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Outline

Atom Interferometry
Applications to gravity measurements
Measuring G with atoms

Precision gravity measurement at #m scale
with laser-cooled Sr atoms in an optical lattice

Prospects
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Light shifts and optical traps
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optical lattices

First exp. demonstration: S. Chu et al., 1986

Review: I. Bloch, 2005
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Microfabricated atom optics
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Double slit interference with cold atoms
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Quantum interference
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Agp effects

 Accelerations

 Rotations

e Laser frequency detuning
o Laser phase

 Photon recoil

* Electric/magnetic fields

e Interactions with atoms and molecules
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Matter wave sensors
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Raman interferometry in an atomic fountain

Phase difference between the paths:

AD =k [2(0)-22(T)+z(2T)]+®, k=k; -k, w,=ck,

with z(t) = -g t2/2 + vt + 2, & ®,=0 = AD = k gT?

g=AD/k,T?
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Frase (cucles)
Interference fringes — Firenze 2006

T=150ms = 27 = 10-g

1tivi -9
S/N = 1000 —> Sensitivity 10 g/shot

M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)
A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999)
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Stanford atom gravimeter

Monitering of loeal gravi
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Resolution: 3x10-° g after 1 minute

Absolute accuracy: Ag/g<3x10-°
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Stanford/Yale gravity gradiometer
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Stanford/Yale gyroscope
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SYRTE cold atom gyroscope

) 30 cm . One pair of Raman
- lasers switched on
3 times

Detection

50 cm

» Launching velocity: 2.4 m.s1

Maximum interaction time : 90 ms
3 rotation axes
2 acceleration axes
Cycling frequency 2Hz

Expected sensitivity (106 at):
e gyroscope : 4 10-8 rad.s'1.Hz1/2
Magneto-Optical Traps e accelerometer : 3 108 m.s2.Hz 12
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e Measure g by atom interferometry

e Add source masses

am

 Measure change of ¢

i
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> Precision measurement of G
» Test of Newtonian law at micrometric distances

http://www.fi.infn.it/sezione/esperimenti/MAGIA/home.html
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Why atoms?

Extremely small size

Well known and reproducible properties

Quantum systems

Precision gravity measurement by atom interferometry
Potential immunity from stray fields effects

Different states, isotopes,...
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Measurement of the Newtonian gravitational
constant G by atom interferometry
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Measurements of the Newtonian gravitational constant G
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MAGIA: Experimental procedure

e trap, cool and launch 2 clouds of Rb
atoms

» apply Raman light pulses
masses in position 1

o detect atoms state selectively
» repeat several times

» plot N/N and fit the differential phase
shift Ad, between the clouds

* mMove masses to position 2
repeat all procedure

subtract the differential phase shifts for
the two mass positions

B -3 = 4,(2)+ b + (2
(6, (22) ~ s + s (21)))
B~ B = 6,(2) — by + b (1)
— (0, (2) + o + s (22111))
= (¢ —¢) (4" —4)
=4y + Py (Az, At)
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8| J. Stuhler, G.M. Tino, Analog+digital phase and frequency detector for phase
%% locking of diode lasers, Rev. Scient. Instr. 76, 053111 (2005)
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GRADIOMETER
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SOURCE MASSES

Arrangement:
2x12 cylinders in a hexagonal arrangement

Material:INTERMET 180K
(95.3% W, 3,2% Ni, 1,5% Cu)
produced by PLANSEE

Properties:
Density = 18 g cm-3
Resistivity = 12x10-8 Wm

Non magnetic radius 5 cm
Thermal expansion = 5x10¢ K*  height 15 cm
Surface roughness = 3 pm mass 20 kg

Characterization

Possible holes in the center of big blocks can
change the average density of max 104
(Simulations show maximum shift of G of less than
104)

‘Hot Isostatic Pressing of cylinders at 1200°C and
1500 atm to reduce holes

-Ultrasonic and destructive test

‘Density comparison at different points in
cooperation with INRIM in Torino (relative
measurement will reveal differences smaller than
0.002 g/cm-3)

. 100 um hole seen i

wi.‘.h a micr.oscope e A g

HIP treatment

L Bl T -

Ultrasonic tests on a simply
sintered cylinder (above) and
on an also HIPed one (below)

15 samples obtained
from one cylinder for
density comparison
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Appropriate trajectories

Masses separation in the tfwo
configurations and atomic clouds
initial position have been chosen
in order to minimize the
dependence on atomic initial
parameters and reach the
accuracy on G of 104,

* the interferometer is realized
around an acceleration max/min

* the Earth's gravity gradient
must be over-compensated

- only high density material can
be used
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MAGIA — Relevant numbers Q;l

o time separation between pulses T=150 ms
* 106 atoms

* shot noise limited detection

e launch accuracy: 1 mm e Av ~5 mm/s

» knowledge of the masses dimensions and
relative positions: 10 um

* 10000 measurements

U
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Experiments on gravity at small spatial scale
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Motivation

e Physics beyond the standard model

Extra space-time dimensions

Deviations from 1/r? law
Hierarchy problem: why is gravity so weak?

