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A new technique to search for new scalar and tensor interactions at the submicrometer scale is presented.
The technique relies on small shifts of nuclear y lines produced by the coupling between matter and the
nuclei in the source or absorber of a Mossbauer spectrometer. Remarkably, such energy shifts are rather
insensitive to electromagnetic interactions that represent the largest background in searches for new forces
using atomic matter. This is because nuclei are intrinsically shielded by the electron clouds. Additionally,
electromagnetic interactions cause energy shifts by coupling to nuclear moments that are suppressed by the
size of the nuclei, while new scalar interactions can directly affect these shifts. Finally, averaging over
unpolarized nuclei, further reduces electromagnetic interactions. We discuss several possible configura-
tions, using the traditional Mdossbauer effect as well as nuclear resonant absorption driven by synchrotron
radiation. For this purpose, we examine the viability of well-known Md&ssbauer nuclides along with more
exotic ones that result in substantially narrower resonances. We find that the technique introduced here
could substantially improve the sensitivity to a variety of new interactions and could also be used, in
conjunction with mechanical force measurements, to corroborate a discovery or explore the new physics

that may be behind a discovery.
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I. INTRODUCTION

Light, weakly coupled particles emerge in many theories
of physics beyond the standard model. Examples of such
particles include scalars such as moduli [1] and relaxions
[2—4] that are tied to solutions of the hierarchy problem as
well as mediators between the standard model and the dark
sector. These particles can be experimentally probed by
searching for the new forces they mediate between standard
model particles. Current limits [1,5] on such forces are a
strong function of the range (i.e., mass) of the new particle.
Roughly, for distances greater than tens of microns, the
strength of the new force is constrained to be weaker than
gravity. But, at distances below the micron scale, forces that
are many orders of magnitude larger than gravity are still
allowed.

There are two fundamental reasons for this sharp
dependence of the sensitivity on the range. First, as the
range decreases, only a progressively thinner sliver of
material is at the correct distance to probe the interaction,
so that the force becomes weaker. Second, and more
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importantly, in the case of experiments based upon the
interaction between atomic matter [6], electromagnetic
effects such as Casimir forces [7] and gradient interactions,
such as produced by patch potentials, increase rapidly at
short distances, resulting in overwhelming backgrounds.
While conductive shields can mitigate both effects, prac-
tical considerations related to the small distances involved
and the finite conductivity of materials limit their effective-
ness in the very short range regime. Indeed, while to-date
no experiment using interactions between atoms has
reported the discovery of a new force at the sub-mm scale,
it is reasonable to ask whether these techniques would offer
sufficient redundancy and cross checks to support a positive
claim of extraordinary importance. The use of neutrons,
with a charge radius that is much smaller than that of atomic
matter, has also been pursued in scattering experiments [8].
Although in this case the systematics are very different, the
sensitivity is substantially lower due to the difficulty in
obtaining suitable neutron sources.

It is thus interesting to investigate sensing platforms that
might naturally suppress the large electromagnetic back-
grounds while retaining sensitivity. In this paper, we point
out that there is an enticing possibility to probe the direct
coupling of nuclei to scalar and tensor interactions. This
can be achieved by studying, by means of Mossbauer
spectroscopy [9], the very small energy shifts expected
when nuclei are exposed to new scalar and tensor
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FIG. 1. Conceptual sketch of the type of experiment proposed.
The distance d between attractor and absorber can be adjusted to
probe the effect of a new interaction. The attractor may not even
be a self-supporting foil but, rather, a layer of a solid grown onto
the absorber. The distance ¢ between source and absorber and the
exact geometry of the two Mdossbauer foils and of the photon
detector are inessential and can be optimized differently for
different experimental realizations.

interactions. The magnitude of such a shift only depends
upon the strength of the interaction and is unsuppressed by
nuclear moments. At the same time, electromagnetic effects
on nuclear energy levels are significantly suppressed, being
shielded by the electron clouds. Moreover, electromagnetic
effects can shift nuclear energy levels only through multi-
pole effects, and these multipole moments are suppressed by
the size of the nucleus. Further, these multipole moments are
set by the spin of the nucleus. In a sample where the spins are
not aligned, these effects will average down, unlike the
effects of the signal from a new scalar interaction. We note
that this method will not be useful in searching for new
vector forces, since those are analogous to electromagnet-
ism, and their effect on nuclear energy levels will be
suppressed accordingly. One may take the point of view
that such a limitation can actually be exploited to measure
the spin of the new mediator by comparing a search with this
technique with one using atomic matter.

In the following, we investigate different Mossbauer
setups and sources to search for such scalar and tensor
forces. We begin in Sec. II with a conceptual overview of
the setup, estimating the likely systematics. We then
discuss three possible experimental realizations in
Sec. III. In Sec. IV we estimate the effects of the new
interactions on nuclear energy levels and compute the
potential reach of the experimental approach. Finally, in
Sec. V, we conclude.

II. CONCEPT

In the scheme proposed here, generically illustrated in
Fig. 1, photons are emitted by a Mdssbauer source. The

resonant reabsorption of these photons by an absorber is
tested when the source or the absorber are perturbed by an
“attractor” that generates the new interaction. A change in
the reabsorption cross section as a function of the distance d
between the “attractor” layer and the source or the absorber
would reveal the existence of the new interaction.

