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 Why itis interesting: confinement-induced resonances
(CIRs) in hybrid atom-ion systems
* Problem: Q =2MHz >> w =100kHz >> w = 10kHz
 Method: iorf (classical) < coupling - atom (§uantum)
3D Schrodinger & splitting-up approach in 2D DVR
3 coupled classical Hamiltonian eqgs.<& Stormer-Verlet
Results: CIRs in Li—Yb

* CIRs in two-center confined problem in pseudo-
potential approach
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- B
R. PP Feynman‘s Vision

A Quantum Simulator to study
the guanmnturm dymnamics

of another system.

- A
R.F. Feyman, Int. J. Theo. Phys. (1982)
R.F. Feynman, Found. Phys=s (1986)




Quantum simulation with fully controlled
few-body systems

control over: quantum states, particle number, interaction

e 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)



Experiments with deterministically
prepared quantum systems

e control interparticle interaction

2 interacting particles in a 1D potential
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Experiments with deterministically
prepared quantum systems

e control interparticle 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)
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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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Shifts and widths of Feshbach resonances in atomic waveguides
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Shifts and widths of Feshbach resonances in atomic waveguides
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Why It IS Interesting

2D Lattice (Mtubes”)

¢ U|traCO|d atOmS E:; E; 1 optical traps

Trapped ions:
Arrays of interacting spins

e coldions %,«a\; < 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



Why It Is interesting

guantum simulation with cold atoms and ions

_ Bloch function (z|¥,)

Ion crystal + atoms: Frohlich model

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

proposals: formation of molecular ions, polarons,
density bubbles, collective excitations,

guantum information processing (two-qubit gate),
mesoscopic entanglement ..

all proposals assume:

atom-ion and atom-phonon interactions can be tuned

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



Resonant Processes in Hybrid Atom-lon Systems

6Li- '"YDb* confined system

confined atom can be cooled to Ea/kp = ma (V1) /(2kg) ~ few nK

due to micromotion ion can be cooled to E;/kp = m; {L’J?:} /(2kp) ~ few 10uK

2 . . .
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three scales:

2,y =21 x 2MHz > w; = 21 x 63kHz > wi =27 X (1 —100)kHz



Resonant Processes in Hybrid Atom-lon Systems:

Static Approximation
V.S. Melezhik and A. Negretti, Phys. Rev. A94, 022704 (2016)

“static” ion
mrp > Mg

6Li - 174y p+ _

(— VT T+ MAWT P~ + m — I_“l '?;,1(1‘) = E'i‘;-‘(r)

T A
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Resonant Processes in Hybrid Atom-lon Systems:

Static Approximation

1, Cig 1\
(_HV —|—TTIAWJ_:O T3 P12 ?1) Y(r) = Ey(r) (1)

2D Eq. (1) is integrated at fixed energy F with subsequent extracting
the amplitude f*(k,w,) from v (z, p) at z — +o

T(k,wi)=|1+ f+(;f: WL)‘Q — 0 confinement-
induced
2k Re[fT(k,w )+ f(k,wy)] resonance
k = — 400 N
gip(k,w) ma In[fH(kw )+ f~(kw)] (CIR)

parameterize quasi-1D scattering in waveguide-like traps



Atom-ion CIR ?
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Resonant and Heating/Cooling Processes in Hybrid

Atom-lon Systems

OLi - '™YDb™ confined system

confined atom can be cooled to E4/kp = ma (V}) /(2kg) ~ few nK

due to micromotion ion can be cooled to E;/kp = m; {L’J?:} /(2kp) ~ few 10uK
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three scales:

2,y =21 x 2MHz > w; = 21 x 63kHz > wi =27 X (1 —100)kHz



Resonant and Heating/Cooling Processes in Hybrid

Atom-lon Systems

OLi - '™YDb™ confined system

Po = MaVae K pi=m;V;

confined atom can be cooled to Ea/kp = ma (V1) /(2kg) ~ few nK

due to micromotion ion can be cooled to E;/kp = m; {L’J?:} /(2kp) ~ few 10uK
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Resonant and Heating/Cooling Processes in Hybrid

