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Rydberg atoms

What are Rydberg atoms? Johannes Rydberg

Very high principal quantum number n » 5,
these are HUGE atoms...
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Rydberg atoms in BEC

Single large Rydberg atom in BEC

n=110

Naturally excite Rydberg
states in an ultracold gas n=202

or even BEC J. Balewski et al,

Nature 502 (2013) 664.

Extreme atoms in an

extreme environment also:

Celistrino-Teixeira et al.,
Phys. Rev. Lett. 1 15 (2015) 013001.

F. Carmargo et al,,
Phys. Rev. Lett. 120 (2018) 083401.
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Well controlled simple
quantum system

Well
controlled
environment

Bose Einstein condensate:
mean field and phonons

= ¢(a) + ) _(ug(x)dq — vy ()




Well controlled simple

quantum system (In=55,5) +|n=55p))

Well
controlled
environment

Elastic scattering of Rydberg Bose Einstein condensate:
electron on BEC atoms mean field and phonons

| ¥(a)
= ¢(z) + Z(uq(fb‘)@q — vl (2)d))

potential
a,
K
3
o
=
\C/
v

and/or: laser tunable
dressed interactions

R. Mukherjee, C. Ates,Weibin Li and
S.Wister, PRL 115 040401 (2015)
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n=202

J. Balewski et al,
Nature 502 (201 3) 664.

Intact Rydberg atom, with moderately
reduced lifetime (1/2...1/10)

M. Schlagmuiller et al,
PRX 6 (2016) 031020.

S. Kanungo et al,,
PRA 102 (2020) 063317.

A/o
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9
Ground-state atom within Rydberg orbit

see e.g. C.H. Greene et dl.
PRL 85 (2000) 2458
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Interactions with ground-
state atoms

Figure from: V. Bendkowsky et al.
. Nature 458 (2009) 2005.

4 | #5500
electron-atom s-wave scattering
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Vo =
Me

Fermi pseudo potential
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Effective Rydberg-GS potential
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Rydbergs in BEC

Gross Pitaevskii equation

ih—$(R) = <— V2 4+ WR) + g | ¢(R)| >¢(R)
t 2m

=



Rydbergs in BEC

Gross Pitaevskii equation with impurities

72 (R) = <
ot B

h2
~ V> + WR) + g | pR) | 4
2m

]vimp )
D Vol ¥R -x,)|

> $R)
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Gross Pitaevskii equation with impurities
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Newton’s equations with vdWV interactions

0* C ;
mo—x, = - V. Z (V) C;
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Rydbergs in BEC

Gross Pitaevskii equation with impurities

N.
0 imp
ihafﬁ(R) - + Zn: Vol PR = x,) |° >¢(R)

Newton’s equations with vdWV interactions

0* C ;
mo—x,= -V, Z 6) C;

Initially: Phase imprinting

SR, 1) = G(R,0) e " Vol VR=x,) [t/

see e.g.
Dobrek et al. PRA 60 (1999) R338l,
R. Mukherjee et al. PRL 115 (2015) 040401.
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lonizing collisions terminate tracks?

T.Amthor et al,,
PRL 98 (2007) 023004.



lonizing collisions terminate tracks? I-changing collisions reshape tracks?

T.Amthor et al, M. Schlagmiiller et al,,
PRL 98 (2007) 023004. PRX 6 (2016) 031020.

T. Niederprum et al,
PRL 115 (2015) 013003.



. Outline
(I) Tracking of mobile Rydberg atoms in a BEC|

m

S. Tiwari and S. Waster, _iz -
PRA 99 043616 (2019) £ o £

‘, (II) BEC response to Rydberg insertion

S. Tiwari et al. in preparation (2021).
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Experiments

In situ phase contrast imaging = BEC density change

v Sequence
n=133

z 200 us

10 um

Single Rydberg

Experimental images by Felix Engel and Florian Meinert, Univ. Stuttgart



Experiments

In situ phase contrast imaging = BEC density change

.
v Sequence

20 times

2 200 ys  fo!
y 3 us 3 us | € 'Y
t

Single Rydberg for 3 ys 20 Rydbergs for 3 us each

Wait 200 us Wait 200 us
Experimental images by Felix Engel and Florian Meinert, Univ. Stuttgart



Simulations

GPE (3D) with randomized Rydberg location

0 < nt_, 5
ih—pR) = [ ——V2+ WR) + g|d(R) |* +
ot 2m
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S. Tiwari et al.
in preparation (2021).
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GPE (3D) with randomized Rydberg location
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Karpiuk et al.
NJP 17 (2015) 053046
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1

|P) = (I14)+11))? +We only have one mean field, need

V2 to go beyond GPE?



Bogoliubov Spin-Boson model

Many-body Hamiltonian

H = Z/di”x[ﬂ(x)( - %W + Ek)li!k(x) (1)
k

X

+33 [ VIV x - T 60|

see also: Middelkamp et al. PRA 76 (2007) 022507.

