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* Intro: Large Extradimensions of Spacetime and Dark Energy
* (Ultracold) Neutrons for Gravity Experiments!
* Recent Results:
* Observation of a Quantum Bouncing Ball
* Ramsey Spectroscopy of Gravitationally Bound UCN
* Limits on the existence of Dark Energy



Dimensions of Space and Time

Relation between Spatial Dimensions and Gravity

* Imagine you want to organize a MEETING...
* Three coordinates of space to define the place.
* One time info to define the time.

We live in a 3+1D world.

* Link between number of spatial dimensions and Gravity:
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Article  Talk

WIKIPEDIA Meeting

‘The Free Encyclopedia o )
From Wikipedia, the free encyclopedia

A meating is when two or more people come together to discuss one or
more topics, often in a farmal or business setting, but meetings alsa occur in
a variety of ather environments. Many various types of meefings exist.

Integral law of Gauss:
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* “We live in three spatial dimensions.” is equivalent to “The gravity potential scales with one over the distance.”



1.: Concept of compactification:

Large Extradimensions of Spacetime

e

Are we sure that we live in a 3+1-dimensional world?

* Gravity is VERY weak....
The weak force is 10 000 000 000 000 000 000 000 000
times stronger than the gravitational force.
* General Relativity is a classical field theory, the Standard Model of Particle Physics+
is a quantum field theory....

* Possible Solutions:
* (Compactified) Extradimensions of Space-Time
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Consequence: Gravity Experiments at Short Distances!

Are we sure that we live in a 3+1-dimensional world?

V = e — IUE T T 1 TT T T LI ||| T T T TTTTIT
—fuPLl
5 L EXCLUDED REGION |
10° o 2016
—— — Stanford 2008,
10 e 10 —7 2008, & 2008 -
fo (oI " - _~Ciolorada 2003 _
10 - __—Eiit-Wash 2019
.. m? | . ~_——Ebt-Wash 2007
10.[, \h‘ E di.atan A rEat-Wash 2004
- —= 1 L } _
107 10 I'
. 10° s HUST 2077
= 10°® _1 : G\ B 208
10° g=8 107 4 |
I[]_E - lark ener -
w0
10 - MICROSCOPE 10_3 1 |||||| [ |||||| 1 |
= = E0t-WashOd
1ol chormric Z 3] 10_5 ? 3] 10"' ? s} m_a
= LLR
-
107507 107 10" 107 10° 10° 10° 10° 107 10° 10° A (m)

A [m]
[1]J. Bergé et al., Phys. Rev. Lett. 120, 141101 (2018).
[2]). G. Lee et al., Phys. Rev. Lett. 124, 101101 (2020).



The expanding U_n’jVef'Se_

1922 1927 1929

v

Vesto SLIPHER:

Distant Galaxies are S Georges LEMAITRE: Edwin HUBBLE:
. I H .
redshifted! Alexander FRIEDMAN.  1dependently develops equations observes and confirms
for exp. Universe and postulates Lemaitres postulates

Theoretical basis for

; ) linear relationship between distance
expanding Universe

to galaxies and recessional velocity

Friedmann-equations Hubble-Lemaitre-law



A surprising Discovery in 1998

Yet another mystery in Cosmology

* Naive expectation: The expansion is always decelerating because of the gravitational attraction of matter in the Universe.

* Observations show the opposite... 3 T REREE
No Byg Bang tal. (20
ﬁtgggs Dark .
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[1] P. Touboul et. al, PRL 119, 231101 (2017).



Example of a ,New Field“: Chameleon Dark Energy

Basic Principles

Idea: Dark Energy could be realized in nature in terms of a scalar field with a coupling to matter...

Problem: The resulting long-ranged force is experimentally excluded.
2nd try:

Introduce a scalar field with a self-interaction and a coupling to matter,
resulting in a screening mechanism:

Veit(@) = V() + pePPM Vigp) = A* +

Effective mass depends on the mass density around
- High density -> high mass -> low range -> tiny force

- Low density -> effective mass has the size of the current Hubble parameter
-> interaction range of kilo-parsecs.
Universe expands -> effect gets enhanced -> acceleration!

Obvious Problem: Theory cannot be tested...

Neutrons as fundamental particles would not be affected by the screening
and gravity experiments with neutrons can test it [1].
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Conclusion:
(Ultracold) Neutrons
for Gravity Experiments!



