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Frequency-offset separated oscillatory fields technique applied to neutrons
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The novel technique of frequency-offset separated oscillatory fields (FOSOF) was originally proposed as a
modification to Ramsey’s method of separated oscillatory fields. It has recently been employed in precision
measurements with atomic beams since it allows for an alternative approach to determine absolute resonance
frequencies. We present results from a systematic investigation of the FOSOF technique adapted to a beam of
cold neutrons.
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I. INTRODUCTION

In the field of cold and ultracold neutron physics, Ram-
sey’s method of separated oscillatory fields is widely used
[1–3]. For instance, the applications encompass the search
for the neutron electric dipole moment [4–7], the search for
exotic interactions and axions [8–10], the measurement of
incoherent scattering lengths [11–15], polarized neutron ra-
diography [16,17], the measurement of the neutron magnetic
moment [18,19], and gravity resonance spectroscopy [20–22].
Recently, a modification of Ramsey’s original method was
proposed [23]. The so-called frequency-offset separated os-
cillatory fields (FOSOF) technique offers an alternative
straightforward approach to determine absolute resonance
frequencies. It has been successfully applied in a precise mea-
surement of the Lamb shift of atomic hydrogen to determine
the proton charge radius and in a measurement of the atomic
fine structure of helium [24,25]. Here, we demonstrate the
realization and systematic characterization of the technique
applied to a monochromatic cold neutron beam.

II. RAMSEY AND FOSOF TECHNIQUE

In Ramsey’s original method, two oscillating magnetic
fields are applied to flip the spins of polarized particles mov-
ing in a static homogeneous magnetic field B0. By applying
the first oscillating magnetic field pulse, the spins are flipped
by π/2 into the plane perpendicular to the B0 direction where
they will start precessing. A second phase-locked oscillating
magnetic field pulse is applied after a certain period of free
precession time causing a second spin-flip. The two magnetic
fields oscillate at the same frequency which is scanned close to
the expected resonance. Depending on the applied oscillating
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frequency, the spins result in the up state, down state, or in
a superposition of the two. Hence, an interference pattern of
the spin polarization in the frequency domain is obtained. The
FOSOF technique differs from Ramsey’s method by having
the frequencies of the two applied oscillatory fields slightly
detuned from each other such that the relative phase of the two
fields varies with time. This results in a time modulation of the
detected signal which oscillates with the frequency difference
of the two oscillatory fields. A FOSOF measurement can
be divided into two parts: an initial scan of the frequency
f is performed with the first magnetic field oscillating at
f1 = f + δ f /2, while the second magnetic field oscillates at
f2 = f − δ f /2, where δ f represents the detuning frequency
which is much smaller than f . In a second scan the frequen-
cies of the oscillating fields are inverted, i.e., f1 = f − δ f /2
and f2 = f + δ f /2. Alternatively, this can be interpreted as a
change in sign of the detuning frequency. For each frequency
f , a so-called FOSOF signal is acquired by measuring the
particle spin states as a function of the detection time in a
time-of-flight type manner. From a sinusoidal fit of such a sig-
nal, a corresponding value for the FOSOF phase is extracted.
Finally, from the phase difference between these two scans,
the resonance frequency is determined: its value corresponds
to the frequency at which the phase difference becomes zero.

III. EXPERIMENTAL APPARATUS

The FOSOF technique was investigated at the NARZISS
neutron reflectometer of the spallation source SINQ at the
Paul Scherrer Institut. The instrument provides a continuous
monochromatic cold neutron beam with a de Broglie wave-
length of 4.96 Å. The beamline is equipped with a beam
monitor detector which is used to normalize intensities of
different measurements compensating for fluctuations due to
potential beam instabilities. A schematic of the main compo-
nents of the experimental apparatus is presented in Fig. 1. A
set of apertures is used to shape the beam to a width of 2 mm
and a height of 40 mm. The neutrons are polarized with a
spin-polarizing supermirror in the direction of the magnetic
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FIG. 1. Schematic of the experiment with its main components. The neutron beam (n) oriented along the x direction is spin polarized and
then passes through the FOSOF setup consisting of two spin-flip coils separated by a center-to-center distance L (precession region length).
The spin-flip coils produce a linear oscillating field along the beam direction. The vertical magnetic field B0 is monitored by means of a fluxgate
magnetometer situated next to the beam path. Finally, the spin states of the neutrons get analyzed before they are counted in a 3He-gas detector.
The electronics and the data acquisition (DAQ) system are highlighted by a surrounding dashed rectangle. The core of the DAQ is the Arduino
Due microcontroller which collects and counts all the signals in a time-of-flight type measurement.