New boson-exchange forces

Radion — low-mass spin-0 fields with gravitational-strength couplings
Moduli — massive scalar particles producing gravitylike forces
Dilaton — Light scalar in string theory, coupling to nucleons

Axion — pseudoscalar particles explaining smallness of CP violation in
QCD for strong nuclear force

Multi-particle exchange forces

o Small observed size of Einstein
cosmological constant

« Experimental challenge

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B 429, 263 (1998)
N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Rev. D 59, 086004 (1999)

S. Dimopoulos and G. F. Giudice, Phys. Lett. B 379, 105 (1996)
I. Antoniadis, S. Dimopoulos, and G. Dvali, Nuc. Phys. B 516,70 (1998)

T.R. Taylor, G. Veneziano, Phys. Lett. B 213, 450 (1988)
D. B. Kaplan, M. B. Wise, J. High Energy Phys. 8, 37 (2000)

Moody and Wilczek, Phys Rev. D 30, 130 (1984)

R. Barbieri, A. Romanino, A. Strumia, Phys. Lett. B 387, 310 (1996)
L.J. Rosenberg, K.A. van Bibber, Phys. Rep. 325, 1 (2000))

S.R. Beane, Gen. Rel. Grav. 29, 945 (1997)
R. Sundrum, Phys. Rev. D 69, 044014 (2004)
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Extra Dimensions

1 extradimension = Fol/rP size~10Ym
2 extra dimensions = Foc1/r* sizex=10%m
3 extradimensions = Foc1l/rP size~10°m

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, The hierarchy problem and new dimensions at a
millimeter, Phys. Lett. B 429, 263 (1998)

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phenomenology, astrophysics, and cosmology of theories
with submillimiter dimensions and TeV scale quantum gravity, Phys. Rev. D 59, 086004 (1999)
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Cosmological constant problem
and “fat” gravitons

Cosmological data = vacuum-energy density p, ..~ 3 -10° eV/cm3

1L
| ~ (he/p,,)Y4 ~ 0.1 mm

The graviton is “fat” at distances <1 mm ?
Solution to the CC Problem?

Force

~ 1/r? tail

R. Sundrum, Fat gravitons, the cosmological
constant and submillimeter tests, Phys. Rev. D
69, 044014 (2004)

20 pm <, £0.2mm
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Parametrizations for deviations
from Newtonian gravity

» Modification of power
law in Newton-type force

» Exchange of a boson with m = h/Ac

* Newton+Yukawa —
e Extra dimensions

potential

» Modified power-law

potential === Exchange of 2 massless particles

G. M. Tino, GGI Workshop, Firenze 29/9/2006
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Torsion balance - Washington experiment
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* Test bodies: ““missing masses’” of holes bored into plates

* Torsion pendulum
7075 aluminum, gold coated
disk height =2 mm
10 cylindrical holes evenly spaced about the azimuth

* Attractor
high-purity copper disk
top surface coated with gold
10 cylindrical holes evenly spaced about the azimuth
uniformly rotating

* Electrostatic shield
tightly stretched 20-um-thick BeCu foil

« Distance from top of attractor to bottom of pendulum
from 10.77 mmto 137 um

C. D. Hoyle, D. J. Kapner, B. R. Heckel, E. G. Adelberger, J. H. Gundlach,
U. Schmidt, H. E. Swanson, Submillimeter tests of the gravitational inverse-
square law, PRD 70, 042004 (2004)
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Microcantilever - Stanford experiment

Probe mass (gold)
50 um x 50 pm x 30 um
m, ~ 1.6 pg

Cantilever (<100> Si)

