Fundamental Physics & Technological Goals

 Cosmological Axions & ALPS
 Nuclear Clock based on Isomeric Nuclear States
* Dark Energy & Frequency Comb

* Experimental Gravitation



Search for Axion and Axion-Like Particles

Axion-photon coupling |g,,,| (GeV-")
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Technological Challenges
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Techniques to be developed
* High dipolar magnetic field
* Millikelvin cryogenics
 High Q microwave cavity in strong magnetic field
* Single photon detector @ microwave energy
* Single spin-flip detection through atomic spectroscopy
* EPR magnhetometry
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Potential INFN Contrioburion 10 <47 1N-Cloc

Various Excitation Functions for Proton Bombardment of *Th

@ Production of %229Th:

232Th(p, 4n) and 232Th(n, o) S i

at SPES (LNL) applicative line: e 1 |

35 MeV, 0.5 mA proton beam, 31 W ..

1.5 mm thick 232Th target (22 ), S NN L
production o(p,4n) ~ 100 mb', S S T
8.3x 10" atoms of %°Th =
in 1 week of irradiation. T ‘ic.Jost et al.,AIP Conf Proc. 1525,520(2013)
Disposal of FFs and 2%7:2%8Th, 15d | &

@ Measurement of lowest level: = ©5% e o T2
233 target activity 0.35x My[ng]. 7340y @ 1.4x10y
signal length <10 ms, (M;<30 ng), - iy
~2% decay into 7.6 eV level, Ac-229
ucalorimeter resolution <0.5 eV, 63m | ©PYne)
or ~ 0.15eV/My[ng]. (My<10 nQ), 8 \Ra-229
calibration with 6.2, 11.6, 19.8 eV U 4m

Au Cover

atomic levels, U and enclosure —
fluorescence background.

wire ! g ! wire




Dark Energy & Frequency Comb

Cosmic expansion measured in real time
by comparing spectra of QSO taken >10
years apart and by looking

at shifting of Lyman-alpha forest lines:
unique and model independent probe of
the universe global dynamical state i.e.
measure of a(t)

Z=(1+Z)H0—H(Z)
v=2z2c/(l1+z2) —

-

3 different observing strategies:
Best constraints on Q, smallest o,
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Shrinks with observing time
and experiment duration

D=42m
4000 hours
At = 20 years
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FREQUENCY.COMB FOR NEW PHYSICS

- High resolution laser spectroscopy

testing QED

testing special relativity
determination of fundamental constants
detect or limit slow time evolution of these constants

- Optical atomic clocks
- Controlling the electric field transients of pulses

generation attosecond pulses

- Direct comb spectrocopy
high resolution XUV laser spectroscopy

- Calibration of astronomical spectrographs

detecting extra-solar planets

temporal evolution of constants on cosmological time scales
confirm or rule out existence of dark energy

solar gravitational red shift




Experimental Gravitation

Axion like bosons with scalar coupling gs
search via monopole-dipole interacion
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Newton Law at small distances :
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V(r) = —Gy (14 e )
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Extra dimensions tens microns size
Atom Interferometry : Magia approach

Quantum field and gravitation:

.  mw?L%hc g _

= 72043 2"

Quantum systems and gravitational effect
Vacuum fluctuations and gravity
Spin-gravity coupling
Quantum gravity and Lagrangian points
MOND test
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Gravitation with Macroscopic Detectors

The instrumental heritage of The possibile future instrumental
few decades of experiments evolution
?‘Q

Best sensitivity to small forces in Enlargement of the L
macroscopic test bodies in 10 — 100 Hz detection bandwidth | wire
frequency band — Virgo driven toward 1 Hz region |
(now comparable in LIGO)
suspension in the world — Virgo driven limit toward 1 mHz

(now comparable in LIGO)

Best torsion pendulum torque sensitivity Cryogenic e/o Underground
in 1-10 mHz frequency region - LISA torsion pendulums
driven (Comparable with Eot-Wash) and beam-balances

Room temperature and cryogenics
acceleration and rotational sensors
(Virgo-LISA — .... driven)
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Gravitational and Fundamental Physics Items

Axion like bosons with scalar coupling gs
search via monopole-dipole interacion
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Vacuum fluctuations and gravity
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{{@}} Super attenuator performancei

s Direct measurements (or upper limits) of the coupling of @:;?g
excitations at top stage to mirror motion -

s Does not include additional effect of inverted pendulum
pre-isolation stage (resonance about 40 mHz)
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Gravitational and Fundamental Physics ltems

