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• Quantum gas, what is this? Why it is interesting?

• Low-dimensional quantum systems in confining  traps

• Theoretical  models  (pseudopotential approach)

Widths and shifts of magnetic Feshbach resonances in atomic traps  

• Resonance mechanism of molecule formation in 1D trap with CM excitation

Dipolar confinement-induced resonances

• Outlook
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2012 Nobel prize in physics 
S. Haroche, D.J. Wineland

Ground-breaking experimental methods
that enable  measuring and manipulation of
individual quantum systems  



Pre-history of laser cooling

 atoms and molecules at room temperatures - <V> ~ 300-1000 
m/sec

 end of XIX century  liquid N2 (T=77 K) - <V> ~ 150 m/sec
 1911 liquid He superconductivity (T=1-4 K) - <V> ~ 90 m/sec
 1938 superfluidity 4He
 1972 superfluidity 3He (T=1mK)

 ~1980 laser cooling              10-6-10-9K



Основная мотивация для охлаждения 
нейтральных атомов и ионов 

 уменьшить уширение и смещение спектральных линий за 
счёт теплового движения атомов в спектроскопии и в 
атомных часах

 исследовать новые явления:
- бозе-эйнштейновская конденсация в атомных газах
- моделирование малочастичных и многочастичных бозе- и
ферми-систем в  ранее недоступных областях  (проверка 
фундаментальных теорий)
- для ионов: квантовые скачки, квантовые логические 
затворы  
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Две идеи:

 “дипольная сила” – взаимодействие индуцированного 
дипольного момента атома с и градиента поля падающего 
света
Г.А.Аскарьян ЖЭТФ (1962)
В.С.Летохов Письма в ЖЭТФ (1968) (использовать для 
пленения атомов)

 использование эффекта Доплера для уменьшения тепловых 
скоростей атомов ( лазерное охлаждение )
T. Heansch & A. Schawlow Opt. Commun (1975)
D. Wineland & H. Dehmelt Bul. Amm. Phys. Soc. (1975)  





Лазерное охлаждение атомных пучков 
(лазер с фиксированной частотой)



V.Letokhov, V. Minogin & B. Pavlik Opt.Comm. (1976)
Лазерное чирпирование

Лазерное охлаждение атомных пучков 
(лазер с изменяющейся частотой)









Creation of ultracold atoms and molecules (quantum gases)

Progress in production of ultracold atoms and molecules: laser cooling

V.S.Letokhov,V.G.Minogin andB.D.Pavlik, ZhTPH, 72, 1328 (1977) 

Steven Chu Claude Cohen-Tannoudji William D. Phillips
The Nobel Prize in Physics 1997

T.Heansch and A. Schawlow Opt.Comm. (1975)









Dilute gas                                           two distance scales:

and

Boltsmann 
gas

Quantum statistics

bosons BEC

= macroscopic occupation of a single quantum state



BEC 
objects

Neutron stars

R

Superfluid 

Dilute atomic gases

Exitones in semiconductors

Collective behavior of extremely dilute systems
Generation of coherent matter waves















Наблюдение решетки вихрей в бозе-
эйнштейновском конденсате 



Quantum simulation with fully controlled 
few-body systems

control over: quantum states, particle number, interaction

• attractive interactions        BCS-like pairing in finite systems

• repulsive int.+splitting of trap      entangled pairs of atoms
(quantum information processing)

• + periodic potential        quantum many-body physics
(systems with low entropy to explore 
such as quantum magnetism) 

• ...

Bose-Hubbard Physics



ultracold atoms in optical traps, 
atomic chips, quantum wires 

Investigation of quantum gases confined in traps







( ) ( )dipU I r∝ −α ω
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motivation in brief

theoretical aspects



motivation in brief

theoretical aspects

3D free-space scattering theory is no longer valid
and development of low-dimensional theory 
including influence of the trap is needed  



What happens if atoms scatter in confined geometry (quasi-1D)  ?