Review of Particle Physucs

P.A. Zy]u el ol [Partidle Dalg Groupj Prog Tl’l&(‘n Exp. P||y_. 2020, 083C01 (2020)

Neutrons & Gravity Experiments

Key elements for high accuracy-experiments

porficle data group

Neutrons are massive particles.

Neutrons are electrically neutral. E Py =135

—— 1355 1= 10086649159 + 00000000005 u
Neutrons only possess a tiny electric polarizability. Mass m = 939565413 4+ 0.000006 Mev 1]
(my — ma )/ my = (9 =6) x 1077
my — mp = 12933321 £ 0.0000005 hleh’
= 0.00138544919(45) u
— [dean life T = 8794 =065 (5= 1.6)
or = 2.6362 x 10% km
Magnetic mament p = 19130427 L 00000005 ppy
Electric dipale moment o = 0.18 = 10—2% scm, €L = 90%
lMean-square charge radius :rﬁ'- = —0.1161 + 0.0022
fm? (5= 1.3)

Neutrons are sufficiently long-lived to carry out experiments.

Magnetic radius L. ”, = . EE4“J W fm
) Electric polarizability « = (118 £ 1,1 = 10~ fm*
Magnetic polarizability 3 = (3.7 £ 1.2} « 107* fm?
e (fiarze g — (0.2 L 08} 210 e
Mean ni-oscillation time = B.6 = 107 5, CL = 0% (free n)
Mean nf-oscillation time = 2.7x10% 5, CL = 90% (8] (bound 7}
Mean na'-oscillation time = 448 s, CL = 90% [



Ultracold Neutrons (UCN)

A thought experiment

very low energy
= large wavelength
= total reflection under all angles

# neutrons

N\

Neutron energy

Precise calculation:
neutron optical potential EF
E 10 eV
A c1000 A
vV oc 5 m/s
T oc mK




The UCN miracle

A practical definition

Ultra-cold neutrons (UCN) are neutrons, that are totally reflected from surfaces of
suitable materials under all angles of incidence, hence storable.

UCN are storable by material traps, gravity

Strong interaction E: 100 neV and/or magnetic fields!
Neutron optical Inox: 200neV
potential Alu: 54 neV Storage and observation
times of several minutes are feasible.

Gravity ~ 100 neV / Meter
AE=m_g Ah High precision measurements of
Magnetic field ~ 60 neV / Tesla the p'ropertles of the free neutron

(lifetime, electric dipole moment,
AE=pu_ B .

n gravitational levels, ...)




UCN discovery (1969)

W Volume 29B, number 1 PHYSICS LETTERS 31 March 1969
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Ultracold and Very Cold Neutron Facility PF2

“fery Cold Weutn ik |

(TR o
47

« The workhorse of UCN physics since 1985 »

* Name of the instrument: PF2 (,,physique fondamentale 2°)

* Type of instrument: source of ultracold neutrons (UCN) e
* Age: born in 1985 (35 years old)
Scheduled instrument since 1994 replacing PN5
* Adress: ILL5, level D
* Fathers: Albert STEYERL & Paul AGERON

* AS was one Discoverer of UCN in 1969
[Phys. Lett. 29B (1969) 33]

* A.S. built a device today known as ,,Steyerl
turbine” at TU Miinchen, installed at level D in
1985

* P.A.designed the concept to feed the turbine
with neutrons

15



Principle of the « Neutron Turbine »

« The workhorse of UCN physics since 1985 »

Principle of a ,tennis ball stopped by a receding racket” [A.S.]
Blades

Feeding guide tube
. {

vr -?Smsl(//‘////f//' I. .l I H
|l||,|||||||,| N,

_::"_;} vy =3 mis
Ty,

\ / ib)

The PF2 turbine transforms VCN with 50m/s to
UCN (5m/s) by roughly 10 reflections.

* The guide section and divergence are

increased by a factor of 10.




Principle of the « Neutron Turbine »

« The workhorse of UCN physics since 1985 »

Principle of a ,tennis ball stopped by a receding racket” [A.S.]
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Ultracold Neutrons

art

e The PF2 turbine transforms VCN with 50m/s to
UCN (5m/s) by roughly 10 reflections.

The guide section and divergence are
increased by a factor of 10.




