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My personal story after
“Adventure in the Turtle island”
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Temperature Landmark
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To appreciate something is a good motivation to learn something !



Modern Atomic, Molecular & Optical Physics

Precision measurement
Atomic clock
Test of particle physics (EDM)
Test of nuclear physics
(parity violation)
Test of general relativity
Variation of physical constants

Condensed-matter or
Many-body physics
BEC/Degenerate Fermi gas/dipolar gas
Superfluidity/superconductivity
Quantum phase transition
BEC/BCS crossover
Quantum magnetism/
high Tc superconductivity

Core technology
Atom manipulation
Laser development

Quantum information science
Quantum control
Quantum teleportation
Quantum network
Quantum cryptography
Quantum computing

Extreme nonlinear optics
Atom/molecule under intense fields
High harmonic generation
Plasma physics
X-ray laser
Attosecond laser

Nano-photonics,opto-mechanics &

Hybrid systems
Laser cooling of mechanical oscillator
Coupling of cold atom with
mesoscopic(nano) object
Quantum limit of detection
Near field optics




Core Technology in AMO Physics

* The control ability of atoms, photons, and molecules.
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Double Helix of Science & Technology

Technology

Science

Better understanding of science helps
technology moving forward

Better technology helps to explore new science

It is a tradition in AMO physics to extend new
technology to explore physics at new regime.



20th ICAP, Innsbruck, Austria, July 2006, Norman Ramsey
“I wish | were 29 instead of 92 years old such that | could
participate in the exciting advancement of atomic physics”.
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Today’s Talk

* Not just about physics, but more about learning
processes, personal experiences and feelings !

SRR s T A pedind LERGE RS
¥ A7 enfdfa |

 What | really learn during these 14 years’ exploration on
the ultracold world !

 What I really want to teach to all students !
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Personal Tour in Ultracold Research

1997-2002, TsingHua University, Prof. Ite A. Yu, PhD,

— Coherence-induced phenomena, e.g. electromagnetically induced
transparency, in cold atoms

— Pursuit of rubidium Bose-Einstein condensation
2002-2003, Rice University, Prof. Randall Hulet, Postdoc,
— Superfluidity and pairing in degenerate Fermi gases with lithium atoms
— Optimization of evaporative cooling with Boson/Fermion mixtures
2004-2005, Rice University, Prof. Thomas Killian, Postodec,
— Ultracold neutral plasma starting with strontium atoms
— Photoassociation spectroscopy of strontium atoms
2005-2011, Ins. of Atomic & Molecular Sciences, Assistant Prof.

— Cooling and trapping of SrF molecule
— Low-light-level nonlinear optics with cold cesium atoms
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What Is plasma ?

 The fourth state of matter.

 Assemblies of charged
particles, neutrals and fields
that exhibit

 Debye length<system size

Ao =~/ EKeT/ne? <L

99% of the universe is in
plasma state.
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Cold plasma ?
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 Initial electron kinetic energy, E.,
equals excess photon energy (0.1-1000 K)

* lons created with mK energies

» Be careful, the cold plasma is not in a thermal equilibrium state !
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Time Scale of Plasma Dynamics

Electron plasma period : Time scale for electrdm su
system to reach equilibrium, ~ 1ns

lon plasma period : Time scale for ion sub-system t
reach equilibrium, ~ hundreds of ns

Plasma expansion time : Time scale for plasma to
expand due to electron pressure, #1st hundreds ofis

Electron-ion equilibrium time : Time scale for dlen
and ion to reach equilibrium, ~ 1 ms

eI 2 FiEPEFERF (A E v HFEE)R R, #8883~ g th(big picture)



Electron Signals

ﬁ ' low laser pulse energ; 0.15
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Charged Particle Detection:
time resolution limited by time of flight
destructive (not an in situ probe)
no spatial resolution
little information on ions

& | PERIODIC TABLE WMWNEI-%M Sr+
=08 Atomic Properties of the Elements HCLloN medmen | R AN
4 Ermquently used fundamental physical constants | e He

O 1) WO BT VS D T G e COMTRATIER. wiet [y K (VAL DA TSRS
1 soEnnd = 102 631 770 periods of rsdurtion corpsponding b e taemition
Dartweaon 11 Bavrs: Peppafarn bereoln Of e Qo st of **'Ca

wpood of kght N vacum c T0G T 450 me (monmot s
Planch cormtand " 4631 s (h = iwde}
alemantaty chamge "