In the rest of the paper, we will use the terms ““source” and
“absorber,” even if, in some cases, the two maybe identical.
Further, the device generating the new interaction will be
called “attractor” irrespective of the sign of the interaction.
While, at least in principle, the attractor can be setup to
perturb either the source or the absorber, it will arbitrarily
assumed that the absorber is perturbed. The choice between
the two possibilities will depend on the technical details of a
design. Typically the new interaction is applied across a
planar gap, although other geometries are possible.
Likewise, in Fig. 1, the effect is notionally illustrated by
measuring the absorption of photons with a detector that is
coplanar with the absorber, but other schemes whereby the
incoherent reemission from the absorber is used are also
possible. The attractor can be thought of as a self-supporting
slab, as illustrated in Fig. 1, positioned at variable distances
from the absorber by means of piezoelectric actuators. In this
fashion one can plausibly adjust the distance down to a
fraction of a micron, for properly planarized surfaces in
vacuum. However, in a different scheme, a solid layer can be
condensed on the surface of the absorber, with the thickness
of the layer setting the distance scale probed. Xenon may be
an ideal choice for this application, owing to the high
freezing temperature and large atomic mass. The use of
separated isotopes would also allow to test the influence on
the measurement of the number of neutrons and the
nuclear spin.

The relationship between the new force and the energy
shift, AE, is discussed in Sec. I'V. The resonant absorption
cross-section of a photon of energy E, is given by

2z 1 2I'+1 ('/2)?
E*1+p2I+1(E-E,)?*+ (I/2)?

UO(E;/’ E) =

(1)

where I" and E are, respectively, the natural line width and
energy of the resonance, f the internal conversion coef-
ficient and I (I') the spin of the ground (excited) state. The
observed width may be larger than the natural one, because
of nonhomogeneous condensed matter conditions around
the nuclei of interest. Such a spread is often modeled as a
Gaussian function, to be convolved with the expression (1).
It is clear that, for the present purpose, the system should
approximate the natural line width as closely as possible
(and the nuclides with the narrowest I" provide the best
probes). Apart from line broadening, in some cases con-
densed matter effects may result in line shifts that may be
different in sources and absorbers. These play no role in the
measurements proposed here, since they can be calibrated
out with the attractor in a retracted position.
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Sensitivities to AE in the range 10713 eV to 1077 eV are
found in Sec. IV to be achievable from the line widths and
counting statistics in systems using known technology.
Here we examine the limits imposed on these measure-
ments by the backgrounds produced by electromagnetic
coupling to the attractor. These would arise as shifts of the
transition energies, 6E;;,,, that cannot be easily distin-
guishable from the shift, AE, due to the signal. 6E;,, for a
single nucleus, can be estimated for Casimir forces, patch
potentials and magnetic impurities. The electric field due to
the Casimir effect between two plates that are separated by

: : Casimir ~, 4rn m
a distance d is SEu " ~ (/557

energy shift to a nucleus through the electric quadrupole

so that the resulting

d3
and agy is the fine-structure constant. Taking, conserva-
tively, ry to be the radius of the tantalum nucleus and
~ 10-8 ; imir ~, 10~13 ;
d=~107° m, an energy shift éEg,f;T” ~ 107" eV s
obtained. Electric fields from electrostatic patch potentials
roughly scale as Vj,/d where V ~ 100 mV for distances

d ~ 10 nm [10], resulting in a shift 5E‘;2tg°§ ~ 10715 eV.
Finally, ferromagnetic domains in the attractor should
contain fewer than ~100 polarized spins in the 10 nm
scale when the attractor is at d ~ 10~ m, inducing line
shifts SE)"% < 10710 eV. Since, at first order, these back-
grounds couple to magnetic dipole and electric quadrupole
moments of nuclei, for unpolarized samples the overall
shift will be averaged down as 6Ey;,y/+/N,, where N, is
the number of nuclei participating in the resonant absorp-
tion experiment (i.e., the number of events in the experi-
ment). Typical experiments discussed in the following use
N, 2 10, so that, even the largest background shift

. Mag
discussed here, 6Ey, .

sufficient level not to limit the sensitivity. The nucleus-to-
nucleus difference in 6E;,, will result in a small line
broadening, however such broadenings should be measur-
able independently from the energy shifts.