50 pm x 250 um x 0.33 um
Q ~ 80000

o, ~ (k/my)¥2 ~ 300 Hz

Source mass
5 sets of gold and silicon bars
100 pm x Imm x 100 um

Separation 25 um

S. J. Smullin, A. A. Geraci, D. M. Weld, J. Chiaverini, S. Holmes,
A. Kapitulnik, Constraints on Yukawa-type deviations from Newtonian
gravity at 20 microns, Phys. Rev. D 72, 122001 (2005)
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Microcantilever - Colorado experiment

o Scale:
“Taber” -
vibration b 1 ey

isolation

tilt stage

o
T~_transducer

amp box

detector mass
shield

PZT bimorph sSource mass

Detector (tungsten)
11.455 mm x 5.080 mm x 195 um

Q ~ 25000
o, ~ 1173 Hz

Source mass (tungsten)
35 mm x 7 mm x 305 pm

Separation 108 um

J.C. Long, H.W. Chan, A.B. Churnside, E.A. Gulbis, M.C.M. Varney,
J.C. Price, Upper limits to submillimetre-range forces from extra space-
time dimensions, Nature 421, 922 (2003)
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Experiments on gravity at small spatial scale

Experiments based on torsion balances (A <1 mm)

J. Gundlach and E. Adelberger (Washington) — torsion balance
R. Newman and P. Boynton (Irvine, Washington) — cryogenic torsion balance

Experiments based on high-frequency oscillators (A <0.1 mm)
J. Long and J. Price group (Colorado) — torsional oscillator
A. Kapitulnik group (Stanford) - microcantilever

R. Decca and E. Fischbach group (Purdue, Indiana) — torsional oscillator

New experiments based on atomic probes (A <0.01 mm)
E.A. Cornell group (Colorado) — Oscillations of a Bose-Einstein condensate

G.M. Tino group (Firenze) — Atom interferometry

Also experiments on Casimir effect (A <0.001 mm)

G. M. Tino, GGI Workshop, Firenze 29/9/2006



Departures observed at ~70 um?
(Washington, Stanford)

Experimental artifact?



] Test of the gravitational 1/r? law in the sub-mm range P

INFN Q

L with atom interferometry sensors
of the gravitational inverse-square law. The vertical axis

959% confidence level constraints on a Yukawa viola
represents the strength of a deviation relative to that of
Newtonian gravity while the horizontal axis designates its
characteristic range. The yellow region has been excluded
(From S. J. Smullin et al., 2005)
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* G.M. Tino, in “2001: A Relativistic Spacetime Odyssey”, Firenze, 2001, World Scientific (2003)
* G.M. Tino, Nucl. Phys. B 113, 289 (2002)
 G. Ferrari, N. Poli, F. Sorrentino & G. M. Tino, PRL 97, 060402 (2006)
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Ultracold Sr — The experiment in Firenze
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Firenze 2003, Magneto-optical trapping of all Sr isotopes

- St g, ST Abundance

- ®sr | 82.6%

Bsr | 9.9%

- s 5r | 7.0%

> Ysr | 06%
Isotope | | | transition | lifetime A tint o, t*? | abundance
®sr [0 [ 'SPy | 20ps [689nm [10ps | 210" 83%
8sr 92| 's,-*Pg 200s [698nm | 05s [ 10" 7%

G. Ferrari, P.Cancio, R. Drullinger, G. Giusfredi, N. Poli, M. Prevedelli,
C. Toninelli, G.M. Tino, Precision Frequency Measurement of Visible
Intercombination Lines of Strontium, Phys. Rev. Lett. 91, 243002 (2003)

G. Ferrari, N. Poli, F. Sorrentino, and G. M. Tino, Long-lived Bloch
oscillations with bosonic Sr atoms and application to gravity
measurement at micrometer scale, Phys. Rev. Lett. 97, 060402 (2006)
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Why Sr atom?

[ J = 0 ground state
* New quantum sensors — Small collisional cross section
" Fermionic and bosonic atoms

) . . 1S, - 3P, (7.5 kHz) (this work
 Optical clocks on visible 1s§ ) SP; gl mHz 2;7(80 )

/
Intercombination lines i‘ 1S, - 3P, (<1 mHz)

Optical trapping in optical lattices
with negligible change of clock frequency

Simple O - 1 transitions

- / ~ P
» Physics of ultracold atoms =——— To= Tecfor'S, - %, ransition
Two-stage optical cooling and trapping

\ All-optical cooling to quantum degeneracy

Degenerate Bose and Fermi gases

Sr Isotope Nuclear Spin Atomic Mass Natural
| (1027 Kg) Abundance
88 0 145,97068 82,6 %
87 9/2 144,315568 7,0 %
86 0 142,65567 9,8 %
84 0 139,34150 0,56 %
s I D Il 8 P 9

