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Ultracold Atomic Quantuwm Gases

Bose-Einstein Condensation
Pegenerate Fermi Gas

<1pK

strongly correlated systems
* superfluidity in Ferwmi gases

* quantuwm phase fransitions with
fermions/bosons in optical lattices

* and many more...



Interactions are Key

Atoms > _o
Contact interactions \

* short range &(R)

* sotropic



Why Polar Molecules?

dipole-dipole interactions

anisotropic _
long-range (1/r%) LA % I5
tunable dipoles
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Why Polar Molecules?

dipole-dipole interactions

anisotropic _
long-range (1/r?) r . % I5
tunable dipoles

complex internal structure offers new ways of control

(Debye)”

s - c?=10"
(Bohr magneton)




Possible

Applications
|

ultracold quantum W
chemistry

nanoscale precision

quantum .i'
computing

e ‘, measurement

Exotic
quantum
matter




Outline

* challenges
% our approach - coherent transfer

* waking ro-vibronic ground-state polar molecules
in a single quantum state

* yltracold chemistry and dipolar collisions
* outlook



Status o 1 quest for a Quantum Gas of Polar Molecules
PSP(nA%)=1013 0 1017

* Direct cooling of molecules (Doyle, Meijer, Ye, Rewmpe, ...

% —> ﬁ mK

make molecules cooling

* Photoassociation of ul’rracold atoms (PeMille, Stwalley,
Bigelow, Weidwuller,...)

ﬁ — g 100K

cooling make molecules




Starting from Ultracold Atoms

150 nK Two types of atoms

Rubidium Potassium
(boson) (ferwion)
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Making KRb Feshbach Molecules

weakly bound “Feshbach” molecules can be created near
a magnetic field tunable atomic scattering resonance

size = 10000a0

K-Rb
Fano-Feshbach
resonance

size = 300ao, 250kHz bound
150nK, 1012/em?®

Related exp work: Ospelkaus et al., PRL 97, 120402 (2006)

Inouye et al., Nature 392, 151 (1998) Zirbel, Ni et al., PRL 100, 143201 (2008)
Donley et al., Nature 417, 529 (2002) Zirbel, Ni et al., PRA 78, 013416 (2008)
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Making KRb Feshbach Molecules

weakly hound “Feshbach” wmolecules can be created near
a magnetic field tunable atomic scattering resonance

size = 10000a0

TOF=1 ws
K-Rb
Fano-Feshbach TOF = 3 ms
resonance
TOF = 6 wms
size = 30020, 250kHz bound TOF =9 ms
150nK, 1012/em?
Related exp work: Ospelkaus et al., PRL 97, 120402 (2006)

Inouye et al., Nature 392, 151 (1998) Zirbel, Ni et al., PRL 100, 143201 (2008)
Donley et al., Nature 417, 529 (2002) Zirbel, Ni et al., PRA 78, 013416 (2008)



Shrink the Molecules

swmall, tightly bound, polar molecules

KRb dipole moment (S +)
> 1
1®) I
A | Xisv=0
— 10"
C
()
5
S 10
Qo Feshbach
O Molecules |\ -
0 10 100

Internuclear Separation '(ao—)

Kotochigova et al., Phys. Rev. A 68, 022501 (2003) 10



making wmolecules Ultracold and Polar

In A Single Internal Quantum State

light carries away
binding energies

Laser light

QTIN5 v

Related work: Ospelkaus et al., Nat. Phys. 4, 622-626 (2008)
Winkler et al., PRL 98, 043201 (2007) Ni et al., Science 322, 231 (2008)11



making wmolecules Ultracold and Polar

In A Single Internal Quantum State

light carries away
binding energies

/ﬂjjf( \ Laser light
QTIN5 v

Related work: u % Ospelkaus et al., Nat. Phys. 4, 622-626 (2008)

Winkler et al., PRL 98, 043201 (2007) Ni et al., Science 322, 231 (2008)11




making wmolecules Ultracold and Polar

In A Single Internal Quantum State

light carries away
binding energies

non-Coherent Process

recoil heating (160 nk)
multiple final states
Laser light
QTIN5 v

Related work: u % Ospelkaus et al., Nat. Phys. 4, 622-626 (2008)

Winkler et al., PRL 98, 043201 (2007) Ni et al., Science 322, 231 (2008)11
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making wmolecules Ultracold and Polar

In A Single Internal Quantum State

light carries away
binding energies

Coherent Process
no recoil heating
single final state

Laser light

QTIN5 v

Related work: u Ospelkaus et al., Nat. Phys. 4, 622-626 (2008)
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making wmolecules Ultracold and Polar