E

What happens in collision of two distinguishable atoms 
in harmonic  trap, or identical atoms in anharmonic trap ?

non-separable two-body problem



motivation in brief

experimental aspects



Feshbach resonances

U.Fano, Phys.Rev.124(1961)

H.Feshbach, Ann.Phys.5(1958);19(1961)

( nuclear reactions )

( atomic collisions )

phenomenon occurs when particles in an entrance channel resonantly couple to bound state 
supported by the closed channel potential  

the resonances occur when the scattering energy is varied  



Magnetic Feshbach resonances

in ultracold gases scattering takes place in the zero-energy limit and
the resonances occur when an external field B tunes bound state near threshold  

B

singlet

triplet



Magnetic Feshbach resonances

S.Innouye et. al. Nature 392 (1998): Observation of FR in BEC



Magnetic Feshbach resonances

possibility to tune the interaction from 
strong attraction to strong repulsion

S.Innouye et. al. Nature 392 (1998): Observation of FR in BEC



Magnetic Feshbach resonances

possibility to tune the interaction from 
strong attraction to strong repulsion

S.Innouye et. al. Nature 392 (1998): Observation of FR in BEC



Experiments with deterministically
prepared quantum systems

2 interacting particles in a 1D potential

• control interparticle interaction

• control over quantum states and

particle number with long lifetime
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G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)
..



Experiments with deterministically
prepared quantum systems

2 interacting particles in a 1D potential

• control interparticle interaction

• control over quantum states and

particle number with long lifetime

720 740 760 780 800 820 840 860 880 900
-60

-40

-20

0

20

40

60

 

sc
at

te
rin

g 
le

ng
th

 [1
00

0 
a 0]

magnetic field [G]

magnetic Feshbach
resonance



Experiments with deterministically
prepared quantum systems

2 interacting particles in a 1D potential

• control interparticle interaction

• control over quantum states and

particle number with long lifetime

720 740 760 780 800 820 840 860 880 900
-60

-40

-20

0

20

40

60

 

sc
at

te
rin

g 
le

ng
th

 [1
00

0 
a 0]

magnetic field [G]

quantum simulation with fully controlled few-body systems

magnetic Feshbach
resonance

G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)
..



Preparation
• 2-component mixture in reservoir T=250nK

• superimpose microtrap
scattering  thermalisation

• switch off reservoir

p0= 0.9999

+ magnetic field gradient 
in axial direction

expected degeneracy: T/TF= 0.1

S.Serwane et.al. Science 332 (2011)

count the 
atoms



Detection:
Modern CCD Cameras allow detection of single photons:

Capture ~10% 
of all scattered photonsScatter ~100 photons

CCD Camerafluorescence 
imaging beam

S.Serwane et.al. Science 332 (2011)



Single atom detection

one atom in a Magneto Optical Trap

CCD

distance between 2 
neighbouring atom peaks:  ~ 6σ

1-10 atoms can be distiguished 
with high fidelity > 99% 

1/e-lifetime: 250s

Exposure time 0.5s

S.Serwane et.al. Science 332 (2011)



High fidelity preparation

fluorescence normalized to atom number

2 fermions

F. Serwane et al., Science 332, 336-338 (2011)



theoretical models for describing 
low-dimensional few-body dynamics 
in confined geometry of traps 
are required   



low energy collisions can be described 
by one parameter



low energy collisions can be described 
by one parameter



Pseudopotential approximation in 3D free space

0

1

3

-1

1

at     >0 a bound state EB 
appears in   

EB



Pseudopotential approximation in quasi-1D
(“zero-range” potentials Yu.N.Demcov & V.N.Ostrovskii)
g 1

D

CIR

M.Olshanii,Phys.Rev.Lett. 81(1998)938
z

ρ



Pseudopotential approximation in quasi-1D

E
[hω]

0

1

3

-1

C

M.Olshanii,Phys.Rev.Lett. 81(1998)938

quasi-1D harmonic trap

bound state EB is shifted by 
the trap to 

EB bound state EB exists for any    
in quasi-1D trap !!!

z



Pseudopotential approximation in quasi-1D

E
[hω]

0

1

3

-1

C

M.Olshanii,Phys.Rev.Lett. 81(1998)938

quasi-1D harmonic trap

CIR

z

Eb

E r resonance state in closed 
channel (first excited state in trap)

Er

crosses threshold at point        



2

↑↑Ψ =

2

2

↑↓Ψ =
2

Pseudopotential approximation in quasi-1D
(gas of impenetrable bosons at                  )

E
[hω]