Second order electromagnetic shifts can arise through
the chemical/isomeric shift in the nucleus. Unlike the first
order effects discussed above, these do not average down
with the number of events and arise due to the overlap
between the electron clouds and the finite size of the
nucleus. The intrinsic value of the resulting shift is
dominated by the inner electrons that are closer to the
nucleus. This shift becomes a background to the measure-
ment only if its magnitude changes with the distance
between the attractor and the absorber, as it can be the
case when the electric field from the attractor polarizes the
electron clouds. It can be verified that this effect is
dominated by the outermost electrons. The contribution
of the outermost electron clouds to chemical/isomeric shift
is &5 x 107 eV for ironlike elements [11,12]. An electric
field E, will change the overlap of the outermost s-electron

2
. Ta, r . .
moment is & / % X where ry is the size of the nucleus

is expected to average down to a

by ~agy(Egag/w,)* where ag is the Bohr-radius and w,
the binding energy of the electron. Taking typical values
ag ~0.05 nm and w, ~ 10 eV, it is estimated that this
energy shift is dominated by Casimir forces and is
~3 x 1075 (18Mm)4 eV 1t is likely that smaller shifts than
this can be obtained with a judicious choice of the
chemistry of the absorber. For example, if the absorber
is made of an ionic compound of iron where iron is doubly
oxidized, its outermost s-electrons would have a reduced
overlap with the nucleus. Since these electrons are the ones
that are most easily polarized, the shift is likely to decrease.
Given the uncertainties, we will conservatively take this
line shift to be 10714(120m)4 ¢V, While this number was
calculated for iron, due to the dependence of the effect on
chemical properties of the absorber, we will use it as a limit
to the sensitivity of other nuclei as well. At 10 nm, this shift
is larger than the statistical sensitivity that could potentially
be reached by the experiment, but since it drops rapidly
with distance, it quickly becomes subdominant. Note that
lattice imperfections can give rise to first order effects
wherein defects cause an intrinsic polarization of the
electron cloud which can then couple to these electric
fields at first order. However, these do average down and
are subdominant to the effects discussed above.

Two types of temperature effects need to be considered
in analyzing systematics for the proposed measurements
[13]: the second order Doppler shift and the Lamb-
Mossbauer effect. The second order Doppler shift can be
understood as the dilation of proper time for nuclei
undergoing thermal vibrations in the lattice, resulting in
a shift, 5E .y, dependent on the temperature. Unlike the
linear counterpart, this effect does not average out in the
lattice. The temperature dependence [14,15] is
~10711(T /300 K)? eV/K, resulting in shifts that can be
caused by temperature drifts. There are two possible
strategies to mitigate these effects. The first is to run the
experiment at low temperatures (e.g., ~4 K), where the
value of the shift is smaller than the line shifts of interest.
The second consists in monitoring the temperatures of the
source and the absorber and correct for the effect. A
combination of these approaches could also be pursued.
For example, if the system is cooled to ~30 K, the average
temperature of the system needs to be known to within
100 mK over the course of the measurement to keep
systematic shifts below 107! eV. An additional consid-
eration that arises from the second order Doppler shift is the
possibility that the Debye temperature of the lattice may be
changed by electromagnetic backgrounds when the attrac-
tor is brought near the absorber. For the electric field to
change the Debye temperature, it has to cause relative
motion between the atoms in the lattice, analogous to a tidal
effect. Further, since the atoms are neutral, the leading
order force on them is through a dipole moment. This effect
should also be suppressed by the mass of the nucleus and
the intrinsic stiffness, i.e., the Debye frequency of the
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TABLE I. Properties of some nuclides of interest [17] ordered
by the half life of the Mssbauer transition 7'y ;. E and I are the
energy and the natural line width of such transition, the latter
calculated from the half-life. The four nuclides above the line
have relatively short half lives and are mostly discussed in the
context of traditional Mossbauer setups, while nuclides below the
line are though of as more aggressive options, requiring sub-
stantial R&D and the use of excitation by synchrotron radiation.

Nuclide E (eV) Ti) T (eV) I'/E

3¢Fe 14413 983 ns  47x107°  64x1078
13Ge 13328  292pus  16x10710  12x107%
181Ta 6,237  6.05us  75x107'""  1.2x 107"
§77n 93300  9.07us  5.0x107'""  54x10716
43Se 12400 318 ms  14x107%  1.13x 107"
YAg 93,125 443s  1.03x 1077 1.1 x107%
1%Rh 39,753 56.1 min  1.36x 107" 34 x 107
1%90s 30814  58hr  22x107%  7.0x107%

system. Thus, the fractional change to the line width is at

most SE/E ~ (5,(%“)2 M%)D)z where &, is the electric field
over a distance d, d, the electric dipole moment of the
atom, M the mass of the nucleus, and 6, the Debye
temperature of the lattice. In deriving this estimate, we have
made use of the fact that terms that are linear in the intrinsic
“velocity” of the nucleus in the lattice do not cause line
shifts. It can be verified that this effect is significantly
smaller than the second order chemical shift dis-
cussed above.

The second effect of the temperature is through the
Lamb-Mossbauer factor which changes the fraction of
recoilless emission from the source. While this is not a
line shift, it will change the number of resonant events,
simulating a shift of the emission or absorption lines. At

E 2272

temperatures 7 < @p, this fraction is e ! % ) [16]. For
Mossbauer emissions E = 10 keV, 6, ~400 K and
T =~ 30 K, the temperature coefficient of the resonant rate
is ~10~* K~!. For this effect not to exceed the statistical

TABLE II

fluctuations over the 10'3 events/month considered in
Sec. 1V, is sufficient to limit or measure temperature
fluctuations at the 3 mK level. This systematic can also
be mitigated by continuously normalizing the resonant rate,
e.g., using two absorbers, one of which is not perturbed by
the attractor.

