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The Neutron and some properties

& Abundance

- earth: 50% neutrons 50% protons
- elsewhere: 14% n, 86 % p
- 1s after Big Bang: 17% n, 83% p

¢ Lifetime
- tau = 878s

» Spin % M

©Size 1 fm 6’ @

Weight in kilograms
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Neutron Interferometer
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Neutron and vertical slit

& Quantum mechanical

neutron break
Measurement of a confinement
induced neutron phase

H. Rauch®, H. Lemmel*, M. Baron"{ & R. Loidl" {

* Atominstitut der Osterreichischen Universitdten, A-1020 Wien, Austria
t Institut Laue-Langevin, BP 156, F-38042 Grenoble, France

- Order of magnitude:

- Neutron 1 fm, E = 25 meV
- De Broglie Wavelenth 0.18 nm
- Slit 33 um

Figure 1 Sketch of the slitstructure and of the related neutron-wajl interaction potentia
Arrow denotes neutron beam n; V, neutron optical potential; a, width of potential; L, leng
of the dit
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Neutron and vertical slit

Incoming
beam

& Quantum mechanical

. Phase
il

neutron b read k - __:__.-_-:.'253::--" . -~ shifter

Measurement of a confinement
induced neutron phase

H. Rauch®, H. Lemmel*, M. Baron"{ & R. Loidl" {

* Atominstitut der Osterreichischen Universititen, A-1020 Wien, Austria

t Institue Lawe-Langevin, BP 156, F-38042 Grenoble, France Perfect silicon

interferometer

Channel

- Order of magnitude: stack

- Neutron 1 fm, E = 25 meV
- De Broglie Wavelenth 0.18 nm
- Slit 33 um H-beam
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FREE FALL AT SHORT DISTANCES

¢ A simple gravitationally interacting & Reactor neutrons at ILL
quantum system - 25meV

- A neutron with mass and spin ¢ Ultra-cold Neutrons

- @PF2—ILL:
v=(7+1)m/s
- Ug~ 100 neV, 1...6 peV

- falling in the Earth’s gravity potential
- and a neutron reflector

- made out of glass

”””””””” 100 neV

Absorber

'd MNeutran
/,-—j ’j; T>—k—fsﬂ' e ’Aiiﬁﬁﬁiiﬁ-iiféiﬁiﬁﬁ-ﬂi |\ w etaiar
ir L= L 1 colimator Bottom mirrors
g = =
‘\:: - BRE . iy ~10em
— ;;\ﬁ?’x"\\ /—ﬂ”":_ Nesvizhevsky et al.
¢ e Nature 415 299 (2002), Phys. Rev. D 67 102002 (2003).

Abele, Jenke, Lemmel, Nature 2019
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Cold: 800 m/s

Thermal: 2200 m/s

Ultra-cold: 7 m/s v (m/s)

& Fission Neutrons: 2 MeV

& Thermal Neutrons: 25 meV
& Cold Source: 4 meV

¢ Ultra-cold Neutrons: 100 neV
& Gravity experiment: 2 peV
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gBounce: Quantum States in the Gravity Potential

& Schrodinger Equation

h? d?W

)

2m dz*

+ mgz¥ = EV

n dy
— —=F
2m dx .

& Characteristic length and energy scale

. w 13

h‘- 2 2

= S g (A ) = 0.602peV
2m-g 2

a—

I d

& Change of variable - z. b

z, L.

(S

¢ Airy‘s Equation, and general Solution with AiryAi and AiryBi

W . , |
= b2l =0 0(z) = aAy(z) + bBi(2)

dz?
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™\ CANADA
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The ainb. :Descartes DE L'ARC-EN-CIEL

¢ Light beam that hits a rain drop is refracted
toward the middle of the drop and then
repeatedly reflected into the drop again

. W .
o ]
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The rainbow again

AN \\\\\\\

Pirsa: 22090019



George Biddell Airy

Ion

Aury functions

— Funkt

¢ The Airy
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George Biddell Airy

Ion

Aury functions

— Funkt

¢ The Airy
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¢ The Airy — Funktion:

M\ CANADA
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¢ The Airy — Funktion:

M\ CANADA

x) A N
OWA =y
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gBounce: Quantum States in the Gravity Potential

& Schrodinger Equation

h? d?W

)

2m dz*

+ mgz¥ = EV

e dy
— —=F
m dx .