field B0 (blue arrow pointing in z direction in the figure).
B0 is generated with the electromagnet of the beamline sup-
plied with a current from a low noise power source (Keysight
B2962A). To monitor and actively stabilize the magnetic field,
a three-axis fluxgate magnetometer (Sensys FGM3D/1000)
is placed next to the neutron beam in the center of the ap-
paratus. A proportional-integral-derivative control algorithm
operates at a 2 Hz rate and stabilizes the magnetic field at
the fluxgate position within 18 nT peak-to-peak at a nominal
set value of 850 µT. Note that the fluxgate measures only at
one single point in space close to the beam and the stabi-
lization does not account for the entire neutron flight path.
For this reason, the magnetic field experienced by the neu-
trons is slightly different from the stabilized field value (see
Sec. VI). The two spin-flip coils are 80 mm long and are made
from copper wire with a diameter of 0.8 mm wound around
a hollow rectangular shaped support structure made from
polyoxymethylene with a cross section of 30 × 70 mm2

(width × height). Two 2-mm-thick aluminum plates are
mounted on either end of the support structure to minimize
the magnetic fringe fields. The current for each spin-flip coil is
provided by a waveform generator (Keysight 33600A, with a
nominal frequency accuracy of ±1 ppm) and a 1000 W audio
amplifier (Stageline STA-1000). The amplifiers are connected
to the spin-flip coils via a resistor box, containing a 200 �

high-power resistor, to establish a flat frequency response.
The resistor boxes provide auxiliary monitor outputs which
are connected to a frequency mixer (Mini-Circuits ZAD-
8+). Using a low-pass filter on the output of the mixer, one
obtains the sinusoidal reference signal of the FOSOF tech-
nique which oscillates with the detuning frequency δ f . This
reference signal is fed into a high-resolution digital oscil-
loscope (Picoscope 5444B) which generates a pulse every
time the signal reaches a predefined threshold. These pulses
are employed as trigger signals for the time-of-flight type
measurements. A spin analyzer placed in front of the de-
tector filters the final spin state of the neutron beam. The

neutrons are detected with a 3He-gas detector which generates
a logic pulse for each detected neutron. Finally, an Arduino
Due microcontroller collects the detector pulses and allocates
them in 100 µs time bins with respect to the aforementioned
trigger signals. A first test of the apparatus was performed
by conducting a measurement using the traditional Ramsey
method of separated oscillatory fields. In this case, the two
spin-flip coil signals are phase locked and oscillate at the same
frequency. The neutron counts are plotted as a function of the
frequency in Fig. 2 describing a typical Ramsey pattern. The
spin-flip signal frequency was scanned between 10 000 and
40 000 Hz in steps of 100 Hz.1 The pattern was measured with
a nominal magnetic field at the fluxgate position Bfluxgate =

1The audio amplifier has a nominal operational frequency range of
up to 20 kHz; however, it was demonstrated to show good perfor-
mance up to 45 kHz.

FIG. 2. Neutron counts as a function of the spin-flip signal fre-
quency. The data were obtained with the traditional Ramsey method
of separated oscillatory fields. The acquisition time per data point
was approximately 5 s. The solid line serves only as a guide for the
eyes to highlight the typical Ramsey pattern.
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FIG. 3. FOSOF signals from the measurement with f1 =
25 050 Hz, f2 = 24 950 Hz in (a) and f1 = 24 950 Hz, f2 =
25 050 Hz in (b). Neutron counts oscillate with the detuning fre-
quency δ f = 100 Hz. The counts are grouped in bins of 100 µs with
two oscillation periods being recorded. The solid lines correspond to
sinusoidal fits to the data.