III. EXPERIMENTAL REALIZATION

We investigate the potential of traditional sources with
modest lifetimes and natural line widths 1071 <T' <
107 eV. Those are listed above the line in Table I. For
these nuclides, the traditional Mossbauer effect has been
experimentally demonstrated with line widths comparable
to the natural ones. As discussed in Sec. IV, we find that
traditional Mossbauer experiments based on these nuclides
can be used as competitive probes for new forces with
range as short as 100 nm and, possibly, shorter.

Nuclides in the second part of Table I could plausibly
further improve the sensitivity of the technique, owing to
the exceedingly narrow natural line widths. For this reason,
these nuclides may be also competitive with force mea-
surements for distances larger than 100 nm. However,
substantial work is required to take advantage of these very
sharp resonances, possibly in conjunction with the use of
synchrotron radiation for their excitation.

A. Traditional Mossbauer technique

In the traditional Mossbauer technique, the appropriate
nuclide Ny is produced directly in the isomeric state Ny,
from a different progenitor nuclide Np, using a beta or EC
decay with a convenient half-life. Hence, the source is
intrinsically nonhomogeneous. The absorber can be
entirely made of the nuclide Ny, in its ground state so
that, typically, there is an energy shift between emission
and absorption lines. More parameters for the four nuclides
at the top of Table I are shown in Table II, where the natural
line widths are compared with experimentally obtained
values (in the >’Fe case by commercial sources). In our
application, the attractor has to be brought in close

For the first four nuclides Ny, in Table I, left columns: decay energy (E), natural line width I" and line width I'gxp derived

from data reported in the references listed. In the case of ’Fe, I'gxp is that of a commercial supplier, indicated in the reference. /3 is the
internal conversion coefficient, as already mentioned, # is the resonant mean free path, in a sample of pure Ny, calculated from Eq. (1),
and 7 is the fraction of decays of the parent nuclide Np landing in the Mdssbauer state. Right columns: properties of the commonly used

parent nuclides.

Mossbauer Decay

Parent Properties

Ny E@V) T (V) Texp @V)  Texp/T Ref. B £mm) n  Np Decay mode Half life (d)
SiFe 14413 47x107°  ~5x107° ~l  [18] 8.56 48 0.89  37Co EC 272
BGe 13328 1.6x107'% 16x1070 ~1  [19] 112x10° 32x10* 1  ZAs EC 80.3
®'Ta 6237 75x107'"" 55x107° 75 [20] 70.5 180 1 8w EC 121.2
$%Zn 93300 s50x107"" 75x107" 1S [21] 0.87 33x10° 1 $Ga EC 3.2
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proximity to the source or the absorber. Since source
preparation is complex, here we concentrate on the
absorber that needs to be thick enough to provide full
resonant absorption, to achieve the best contrast, while, at
the same time, no thicker than the range at which the new
interaction is tested. The resonant mean-free path, £, can be
derived from Eq. (1). An efficient absorber for >’Fe can be
made by coating some inert substrate with a layer suffi-
ciently thin to reach attractor distances below 100 nm. From
the values of # in Table 11, it appears that similar properties
can be achieved with '8!Ta using a few-layer array of
absorbers and attractors. 3Ge and ®’Zn are not suitable
for the study of short distance interactions, unless an
arrangement can be found to apply the attractor to the source.

In order to maximize the statistical power of the
measurement, it is also important to use a system in which
the product (ﬁ)n is maximized. Here 7 is the fraction of
decays of the progenitor feeding the Mossbauer state. Since
low energy transitions have larger internal conversion

coefficients, the desire for a large ﬁﬂ is at odds with the

other requirement that the Mdssbauer transition should
have low energy, so that a substantial fraction of decays is
recoilless at room temperature. The recoilless fraction is not
shown in Table II because it depends on the matrix of the
source and the absorber, but for >’Fe, 7*Ge, and '8!Ta in
metallic matrices can be assumed to be around 70% at
300 K. The Méssbauer transition in °’Zn has a much larger
energy and hence a substantial recoilless fraction can only
be achieved at low temperature, as was done in [21].

In an ideal experiment, similar statistics would be
acquired without attractor, with source and absorber in
perfect resonance, and with the attractor potentially shifting
the line. Because of the shift between source and absorber
due to the different matrices, some mechanism to scan the
lines is required. This is usually achieved using Doppler
drive systems where constant velocity is often achievable
for the majority of the stroke. An alternative technique may
consist in producing a shift with an external magnetic field,
which can be properly tuned and operated statically during
data taking. The shift produced in this way is %10~ eV/T.
However, while this solution may be ideal when the
excitation is provided by synchrotron radiation and only
subline width shifts are required, when different matrices in
the source and absorber require larger shifts, the efficiency
may be reduced because magnetic splitting will produce
several lines, only one of which can be used in the
measurement.

From the discussion above, it appears that the most
common source, 'Fe, is also best suited for the technique
described here, using a traditional Mossbauer setup. In
Sec. IV the sensitivity is computed for the cases of 3'Fe
using an activity of 100 mCi, and a +10° collimation,
resulting in a 0.03 sr solid angle and a 6% line broadening,
as would be the case for the usual Doppler tuning.