2 ki A s "y

poson mana m,
fna-strocturs corsian r
Fiptshang constint

Bolrenann constant

WA
24 8,
Cr

422 nm

For 8 descripltion af
the atomic data, visit
physics nist.gov/alomic |

Urwrvum | Urusisom

[Xe|arsans?
5 8387 .

oo -stite Innamion
Confguraten.  Enury {wVi ¥

I ; ars L s “ ¥ - L [
7 - 3 a1 P o nsTIA L o aomr naz 50
TBased upon NG | § inedinien the mess nuter of Bha meost stabl motope Fon e duscrgdion and e smosl scomne wshues snd uncetsnbion, s Prys. Shem Fel Bete, 36 (51 1230 (1867)

CEHIG k Sengk BRI T - B d S R AR AIRTOR R
LG - B ERERER]



Optical Imaging of Neutral Atoms




Atomic Species

« Different atomic specie has its unique feature, just like human being !

(5s5p)*P, 2P,
6 2P, - F=5 32MHz 1.6MHz
5.2MHz 4 | i
X 3 5s5p)°P, 1083nm
2 .TkHz
codling 23S,
460.73tm metasgtable
852.35nm ~ Broad-ljne N89'26”|r.“ [
repumpin : arrow-line
PUMPING  ¢ooling ooling ~20eV
by discharge
_£ ’
625y, -3 (582)1S, 108,

133Cs, alkali metal, 1=7/2 88Sr, alkali earth, 1=0 “He, nobel gas, 1=0



Building the laser !

Well, it works finally although looks ugly !
Two diode lasers died !

Three crystal water damaged !
Frustration !
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Absorption Imaging of the Plasma

Camera with
fast time £
. 4]
gati =
:
S A B Yy o X(mm)

optical depth =
Log(lplasngxiy)/lbg(X’y))
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Photoassociative Spectroscopy (PAS)

When two atoms collide, they
Interact on molecular potentials

A+B+hv - AB "

A photon can excite colliding
laser-cooled atoms to a bound
molecular level.

The molecule decays through
variety of means.

The resulting atoms have
Increased kinetic energy and
may leave the trap.

When molecule are created, w
see an increased decay rate f
atoms in MOT.

Energy

1 1
—‘-— Syt 7S,

\
7/
Internuclear separation




What can we learn from the
photoassociative spectroscopy?



Atomic and Molecular Constants

 The long range molecular
potential has a resonant
dipole-dipole form.

e From the position of the
resonances, one can
determine th&,.

« With C;, one can precisely
determine the decay rate.

E(v,J)=D- X, (v, —v)°

/ ;
{ r(4/3) T he C. = 3n/
° | 2J2nr (5/6) | 4°C2 3 16 7732'



“Seeing” the zero of a wavefunction: a touching moment

—
I
i
e
——E
e
————
B o
=
. ~E
Bl
————
- —
—
3
e
—
|

o
@)
T
|

Fraction Remaining
o
00
I
|

-700 -650 -600 -550 -500 -450 -400 -350 -300
Detuning (GHz)

Frank-Condon factor 10—

2 j 2
. =2y, (RC)\ (w.(R|¥, (E.R))

or free atoml
state at pK

For bound, excitec

le, (Rc)\ \LP (E.R) R

Ground-state wavefunction -5

10 IR ST NS ar hus Dyt S

y ﬁééﬁiﬂ I oergE ch ) R L0 B gt R
ﬂ,\'ﬁ/\ ﬁj-pn%_gl),l.mr/{lwn\mfhz; |




« Thomas Killian,
Professor

* Clayton Simien,
Sampad Laha,
Sarah Nagel,

Priya Gupta, Yanni
Natali, Pascal
Mickelson, Aaron
Saeno,

2 diode lasers broken

3 crystals water damaged
Many long nights

data taking
struggles.furstraition
hopeless,.happienss....
Research!

Life !



A weakness in the AMO physics :
The control ability of molecules !



Why cold molecules for me ?

“...the major challenge for a young scientist is to m ake the right
decision about which hill to climb  ...”. Wolfgang Ketterle (MIT)

« “There is something that we definitely know what is right and wrong but
there is something that nobody really know what is right and wrong!”
Bartlet, “West Wing”. NBC TV series

 “Anyway, you have to make a decision to pursuit the direction at least you
think that is right to you ! ”, Ying-Cheng Chen.




Cold molecules : Why ?

