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Ultracold fermionic alkaline-earth (like)
atoms

87Sr (Tokyo, JILA,...) 5s5p 1P
17L1713YD (Kyoto,...)

e Two valence electrons

— No electronic spins in the ground state (/=9/2)
— Optical dipole trap

« Narrow optical transitions available — 552

— Narrow-line laser cooling near 7'

« Long-lived metastable states, 3P, & P,
— hyperfine-mixed lifetime ~ 100s
— MOT or MT in the 3P, state; 2 degenerate samples possible

— Optical clock on the 1§ -*P, transition & collision suppression



Production of Ultracold Fermions
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Optical access to near degeneracy on the
narrow intercombination transition
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Doppler cooling and spin-polarization in the 1D
optical lattice
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Outline: Optical Clock with Fermions

Introduction
— Status & limit of present atom spectroscopy
— Collisional frequency shift

Optical lattice clock
— Motivation and idea
— Light shift cancellation

Experimental demonstration
summary & prospects



Atom Clocks & Atom spectroscopy
- Precision measurements up to 15 digits -

Freq. COMB technigque
(MPQ,NIST,PTB,...)

Accuracy limited by the
definition of Sl-second or
the accuracy of Cs clock

Ju =1064721 609899143(10) Hz
Jeo, = 455986 240 494158(26) Hz

Fou! fow <8107 yr. fou ] fr, 301077/ yr.

Jras_og =2 466061 413187103(46) Hz }

The physics expected beyond 15 digits
¢ Precise determination of fundamental constants
e Detection of variation of fundamental constants




Improving stability of an atom clock

Allan deviation: a measure for the clock stabllity
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Spectroscopic accuracy
Atom motion.v
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Collision shift

Cold collision frequency shift is difficult to handle.
~ 10-" for Cs fountain clock

v" Difficulty in determining accurate atom density
v Controlling the cold collision shift (F. Pereira Dos Santos ef al. 2002)
v Use of fermionic atoms (Gibble&Verhaar 1993, Gupta et al 2003)



Cold collision shifts in spectroscopy

Trade off:
Better stability ~ Larger # of atoms
~ Larger atom density
~ Larger collisional shifts

Measured or expected collision shifts

¢ Cesium(MW) : 1014~ 10715 (sub mHz level)

* Rubidium(MW) : -4 Hz @10"*cm™ (Harber et al.)
« Calcium(OPTICAL) : <10Hz (PTB/NIST)

. Collision shifts can be suppressed for polarized

fermions

Clock shift (5 kHz) suppression factor of 30 has been
demonstrated on RF transition. (Gupta et al. 2003)



Spectroscopic accuracy:
Advantage of using optical transition
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Reduction of the Doppler shift is crucial
In the realization of optical clock




“Optical Lattice Clock”

« Suppression of Doppler shift by tight confinement
— Single ion in LDR
— Ensemble of neutral atoms in free space
— How to share advantages

« Spectroscopy of strontium atoms in LDR ('S-°P,)
— Stark-free optical lattice
— Removal of 1st order Doppler & recoil shift
« Optical Lattice Clock on the 1S,-°F, transition
— Polarization insensitive light-shifts in J=0-J=0
— Spectroscopy of 8’Sr in an optical lattice
— Suppression of collision shifts



Better optical clocks in the future?
Single-lon clock Neutral-atom clock

Hg*(NIST), Yb"(NPL.PTB) Ca (PTB.NIST),
S (NPL.NRC), In"(MPQ)... Mg (Hannover), Sr....

—In-Rl-trap; —In-freely falling;
Long interaction time - X Limited interaction time
Lamb-Dicke regime X Residual Doppler shifts
No collision shifts \ X Collision shift ...
X Quantum projection noise Good signal to noise ratio
P
Share the adwaniages of

both sche
N fermionic quantum ‘bsorbers
trapped in the Lamb-Dicke regime
“Optical Lattice Clock”




Advantage of increasing quantum absorbers

¢.g. in order to attain 1018 stability

AV 51/ 1

v, Vo JNxM
|Hz | 1HZz |
10%Hz Ji/sx10%) 10°Hz Ji0°s x5,

Observe single 1on for 10 days /

Observe millions of atoms for 1 s.