Atom-lon Systems

OLi - '™YDb™ confined system

Po = MaVae K pi=m;V;

quantum classical

confined atom can be cooled to Ea/kp = ma (V1) /(2kg) ~ few nK

due to micromotion ion can be cooled to E;/kp = m; {L’J?:} /(2kp) ~ few 10uK
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atoms in optical waveguide-like traps

Method

o non-direct product 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

o 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
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Quantum-Quasiclassical Approach for Atom-lon Systems
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Scattering Observables

2
y “A — 20 .
U(ra,t=0) = Ngg (P‘—l)f"il:p{_%}HI]){’LA‘ZA}

= Noo(pa)x(za — zo)exp{ikza} ,

|t — +o0) > — | ()" >= 1+ fT(k)Npo(pa)X(za — (20 + vt))exp{ikza}

ZA—++00

— ()" >= T (k)Npo(pa)X(—za — (20 +vt))exp{—ikza}

Za—r—00

in the absence of atom-ion interaction (V4;(r,t) = 0) at large times t — 400

| Ot = 400) > — | VO >= Npg(pa)v(za — (20 + vt)) exp{ikza}

zA—+o00

<0 OW) [6(t) > 2 (1+ £ (k)

T(k) =1+ fH(k)[*, R(k)=1—|1+ f(k)]?

g1p = lim kR (k)
k=0 mg S{fT(k)}



T T T T T T 10 "\-._-I T T T T T T T _'\I T T T T T T
a Lfasz 1.544 T a imﬁ_:Q.Gd nat \ ala=-388
] 05 ] \,\T{t}'
00 i I
S— O Y0
g0 oo sre D e —
| 05l | 0.0 —
RIF (1) U | U —
S — o 04
T + T + T + T T T T I:ID T T T T
2 - -
| S
- D4t
—_ 1 B —
% Zog |
m I )] =
0 0
"1f\ .
1.2¢ W
I
b f
1 1 1 1 1 1 1 N 15 1 1 1 1
4 6 3 10 0 2 4 i 3 10 0 2 4 6 3 10
t, t, tt,

ion inrest /) = £ =0



1.0 ——————————— 1.0——s
a,Jla=1544 aa=264 1 N fas388
05 JO ' N
" (]5 -
P " E— S
S[F ()] . . i) ' 0.0 p—emee™
- Uat — . .
. Jr REM] ' e
—— 10 N 05 N
T T 8 T T T T [] T T T T
."‘““-F. E- I.I
‘I 2y
iy
%47‘ PR R
7 21|III|'|.'E|.|-|'I' T S A
)
’ B
5 8 10 T 6 e 0 2 4 6 8 10
ti, t, th

EJ_ = E” = 4.25MK



Impact of lon Motion on CIR

secular time-independent ion trap

m; + o , 5
Ugee(r;) = 75 [wfnu(rf + u?) + wﬁzﬂ

3r 7 ) position of the atom-ion CIR is fixed quite well
near the constant value a) /a, ~ 1.5 in the square do-
aL/as main EL//,'];.E“//.'R < 10puK. In other words, in the

secular harmonic trap approximation (19) the position
of the CIR is stabilised near the value obtained in the
static approximation for the ion (independent of the ion
mean energy) if the ion transversal and longitudinal ini-
tial energies do not exceed the value of 10uK.
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Conclusion & Outlook (1)

endcap electrodes
crossed dipole trap

quantum-quasiclassical approach for quantitative
treatment of hybrid atom-ion systems

rf electrodes

strong dependence of CIR position on transverse
E, and longitudinal F| ion energy is found

in the region £, F) > 10pK for Li-Yb™

for £, <10puk CIR position coincides with well known value C("I—i = 1.46

developed method will be used for finding optimal conditions for
heating/cooling Li-Yb™

full quantum consideration is needed for atom-ion with comparable masses

V.S. Melezhik, Z. Idziaszek, A. Negretti, arXiv:1908.01151 (submitted to PRA)



Confinement Induced
Resonances in Two-Center
Problem

SARA SHADMEHRI , VLADIMIR S. MELEZHIK

BOGOLIUBOV LABORATORY OF THEORETICAL PHYSICS, JINR,DUBNA

S. Shadmehri, V.S. Melezhik, PRA 99, 032705 (2019)
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Study the Interaction of a Single Atom with two Trapped Stationary Impurities (ions or Rydberg atoms)

Study the Discrete Spectrum?

