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Resonant cancellation effect in Ramsey-type nuclear magnetic resonance experiments
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We investigate the response of a Ramsey-type experiment on an additional oscillating magnetic field. This
superimposed field is oriented in the same direction as the static main magnetic field and causes a modulation of
the original Larmor spin precession frequency. The observable magnitude of this modulation decreases at higher
frequencies of the oscillating field. It disappears completely if the interaction time of the particles matches the
oscillation period, which we call resonant cancellation. We present an analytical approach that describes the
effect and compare it to a measurement using a monochromatic cold neutron beam.
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I. INTRODUCTION

Rabi’s nuclear magnetic resonance method [1,2] and
Ramsey’s techniques of separated oscillatory fields [3–5]
have been used very effectively in various scientific experi-
ments. These methods utilize both constant and time-varying
magnetic fields to manipulate the spin of probe particles.
Specifically, Ramsey’s technique allows for precisely de-
termining the Larmor precession frequency of a spin in a
magnetic field B0. This is achieved by initially flipping the
spin-polarized particles into the plane orthogonal to B0 us-
ing an oscillating field B1, allowing them to precess for a
defined period of time, and then flipping them again using
a second oscillating B1 field. By scanning the frequency of
the oscillating fields close to the resonance and keeping the
phase between the two signals locked, an interference pattern
of the spin polarization in the frequency domain is obtained.
Another option is to scan the relative phase between the two
oscillating spin-flip signals while keeping their frequencies on
resonance. Ramsey’s technique is highly versatile and can be
applied for precise measurements of changes in magnetic and
pseudomagnetic fields. For instance, it is and has been utilized
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in a variety of applications such as atomic clocks [6–8], the
measurement of the Newtonian gravitational constant [9], in
gravitational resonance spectroscopy measurements [10–12],
the measurement of the neutron magnetic moment [13], the
measurement of neutron incoherent scattering length [14–18],
the search for a neutron electric dipole moment [19–23], prob-
ing for dark matter [24,25], and the search for new particles
and interactions [26].

The main magnetic field B0 that causes the Larmor pre-
cession in a Ramsey-type experiment is usually constant
over time. In this article, we describe the effect of a super-
imposed oscillating (pseudo)magnetic field on the Ramsey
signal, which we call resonant cancellation effect. Such a
signal is potentially present in an axionlike dark-matter field
that couples to the electric dipole moment of particles. Two
experiments searching for an oscillating electric dipole mo-
ment of neutrons [24,25,27] and electrons [28] showed how
this systematic effect attenuates the signal and reduces their
sensitivity. Moreover, ultralight scalar or pseudoscalar dark
matter could lead to oscillating nuclear charge radii that could
be detected with Ramsey’s technique in optical atomic clocks
[29]. Such measurements would also potentially suffer from
the effect.

In the following, we provide a theoretical derivation of
the resonant cancellation effect for a monochromatic particle
beam with a velocity v. In a Ramsey-type experiment, the
spins precess in the main magnetic field B0 due to the Larmor
precession,

ϕ = ωT = γ B0T, (1)

where γ is the gyromagnetic ratio and T is the interaction
time. The phase shift that the spins acquire when interacting
with an oscillating magnetic field Ba(t ) = Ba cos (2π fat ) par-
allel to B0 is

�ϕ = γ

∫
Ba cos (2π fat ) dt, (2)

2469-9985/2023/108(6)/065501(5) 065501-1 Published by the American Physical Society

https://orcid.org/0000-0002-5621-2462
https://orcid.org/0009-0001-4552-9886
https://orcid.org/0000-0001-9964-601X
https://orcid.org/0000-0001-5309-5988
https://orcid.org/0000-0002-5266-4488
https://orcid.org/0009-0002-6748-6837
https://orcid.org/0000-0001-8131-9440
https://orcid.org/0000-0002-3905-5549
https://orcid.org/0000-0002-4393-1054
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.108.065501&domain=pdf&date_stamp=2023-12-22
https://doi.org/10.1103/PhysRevC.108.065501
https://creativecommons.org/licenses/by/4.0/


