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We present an apparatus that applies Ramsey’s method of separated oscillatory fields to proton spins in
water molecules. The setup consists of a water circuit, a spin polarizer, a magnetically shielded interac-
tion region with various radio frequency elements, and a nuclear magnetic resonance system to measure
the spin polarization. We show that this apparatus can be used for Rabi resonance measurements and to
investigate magnetic and pseudomagnetic field effects in Ramsey-type precision measurements with a
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(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The nuclear magnetic resonance method of Rabi [1,2] and Ram-
sey’s technique of separated oscillatory fields [3-5] have been ap-
plied very successfully in a variety of different scientific
experiments. They apply constant and time varying magnetic fields
to manipulate the spins of probe particles.

Ramsey’s technique allows to determine the Larmor precession
frequency of the spin in a magnetic field By. In a first step, the spin
polarized particles are flipped by an oscillating field B; into the
plane orthogonal to By. Then, they can precess for a certain time
until they are flipped again by a second oscillating B; field. Usually,
the frequency of the oscillating fields is scanned close to the reso-
nance while the phases of the two signals are locked. This results in
an interference pattern of the spin polarization in the frequency
domain. Ramsey’s technique can be applied to precisely measure
changes in magnetic and pseudo-magnetic fields. It is used in
atomic clocks [6,7], to measure the Newtonian gravitational
constant [8], to search for the neutron electric dipole moment
[9-11], to search for dark matter [12,13], new particles and inter-
actions [14], and others. It was also applied in the measurement of
the neutron magnetic moment [15]. In the latter experiment, the
technique served to compare resonance frequencies of free
neutrons and protons in water passing through one apparatus.
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The application of resonance techniques with flowing water had
been previously demonstrated by Sherman [16].

We present an experimental apparatus with a concept similar
to the one used in the measurement of the neutron magnetic mo-
ment. Ultimately, with our setup, we aim to perform laboratory
searches for new exotic long-range interactions beyond the stan-
dard model of particle physics [17,14,18]. Such a coupling has so
far never been investigated using protons as probe particles. The
originality of the apparatus makes it an excellent tool for system-
atically testing pulse sequences and investigating various magnetic
resonance effects, for instance, the Bloch-Siegert shift [19] or
dressed spin states [20,21]. It can also serve as a
co-magnetometer in other precision physics experiments.

2. Apparatus

A schematic of the experiment is depicted in Fig. 1 and a photo
of the full tabletop apparatus is shown in Fig. 2. The total length is
about 3 meters. The water is circulated through the system using a
gear pump. First, the water passes a polarizer to create a sizable
spin polarization of the protons. It then flows through the interac-
tion region, which is magnetically shielded to the surrounding by
mu-metal. In that region, the spins interact with the magnetic field
By and can be manipulated with spin-flip coils. There are additional
temperature and magnetic field sensors. Finally, the spin polariza-
tion is measured and analyzed employing nuclear magnetic reso-
nance (NMR) techniques. No guiding fields for the proton spins
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Fig. 1. Schematic of the experimental setup where the protons in water (H,0) are
pumped from the water reservoir of the chiller. They are first polarized in a
polarizer (red) and then enter the interaction region surrounded by a double-layer
mu-metal shield. Two spin-flip coils are shown in green and the magnetic field
direction is indicated in blue. The spin polarization is analyzed using a nuclear
magnetic resonance (NMR) system (purple). The schematic is not to scale.
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Fig. 2. Photo of the experimental setup. The gear pump is mounted on the water
chiller and pumps the water from right to left through the setup. First, the water
passes through the polarizer. It then flows in a glass capillary through the
interaction region surrounded by the mu-metal shield. Finally, the spin polarization
is measured with an NMR system. The NMR magnet is temperature stabilized and
thermally insulated.

are required between the elements since their fringe fields are
sufficient.