B. Coherent synchrotron light excitation

Since the advent of synchrotron light sources, the
possibility has arisen of directly exciting the isomeric state
from the ground state by the absorption of a photon [22,23].
For the purpose of interest here, this has the advantage that
source and target can be made out of the same material and
resonant absorption is achieved automatically, with a
minimum amount of line shift required to scan the
resonance and probe the signal from a new interaction.
Hence, the use of a magnetic field to shift the line, as
mentioned above, is expected to be the technique of choice.
More importantly, the use of excitation by synchrotron
radiation opens the possibility of using nuclides for which
there is no obvious production scheme with the traditional
method. Because of the homogeneous nature of the source,
it is also possible that ultrasharp lines, such as those
resulting from the nuclides in the second part of Table I,
can be eventually approached.

Other peculiar properties of synchrotron light excitation
may not be relevant here. While in all cases Mossbauer
spectroscopy relies on the coherent recoil of an entire
crystal, the radiation emitted after synchrotron light exci-
tation is also coherent in the sense of superradiance [24],
whereby the emission can be considered as a wave common
to the entire crystal. In this picture, the exponential decay of
the isomeric state should be thought of as the decrease in
the amplitude of the wave and sufficiently large energy
shifts between source and absorber manifest themselves in
“quantum beats” modulating the exponential decay. In
practice, energy shifts at the threshold of detection, gen-
erally contemplated in the measurements discussed here, do
not produce appreciable modulation and their detection has
to be based on the more mundane overall rate decrease.
Furthermore, the drastic background reduction afforded by
the fast synchrotron pulses, allowing for the observation of
the resonance as nuclei de-excite after the end of the pulse,
is only applicable to cases where the lifetimes are shorter
than the repetition rate of the synchrotron light.

The main limitation of the excitation by synchrotron
radiation derives from the achievable statistics. This is
because of the substantial mismatch between the spectral
density of the synchrotron radiation and the exceedingly
sharp absorption line of the isomeric transitions. Dedicated
monochromators exist at least at the APS (Argonne
National Lab, USA) [25] and SPring-8 (Japan) [26] with
~1 meV linewidth and peak intensities of 5 x 10'® y/s at
14.4 keV (BLO9XU beamline of SPring-8). With this
state of the art equipment, 5 x 107 (1.4 x 10~'?) of the
available photons are useful to excite the >’Fe (**Sc)
transition, resulting in an integrated rate of 10'* month~!
(6 x 10° month™"), after accounting for the gamma con-
version factor f. The first figure already exceeds the rate of
10" month™! expected for the 100 mCi traditional source
collimated to +10° discussed in the previous section. While
an experiment at a synchrotron radiation facility is more
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involved than a traditional MoOssbauer one, shorter run
times, consistent with typical beam line usage appear
realistic and the possibility of magnetic tuning may
represent an appealing option. While an alternative
approach to further increasing the resonant event rate is
offered in the following section, it is also possible that the
advent of proper x-ray lasers [27] will result in sources with
narrower band and higher spectral density.

C. Three-state synchroton light excitation

The poor coupling between the energy spectrum of the
synchrotron and the isomeric transition may be mitigated
using a three-level system, as illustrated in Fig. 2. The
higher energy state N** is excited by synchrotron radiation
with good efficiency, owing to its substantial width. N**
then spontaneously decays into the Mossbauer state of
interest, Nj,. While this process does not involve the
coherence mentioned above and, hence, it is not expected
to produce quantum beats, as discussed this is not important
for the current application.

The mechanism requires a state N** with sizeable
amplitudes connecting it to both N}, and the ground state
N. This appears to be the case at least for '%°0s, with a N**
state of J© = 7/27, energy 216.67 keV and half life 0.4 ns.
The excitation energy is challenging but not out of reach for
synchrotron radiation sources. Importantly, the strength of
the transition N** — N3, k* = 100, is comparable to that
of the transition N** — N, ky = 34.3, meaning that the
state N** is accessible with similar probability from the
ground and the Mdossbauer states. The gain in rate with
respect to direct synchrotron radiation excitation would be
given by

TT Iy, (K k)?

(2)

where I'** is the line width of the N** state and Zy; (Z**) the
spectral density of synchrotron radiation source for the
transition energy from the ground state to Ny, (N**). Using
parameters for the BLO9XU (BL8W) beamline at SPring-8,
Ty ~5x108% s 'meV™!  (Z**'~1.7x10*s"'meV~") and
A~ 3.4 x 10* indicating that some advantage may exist.

States N** with lower energies exist in 3/Fe (136 keV),
13Ge (67 keV), and 18'Ta (136 ke V), although more work is
needed to understand the strength of the transitions to N
and Ny,.

