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Research on gaseuos BEC

precision measurements
gravity, angular velocity,

cold molecules time, magnetic field, ...
“ultra-cold chemistry” $

atom lithography ,\v\ / nonequilibrium physics

applications ___———» unforeseen applications

Ll

optical lattice
guantum simulation

“guantum electronics” “condensed matter physics”
“atomic condensate as a coherent gas”  “BEC as a new quantum fluid”
or “Atom lasers” or “BEC as a many-body system”

Nobel Lecture, December 8, 2001
two areas By WOLFGANG KETTERLE

1995 The first creation of gaseous BEC: Rb, Na, Ll
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Making of atomic BEC
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Time Of Flight measurement of atomic BEC

thermal bimodal pure

1.2mm

Critical temperature: ~500nK



Atoms in a magnetic trap
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Atoms in an optical trap
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A short summary of atomic BEC

» Condensation not only in the momentum space but also in the coordinate space

» Typical number of atoms 10°-107, dimension 10-100 um, life time < several sec.

* Internal degrees of freedom are librated in an optical trap: spinor BEC

S

F=S+L+1
S : electron spin
L : electron orbital
I : nuclear spin

87Rb, 23Na,
70, 4K F=1,2
85Rb F=2,3
unstable A

133Cs F=3,4
S2Cr F=3(S =3, 1=0)
4He*, 40Ca,

F =0 (S =0, 1=0)

174Yb’ 176Yp




Rb BEC with internal degrees of freedom

87Rb high-field seeker Mg low-field seeker
F=2 -2 -1 0 +1 +2
F=1 +1 0 -1

- Magnetic sublevels can be coherently coupled, and their
populations can be controlled.

- Scattering lengths can be controlled via Feshbach Reaonance.
- Rich variety of physics

Spin-exchange collision, Ground-state phase,

Phase separation, Spin-squeezing, Quantized vortex, etc...



Experimental setup and spin-state manipulation
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Spin-state manipulation
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Optical Magnetometer

>
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probe light
‘pump light

review article: D. Budker and M. Romalis, Nature Phys. 3, 227 (2007).



"A subfemtotesla multichannel atomic magnetometer,"

I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, Nature, VVol. 422, pp. 596-599 (2003).
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Figure 2 Experimental set-up. The diagram shows: magnetic shields with a shielding
factor of 10°: field coils producing calibrated, uniform fields along X, yand Z directions, and
all five independent first-order field gradients; a T-shaped glass cell (3 x 4 x 3cm) with
flat windows, containing a drop of K metal, 2.9 atm of *He and 60 torr of N.; a double-wall
oven heated to 180°C by flowing hot air to obtain a K atom number density of
n=6x10"cm 3; a circularly polarized 1 W broadband diode laser (‘pump’ laser)
tuned to the centre of the D1 line at 770 nm; a linearly polarized 100 mW single frequency
laser (‘probe’ laser) detuned by 1 nm from the D1 resonance; a Faraday rotator
modulating the plane of polarization of the probe laser with an amplitude « = 0.02rad at
afrequency f meq = 2.9 kHz; beam-shaping optics that produce a collimated probe beam
with a cross-section of 4 mm x 19 mm; a polarization analyser, orthogonal to the
polarizer; a seven-element photodiode array (shown in the top inset), with element
separation of 0.31 cm along the j-direction; and a 16-bit data acquisition system using a
digital seven-channel lock-in amplifier to demodulate the signal proportional to the
magnetic field B,. Bottom inset, cross-section of the T-shaped cell, showing the rotation
of the K polarization P into the X direction by an applied magnetic field B,.

B — 1
" TVt ¥ =0ug 1 1(21 +1)



"A subfemtotesla multichannel atomic magnetometer,"

I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, Nature, VVol. 422, pp. 596-599 (2003).
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noise inasingle channel (a, dashed line), and intrinsic magnetic field sensitivity of a single
channel extracted from the difference between adjacent channels (a, solid ling). The
magnetic field sensitivity data are obtained by recording the response of the
magnetometer for about 100 s, performing a fast Fourier transform (FFT) without
windowing; and calculating r.m.s. amplitudes in 1 Hz bins. A peak due to the calibrating 5,
— field is seen at 25 Hz. To obtain absolute field sensitivity, we divide the magnetometer FFT
by a normalized frequency-response function shown in b with a fit to A/(f? + B?)"?
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Why magnetometer is important. Numerous and diverse applications

