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* Why it is interesting

e Confined ultracold atom-atom and atom-ion collisions

* npDVR: scattering problem as boundary-value problem
splitting-up method for 4D Schrddinger eq.

e Atom-atom CIRs

e Atom-ion CIRs

* Impact of ion micromotion-induced heating
e Qutlook



Why 1t Is interesting

Atoms in an optical lattice:
Artificial solids

e ultracol atoms

optical traps

e coldions

RF Paul traps

e |ast few years: hybrid systems atom+ion”

new quantum systems with different energy and length scales

with respect to ultracold atoms and molecules



motivation in brief

experimental aspects



Experiments with deterministically
prepared quantum systems

e controlinterparticle interaction

2 interacting particles in a 1D potential
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guantum simulation with fully controlled few-body systems

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



Quantum simulation with fully controlled
few-body systems

control over: quantum states, particle number, interaction

attractive interactions = BCS-like pairing in finite systems

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

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



Quantum simulation with fully controlled
few-body systems

control over: quantum states, particle number, interaction

attractive interactions = BCS-like pairing in finite systems

e repulsive int.+splitting of trap =» entangled pairs of atoms
(quantum information processing)

e + periodic potential = quantum many-body physics

(systems with low entropy to explore
such as quantum magnetism)

Bose-Hubbard Physics




"
R. F. Feynman‘s Wision

A, OQuantum Simulator to study
the guanmnturm dymnamics
of another systerm.

A

R.F. Feyrman, Int. J. Theo. Phy=s. (1 9822)
R.F. Feynmnman, Found. Phys (1986)



Why It IS Interesting

guantum simulation with cold atoms and ions

Ion crystal + atoms: Fréhlich model

U. Bissbort et al., PRL 111, 080501 (2013)

other proposals: formation of molecular ions, polarons,
density bubbles, collective excitations,
guantum information processing (two-qubit gate),
mesoscopic entanglement ..

all pl‘(_)p(_]HHlH ASSUIIEe:
atom-ion and atom-phonon interactions can be tuned

atomic confinement-induced resonances (CIRs) = atom-ion CIR 7



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



Methods:

e hon-direct 2D discrete-variable representation ( npDVR )
1D DVR:J.C.Light et al J.Chem.Phys. 1985

2D DVR:V.Melezhik Phys.Lett. 1997
V.Melezhik AIP Conf Proc 1479, 2012
V.Melezhik EPJ Web of Conf (MMCP15) 2016

e multi-channel scattering problem as a boundary-value problem

V.Melezhik & C.-Y. Hu Phys.Rev.Lett. 2003

S.Saeidian & V. Melezhik & P.Schmelcher Phys.Rev.A 2008
V. Melezhik EPJ Web of Conf (MMCP15) 2016

e splitting-up method for time-dependent 3D and 4D Schrodinger egs.

V.Melezhik Phys.Lett. 1997

V.Melezhik & D.Baye Phys.Rev. C 1999
V.Melezhik & P.Schmelcher New J. Phys 2009
V.Melezhik EPJ Web of Conf (MMCP15) 2016



non-separability of two-body problem in trap
(distinguishable atoms in harmonic trap or
identical atoms in anharmonic trap)
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5D TDSE

Discretization of the angular subspace:

2D nondirect product discrete variable representation (npDVR)

U(pr,T, Q,t) ij Ui(pr,7,t)

N
£(0) = 3 V@),
r=1
YA) = Yin(@) = " S Cf < PO

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200
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5D TDSE

e Discretization of the angular subspace:

2D nondirect product discrete variable representation (npDVR)
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V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200
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CPU time (minut)

economic computational scheme
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Atom-atom CIRs
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Atom-atom CIRs
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Shifts and widths of Feshbach resonances in atomic waveguides

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

(2012)

a; = hf(mw,)

d-wave FR at 47.8G develops in waveguide as
depending on 1 minimums and stable maximum
of transmission coefficient T

Transmission T

107

3000

—E—DJJ_:EE.E kHz
—1—ml=59.ﬁ kHz
—¥ —l:-;ul=4?.? kHz
# L —t-w =14.0kHz 12000
5
o
. 10007
1 £
B E . " *-;
teay 4B %
= * [— +
-15 t,,__'-
'nx\'m -Ilii
%’f x ~1000
d
a:l 1 - 1 -1 1
472 47 .4 478 47 .8 48 482

Magnetic Field B (G)



Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713
(2012)
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Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713
(2012)
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Atom-atom CIRs
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Atom-atom CIRs
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modern atomic traps w; = 27 x (10 — 100)KkHz
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Atom-atom CIRs
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Atom-atom CIRs
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Atom-atom CIRs
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Atom-atom CIRs
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Atom-atom CIRs
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Confined ultracold atom-ion collisions

v

atom-ion Hamiltonian in confined geomery
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Confined ultracold atom-ion collisions

v

atom-ion Hamiltonian in confined geomery
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Confined ultracold atom-ion collisions

v
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Confined ultracold atom-ion collisions

v

atom-ion Hamiltonian in confined geomery
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions

“static” ion
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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2D Eq. (1) is integrated at fixed energy F with subsequent extracting
the amplitude f*(k,w,) from v (z, p) at = — +oc
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Confined ultracold atom-ion collisions
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parameterize quasi-1D scattering in waveguide-like traps
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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Confined ultracold atom-ion collisions
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of an ion impurity if a;p 1s known

tuning the effective atom-ion interaction in confined geometry :
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The complete reflection of the confined atom from the ion in the CIR =} |
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Current experimental set-ups permit to investigate the atom-atom
CIRs only in “long wave-length imit” (R* < a,) and the atom-ion
CIRs - in much more broader region (R* = ay) .
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Actual problem: full guantum treatment of ion micromotion influence into CIRs
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