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Ultracold molecule

Building Quantum
computer Superchemistry

Coherent control chemical

reaction
q q q q q adaa

SRy fgndamental
variation: _ _
Symmetry violation

It can boot precision measurement to
another regime



Al IS COLD MOLECU S

* A neutral bound system with more than one
atom has a very low kinetic energy (translational,
vibrational, rotational)

R KRB Rby Cs.... \

New problems in molecular system
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BENMPERATURE, DENSI Y AN
COOLING

Quantum
degeneracy

erent state
transfer

‘Enhanced PA?
Laser cooling?
Sympathetic cooling?
Evaporative cooling Z

molecule

log,,(temperature [K])

various cooling techniques

log,,(density [cm3])

Dipolar crystal
Phase transition
& many-body
Dipolar quantum gas
Quantum information
Ultracold Chemistry

Molecule optics & circuitry
Cold controlled chemistry

Novel collisions
Fundamental tests
Precision measurement

physics using cold molecule

R
log,,(temperature [K])



BIEAIEINCREASES INTERACTION, BUNSAENSISS
EOING 1O COOL EVERYIRFEINGE

,_:.

Heat helps chemical Qg E D\
reaction, because: \ORN < SRS )

| higher collision rate ‘ .
(r=0 V) e

2.higher kinetic energy ﬂ\
to penetrate chemical #.
energy barrier

Then, why shall we go cold?



WHAIT AND WHY

"ULTRACOL

D COLLISION”

& B P C chemical reaction is Inelastic calliS@s

* “Ultracold™ = S wave scattering = increase by
|03 <t contradicts with our experience in

chemical practice.



S RACOLD COLLISICHS

Dipole-Dipole interaction

Rank-2 Tensor: T(3)q

Wavefunction of the complex during collision: |l,m>

The potential is: <Il,m|T®qg|l,m> =0
=0, s-wave scattering

dipole-dipole interaction is vanished
inelastic collision is enhanced



CROSS SECTION
ENHANCEMENT
QY—

D D>

) .16 2
Cross section (10 cm")

Head-to-Head collision, Averaged force Is
zero, No potential barrier
10 % -.6 4 -2 0 2 4
Furthermore, external field can be used to 1 w0 w0 w0, 10 10
; : : Kinetic energy (cm )
control the alignment, then the interaction
of atoms

H2 "Ar collision v.s temperature

Ni,K.-K. et. al. Nature 2010, 464, 1324.



PARTIAL WAVE COLLISION
POTENTIAL BARRIER

C(I, nm)  R1(1 + 1)
+
RY 2uR’?
Neutral atom interaction :Van der\/\/aals (Ré)
@ (04 1) ;
RIS - 2 2
et i R

centrifugal barrier (30mK-100uk) *
Ec(€)=3[€(+1)/3P2E g,

V;Wnl,nml(R) = Erqu + Erlj 9

Mass o 17 R ol S e S
Species (amu) (a.u.) (ap) (mk) (MHz)
et 6.0151223 1393.39° 3126  29.47 614.0
BNa 229897680  1556°  44.93  3.733 77.77 S
40K 39.9639987  3897° 6490  1.029 21.44 )
i€ 39.962591  2221° 5639 1363  28.40 5
87Rb 86.909187  4691° 8255 02925  6.094
8SST 87.905616 3170° 7506 03497  7.287
LGS 132.905429 6860  101.0 0.1279  2.665




EONTROLLING CHEMICAL REACHHIGS
GOINGIMAGINETHEHRE SIS

ALIGNED COLLISION

Caesium In two hyperfine
levels mr=4 and 3 as different
atoms A and B

Inelastic collision cross section
IS magnetic-dependent




ERIMIOV Py SIcEs

The universality of many-body physics predicated 35
years ago now Is ready to be examined by ultracold
molecule collision
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S. Knoop, F. Ferlaino, M. Mark, M. Berninger,
H. Schoebel, H. C. Naegerl, and R. Grimm, Nature Phys
5, 227 (2009).