T M. SROCZY'NSKA, T. WASAK, K. JACHYMSKI, T. CALARCO, AND Z. IDZIASZEK, PHY. REV. A. 98(1), 012708 (2018).




Our Project

Study the Scattering States

S. Shadmehri, V.S. Melezhik, PRA 99, 032705 (2019)



V4 4

h? 92 S K

H3p = _Z§+HL+V3D(T) ﬂw r
V Z
h2fo2 19 1 02\1 5 o h l
= ——|—_— ——  —_——— = |—
- 2u (apz pap pzaqoz) 2 HOLP =, S \
Vap(F) = g3pd () i (r.) 2,2
Huang-Fermi Pseudopotential 30\ = Gsp : or hw, <E = hkz + hw, < 3hw,
_ 2mh*asp
93p u

|z] =200 . . . .
Asymptotic Wave Function (2, p) — {e™%2% + f,,ene™*212l + £, 1 isign(z)et*=121} ¢ o (p)

1
1+ ik,a,p

V@) = ) In(@)bn(p)
— > foaa =0 ) feven =

. . . . ai Qasp
One-Dimensional Scattering Length a,p = — a 1-C— p (1/2) = 1.4603
= —C = 1.

M. OLSHANII, PHYS. REV. LETT. 81, 938 (1998).

V. DUNJKO, M. G. MOORE, T. BERGEMAN, AND M. OLSHANII, ADVANCES IN ATOMIC, MOLECULAR, AND OPTICAL PHYSICS 60, 461 (2011).
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PHYSICAL REVIEW A 98, 012708 (2018)

Trap-induced shape resonances in an ultracold few-body system of an atom and static impurities

Marta Sroczyiska.' Tomasz Wasak,' Krzysztof Jachymski,'-> Tommaso Calarco.® and Zbigniew Idziaszek'
Faculty of Physics, University of Warsaw, ul. Pasteura 5, PL-02-093 Warsaw, Poland \
2Institute for Theoreiical Physics 11 & Center for Integrated Quantum Science and Technology (10ST), ¢
University of Stuntgart. Pfaffenwaldring 57. D-70550 Stutigart. Germany
nstitute for Complex Quantum Systems & Center for Integrated Quantum Science and Technology (10ST),
Universitit Ulm, Albert-Einstein-Allee 11, D-89075 Ulm, Germany

Vapp = ;930 5(7"1) (7"11/)) L3 5(7‘2) (7”21/) )] — 1/a — o

{}

..but the even states for @ = 0 do not approach the results obtained by Busch” for a single impurity.
In the limit a — 0, our model in terms of two separate regularized delta potentials is no longer valid.

*T. BUSCH, B. ENGLERT, K. RZAZEWSKI, AND M. WILKENS, FOUND. PHYS. 28, 549 (1998).
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Alternative Regularization
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removes the difficultyat a — 0
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satisfies the Bethe-Peierls Contact Condition on the scattering centers:
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effective 1D Schrodinger equation D -
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T=|1+f,+f|>?=0 — divergent g;p

CIR occurs at complete reflectance

R=If,—flr=1 K20 divergent g7
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In the limita — 0

right minimum in T,

approaches the value
a_,_/a3D = 1.46
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Conclusion & Outlook (1)

» Study confined atomic scattering from two centers via pseudopotential approach

~ A novel regularization operator in pseudopotential leading to consistent results at «—0

» Two CIRs due to the interplay between even and odd wave scattering

» Capable to be extended to the confined N-center problem

» Useful for constructing mean-field approaches with contact interactions

S. Shadmehri, V.S. Melezhik, PRA 99, 032705 (2019)
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