2.1. Water circuit

To perform a spin precession experiment, the demineralized
water that contains the hydrogen protons is circulating in a water
circuit. We use a rigid glass capillary with an inner diameter of
d =4mm and a length of 1500 mm to guide the water through
the interaction region. To connect the other elements we use plas-
tic tubes (PU, PVC, and PTFE) of various diameters. We use a gear
pump MGD2000F [22]| with flow and pressure ratings of 2.3 1/
min and 6 bar, respectively. This is suitable to transport the water
through the setup within a few seconds to maintain an usable de-
gree of polarization and overcome all pressure losses of the system.
The power of the pump can be adjusted with an external control
voltage. The measured flow rate versus the applied voltage is
shown in Fig. 3. It also shows the corresponding average velocity
through the glass capillary in the interaction region since this is
an interesting property for many resonance measurements. The
flow rate and velocity is linear in the measured range and a linear
fit led to the values of (0.53 £ 0.02) 1/(min-V) and (0.71 £ 0.02) m/
(s-V), respectively.

The flow velocity was set to = 2.35 m/s in all measurements if
not stated otherwise. The velocity was optimized for highest signal
visibility while operating the pump and the water system within
the safety margins of the pressure ratings. The pump is mounted
on a chiller, which is a temperature stabilized bath circulator Ther-
mo Scientific ARCTIC A10-SC150 [23]. The pump uses the water

Journal of Magnetic Resonance 353 (2023) 107496

2.0 56
1.8 r2.4 _
= v
= +2.2 £
g 1.6 1 >
g F2 O'g
O 1.4 1.8 2
3 Tz
= o
1.21 L1.6 %

1.4

1.0
. ; . . —+ 1.2
2.0 2.5 3.0 3.5 4.0

control voltage [V]

Fig. 3. Flow rate as a function of the control voltage applied to the pump. The
vertical axis on the right side shows the average velocity of the water through the
glass capillary in the interaction region with an inner diameter of 4 mm. The solid
line is a linear fit through the data.

from the chiller’s reservoir that is kept at a temperature of 20 °C
to minimize systematic effects like the temperature dependence
of the proton resonance frequency [24,25].

2.2. Polarizer

The spin of the particles is polarized by guiding the water
through a strong external magnetic field which is applied by a po-
larizer. It has an aluminum body where the water flows through a
meandering groove. Tube connections for the water inlet and out-
let are installed on both ends of the body. The outer cross-section
of the body is 30 x 50 mm? and it has a length of 480 mm. Its total
water volume is 420 ml. Neodymium permanent magnets are
stacked on both sides of the aluminum body. For small volumes,
this approach is much simpler and cheaper than an electromagnet
as it does not require high currents or rely on water cooling. The
magnets used are Q-40-10-05-N with grade N42 [26]. They have
a size of 40 x 10 x 5 mm>. To create a homogeneous magnetic field
over the full polarizer volume, steel plates with a thickness of
4 mm cover the body on both sides. The plates are also used to hold
the body and all the magnets in place. This design provides a mag-
netic field in the interior of roughly 190 mT. The field was estimat-
ed with a simulation using the Finite Element Method Magnetics
software [27] and measured using a Hall-probe [28]. The CAD mod-
el of the polarizer’s interior and a photo of the actual polarizer are
shown in Fig. 4a and Fig. 4b, respectively.

The polarization of the proton spins in an external magnetic
field as a function of the exposure time follows an exponential
law [29]

P(t) = Py x (1 —e™¥/T), (1)

where P = tanh (’;,;?’) is the thermal equilibrium polarization of

the proton spins that depends only on the magnetic field strength
of the polarizer B, and the water temperature T [30]. Here, 7, is
the gyromagnetic ratio of the proton, h the reduced Planck constant,
and kg the Boltzmann constant. With the given magnetic field and a
temperature of T = 20°C, this yields a polarization of Py ~ 7 x 107".
T:1 = (2.35+0.02)s is the longitudinal or spin-lattice relaxation
time constant which was determined in an auxiliary measurement
using an inversion recovery pulse sequence [31]. To achieve a polar-
ization of P(t) > 0.99 - P, the water has to spend 5 - T1 = 12 s within
the polarizer. With a volume of 420 ml, the water spends more than
five time constants in the polarizer, even for the highest measured
flow rates. There exists a second type of relaxation called transver-
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38 mm

Fig. 4. (a) CAD model of the polarizer that shows the meandering groove on the
inside of the aluminum body (red). The steel base plate (green) below the body is
also shown. The permanent magnets on the two sides of the body are not shown. (b)
Photo of the polarizer with the water inlet in front. The two steel plates are
mounted together with screws to hold the magnets left and right of the aluminum
body in place.

sal or spin-spin relaxation with a corresponding time constant T,.
The latter describes the dephasing time of the spins in the plane
perpendicular to the external magnetic field By due to their mutual
interaction. We used a CPMG pulse sequence [32,33] in a separate
measurement and determined T, = (1.67 £ 0.02) s. The transversal
relaxation time is not critical for our measurements.