The first challenge...

TWO MAINS
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« Cool down a molecule

-AMS IN

DUSTRE

* Produce molecule from cold atoms

+

Association: Perform chemistry using very cold
ingredients



How to produce molecule?

Magneto-association

(Feshbach resonance)
Cond. efficiency
)

nearly quantum

degeneracy, loosely bound High
nK regime

: More deeply
MOT uK regime bound Low

Photo-association
(PA) i3



MAGNETO-ASSOCIATION

FESHBACH RESONANCE

Apply external field to
shift energy leveland |\ Closed channel
tune the interaction

between atoms

K+UlowHs? UnighHF
Free ™ Bound Internuclear Distance
The external
fields can be:
magnetic,
optical,

Energy

Open channel

r<R

R ®  BRolgs

electrical SIRNEY
Free




IO TOASSOCIATICN

4S+5P

............. Redde-tunedPAl e

low excitation rate

e —

4S+5S

20w rgte, co:mplicate laser system
v



KINETIC
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Formation of Ultracold Rb2 and Photoassociation Process

8Rb + 85Rb +hv-> #Rb,*

e %

mvy; + mvy, = 2mv

%mvlz +%mvz2 + hv = %(Zm) vZ +E,

Molecular

Excited state

1

‘ Em(Vl—Vz)Z + hv = Ee

Ground state




MOT Fluorescence (Volt)
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Relative PA Laser frequency (MHz)

The photoassociation spectrum of ®Rb (0%, , v’ = 49)
The maximum loss rate is 40%. PA rate of 1.6 x 10°
molecules /sec.

J=2 transition was used to produce ®°Rb, in X1Z+4 at v’
= 112 — 1186.



VELOCITY SELECTION USING
PHOTOASSOCIATION

0.9 T T T

Trap Loss Spectrum ———— .

% _0.8'_ R f
° %/ ... »w"o PA ligh _ H j [

B
Q
o © 0® . | : q",.
o 0% LIPS (power 420 mW, waist 8 o7l | |
© © 3
%% 0 /—\imm, frequency 795 nm) 5| o o ign L ;; _
6 y PA laser
Th | cloud of cold ®Rb Bound State molecules Escape from -0.6 - fecueney | |
ermal clou d(') ?\(/l)OT the trap Due to the Interaction . . | | | | .
T T between the PA light and the cold 155 1.60 165 170
E20lted) atoms PC scan FPI (volt)

Non-Gaussian momentum distribution

140 |-

70 |-

pixel value

s 1 s
0 700 1401



VWV EAKLY BOUND SYSTERS
CAN INCREASE PA RATE
(a :

>| |




STIMULATED RAMAN ADIABATIC
PASSAGE: STIRAP

A>=(a) ||>+ay|3>)e'*t:coupled by laser |
B>=(b |2>+b;|3>)eBt:coupled by laser 2
f laser |,2 are coherent,

then ||> and |2> are coupled into a coherent dark state

lcoherent dark state>= (r| || >+ry|2>)e'Yt
13>

Population can be transfered
between ||1> and |2> with no
access to |3>, therefore no
spontaneous decay

laser 2

laser 1

1>

l"'l2>



FESHBACH RESONANCE

Apply external field to
shift energy level and
tune the interaction |

' VR)

\

b
e T e

between atoms (VAR VL <\
Kt+UiowH = UnighHF Coliding efoms |
& <@ Magnetic
Free ey > field B
E, dngI -
/ /&&0-—'»
The external 7 molecules
flelds can be:
magnetic, =
optical, 5 | R
electrical 9 L} Bound




Energy

Step 2:
laser transfer

Intensity

Step 1:
magneto-association

[ Laser pulses \
B

Time

5
>

Internuclear distance

BEST SOLUTION sorar

* Feshbach resonance+STRAP (stimulated

Raman adiabatic passage)

* Form a very large (R, and high v) molecule,

then remove vibrational energy by
stimulation emission.

