed through the fluorescence of a compact NV center
magnetometer. In the magnetometer we measure the op-
tically detected magnetic-resonance features (ODMR) by
dressing the ground state spin triplet with a microwave
signal of frequency v. A dip appears in the fluorescence
intensity of the NV center I when one of the magnetic
field projections onto the NV center orientations coin-
cides with the Zeeman shifted transition frequency [15].
The derivative S = dl/av is then used as an error signal
for the feedback loop. The controlled field has been mon-
itored through a second, independent NV magnetometer
over the course of 24 hours. For two measurements, sep-
arated by 22 minutes fluctuations are minimal, reaching
0.32(4) ppm. In future applications, this second diamond
magnetometer will be replaced by the cold atomic clouds
of interest.

The remainder of the paper is structured as follows.
In section [T} we review the employed detection of the
magnetic field and how we separate thermal drifts from
magnetic field changes. In [[TI] we discuss the control of
the magnetic field through the Helmholtz coils and finally
benchmark our system in [[V] in a detailed fashion. We
end with an outlook for even more compact solutions
beyond this proof-of-concept.
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FIG. 1. (A) Basic experimental setup: The NV centers are positioned in a magnetic field generated by a pair of Helmholtz
coils. They are excited by a green laser, and their red fluorescence is collected on a photodiode. This signal is fed into a control
circuit, which also generates the microwave signal applied to the NV centers via a wire loop. From the fluorescence a magnetic
field reading is extracted, and used to regulate the current through a second, low inductance coil pair. (1) The quality of the
magnetic field stabilization is monitored on a second, independent setup placed close to the first sample. (2) In the future, this
second NV sensor will be replaced by the cold quantum gas used in our experiments, such that it experiences stable magnetic
fields. (B) Shift of the two transitions ms = 0 — ms = —1 and ms = 0 — ms = 1 with temperature and magnetic field,
as visible in the fluorescence signal. Using a lock in scheme we extract the derivative of the spectrum. (C) Stabilized vs.
unstabilized magnetic field, as seen on a second, independent sensor. In addition to higher noise for the unstabilized field,
jumps in the field strength created by other experiments are visible.

II. MAGNETOMETRY METHOD

For generating the magnetic field signal on both our
sensors we employ an ODMR scheme [I6], whose opera-
tion we summarize here. The NV center has a spin S =1
in its ground state, whose level structure is visualized
in Fig. It is optically pumped by a green laser, and
emits strong fluorescence above 650 nm if the NV center
is in the mg = 0 Zeeman level. The mg = *1 states lie
D =~ 2.87 GHz (also called the zero field splitting (ZFS))
above the mg = 0 state and hence can be coupled to the
ground state through standard microwave techniques. At
nonzero magnetic field, the mg = £1 states experience a
Zeeman shift of approximately iﬁ’yeéoﬁ, where By is the
magnetic field strength, 7. = 2.8 égszs is the gyromag-
netic ratio of the electron, and 7 is the projection of the
magnetic field onto the NV center axis. For the ms = £+1
states, a nonradiative decay channel to the ground state
leads to a slight decrease in fluorescence, allowing us to
extract the transition frequencies vy; and v_; from the
fluorescence spectrum (shown in Fig. [1| B).

III. EXPERIMENTAL SETUP

The diamond samples used were grown with the HPHT
technique, have a natural abundance of *C and are type
1b diamonds. We place the sample in a homogeneous

magnetic field generated by a pair of rectangular coils
(driven by a Delta Electronika SM 18-50) of side lengths
33.5 cm x 28.5 cm with 80 windings each and separated by
15.5 cm to ensure that both sensors experience the same
magnetic field. A second pair of coils with 16 windings
wound onto the first coil pair is used in combination with
a homebuilt current driver to regulate the magnetic field
with a high bandwidth. The diamond sample itself is
heatsunk to a sapphire window, that has a wire loop act-
ing as a microwave antenna glued to it. The fluorescence
is collected efficiently by a compound parabolic concen-
trator [I7], and the remaining excitation light is filtered
out by a longpass filter. An auto-balanced photodetector
[18, [19] collects both the fluorescence as well as a portion
of the excitation beam as a reference, cancelling most of
the laser intensity noise.

We then use a lock-in modulation scheme at frequen-
cies of wyeek of a few tens of kHz to create the error sig-
nals S;1 and S_; at both transitions. The information
gained by monitoring both transitions can then be used
to compensate for temperature fluctuations of the sam-
ple, which would shift the whole spectrum at once, as

shown in Fig. (1| B [20].

To prevent introducing additional noise in later steps,
the data is processed on the FPGA of a STEMLab Red-
Pitaya, using a modified version of PyRPL [2I]. The
photodetector output is digitized by one of its fast 14 bit
inputs and fed into two lock-in modules. The output of
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FIG. 2. (A) Simplified NV~ center level scheme. The internal
spin state can be read out by transferring the system into
the excited state - if the centers were in the ms = 41, the
fluorescence will not be as bright (as indicated by the width
of the red lines). Now the Zeeman shift of the ms = %1
levels can be measured by finding the fluorescence minima.
By modulating the microwave frequencies v_; and v41, a lock
in scheme can be employed. (B) Overview of the microwave
setup used for performing magnetometry on the NV centers.
Everything inside a red box is performed on a RedPitaya’s
FPGA, with the pale box grouping the lock in functionality.

the lock in modules is then subtracted and sent through
both a PI controller and an IIR filter, and the sum of
these two signals is outputted to a homebuilt current
controller, regulating the current through a small pair of
coils.

