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Axion production and detection using a dual NMR-type experiment
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Axions that couple to nuclear spins via the axial current interaction can be both produced and detected
using nuclear magnetic resonance (NMR) techniques. In this scheme, nuclei driven by a real oscillating
magnetic field in one device act as an axion source, which can drive NMR in a nearby spin-polarized
sample interrogated with a sensitive magnetometer. We study the prospects for detecting axions through
this method and identify two key characteristics that result in compelling detection sensitivity. First, the
gradient of the generated axion field can be substantial, set by the inverse distance from the source. Near the
source, it reduces to the inverse of the source’s geometric size. Second, because the generated axion field is
produced at a known frequency, the detection medium can be tuned precisely to this frequency, enabling
long interrogation times. We show that the experimental sensitivity of a pair of centimeter-scale NMR
devices operating over a 15-day integration time can already surpass existing astrophysical bounds on the
axion-nucleon coupling. A similar sensitivity can be achieved with 10 centimeter-scale NMR devices with
only 1 hour of integration time. These dual NMR configurations are capable of probing a wide range of

axion masses, up to values comparable to the inverse distance between the source and the sensor.

DOI: 10.1103/y8rj-rpfg

Introduction. Axions are derivatively coupled light scalar
fields that appear in many extensions of the standard model.
They provide a compelling solution to the strong CP
problem, serve as viable dark matter candidates, and arise
naturally in string theory [1-7]. Their derivative couplings
ensure that the axion mass is protected from large quantum
corrections by a shift symmetry, broken only by non-
perturbative effects. Consequently, axions remain light, and
their interactions with the standard model are typically
extremely weak.

It is conceivable that axions persist but do not make up a
substantial cosmological abundance. If so, their detection
must rely on the production of axions in the laboratory. In
the case of axion-photon couplings, this has motivated
experiments employing light-shining-through-walls experi-
ments [8—16], which utilize radio or optical frequency
cavities with background electromagnetic fields. If an axion
carries both derivative (CP-conserving) and nonderivative
(CP-violating) interactions with nuclei, then it has been
proposed to generate axions with mechanical oscillators or
rotators and detect its presence using nuclear magnetic
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resonance (NMR) techniques [17-20]. For purely deriva-
tive couplings, existing searches for exotic spin-dependent
interactions using atomic magnetometers [21,22] focus on
the static limit where the axion mass is much larger than the
characteristic oscillation frequency (m, > w).

In this Letter, we present a novel production and
detection scheme for axions that relies solely on the axial
current interaction between axions and nucleons using a
pair of NMR-type experiments, providing the first com-
prehensive dynamical framework for laboratory-scale
axion production. Independent of the ambient axion abun-
dance, axion production is realized by an “inverse” version
of an NMR-based axion detector, where the precessing
spins of nuclei driven by an external alternating magnetic
field generate an oscillating axion field, which can in turn
be detected by an additional nearby NMR device. This
experimental setup extends current spin-precession axion
experiments, such as CASPEr [23-29], to probe axions not
sourced cosmologically.

Unlike axion dark matter, which oscillates at its mass and
has a finite coherence time, the NMR-generated axion field
is produced coherently at the nuclear spin precession
frequency, independent of the axion mass. This allows a
dual-NMR setup to probe a wide range of axion masses
with a single resonance frequency and enables much longer
interrogation times than typical dark matter searches.
Moreover, the axion field gradient—which drives the
NMR detector—is determined by the source geometry
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and distance, and can be significantly larger than the
corresponding gradient in the dark matter case. Together,
these features provide promising sensitivity to the axion-
nucleon coupling g,y, even though the generated field
amplitude remains much smaller than that of ambient axion
dark matter.

In this Letter, we will derive both the production and
response in NMR devices, present the projected sensitiv-
ities for specific experimental setups, and examine their
dependence on experimental parameters.

Axion field production. We start with the production of the
axion field from a spin-precessing source. The axial current
interaction between an axion a and a nucleon N is [30]

LD gun0,aNy*y N. (1)
This interaction gives the field equation for axions,
(07 = V2 +mg)a(t,x) = —gun0,j* (1. %), (2)

where j#* = Ny*y°N is the nucleon axial current. For a
nonrelativistic source medium with spin-1/2 nuclei, j is
twice the nuclear spin density, while the temporal compo-
nent j°° is negligible. The source term is thus a “spin
charge” distribution induced by the spin polarization of the
medium, p,(1,x) = —0,/°/(t,x), exciting the axion field
with a coupling strength g,y [31].