2.3. Interaction region

The interaction region is where we apply the Rabi and Ramsey
technique to the proton spins. It is surrounded by a passive mag-
netic shield made of two cylindrical mu-metal layers as shown in
Fig. 5a. The outer layer has an inner diameter of 235 mm and a
length of 1200 mm. The inner layer is concentric within the outer
layer, has an inner diameter of 195 mm, and a length of 800 mm.
Both layers have a thickness of 2 mm. End caps for the outer layer
are available but usually not installed to allow for easy access from
the outside. The main magnetic field By is aligned along the vertical
y-direction. It is created using a rectangular-shaped Helmholtz-
type coil with 20 windings that is visible in Fig. 5a. The coil has a
width and separation of 128 mm and a length of 1200 mm. It is
centered with respect to the mu-metal shield and is connected to
a Keysight B2962A Low Noise Power Source [34]. We measured a
field constant of the coil of 232 uT/A. Since the interior of the
mu-metal shield is difficult to access, an aluminum U-profile with
a grid of threads is mounted to non-magnetic telescopic-rails that
are fixed to the mu-metal tube. It can be slid out of the mu-metal
to change the arrangement of spin-flip coils, fluxgate sensors, and
temperature sensors.
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Fig. 5. (a) Photo of the view into the mu-metal. The inner mu-metal layer is hidden
behind an aluminum ring that holds the telescopic-rails. The water flows through
the glass capillary in the center. The ends of the rectangular-shaped Helmholtz coil
are also visible. (b) Photo of the interaction region slid out of the mu-metal. Water
flows along the z-axis from right to left. The proton spins can be manipulated with
the spin-flip coils SF 1 and SF 2. A non-magnetic thermocouple type-E measures the
temperature inside and a fluxgate sensor behind SF 2 records the magnetic field in
all three spatial directions.

The standard arrangement is shown in Fig. 5b. It corresponds to
a Ramsey setup that consists of two spin-flip coils with a center-to-
center separation of 600 mm. The spin-flip coils are solenoids with
16 windings, and their axis is aligned with the water pipe. The coils
are made of copper with a wire diameter of 0.8 mm. They have an
inner diameter of 10 mm, and a length of 15 mm. They are held by
a POM holder block that allows the mounting of a trimming coil to
adjust the local magnetic field around each spin-flip coil. Optional-
ly, a third spin-flip coil can be mounted in the center to perform
spin-echo measurements.

To manipulate the proton spins, the spin-flip coils have to be
driven with oscillating currents close to the Larmor resonance fre-
quency. A connection diagram is shown in Fig. 6. The oscillating
currents are provided by two Keysight waveform generators
33622A [35]. For each spin-flip coil an output channel is connected
to a Mini-Circuits power combiner ZFRSC-2050+ [36]. The second
input of the combiner can be used to induce signals at different fre-
quencies to test effects like the Bloch-Siegert shift [19] or the
dressed spin states [20]. These second inputs are terminated with
50Q if they are not used. The output of each combiner is connected
to a spin-flip coil via a 20Q resistor to reduce the frequency depen-
dence of the impedance.

A non-magnetic thermocouple type-E measures the tempera-
ture in the center of the interaction region close to the glass capil-
lary. Outside of the magnetic shield, two thermocouples of type-K
measure the temperature of the room below the mu-metal and of
the NMR magnet. They are read out with a rate of 2 Hz and a pre-
cision better then 0.025 °C using a Picotech data logger TC-08 [37].



