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XLII Recontres de Moriond 2007
Gravitational waves and experimental gravity

Constraints for additional short-range fundamental forces
from neutron experiments

-Comparison to the existing constraints

-Experimental neutron methods

-Gravitationally bound quantum states of neutrons – micrometer
range

-Neutron optics experiments – nanometer range (the analysis is still
in progress, will be presented separately)

-Neutron scattering – sub-nanometer range

-Spin-dependent and spin-independent short-range forces
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Comparison to the existing constraints

The present analysis was
prepared in collaboration
with G.Pignol and
K.V.Protasov, LPSC,
Grenoble

3 distance ranges – 3
types of neutron

experiments:

Neutron scattering

Neutron optics

Gravitationally bound
quantum states of

neutrons
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Advantages of
Neutron experiments:

-broad wavelength
range: 10-10–10-5 m

- small false
systematic effects due
to electric neutrality of
a neutron

-high-precision
experiments

-…

Disadvantages of
Neutron experiments:

-small absolute forces

-statistically-limited
measurements

-middle-scale
experiments

-very few people
involved

-…

Comparison to the existing constraints
+ and – for the neutron experiments
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Theories with 3 extra
spatial dimensions

Theories with 2 extra
spatial dimensions

Comparison to the existing constraints
the distance ranges of interest
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The neutron
temperature of 10-1 K

Huge neutron fluxes,
“easy experiments”

The neutron
temperature of ~10-8 K

A factor of ~109 lower
neutron fluxes

Comparison to the existing constraints
neutron temperature versus the characteristic distance
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Experimental neutron methods

EUROforum: 7 European Research Scientific Organizations:

CERN, EFDA, EMBL, ESA, ESO, ESRF, ILL (http://www.eiroforum.org/)
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Institut  Laue-Langevin (ILL),  Grenoble,  France
World Leader in Neutron Research (Condensed matter, Magnetism,
Chemistry, Biology, Crystallography, Materials, Nuclear and Particle
Physics )

Experimental neutron methods
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At the ILL: 427 members of staff, including 70 scientists, about 20 Ph.D.
students, over 200 technicians, 60 operations and safety specialists,
and about 50 administrative staff.

4 scientists in fundamental physics; 4 scientists in nuclear physics…
                                                                            => COLLABORATIONS1.5 1.5

Experimental neutron methods
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Experimental neutron methods
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4He UCN source (a cryostat installed outside of the reactor, at a beam of cold
neutrons, difficult extraction problem !)

Experimental neutron methods
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Solid-deuterium UCN source at
the ILL
(A piece of solid deuterium ice at the
temperature of ~5K placed into the
active zone of the high-flux ILL reactor)

Hélium

“Ejection” au
réchauffement

Mini D2

He
Tube

SD2

Hélium

Echangeur
tubulaire

Experimental neutron methods
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Nanoparticles

D2, D2O, O2, C ?

d ~ 5 nm ?

n
!

T < 10 mK

Neutrons can excite many
degrees of freedom:

• Simple collision with a
single nanoparticle

• Rotation

• Collective degrees of
freedom (phonons, rotons)

Thermalization of neutrons at
ultracold nanoparticles (an
extremely challenging project, involving
large cryostats with ultra-low
temperature of ~1 mK; with significant
heat load)

V.V.NesvizhevskyMarch 19, 07

Experimental neutron methods
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Mini-Workshop “Resonance transitions
between the gravitationally bound quantum
states of neutrons: prospects and
applications (project GRANIT)” 6-7.04.06

Participants ~80
Countries ~12
Europe, Asia, USA, Australia

Gravitationally bound quantum states of neutrons
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

A “starting point” :
non-existence of a

bound quantum state
due to the 5-th force

Gravitationally bound quantum states of neutrons
non-existence of a bound state due to the 5th force



INSTITUT MAX VON LAUE - PAUL LANGEVINMarch 19, 07March 19, 07

V.V.N., H.G.Börner, A.K.Petukhov, H.Abele, S.Baeßler, F.J.Rueß, Th.Stöferle,
A.Westphal, A.M.Gagarsky, G.A.Petrov, and A.V.Strelkov (2002). Nature 415: 297-299.

V.V.N., H.G.Börner, A.M.Gagarski, A.K.Petukhov, G.A.Petrov, H.Abele, S.Baeßler,
G.Divkovic, F.J.Rueß, T.Stöferle, A.Westphal, A.V.Strelkov, K.V.Protasov,
A.Yu.Voronin (2003). Physical Review D 67: 102002.