+ CsRb and KRb have been successfully

produced (Ni and et al, JILA,Science, 2008.
Sage and et al, Yale, PRL, 2005)

Very classical, and low rate.......



FROPOSAL 10O INCREASE.
RATE

 Can we drive population in all levels using one laser?

A broad band laser!

» Can we pump up population only, without
stimulating it down?

A pulse laser!

= The femtosecond laser



MAXIMUM INVERSION USING T1

T Phase TT, very

W population
Rabi Osc

excited state population

* Short pulse to perform Tt population transfer. TEol/
h=11

® Problems: very large Eg ~ 10'2-10" W/cm?.
Many subtle effects should be taken into
account, such as multi-photon transition



CHIRPE

W

PO

LASER

* TEop/h=TT, a longer T can lower required Eg

~CONES

* To maintain the same AV with a long T (>1/AvV), we need a

chirped pulse, rather than transform-limited.

Transform-limited

|

4\/\ | Blue chirp

—iiii— =

—i

\/ied chirp
|

——

Longer pulse with the same power spectrum



PEUE ORISR

+hAvV

B

2hVv-hAv ‘ _)Zh(v AV)

h(v=liXW) —)‘ Stimulated
Qe

-

Excited v AV‘ >

-hAvV

2h(V+Av)

* The Blue Chirped pulse can remove energy (proposed by J. Cao et dl,

PRL 1998)

* 1ust like Raman cooling (transfer to a lower kinetic energy level)



CHIRP EXPERIMENT

week endin
PRL 96, 173002 (2006) PHYSICAL REVIEW LETTERS 5 MAY 2006

Coherent Control Iof Ultracold Molecule Dynamics in a Magneto-Optical Trap
by Use of Chirped Femtosecond Laser Pulses

Benjamin L. Brown,'">* Alexander J. Dicks,! and Ian A. Walmsley1

!Clarendon Laboratory, Department of Physics, University of Oxford, Oxford, OXI 3PU, United Kingdom
*The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
(Received 13 September 2005; published 5 May 2006)

dispersive glass
(a) A 7 chopper wheel @ 25 Hz 500

5.8 ps 0 MWW
»1;9 m |

-500t

Difference ion
counts [arb. units]

-1000 Rb Rb;
f=20cw -1500

(b) D);OIHZ /@ channelétjn . -2000 f \
(iR [V | [V | S0 3 6 9 \ 12 15
i A A A A K Time [us]
G —~fl-9ns The rate decreased ! Very sadl!

O 40 60 8 (fs laser, not comb, no stabilization)

Time [ms]

Many exciting experiments are on going, Including the
comb laser excitation and pulse shape feedback control



Energy [ 1000 cm-1]

PRL 100, 233003 (2008)

i MR B apa

PHYSICAL REVIEW LETTERS

week ending
13 JUNE 2008

Coherent Transients in the

Femtosecond Photoassociationl of Ultracold Molecules

W. Salzmann, T. Mullins, J. Eng, M. Albert, R. Wester, and M. Weidemiiller™
Physikalisches Institut, Universitdt Freiburg, Hermann Herder Strasse 3, D-79104 Freiburg im Breisgau, Germany

A. Merli, S. M. Weber, E. Sauer, M. Plewicki, F. Weise, L. Woste, and A. LindingerT
Institut fiir Experimentalphysik, Freie Universitdit Berlin, Arnimallee 14, D-14195 Berlin, Germany

(Received 11 December 2007; published 13 June 2008)
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RESONANCE PLING
-NHANCEMENT

f i‘nse‘t of‘ (aj - i‘rlsét of‘ (b)‘ - \
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It molecules are accumulated with such a high
production rate, we can have a |lot of them



Resonance coupling
enhancement in PA

| Resonance coupling
enhancerlnent

'H . e —

|
oot LSt +
Ou

------------------

M s i i

Onephoton PA

nm=5.2x1 011cm'3~na

efficiently one-photoassociated
to the deeply bound singlet ground state



The second challenge...