» detection of magnetic field from brain and heart
non-invasive studies of individual cortical modules in the brain
» detection of signals of NMR and MRI .
* detection of microparticles N &
» detection of magnetic anomalies
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Magnetic fields recorded from a brain in response to an aut(ji)tory stimulation by a series of short clicks
(averaged over about 600 presentations). The prominent feature at 100 ms after the stimulus is the
evoked response in the auditory cortex, most clearly seen as a difference in the magnetic fields
recorded by different channels. In contrast, ambient field drifts, such as those seen before the stimulus, ~ SQUIDRX#% Et (##57] 4% : MEGvision)
generate similar signals in all channels. (Xia, H., Baranga, A. B., Hoff man, D. & Romalis, M. V.
Magnetoencephalography with an atomic magnetometer. Appl. Phys. Lett. 89, 211104 (2006).)
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4. Magnetometer using BEC




"High-Resolution Magnetometry with a Spinor Bose-Einstein Condensate,"

M. Vengalattore, J. M. Higbie, S. R. Leslie, J. Guzman, L. E. Sadler, and D. M. Stamper-Kurn, Phys. Rev. Lett., Vol. 98, 200801 (2007).
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FIG. 1 (color). Imaging system for direct detection of atomic
magnetization. Left: Circularly polarized probe light illuminates
the trapped gas. A first lens and phase plate form a primary
phase-contrast image which is selectively masked and then
reimaged by a second lens onto the camera as one of —40
frames which form a single composite i1mage. Top right
Clebsch-Gordan coefficients for the imaging transition. Bottom
right: Sample images of a BEC (a) with the atomic spin along
—y and (b) with the spin along +¥y, demonstrating the magne-
tization sensitivity of our technique.
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FIG. 2 (color). Direct imaging of Larmor precession of a
spinor BEC through magnetization-sensitive phase-contrast
imaging. Shown are 31 consecutive images each with 325 X
I8 pm field of view. (a) Larmor precession is observed as a
periodic modulation in the intensities of repeated images of a
single condensate. (b) The peak signal strength oscillates at a
rate which results from aliased sampling of a precisely measured
38.097(15) kHz Larmor precession at a sampling rate of 20 kHz.

Direct Nondestructive Imaging of Magnetization in a Spin-1 Bose-Einstein Gas,
J. M. Higbie, L. E. Sadler, S. Inouye, A. P. Chikkatur, S.R. Leslie, K. L. Moore, V. Savalli, and D. M. Stamper-Kurn,

PRL 95, 050401 (2005).




"High-Resolution Magnetometry with a Spinor Bose-Einstein Condensate,"

M. Vengalattore, J. M. Higbie, S. R. Leslie, J. Guzman, L. E. Sadler, and D. M. Stamper-Kurn, Phys. Rev. Lett., Vol. 98, 200801 (2007).
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FIG. 1. Field sensitivity for repeated measurements using the
spinor BEC magnetometer. Curves marked ASN (PSN) represent
atom (photon) shot-noise limited sensitivities, assuming 7 = 1-100
250 ms. D = 1. and the atomic column density and probe light | A A
levels for our experiment. Diffusion of magnetization limits the -5 -50 -25 , [gm] 50 10
sensitivity for a given length scale by imposing a limit on 7
short dashed line, assuming D = 1). The gray line indicates the . . .
(short d: Ihu, l!nr . : “_1\11[;~ D _1 } -Ihk[l» ra) ]m“‘[_“_u‘ ““1'“ the FIG. 2 (color). (a) A sequence of phase contrast images, taken
measured spatial root Allan variance: the sensiuvity demon- . . .
" _ _ , S at a strobe rate of 14 kHz, reveal Larmor precession as an aliased
strated 1n measurements of an optically induced magnetic field . . . . : . -
( o d les of D = 0.003 ® o D—10) frame-to-frame oscillation of the signal. (b) The resulting 2D
see text), assuming duty cycles of D = 0.003 (@) or D = . . - L . , <
( ¢ g duty ¢} ‘ L map of the magnetic field, obtained by a pixel-by-pixel estima-
is also shown. Results are compared both to the ideal sensitivity . - e v le e
r wm-limited SOUID ter (dot-dashed line) tion of the Larmor precession phase, reveals the optically in-
ol a quantum-imitec magnetometer (dot-dashed hine P .
l Q_ c D duced local magnetic field near the condensate center. (¢) The
and to demonstrated low-frequency sensitivities [5.16] (A). R N _ e -
- ID phase profile precisely maps the applied field inhomogeneity

with peak strength of 166.2 = 1.2 pT.



Quantum magnetometer
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“Squeezed spin states,” Masahiro

Kitagawa and Masahito Ueda, Phys.

Rev. A 47, 5138-5143 (1993)

Angular momentum system
S=(5,,S,.S,)
Cyclic commutation relation

[Si,S ] =1 Sy
= (451)(as))> (S,

‘2

For N atoms in m=F along the quantization axis z,
S, =FN

A magnetic field along y axis causes a rotation of S

In X-z plane. Polarization of light propagating along

X will be rotated propotional to S,. This measument
Is limited by the projection noise of the atom,

(ASXZ):%:FNIZ

and light shot noise of polarization measurement.