At the same time, the lock-in modules also modulate
the frequencies of arbitrary waveform generators with
frequency wiock. This will later on lead to the modu-
lation visible in the diamond’s fluorescence. The arbi-
trary waveform generators output is mixed with a second
AWG, generating sidebands at vy p ~ 2.2 MHz distance,
to address all three hyperfine states of the NV centers at
the same time. These signals are then outputted on the
14 bit DACs of the RedPitaya.

The outputs are high-pass filtered (allowing us to also
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FIG. 3. Sum and difference of the error signals obtained on
the two transitions. The inset shows the same data plotted
logarithmically, indicating that the temperature noise starts
to dominate at low frequencies.

output the current control signal on the same DACs) and
then mixed with microwave generators (the two channels
of a Windfreaktech SynthHD). These signals are added,
amplified (using a MiniCircuits ZHL-16W-43+) and ap-
plied to the wire loop around the NV centers. From the
fluorescence we can now extract a lock in signal, giving
us an error signal proportional to the magnetic field fluc-
tuations in the vicinity of a transition.

The position of these transitions depends on the mag-
netic field, but also on other factors, most importantly
temperature. This effect shifts both transitions equally,
so it can be compensated by subtracting the two error
signals S;q and S_;. Additionally, a signal proportional
to the shift of the ZFS D can be obtained by adding the
two signals.

The spectrum of the signals obtained this way are
shown in Fig. B} One can see that the noise at 50 Hz
and harmonics (which is magnetic field noise created by
the power line) is suppressed in S, by a factor 200 for
signals far away from the noise floor. From this one can
conclude that strong temperature noise is also suppressed
by a factor of 200, or 46 dB.

In the inset one can see the same data plotted on a
logarithmic frequency scale, which shows that the noise
induced by temperature fluctuations starts to become rel-
evant at low frequencies, eventually becoming the domi-
nant source of noise in the individual error signals.

IV. MAGNETIC FIELD STABILIZATION

We now employ the magnetic field error signal to can-
cel out magnetic field fluctuations using a PI controller,
also realized on the RedPitaya’s FPGA, regulating the
current through the small pair of coils. As particularly
strong magnetic field noise is present at 50 Hz and har-
monics due to power line noise, we implement an ITR
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FIG. 4. (A): Magnetic field error signal for an open feedback
loop (in grey) and for a closed feedback loop (in blue). (B):
The total feedback gain consists of a PI signal (the I part not
shown) as well as a IIR filter to increase the noise suppression
at 50 Hz and harmonics.

filter to increase the feedback loop gain at those frequen-
cies.

The regulated in-loop error signal as well as the feed-
back loop’s transfer function are shown in Fig. @] Even
though it appears here as if the magnetic field noise is
regulated below the sensor’s noise floor, this is certainly
not the case - the sensor noise has been regulated, and
was this way converted to magnetic field noise.

This means, that in order to quantify the magnetic
field stability, we need a second, independent sensor. For
that we employ a second diamond containing NV centers,
using independent optical and microwave setups. In Fig.
C one can see a long term measurement performed over
24 hours by monitoring the magnetic field this way. Here,
magnetic field noise is suppressed by approximately a fac-
tor 5, leaving us with 123 uG of magnetic field noise over
a 1Hz bandwidth. Short term measurements over the
whole sensor’s bandwidth of 1kHz yields magnetic field
noise of 1.2mG RMS, where the limiting factor is the
white noise floor of 18 #G/v/Hz on both sensors, consist-
ing mainly of laser intensity- and microwave noise. This
means that increasing the control loop’s bandwidth in
our case would decrease the magnetic field stability, as
no actual magnetic field noise above the sensor noise floor
is detectable past a few hundred Hz.

From the obtained measurements in Fig. |1|C we calcu-
late the Allan deviation of the magnetic field stability, as
shown in Fig. [5] In addition to the two measurements al-
ready discussed, a short term measurement without tem-
perature noise compensation scheme is shown. It clearly
indicates the necessity of the temperature noise suppres-
sion scheme. The short term measurement with tem-
perature noise compensation drops with the 7—'/2 scal-
ing expected from white frequency noise. The long term
measurements show a broad peak at 60s. This is noise
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FIG. 5. Allan deviation of the stabilized magnetic field. In
addition to the expected improvement with 1/,/7 for white
noise on the error signal, a noise peak at 7 = 60s can be
observed, which results from the retuning routine for the mi-
crowave generators. The red curve shows the Allan deviation
obtained when the magnetic field is only locked to one of the
NV center transitions, so without our temperature noise com-
pensation scheme.

created by retuning microwave sources once a minute to
follow the temperature shifts of the NV center’s transi-
tions. As this time interval can be chosen freely, it can
be adjusted to the duty cycle of the experiment, and is
not expected to be problematic.

V. CONCLUSION

In this letter we presented a magnetic field stabiliza-
tion based on NV centers, with the potential to stabilize
magnetic fields much larger than previously possible. In
combination with a fiber based approach to reading out
the N'V’s spin states [22], 23], this could allow for a new
class of precision experiments in atomic physics.

Large and stable magnetic fields could allow for pre-
cision experiments on Feshbach resonances, for instance
for the quantum simulation of dipolar droplets [7], or the
study of supersolid behaviors at high field values in dipo-
lar quantum gases [24] 25].

Another application would be studying spin changing
collisions between bosonic and fermionic species. While,
for Bose-Bose mixtures, these resonances typically lie in
the range of a few Gauss and have been successfully
employed before [5l 26], for the scattering of a bosonic
and a fermionic species they occur at much higher field
strengths, e.g. for the case of 2Na and “°K in the vicinity
of 300 G. The magnetic field stabilization demonstrated
in this work has the potential to create stable enough
magnetic fields in these regimes, and could thus allow for
the simulation of quantum electrodynamics [g].
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