850 µT and a precession region length L = 500 mm, i.e.,
center-to-center distance between the spin-flip coils. The pat-
tern exhibits a period of about 1600 Hz. Each data point
was measured with 105 neutron counts in the beam monitor
detector corresponding to approximately 5 s of acquisition
time. From considerations regarding the applied magnetic
field and in accordance with independently performed Rabi
measurements, we determined the central minimum at about
24 500 Hz to be the actual Larmor resonance frequency.
Hence, with the FOSOF technique, we expect to identify the
resonance close to this frequency value.

IV. FOSOF OSCILLATING SIGNAL

In a FOSOF measurement, the neutrons are counted as a
function of their detection time with respect to the trigger
signal. Figure 3 presents two exemplary FOSOF signals with
neutron counts oscillating as a function of time with the
detuning frequency δ f . The FOSOF signals were recorded
during 2 × 105 neutron counts in the beam monitor detector
corresponding to approximately 10 s of measurement time.
Figure 3(a) shows the FOSOF signal acquired with f1 =
25 050 Hz and f2 = 24 950 Hz, while Fig. 3(b) shows the
FOSOF signal acquired in the inverted frequency configura-
tion with f1 = 24 950 Hz and f2 = 25 050 Hz. In both cases,
the absolute value of δ f equals 100 Hz. A sinusoidal fit to the

FIG. 4. Multiple consecutive FOSOF measurements with f1 =
24 450 Hz and f2 = 24 550 Hz were performed over a period of
about 3 hours. Plot (a) shows the FOSOF phase as a function of
time with the related histogram. To enhance clarity, all phase values
were shifted vertically to obtain a mean value of zero. The horizontal
blue shaded region around the mean value (red line) in the left plot
describes ±13 mrad corresponding to the standard deviation of the
Gaussian fit to the histogram. In (b) the related overlapping Allan
standard deviation with a white-noise fit (red line) is shown.

data is performed using the function

A sin(2π δ f t − φn) + C, (1)

where the parameters A, C, and φn are the amplitude, the
offset, and the FOSOF phase, respectively. The presented
FOSOF signals have an inferred modulation visibility of
about 90% with almost identical fitting parameters; however,
they differ in their phases. To determine the sensitivity of
the apparatus, a total number of 239 consecutive FOSOF
measurements were performed at constant spin-flip signal
frequencies of f1 = 24 450 Hz and f2 = 24 550 Hz. Each
measurement was approximately 10 s long and they were
repeated every 45 s to allow for a readout of the data, leading
to a total acquisition time of approximately 3 hours. Fig-
ure 4(a) shows all corresponding FOSOF phases retrieved
with a sinusoidal fit. From the presented histogram a phase
sensitivity of ±13 mrad per measurement is obtained which
agrees with the expected statistical uncertainty deduced from
Monte Carlo simulations. The phase shift �φn and the
magnetic field change �B are related via

�φn = −γn �B T, (2)

where γn is the neutron’s gyromagnetic ratio [18] and T is
the precession time of the neutrons. This yields a correspond-
ing magnetic field sensitivity of ±105 nT per measurement
(assuming a precession time T = 650 µs; compare Sec. V).
Figure 4(b) depicts the derived Allan standard deviation
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(ASD) as a function of the integration time τ [26]. Here,
the red line represents a white-noise fit to the data with
the function a√

τ
, from which the parameter a = (0.081 ±

0.001) rad/
√

Hz is determined. Note that the graph exhibits
no global minimum since the sensitivity of the apparatus is
limited by neutron statistics.

V. FREQUENCY SCAN ANALYSIS

As previously mentioned, the FOSOF measurement con-
sists of two frequency scans: one with f1 = f + δ f /2, f2 =
f − δ f /2, and the second one with inverted frequency settings
f1 = f − δ f /2, f2 = f + δ f /2. From these two scans, it is
possible to determine the resonance frequency by plotting
the FOSOF phases as a function of f . Figure 5(a) shows
the result of the frequency scans obtained with a precession
region length L = 500 mm and at a nominal magnetic field
Bfluxgate = 850 µT. The resonance frequency is expected to
be found close to 24 500 Hz. For this reason, the frequency
was scanned close to this value, in the range between 23 500
and 25 450 Hz in steps of 50 Hz. The empty circles represent
the FOSOF phases measured with the normal frequency con-
figuration, while the full circles represent the phases measured
with the inverted configuration. The vertical error bars are not
visible, but are approximately ±13 mrad. A linear fit is used
to evaluate the crossing point. As expected, the two slopes
m have the same value with opposite signs. The slope values
depend on the precession region length L and the neutron
velocity. By taking into account the change of the Larmor
precession frequency � fn = − γn