V.V.N., A.K.Petukhov, H.G.Börner, T.A.Baranova, A.M.Gagarski, G.A.Petrov,
K.V.Protasov, A.Yu.Voronin, S.Bäßler, H.Abele, A.Westphal, and L.Lucovac (2005).
European Physical Journal C 40(4): 479-491.

Analysis of results of our last experiments is in progress

V.V.Nesvizhevsky

Experimental results are presented
in:

ILL / PNPI / Heidelberg University /
JINR / LPSC collaboration : first

observation of the gravitationally
bound quantum states of matter

Gravitationally bound quantum states of neutrons
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V.V.N., and K.V.Protasov (2006). Quantum states of neutrons in the earth's
gravitational field: state of the art, applications, perspectives. Edited book on Trends
in quantum gravity research. D. C. Moore. New York, Nova science publishers: 65-
107.

A.Yu.Voronin, H.Abele, S.Bäßler, V.V.N., A.K.Petukhov, K.V.Protasov, A.Westphal
(2006). "Quantum motion of a neutron in a waveguide in the gravitational field."
Physical Review D 73(4): 044029(1-19).

A.E.Meyerovich, and V.V.N. (2006). "Gravitational quantum states of neutrons in a
rought waveguide." Physical Review A 73(6): 063616(1-18).

V.V.Nesvizhevsky

Theoretical analysis is presented in:

Gravitationally bound quantum states of neutrons

ILL / PNPI / Heidelberg University /
JINR / LPSC collaboration : first

observation of the gravitationally
bound quantum states of matter
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Neutron above a mirror in the
Earth’s gravitational field

1) Electric neutrality (usually any gravitational
interaction close to surface is weaker that other
interactions)

2) Long lifetime

3) Small mass

4) Energy (temperature) of UCN is extremely small
and not equal to the installation temperature
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Gravitationally bound quantum states of neutrons
the choice of neutrons
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“Integral” method to measure
the neutron density distribution

ILL / PNPI / Heidelberg University /
JINR / LPSC collaboration : first

observation of the gravitationally
bound quantum states of matter



INSTITUT MAX VON LAUE - PAUL LANGEVINMarch 19, 07 V.V.Nesvizhevsky

1

43

2

“Differential” method to measure
the neutron density distribution

ILL / PNPI / Heidelberg University /
JINR / LPSC collaboration : first

observation of the gravitationally
bound quantum states of matter
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Tunneling of neutrons through the gravitational barrier

ILL / PNPI / Heidelberg University /
JINR / LPSC collaboration : first

observation of the gravitationally
bound quantum states of matter
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states

Ultimate sensitivity for
the possible

constraints for spin-
independent short-
range forces from

GRANIT experiment
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- Transition period from the first evidence experiments to precision
measurements and to possible applications of this phenomenon/method to
various fields of physics.

- Multi-disciplinary research (this new spectrometer will provide a broad
range of applications in elementary particles and fundamental interactions,
in foundations of quantum mechanics, in surface physics, and in methodical
developments)!

- Time scale: ~3 years to build the experimental setup and to start first
measurements (starting 2006).

Financial support:

Agence Nationale de la Recherche (ANR),
France + ILL + LPSC

+ collaborating Russian, German and
French institutes/universities

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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Frequency of perturbation, Hz

Probability
of transition
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Quantum trap Resonance
transition

Resonance transitions due to oscillations of:

- the bottom mirror (nuclear forces);

- a mass – (gravitational forces);

- magnetic gradient (electro-magnetic forces).

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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Transitions due to electromagnetic forces – cmGs /10~!

Transitions due to the gravitational forces – the probability could be of up to ~0.01
for ~100 kg rotating test mass

Transitions due to oscillating mirror – oscillation amplitude of <1µm, but too
high frequency

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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But parameters of this spectrometer are very challenging!

It will not be easy to suppress many false effects, for instance:

-Vibrations (should not exceed the level of seismic noise  - very
difficult inside the reactor building!);

-Waviness of mirrors (have to be as small as a few times 10nm
for a mirror of ~30cm size);

-Adjustments and accuracy of production of optics elements at a
typical level of 10-6-10-5;

-Expected neutron count rate is ~50 events/day at the best
available today UCN source … etc

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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Also !