Supposing the source medium is uniform and the nuclear
spins are precessing in alignment, then j% (¢, x) ~ nyc'(z)
inside the source, with ny the nuclei density and () a unit
vector pointing toward the direction of nuclear spins at time
t. In this case, the “spin charge” only distributes at the
boundary of the source medium as surface charge,
> (t,x) = nyh - 6(t), where 1i is the unit normal vector
to the surface of the source at position x.

If the nuclear spins precess coherently at frequency wy,
the oscillating “spin charge” distribution will generate a
monochromatic oscillating axion field at the same fre-
quency. We separate temporal and spatial dependence using
a complex representation, writing () = e”®'¢ and
a(t,x) = e"’q(x), where the physical quantities are
obtained by taking the real parts.

The axion field produced by such a source, solved from
Eq. (2), is

n-o

a(x) = guvny ]{ d*x ekolx=x'|_ (3)

4r|x — x|

where ko = /i —m2 (f wy>m,) or ixy with ko=
Vm3 — o} (if @y < m,), i’ is the unit normal vector to
the source surface at x’, and the integration is performed
over the source surface. In writing down Eq. (3), we
assumed @y > 0, as it no longer represents the retarded
solution if @y < 0 [31]. The axion solution is divided into

two regimes, depending on the relative magnitudes of the
frequency w, and axion mass m,. For small axion masses
(m, < wy), the axion field is a propagating wave outward
from the “spin charge” with a wave number k, and an
amplitude decreasing with distance. For large axion masses
(m, > w,), the exponential decay factor e *0¥~¥| indicates
that the field is evanescent, decaying exponentially over a
distance 1/kq.

If the size of the source as well as the source-detector
distance are both small enough such that wy|x — x'| < 1,
for all masses m, <1/R the axion field satisfies the
near-field limit (ko|x — X'| < 1 or ko|x — x| < 1) and
reduces to

a(x) = gaNnN?{dzx/i.

In this regime, a(x) is independent of its mass m,, and the
precession frequency w, (except for the harmonic time
dependence factor we factor out). The produced axion field
can be considered as sourced instantaneously by the “spin
charge” distribution. For a GHz precession frequency, this
can be achieved with centimeter-scale NMR experiments.

The near-zone field, after including the harmonic time
dependence back into Eq. (4), can be intuitively understood
by drawing an analogy with electrostatics. For any instant ¢,
the axion field and its gradient are analogous, respectively,
to the electric potential @ and the negative electric field —E
induced by a static electric charge distribution identical to
the “spin charge” distribution, X(¢, x) = nyf - 6(¢), at that
moment. This correspondence is particularly useful for
understanding the configuration of Va(z,x) in the near
zone, which drives the NMR in the detection medium—at
any moment, positive “spin charge” draws a component
that points toward it, while negative “spin charge” leads to a
component that points away from it, as sketched in
Fig. 1 (left).

As the axion source, we consider a cylindrical system, as
shown in Fig. 1 (left), where the nuclear spins are polarized
by a static magnetic field B, = B(Z in the +z direction and
the NMR is driven by an alternating magnetic field B;(¢) in
the xy plane. The frequency of spin precession and the
produced axion field @, is given by the Larmor frequency
of the nuclei, wq = |yBy|, where y is the gyromagnetic ratio
of the nuclei. We further assume the source sample is
hyperpolarized and the nuclear spins maintain a 90° tilt and
precess completely in the xy plane, such that 6 = X F iy
(—fory > 0 and + for y < 0) [41]. The resulting near-field
Va(t, x) rotates in the opposite direction as the bulk nuclear
spins at the frequency @, inferred from the rotating surface
“spin charge” on the lateral surface of the source cylinder.