0
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C

CIR

z

Eb

Er

M.D. Girardeau, PRA 
82, 011607(R) (2010)

identical bosons 
at

identical fermions

impenetrable bosons (Tonks&Girardeau 1960) 



Quantum two-body problem in 1D harmonic 
trap

4D quant. two-body problem in 1D harmonic trap

4D

2D if ω1=ω2



Quantum two-body problem in 1D harmonic 
trap

• 2D: non-separable quantum two-body problem (ma=mb)

• 4D: center-of-mass non-separability (ma=mb)

• Multichannel scattering in 1D trap: transverse excitation/deexcitation

• 3D scattering problem: anisotropic interatomic interaction

• 5D: anharmonisity center-of-mass non-separability (ma=mb)

 … 



Multichannel atomic scattering and confinement-induced resonances in waveguides

Phys.Rev. A77, 042721 (2008)S.Saeidian,V.Melezhik, P.Schmelcher, 

transverse excitations and resonant atomic processes
in waveguides were analyzed for the first time

reduced interatomic colliding energy

zero-energy CIR (at Ehω)

confinement-induced resonances (CIRs)
were analyzed for non-zero colliding energy



Interpretation of CIRs 
z

x

y

atom-atom collision in quasi-1D harmonic trap

Ψ(x,z) – calculated scattering wave function

total reflection at the point of CIR:
identical bosons behave as identical fermionsT=0.0



Interpretation of CIRs 
z

x

y

atom-atom collision in quasi-1D harmonic trap

Ψ(x,z) – calculated scattering wave function

total reflection at the point of CIR:
identical bosons behave as identical fermionsT=0.0

CIR is Feshbach-like resonance

 z
V00(z)

V22(z)

EB

Er

E



Experimental  observation of CIR
strongly-correlated Tonks-Girardeau 
gas 

BDetection of the CIR by an 
increase of three-body loss

three atoms molecule + atom

in agreement with 
predicted CIR position



Tuning  the interaction in 3D

Feshbach resonance3D

Confinement induced resonance

strong confinement
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Tuning  the interaction in 1D: B and ω

Feshbach resonance3D

Confinement induced resonance

strong confinement

M. Olshanii, PRL 81, 938 (1998).720 740 760 780 800 820 840 860 880 900
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two-channel problem

II



two-channel problem

tensorial sructure of molecular state

II

sd
g



two-channel problem

tensorial sructure of molecular state

II
Innsbruck experiment with Cs atoms:

sd
g



two-channel model of Lange et. al. Phys.Rev.79,013622(2009)

3 fitting parameters:



two-channel model of Lange et. al. to 1D geometry
extension of 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

4-coupled radial equations

4-coupled 2D equations in the plane
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two-channel model of Lange et. al. to 1D geometry
extension of 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

4-coupled radial equations

4-coupled 2D equations in the plane

scattering problem   boundary-value problem

V.Melezhik,C.Y.Hu,Phys.Rev.Lett.90(2003)083202
S.Saeidian,V.Melezhik,P.Schmelcher,Phys.Rev.A77(2008)042701



tensorial  structure of the interatomic interaction V(r)  

region of Innsbruck experiment
(d-wave Feshbach resonance)

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides

s d
g
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tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



In experiment performed in Innsbruck  in 
collaboration with theoreticians from JINR and 
Hamburg, properties of ultracold Cs were studied 
by measuringthe atom loss in a 2D lattice formed 
by two retro-reflected laser beams 



tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

experiment:
E.Haller et.al. Phys.Rev.Lett.104,

153203 (2010)

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

experiment:
E.Haller et.al. Phys.Rev.Lett.104,

153203 (2010)M.Olshanii, Phys.Rev.Lett.81,938 (1998) :

Shifts and widths of Feshbach resonances in atomic waveguides

our  multi-channel theory coincides with single-channel theory of

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)
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tensorial  structure of the interatomic interaction V(r)

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

position of  Tmax is  stable with  respect  to 

variation  of          and coincides  with 

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

Innsbruck data, E.Haller (unpublished)

?

tensorial  structure of the interatomic interaction V(r) Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

?

tensorial structure of the interatomic interaction V(r) 

?
1) d-wave shape resonance

2)  Efimov like resonance  (3 body) :

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

?