IV. REACH

In this section, the reach of the method discussed in
probing a variety of scalar and tensor forces is evaluated.
The following interactions are considered:

R,
Gk, + = F* F*° + gph*  (3)

Li:)ngbc']q+¢F2+¢ 7

Iy Iy

N**
Vs
AVAVAVAE
Ny Ym
/ \VAVAVAE -
N

FIG. 2. Three level scheme discussed in the text. The ground
state N, is excited to Nj; by a (relatively) broad-band synchro-
tron light photon, ys. Nj; then de-excites to the very narrow
Mossbauer state Nj,, which decays back to the ground state with
the emission of the photon yy,.

where ¢ and 71,” are new scalar and tensor interactions,
respectively, that couple to quarks (g), electromagnetism
(Fy), gluons (G,,), and the Higgs (h). In the setup shown
in Fig. 1 where the attractor and the absorber are parallel
thin plates separated by a distance d, the attractor produces
a potential whose value at the absorber is

z gynd®
h,, ~ 4
b 2 )

where gy is the coupling per-nucleon and n the number
density of nucleons in the material. This expression
assumes that the absorber is placed at a distance d = A
where 1 is the range of the new force, causing the potential
to drop by e~%* = e. The scalar ¢ shifts nuclear energy
levels in the absorber, changing the frequency of the
Mossbauer line. The tensor i‘uv does not significantly
change nuclear energy levels. Instead, it changes the
frequency of the emitted y as it propagates out of the
source toward the absorber. In the following, we estimate
these effects (Secs. IVA and IV B) and compute the reach
(Sec. IV C) of the experiment.

A. Scalar

For each of the scalar couplings in Eq (3), the effective
coupling gy between a nucleon and ¢ as well as the energy
shift AE induced in the nucleus due to ¢ needs to be
estimated. Because of the nonperturbative nature of nuclear
physics, these effects cannot be calculated from first
principles, and, instead, are derived from phenomenologi-
cal models. These should be regarded as providing the
rough order of magnitude of the effect. Generally, the
estimates of gy are more reliable than those of AE. Since
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this is an experiment where a new field is produced
and detected, the dependence of the fundamental lagran-
gian parameters (g4, 9, f,. fg f7) on gy and AE is

va. 9. f74 34 f7 & /gyAE.

1. Yukawa modulus

As an example of the Yukawa couplings in Eq. (3), we
focus on ¢ that couples to the down quark. Given the term
yqdd, the effective nucleon coupling gy¢NN can be
estimated from lattice methods, yielding gy =~ 9.5y, [28].

To estimate the energy shift in the nuclear levels due to
¢, we calculate the change in the 1-pion exchange potential
and equate it to the energy shift AE. Using the para-
metrization in [29],

15m2 1

DM o,
4 mlzvr 5yd¢7 (5)

AE=AV,~
where the relationship between the pion mass and is
assumed the down quark mass is used, and is assumed
that nuclear level transitions change the relative distance
between nucleons (of mass my) by r= 1 fm.

2. Alpha modulus
The couphng 2 F2 shifts the fine structure constant

a—a-%2 To derlve an effective nucleon coupling gy,
14

we compute the contribution of the electromagnetic field to
the mass of the nucleus. In a nucleus with Z protons and A
nucleons, ¢ shifts the self-energy of the electromagnetic

field by — Al/‘ f , where r, ~ 1.2 fm is the proton radius.
From this, the coupling per-nucleon gy = Ag; fzr is

extracted.

Next, the energy shift AE of the nuclear level caused by
¢ is estimated. Mossbauer nuclei such as °’Fe and '8!Ta
have nearly degenerate low lying energy levels implying
that the nuclei are highly deformed. Further, their intrinsic
quadrupole moments are comparable to (A'/3r,)%. The
Maossbauer transitions are between states that have different
spins. Thus, their quadrupole moments are O(1) different
and it is reasonable to assume that the effective location of
the transitioning nucleon changes by the size of the nucleus
itself. AE is taken to be equal to the change in the Coulomb

energy, yielding AE = —%qﬁ.
vr'p

3. Gluon modulus

The coupling 2 G2, shifts the QCD structure constant
a; = a, — j’
my of a nucleon should be my ~ ﬂ This ylelds a, ~ 5 and

We use the rough argument that the mass

the effective nucleon coupling gy = f -
g'p

energy shift in the nuclear levels, the 1-pion exchange

potential V, = % is used. The change in a; shifts ¢* by

1
I

ZM‘NN

47ra ¢

yielding an

energy shift AE ~ o.mgfﬂd,'
9

4. Higgs portal

The Higgs portal coupling gpph®> emerges naturally in
theories such as the relaxion that can solve the hierarchy
problem [2,30,31]. This coupling shifts nucleon energy
levels since it effectively acts as a down quark Yukawa

modulus, leading to an energy shift AE zz'smﬂqﬁ. Its
h

effective coupling to nucleons, gy, can be estimated via
lattice methods and is gy ~ 107> [32].

9
GeV
B. Tensor

The tensor 71,” in (3) couples to the electromagnetic
contribution to the mass of the nucleus. From this mass

ZZ . _ ZZ
A,/—;’rp, we calculate the coupling per-nucleon gy = ﬁ
When a photon of energy w traverses a potential difference

Ah

Ah, its energy changes by AE = w4l 7o where, for the

present purpose Ah = h.