For illustration of the magnitude of the produced axion
field, we take the example of such a spin source
with a height-to-radius ratio H/R = 3 and its center located
at the origin. We assume a number density of
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Summary of the experimental proposal. Left: the sketch of the experiment. Right: the projection of the 95% C.L. upper limit of

axion-nucleon coupling g, as a function of axion mass m,,. The material in both the spin source and spin sensor is '2?Xe, with a number
density ny = 1.3 x 10?> cm™3 and a Larmor frequency w, = 0.74 GHz, which corresponds to a static magnetic field of B, = 10 T, and
we take the transverse relaxation time to be T, = 100 s. For '*Xe, g,y =~ 0.600g,, + 0.046g, »» Where g, and g,,, are axion-neutron and
axion-proton couplings. The source and the detector cylinders’ radii are varied by R = 10 ¢cm, 5 cm, 1 cm, and 1 mm, with their heights
fixed at H = 3R. The two cylinder axes are separated by 3R and the pickup loop is placed at the near end of the sensor medium. The
observation time for the solid lines is 7 = 1 yr, while the dashed lines use the same setups as the solid lines in the same colors, but run
for different observation times. The astrophysical bounds on g,y from neutron star cooling [38] and SN 1987A [39] are shown in gray-
shaded regions, the same as those taken in Ref. [40]. The QCD axion parameter space is shown in the orange-shaded region. For
comparison, the CASPEr-gradient projection [26] is overlaid, which relies on the assumption of axions as 100% dark matter.

ny = 1.3 x 10?2 cm™3, with both the field and the gradient
scaling linearly with the density. Carrying out the numeri-
cal integral of Eq. (4), the near-field solution outside the
source and its gradient display a power-law behavior along
the radial distance on the xy plane,

x\ 1o JaN R
%) 2.4 pev (2 a E
alxk) =24 pe <R> (10—10 Gev—1> (10 cm> ®)

N o —26 9aN
axa(xx) ~-7.6 HCV E W . (6)

Although the axion field is significantly smaller than that of
any cosmological population of axion dark matter field, its
gradient is relatively enhanced by |d.a/a|~1/R~
1 peV(R/10 cm)~! from its spatial inhomogeneity, which
is about 4 orders of magnitude larger than that for axion
dark matter with peV masses [42]. Note that while the
experimental setups discussed in this paper are around the
near-field limit, we use the full-form solution, Eq. (3), to
make our final projections.

Axion field detection. For a nonrelativistic nucleus, the
interaction Hamiltonian arising from the Lagrangian in
Eq. (1) is

Hiy = —2g,4Va(t,X) - S, (7)

where S is the nuclear spin operator. Comparison with the
Zeeman interaction of spins in a magnetic field suggests

interpreting the influence of the axion as inducing an
effective magnetic field,

B, (1,x) ngaNVa(t, x). (8)

The oscillatory gradient of the axion field derived in the
above section will generate this effective magnetic field that
can drive another NMR device nearby as a spin sensor.

We consider a spin sensor analogous to the production
source we discussed above—a highly polarized homo-
geneous medium with gyromagnetic ratio y, engulfed in a
uniform magnetic field By, = ByZ in the +z direction. We
assume the source and the detection medium have the same
Larmor frequency w, so that the nuclear spins in the
detection medium are resonantly driven.

Following a similar procedure to that in Ref. [40], we
solve the Bloch equation of the detection material driven by
the axion-induced magnetic field B, [31]. The axion-
induced transverse magnetization M, is

M (1.%) 2 gy My To | A(X) (1 = e/72) sin(wgt + p(x)).

©)

where My = nyy/2 is the initial magnetization along the
z-axis for a hyperpolarized spin-1/2 sample, T, is the
transverse relaxation time, A(X) = d,a(x) + id,a(x) (+
for y>0, — for y<0) is the combination of
the derivatives of the axion field that drives M, ¢(x) is
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the phase of A(x), and we have taken the real part of M, as
the physical solution.

In the short-time limit r < T,, the amplitude of the
transverse magnetization grows linearly in time since
1 —e /T2 ~t/T,, while for ¢ > T,, the growth saturates
and M .(t) becomes monochromatic,

M. (t,x) = ganMoT>| A(x)] sin(@ot + @(x)).  (10)

We analyze this saturated signal in the frequency domain.
Following the definition and procedure in Ref. [40], we
calculate the power spectrum density (PSD) of M, in the
t > T, limit, for any location [31],

2 MAT2 2 Aw, T
PZ(X)zg”N Zw%';l(x)' sin2< C;k ) (11)

where T is the observation time, the subscript k corre-
sponds to the frequency index with frequency w; = 27k/T,
Awy = o, — w is the frequency difference, and we only
retain the term that peaks at k > 0. The monochromatic
signal lies dominantly in a single bin at k, = wyT/2x
where the PSD peaks.