& Characteristic length and energy scale

-

- - 1/3 5 50t 213

h him, g

Z,=— —587um E,=—| —=5 | -0.602peV
2mm,g 2m,

-

& Change of variable - z &

7 B

(S

¢ Airy‘s Equation, and general Solution with AiryAi and AiryBi

12\ _ _
: + 20 =0 Y(z2) = aA;(z) + bB;(2)

dz?
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gBOUNCE: Quantum States in the Gravity Potential

¢ Energy Eigenvalues are given by
the Zeros of AiryAi

By U Y [k |
e frm ~g”
z E Enz’[ . & ]

9.
~m,

.—UJ;\‘.—I;‘(—E) 0
E

o

E (ﬂﬂﬁwua(thr)
. - hmag?
E, = (4.08794) [ ==
(Jajuzna(h_”“r)
2 ]

Zeros of A;

2.33810
-4.08794
-5.52055
-6.78670
-7.94413

-9.02265

-10.04017
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gBOUNCE: Quantum States in the Gravity Potential

¢ Energy Eigenvalues are given by
the Zeros of AiryAi

Zeros of A,
2.33810
-4.08794
-5.52055
' -6.78670
] ; 5[ -7.94413
‘”"\\{ [ -9.02265_
.—UJ;\‘.—I;‘(—F) 0 -10.04017

o

E, = (2.33810) (h_'_?”_)
. . hmag?
E; = (4.08794) [ 22
(5.52055) (h_'”’r )
2 )
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gBOUNCE: Quantum States in the Gravity Potential

© Energy Eigenvalues are given by
the Zeros of AiryAi

Zeros of A,
233810
-4.08794
-5.52055
-6.78670
-7.94413
-9.02265

.-u;_m-i}(—g) 0 -10.04017

o

2 3 = 47 () y o B/ Wt
E, = (2.33810) (h r_j)a_r; ) W (E )y -edilzjxer: .

¥ (C.n= e, Ai, (2)x o {Ex/hpt
Sl . i e
Ey; = (4.08794) (h r‘)U ) H.G.t)=c di(D)xe (Ey/M)

e hmg® o .
[ 2.020U09) ( 5 ) IP(E,.I'):Z_-‘lf”(f)xf:’ﬂg" Myxr

n=1
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gBOUNCE: Quantum States in the Gravity Potential

¢ Energy Eigenvalues are given by

the Zeros of AiryAi :
Zeros of A;

2.33810
-4.08794
-5.52055
-6.78670
-7.94413
-9.02265

-10.04017

{1

Pirsa: 22090019 Page 27/82



gBOUNCE

Martin Thalhammer, Technische Universitat Wien
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Step Potential

2 [um)

2 [um]
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““Fourier”-Airy Series

Y. (Z.0) = ¢4i (2)x T
IPZ G.0= e, 4i, (2)x g "Bt

Y E )= 4i (D) x T

‘P('z’!) = 241{’(_:) * e"‘fﬂf‘,'h):-.-

n=l
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Tool: State Selector

Schrodinger equation:

-~

L s @‘2 + !-ng:](f’u(:) > 22

2m Oz

boundary conditions:
4 1t state
q’,u (O) = 0 2n4 state

with 2nd mirror at height 3ra g¢ate
9, (1) =0

E,

1.41peV
2.46peV
3.32peV

height z [um)

Solutions: Airy-functions: Ai & Bi

[AVAVAN

3

[peV]

I~J

Energie E

10 20 30

Hohe z [pum]|

Courtesy Jenke
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Tool: State Selector

Schroédinger equation: ! : ) . !
Solutions: Airy-functions: Ai & Bi

-~

[ L mg:](p,m - E,0,(2) 5

2m Oz ; /\ /\
E, -

boundary conditions:

1*tstate 1.41peV 4t

@ =0 d /
o 274 state 2.46peV
i AN /\

with 2nd mirror at height 3ra g¢ate 3.32peV
9, (1) =0

:
)
~

I~J

Energie E

eight z [um]
L
(=]

#® ~1pum I !
Surface roughness :

N

A “EAR Hohe z [pum]

Courtesy Jenke 3
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M. Thalhammer, T. Jenke et al.
¢ Snapshots with spatial resolution detectors ~ 1.5 um

Wat)= Y e ™y (2)

n=0

: i o
v, (2) ~ All— - —t]sc
'ZO

P

track detector
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How are Neutrons detected?