In A Single Internal Quantum State

light carries away
binding energies

Coherent Process
no recoil heating
single final state

Laser light

_W

Related work: E Ospelkaus et al., Nat. Phys. 4, 622-626 (2008)
Winkler et al., PRL 98, 043201 (2007) Ni et al., Science 322, 231 (2008)11



One Magic Bridge

4S+5P.
23) o°
v’é A1 (970 nm)
= i)= Feshbach Molecules.  Larqge Franck-Condon factors
~ - Ao (690 nm) e
ol (@)
> | non-trivial triplet-singlet wmixing
|
2L
Al
. 2ON Ni et al., Science 322, 231 (2008
4_’I 9 ==0) | | 1 i et al., Science : ( )
5 10 s 5 20 Related photoassociation work:
Internuclear Separation (a,) Sage et al., PRL 94, 203001 (2005)
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One-Photon Spectroscopy

(@rr@))
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One-Photon Spectroscopy
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One-Photon Spectroscopy
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One-Photon Spectroscopy
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Park Resonance

Arimondo and Orriol (1976)

\_/

A2

N/

| AN« @ve))
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Park Resonance
T ,

bridging 125 THz

Arimondo and Orriol (1976)
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STIRAP

STlmulated Raman Adiabatic Passage

4ps one-way fransfer
- (o
S 10T = V=0, N=0
% 0.5 [ / X ]
2 00—+ Fe— i,
g ¢ |
S e ary I
5,0 1 »80-907
< one-way
D 2¢ 1 efficiency
g |
> 1r -
Z I
O ] ] ] ] ] L
0 10 20 30 40 50 60
Time (us)

STIRAP review: K. Bergmann et al., RMP 70, 1003-1025 (1998)
Related work for non-polar molecules, Cs2 and Rb:z (Innsbruck, 2008) 15



STIRAP W

STlmulated Raman Adiabatic Passage
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Trapped fermionic molecules
PSP =0.06
peak density= 1012/m?
temperature =160 nK

molecules in a single and lowest
rotational, vibrational, and electronic
grouvnd state!

16
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grders of magnitude improvement from previous re@

Trapped fermionic molecules
PSP =0.06
peak density= 1012/m?
temperature =160 nK

molecules in a single and lowest
rotational, vibrational, and electronic
grouvnd state!

what about hyperfine structure?

16



Reaching the Lowest Hyperfine State

v=0, N=0, electronic orbital=0, electronic spin =0

but with nuclear spins: 26 total sf@

N=1
N
D

O—o

N=0 —
M1
mr+1

Ospelkaus, Ni, Quémeéner et al. PRL 104, 030402(2010)]7



Reaching the Lowest Hyperfine State

v=0, N=0, electronic orbital=0, electronic spin =0

but with nuclear spins: 36 total s T@
>907 <107 adwmixture
N=1 wF= my-1+ mr+1 WN*+ W
N ]
4,‘3 strong nuclear electric
; e quadruple interactions
N=0 —

M1

+
mr+1 Ospelkaus, Ni, Quémener et al. PRL 104, 030402(2010) _



Reaching the Lowest Hyperfine State

v=0, N=0, electronic orbital=0, electronic spin =0

but with nuclear spins: 36 total s T@
>907 <107 adwmixture
N=1 mF= my-1+ mr+1 N+ W
N 2.2 6Hz .
- electric dipole  STrong nuclear electric

A transition ~ quadruple interactions

N=0 —
W1

mr+1 Ospelkaus, Ni, Quémener et al. PRL 104, 030402(2010) _



Reaching the Lowest Hyperfine State

v=0, N=0, electronic orbital=0, electronic spin =0

but with nuclear spins: 26 total sf@
>907% <107 adwixture
N=1 wF= w1+ mr+1 N W1
1.2 [ ' Rabi Frequency=25.3(4)kHz]
. 1.0+
N 2.26Hz 2 os]
- electric dipole ;o6
oo transition g 0l
Z 02}
N=0 — O o Dureton (o

mr Pulse Duration (us)

+
mr+1 Ospelkaus, Ni, Quémener et al. PRL 104, 030402(2010) _



molecules in the lowest energy state

(electronic, vibrational, rotational, and hyperfine)

canh they decay?
what determines the rate?

18



Molecule Density (1012 cm-3)

Long-Lived Molecules...

two-body loss  7(t) = —Bn(t)?