-Surface roughness (low life-time in a quantum state);

-Impurities on surface (produce “roughness” for even ideally flat mirror);

-Dust on surface (huge coherent scattering);

-“Complete” control of magnetic fields/ gradients of magnetic fields;

-Low-background neutron detectors (remember the value for expected count
rate);

-Etc … etc…

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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Idea of this experiment

1. To populate
a low quantum

state

2. To populate an
excited state

using a resonant
transition

3. To study mixing between
neighbouring states

4. To detect neutrons (for
instance, using again a resonance
transition)

End 2008 (ANR)

30-50 cm

1
0

0
-1

0
0

0
 µ

m

Storage time ~ 1 sStorage time ~ 1 s

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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“Observables”:

-Storage time of neutrons in quantum states (loss of quantum coherence,
in particular due to fluctuations of the local gravitational field);

-Populations of the quantum states;

-Probability of transitions;

-Quantum revivals (up to 105 consequent “quasi-classical” reflections);

-Precise frequency of the resonance transitions;

-Polarization analysis (easy!);

-Spatial distribution of neutron density,

-etc

Of cause, GRANIT could be
used also for any kind of
already performed
measurements

Gravitationally bound quantum states of neutrons
resonance transitions between the bound states
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Frequency of perturbation, Hz
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0.01 n/s

0.02 n/s
Strongly limited by

available UCN
density

Even stronger
limited by available

UCN density:
proportional to

reciprocal storage
time of neutron in

the quantum states

Statistics !!
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Fields of potential interest:

- Short-range forces 1nm – 10 µm;

- Spin-dependent short-range forces
(Axion-like with the range of 1nm – 1mm;

- Non-commutative quantum mechanics;

- Loss of quantum coherence;

- Quantum revivals; Quantum localization;

- Interplay between gravitation and quantum mechanics; Extensions of quantum
mechanics;

             Fields of potential interest
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Besides, the gravitationally bound quantum states of neutrons could be used:

- to constrain the neutron electric charge;

- to measure hydrogen above/below surface;

- to solve the problem of neutron-tight valve for the neutron lifetime
measurements (search for physics beyond the Standard Model);

- for “loss-free” transport;

- ultra-precision neutron spectroscopy;

-etc

             Fields of potential interest
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

The constraints
following from NO
additional linear
dependence of neutron
scattering length on
atomic mass

Neutron scattering length versus atomic mass

In the “zero”
approximation, if any 5-th
force were existing, it
could not be separated
from the nuclear
PHENOMENOLOGICAL
FERMI potential

The effective FERMI
potential (or the neutron
scattering length) is just
a sum of the nuclear
contribution and the
extra-force contribution
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- At energy ranges of thermal, cold, ultracold, gravitationally bound neutrons, the
neutron scattering at nuclei (atoms) is defined by a single parameter: the neutron
scattering length (introduced by E. Fermi) and it is isotropic in the “center of mass”
reference system;

Neutron scattering length versus atomic mass

Slow
neutron

Atom

-Scattering lengths can not be calculated precisely from “first principles” because of
complexity of nuclei models (but could be estimated with limited accuracy);
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

Neutron scattering length versus atomic mass

In the optical nuclear model, under the assumption of extremely short range of nuclear
force, the AVERAGE dependence of neutron scattering length (b) on atomic mass (A)
reads simply as follows:

b~A1/3

By the way, any justification for the assumption that the nuclear force is zero at the
distances of interest has never been accurately given, to our knowledge; the nuclear
force has to decrease by ~ 40 orders of magnitude in order to drop down to the level of
gravitational interaction!!! However, for the characteristic distance range of the nuclear
interaction of ~1,3 fm it is expected to drop down at the distance of ~102 fm (~10-13 m).

In case of an additional interaction proportional to the atomic mass A, values of the
coherent lengths for different nuclei would be modified as follows (α – is the additional
contribution):

b~A1/3+αA
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Neutron scattering length versus atomic mass

All measured scattering lengths (for all isotopes) are
presented

The characteristic nuclear scale is 1.3(0.2) fm

The linear term 0.003(6) fm/a.u. corresponds to

More adequate nuclear models provides at least this
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

-If the effective size of the scattering center is close to the neutron wavelength than the
scattering will NOT be isotropic (optimum condition for observation is kd~1);

-This is the case of a hypothetical extra 5-th force with the characteristic range of the
order of a nanometer !!!

-The asymmetry will depend on the neutron velocity (in the “center of mass” reference
system)

Atom

In the center of mass
reference system

-Is this the only possible reason for an asymmetry?

