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Double well for RF-dressed atoms: methodology
* T. Harte, E. Bentine, ..., C.J. Foot, PRA 97 013616 (2017)

Matter-wave interferometry of 2D Bose gases using the double-well potential
e S.Sunami, V. Singh, ..., L. Mathey, C.J. Foot, PRL 128, 250402 (2022)

Quenching the Kosterlitz-Thouless (BKT) superfluid
* A. Barker, S. Sunami, ... C.J. Foot, NJP 22 103040 (2020)
e S. Sunami, V. Singh, ... L. Mathey, C.J. Foot, Science 382,443 (2023)

Experiments with bilayer 2D Bose gases, including effects of disorder

Ways to improve RF-dressed traps and Outlook



Magnetic trapping potential modified by applied RF radiation.

Eigenenergies for the F=1 hyperfine level of Rb-87 in an inhomogeneous B-field.

Energy MF =-1 Energy MF -1 w

rf  M.=0 _r M=0
it )Y N
M £= +1 M F= +1
a) Eigenenergies of magnetic potential ~ b) dressed-atom picture  c) avoided level crossing

Dressed atoms are confined on a contour of constant magnetic field, |B| = const.
where the RF is resonant with the Zeeman splitting.



RF-dressed atoms in a quadrupole field

RF + quadrupole field, Bgyaq = B'(xex +ye, — 2z ez)
Resonance occurs on the surface of a spheroid: hfgr = grig|Bquadl

Force of gravity breaks symmetry = atoms accumulate at bottom

500 um

€,

€x

From Abel Beregi, D.Phil.
thesis, Oxford (2023)

y * Highly anisotropic confinement = quasi-2D potentials:

f,>1kHz, f, <10 Hz.



Making a 2D quantum gas in the RF-dressed potential

repulsive optical ring

potential for near-flat w ,-”:2?1* = 1kHz
geometry (generated by wy/2m = 11 Hz

Spatial Light Modulator)

30 ym diameter

e Cold atomic gas cooled to nanokelvin regime (Temperature = 30 - 50 nK)

e 10° rubidium atoms (10 atoms per pm?)

* Ground state occupied for z-direction, excited states populated in x, y

e Kinematically constrained to 2D, while interaction is 3D (s-wave scattering; ‘quasi-2D’)
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Other RF-dressing experiments

Atom chip: 1D confinement
B NASA experiment. Lundblad et al.

et 3 T (chip + quad field)
e} < . B e O +—{if1o0p)

Ring trap.
, ‘ Hélene Perrin, Romain Dubessy... . atom chip
| a20um Université Sorbonne Paris Nord g
y T - - : (il BEC)
Sy Barry Garraway’s talk —— Q
Box traps on an atom chip for one-dimensional quantum gases. working BEC)
J.van Es, ... N van Druten, J. Phys. B: 43,155002 (2010)
Vienna group — investigation of 1D quantum gases / o
X

* Experimental observation of a generalized Gibbs ensemble.
T. Langen, ... J. Schmiedmayer, Science 348, 207 (2015)

* Experimental characterization of a quantum many-body
system via higher-order correlations.
T. Schweigler, ... J. Schmiedmayer, Nature 545, 323 (2017).

Recent developments in trapping and manipulation
of atoms with adiabatic potentials. [Review article]
B. Garraway & H. Perrin, J. Phys. B 49, 172001 (2016)



Multiple-RF dressing = double-well potential

\ Energy
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change amplitude RF at o,
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From Abel Beregi

S0

L] .1 r.2

Zeeman splitting [MHz]

D.Phil. thesis,
Oxford (2023)
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Zeeman splitting [arb. units]



Experimental apparatus: multiple-RF dressed potential

Quadrupole
field coils

Double-well bubble trap

Varying RF amplitude
of middle frequency

Potential Energy
/|
\ | /
Y i\

Controllability:
* RF frequencies

—> z-position, well separation
 RF amplitudes

- trap frequency, trap shape
* RF polarizations

—> anisotropy of each cloud

T. Harte,... C. J. Foot.
PRA 97, 013616 (2017)
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Matter-wave interferometry