"Sub-Projection-Noise Sensitivity in Broadband Atomic Magnetometry,"

M. Koschorreck, M. Napolitano, B. Dubost, and M. W. Mitchell, Phys. Rev. Lett., Vol. 104, 093602 (2010).
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FIG. 1 (color online). (a) Atomic transitions for probing, 0 1 2 3 4 S) 6 7 x10
preparation, and imaging light fields. (b) Atomic ensemble Atom Number N,

with probing. pumping. and imaging light fields. The polarimeter

measures in the 45° basis, i.e.. the Stokes component 3, . FIG. 3 (color online).  Measured variance of §, with statistical

N 9 S : > : _ v
errors tor N; = 107 as a function of atom number. Dashed curve:
theoretical curve including technical noise sources. Solid line:
pure spin quantum noise. Dotted line: shot noise and technical

6 .
Laser cooled Rb atoms, 10° 25uK, dipole trap |, oise Thin solid line: lisht shot noise. The clectronic noise
20 times QND measurement w/o dlpole trap is not plotted because it is negligible for this number of photons.

“Spin Squeezing of a Cold Atomic Ensemble with the Nuclear Spin of One-Half”,
T. Takano, M. Fuyama, R. Namiki, and Y. Takahashi, Phys. Rev. Lett. 102, 033601 (2009).




"Squeezed-Light Optical Magnetometry," Florian Wolfgramm, Alessandro Ceré, Federica A. Beduini, Ana

Predojevi¢, Marco Koschorreck, and Morgan W. Mitchell , Phys. Rev. Lett., Vol. 105, 053601 (2010).
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FIG. T (color online). Experimental apparatus. Rb cell, rubid-
ium vapor cell with magnetic coil and magnetic shielding; OPO,
optical parametric oscillator; PPKTP, phase-matched nonlinear
crystal; LO, local oscillator beam; PBS, polarizing beam splitter:
HWP, half-wave plate; SME single-mode fiber; PD, photodiode.
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FIG. 3 (color online). Faraday rotation measurement. Power of
the polarization signal as center frequency is scanned, RBW =
3 kHz, VBW = 30 Hz. The (upper) black curve shows the
applied magnetic signal at 120 kHz above the shot-noise back-
ground of a polarized (but not squeezed) probe. The (lower)
green line depicts the same signal with polarization-squeezing. A
zoomed view around the calibration peak at 120 kHz is shown in
the inset.
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Decay of F=2, m:=0 BEC in OT at B = 1.5G

Atoms in BEC initially polarized in F=2, m_=0 state.

m-=x1 components appeared during decay process.

Time evolution Total-spin-conserved spin-relaxation process
me=-1 0 +1 Trap time Kuwamoto et al. Phys. Rev. A 69, 063604 (2004).
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Rb BEC with internal degrees of freedom

87Rb high-field seeker Mg low-field seeker
F=2 -2 il 0 +1 +2
F=1 +1 0 -1

New quantum

- Ground-state phase of %’Rb BEC
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©om l magnetic

_____________________________________________________

Measured coefficients

c,/(4xh* /m) (+0.99+0.06)a,

c,/ (477’ /m) (-0.53+£0.58)a,|
| 'Ciobanu, Yip, & Ho, PRA 61, 033607 (2000).
indera et al., New Journal of Physics 8, 152 (2006) : 'Koashi & Ueda, PRL84, 1066 (2000).
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Evolution of m-=-2 & m-= +2 BEC mixture

If F =2 8/Rb spinor
BECis “cyclic”,

initial configuration

=
g

50~300 ms evolution
me=-2 &0 & +2

—

Above configuration
appears at 100maG.

Hiroki Sato & Masahito Ueda
Phys.Rev.A 72, 053628 (2005)
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time-evolution o S
Mixture of binary BECs miscible Immiscible?

Phase-separation condition
2
dp, > &;ay
Scattering length in (2,-1) + (1,+1) states
a,, =95.68a,11] a, =100.40a; 111 a,, =97.66a; *2]

(95'00a8 “[2]) [1] A. Widera et al., New J. Phys. 8, 152 (2006).

Difference of scattering length gives rise to phase-separation.

[2] D.S. Hall et al., PRL 81, 1539 (1998). (8’Rb IF=2, m_= +1> and |1, -1>)
[3] K.M. Mertes et al., PRL 99, 190402 (2007). 'F !



Feshbach Resonance in mixed spin states
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Phase-separation near Feshbach resonance
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