Axion like bosons with scalar coupling gs
search via monopole-dipole interacion
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“Th-based Nuclear Cloc
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Various Excitation Functions for Proton Bombardment of *Th
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“Th-based Nuclear Clock
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Reactor based:

@ from 233U stockpiles,

e.g. from HTGR (Germany,89)
or PWR (USA.80) reactors,

in 10 y aged material

fraction of ’This 4x107°,

Accelerator based: |- ot
Q %%2Th(p,4n) and 232 Th(n a)
at SPES (LNL) applicative line:
35 MeV, 0.5 mA proton beam,

1.5 mm thick 232Th target (22 Q).

production o(p, 4n) ~ 100 mb',
8.3x 10" atoms of %29Th
in 1 week of irradiation.

Disposal of FFs and 227,228TR 1 C.Jost et al.,AIP Conf.Proc. 1525,520(2013)
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Cosmic expansion measured in real time
by comparing spectra of QSO taken >10
years apart and by looking

at shifting of Lyman-alpha forest lines:
unique and model independent probe of
the universe global dynamical state i.e.
measure of a(t)

z2=(1+2)Hy— H(z)
v=2zc/(1+2z) —

v (h,, cm s yr™")

0.5

3 different observing strategies:
Best constraints on 2, smallest o,

-0.5
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Shrinks with observing time
and experiment duration

D=42m
4000 hours
At = 20 years
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The Intergalactic Medium: Theory vs. Observations

80 % of the baryons at z=3
are in the Lyman-a forest

Bi & Davidsen (1997), Rauch (1998)

Review by Meiksin (2009)
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matter density field
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@ Different
coloured points
reflect different
targeting
strategies

@ 4000 hrs on 39-
m E-ELT over
21.5 years, or

@ 1200 hrs on 39-
m E-ELT over 40
years
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Pasquini et al. 2005, Cristiani et al. 2007, Liske et al. 2008
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Measurement of lowest

@ 233U target activity,
Ao = 0.35 x My[ng] .

Q ~2% decay into 7.6 eV level,
Q ucalorimeter,

@ signal length 1 ms (R<100 Hz —
MU<300 ng), Au Cover

© resolution <1 eV (My<43 nQ), %—

og ~ VKT2C ~ 0.15eV/My[ng] .

Q calibration 6.2, 11.6, 19.8 eV U
atomic levels,

@ background.




Reactor based:
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{{@}} Super attenuator performancei
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Fundamental Physics

Cosmological Axions & ALPS
Experimental Gravitational

Nuclear Clock based on Isomeric Nuclear States
Dark Energy : Frequency Comb & NIR TES



Quantum Simulations

Lattice Gauge Theories

Quantum Technologies

Role of European and Italian
collaborations
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Topics to discuss

* Quantum Metrology

* Quantum Imaging

* Quantum Communication

» Spintronics

* Photonics

* Quantum Opto-Mechanics



Vacuum Energy?

Lp hw Kg
3 - 93 "9
PvacOC/O Pk~ 5 x 109 3
where to cut off?
Planck length: L, = %’} =4.1x103m

about 120 orders of magnitude too large!*

*Greatest embarrassment in all of theoretical physics. (Michael Turner Physics Today 4/2003)

cosmic acceleration ~ 1cm/sec per year.**

**might be measurable with good calibration
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Extrasolar Planets discovered so far

= S

T & T T
¢ E
7T :
* o @
0.1F .
iy ®
o ° oS
« o3 o® o
LN .' © <
[ © - R
o e * E-T ‘©
Ir s 'o © 0 ° - &
~. oo I} o o
e § o o ¢ &
® &
. PN .? « ‘. )
o’ *0 o o o
o —
E @ o =
10 F
"Precursor Science for the Terrestrial Planet Finder" 8
edited by P.R. Lawson et al. JPL Pub 04-014 (2004)
1 M M | " | N 22

100 1000 10000

Companion Mass (M)

Planets discovered by radial velocity (blue), transit (red) and microlensing (yellow)



Possible Drift of the Fin

Aa/a (x 107°)

N T ' L
o 21cm/molecular

e many—multiplet

e Structure Constants

L~ alkali—doublet

- Webb et al. PRL 87, 91301 (2001)

 &/a=+1.0x 107> yr—1
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