I. Schulthess, A. Fratangelo, P. Hautle et al.

CH 1
WFG 1
power
: CH2 combiner 20 Ohm SF.1
coil
: for SF 1
10 MHz sync
: NnN— | power SF2
: combiner [20 Ohm | ,
wrez |[CH for SF 2 ol
or
50 Ohm CH2

Fig. 6. Connection diagram of the spin-flip coils. The waveform generator (WFG 1)
produces the oscillating currents. These signals can be combined with the
oscillating signals of a second waveform generator (WFG 2) or terminated with
50Q resistors if not used. The outputs of the combiners are connected to the spin-
flip coils (SF 1 and SF 2) via 20Q resistors.

The magnetic field is measured using a SENSYS FGM3D/125
fluxgate sensor [38]. It can measure magnetic fields up to
+125uT with a precision better than 150 pT in all three spatial di-
rections. It is read out at a rate of 10 kHz using a NI PXI-6289 ana-
log-digital converter [39]. The data are averaged over 1000
samples and stored at a rate of 10 Hz. The fluxgate is located below
the water tube just after the interaction region as shown in Fig. 5. It
cannot be placed between the spin-flip coils since it is slightly
magnetic itself and would destroy the spin coherence. The fluxgate
data can be used to monitor and compensate for external magnetic
field changes.

2.4. NMR system

We use a commercial NMR system iSpin-NMR of SpinCore Tech-
nologies, Inc. [40] to measure the spin polarization after the inter-
action region. The system contains a pulse generator, a pulse
amplifier, frequency filters, a preamplifier, an analog-digital con-
verter, and further digital electronics. The system can be pro-
grammed to send arbitrary pulse sequences and measure the
signal response of the NMR sample. It is able to detect voltages
on the pV-level. The NMR setup uses the same coil to apply the
radio-frequency (RF) pulse and to measure the precession signal
of the protons. A duplexer is required to route the signal from
the transmitter to the probe and from the probe to the receiver
while protecting the receiver from the high-power signal of the
transmitter. This is done by a passive transmit/receive switch using
diodes and a quarter-wave impedance cable. A schematic of the
connection diagram is shown in Fig. 7.

To be able to transmit the power into the water sample and to
measure the small precession signal, an RLC resonance circuit is re-
quired. The resonance frequency of the circuit has to be tuned to
the proton resonance frequency and the impedance has to match
50Q. This can be achieved by an additional shunt-capacitor C,.
The inductance L is given by the pick-up coil. It is made of a bare
copper wire with a diameter of 0.25 mm that is isolated by a PTFE
tube. The coil has 10 windings over 8 mm and a coil diameter of
4 mm. It has an bore diameter of 3 mm. The ohmic resistance Rq
comes from the circuit cables and connections. The capacitance
of the two capacitors can be calculated analytically but a final ad-
justment has to be done in situ. We optimized the capacitors to
Cy =678 pF and C = 251 pF. All parts close to the NMR sample
have to be made of materials that do not contain any hydrogen
atoms. The precession signals of those atoms would indeed falsify
the signal of the protons in the water. We used PTFE/Teflon for all
parts close to the sample. The resonance circuit is mounted be-
tween the pole pieces of a neodymium permanent magnet. The
NMR magnet has a field strength of about 0.5 T with a relative uni-
formity of 10~ for a 10 mm sample according to the manufacturer
[41]. The pole pieces have a separation of 30 mm and a diameter of
140 mm. With a gyromagnetic ratio of the proton of
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Fig. 7. Connection diagram of the NMR system. The impedance of the resonance
circuit of the NMR detection system has to be matched to 50Q and tuned to the
proton resonance frequency with the two capacitors C and C,. The 1/4-cable and the
crossed diodes act as a passive switch that allows signals to go from the RF-out to
the resonance circuit and from there to the RF-in, but not from the RF-out to the RF-
in directly.

Vp = 27 x 42.58 MHz/T this leads to a proton resonance frequency
of 21.68 MHz [42]. We measured a relative temperature coefficient
of the magnetic flux density for the NMR magnet of about

-9 x 107*/ °C at room temperature which is in agreement with lit-
erature values and specifications [43,44]. Daily fluctuations of
more than 1 °C lead to a change in the resonance frequency of more
than 19 kHz. Since the linewidth of the proton resonance is only a
few kHz, a temperature stabilization of the magnet is required. This
is done via water cooling of two aluminum plates on top and below
the NMR magnet. The same chiller and water bath as described in
Section 2.1 are used. With this water cooling, a stability of the res-
onance frequency better than 1 kHz is achieved. This corresponds
to temperature fluctuations of less than 0.05 °C. A photo of the
NMR magnet with the cooling plates is presented in Fig. 8.