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

?
1) d-wave shape resonance

2)  Efimov like resonance  (3 body) :

Shifts and widths of Feshbach resonances in atomic waveguides



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides





d-wave FR at 47.8G



d-wave FR at 47.8G



d-wave FR at 47.8G



broad s-wave FR at -12G



g-wave FR at 53.45G



g-wave FR at 53.45G

? ?



triple collisions  A + A + A  (AA) + A :  

pair collisions with CM excitation  An1=0+Bn2=0 (AB)n=0,N=1

energy release  ?

?

detection of the CIR by anincrease of three-body loss:

E.Haller, M.J. Mark, R. Hart, J.G. Danzl, L. Reichsoellner, V.Melezhik, P. Schmelcher and 
H.-C. Naegerl, Phys.Rev.Lett. 104 (2010)153203
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Mechanism of molecule formation with transferring the energy release
to CM excitation of forming molecule was considered in:

E.Bolda et.al. Phys.Rev. A71,033404 (2004) (in anharmonic lattices)

V.Melezhik &P.Schmelcher, New J.Phys.11,073031 (2009) (distinguishable atoms 
in harmonic waveguides)



non-separability of two-body problem in trap
(distinguishable atoms in harmonic trap  or  
identical atoms in anharmonic trap)

4D TDSE:

New J. of Phys. 11, 073031 (2009)V. Melezhik & P. Schmelcher,

r

z

r1
r2
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non-separability of two-body problem in trap
(distinguishable atoms in harmonic trap  or  
identical atoms in anharmonic trap)

4D TDSE:

New J. of Phys. 11, 073031 (2009)V. Melezhik & P. Schmelcher,

r
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r1
r2

N=0,n=1
N=1,n=0

N=n=0

An1=0 +  Bn2=0  (AB)n=0,N=1

A

B



5D TDSE

Discretization of the angular subspace:
2D nondirect product  discrete variable representation (npDVR)

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200

Computational scheme: component-by-component split operator method

interaction  is diagonal in ndDVR
kinetic energy operator  is diagonal in

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik,J.I.Kim,P.Schmelcher, Phys.Rev.A76(2007)053611



economic computational scheme

BLTP JINR two-core Intel processor Xenon 5160 with 3GHz frequency

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200
V.Melezhik,J.I.Kim,P.Schmelcher, Phys.Rev.A76(2007)053611



An1=0 +  Bn2=0  (AB)n=0,N=1



An1=0 +  Bn2=0  (AB)n=0,N=1



Resonant Formation of Ultracold Molecules in Waveguides

New J. of Phys. 11, 073031 (2009)V. Melezhik & P. Schmelcher,

possible applications:

- ultracold collisions in atomic waveguides

- electron-impurity scattering 
in quantum wires               

- atomic interferometry

coupling of the deatomic continuum with the CM of excited 
molecule  at  (N=1)  in closed transverse channels:

if the atoms in the colliding pair are identical, then                
coupling term goes to zero and the effect disappears. 

Time evolution of the molecular states (N=0 and 1) population P (t)  during a pair collision:N

TDSE:   4D

An1=0 +  Bn2=0  (AB)n=0,N=1



in Heidelberg experiment , S.Sala et. al. Phys.Rev.Lett.110,203202 (2013), 
the mechanism of molecule formation with transferring
energy release to CM molecule excitation was observed
in anharmonic waveguide  



Quantum simulation with fully controlled 
few-body systems

control over: quantum states, particle number, interaction

• attractive interactions        BCS-like pairing in finite systems

• repulsive int.+splitting of trap      entangled pairs of atoms
(quantum information processing)

• + periodic potential        quantum many-body physics
(systems with low entropy to explore 
such as quantum magnetism) 

• ...

Bose-Hubbard Physics
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Outlook

new physics but time of simple models is over

Experiments with:

Rb,Cs,K,Sr,Li …
Rb2 , Cs2 , RbK … 1D, 2D, 3D

~ 80 experimental groups worldwide



Results were obtained in collaboration with 

Peter Schmelcher (ZOQ,Hamburg)   
Panagiotis Giannakeas (ZOQ,Hamburg)
Shahpoor Saeidian (IASBS,Zanjan,Iran) 

Innsbruck experiment:
Elmar Haller
Hans-Chrisroph Nagerl
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