PF2 today: Available UCN flux

...recent data (February 2020)

Total output:

* PF2/EDM: 733.000 cps (no corrections applied)
(detector efficiency: 80%)

. PF2/UCN: 89.7% of PF2/EDM

. PF2/MAM: 36.9% of PF2/EDM

. PF2/TES: 05.9% of PF2/EDM

LITRACG] R HPUARG RS =07 201FNEF

For PF2/EDM, the flux was measured at a distance of 1.5m behind the shutter. All measurements were performed with an Aluminium
window (100um) in place, necessary to separate the vacuum of the turbine from the vacuum of the experiment.

velocity spectra of PF2 beam porls
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thanks to U. Koster (gold foil activation analysis) & M. Jentschel (help with optical calibration of the chopper)



Gravity meets Quantum Mechanics:

Gravitational Levels



Gravitational Levels of (Ultracold) Neutrons...

A neutron in the gravity field of the Earth

h 02
(——— + ng> On(z) = Enpn(2)

2m 0z2
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g E 5 | |

101

' | |

Iél 1.407 2459 3.321 4.&53 4.?'?5 IIIJ 1.407 2.485 3656 5222

anargy [pev] anargy [pev]




The Quantum Bouncer

.. theoretically discussed since the beginning of the 1970s ...

(Historical) Motivations:
« purely academic
+ teaching:
« Avoid problem of particle in a box
(“complicated normalization (wavepackets)”)
« Hydrogen atom too complicated....
+ Better:

h 02

55,z tmgz on(z) = n<Pn(Z)

O — e ———

! (]

T 2. The Afry funelions Aég) and Bifgl. From Rel, &6,

Schrodinger Particle in a Gravitational Well

P. W, LANGHOFF

Department of Chemistry

Tndiona Lindversity

Hlgminglos, Tedigae 47401

(Received 15 JTanuary 1971 ; revized 11 March 1671]

Introdductory guantum mechanics textbroks' gen-
erally inelede  ircatments of the  oncdimensions]
Sehrivdinger equation for metionin g piees-wise constant
wotentin? (finive and infinite square wells, double wells,
harrier apablering, ele.) and in the familiar harmmonic
oagillater patential, The pedagogleally mdermediots
vaze of @ '|'u;-||~.||.|.iu,| liner in !Hs&‘n,.ir_lrl sriges an Lhe
interesting probdern of Sehridinger particle dynamics
in the urdloem gravitational Gedd ® in related eonngetion
wikl thi Fx|u1'>||.|e Fiee: [_|r|| |,||:||1, s,1|r| m 'g,lm]_'.],c w H'P_,'Ir';’
type treatments of the Beheddinger equation hased oo
Tieee-wize linenr approzimations Lo smoeth potencials,

The Quantum Bouncer

K. L. GIBBE

Departmend af Phyrica

Lautadona Tech Universily

Ruaton, Louiziana T1E70

(Received 9 January 1974; revised 1 April 1974)

Ezamplea tn one and two dimenstons for medion in a
uniform gravifational feld are considered quonium
mechanieaily. The sramples of bounsing in one dimen-
sion and siiding doun an freline are proposed for use as
coneeplual aids in an introduslory course.

[1] P. W. Langhoff, American Journal of Physics 39, 954 (1971).
[2] R. L. GIBBS, American Journal of Physics 43, 25 (1975).



Fl I'St P rO posa I fo r P ra Ctlca I Rea I |Zat|0 n Quantum effects occurring when ultraceld neutrons

are stored on a plane
V. |, Luschikov and A. | Frank

Joant Inpriruie for Suclear Researck
(Subhmitted 12 Seplember 1973)
...from 1978! Pis"mea £h. Eksp, Teos, Fiz, 28, Moo 8, 607-609 (3 November 1978}

The problem of storing witracold mewtrons (UCH) on & planc n the

. . resciop of @ pravitatiosal Geld s comsiderad. The energy of the vertical
« Discovery of Ultracold Neutrons in 1969 Puation is then qua  theware Ton B Hrat ciates

mation is then guanrized, ond the wave functions ol the fical slales are

. . nealized in space. e energy and lmcar dimensional constants of th
- Idea: separate quantum states by lowering a carefully designed problems e ¢ = 06X 10 TV an ' eme A method

problemns are e = Q6= 10" eV oand & = 0310 7 em. A method is

. . w ” praposed for experimentally separating newtrons situated on the firse

and placed absorblng mirror ( absorber ) energy bevel. Atftention 15 colled o the fact that an mhomopenesus
magnetic fehl can be wand fo vary the values of € and & in a rather wide

range,
PACS numbers: 28.20. - v, 14.10.Cg

FIG. 2. *Flow™ of UCN over a horipantal surface inthe case
of a gravitational patemtml, 1) sbsorber, 2) reflecting sorface.
3 demsny of UCN with wetical-motion energy
Ey = AR 1 eV 4 Density of LICK with wertical-motion
goergy £ = 1470, Hoaght of sht A=20 wm

predictions: ¥ ,
« transmission of 10-3 of the total available flux
« lifetime: 5000s