First matter-wave interferometry
of BEC @MIT. Science 275, 637 (1997)

Matter-wave interference

0 0.5 1

Absorption
(2, ) = lr (r, )" + |pa(r, t)* + 2 Repr (r,8)"pa(

o exp (—;?) [1—|—cos( z—l—g?l_r )]

probe the local phase difference
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Matter-wave interferometry: detect slice of atoms

266.7 MHz

“dark” state
B “bright” state g— ——— F=2
156.9 MHz
V—f—— ——_—  F=l
i (7eeMHz ) | o
imaging light
repumping light
Detect atoms in F=2
level (bright)
F=2
2, .
5 Sl/2 6.835 GHz
F=1

2D Bose gas in F=1
1: repumping light level (dark)
12



Analyse interference pattern to find the Correlation function

Fit image columns Fit results Correlate and average (N>50)
250 «
-
= -,
E » | e
" =7
-30 x (pixel)
o0 .
-20 0 20 0 2|
e e . « [ ¢ : £L
x (pixel) conts (arb. unit Spatial average: C(f) _ Re[(ei[g(a’)_g(m_f)]”
relative phase correlation function
c.f. Vienna group’s experiments (U1 (P) UL ()T () To ()

o« gi(r, ')
=0

on double-well 1D Bose gas C(r,r') = (T () 2) (| Wa () 2) ]
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Physics of a 2D Bose gas

Phase of
wave function

=

- 0.5

Single vortex has Energy proportional to In(R), where Ris system size.

hing [T 1 hn, R
b, =~ ke —orrdr = =T (-)
2m  Je r? m '

J = phase stiffness of wave function
& = vortex core size (healing length) = 7.JIn (R/f)

- 0.0

o/

Vortex-antivortex pairs have lower energy cost to create.

\ « (L.

® Epair — 27.J In ((I/f) g

no flow at large distances for pair: >

cancellation of opposite circulations
15



Role of vortices in the BKT transition

7
N \ c
R O
4
@)
-
B &
P Q
D >
2
9 Ao s
- i :
wn
~ -1.0 e
Below T, quasi long-range order (QLRO) Above T, short-ranged order ' o
* tightly bound pairs of vortices have little * unbound vortices at random positions
effect on the phase field at distances ‘scramble’ the phase: absence of long-
larger than their characteristic size. range order. No net circulation.

The insight of Kosterlitz and Thouless was that a transition can occur between a superfluid
phase containing vortex pairs and a normal phase with individual ‘unbound’ vortices.



BKT transition: Berezinskii (1972), Kosterlitz & Thouless (1972)

BKT transition:

o Infinite-order phase transition

o Universal jump of superfluid density

o Vortex binding-unbinding mechanism

o Quasi-order with power-law correlation
* |Initial observation with liquid He [Bishop 1978]:
* Cold-atom experiments: Paris, Cambridge,

Oxford, Seoul, Chicago, Purdue, Heidelberg, ...

0

Temperature

/ Universal jump in superfluid density

Superfluid | / =
finite 4 0 nep
i
|
:
|
|
|

density 2
Correlation _
function Power-law ¢ 7~ ! Exponential X € r/ro| g1(r)

Free
vortices

none finite probability
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Kosterlitz-Thouless transition

DavudJ Thouless

Prize share: 1/2

Also known as the Berezinskii-Kosterlitz-Thouless transition

F.”Du’ncr.:an M. Haldane

Prize share: 1/4

J. ‘N‘\i'chael Kosterlitz

Prize share: 1/4

for theoretical discoveries of topological
phase transitions and topological phases
of matter.

The KT-transition does not break any
symmetry, something that was completely
new and unexpected — it should not occur
according to Mermin-Wagner Theorem.

Different to long-range order and
superfluidity with ‘condensation’.