2π
�B and employing Eq. (2)

it follows that

�φn

� fn
= 2π T = 2π

L

v
(3)

where the precession time T is expressed as the ratio be-
tween L and the neutron velocity v. By inverting Eq. (3) it
is possible to calculate the precession time from the measured
slopes and compare it with the expected value. In this case,
the slope of (4.084 ± 0.003) mrad/Hz results in a measured
precession time of (650.1 ± 0.4) µs. To calculate the expected
precession time for L = 500 mm one must also account for
the spin-flip coil length l = 80 mm. Using the approximation
Leff ≈ L + 0.27 l yields an effective precession region length
Leff = (522 ± 1) mm [15]. The estimated uncertainty of the
value originates from the mechanical positioning accuracy of
the coils. Additionally, assuming an estimated uncertainty of
1% on the beam wavelength of 4.96 Å, which corresponds to
a neutron velocity of (798 ± 8) m/s, the expected precession
time is (654 ± 7) µs. Hence, the latter is compatible with the
measured value within one standard deviation. The measure-
ments were repeated with a precession region length L equal
to 550 and 450 mm and are presented in Figs. 5(b) and 5(c),
respectively. The results are summarized in Table I. Once the
scans with the two frequencies configurations are performed,
the Larmor resonance frequency is determined from the dif-
ference between the acquired phases. This is demonstrated
in Fig. 6 where each data value is obtained from the phase
difference between the FOSOF phases plotted in Fig. 5(a).
The resonance frequency corresponds to the frequency of the

FIG. 5. FOSOF phase as a function of the scanned frequency
f . They are obtained with three different precession region lengths:
(a) shows the data with L = 500 mm, (b) with L = 550 mm, and
(c) with L = 450 mm. The measurements were performed with δ f =
100 Hz in the range between 23 500 Hz and 25 450 Hz. Empty circles
and full circles correspond to the measurement with f1 = f + δ f /2,
f2 = f − δ f /2, and f1 = f − δ f /2, f2 = f + δ f /2, respectively.
The solid lines represent the linear fits to the data.

point with the FOSOF phase difference equal to zero. A linear
fit is performed and the fit parameters are used to calculate
the resonance with its uncertainty. In this case, the resulting

TABLE I. Expected and measured precession times for different
precession region lengths L.

L (mm) Leff (mm) Expt. precession time (µs) Meas. precession time (µs)

500 522 ± 1 654 ± 7 650.1 ± 0.4
550 572 ± 1 717 ± 7 708.7 ± 0.4
450 472 ± 1 591 ± 6 590.4 ± 0.4
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FIG. 6. FOSOF phase difference for the case of L = 500 mm
employing the data shown in Fig. 5(a). The Larmor resonance
frequency corresponds to the frequency where the FOSOF phase
difference is equal to zero. The resulting value is (24548.7 ± 0.3)
Hz. The residual plot from the linear fit is reported on the bottom.

value is (24548.7 ± 0.3) Hz. The resonance frequency was
determined for several different detuning frequencies δ f and
the results are reported in Table II. All measured values are
compatible with each other within two standard deviations
showing that the resonance frequency does not depend on δ f .

VI. MAGNETIC FIELD SCAN

The Larmor resonance frequency depends linearly on the
applied magnetic field in the precession region. Figure 7
shows the result from a series of FOSOF measurements for
nominal magnetic fields Bfluxgate in the range between 830
and 870 µT in steps of 2 µT. The data show the anticipated
linear behavior in accordance with the Larmor precession
frequency formula: fn = − γn

2π
B0; however, the fitted slope is

equal to (26.629 ± 0.007) Hz/µT and thus not in agreement
with the literature value for the neutron gyromagnetic moment
| γn

2π
| = 29.164 693 1(69) Hz/µT [18]. Moreover, the intercept

of the fit is equal to (1921 ± 6) Hz instead of zero.
This discrepancy can be explained by the following consid-

erations concerning the magnetic field. First, the measurement
and stabilization of the magnetic field are performed at one

TABLE II. Larmor resonance frequencies measured for differ-
ent detuning frequencies δ f and different precession region lengths
L. For L = 450 mm and L = 550 mm, the average magnetic field
experienced by the neutrons is slightly different from the one with
L = 500 mm, resulting in a shift of the resonance frequencies.