Many pulse sequences exist for NMR measurements. The most
basic one is a single pulse to apply a 7t/2-flip. Additional pulses
can be applied to refocus spins (e.g. Hahn Echo [45]) or correct
for other dephasing effects. Since we have a continuous flow of wa-
ter through the NMR pick-up coil, only a single-pulse sequence can
be applied in practice. The water in this coil gets fully replaced
within 1.9 ms at a flow velocity of 2.35 m/s through the interaction
region. Therefore, there is no time to apply any further pulse to the
same sample and measure the spin precession signal. The single-
pulse sequence is diagrammed in Fig. 9. The pulse amplifier is only
turned on when the deblanking signal has a logical high. The de-
blanking delay of 3 ms before the excitation pulse allows the am-
plifier to warm up. A pulse of 2.1 us duration is then fired. The
pulse time was optimized for a 7/2-flip of the proton spins as this
leads to the highest NMR-signal amplitude. The amplifier is then
blanked (turned off) and after a short transient delay of 40 us
which allows the system to subside from any remanent pulse sig-
nal, the receiver stage starts acquiring the spin-precession signal,
also called the free induction decay (FID), for 1 ms. After the data
taking, the sample has to be polarized again before the measure-
ment sequence can be repeated. In a static sample, this repetition
delay is about 5-T; =~ 12 s, i.e., five time constants. In our case of
a continuous water flow, a repetition delay of more than 2.5 ms
was chosen such that all water that underwent the NMR pulse is
flushed out of the pick-up coil. Hence, the total cycle length is ap-
proximately 6.5 ms for a repetition delay of 2.5 ms.

To improve the signal-to-noise ratio, the FID signals are aver-
aged over many acquisitions, usually 1000 signals, before the spec-
tral analysis is performed. Additionally, the phase of the pulse and
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Fig. 8. Photo of the NMR magnet. The two neodymium pole pieces create a
magnetic field of roughly 0.5 T in the vertical direction indicated by the blue arrow.
The plates for the water cooling are pressed on the magnet with brass thread rods.
The holding structure for the resonance circuit and the pick-up coil made of PTFE/
Teflon is visible in the center of the magnet.
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Fig. 9. Diagram of the NMR data acquisition for the single-pulse sequence. Detailed
description in the text. The timeline is not to scale.

the receiver are rotated by /2 for each acquisition. This way, im-
perfections of the two-phase detectors of the NMR system cancel
out. This measurement sequence is called CYCLOPS phase cycling
[46]. Fig. 10 shows an FID signal with a typical spectral width of
128 kHz, resulting in a sampling interval of 7.8125 us. The signal
is oscillating at 12.5 kHz which represents the difference between
the pulse frequency of 21.68 MHz and the actual precession fre-
quency of the protons. The reason for this is that the signal from
the spin precession is digitally mixed with the reference signal
from the oscillator that generates the pulse. The mixer produces
an output that is the sum and the difference of the two signals.
After a low-pass filter, only the difference signal remains. To get
the real and imaginary part of the signal, the NMR system has ac-
tually two digital mixers. The spin precession signal is fed into both
but the reference signal is phase-shifted by 7/2 before one of the
mixers. This allows quadrature detection to distinguish positive
and negative frequencies without employing two pick-up coils. A
detailed treatment on NMR techniques can be found in reference
[46].