Experimental sensitivity. For illustration, we consider a
double-cylindrical NMR setup consisting of a spin source
and a spin sensor with the same geometry, as shown in
Fig. 1 (left). To match the Larmor frequencies of nuclear
spins in both devices, the source and sensor media are made
of the same material and are polarized in the same static
magnetic field B, aligned with the cylinders’ longitudinal
axis (z-axis) [43]. A transverse oscillating magnetic field
B, (#) is applied to drive nuclear spin precession inside the
spin source, which is enclosed within a magnetic shield
[31] that prevents B, (¢) from affecting the spin sensor [46]
and is appropriately modulated to keep a stably sustained
coherent spin precession, and we assume the spins to keep
hyperpolarized in the xy plane [47]. The spin sensor is
placed adjacent to the spin source (along the x-axis) to
maximize the axion-induced signal. The source and sensor
could be either within a single solenoid or one could
employ two individual solenoids tuned to the same Larmor
frequency.

The transverse nuclear magnetization M, in the sensor
medium driven by the axion-induced magnetic field B, is
measured with a SQUID magnetometer, which probes the
magnetic field induced by M, at its pickup coil. Since the
axion field declines with the distance from the spin source,
the transverse magnetization M, in the detection sample
and its induced magnetic field are not uniform along the x
direction. To optimize signal strength, we consider a
SQUID pickup coil at the near end of the sample, as
depicted in Fig. 1 (left) [31].

To present the prospective detection sensitivity
to g,n, We choose the source and the detection media to

be pure '?°Xe, which has a number density of ny = 1.3 x
102 cm™ and a nuclear gyromagnetic ratio of
y =—=7.40 x 107 s7! T~!, and we assume the transverse
relaxation time of the detection sample to be 7, = 100 s
(as chosen in other proposed axion spin-precession experi-
ments [23,40]). We take By =10 T, giving a Larmor
frequency w, = 0.74 GHz for '*°Xe nuclei, and assume
that both the source and detection samples are
hyperpolarized.

The results are shown in Fig. 1 (right), where we present
the projected sensitivities for a pair of cylindrical NMR
devices with radius R = 0.1, 1,5, 10 cm, height H = 3R,
and their cylinder axes separated by 3R. The 95% C.L.
upper limits are derived by the Bayesian likelihood
analysis [31]. For small axion masses (m, < wg), the
experiment is in the near-field regime of the produced
axion field [53]. With a 15-day integration time, a pair of
R =1cm NMR devices can achieve sensitivity below
axion-nucleon couplings g,y constrained from cooling of
neutron stars and observations of supernova 1987A [54]. A
similar conclusion can be reached with only a 1 hour
integration time and a pair of R = 10 cm devices.

Since the produced axion field is coherent and oscillates at
the Larmor frequency ,, independently of its mass, one can
achieve a broad-band axion search with a single driving
frequency and run the experiment for long durations. Thus,
we also project the sensitivities for a one-year integration time
with the aforementioned setups, which are greatly improved.

The maximal axion mass that can be probed with this
configuration is set by the inverse radius of the spin source,
m, ~ 1/R, above which the exponential suppression in
Eq. (3) becomes significant. Therefore, by decreasing the
radius of the cylinder, searches can be readily extended to
larger axion masses. With 1/R ~20 peV(1 cm/R), one
can probe axions with masses above the maximal NMR
frequency that can be achieved experimentally (~1 peV),
which sets the maximal detectable axion mass for
CASPEr [55].