The BKT phase transition does not rely on
spontaneous symmetry breaking.



The BKT transition — reminder of previous slide

: : '— 0.5
Below T, - g
‘ — . ‘ -1.0

Below T, tightly bound pairs of vortices. Above T, unbound vortices at random positions.

qi(r) = (S(r) - S(0)) gi(r) = (S(r) - S(0))

— <€i[9(r)—9(0)]> x (£/r)" ~op T _ <€i[9(r)—9(0)]> ~ ¢~ /¢

algebraic (‘slow’) decay of correlations exponentially decaying correlations
<> quasi long-range order (QLRO) (‘fast’ decay)
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Correlation function in harmonic trap

Phase correlation function A 047 Ty
06 ¥ 0.54 T,
A Y00 0.61 T}
() ) U () W () Ap O0q
C(r,r') := , /\ O
(121 () ) (| 2(r)2) AL 0
e i) A 7O
(g @)P(e()?)  n3p %*% AAAAOG
j —i0(r’ **
— |(ef0(m)=i0(r")y ***%
increasing
| Temperature
20 30
z (pm)

Scaled temperatures T/ T,
Sunami et al., Phys. Rev. Lett. 128, 250402 (2022) where quantum degeneracy occurs at T, .
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Correlation function in harmonic trap

(0W=00]y o /e | ] O 0417,
: : 40 | A 047 T,
_ o ¥ 0.54 Ty
L, 30 | - ' A O0g 0.61 Ty
AA Ole)
<€i[9(r)—9(0)]> o (€/1)7 ~o 7 20 | A OOOO
10 | AN Y0
¥y AAn O
% A Q
¥ K
B ¥EK increasing
© \W\\:\\\ emperature
> . A
0. 20 30
z (pm)

Scaled temperatures T/ T,; quantum degeneracy at T,.

Observation of the BKT Transition in a 2D Bose Gas via Matter-Wave Interferometry. S. Sunami, V. Singh,
D.Garrick, A. Beregi, A.Barker, K.Luksch, E.Bentine, L. Mathey & C.J. Foot, Phys. Rev. Lett. 128, 250402 (2022). 26



Quenching the 2D quantum gas— bilayer

1) single timescale T

quench
M evolution fz{ ii) multiple timescales
- —— Y
T
B
4
i . . - PT
Superfluid
T I —
X ~— property of
61 4] : the system
2 ~* wquenc h T:".\ A y
4 - ’O“ \ -—) A\ e
¢"“ o
2 foe’ Norial Fast relaxation - phonons

Slower relaxation - vortices

40 60 80
T (nK)

time
1 >
Prethermalization ?
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Vortex-unbinding dynamics

x10% i .
10 | . Reverse Kibble-Zurek mechanism:
Superfluid R _ ,
8t | a -  ordered phase - disordered phase (vortices)
6 i 0‘:" 1
= ~* wquench . ,
4l o N — N/2| Kibble-Zurek mechanism:
5 | ' | * formation of vortices after quench of temperature
n " %0 | proposed mechanism for cosmic strings in early universe.]

30



Experimental measurement of phase detects phonons and vortices

;

—>
31

phonons — ‘waviness’ of fringes

vortices — phase discontinuity no vortex




Vortex detection

1
e | = T I SN NV
-l e W
— M
— | ...J N
10 x10° - I .. oot o‘o'o.. \\
Superfluid ' I T N
8 | | R --'F"I 0 10 20 :: <I>
ZG . ..".3(111(‘11(‘.11 _ l © (pixel) \\ | Og
ab e N — N /fj 1 | | I | 7 ;:77 /4 \S'--S--.. =N :\l‘-/
. NSO\ N 1-
2'- ---- \u[‘]||;[] 1 I |.|_I Pl T ////ﬂ ‘:\\\‘\\
- o J o _ Tl ‘7‘ ( \ “Q \\\\\\
- e, o |“.l | \ W \\ 2
. _ N\ \\
T (nK) M BLLLL ISNCCRRNN N
-l - Y |.'i I-..+ SEVCCRAN N 3
- E : %
I | L1 b
.II 14 0 10 20
- z (pixel)