Full quantum control of internal and external
degree of freedoms for precise experiments !

e Test of fundamental Physics.
— Search for electron dipole moment...

e Quantum simulation with Dipolar
Gases
— Add new possibility in quantum
simulation.

e Cold Chemistry

— Chemistry with clear appearance of
guantum effects

— Controlled chemical reaction

e Quantum Information

— Long coherence time and short gate
operation time




Cold molecules : How ?

oherent transfer
from Feshbach
molecule

—
i

Enhanced PA?
Laser cooling?
Sympathetic cooling?
vaporative cooling?

Buffer gas
cooling

Electric,
magnetic,
optical
deceleratiop

5

Photo-
association
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Quest of Second Stage Cooling to overcome
the mK Barrier for Direct Approach

Sympathetic cooling with ultracold
atoms

— Not so promising due to strong
inelastic loss for DC traps

— AC trap is necessary enhanced
Cavity laser cooling l r Scattering rate Lot ering
— Haven't been demonstrated. NV cavity Jinepth «
DireCt |aser COOling %Mm ° atomic linewidth I"
— Under testing. Yale team claimed * Iﬁwwp ‘ P\ )
to cool SrF to 300 1K in 1-D @ “ G
— Limited to a few species ’
Single-photon (information) cooling «
— In combination with magnetic
trapping
— May be demonstrated soon

M.Raizen



What Is our approach ?




What are our considerations ?

 Choose the direct approach to make cold molecules in order to have
more impacts in other fields as well. (a good choice ?)

* Generate a large number of molecules in the first stage.

 Build an AC trap in order to avoid the inelastic collision loss which is
expected to be significant for polar molecules in static traps.

» Use sympathetic cooling with laser-cooled atoms in the ac trap to
cool molecules down to mK regime or less.

 What advantages to take? What disadvantages to live with?

Sympathetic cooling

loadin . :
ce)lic(:)t:)ll?r? Trapping /laser cooling  /ultracold
' Molecules

/oading
Laser-cooled
atoms




Routes Towards Ultracold Molecules
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Recent Ideas

1K 1 mK 1 uK
, >
Buffer gas cooling Direct laser cooling Evaporative cooling in
plus magnetic , an optical dipole trap.
guiding A?1l ), v
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® hotter molecules
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What molecule? SrF, Why?

Alkali-like electronic structure with strong transitions at visible
wavelengths (651& 663nm). Easy to detect by diode lasers.

Relatively complete spectroscopy data available.

Large electric dipole moment, 3.47 D and many bosonic and
fermionic isotopes . More possibilities in the future.

Microwave trapping consideration. Available microwave high power
amplifier at its rotational transition (2B~ 15 GHz).

With nearly diagonal Frank-Condon array that allow direct laser
cooling with reasonable number of lasers.

Physicist favored molecules suitable for test of fundamental physics
and quantum information science.

Radical molecules. Disadvantages in molecule generation (laser
ablation or high-temperature reaction).

What advantages to take? What disadvantages to live with ?



Development of an intense SrF Molecular Beam

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 48, NUMBER 8 135 APRI

Mass-Spectrometric Studies of Bonding in the Group IIA Fluorides

D. L. HILDENBRAND
Advanced Research Laboraltories, Douglas Aireraft Company, I'nc., Huntington Beach, California

2B+3 SrF,(high-temperature~1500K)—BF;+Sr+2SrF+BF

SAMPLE ] = SKIMMER
Ta HEAT E ¢ El-— FILAMENTS
SHIELD N+, co-BF*,(neutral BF;)
O-RING | +
? BF Sr+ Srl:+
— = ‘
"SuPPLY — RGAT
- _.|. race
BIAS VOLTS =

25 30 35 40 45 50 55 60 65 ] % 80 85 80 895 100 105 110 115 120

mess

Electron-bombardment heating

May have important application in test of fundamental physics.
If one want to work with (cold) molecules then he need to learn some chemistry !



Typical Spectrum
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(0,0) vibrational band of
AZ1l - X2 2 * transition
of 88SrF

Laser intensity ~5 00mW/cm?
FWHM linewidth ~ 130MHz

sorse2 S/N ratio >200

Laser intensity ~ 5mW/cm?
FWHM linewidth ~ 15 MHz
S/N ratio > 50

Hyperfine lines resolved
(1=1/2 for 19F)



Direct Laser Cooling of SrF

 Trytransverse cooling on SrF molecular beam first which is ~ 1K cold
due to skimming.