The sensitivity scaling of the experiment with various
parameters can be understood using the signal-to-noise
ratio (SNR). The signal lies predominantly in the frequency
bin of k, = ,T/2x, such that SNR = P{ /B, , with
B, = P{2 + PSP the background noise PSD, where P}?
is the SQUID noise and P;¥ is the spin projection
noise [56]. Setting the SNR to a constant threshold and
plugging in the expressions for P{ and B; (which is
dominated by Pif for the benchmark parameters we

consider), we can solve for the scaling behavior of the
experimental sensitivity to g,y [31],

v & ny T ATIAVIAG(xo) T2, (12)

where V is the volume of the detection sample and G(x) =
A(x)/gayny is a dimensionless function that depends on
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g, m,, and the geometry of the source sample, H/R. In the
configuration we consider, G(x) is evaluated at the near end
of the spin sensor, xq = (2R, 0,0), with the origin at the
center of the source cylinder.

The sensitivity scales simply with ny, 75, T, and V,
which account for the scaling of curves in Fig. 1 for
different choices of device sizes and interrogation times,
while its dependence on wy, m,, and geometry is implicitly
contained by |G(x()|. For example, in the near-field limit,
with xo = (2R,0,0), |G(x()| attains its maximum at
H/R ~ 3, motivating the benchmark source-sensor geom-
etry used for the projections. We provide detailed discus-
sions on the general behavior of |G(X()| in Supplemental
Material [31].

Specific to the 95% C.L. upper limits of g,y derived with
a Bayesian likelihood framework in Fig. 1 (right), we take
the near-field value, |G(xq)|=0.05, for the optimized
height-to-radius ratio H/R = 3, which corresponds to
the small m,, region for the aforementioned configurations,
then

(UL) 11 ~1 ny ~3/4
~2x 1071 GeV! [ ——— N
gan~ =2 X ¢ <1.3 x 1022 cm3>

T -1/4 T -1/4 \% -1/4
x [ —2 - 5 . (13)
100 s I yr 0.01 m

where V ~0.01 m?
configuration.

corresponds to the R =10 cm

Discussion. The sensitivity reach can be further improved
in future experiments by leveraging an NMR sample
material with a larger nucleus density ny and a longer
transverse relaxation time 7,, interrogating for an integra-
tion time 7', or building a spin sensor with a larger effective
volume V that is efficiently transversely magnetized by the
axion field. Since the axion field produced by the spin
source declines as a power law of x/R, the maximal
effective volume V that can be achieved should be about
the same order of magnitude as the volume of the spin
source. In addition, the size of the effective volume ~V1/3
is also limited by the wavelength of the produced axion
field ~1/k, beyond which M, is out of phase and has no
positive contribution to the signal [31].

While we adopt wy ~ GHz—about the highest NMR
frequencies achieved experimentally—to obtain the sensi-
tivities in Fig. 1 (right), a lower @, would neither weaken
the sensitivity reach nor reduce the maximal axion mass
accessible to the setups. As long as wyR < 1, the low-mass
sensitivities are governed by the near-field value,
|G(xo)| 2 0.05, and the upper mass limit is set by

m, ~ 1/R, both independent of w,. However, if, with
either a larger Larmor frequency w, or a larger size of
samples R (which requires a precisely uniform static
magnetic field of larger size in larger volume), future spin
source setups could achieve wyR =~ 2.5, where |G(x()| (for
H/R = 3) reaches its peak value of ~0.8, sensitivities in
the small m,, region can be strengthened by a factor of 4
compared with the near-field ones. On the other hand, a
larger @y (and hence smaller radius) can extend the
sensitivity reach to larger axion masses, since the expo-
nential decay occurs only when m, exceeds w, and
Ko = \/m% — w} exceeds 1/R.

Although the experiment can, in principle, be run
continuously for a total observation time due to the
coherent nature of the produced axion field, as we show
in Supplemental Material [31], the sensitivity of a con-
tinuous experiment for an observation time 7" is equivalent
to that of multiple separated experiments with a total
integration time 7. This makes the experiment more
applicable and reliable since one can calibrate the apparatus
daily or hourly and conduct multiple experiments simulta-
neously with multiple sets of devices, without weakening
the ultimate detection sensitivity.

In summary, we solved for the full dynamical picture of
axion production and detection with nuclear spin preces-
sion and found that by combining two NMR experiments,
one can achieve considerable sensitivity to axions solely
through the axion-nucleon coupling. It is also worth noting
that combining NMR devices with resonant cavities or
other techniques could allow for the production and
detection of axions through both the axion-nucleon and
axion-photon couplings, thereby enabling probes of the
product of these coupling strengths with possibly better
sensitivities.
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