& Convert a neutron into charged particles by a
nuclear reaction @ i e

& Neutron converter
- 3He+n —>3H + p +0.76 MeV 5330 b
- ®Li+n —3H + a + 4.49 MeV 940 b
- Bgd+n — 1°8Gd + v+ e(29-181 keV) 254000 b
- B +n — 'Li+ o+ 2.79 MeV (6%) 3838 b
—7Li" + a + 2.31 MeV (94%)
’Li + 7 (0.48 MeV)
& Detectors for ionising particles:
- Gas detektors
- Szinitillation detectors

- Solid state detectors

Courtesy: Dr. Martin Klein, CDT
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CR39 d,=0.5 pum

[ ] 108 (antfarnt) L] 1d;=0.2 pm
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y - Quantum States T RIS

[ ] 108 (antfarnt) L] 1d;=0.2 pm

CR39 dy=0.5 um
{emferm)

Satanansicht

UCN

Mikr oskopsi chit

250
200 -
160
g 100 4
1 O
N =g b
T T T S T T T 1
10 20 30 40 50 G0
~ 10 cm

Height [um)] i
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~|

w Combined fit preliminary results

e z0 theory

— # Datapoints: 452

- Degrees of freedom: 411
— Chi2: 459.46

— Significance: 4.94 %

— z0: 5.869um

o 20 fit

z0 = 5.940 £ 0.032 um
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Phaenomena
Exhibition
Penemunde
Germany
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Newton, Gravitation & Equivalence

There are two basic elements:

& an equation for the gravitational field
as influenced by matter,

M-m Ay Y
Moy = M
7 (
¢ and an equation for the response of
matter to this field

F(r)=-G

Fzmic_i

¢ The weak equivalence principle

m =m
i g
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gBOUNCE & equivalence principle

¢ Application

- So far equivalence tests have been performed on 2 different objects falling
on classic paths:

¢ WEP: 2.7 10°1° |level tested: Ti Pt
& Microscope, September 2022

21.09.2022
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Quantum Aspects of the Bouncing Ball

& WEP and gBounce: one object, no classical path

¢ Inertial and gravitational mass
- Energy E,

- Distance z,

.yl
] ~ 0.602peV

1/3
—] —~5.87,m

00 05 10 15 20 25 30 35
m; [GeV]
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Frequency: Resonance Spectroscopy

€ Quantum System, 2-Level System

¢ Coupling
E=hy

¢ Example:

n el

- Magnetic Moment in

- NMR:
4d E . — Noh T

- outer magnetic field

- RF-field drives Transitions

- Rabi — Spectroscopy
- Ramsey Spectroscopy: Clocks, Spin Echo, EDM
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Gravity Resonance Spectroscopy

€ Quantum System, multi-Level System

& Coupling: Oscillating Mirror

E 6 = 5.42846 peV

E
© GRS: Neutron e T
- Gravity field of the earth —@—

gBounce:
- Oscillating mirror Vibrating mirror

drives transitions

& No lasers, no coupling to electromagnetic potential
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Energy Eigen States in Gravity Potential

E11= 8.23746 peMan Lo,

E 10 =7.71841 peV
E9=7.18129 peV

E 8 =6.62326 peV

E 7 = 6.04086 peV

E 6 = 5.42846 peV

E 5= 4.77958 peV |

E 4 =4.08321 peV

E 3=3.32144 peV |

E 2 = 2.45951 peV

E 1=1.40672 peV
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A neutron as an ideal object to study gravitation at small distances

& A neutron

is neutral
has small polarizability

probes small distances on the nm ... um — scale

- gives access to gravity-parameters:
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Casimir Force and Van der Waals Force