Asymmetry of neutron scattering at nuclei (atoms)

Slow
neutron
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

-A small difference between the interaction cross section of neutrons with atoms and
those with corresponding nuclei consists in the neutron-electron interaction of the order
of 1% compared to the nuclear term;

- The neutron-electron cross section contribution can not be calculated precisely as well
because the electric charge distribution inside a neutron is not well known;

- It produces slight asymmetry of the scattering;

-This asymmetry depends on neutron velocity in the center of mass reference system.

Asymmetry of neutron scattering at nuclei (atoms)
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Atom

In the center of mass
reference system

Asymmetry of neutron scattering at nuclei (atoms)

-The interest to measure the neutron-electron scattering length motivated two
experiments: 1) FERMI-MARSHALL and 2) KROHN-RINGO of neutron scattering at noble
gases

Slow
neutron
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Participants ~80
Countries ~12
Europe, Asia, USA, Australia

Asymmetry of neutron scattering at nuclei (atoms)

Scheme of the first
experiment from their
original paper
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Asymmetry of neutron scattering at nuclei (atoms)

-Although the mentioned above experiments provided excellent accuracy, one has to
correct for the corresponding neutron-electron interaction (~1%), in order to extract
constraints for additional short range forces. It could be

-1) calculated theoretically (complicated) or/and

-2) measured using other experimental techniques (present independent experiments on
neutron-electron scattering length contradict each other by many standard deviations
and therefore the systematic errors in these experiments should be reanalyzed or/and
the experiments should be repeated again)

-We think that the most straightforward method consists in avoiding this correction
experimentally. One has to modify the scattering experiments in such a way that:

-The velocity dependence of the asymmetry coefficient is measured (using double-
differential method);

-The initial neutron velocity has to become much lower (almost UCN energy range).
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Asymmetry of neutron scattering at nuclei (atoms)

-A measurement of the velocity dependence (“center of mass ref. syst.”) would allow us
to avoid the neutron-electron correction (it corresponds to another velocity range) as
well as to define experimentally the characteristic range of the force (if it is observed)
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Asymmetry of neutron scattering at nuclei (atoms)

-The asymmetry versus velocity transfer as a function of the initial neutron velocity and
the characteristic range of interaction (remember that the atom thermal velocity is equal
or higher than the neutron velocity)
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Constraints for spin-matter coupling (axion-like)

ALL presented above experiments could be carried out with (~100%) polarized neutrons,
providing in such a way excellent constraints for spin-dependent short-range forces.

Thus, in the measurements of gravitationally bound quantum states of neutrons, the
transmission curve (on the left) and the wave-function shape (on the right) would be
modified, in case of sufficiently strong spin-matter bounding.
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Constraints for spin-matter coupling (axion-like)

-In particular, the transmission curve would be split in two curves; the effective
gravitational acceleration (g) would be just renormalized near surface (this assumption is
valid if the range of such axion-like interaction were longer than the characteristic length
of the gravitationally bound quantum states of neutrons of z0~5.87 µm)

No spin-matter interaction

Two spin-components (in case of
its existence)

Resulting transmission curve in
the experiment with unpolarized
neutrons



INSTITUT MAX VON LAUE - PAUL LANGEVINMarch 19, 07March 19, 07 V.V.Nesvizhevsky

Constraints for spin-matter coupling (axion-like)

The existing constraints

Our present constraint

Possible improvement in
the GRANIT experiment with
polarized neutrons

PVLAS distance range
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S.Baessler, V.V.N.,
K.V.Protasov and A.Y.Voronin,
submitted to Phys.Rev.D
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Conclusions

-Neutrons are of interest for constraining hypothetical short-range forces in a
broad range of distances of 10-10-10-5 m;

-The optimum sensitivity follows a simple “rule” kλ~1, where k – is the neutron
wave-vector, and λ – is the range of a short-range force;

-The range of 1-10 µm corresponds to gravitationally bound quantum states of
neutrons (GRANIT project) - competitive;

-The range of 10-100 nm corresponds to ultracold neutrons and neutron optics
(UCN, effective Fermi potential of matter of 10-7 eV) - competitive;

-The range of ~1 nm corresponds to cold neutrons and classical scattering
experiments. In particular, the asymmetry of neutron scattering at noble gases
provides the best constraints at 10-10-10-8 m;

-Measurements with polarized neutrons provide, to our knowledge, the best
constraints for spin-matter coupling in a broad range of distances up to ~ 2mm
(GRANIT project).

-Further progress is expected in all these directions.
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Comparison to the existing constraints


