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~ BEC in a cold atom system
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BEC in a cold atom system

I
Cold atoms are

« very dilute (1011~1014 cm-3),
« with no impurities, no defects.

=P Amenable to simple theoretical description

J. R. Ensher, et al.,
Phys. Rev. Lett. 77, 4984 (1996).

Condensate fraction

1.0

T/T,(N)

5% deviation of critical temperature ' - 3% shift due to finite number correction
from theoretical predictions - 2% shift due to interaction



= Inter—atomic interaction is tunable !’
E—

Feshbach resonance

There are two channels corresponding to different
spin states.

Resonance occurs when open and closed channel
are energetically degenerate.

Closed (bound) channel

bound state
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S. Inouye, et al.,
Nature 392, 151 (1998).



L.oss near Feshbach resonance

loss due to
vibrational quenching

Number of
atoms

Vibrational quenching S. Inouye et al.,
Nature, 392, 151 (1998).




ultracold fermionic_atoms

—

1999 Fermi degenerate gas

Collision channel

Identical bosons : 1=0(s-wave), =2 (d-wave), ...
Identical fermions: I=1 (p-wave), 1=3 (f-wave), ...

ultracold : s-wave is the dominant collision channel.

W CrerMI ==) |dentical fermions do not collide.
T/Te=3 T/Te=0.5

Think about two-component fermions ' ’

At the Feshbach resonance for ' and ’ ,
no loss occurs due to Pauli exclusion principle.
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Therefore two-component fermions are stable even at
a Feshbach resonance.



So, we are able to prepare an interacting
(reasonably stable) two-component Fermi gas of
atoms with an arbitrary interaction strength !!



Thermodynamic behavior of an ideal Fermi gas is
described by its temperature T and density n.



/fiermoadynamic-or an ideal fermi gas

Fermi-Dirac distribution
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/ Internal energy :

Helmholtz free energy :
Chemical potential :

Entropy : —— =

E KT \
— fE,ideaI
NEF EF

— "F,ideal
E. = e Dimensionless
— (kBTj __— functions
— Yu,ideal

==
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E. E. /
— KT
NkB S,ideal E|: /

Material specific parameter, such as m, is taken up by E; (Ty).
(Shape of the functions do not depend on the particle’s nature.)

‘ Universal thermodynamics
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/tma’ dilute, interacting Fermi gases

= ultracold : s-wave is the dominant channel.

P

=) @ collide only with =

- dilute : details of the potential is much smaller than n-1/3

==> The collision process can be described by a single
parameter, so-called scattering length a..
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~ — /hermodynamic of an interacting Fermions
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Ideal Fermi gas Fermi gas with interaction

=
= = 1:E,ideal (kB—Tj ‘ INT=0E fE (kBT’ EF’ Eint (as))

NE, E, NE,




B e R
= A— ——

—
:—‘.‘-*“‘-"'—

Remember the fact that a, is tunable!!

Then, what happens when...

ja| ——

This situation is called unitarity limit.



a, drops out of the description of the thermodynamics.

Thermodynamics depends only by the density n and temperature T.

Universal thermodynamics holds again...?



a, drops out of the description of the thermodynamics.

Thermodynamics depends only by the density n and temperature T.

Universal thermodynamics holds again...?
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—— I hermodynamic. of an interacting Fermions

Fermi gas with interaction

|Ideal Fermi gas

i:fE’_ KT > NE. (kT kgTe, U (a ))

$

When the scattering length
diverges...

Ko T

— = f (KT, kTe, Ua)) = fe o (KaT o e T ) = T, EL
-

There is a hypothesis that the thermodynamic functions
again have the universal form.

) Universal hypothesis



Universal thermodynamics

According to universal hypothesis, all thermodynamics should obey

the universal functions:

=

Helmholtz free energy : =1

Internal energy :

EF

KT

Chemical potential : £ = fﬂ —
E. E,

=

Dimensionless
universal functions,
(shape of the function
Is different from those

for an ideal gas)

System looks like a non-interacting Fermi gas.

(no other dimensional parameters involved in the problem)



— - Universal thermodynamics

Bertsch’s Many-Body X challenge, Seattle, 1999

What are the ground state properties of the many-body
system composed of spin % fermions interacting via a
zero-range, infinite scattering-length contact interaction.

Egs == (N,V,m): N ’prf/ pure number

Besides pure theoretical curiosity, this problem %
IS relevant to neutron stars!

Wikipedia



Universal thermoadynamics

H. Hu, P. D. Drummond & X.-J. Liu,
Nature Physics 3, 469 - 472 (2007)

B Duke SLi expt; ref. 8
®  JILA 0K expt; ref. 7

Rice 6Li expt: ref. 6
e Quir theory

—=+=-= |deal gas
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- (EBJ is still not known---
F

T is constant over the cloud (thermal equilibrium).

E. depends on the position (local density).

KgT
E.

—

IS position-dependent.

v %kT kT
>

E[n

Global measurement only gives the integration of
all the different phases.

(no)



Goal of this experiment

Measurement of local thermodynamic quantities
and

the determination of the universal thermodynamic function.

E ., (kT e(r) — T
NEF_fE(EFj = n(r)E:n(r)] fE(TF[”(r)}J

¢ . local energy density
E. =k.T.