IVO SCHULTHESS et al. PHYSICAL REVIEW C 108, 065501 (2023)

FIG. 1. Schematic of the experimental apparatus. Neutrons enter
the setup from the left. They first pass a polarizer that transmits only
one spin state. The neutrons then enter the magnetic field region
where a constant magnetic field B0 and an oscillating magnetic field
Ba(t ) are applied in the vertical direction. Two 6-cm-long spin-flip
coils with a center-to-center separation of 50 cm enable flipping
the spins. After the second spin-flip coil the neutron spin states are
analyzed and counted with a 3He detector. There are four apertures
to define the beam cross-section and divergence. They also block the
reflected beams from the polarizer and analyzer.

where Ba is the amplitude and fa the frequency of the os-
cillating field. This becomes maximal when the integral is
evaluated symmetrically around zero, which leads to a maxi-
mum value of the phase shift,

�ϕmax =
∣∣∣∣∣γ Ba

∫ T/2

−T/2
cos (2π fat ) dt

∣∣∣∣∣ (3)

=
∣∣∣∣γ Ba

π fa
sin

(
π fa

L

v

)∣∣∣∣, (4)

where the interaction length L = vT . Equation (4) has the
shape of a sinc function with roots at fa = kv/L, k ∈ N.
Hence, when the interaction time with the oscillating field
matches one or multiple periods of the oscillating magnetic
field, the integral becomes zero, yielding no phase shift.
Therefore, a Ramsey-type experiment is insensitive to mag-
netic field effects of specific frequencies. In the case of a
white beam, e.g., with a Maxwell-Boltzmann-like velocity
distribution, this effect is suppressed, and there is no complete
cancellation. It still results in a reduced average phase shift
and, therefore, a decreased sensitivity to oscillating magnetic
field effects at higher frequencies.

II. EXPERIMENTAL SETUP

To investigate the resonant cancellation effect we con-
ducted measurements during a dedicated beam time in May
2021 at the Narziss instrument at the Paul Scherrer Insti-
tute in Switzerland. The Narziss beamline is usually used
for neutron reflectivity measurements. It provides neutrons
with a de Broglie wavelength of 4.96 Å and can be regarded
as monochromatic for the purpose of this measurement. A
schematic of the experiment is presented in Fig. 1. The
neutrons pass a beam monitor after exiting from the neu-
tron guide. This monitor signal can be used to normalize all
measurements to the same number of incoming neutrons and
accounts for potential fluctuations in the neutron flux of the
source. A measurement is stopped when a defined number of
monitor counts is reached. There are four apertures with an
opening of 30 × 2 mm2 that define the beam cross section and

divergence along the beam path. Their positions are indicated
in Fig. 1. The neutrons are polarized with a polarizing su-
permirror that transmits only one spin state. The other spin
state is reflected and stopped in an aperture. To maintain the
polarization, there is a small magnetic guiding field between
the polarizer and the first spin-flip coil. The main magnetic
field B0 ≈ 3 mT is created by an electromagnet surrounding
the back of a C-shaped iron yoke. The yoke guides the field
lines and creates a field between its flanks in the vertical
direction. The oscillating magnetic field Ba(t ) is applied over
the same region as the B0 field. It is created by a Keysight
waveform generator [30] that is connected via a Kepco bipolar
power amplifier [31] to an auxiliary coil. This coil can also
be used to apply DC offset fields to test the functionality
of the setup. Two rectangular solenoid-type spin-flip coils
induce resonant π/2 flips. They have a length of 6 cm and
a center-to-center separation of 50 cm. Their axis is aligned
with the neutron beam and their cross section is much bigger
than the size of the beam. Their signals are produced by a
waveform generator and amplified by two Mini-Circuits LYZ-
22+ power amplifiers [32]. They are connected to the spin-flip
coils via resonance circuits that match 50 � and are tuned to
the resonance frequency of about 90 kHz. Their two sides are
covered with 2-mm-thick aluminum plates to minimize their
fringe fields. The spins are analyzed with a second polarizing
supermirror. The transmitted neutrons are counted using a 3He
detector. Each neutron creates an electronic pulse. The timing
of the pulse is processed and recorded by a custom-made data
acquisition system using an Arduino processor.