C. Sensitivity

Using Eq. (4) for the scalar and tensor fields produced,
the energy shifts for the various terms in Eq. (3) are
computed using the approximations discussed above. The
reach of the experiment for each coupling is calculated as

_ T —14 (10 nm\4 . .
AE = W—i— 10~#(:2™)* eV. The second term in this

expression arises from the systematic limit which is
dominated by the chemical shift caused by Casimir forces,
as discussed in Sec. II. The sensitivity of the technique is
estimated disregarding the statistical fluctuations due to
possible nonresonant absorption, as the resonant photon
statistics can be obtained by detecting the reemission of the
Mossbauer photons by the absorber or through the use of
pulsed synchrotron excitation schemes, at least for the short
lifetime cases.

3TFe and '8'Ta are used as examples, assuming natural
line-width are achieved. For °'Fe, that is taken as the
conservative case, we assume a total of 10! decays which
can be obtained with a commercial 100 mCi source
operating for a month, with +10° angular collimation.
181Ta is treated as a more aggressive case, assuming a 1 Ci
source operating for a month with O(1) angular coverage,
such as may be realistic using magnetic tuning. This yields
a total of 3 x 10'* decays. In both cases the parameters f
and » from Table II are used; in addition, it is assumed that
the total number of decays is evenly split between times
when the attractor, made out of gold, is near and far from
the absorber. The corresponding smallest measurable
energy shifts are AE~ 107 eV for ’Fe and AE~x
10717 eV for '3'Ta. The sensitivity is limited by the
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FIG. 3. Sensitivity to the down quark Yukawa modulus y,, as a
d

function of the range, A. The green and the black lines are the
projected sensitivities for >’Fe (10" total decays) and '$!Ta
(3 x 10" total decays) respectively, assuming natural line width
in both cases. For comparison, the corresponding value of o
(strength of force relative to gravity) is shown on the right. The
envelope of current limits is indicated by the blue region and the
dashed red line, representing the limit obtained in [5] where a
large background from Casimir interactions was subtracted.

chemical shift due to Casimir interactions at distances
around 10 nm and becomes statistics limited at larger
distances.

These results are plotted in Figures 3—7 for the down
quark Yukawa, alpha and gluon moduli, Higgs portal, and
the tensor coupling, respectively. In each figure, the solid
green and black lines represents the reach for 3’Fe and
181Ta, respectively. The solid blue and red dashed lines
represent the current experimental limits on the relevant
couplings. The red dashed line is the limit from obtained in
[5] where a large electromagnetic background from
Casimir interactions was subtracted using a common
Casimir shield. The solid blue line is the limit without
this background subtraction. For each plot, the strength
relative to gravity, a is also shown to the right. The
conversion to a of the parameter gy used in the compu-
tations of y, (Fig. 3), f, (Fig. 5) and g (Fig. 6) is
straightforward, since those depend solely on QCD. The
analogous conversion for f, (Fig. 4) and f (Fig. 7) also

1018
10°5¢
1016
— 101
- -7 L
T 10 B
% 10
g \ 10 S
T>1° 3 108
L
108
10-11,
10*
108 1077 106 10°°

A (m)

FIG. 4. Sensitivity to the alpha modulus f,, as a function of the
range, A. The remainder of the description is the same as in Fig. 3.
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1011 10%
1
> 12 |
é 10 10 O
. >
L 10—13 L 1012
1014 ¢ 1010
1 1 N 1
1078 1077 1078
A(m)
FIG.5. Sensitivity to the gluon modulus f, as a function of the

range, 1. The remainder of the description is the same as in Fig. 3.

depends on the atomic number of the nucleus. For a given
nucleus this is a well defined relationship and thus our
projected sensitivities can be accurately calculated. But, to
convert the limits in [5] in terms of our parameters, detailed
knowledge of the nuclei used in that setup is necessary. We
took the parameters of silicon, as a representative example.

As is evident from these figures, the Maossbauer
approach can substantially improve the sensitivity to short
distance forces in the range 10~ m—10~7 m, beyond

[ 10'8
1045
10'6
1000;
; £
) 10"
~ 100} 8
o E
E 1012
10;
i o
1k
E L ~ L
1078 1077 1076
A (m)

FIG. 6. Sensitivity to the Higgs portal g, as a function of the
range, A. The remainder of the description is the same as in Fig. 3.
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FIG. 7. Sensitivity to a new tensor force between matter and

light, f7, as a function of the range, 4. The remainder of the
description is the same as in Fig. 3.
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current laboratory detection schemes. It can also significantly
extend constraints on forces in the range 1077 m-10"% m
with a robust natural background suppression instead of
relying on the subtraction of large backgrounds.