0.4
no
n(t) =
0.3 ( ) 1 —|— noﬂt
T=250 nK
0.2 | B=3.3(7)x10-2 cm?3/s
0.1
0 2 4 6 8

19



Ultracold Chemistry?!

possible exotherwic reaction

KRb*+ KRb -5 Kz+Rb+ 47

20



Ultracold Chemistry?!

possible exotherwic reaction

KRb*+ KRb -5 Kz+Rb+ 47

but our molecules are spin-polarized fermions...

collisions should be suppressed at ultralow T

20



Utracold Ferwi casof Molecules

Wigner Threshold Law )
for inelastic collisions BTt =1 (p-wave)

molecule-molecule potential

P-wave barrier

21
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Wigner Threshold Law )
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Decay Coefficient 3 (10-12 cm?3/s)

Molecular Inelastic Collisions
- Wigner Threshold Law

—

p-wave

-
-
==

p-wave, indistingvishable -
0.0 0.2 0.4 0.6 0.8 1.0

Ospelkaus, Ni et al.,
Temperature (uK) Science 327, 853 (2010) ,,




Molecular Inelastic Collisions

- Wigner Threshold Law
) —
T 20 . " :
; 1002 s-wave, distinguishable =
S _
= 51 o \f &4
% 10 o iA/A./— S-wave
% i "//_,,——:
8 S L= -
> i == N - [ [ [l s -
S N p-wave, indistinguishable
A 00 02 04 068 08 10

Ospelkaus, Ni et al.,
Temperature (UK) Science 327, 853 (2010) ,,



Molecular Inelastic Collisions
- Wigner Threshold Law

Quantum Statistics Controlled Reaction Rates

@200 L + —

2 — -

£ . _

~ 100z s-wave, distinguishable =

= " 1
o 15 F T __-_‘__-____- \/ ;
= L

Zg 10 l /A'/ $-wave
% "——/_,,——:

8 o F L T 1

> -- - o I ] I ] '] ] -

S T p-wave, indistinguishable

() 0 L—0u ' ' ' - | : l ,

O 00 02 04 06 08 10

Ospelkaus, Ni et al.,
Temperature (UK) Science 327, 853 (2010) ,,



“Quantum Threshold” Model

_ RL(L+1) Cg
- 2uR? RS

long range

barrier height
Vi=24uK

* Short Range: assume unit probability for loss

* long Range: small probability for tunneling through the barrier
(rate can be estimated by the barrier height and collisional energy)

G. Quémeéner and J. Bohn, PRA 81 022702 (2010) ,,
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_ RL(L+1) Cg
- 2uR? RS

long range

barrier height
Vi=24uK

* Short Range: assume unit probability for loss

* long Range: small probability for tunneling through the barrier
(rate can be estimated by the barrier height and collisional energy)

G. Quémeéner and J. Bohn, PRA 81 022702 (2010) ,,



Turwn on Electric Field

distance
1.2 em

A

E-tield
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Stark Shift (MHz)
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Turwn on Electric Field
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distance
1.2 em

Stark Spectroscopy
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Stark Shift (MHz)
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Anisotropy of P-wave Barrier Heights

.  WL(L+1) Cs
Long-range potential  V(R) = 2R RO

collisions in 3D will effectively average over the different channels
25



Inelastic Dipolar Collisions

B ﬁ2L(L—|— 1) Cs B C3

V(R)

2uR? RS R3

100 ¢

RN
o

Theory by
Quéméner
and Bohn

B/ T (1 0°cm’s™ K'1)

A
T TR

0.01 0.1
Dipole moment (Debye)

Ni, Ospelkaus et al., Nature 464, 1324 (2010) 26



Inelastic Dipolar Collisions

B h2L(L + 1) Cs Cs3

V(R) 2 R? T R6 RS
100 ¢ AL i

I B/T - d8 i L
jx "attractive dipole-dipole interactionss e Vil12
‘o

c 10 :

S -

. Theory by
‘C_J Quémeéner
: and Bohn
= 1] E

I

0.01 0.1
Dipole moment (Debye)

Ni, Ospelkaus et al., Nature 464, 1324 (2010) 26



Inelastic Dipolar Collisions

B h2L(L + 1) Cs Cs3

V(R) 2uR? RS R3
1 OO - | | ! ! ! LI | I j
R B/T - (8 7 I
jx attractive dipole-dipole interactiongs B ey
g 10 - S
© - B/T=const ¥ {1  Theory by
o 'van der Waals interaction g 1 Quéméner
: - ‘ and Bohn
a 11 E
- | | | | | | 11 I
0.01 0.1

Dipole moment (Debye)

Ni, Ospelkaus et al., Nature 464, 1324 (2010) 26



what about elastic collisions?