G. M. Tino, GGI Workshop, Firenze 29/9/2006



Optical frequency reference on Sr transition

e 885y 1S5,-3P, forbidden transition ('=2xn x 7.6 kHz)

- Spectroscopy on free atoms (LENS, SYRTE, JILA-NIST)
- LENS 434829121311  (10) kHz
- SYRTE 434829121300  (20) kHz
- JILA/NIST 434 829 121 312 334 (20 stat) (33 syst) Hz

Both stability and

G.Ferrari et al. PRL 91,243002 (2003) accuracy R e by e Q

I. Courtillot et al. Eur. Phys. J. D 33, 161 (2005)
T. Ido et al Phys. Rev. Lett. 94, 153001 (2005)

* 87Sr 1S,-3P, doubly forbidden transition (I'=2x x 1 mHz)
- Optical Lattice Clock (U. Tokyo, SYRTE, JILA-NIST)

- Tokyo 429 228 004 229 952 (15 sys) Hz
- JILA/NIST 429 228 004 229 869 (19 sys) (2.8 stat) Hz
- SYRTE 429 228 004 229 879.4 (5.3 syst) (0.5 stat) Hz 1

M. Takamoto et a/. Nature 435, 321 (2005)
A. D. Ludlow et al. Phys. Rev. Lett. 96, 033003 (2004) o, (r) = 6x10 ¢ 72

oviv~12x10™"

R. Le Targat et al. arXiv:physics/0605200 (2006)
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Sr MOT picture

=

LENS, Firenze, 2003
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Double stage trapping and cooling of Sr atoms
 Optical setup

A2 24  Capture Sequence: T =500 °C

oven

o0 =—40 MHz
dB/dz =60 Gauss/cm
12 1~=0.4 Isat

< |

- Blue molasses (At ~5 ms) 1~0.06Isat

- Blue MOT (At ~ 100 ms) -

NA=T {N —3*10"|  Vaus ®40 cm/s
Vv -
MOT N A4 T=2mK 5@y ~ KeggVeys ~ 277 *600 kHz
k/éb};(%_ M4 - Red MOT broad band (At ~ 100 ms)
O cture P f =50 kHz Isidebands =40 Isat
16 =-1.2 MHz

n=25%

|dB/dz =4 Gauss/cm

- Red MOT Single frequency (At ~ 10 ms)

0 =-350 kHz N, =3*10°
1=(10°+1) I, s
dB/dz = 4 Gauss/cm n~10 %

{ N = 5*10° atoms
T =400 nK
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Elastic collisions
Thermalization rate = elastic cross section

= Very long thermalization time
) possible effect of ergodic mixing
88Gr E £ 54 AN £ 9T0 AN : = upper bound on elastic cross-section
5 e i ] . 688< 4 * 10-13 sz
T M & e
) e
F ol e Short thermalization time
8OSr e [ Gq= 1.320.5 * 1010 cm?
14 ?ﬁn
E') 10 Z:]ng(m;@ L) 50
M e
BN s A At least one order of magnitude larger than o4
§ 42 7
B8Sr-808r et Oge_gs= 4t1 * 10712 cm?

G. Ferrari et al., Phys. Rev. A 73, 023408 (2006)
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Optical sympathetic cooling of 8Sr with ©°Sr
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» optical cooling of a small 86Sr sample at low optical depth

e simultaneous trapping of a large 88Sr sample dark to the 8Sr light

» fast thermalization with respect to the optical cooling

* reduction of the density dependent heating by a factor 20: dT/dn = 2 uK/(1014 cm-3)

G. Ferrari et al., Phys. Rev. A 73, 023408 (2006)
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Towards BEC of Sr

- Maximum phase-space density achieved experimentally

(optical-sympathetic cooling + evaporative cooling)

- Next step: Evaporation in compressible optical trap

p=0.2

- G. Ferrari et al. Phys. Rev. A 73, 023408 (2006)
- F. Sorrentino et al., Mod. Phys. Lett. B Vol. 20, n.21
(2006), arXiv:physics/0609133

 —
Fibre laser (20 W CW)

| 1D

\

U

*»

D. J. Han et al. Phys. Rev. A 63, 023405 (2001)

G. M. Tino, GGI Workshop, Firenze 29/9/2006



Decoherence

° 888[': Tga_gz = (3£ 1) x 1071 ¢m? ‘ Teoh — 1-10 s
* 87Sr: suppressed collisions for fermions at low temperatures