Glass Cell

MOT beam
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Optical dipole trap

- No need to use multiple-coil configuration as used in a magnetic trap
- wide optical access
- trap can be turned off very quickly

Cavity enhanced T = 200 pK MOT T =200kK
optical dipole trap ~ N=5x107 N > 108
I. A =1064nm, P=10W, w =250 um
error signal =
= rIYTIRSE U =Kkgx5 pK
X

HiRaF CTIEIE x 100
1
R=98.3% W =260 pm k9T RS kgx2 mK
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Single beam T =80 uK Cavity enhanced =200 uk
optical trap ~ N=1x10’ optical dipole trap ~ N=5x107
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Experimental scheme

834Gauss

( Resonance magnetic field of Feshbach resonance )

Optical dipole trap
(1064nm)

L |F=1/2, m=+1/2>

Equal mixture of —
< |F=1/2, me=-1/2>
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W ~Determination of local energy &(r)

e(r) = T fE[T/TF]
n(r) Ex [n(r)] c[T/Te] ;

density profile

<> — n(r)

7

T/T.

Useful equations :

= Equation of state of unitary gas : p(r) — %g(r) m

= mechanical equilibrium (eq. of force balance) :

VP(r) + N(F) YV, () = 0

[ n(r) = p(r) = &(r) }
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Determination of temperature T

£(r)
n(r) Ex[n(r)]

— fE[T/TF]

/'

N

TN

2
p(r)= gg(r) and Vp()+n(NVV;,(N=0 mm) E  =2xE

Adiabatic B-field sweep to turn off —

: : entro
the interaction py S

N

T Etotal VS S J: Etotal vs T

;

YT =85/

-

Le Luo and J.E. Thomas,
J Low Temp Phys 154, 1 (2009).



VP NV () =0 |
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Experimental determination.of f-[T/T: ]

£(0) — fE [T/TF]

.
—

n(r) Ex[n(r)]

M. Horikoshi, S. Nakajima,
M. Ueda and T. Mukaiyama,

Science, 327, 442 (2010). About 800 images are analyzed.
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Verification of the determined f- [ T/T: ]

1.  Energy comparison
Etotal —= 2X Epotential ‘ Epot — Einternal
= . . > E = 3 2 2
Potential energy par particle: Eg,; = Ema)z <7 >
Comparison

v Internal energy par particle: E; ... :J‘ngF (n) f.[€] dV/N
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& Verification of the determined f.[T/T;]

2. Effective speed of the first sound

ﬁ |

@ Light pulse to make
density perturbation




Verification of the determined f-[T/T- |

2. Effective speed of the first sound

Propagation time

0.1ms

1.1ms

2.1ms

3.1ms

4.1ms

5.1ms

6.1ms

7.1ms
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s Verification of the determined f-[T/T: ]

2. Effective speed of the first sound

Unitary gas shows hydrodynamic behavior due to the large collision rate

Hndxdy

op )
miin| — | dxd
f[( 2] oy
%Capuzzi, PRA 73, 021603(R) (2006) ]

A

Effective speed of the first sound :  T[n,d]=

2
nggoc fEU/TF]

Comparison

Experiment
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Verification of the determined f-[ T/T- |

2. Effective speed of the first sound

Experimental values vs. calculated values from f_[8]

Ml eas.



B/ /1e universal function of the internal-energy fc [ T/T- ]

: &
Universal hypothesis : —— f[T/T.]
F

. 2
Equation of state: p=—¢

Mechanical equilibrium :Vp(r) + n(r)vVV, (r) =0

Energy comparison
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— momentum distribution measurement
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_ ﬁbsorption imaging
Bosonic case

A |1 |

thermal bimodal pure BEC
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Is it condensed or not?
See the bimodal profile !!

.. unfortunately this scheme does not work.



spatially
correlated pair

Fermion pair condensate
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100 150 200 250 300 350 400
Bragg frequency &/2n (kHz)

G. Veeravalli et al.
0 Phys. Rev. Lett.
= 101, 250403 (2008)

N
s\ s

S 2N @ BCS limit

momentum
correlated pair
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projection
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magnetic field
sweep

If we sweep the magnetic field

- slow enough to convert atom pairs into
molecules
- fast enough such that the momentum distribution

of the projected molecules reflects that of pairs
prior to the sweep

C. A. Regal et al.
Phys. Rev. Lett., 92, 040403 (2004)

We can convert correlated pairs into tightly-bound molecules.

MIT M. W. Zwierlein et al.,
PRL 92, 120403 (2004)

()
>
Condensate Fraction at 820 G

C.A. Regal et al., PRL 92, T | 00 oo relS T 1t
040403 (2004)
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E— “Bimodal distribution of a fermion pair condensate

Bimodal distribution

Unitarity limit

BEC side BCS side

Preformed pair

— o

sound molecule

700 750 800 834 900

A
S
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Magnetic field [Gauss]



Condensate fraction vs Temperature
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— Universal thermodynamic functions

Internal energy

f=T—01
f,=(5f. —201)/3
—_—

Helmholtz free energy Chemical potential Entropy




In the case of unitary gas, equation of state P(r)=2¢&(r)/3
IS available (exceptional case !!) which enable us to
measure local thermodynamic quantities.

g(r)=n(r) E.(r) fg [T/TF (r)]

Then, how can we determine local thermodynamic quantities without
help of equation of state ?

‘ High resolution local probe

W. S. Bakr et al.Nature 462, 74 (2009).
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E"The system that I'm setting up in University of Electro-Communications

Co-trapping system of ions and neutral atoms

*local probe
=control by electric field

ion
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Summary

The universal function of the internal energy was
determined at the unitarity limit

» The other thermodynamic functions were derived from the
thermodynamic relationship

» The critical parameters were determined at the superfluid transition
temperature

M. Horikoshi, S. Nakajima, M. Ueda and T. Mukaiyama,
Science, 327, 442 (2010).
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