27



ndistinguishable FRTWIIONIC KR Db elastic collisions

| 200nK
HRLARLLL BNLELLLLLL BNLELRLLLL B BB
107 &
— 11 [ 4
< o x d
&)
o)
10" <u> =, = 0.566 Db
<H> = “0/2
<u> = M0/4
<u> = u0/8
10'15 T B R AT AR TTTTT R TTT BT

10" 10° 10 10 10 10°
Collision Energy (K)
J. Bohn et al., New J. Phys. 11, 055039 (2009) ,4



cross-dimension rethermalization

A

1z

Tx | E-field |

\4

Monroe, Wieman et al., PRL 70, 414 (1993)
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Heating from Inelastic Collisions

2

n=—0n




Heating from Inelastic Collisions

n = —pAn’

¢
®

o
o



Heating from Inelastic Collisions
n=—-pn*=—-K -T- -n°

¢
®

o
o
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(Anisotropic) Heating or Cooling?

ABTE=0 — oy T, — kT, — Ao S0 v

2 ffooo f(vzvvr)vgdvz
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(Anisotropic) Heating or Cooling?

> Vs, Uy vﬁdvz
AE;”L:O = 2k, T, — kI, — H f_oo A )

N and 2 ffooo f(vzv UT)UECZU,Z

average energy
p
(04
&9

for a pair
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(Anisotropic) Heating or Cooling?

00 4
3 — f(u,, v )vidu
AE,?an_O — Zkaz — kaz — H foooo —— ; -
Y~ Y 2 f—oo f('Uza ’Ur)’UZdUZ
average energy average
for a pair  ¢.m. energy
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(Anisotropic) Heating or Cooling?

averaging for relative kinetic energy of a pair

o0 4
B — f(u,, v )vidu
AE?L_O = 2k T, — kT, — b foooo — ; :
Y~ Y 2 f—oo f('Uzm ’Ur)’Uzd?)Z
average energy average e
forapair  cm.energy Mg distribution,

32



(Anisotropic) Heating or Cooling?

averaging for relative kinetic energy of a pair

= flus, v )vido, 5 1
AETE=0 = 2l T, — kT, — & J m— f0s, o) =2k T, — -k T, = —= kT,
N~ Y~ 2 f—oo f(vza ’Ur)vgdvz 2 2
average energy  average —~— )
for apair  c.m. energy MB distribution, 000|mg!!
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(Anisotropic) Heating or Cooling?

averaging for relative kinetic energy of a pair

_ 7 f(us,vp)vidv, 5 1
AETL=0 — 9k T, — kT, — &= 222 S 9T, — 2k T = — =k T,
© \/e\/ \/l;f\/ 2 f—oo f(’UZ,’UT)’UgdUZ ’ 2 ’ 2 ’
average energy average —_— .
forapair  cm.enerdy M distribution, 000|mg!!

1 :

AE) = SkT, heating!! /\‘
é

1 L ]
AE! = kT heating!! f\J
AE! =0 no change
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(Anisotropic) Heating or Cooling?

averaging for relative kinetic energy of a pair

_ = (s, v )vidu, 5 1
AEmL—Ozszz—sz—ﬁfoo =~ =2k T, — kT, = —=kp T,
© \/e\/ \/[%f\/ 2 ffooo f(’UZ,’UT)’UgdUZ ’ 2 ’ 2 ’
average energy average v .
forapair cm.eneray Mg gistribution, cooling!!
1 :
AE) = CkT, heating!! /\1
é
1 L ]
AE; = kT,  heating! f\\;..;
AE! =0 no change
Heating Rate
de_n—l 0 1 dl; n 1 0
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(Anisotropic) Heating or Cooling?

averaging for relative kinetic energy of a pair

~ > flus,v)vido, 5 1
AEmL—Ozszz—sz—ﬁfoo - = 2k, T, — — kT, = — =k T,
© \/e\/ \/b‘f\/ 2 ffooo f(’UZ,’UT)’Ugd?)Z ’ 2 ’ 2 ’
average energy average N .
for apair  c.m. energy MB distribution, 000|mg!!
1 :
AE) = SkT, heating!! /\‘
é
1 :
AE! = kT heating!! f\\;..;
AE! =0 no change
Heating Rate
Q 1 N +
N N
de_n—l qg' 1 df dIy —n 1 9
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Evidence of Anisotropic Dipolar Collisions

Temperature (uK)
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Ni, Ospelkaus et al., Nature 464, 1324 (2010) 33



Evidence of Anisotropic Dipolar Collisions
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Observed anisotropic inelastic collisions,
but the heating/cooling effects eclipse
elastic rethermalization collisions

34



Conclusions

»907% efficiency, fewx1 04 polar molecules at 160nK.
1/Te=14 (PSP 0.06) Peak density 10!2/em?

a general schewe for other bialkali molecules
(on-going effort worldwide)

confrolling molecular hyperfine states
seeing ultracold chewmical reactions !

exploring long-range and anisotropic dipolar collisions
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Outlook

* suppress inelastic collisions in 20 geometry
(current on-going work in JILA)

* evaporative cooling of molecules
* study of quantum phases

36
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