* N. Poli, R.E. Drullinger, G. Ferrari, J. Leonard, F. Sorrentino, G.M. Tino, Cooling and trapping of ultracold
strontium isotopic mixtures, Phys. Rev A 71, 061403 (R) (2005)

* G. Ferrari, R.E. Drullinger, N. Poli, F. Sorrentino, G.M. Tino, Cooling of Sr to high phase-space density by laser
and sympathetic cooling in isotopic mixtures, Phys. Rev. A 73, 023408 (2006)
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Precision gravity measurement at #m scale with .«
Bloch oscillations of Sr atoms in an optical lattice Q_I

mirror

E 3

‘ ‘ trapped
red MOT “——_ — atoms
beams '

d
probe

beam U
CCD

camera

4

|“|‘|“|“|““||‘I“|‘|“|“ll||‘|“l‘|“l“l‘|“l

optical lattice
beam

v=mgA/2h
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Particle in a periodic potential:Bloch oscillations

igz
periodic potential /\/\/m V(z+4/2) =V (2) Y(z)=e" u(z)

}:72 U(Z + 1/2) - U(Z) Bloch’s theorem
4.4
| 4 VY(z+A/2)=e"2¥(z2)
4 |
—_ 13_
| B L 4B (R(g(0)
52| B (nlgn) = 0
S 1 138 9
0K B 10 with a constant external force F
) | g(t) = g(0) + Ft/h

-1 0 1

quasimomentum q [27/A] Bloch oscillations

Quantum theory for electrons in crystal lattices: F. Bloch, Z. Phys. 52, 555 (1929)
Never observed in natural crystals (evidence in artificial superlattices)
Direct observation with Cs atoms: M.Ben Dahan, E.Peik, J.Reichel, Y.Castin, C.Salomon, PRL 76, 4508 (1996)
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average vertical momentum of the lower peak

width of the atomic momentum distribution

Bloch frequency vg = 574.568(3) Hz
damping time t=12s
8000 photon recoils in 7s
Orreas = 9.80012(5) ms2

G. Ferrari, N. Poli, F. Sorrentino & G. M. Tino, Long-Lived Bloch Oscillations with Bosonic Sr

Atoms and Application to Gravity Measurement at the Micrometer Scale, PRL 97, 060402 (2006)
G. M. Tino, GGI Workshop, Firenze 29/9/2006



INFN

C

Oscillation visibility vs time

Vertical momentum distribution of the atoms at the Bragg reflection
recorded after an evolution time in the lattice of 4 ms, 3 s, and 7 s.

G. M. Tino, GGI Workshop, Firenze 29/9/2006



gravity measurement with quantum degenerate
bosonic and fermionic atoms in optical lattices

g =9.6 (4) m/s?
dg/g ~ 104 in 10 ms

B. P. Anderson, M. A. Kasevich, Macroscopic
Quantum Interference from Atomic Tunnel Arrays,
Science 282, 1686 (1998)

10F
g =9.7372 (9) m/s?
0.5
& 8g/g ~ 104 in 250 ms
g oo
é G. Roati, E. de Mirandes, F. Ferlaino, H. Ott,
S 05 G. Modugno, M. Inguscio, Atom Interferometry
I with trapped Fermi Gases, PRL 92, 230402 (2004)
10k I . 1 | ! 1
Q 5 10 15 250 255

Time (ms) G. M. Tino, GGI Workshop, Firenze 29/9/2006
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Precision gravity measurement Q;I
with ultracold Sr atoms in an optical lattice:

» Measured gravity acceleration: =9.80012 (5) ms2

From geophysical data: g, =9.805046 (9) ms2

gmeas

e Present sensitivity: 5* 106 g

e Achievable sensitivity: ~107g

G. M. Tino, GGI Workshop, Firenze 29/9/2006



)
INFN

ot
C__1 Scheme for the measurement of small distance forces Q

uliiels Source mass

o e
"

@®

r%oé QAH?ST = atoms
“'I — 61

probe

beam

CCD

optical lattice camera

beam

v=maAl/2h

Objective: A =1-10 ym, a = 103-10*

G. Ferrari, N. Poli, F. Sorrentino & G. M. Tino, Long-Lived Bloch Oscillations with Bosonic Sr Atoms
and Application to Gravity Measurement at the Micrometer Scale, PRL 97, 060402 (2006)
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Atom elevator