 Repump the v’=1 population, the transition is closed to 104 level

ALy, v mv
——0 Y _360QT =1K
k
~107° | state XY v=0 v=1 v=2 v=3
A2TT, v=0 0.9895 0.0103 | 1.33x10* | 1.57x10°
0—4

J Phy Chem A, 102,9482,1998

0.9998673600=62%




Rotational Transitions

Need 4 lasers with two
~663nm and another two
~685nm to close the transition
to 104,

Nearest transitions are >14
GHz away at least and can be
negligible.

Two lasers are ~ 45 GHz
away for both two vibrational
states. N
Similar to the D1 line cooling 5
of alkali. (Opt.Com.135,269,1997) " § """
~45GHz 1
N -

A211,,,v'=0
A
Nearest>14GHz away
Y -
qin]  nearest: ¢ $
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c|ld|l w: w: ]| v
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Alternative scheme

« One can choose to cool N"=1 state

Instead of N"'=0 state

 The number of laser is still four but
two sets of them are very close
(~) 112MHz.One can use only one
laser to generate two frequencies

by acousto- or electric-optical
modulators.

DeMille’s team, PRL 2009

N”

2

112MHz
T N W
0

AL ,,,V'=0 J
2.5
15
A_A A A 05
mair repfimging
79)
— (T)
= o
o E
5 o
o H iR )
= S J
— 2.5
1.5
1.5
0.5
0.5
X2, ,(v'=0) X23 ,(v'=1)
663.1nm 685.1nm

parity

|+ +



Hyperfine Transitions

Each laser is needed
to generate two beams
with ~50-100MHz far 0 —=

apart by AOMs due to
hyperfine splitting.
In total, there are four

frequencies required
for each vibration state. . 3

Dark state in Zeeman
sublevels can be avoid
by inhomogeneous
magnetic field.

,0)Q;,(0.5)

80.38MHz *

I

Small ~
few MHz

= parity

FH

parity



Competition

 DeMille’s work on SrF arxiv://0909.2600 Setp 2009.

Radiative force from optical cycling on a diatomic molecule

E.S. Shuman, J.F. Barry, D.R. Glenn, and D. DeMille
Department of Physics, Yale University, PO Bozx 208120, New Haven, CT 06520, USA
(Dated: September 14, 2009)
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LETTER 14 OCTOBER 2010 | VOL 467 | NATURE | 821

doi:10.1038/nature09443

Laser cooling of a diatomic molecule

E.S.Shuman', J. F. Barry' & D. DeMille'
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Figure 1 | Energy-level structure in SrF. a, Relevant electronic and Reltivs posiion (mem)



A detour In research
but back to my old track !



Optical Dense Atomic Medium

« Oiriginal designed fro molecular sympathetic cooling !
« Spin off to an independent project !
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Pursuit of Holey Grall in Nonlinear Optics

>< Probe light

Control light >at:oms(
Photon-photon has no coupling in Photon can couple to photon via the
free space, at least at low field strength media (e.g. atoms).

where QED effect is not significant.

— Without control light
— With control light

Kerr effect: n=n,+n,|

XPM: Phase change of the probe pulse under the presence of control pulse and
media.

* One of the holey grail in nonlinear optics is to observe the 7 radian
mutual phase shift for two single photon pulses with small absorption
loSS.




‘OCOT> - ‘OCOT >;‘OC]‘T> - ‘OC]‘T>

Truth table for CNOT gate 1.0, ) = [1c1; %i]1e1, ) = |1.04)

PBS PBS

Signal » Control qubit

0)=])

1) = Atoms

1)=[) L

“u"\_//
““0_+

Probe -eseessasssanses > i t=seseneesnnap Target qubit
Ojor 1 A

For a good introductory article, see [ 72£& #1412 CPS Physics Bimonthly, 524, Oct. 2008



General Considerations in Achieving
Few-Photon-Level XPM

« Large phase shift and low absorption (EIT-based XPM scheme)
* Tightly focusing

* Long interaction time

 Enough atom (optical) density

1/2
Atom-photon interaction L] jdt(a «E)O jdt(a . nphoton(hmj £)

/ T 2e .V,
Longer interaction time

"
Choosing a transition which has a Tightly focusing such that even
large transition dipole moment &  with a few photon the electric
Clebsch-Gordon coefficient ! field is still large enough!

- PR P P e 7 R 5 F %Big picture



Theoretical Limitation !?