2.5. Analysis tools

The precession signal of the FID is usually analyzed in the fre-
quency domain after performing a fast Fourier transform (FFT)
[47]. Standard tools in signal processing are zero-padding and
the application of window functions. The former adds zeros at
the end of the signal in the time domain. This results in a higher
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Fig. 10. NMR signal, averaged over 1000 FID signals, with a total measurement time
of roughly 7 s. Shown is the real (blue ¢) and the imaginary part (orange V) of the
signal as a function of time. The signal amplitude is normalized to one at t = 0 s. The
exponential decay time of the signal is roughly 155 us. The solid lines serve only as
a guide for the eyes.

spectral resolution. It does not add information but rather interpo-
lates between points that are already there and makes the spec-
trum look smoother. The latter damps parts of the signal with a
lower signal amplitude which reduces the noise in the spectrum.
In the case of an FID, usually an exponential window is applied.
We do not use either of them in our signal processing but fit the
spectrum with a Lorentzian function

SWX( 1L Ufow
1+ —fo) w2 1+(f—fo)" w?

where S is the signal amplitude, f, the resonance frequency, o the
offset, and w the scale parameter that is connected to the observed
transversal relaxation time constant via T; = w/2x. The real and
imaginary parts correspond to the absorption and dispersion mod-
es, respectively.! The two can be mixed with the phase ¢. Ideally, the
phase ¢ is zero and the absorption and dispersion modes of the Lor-
entzian are not mixed. Drifts in the NMR electronics can lead to a
change of ¢. This changes the apparent spectral amplitude if only
the absorption mode is considered, which leads to a systematic error.
There are various methods to detect and correct this phase [48-50].
We include the signal phase in the parameters of the fit to avoid this
problem. This makes the amplitude independent of the phase.

The noise of the spectrum can be estimated using the data
points in the baseline and calculating their standard deviation
around the mean. This uncertainty can then be provided to the fit-
ting routine, which includes it in the calculation of the errors of the
fit parameters. The NMR spectrum of the signal of Fig. 10 with a fit-
ted Lorentzian of Eq. (2) is shown in Fig. 11. The fit yields
S$=(26.24+0.3) kHz, f, = (11.37 £0.02) kHz, w = (927 £ 15) pus,
¢ =(-1.4+0.6)°, and o= (0.13 +0.02) with y? =1058 for 251
degrees of freedom. The resulting value for the reduced y? of about
4.2 is bigger than one because the fitting function Eq. (2) does not
account for all the characteristics of the NMR signal. The apparent
amplitude in Fig. 11 is Sw = 24.3 & 0.5. From the fit value of w, the
observed transversal relaxation time constant can be calculated,
resulting in T; = (148 + 2)us. This is comparable to the exponen-
tial decay time of the FID signal of (155 + 7)us.

Depending on the measurement performed in the interaction
region, the spin polarization and therefore the NMR signal ampli-
tude may be small. To improve the fit of the spectrum we take a
reference measurement before each measurement sequence. This

) x e 4o, )

! This is the common definition in the NMR community [30,46].
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Fig. 11. Spectrum of the NMR signal of Fig. 10 that was calculated using an FFT
algorithm. The spectral peak has the shape of a Lorentzian where the real part (blue
o) is the absorption mode and the imaginary part (orange V) the dispersion mode.
The solid lines are a least-squares fit of Eq. (2). The absorption peak has a full width
at half maximum (FWHM) of roughly 2.2 kHz.

measurement has the same parameters for the NMR pulse se-
quence, but all spin-flip signals in the interaction region are turned
off. This leads to a reference signal with the highest possible ampli-
tude. The Lorentzian in Eq. (2) is then fitted to the reference spec-
trum and the parameters f, and ¢ are fixed for the fits of the
subsequent measurements. Additionally, the amplitude of the ref-
erence is used for normalization, resulting in the normalized spin
polarization used in the measurements presented in Section 3.

3. Measurements

To characterize the apparatus we conducted several resonance
measurements. We performed Rabi measurements [1,2] with a sin-
gle spin-flip coil in the interaction region. An oscillating current is
applied to create the B; field which causes a spin flip if the frequen-
cy is close to the Larmor resonance frequency of the proton spins in
the B field. The B, field is linearly oscillating and orthogonal to By,
in our case it is aligned with the direction of the water flow along
the z-axis. We investigated the resonance at various B, fields and
flow velocities. The current through the By-coil for the measure-
ments shown in Fig. 12a was set to 50 mA. This creates a magnetic
field of approximately 12 uT which corresponds to a resonance fre-
quency of roughly 500 Hz. Note that the width of the resonance is
proportional to the flow velocity. Additionally, the amplitude of the
resonance increases since the time for spin relaxation is shorter.
The amplitude of the spin-flip field B; used for these measure-
ments was optimized for each velocity to achieve a m-flip on
resonance.