Atom Neutron
¢ Example Rb & Casimir force

Energy shift for Rb absent
Atom at ¢ Polarizability
distance to surface extremely small:

g, 2208 a =116x10"fn?
Vir) = 3hc a, D=4ma E
27T T'l

m

—6x10"eV x E{V}

Spectroscopy with cold and ultra-cold neutrons

Aim: gravity experiments with neutrons

with a sensitivity level of

Page 52/82



Pirsa: 22090019

A neutron as an ideal object to study gravitation at small distances

Hypothetical New Interaction

& A neutron

is neutral
has small polarizability

probes small distances on the nm ... um — scale

gives access to gravity-parameters:

couples to scalar fields (if there is a coupling)

allows constraints on any possible new
interaction at the level of sensitivity

- Examples for hypothetical gravity-like forces or

has a spin
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Applications I:
Spin-dependant short-ranged interactions

discovery potential [Setup 2010]:

50
10 1 frequency shift [’V*V‘J'J[HZ]

ge /hc> e

— l(}pm 68%C.L.)

90% C.L.
95% C.L.

-5.0
Logg (A [m])
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Applications I:
Spin-dependant short-ranged interactions

discovery potential [Setup 2010]:

50
10 1 frequency shift [’V*V‘J'J[HZ]

ge /hc> e

— l(}pm 68%C.L.)

90% C.L.
95% C.L.

-5.0
Logg (A [m])
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Dark Energy Quintessence Theories

¢ It could well be that the universe is not in a vacuum
state at all and has a dynamical evolution

& Scalar field ¢ as a Perfect fluid

T,tw = (P i p)uuuy -+ PG tVid)

dV
b+ 3Hd + — PP =0

Pirsa: 22090019 Page 56/82



Pirsa: 22090019

Symmetrons (M. Pitschmann, P. Brax)

e “Invented"” by K. Hinterbichler & J. Khoury in 2010"

@ based on Spontanous Symmetry Breaking similar to the Higgs mechanism

but with a real scalar field ¢

“PRL 104, 231301 (2010)

2 Phases

, : : e i It
Q Spontanous Symmetry Breaking: — < i vacuum value” ¢y = +—
M-

! ) rhe o
Q Svmmetric Phase: —!—; > [ dense matter
M-

Pet

VA

=5x%x 107" MeV
=5 x 10" MeV

Eound to pack entropically

k= 0.537

py = 1.082 x 10~° MeV*

4.570 x 10" MeV"'
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he/p
1 mm 1 micron :
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10°
- ,»/Mass M vs Range
v g
) 0 =
a 10 E
S 5
10" = 7
10" 5 §
1 0 o Fummi=scremnnd
-4 |
10 1 ma\/ 1 aV/ -
1 =3
10 IR _E}T‘
'“ = ]“ mev} Farmi-scraanad
oD im s
i 10 micron —scresned
’< i '_E} oF—
o 10 g -10
.E i =20 Femmi=wcmennd
T -30
8 10 : 10F micnon —scresned
v T 0
[T ¥
= 10 3 @ -10
% = -20
=30
10 10
£ 0
10 g
(sl Uit T S VGRS T RV TS 7 E 1 - '
: -30k T e
matter coupling energy M / GeV 0 12346678 910111213 14 1

Log,p(MeV])
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In this issue NATURE PHYSICS FOCUS: Quantum thermalization

OCTOBER 2018 VOL 14 NO 10
l I : l l Ie www.nature.com/naturephysics

Bound to pack entropically

Coexisting phase transitions
Neutrons rule out symmetrons

Going bio
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qBOUNCE.' Quantum States

& Schrodinger Equation

2 2y

D

+ mgz\V = EW
2m dz?

A\ '!'

8 -
~1
5y gx\m\
S
i~

-

/7-

& Characteristic length and energy scale
; £ 1/3 -
h:

",
2mm.g

T

h™m, g~

5\1/3
] =5.87um EO:—[ ] =0.602peV

2m;

. : z b
& Change of variable S
=0 0

< A[rv’s Equation, and general Solution with AiryAi and AiryBi
a*v 420 =0 U(z) = aA;(z) + bB;(z)

g=2 -
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qBOUNCE.' Quantum States

& Schrodinger Equation

2 2y

D

+ mgz\V = EW
2m dz?

A\ '!'

8 -
~1
5y gx\m\
S
i~

-

/7-

& Characteristic length and energy scale
; £ 1/3 -
h:

",
2mm.g

T

h™m, g~

5\1/3
] =5.87um EO:—[ ] =0.602peV

2m;

. : z b
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qBOUNCE.' Quantum States

& Schrodinger Equation

odiy
— + mez +
2m dz" &

& Characteristic length and energy scale
; 173 -
h:

Y,
2mm.g

T

2m.