100000 4

1000

Number of trapped atoms

10000 4 10000

1 5000

56.04 56.10 56.16 56.22

100

Distance travelled (mm)

Vertical size of the atomic sample: 15 pm

Atom elevator:
upward acceleration (1.35 g) for 10 ms
uniform velocity (133 mm/s) for variable time
downward acceleration (-1.35 g) for 10 ms
rest for 470 ms
reverse motion back to the starting point

Vertical position fluctuations: 3 pm rms

Optical

Tweezer

*Vertical size reduced to 4 pm
with an optical tweezer
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Source mass

gold coated
surface

Glass P

Al Al Al Al

B
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Other experiments on
atom-surface force

Hinds (1993)

Aspect-Westbrook (1997)

Vuletic (2004): effect of Casimir-Polder on atoms on chip

Shimuzu, Ketterle (2001,2005): effect of Casimir-Polder on quantum reflection
Cornell (2005): measurement of the Casimir-Polder force by oscillations of a BEC

G. M. Tino, GGI Workshop, Firenze 29/9/2006



Casimir-Polder and surface effects

thermal

van der Waals

Casimir-Polder

surface-atom force
out of thermal equilibrium

Fneq _

2 2 2
_Z aOkB (TSurface _TEnvir) &y t+ 1

6 2°ch

thermal

__maaﬁ%—b
! 47* (g, +1)

2> A

Casimir-Polder

_ 3hCO% (‘90 B 1)¢(‘90) 2
CP 5 opt
2r7’(g, +1)

8’Rb atoms

Sapphire substrate at 300 K
At = helkgT ~ 7.6 um

Aopt = 0.1 um

From M. Antezza et al., Effect of the C-P force on
the collective oscillations of a trapped BEC,
PRA 70, 053619 (2004)

S A/

M. Antezza et al., New Asymptotic Behavior of the
Surface-Atom Force out of Thermal Equilibrium
PRL 95, 113202 (2005)
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Measuring atom-surface forces

Use trapped BEC as a mechanical oscillator
Measure changes in dipole oscillation frequency

Move near Surface
/ the surface
Unperturbed
trap, o, L "/
Oscillating
BEC
Express trgp frequency chan_ges as o, — @ 1 d2U
normalized frequency shifts: R —— >
@, 20, m dx
From E.A. Cornell

San Feliu Conference, 2005

G. M. Tino, GGI Workshop, Firenze 29/9/2006




Other proposals

Periodic Source Mass --> 1010 o . \
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S. Dimopoulos, A. A. Geraci, Probing submicron forces by interferometry of Bose-Einstein
condensed atoms, Phys. Rev. D 68, 124021 (2003)

o |. Carusotto et al., Sensitive measurement of forces at micron scale using Bloch oscillations of
ultracold atoms, Phys. Rev. Lett. 95, 093202, (2005)

» Peter Wolf, et al., From Optical Lattice Clocks to the Measurement of Forces in the Casimir
Regime, arXiv:physics/0608021
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Accessible region with atomic probes
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Applications of new quantum sensors
based on atom interferometry

o
e Measurement of fundamental constants — G

* New definition of kg

e Test of equivalence principle
 Short-distances forces measurement

o Search for electron-proton charge inequality

* New detectors for gravitational waves ?

geophysics
T space

 Transportable sensors

G. M. Tino, GGI Workshop, Firenze 29/9/2006
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Gravitational wave detection
by atom interferometry
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C. Borde, G. M. Tino, F. Vetrano, "Can we use atom interferometers in searching for gravitational waves?", 2004 Aspen Winter
College on Gravitational Waves. Available online at: http://www.ligo.caltech.edu/L1GO_web/Aspen2004/pdf/vetrano.pdf

Chiao, Raymond Y.; Speliotopoulos, Achilles D. “Towards MIGO, the matter-wave interferometric gravitational-wave observatory,
and the intersection of quantum mechanics with general relativity”, Journal of Modern Optics (2004), 51(6-7), 861-899.

Roura, Albert; Brill, Dieter R.; Hu, B. L.; Misner, Charles W.; Phillips, William D. “Gravitational wave detectors based on matter
wave interferometers (MIGO) are no better than laser interferometers (LIGO)”, Physical Review D: Particles and Fields (2006),
73(8), 084018/1-084018/14.

i C. Borde, G. M. Tino, F. Vetrano, "ls it possible to detect gravitational waves with atom interferometers?", to be published.
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