For the measurements shown in Fig. 12b, the water flow veloc-
ity was fixed to 2.35 m/s. We measured the Rabi resonance for var-
ious values of the B, field resulting in resonance frequencies
between 250 Hz and 10 kHz. Only four of the obtained resonance
curves are shown. The full width at half maximum (FWHM) of
(90.9 +0.2) Hz is identical for all resonances within the uncertain-
ty. The measured width deviates from the theoretical value of
125 Hz when calculating the FWHM using the Rabi formula [51].
This can be explained by the fringe field of the spin-flip coil and
leads to an effective length of the coil of 20 mm, compared to its
geometric length of 15 mm.

To optimize the amplitude of the spin-flip signal for a n-flip, we
scanned B; on resonance. A 7t-flip is achieved when the polariza-
tion is at the first minimum in Fig. 13 at a value of the spin-flip sig-
nal amplitude between 300 mV,, and 500 mV,, The same
measurement also demonstrates that a higher field amplitude is
needed to achieve the same flipping angle if the water flows faster.
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Fig. 12. (a) Rabi resonances at By =~ 12uT (wo ~ 27 x 500 Hz) for water flow
velocities of 1.63 m/s (blue ), 2.03 m/s (orange %), 2.35 m/s (green ¥), and 2.65 m/s
(red ). The Gaussian fit of the data (solid lines) led to a FWHM of (69.4 + 0.5) Hz,
(79.3 4+ 0.5)Hz, (91.0 4+ 0.6) Hz, and (101.9 + 0.6) Hz, respectively. The width scales
proportionally to the velocity. (b) Rabi resonances at a water flow velocity of
2.35 m/s for various By field settings, resulting in resonance frequencies at 250 Hz,
500 Hz, 1000 Hz, and 2000 Hz. More values of By up to a resonance frequency of
10 kHz were explored but not shown here for reasons of legibility.

250 500

A typical measurement performed with two spin-flip coils in
the interaction region is a Ramsey measurement [3,4]. In this type
of measurement, the spins are first flipped by 7 /2. Then, they pre-
cess freely before they are flipped again by 7/2. The two spin-flip
signals are phase-locked and running at the same frequency. If this
frequency is scanned over the resonance, a typical Ramsey pattern
as shown in Fig. 14 is obtained. As described in Section 2.3, we
placed the two spin-flip coils with a center-to-center separation
of 600 mm. The overall envelope arises from the Rabi resonance.
The fringes in the central region are the Ramsey interference pat-
tern of the two spin-flip coils. The fringe period decreases with a
longer distance between the spin-flip coils, making the experiment
more sensitive. The visibility of the fringes above and below the
resonance frequency is reduced due to the velocity distribution
of the water in the capillary. In this measurement, the fringe period
is approximately 4 Hz which is in good agreement with the expect-
ed value of 2227 ~ 3.9 Hz.

Another option for a Ramsey-type measurement is to keep the
frequencies of both spin-flip signals fixed on resonance but instead
scan the phase difference between the two oscillating signals. This
has the advantage of always being on resonance, resulting in a
measurement free from any frequency dispersion effects. More-
over, the obtained data are in the shape of a simple sinusoidal
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Fig. 13. Rabi amplitude scan on resonance at By ~ 12uT (wo ~ 27 x 500 Hz) with
the same velocities and colors as in Fig. 12a. The data are fitted with a sinusoidal
function multiplied with an exponential decay (solid lines).
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Fig. 14. (a) Typical resonance pattern obtained with Ramsey’s method of separated
oscillatory fields at a magnetic field of By ~ 12 uT. The average velocity of the water
was 2.35 m/s. (b) Zoom in the central frequency range of the full resonance. The
measurement time per point was roughly 18 s and the total measurement time
1.5 h. The solid lines serve only as a guide for the eyes.