. g . E
¢ Change of variable S
s B

L

L gﬂ\

-~

—

/7-

.
F‘. - &
] =5.87um EO:—[,mi'g ] =0.602peV

& Airy‘s Equation, and general Solution with AiryAi and AiryBi

gap
+ 20 = (

dz2 ~ ”

P(z) = aA;(z) 4

bB;(z2)

Hypothetical New Interaction
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Gravity Resonance Spectroscopy and Precision Experiments at Low Energy

¢ |s gravity an entropic force (E. Verlinde)

& What about gravity theories based on geometries other than those of
Riemann, Riemann-Cartan, etc. ("beyond-Riemann gravity")

¢ Is Lorentz Invariance violated?
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Verlinde: Gravity as entropic force

h
% AASY = 273-;{78? A(L‘ =
¢ Black holes e TG

as AS =27k, I— Ar. FAz— TAS
1

& Relationship between temperature and acceleration

kBT=i@ =>F=m-a
hird by

¢ Entropy and i_pformation, N (Bits)
Ac

N~AN=Z

Gh

% Ene{gy E is equally distributed, Bits N:
E= E Nk, T, E= M, A=4nR’

F_c Mm

R?
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Verlinde: Gravity as entropic force

h
% AASY = 273-;{78? A(L‘ =
¢ Black holes e TG
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1
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qBOUNCE and decoherence-free entropic gravity

¢ Problems:

- entropic forces are by nature too noisy
and thus destroy quantum coherence

it could be modeled as an environment
in an open quantum system. Small
objects must be very strongly coupled
to the gravity environment.

But the strong coupling must lead to
ample wave function collapse and
guantum decoherence.

However, such decoherence is not
observed in cold neutron experiments.
Thus, entropic gravity cannot be true.

=
o
. —
7
7]
.-
=
7]
=
-
—~
—_—
W
~

UCN,
Neutronenspiegel :
Neutronenspiegel Neutronenspiegel

12 i
1.0

0.8

0.6

0.4

0.2

0g

0 100 200 300 400 500 600 700

Frequency [Hz]

v13 = 463.741 100 Hz
V14 = 648.24 11 20 Hz
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gBounce and decoherence-free entropic gravity

(/f) ' /33 " - 5 mgxopo
— = == p |k Day Blgl——
dt om! 4 L

-

ﬁ._
¢ D. Bondar suggested, arbitrarily low e 3”;{9)
decoherence can be achieved by simply '
increasing the positive dimensionless coupling
constant g, which is a free parameter of this
model. In the limit g = oo, the model recovers . H “

Newtonian gravity as a potential force.

== Entropic Gravity
—— Conservative Gravity
X = Yo +2.7

20
Data Point Index

o= 2 \

Conservativa Gravty
# Obounce Experiment

2500 3000 1500 4000 4500
Oscil lation Frequency (Mz)
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qBOUNCE as a tool for probing of beyond-Riemann gravity

& Effective non—relativistic potential of beyond-Riemann gravity interactions

- For the experimental analysis of the BRG and LV interactions by using the quantum gravitational
states of UCNs Kostelecky and Li proposed

=z

p .
H = Ho + ®rc + PBrG = ﬂ-mg-Z—%Rc-l-CanRc.

(I)HBRG - H¢ -+ H(;(j) g Hg -+ H(;g.

where the operators H; for j=¢,o¢. g and o g are equal 1o [6]

. 1 ohy - o0
Hy = ky*mg -2 + (k) - (p/@-2)+ @ 2)p7) + (R K (_pJp"(g-zyﬂg-Z)pJp").

sl . 1 L
Hog = (KN} yho (g - Z)+(ki,‘£; EHJ(P (g-z)+{g.z_)p") kﬁgjm, Jﬁeifrj(pkpl(g-z)+(g.2)p"p')‘
HT_”{:NR]} .ku\Rr}ﬂ\

}n kINR] Jké

ko j K €
plg gp n PIP°E

NR jkE k NR f\rm k
HUE— k(ng)n UJQJ‘ +(A(li‘p)ii UJ.D ; krigpp)r{ P plgm~
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qBOUNCE as a tool for probing of beyond-Riemann gravity

& Effective non—relativistic potential of beyond-Riemann gravity interactions
- For the experimental analysis of the BRG and LV interactions by using the quantum gravitational
states of UCNs Kostelecky and Li propose [6]
=2

D .
H=Ho + ®rc + PprG = m-mg-z—%Rc-l-CanRc.