L (mm) δ f (Hz) Resonance frequency (Hz)

500 50 24549.4 ± 0.4
500 100 24548.7 ± 0.3
500 200 24549.2 ± 0.4
500 400 24549.9 ± 0.4
450 100 24562.2 ± 0.4
550 100 24463.6 ± 0.3

FIG. 7. Larmor resonance frequency as a function of the nominal
magnetic field at the fluxgate position. The measurement was per-
formed with the precession region length L = 500 mm. The residuals
from the linear fit (solid line) with their error bars of order 0.3 Hz are
presented on the bottom of the plot.

single point, namely, the position of the fluxgate, while the
field experienced by the neutrons is averaged over the entire
beam path. Second, the electromagnet providing the mag-
netic field exhibits a small gradient between the position of
the fluxgate and the neutron path. To investigate this, the
magnetic field was scanned along the beam direction using
the same fluxgate. Figure 8 shows an example of such a mag-
netic field measurement along the beam path in comparison
with the value at the fluxgate position. An interpolating fit
with an eighth-order polynomial function was applied to the
data to extract the average magnetic field B0 seen by the
neutrons between the outer edges of the spin-flip coils (for
L = 500 mm this corresponds to the distance between 10 and
590 mm). In the presented case a field B0 = (839.1 ± 0.3) µT
was determined. The stated uncertainty is dominated by the
error on the fit parameters.

FIG. 8. Measured magnetic field profile along the neutron beam
direction (�) and at the fluxgate position (•) at a nominal field of
Bfluxgate = 850 µT. The solid line represents an eighth-order poly-
nomial fit to the data. The shaded areas illustrate the positions of
the spin-flip coils for a precession region length L = 500 mm. The
dashed horizontal line indicates the average magnetic field B0 =
(839.1 ± 0.3) µT which the neutrons experience over the distance
between 10 and 590 mm.
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FIG. 9. Average magnetic field B0 experienced by the neutrons as
a function of the magnetic field at the fluxgate position, Bfluxgate, with
a precession region length L = 500 mm. The solid line represents a
linear fit to the data.

The magnetic scanning was repeated for different field
settings, and the results are presented in Fig. 9. A linear
fit yields two parameters, i.e., a field-correction factor of
(0.909 ± 0.006) and an offset field value. The latter ex-
plains the aforementioned non-zero intercept: | γn

2π
| × (65.3 ±

5.0) µT = (1905 ± 146) Hz. Employing the field-correction
factor results in a revised value for the slope in Fig. 7 of
(29.29 ± 0.19) Hz/µT, which is now fully compatible with
the literature value. The increased uncertainty is caused by the
approximate 0.7% relative error on the field-correction factor.

VII. CONCLUSIONS

So far, the novel frequency-offset separated oscillatory
fields technique has been applied in several high-precision
measurements with atoms. Here for the first time, the FOSOF
technique has been adapted to a beam of polarized cold
neutrons. Multiple characterization measurements have been
performed at the spallation neutron source SINQ at the Paul
Scherrer Institut. FOSOF represents a useful alternative to
the traditional Ramsey method and provides an addition to
the portfolio in the realm of high-precision neutron spin
precession techniques. Potential applications concern exper-
iments where an absolute resonance frequency is determined,
e.g., the measurement of the gyromagnetic ratio and neutron
gravity resonance spectroscopy. Note, such high-precision ex-
periments additionally require a meticulous consideration and
mitigation of systematic errors and effects, e.g., magnetic field
drifts, in order to achieve the desired accuracy. Moreover, ab-
solute frequency measurements demand for the use of atomic
clocks as stable frequency references.
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