2nd idea: magnify gravitational bound quantum states by inhom. magnetic fields:

0B
F=mg tu-

« Predictions:
» Lifetime: 20s
« Level width: 3x10-17 eV

V.I. Luschikov and A. I. Frank, JETP Lett., Vol.28(9) (1978).



Discovery of Gravitational Levels

Integral flow-through-mode

*  Experimental series at PF2/UCN between 1999 and 2005
*  Principle:

(1]
Absorber
Meutron

UCN AARRARRA RS AN ARARERARE S

detector
Collimator

~10cm

*  Class. Expectation:

T och3/2

Ncounts s7)

N (counts 57')

14
0.1
0.01 o
107
10 T T S T
0 =20 40 60 BO 100 120 140 160
Absorber height (um)
u.1§ r.""
0.01 4 _
/:
A

Absorber helght {umj

[1] V.V. Nesvizhevsky et al., Nature 415, p297 (2002).



Snapshots of a falling wave
packet



Gravitational Levels...

A neutron in the gravity field of the Earth
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A Quantum-Bouncing Ball

The dynamics...

* The dynamics of the Quantum Bouncer surprises...

Collapse of the wave function

Revival of the
Wave function

:
b - . T

16
5

(]

[g ]

A quantum bouncing ball

Julio Gea-Banacloche

University of Arkansas, Faytreville, Arkansas 7270)

(Received 3 August 1998; asceepted 21 Jamzary 1999)

Ihe dynamics of a quantum wave packet bouncing on a hard surtoce under the influence of gravity
are stdied. This is a system that might be realized experimentally with cold atoms dropped onto 2n

*‘atomic mirror.”” The classical limit is discussed and interesting departures from classical behavior
ure ponted out and expliined, 10 1999 dmerican {eavciation ef Phyrics Toachers
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J. Gea-Banacloche, Am. J. Phys. 67(9) (1999).



Time Evolution of a Quantum Bouncing Ball

The Quantum Carpet




Time Evolution of a Quantum Bouncing Ball

Exp. Realized in 2014 2
W(z 1)|? = m(To)e™ “m P (2)
‘ Region | ‘ Region II ‘ Region Il R. IV
dm(To) =
streuer . .
D en(t0)e (Dl () en7
n

Zeitentwicklung

A
L . . . . .
I" Ax . Praparation
Z
y
c t= .t‘ t=t r=1#
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Time Evolution of a Quantum Bouncing Ball

Exp. Realized in 2014 2
WD =) dm(r)e™OnTipy(2)
din (7o) =
D en(t0)e (2l pn(2)) e

M. Thalhammer, Dissertation (2021).



CR39 track detectors with Boron-10 converter

ATOMINSTITUT

CR39-plastics with neutron converter (200nm B )

- n+B — Li'+a — 'Li+a+y(0.48MeV)+2.31MeV 94%

UCN NI = "Li+a+2.79MeV 6%
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Ramsey Spectroscopy
of Gravitational Levels



Measurement Principle

An adaption of Ramsey‘s method of separated oscillating fields

Prepare a quantum

state |p) (Time evolution) Count
Create a coherent Analyze wrt. |p)
superposition (filter out the rest)
Cp|P) + quq) Repeat step 2

by an oscillating
boundary condition

34



rel transmission

Measurement Principle

An adaption of Ramsey‘s method of separated oscillating fields

Enwrgy | Region 4

Quantum state |q> | . Region 3
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Advantages:

Less oscillation amplitude needed

Increase in Flux (due to insensitivity to TOF)
Better sensitivity (as it is longer)

Scalable (if one can afford the mirrors)
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Resonances that can be addressed

The energy eigenvalues are discrete and non-equidistant...