With the continuous evolution of synchrotron radiation
sources and the possibility of implementing novel excita-
tion schemes (see Sec. III C), it may be possible to access a
newer class of Mossbauer nuclei (see Table I). It is
interesting to speculate on the possible reach of such
systems, for example considering the possibility that the
12 keV level of #Sc is directly excited by synchrotron
radiation. Using the estimates in Sec. IIIB, ~10°
Mossbauer photons are expected, yielding an energy
sensitivity ~107!7 eV, comparable to that of the projected
sensitivity of '8!Ta in the above figures. The three level
synchrotron excitation scheme could potentially be used to
access the 30 keV level of '%°0Os, resulting in as many as
~10? Mossbauer photons, corresponding to sensitivity to
energy shifts as small as 107! eV. If successfully devel-
oped, this excitation scheme could place competitive limits
in the micron range, where the ability of Casimir and
patch potentials to shift the nuclear lines are sufficiently
suppressed.

These results also show that there are interesting
differences in the potency of this Mdssbauer approach in
relation to the direct measurement of forces between matter
as a way to search for new interactions. The Md&ssbauer
technique is sensitive both to how the new interaction
couples to a nucleon (and thus searched for in measurement
of forces) and to the way the new interaction changes
nuclear levels. We have already commented on how the
latter fact prevents this approach from being sensitive to
new vector interactions. This fact is also of importance to
scalar interactions since different scalars change the nuclear
level splittings differently. For example, the Yukawa and
alpha moduli are more efficient in changing the nuclear
energy differences as opposed to the gluon modulus whose
effects are suppressed by ratios of the pion and nucleon
masses. Thus, in the event that a new interaction is
discovered, this method provides a unique way to probe
the microphysics of the new interaction.

In addition to these laboratory probes, there are also
astrophysical limits on the light particles considered,
arising from the possibility that such particles may be
emitted by astrophysical systems causing them to cool
more rapidly than observed [33]. Roughly, these limits
are at y, ~ 107, g~ 10 eV, f,~10° GeV and f,, f7 ~
10'° GeV. However, these limits are not robust to pertur-
bations of the underlying model—in particular, if there are
additional highly suppressed but long-ranged interactions
between the standard model and these particles, the
astrophysical limits can completely disappear [34].
Similarly, density dependent effects can also eliminate
these limits [35]. Given the very different nature of stellar
environments and a terrestrial experiment, there are no

model independent astrophysical limits in this part of
parameter space.

V. CONCLUSIONS

While, over the years, the Mdssbauer effect has had a
tremendous impact in the fields of material science and
chemistry, except for the notable case of the classic
experiment verifying the frequency shift of photons in the
Earth’s gravitational field [21,36], it has not had significant
applications to the physics of fundamental interactions (see
[37] for another example). The comparison with sensing
platforms based on optical and atom interferometers may be
of interest. While the intrinsic energy resolution of a single
Mossbauer transition is substantially higher than that of
atoms, the much smaller cross sections of nuclear transition
results in modest rates. In addition, resonant techniques are
substantially more complex and less explored in the case of
nuclear physics, because of the relative lack of suitable
instrumentation. Thus, the Mossbauer effect can be com-
petitive only in sensing applications where atom-based
sensors encounter difficulties. This is the case for material
science and chemistry where the Mossbauer effect is used to
study nanoscale properties of lattices. The search for short
distance forces falls into the same category—substantial
electromagnetic effects at short distances inhibits the use
of atom-based sensors. The secluded nature of the nucleus
inside an electron cloud, along with the suppressed
interactions between nuclear moments and electromagnet-
ism, makes the Mossbauer effect ideal for probing short
distance forces.

The requirements for this application is different from
those needed for material science and chemistry. In the
latter cases, substantial line shifts are produced and the use
of different matrices for source and absorber is required.
For applications to fundamental interactions the interest is
in obtaining the narrowest possible lines and the smallest
possible intrinsic shift between source and absorber.

Excitingly, we have shown that a first round of com-
petitive measurements is possible using the traditional
Mossbauer technique as well as nuclear resonance with
synchrotron radiation excitation. Further technical
improvements in both areas may extend the sensitivity
well beyond the current state of the art. At the shortest
distances, the Mossbauer approach presented here appears
to be limited by chemical shifts due to Casimir interactions.
However, since this approach is tailored to the discovery of
scalar interactions by measuring a line shift rather than the
displacement of an object, it might be possible to mitigate
this background. For example, one may consider placing
the absorber between two attractors, measuring the distance
between the absorber and the attractors and feeding back to
null out the Casimir force on the absorber. Unlike for the
case of conventional force sensing experiments, a new
scalar interaction from the attractors will simply add,
further shifting the line. Since the background is a second
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order effect, even a partial cancellation results in substantial
improvements.

It may also be possible to mitigate the background by
adopting a differential measurement with two different
nuclides, e.g., ’Fe and '8'Ta. The absorber could be made
of an alloy/compound containing both, so that both are
subject to the same local molecular structure affected by the
electric coupling to the attractor. The line shift produced by
the new force is generally expected to be different from that
originating from the change in molecular fields for the two
nuclides, so that, effectively, one nuclide can be used as a
“coelectrometer” to measure the effect of electric fields,
separately from the new interaction. The ability to poten-
tially implement such a differential measurement strategy is
a key difference between this approach and conventional
force measurements. In the latter case, once electromagnetic
backgrounds dominate, the ability to look for a new

interaction is effectively blocked. With the Mossbauer setup,
it is possible to get additional information, potentially
providing a path toward better sensitivity.
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