cf gravitational shift: Sv/v~gl/c* ~107° for/ =1cm



Simulate “ion-trap” like confinement
in neutral atoms

Charged particle--- Lorentz force 4 Ton trap A
RF quadrupole trap

Confinement (nearly) independent of
trapped electronic states

N r

Degenerate trap frequency
Stark shift cancellation

Trapped at nearly zero of the
electric field

Higher order light shift
for red detuned trap




Light shift cancellation
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Intensity fluctuation can be cancelled out
at magic wavelength

Light shifts for 1S, & P, states of Sr: Katori e al., J. Phys. Soc. Jpn. 68, 2479 (1999)
FORT for Rb C-QED expeniment: Kimble group (2003)



Experiment: Spectroscopy of tightly confined atoms
- removal of Doppler & recoil shifts -

_ ~. coupling
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Suppression of Doppler & photon-recoil
shift in the Lamb-Dicke regime
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Suppression of Doppler & photon-recoil
shift in the Lamb-Dicke regime

il =R F2m =5 KHz

s T
b 3 o
= o
3 3 5
% 10 __ For freely falling atoms
£ ___a;-abs=m0+§-ﬁ+ER/h+O(v2)
% 1/e full width 100kHz recoil shift }
§ Doppler shift

0 reappear

. . - - | |
-200 -100 0 100 200
Probe-laser frequency (kHz)

T. Ido and H. Katon, Phys.Rev. Lett. 91, 053001(2003)



Toward perfect control over light shifts
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« Polarization insensitive light shifts
— Use of isotropic coupling with J = O state
— Tensor shift due to hyperfine splitting

« Higher order light shifts

— Contribution of 4th order shifts

— approx. 1 mHz for 10 KWW/cm? (5x10-18)
V. G. Pal'chikov et al., J. Opt. B3, S131 (2003).



Design for the "Optical Lattice Clock™
on 1S,-°P, transition of 8/Sr (/1=9/2)

Hyperfine mixing: 7, = Axt, +Bx Typ e~ 160 s
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ac Stark Shift (kHz)

Light Shift cancellation on
thelS,(F=9/2)-*P,(F=9/2) transition
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Experimental setup
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Inhomogeneous broadening
of carrier spectrum for non-degenerate lattice

light shift difference
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Inhomogeneous broadening
of carrier spectrum (4, #4-)
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Determination of the degenerate wavelength
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Spectroscopy of the 1S, (F=9/2)-°P, (F=9/2)
transition in an optical lattice at A,~A
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Takamoto & Katori, Phys. Rev. Left. 91, 223001(2003)



Summary of Uncertainties

« Optical lattice potential
— Lattice frequency:d(Av,.)/dw; = -1Hz/GHz ( - 1mHz)
— Lattice polarization: dv,./d6; =0.83Hzrad ( —>1mHz)

— Higher order light shifts &v__ ~1mHz @ I=10kW/cm?
« Contribution of two photon resonance”?

« Blackbody shifts/qguenching
vp & —2.4Hz (@ 7'=293 K (Avy # 10 mHz (@ A7 <0.5 K) F
— 3P -3D transition at 2.6 pm ov <10 mHz
— Lifetime reduction to 100 s @ 7= 300 K O 91077

» Collisional frequency shifts: v ~0 g

— Collision suppression by 3D optical lattice
—| Statistical suppression

/




Quantum suppression of collisional shifts

87Sr: Fermionic particle

If the samples are prepared See, Disappearance of collision
shifts in RF: S. Gupta, ef a/,

+ 1n the same magnetic substate m, Science 300, 1723 (2003)

+ at sufficiently low temperature
+ and coherently excited,

Statistical suppression of the collisional shifts can be expected.
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Independently prepared degenerate fermions in
the long-lived metastable states:
Control of radiative modes by Pauli blocking effect

T. Busch, et al. Europhys. Lett. [ . e e s
44 .1 (1998)




Summary & Prospects

. Laser cooling of alkaline-earth Fermions.

. Well-designed perturbation help precision
measurements: 10-1"~10-"8 accuracy & stability@1s

. Use of quantum statistical properties in precision
measurement.

. Comparison of Sr/Yb lattice clock in search for o variation
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