Y O DETECT MOLECESS

There are difficulties
* Very small amount, low density,

* Much more complex internal energy structure (vibrational,

rotational ....)
Current solutions

* lonization mass spectrometer (REMPI) —high energy
resolution, but invasive

» Absorption image->molecule must be very well understood, and
delicate

Molecule must be very well understood before detection applied.
More lasers, more delicate detectors.....
A more versital detection Is required



FIOLECULE DETECHESS

|. Number density, spatial and momentum distribution can all be
measured

2. Difficult to find a proper cycling transition (with a high n)

4 d20-n)
[1 K GXp 4 ficg A Ay nphoton]

. . 1IAE N
s e
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Imaging
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e EC T MOL

~CULE BE

ATOM

The “invisible” molecule will come to the worlad
through atom-molecule collision
Experimental setup smilier to atom imaging,
no addrtional laser and detector



Imaging molecule through atom

100 ms

:‘"6’ —o 8 Oda\,
0o 029
Probe beam NOPA
PA CCD

@ o Rbymolecules @ Cold Rb atoms



TIMING S
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The evolution of the absorption
image of rubidium atoms




The evolution of the atom number
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The evolution of the atomic
temperature (size)

. Atoms are heated to higher
temperature due to the emstence of
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New Journal of Physms ‘Detecting high-density ultracold molecules using atom—molecule collision”
——— e \e\V journal of Physics, accepted, (2013)



Conclusions

A high number density of 8Rb, dimers > 5.2x10

cm—3 has been produced and trapped in a crossed
optical dipole trap. An order of magnitude higher
then previous report.

e In the future, It could combine with the non-
destructive atomic image technique for in-situ
molecular observation and the magnetic control
chemical reaction



Next Step...
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» Reduce background collision, longer lifetime, further cooling

Process.

* Move the atoms to a higher vacuum using magnetic transfer




Table 1. List of Ultracold Polar Molecules of Current

Experimental Interest®

Current Statue

city/country
polar molecule  of the group T comments
K Rb Boulder, CO, ~250 nK  GS, QR"''*'*?
RSV
YOK¥Rb Boulder, CO, =~300 nK not GS but coherent
11S.A papulation transfer @R
HK¥Rb Tokyo, Japan ~ ~130 uK  GS, not QR'*
Sr'°F New Haven,  ~300 uK  GS, not QR’"'*!
CT, US.A.
$SRb'3Cs New Haven, ~100 uK  GS but not ground rotational
GIEFERSIA. state, not QR'"’
"Li'¥Cs Heidelberg, ~260 uK  GS, but not coherent
Germany popll%)lfltion transfer, not
QR
SRbI3Cs New Haven, not GS'**
CT, USA,
3KSSRb Sio Paulo, ~150 yuK  not GS§'**
BldLll
2Nal33Cs Rochester, ~260 + not GS'*+126
NY, US.A. 130 uK

39K85Rb
174/176Yb87Rb

SSRb133CS
OF i K
SSRbl33CS

87Rb—133Cs

87Rb_ 133CS
23Na—4OK

°Li—%Rb

6] 1—173/174y1,
61 i—174v]

87Rb_ 176Yb

OLi=tN

Storrs, CT,
USA.

Diisseldorf,
Germany

Pisa, Italy
Paris, France

Taiyuan,
China.

Innsbruck,
Austria

Durham, U.K.

Cambridge,
MA, US.A.

Vancouver,
Canada

Kyoto, Japan

Seattle, WA,
USA

Diisseldorf,
Germany

Cambridge,
MA, USA.

not GS'%7
not GS'*8

not GS'%°
not GS**°
not GS*3!

115—117
AAM

A °P [132,133
1
AAM3*

1
AQPI35

136
AAM
AAM 37138

1
AAPI39

140
AAMM