= (L3824 () 6/G - 7 + (KNR)/ 0’({‘

¢ og og

THERMAL PIRFECT
NEUTRONS SILICON
CRYSTAL

]
; -_— ) s — (_)”/) ()”/'
L = 5 ((He + () (e 14), + #-1-),)

gn _ o _ gD

(K§R), <1x 1072 GeV |(K§R), + (KNR)43/| < 2.5 x 1072 GeV
g m

¢ o

n
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qBOUNCE as a tool for probing of beyond-Riemann gravity

¢ Effective non—relativistic potential of beyond-Riemann gravity interactions

- For the experimental analysis of the BRG and LV interactions by using the quantum gravitational
states of UCNs Kostelecky and Li proposed

© gBOUNCE + GRS

o

OH = (kz®),g-Z + (/‘NR)u”“I s (l‘\h)u o/ g

¢ op oy

Original Spin-independent Spin-dependent
levels correction correction

:
Vii

FIG. 1. Splitting of the neutron energy levels.
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gBOUNCE and Lorentz Violation (LV), mgSME

& Lorentz violation must arise spontaneously in such a way that the LV coefficients are
treated as dynamical fields that acquire nonzero vacuum expectation values.

& Schrodinger Equation
I dy

5

—— + Mgz + =Ey S = OEH t+ OLv + Oy.
2m dz

I .
» pie T
le\ o /r [ HJ'J L g [I’,”_. }

4 Tl T 1 = ] ‘
C. A Escobar'* and A. Martin-Ruiz? Cuvy = Cup T Cpy and s,

f.'l';l\'lt:llillll:ll S .'lI'('lIl'H l.lll' I,u]'t'lll/. \'iul.'itiuu u,ilh ”ll!'.‘u'llll] N nutrons
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gBOUNCE and Lorentz Violation (LV), mgSME

1 v . . e
77_\ - mgz \[)! . ke "HJ:JH + ,SL\ ,_H'r”

2m

P ) 3 | ;
ik (1 ‘IIJ{ 2 )‘I’,,| ViPnlZ) (2 5"’1‘[\ Wal2 J} Hz, STV - / e (=ull 4+ s* [l'ﬁ,‘r”_. ol sl af ) 4.
2K

I} . )] 2
P i and ;.

E E iie
'ﬁfh' Hz = 215.747 (26", + &*,) Hz,
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gGBOUNCE and Lorentz Violation, the CANONICAL SUN-CENTERED FRAME

& For the 2019 sensitivity of gBOUNCE we get

-Ljfr.rr}/ siny m {4;"{”s _f,r;"”\'} D5 2.1 x 107" GeV,
v’)le:}_/ - \il] \lt)\\fﬂ”, \r 7.4 ¥ ||] '(:I\

5més, —cosx(4d% +2HEy) (S:)]| < 2.1 x 1073 GeV

© With [e3z] <44x107" e get

)] Iy ox 1077
3% 107 GeV.

Combination Result
107" GeV

Neutron Sector:
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Motivation for high precision tests with neutrons:
extreme sensitivity or precision

® Energy AE = 1021 eV © Energy AE =4 x 1018 eV, ACME

- Search for an electric dipole moment, - Search for an electric dipole moment,
neutron electron

s dad o 1D acm - ThO, d, <9 x 102° ecm

- of - YbF, talk B. Sauer
Separated Oscillating Field by NMR
& € Y © Energy AE=2 x 10 1° eV

© Energy AE=1 x 10¢ eV 5 by GRS

- of
Separated Oscillating Field by GRS

- (Jenke, Rechberger, Bosinar, Micko,
Sedmik, HA)
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Jakok Micko + Tobias Jenke: experiments in 2020/21
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Jakok Micko: first Results, Transition 1> —> 6> @ 972 Hz

940 960 980 1000 1020
f [Hz]