curve that can be fitted easily. The signals of such phase scans are
shown in Fig. 15a. Ramsey’s technique is very sensitive to
(pseudo-) magnetic field effects. A tiny change in the magnetic
field AB results in a change of the phase that the proton spins ac-
quire in the interaction region
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Fig. 15. (a) Ramsey phase scans on resonance at @, ~ 27 x 500 Hz, corresponding
to a magnetic field of By ~ 12 uT. Shown is the normalized spin polarization as a
function of the phase between the two spin-flip signals. The water flow velocity was
2.35 m/s. To investigate the response of the setup to magnetic field changes, we
performed a reference measurement (blue e) and changed the magnetic field By
slightly to see the change in phase (orange * and green V). The data of each phase
scan are fitted with a sinusoidal function with a fixed period of 360°(solid lines).
The measurement time per phase scan is roughly 2 min. (b) Measured phase shift
Ag as a function of the magnetic field change AB. The linear fit (solid line) results in
a slope of Agp/AB = (4.1 +£0.1)°/nT.

L
Ap =7,AB=% 3)
where v is the water flow velocity and L. the effective interaction
length which is slightly longer than the center-to-center separation
of the spin-flip coils. 2 Such a shift of the Ramsey phase is visible in
Fig. 15a where we changed the magnetic field by (4.3 +0.3) nT and
(14.7 £ 0.3) nT. Note, these values were measured with the fluxgate
after the second spin-flip coil and the average field between the
spin-flip coils might be slightly different. These values of AB resulted
in a phase shift of 19.5° 4- 0.4° and 60.0° & 0.4°, respectively. To get
the phase shift as a function of the magnetic field change we per-
formed several additional measurements. A linear fit through the
data results in a value of A@/AB = (4.1 +0.1)°/nT as presented in
Fig. 15b. This agrees, within the limits of uncertainty, with the the-
oretical value that can be calculated using Eq. (3).

The sensitivity of the full apparatus is defined by the precision
of the phase retrieval and the stability of the main magnetic field

2 The reason is, that the spins start already to precess within the spin-flip coil when
partially flipped [52].
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Fig. 16. Proton phase stability for a setup with the end caps of the mu-metal shield
installed (blue ¢) and removed (orange V). (a) Time series of the two consecutive
measurements shown on the same time axis. (b) Overlapping Allan deviation of the
phase as a function of the sample time. The vertical axis on the right side shows the
corresponding magnetic field stability using the conversion factor of the linear fit in
Fig. 15b.

Bo. To characterize the stability, we performed phase scans as
shown in Fig. 15a over 60 h with the end caps of the mu-metal
shield installed and removed in two consecutive measurement se-
quences. The stability was then analyzed by calculating the over-
lapping Allan deviation [53,54] shown in Fig. 16. The Allan
deviations are fitted with

Opsp = ir +bt+c, (4)

7

where 7 is the sample time and c is a constant offset. This fitting
function is derived from reference [55]. The first term with coeffi-
cient a dominates for short sample times and describes the statisti-
cal improvement of the uncertainty due to the averaging of the
white noise. It approximately corresponds to the uncertainty at a
sample time of 1 s and is a=(13.7+02)°s"? and
a = (15.6 +£0.2)°s'/2 for the closed and the open shield, respective-
ly. On the other hand, the second term with coefficient b dominates
for long sample times and describes the drifts of the system, i.e.,
magnetic field drifts. It is b = (7.7 £0.1) x 1005~ for both mea-
surements. The constant offset was fitted to ¢ = —0.106° & 0.007°
and c = —0.089° £ 0.009° for the closed and open shield, respective-
ly. Both data sets show a minimum in the Allan standard deviation
at about 30 min. The open shield has a minimum of 0.41° (98 pT)
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and the closed shield of 0.34° (83 pT). This implies, that after
30 min, a new reference measurement has to be taken.

4. Conclusion

In conclusion, we presented a tabletop apparatus using proton
spins in flowing water as probe particles. We used it in Rabi- and
Ramsey-type measurements. We systematically investigated vari-
ous parameter settings, e.g., the water flow velocity or the ampli-
tude of the main magnetic field B,. The setup works under a
wide range of conditions and is sensitive to magnetic field effects
below 100 pT. Our apparatus can be employed in a variety of fields
and applications. In particular, we intend to use it in searches for
new exotic long-range interactions beyond the standard model of
particle physics.
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