III. MEASUREMENTS

The spin-flip signals were optimized for Ramsey-type
measurements. We individually measured Rabi resonance fre-
quencies of (91.94 ± 0.01) kHz and (91.46 ± 0.01) kHz for
the first and the second spin-flip coils, respectively. For further
measurements we applied a signal at a frequency of 91.7 kHz.
The amplitudes of both spin-flip signals were optimized for
the highest signal visibility in a Ramsey measurement, corre-
sponding to a π/2 flip.

To test the functionality and characterize the setup we
performed various Ramsey frequency and phase scans. Two
such measurements are presented in Fig. 2. For each data
point, the neutron counts were integrated over roughly 10 s,
corresponding to 2 × 105 monitor counts. The Ramsey fre-
quency scan presented in Fig. 2(a) shows an overall envelope
which arises from the Rabi resonance. The fringes are the
interference pattern produced by the two spatially separated
spin-flip coils. All fringe maxima are close to the maximum
neutron counts of about 2.8 × 104 neutrons, confirming the
small wavelength spread. The Ramsey fringes have a visibility
of roughly 76%. We measured the shift of the resonance
frequency by scanning only the central fringe while applying
various DC offset currents through the auxiliary coil. A linear
fit through all resonance frequencies results in a value for
the shift of (−1.096 ± 0.002) kHz/A which corresponds to
roughly 38 µT/A. The Ramsey phase scan in Fig. 2(b) shows
a sinusoidal behavior whose phase shifts if an additional offset
current is applied, as in the case of the central resonance
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FIG. 2. (a) Ramsey frequency scan over the full resonance. The
data show the neutron counts as a function of the spin-flip signal fre-
quency. The solid line serves only as a guide for the eye. (b) Ramsey
phase scans were the neutron counts are shown as a function of the
relative phase between the two spin-flip signals. The frequency was
fixed on resonance at 91.7 kHz. Besides a reference measurement
(black ●), we applied various DC offset currents via the auxil-
iary coil. The measurements with currents of −100 mA (blue ★),
+100 mA (orange ▼), and +200 mA (green ✚) are shown. The solid
lines correspond to least-squares fits of a sinusoidal function.

fringe. We performed several more measurements to get the
phase shift as a function of the applied current. A linear least-
squares fit through all phases results in a value of (−257.0 ±
0.4)◦/A. The measurements presented in Fig. 2 show that the
apparatus works as expected and that an offset current through
the auxiliary coil indeed changes the precession frequency of
the neutrons. The results of the Ramsey frequency and phase
scans can be used to calculate the effective interaction length
with the use of Eq. (1) and v ≈ 798 m/s. The resulting value
of (51.9 ± 0.1) cm is slightly longer than the separation of the
two spin-flip coils. The reason is that the spins already start to
precess within the spin-flip coil when partially flipped.

To investigate the resonant cancellation effect, we mea-
sured the neutron counts continuously and saved their timing
information. Because of limitations from the data-acquisition
system, we phase wrapped the data into two periods of the os-
cillating magnetic field Ba(t ). This wrapping was triggered by
the waveform generator which created the oscillating signal.

FIG. 3. Neutron signals for oscillating magnetic fields at fa equal
to (a) 252 Hz, (b) 1020 Hz, (c) 1477 Hz, and (d) 2227 Hz. They
show the neutron counts as a function of time. The counts are phase
wrapped into two periods of the signal. The data (black) are fitted
with a sinusoidal function with a fixed frequency (orange). The fit
results are presented in Table I. The measurement time was roughly
100 s for each setting.