PHYSICAL REVIEW A 73, 062305 (2006)

Single-photon Kerr nonlinearities do not help quantum computation
Jeffrey H. Shapiro

Massachusetts Institute of Technology, Research Laboratory of Electronics, Cambridge, Massachusetts 02139, USA
(Received 3 February 2006; published 7 June 2006)

PHYSICAL REVIEW A 81, 043823 (2010)

Impossibility of large phase shifts via the giant Kerr effect with single-photon wave packets

Julio Gea-Banacloche
Department of Physics, University of Arkansas, Favetteville, Arkansas 72701, USA
(Received 30 November 2009; published 16 April 2010)

'\

© G LI ? R AL

!
3



EIT-based Nonlinear Optics: N-type System

Photon switching
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Limitation with N-type system

Probe is a slow light but the signal isn’t. This limit the atom-photon

interaction time.

There is a maximum phase shift of 0.1rad for single photon pulse for
N-type even focusing the beams down to 3 1427 level.

l e

” 0.8 |

prob ~ 0.6 :_
. £ -

J medium > 0.4 [

signal -
02

lIIIIIIIllIIIIIIIIrlIIIIIIII-I

I-!I|Il..lllll-_llllllllllilllll-

0 02040608 1 12 14

S.E. Harris & L.V. Hau, PRL, 82,4611,1999

Normalized Length n



XPM with Double Slow Light

o Group-velocity-matched double slow light for both
probe and signal using two atomic species for longer
Interaction time.

prob
medium
signal
Vg matched
4

signal signal Coupling B

Atom B

2) Atom A
M. Lukin et al. Phys. Rev. Lett. 84, 1419 (2000).



The idea really works :
The happiest moment in research !

FProbe Transmission

] | \ \ \
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e An early (4 am) Saturday morning around May 2009 !
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After many efforts !

Reduction of mutual laser linewidth

couplin

Ping ~9GHz
VCSEL - I frequency
probe I

Beatnote between coupling & probe laser
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197 4748250 MHz |
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Inhomogeneity & eddy current
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Transmission

Transmission
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Observation of enhancement due to group-velocity matching

—

Increasing the group delay of signal pulse
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Why still worse than the N-type limit?

The signal decay by its own y () due a the two-photon detuning of
the signal for the XPM.

Can one keep both EIT on their two-photon resonances ( y M~0) but
still obtain the non-zero y Gxpm) 2
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Overcome the N-type Limit

—— Double slow light scheme — N-type scheme

Probe Transmission
= o
[0)] (9]

o
.II:-.
Switching Efficiency (arb. units)

0.2

0 50 100 150 0 2i0 20 50 aio 100
Signal Energy (femto-joule) Probe Optical Density
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Quantum dreaming: Mr Tompkins’ shortattention span delivered him to a strange other world.
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My story about joining ultracold research

« Mango tree, Gene’s language & curiosity.
» Culture difference between different fields !
» Ultracold research: the wonderland of quantum physicists !
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Laser Cooling & Trapping of Atoms

 Why laser can cool atom ?

* It makes a revolution to atomic physics and the impact has gone far
beyond atomic physics.

* Itis so convenient that one can have K atomic samples to play
with just in about 30 minutes everyday.

» | deeply appreciates its powerfulness after | played with molecules !

Ap = p-p=h(k —k;) = p'= p+h(k —k,)

always positive but small,
recoil heating

a2 22 _ _
AK = K'—K =i, —0,) = (p2mp ) =n(K -K)

=4

><m@—&f> n(k ~k,)

Criteria of laser cooling
I ((k-K)*V) <0 and ifi((k -k)@)
avg

avg

2m

then < AK >,,,<0o0r <@;><<w;> the kinetic energy decreas

where avg stands for averaging over photon scaffenwents. hk ik,

A laser cooling scheme is thus an arrangement of an atom-photon interaction scheme in
which atoms absorb lower-energy photons and emit higher-e nergy photons on average!



Doppler Cooling
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Electromagnetically induced transparency
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Slow Light & &

a,(k,)=ck, /n(a,)

Vg = s, 0= =
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O dk. 70 dk, S ntw, (dn/dw,)]s
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a 1
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EIT & Quantum Interference

1HF|3> T Y TT31%
probe coupling , .
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|2>
|1> Pathi Pathii  Path iii

CHINESE JOURNAL OF PHYSICS VOL. 41 , NO. 6 DECEMBER 2003
The Study of Coherence-Induced Phenomena Using Double-Sided Feynman

Diagrams
Jung-Jung Su and Ite A. Yu”*
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