S. Rammohan et al. arXiv:2006.15376 (2020).



Bogoliubov Spin-Boson model

Many-body Hamiltonian
A A K2 N
H = Z/di”x[\pyx) - —V2 + Ek)\I!k(x) (1)

X

—|— Z:/d?’y\:[fJr )@T( )Uk:zgs(x Y)\II (y)\ifs(x)]

see also: Middelkamp et al. PRA 76 (2007) 022507.

Bose gas beyond mean field (Bogoliubov)

J ¢(%) —|—Z(uq )b — Vg )bT)

S. Rammohan et al. arXiv:2006.15376 (2020).
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Many-body Hamiltonian
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see also: Middelkamp et al. PRA 76 (2007) 022507.

Bose gas beyond mean field (Bogoliubov)
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Bogoliubov Spin-Boson model

Many-body Hamiltonian
A A K2 N
H = Z/di”x[\pyx) - —V2 + Ek)\I!k(x) (1)

X
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see also: Middelkamp et al. PRA 76 (2007) 022507.

Bose gas beyond mean field (Bogoliubov)

J ¢(%) —|—Z(uq )b — Vg )bT)

4 Spin-Boson Hamiltonian

. AFE(t
Hsyst — J5'2, env Z hwq bl;b

A

Hint —

S. Rammohan et al. arXiv:2006.15376 (2020). For g-impurities:
Jaksch group and Lewenstein group



GPE comparison

Spin-phonon coupling:

AKq = VO\/,B Jd3x ( |l//(1?)(x) |2 _ |w(s)(X) |2> (uqeiqx _ vf;e_iqx)

3 O

S. Rammohan et al., arXiv:2011.11022 (2020).
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Spin-phonon coupling:
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Block diagonal Hamiltonian:
_HT 0 _
H =
0 H,
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GPE comparison

Spin-phonon coupling:

AKq = VO\/IB Jd3x < |W(P)(X) |2 _ |l//(s)(X) |2> (uqeiqx _ V:fe_iqx)

Block diagonalf 1 - - unction:
) = GPE
] === Analytical z ‘
H= || = — =R W2 (1)) + eyl 1) @ Ty(t))
=05

Spin coherenc(

S. Rammohan et al., arXiv:2011.11022 (2020).



GPE comparison

Spin-phonon coupling:

AKq = VO\/; Jd3x < |1//(p)(X) |2 _ |l//(s)(X) |2> (uqeiqx _ V:fe_iqx)

BIockdiagonaI[ 1 — unction:
= GPE
i ) = = = Analytical z ‘
== NMQSD
H=|| = = [ T1() + eyl L) © | 0y(1))
I = 0.5 n=80
Tdecoh

Spin coherenc(

put(t) = cier (P (t) [P (2))

Decoherence times

Tdecr()h ~20ns n=40 Tdeco/z ~ 09,”5 n=120 (¢(Rk) )N

PR, -, Ry) = H
N

S. Rammohan et al., arXiv:2011.11022 (2020). k




_Imaging decohering environment! =
BEC column densities in
[ Ums(?)) = Al U4(8)) + ¥y (t))]  (minus)  p = (| U4 )( Uy |+‘ U ])/2

Ap[pm 2]
0 0.5 1
T ]

z| pm]
S. Rammohan et al., arXiv:2011.11022 (2020).
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BEC column densities in
[ Us(t)) = A[|P+(t)) + [P ()] (minus) 0 = (| U4 ){ Ty |+\\If¢><\11¢ )/2

Ap[pm 2]
0 0.5 1

z| pm]
S. Rammohan et al., arXiv:2011.11022 (2020).

3% ] o
2
0.5=
7
' = O
0 tpus) 3

p
* Transient glimpse at many-body

entanglement at the root of
decoherence:

[Wiot(t)) = ol 1) @ [W4(2) ) +cy[4) @ [W1(2))
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— 60} L @ W4
NN 40“ A A > I 3
I ) C(r) = (E(r)E(0)) =
= 20 52
,;Ti:" 0] = (22) §
5 9. — Re[C?)(7)] T 1
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using NMQSD: Suess et al. PRL 113 (2014) 150403.
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Velocity dependence
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i Spin-Boson Hamiltonian
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Full Spin-Boson Model

h2q2 [ h2q2
2m

+ 2UOP>

A . ~y AKqg [~ ~\
Hiow =My + > g Bibg + > =% by + B ) o

2
q q
+ 1 Z /{EISP) ([;q — [;:fl) 6, + const, (21)
q
. _AE AKg K _ .

39



@
3
E
o
>
ke, .
0 10 20
Q_/(2m) [MHZ]
4
()
= 2
0 ——
0 10 20

40