Pirsa: 22090019

Region | Region Il Region Il Region IV Region V
0= it .
f \\ / 1 g neutron
25 N /\ /\ 4 1 ultracold /
— f ] it
0 t A\, (s i neutrons : 'rlo:;r' er
S 20! i '
E [ ] T T Y T v
— I \ 1 initial oscillating coherent oscillating final
o 15 energy state mirror superposition of E 6mib42846 peMhergy state
iy [ preparation energy states analysis
10

Reflect on all sufaces

- Measure in phase (blue) -
- Measure out of phase (yellow) -
- Measure, where gradient is largest -

velocities in range [4;11] m/s (2021)

Neutron mirror pseudo potential: 100 neV
Length of setup 0.948 m

Distance between mirrors = 30 um

Steps in height between mirrors < 0.5 pm
Typical count rates (no oscillation): r =~ 20 mcps
Alignment relative to g: 10 prad
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Jakok Micko: first Results, Transition 1> — 6> @ 972 Hz

w
(42}

Region | Region Il Region Il Region IV Region V

A
\

neutron

N
9]
~—
s
—
i
~
N

[ / ultracold /
w t N L/ neutrons . CUANTLOr
o 20 I tube
U !
— I \ 1 initial oscillating coherent oscillating final
i 1 I energy state mirror superposition of E 6rmib42846 peMhergy state
iy [ preparation energy states analysis

940 960 980 1000 1020
f [Hz]

Reflect on all sufaces
— velocities in range [4;11] m/s (2021)

- Measure in phase (blUE) Movie: R. Neubacher - Neutrsnfmirmr pseudo potential: 100 neV
- Length of setup 0.948 m
- Measure out of phase (yellow) — Distance between mirrors = 30 um
A . — Steps in height between mirrors < 0.5 pm
- Measure, where gradient is largest — Typical count rates (no oscillation): r =~ 20 mcps

— Alignment relative to g: 10 prad
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J. Micko: Cycle 2 in 2021 @ILL:

*  Frequency sweep with T phase

Highest sensitivity: points measured at
[15=]6:& 2.0 7o

R
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J. Micko: Cycle 2 in 2021 @ILL:

*  Frequency sweep with T phase

* Highest sensitivity: points measured at
[15=]6:& 2.0 7o

RTINS
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More effects?

¢ Misalignment? g decreases i

¢ Coriolis/Sagnac are small NVTRONS ATORINSTITO

& Steps between regions? Lowers contrast, induces spectator shift
small for |1>->|6>

¢ Tidal forces? %‘g ~ 10-°

¢ Time base off? Using Rb clock since 2020 (cross referenced with second
clock referenced to GPS, agree to < 107 19)

& Magnetic field gradient? Measured in situ and would eliminate
resonance curve

¢ Finite mirror potential? | = 0.4 nm, AE;; < 1 aeV
& Stat. Energy Sensitivity AE = 101° eV
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René Sedmik: Storage Solution

Ramsey GRS Outlook

current setup

no
20 f?c’j,\.

7=~ 70 ms

Development Steps: ¢ ¢, Hypothetical improvement

i‘ in sensitivity: 104

‘“"‘H_cr%w;n glass — Measurement options:
proposed steps . .
(spin-polarized or not)

Future storage setup: \ 4 2 B e a0 g
g P v g5, 9s9pP, 9P 9 9as 97

9, €n + WEP

T=T700s
-1 -1 n
Crr 9xTy — 971X

0o, i (B R
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gBounce Collaboration /Support

¢ TU Wien Experiment ¢ TU Wien Theory

René Sedmik - Mario Pitschmann
Joachim Bosina - Andrey lvanov
Jakob Micko - Manfried Faber
Joachim Bosina, Atominstitut TU Wien - Martin Suda

Sandeep Suresh Cranganore - Christian Kading

HA - Ben Koch
¢ TU Wien

- lvica Galic

¢ ILL Grenoble

- Tobias Jenke

- Roman Gergen
© Nagoya University, KEK
- Naoto Muto
- Hirohiko M. Shimizu
- Shinsuke Kawasaki et al.

¢ TU Munich / U Heidelberg

- Peter Fierlinger

- Ulrich Schmidt

- Stephanie Rocchia

- Thomas Brenner

¢ Tulane University
- Denys Bondar
- Alex Schimmoller

- Gerald McCaul
- Torsten Lauer
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