We chose a time bin size of 20 μs. This size allowed us to
have more than ten bins for the highest frequency of 3500 Hz.
The relative phase between the spin-flip signals was set to
105◦, which corresponds to the point of steepest slope in the
reference measurement of the Ramsey phase scan shown in
Fig. 2(b). At this point, the measurement is most sensitive to
magnetic field changes, and the relation between the neutron
counts and the phase is approximately linear.

We measured the oscillating neutron amplitude for 100
frequencies fa between 60 and 3500 Hz. Four examples of
neutron signals are shown in Fig. 3. The results of their si-
nusoidal fits are presented in Table I. All measurements have
different periods but the same time bin sizes. Therefore, the
number of time bins is different. Since the total number of
neutrons is the same for all measurements, the amplitude and
offset of the sinusoidal neutron signal scale with the frequency
of the oscillating field. To account for this, we divided the
amplitude of the neutron signal by its offset. To improve the
signal-to-noise ratio we repeated this sequence three times
and averaged the data. The frequency dependence of the os-
cillating magnetic field amplitude Ba was investigated in an

TABLE I. Results of the sinusoidal fit of the data presented in
Fig. 3. The amplitude is divided by the offset to make the measure-
ments comparable. The phase of the sinusoidal fit is not relevant for
the analysis of the resonant cancellation effect. The χ2 of each fit and
the corresponding number of degrees of freedom are also given.

fa Amplitude Offset Amplitude/offset χ 2/NDF

252 Hz 37 ± 1 368 ± 1 0.100 ± 0.004 329/391
1020 Hz 59 ± 6 1463 ± 4 0.040 ± 0.004 120/92
1477 Hz 5 ± 8 2093 ± 6 0.003 ± 0.004 52/62
2227 Hz 67 ± 12 3108 ± 9 0.022 ± 0.004 47/39
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FIG. 4. Measurement of the resonant cancellation effect at the
Narziss beamline. The normalized ratio of amplitude over offset as
a function of the frequency of the oscillating signal is shown. The
data (black) are fitted with Eq. (4) (red). The lower panel shows the
residuals.

auxiliary measurement with a fluxgate sensor. It features a
nearly linear decrease of roughly 13% from 200 Hz to 2 kHz,
which is due to the experimental setup. The measurement
was limited to this frequency range due to the bandwidth of
the fluxgate. We used a fit of the fluxgate data in this range
which was extrapolated to the full extend of the measurement
to account for this characteristics. Besides the compensation
of the frequency-dependent magnetic field, we normalized the
ratio of amplitude over offset to one at DC.

The result of this measurement and analysis is shown in
Fig. 4. A fit of Eq. (4) yields the values of the roots at
(1529 ± 7) and (3057 ± 14) Hz. The reduced chi-square of
the fit is χ2

r = 1.04 for 98 degrees of freedom. Figure 4
shows that the effect of the resonant cancellation behaves as
expected for a monochromatic neutron beam. Given a neutron
wavelength (velocity) of 4.96 Å (798 m/s), the fit values of
the root leads to an interaction length of (52.2 ± 0.2) cm.
This value is in agreement with the aforementioned effective
interaction length of (51.9 ± 0.1) cm which was determined
from the Ramsey data.

IV. CONCLUSION

In conclusion, we investigated the resonant cancellation ef-
fect. This effect is present in Ramsey-type experiments where

an oscillating magnetic field is superimposed on the main
magnetic field that causes the Larmor precession. We showed
that the neutron oscillation amplitude follows the expected
theoretical behavior in the case of a monochromatic neutron
beam. This results in a reduced sensitivity of the experiment
for higher frequencies to the superimposed field. In particular,
the sensitivity becomes zero if the interaction time of the neu-
trons matches the period of the oscillating field. This approach
can be used to estimate the attenuation effect for experiments
searching for time dependent signals. For instance, this sys-
tematic effect is important in axionlike dark-matter searches
using electric dipole moments of particles.

The data and analysis that support the findings of this study
are openly available in a Github repository [33].
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