=8 8m/s
— Pi—p @ Ve =5.8m/s

= Pi/2-flip @ vigeun

[T = o o™ — =

[s/ww]yiBuang 950

1000
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400
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Some Impressions

The energy eigenvalues are discrete and non-equidistant...
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Commissioning of the spectrometer

A long way to go...

* The spectrometer arrived in 2016.

* Earthquake Reinforcement of Platform and Experiment.

* Beamguide Design (metal guides -> glass guides -> new metal guides).
* TOF analysis of the PF2/UCN guide

*  Careful Beam monitor commissioning.

* New design of velocity collimating blades.

* New external control of vibrations, based on six laser beams.

* Enhanced design for step control. ——— two-state theory fit —— zerorate _ « data
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Challenges (2017-2019)

Commissioning of a Ramsey-type spectrometer
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The rate is lower than expected (from calculations).

The contrast is lower than expected (from previous measurements).
The rate does not reach the “zero rate” for 180° phase shifts.

The rate is dropping with time.
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The system to measure steps is performing much worse than in 2014.
Internal resonances of the assembly have an impact on the measurement

of the induced oscillations.
The experiment control is (too!) complex...

two-state theory fit

2ero rate * data
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Solutions

Commissioning of a Ramsey-type spectrometer

* The rate is lower than expected (from calculations).
Solved partially by a modified beamguide design, polished vacuum separation foils...
* The contrast is lower than expected (from previous measurements).
The rate does not reach the “zero rate” for 180° phase shifts.
Re-iterate the setup of state preparation and analysis, exchange rough mirrors, vibrate correctly.
* The rate is dropping with time.
Avoid B4C-rubber in vacuum.
* The system to measure steps is performing much worse than in 2014.
Modernization of electric power supply at PF2 in 2019, change of sensors to shorter cables.
* Internal resonances of the assembly have an impact on the measurement
of the induced oscillations.
Measure the resonances, loosen screws, tighten others...
* The experiment control is (too!) complex...
Confinement in Spring 2020
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Stability of the setup regarding inclination changes

The power of active control...
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(Preliminary) Results August/September 2020

Welcome to transition 1->6

A
o
s
*  Preliminary Results:
* Zerorate: 35 mcps
*  Effective Rate @ pi/2-flip: 21 mcps
* Usable Rate: 17 mcps

Jakob MICKO, PhD thesis (2021).



(Preliminary) Results August/September 2020

The energy eigenvalues are discrete and non-equidistant...

Preliminary Results:

*  Width of the innermost Ramsey fringe:

*  Current Sensitivity:

8.5 Hz
v/, =2.5-10"*//day
SE =8-10"%eV/,/day

Jakob MICKO, PhD thesis (2021).



Symmetron Dark Energy

Cp e 3 {} 2 A #4‘ Q ﬂ4
\_-"'IJII} -;']'1_3;;,-':-, = — () = L % ~V i
R+ My Vo(p) === ¢* + 70"+ = err (@)~ Vol@) + oz 07 + 165
) 2 g
Vip + A [*(p) § = s 3 free parameters:
. * mass u
* self-interaction 4
* Coupling M

,/{,;]

\[pl

V“o +m o) =

- 9 . . (
K(p) V"}(_D + 771’-3@ — _]__ p
Mp;

effective potential Vg [¢]

-

=
=
[

g 0 _'.“=
Vi Vi

. : symmetron fieldy a4
From: Justin Khoury K. Hinterbichler et al., Phys. Rev. D 84, 103521 (2011)



Symmetron Dark Energy

The situationtoday...

* Two resonances were measured (v43 and v4) using Rabi spectroscopy.
e Statistical and systematic errors were determined.

* The result is compared to the Newtonian prediction.

* Result of this particular data set: Agreement

* Data Analysis is repeated taking into account the hypothetical potential
of Symmetron Dark Energy, adding symmetron mass y,

self-interaction A, and coupling M as additional free parameters
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Exclusion Plots

Full Y2 —analysis with three
additional

fit parameters (symmetron mass (,
self-interaction A, coupling M)

The results open a question
on how to properly treat
the mass density in the
guantum range!

G. Cronenberg et al., Nature Physics 14, 1022 (2018).
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* Neutrons are excellent probes to test gravity at short distances.
* Neutrons can contribute to answer fundamental questions on...
+ the existence of large extradimensions of spacetime
» the origin of Dark Energy
+ the weak equivalence principle in the quantum regime

+ Experiments with Ultracold Neutrons take some time...

Thank you for your attention!
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