32



Dynamics after quench

x10-3
A -~ ' B ,
0.4+ @ T =0.36 | 6 quadratic
O T =0.41 .
0316 1?:0.45 ] increasing
S 00T Temperature
o
0.1} ©
O,,f" linear
0 0.3 150
] time (s) I
c ~ - lexn’
0.3 > IQ
alg iw'q @
- 0.2+ . O 1 o O
__________________________________ T’ c_ .. ) N ‘ /o ] O tc 2tc
01 Q-0 - A ]
fime
P X 1 . , LHNE
0 - - - - 104 L - R .
0 0.5 1 1.5 9 0.1 Wo.s) 19 5 t. = time when system
t/tc t/tc makes the transition
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Define fugacity, g

Free energy,
F=F,-T5,

= Feore + (1] — 2kpT) In (R/&)
Entropy of vortex,

S, = kgIn(Q2) = 2kgIn(R/¢)

BKT transition:

=~
-

W

TS

- 0.5

- 0.0

o/n

- —0.5

Below T, tightly bound vortex pairs — Above T, unbound vortices at random positions.

» At the KT transition temperature, the vortex pairs dissociate so that individual vortices proliferate.

\

R = system size

4

) Pi — '??-prfg = probability of vortex at X;
TR’ _ .
~ e Pi X e PP = g =fugacity
Total probability IS vortex X Z €

of finding a vortex< v
in the system.
(high for F <0.)

=

P vortex

2

\P vortex

(&

ortex at x;

Op—BEi _ In(Q)—BE;

_BF




Time-dependent Renormalization Group picture: L. Mathey & A. Polkovnikov (2010)

| - T = 5= —2
4 § '.' Zj = 0.34 _ fugacity oc n, vortex
+ T = 0.36 Yy = \/_ng number density, for large 1
&% T =041
3L T X & T=045 | dz _ (z+2)°y
vortex H T =0.47 - dt 8t
N ~ ~
332 _ unbinding | 4 T=05 | dy _ Ty
RG flow dt t
] X Simulation Scaling: condenses the information exchange
[ . | between experiment and theory (analytical
phonon relaxation theory & numerics) into a small set of
— .
o L ey M universal numbers.
-2 0 2 - The supercritical state relaxes to a disordered

state by dynamical vortex unbinding. This

dynamically suppressed vortex proliferation
L. Mathey & A. Polkovnikov. Phys. Rev. A 81, 033605 (2010) constitutes a reverse Kibble-Zurek effect.



Disorder-induced superfluid transition: ongoing work

bilayer quantum gas (J=0)

Disorder potential

Disorder potential

| Theory: Carleo, Boeris,
Holzmann, Sanchz-Palencia,

24 1 PRL 111, 050406 (2013)
M~
<~ 3 3
5 | See also Bourdel (2011, 2012) ’
" ~— T - Vy) . .
0 . B . Bpse Glass Abel Beregi, D.Phil.
0 0.5 1 L3 2 2.5 _
Vil Experiment: thesis, Oxford (2023)
- eta = power law of correl. Probability of detecting a vortex
' | | 10-1
| I | 1 3
1o ® %
0.4 - ¢: :
| | 1
I ' ¢
03 B + t
| I |
- it o ST A
0.2 1_J ~ 5 »
Ty - o
——————— Tl 0 g l
014, ¢ ¢ - 0.0 02 0.4
|| Vol
0.0 —L . . A
00 02 03 04 05 06 5
Vol . o 38
A. Beregi et al., in preparation



Probing a bilayer system: measure both relative and common phase

Antisymmetric mode

\

Relative phase

- 1 — P2

bilayer

troF = 5.3 ms

¢1 + P2 le¢

Common phase

y
VA

Symmetric mode ok
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RF-dressed traps with flat potential (uniform atomic density)

Reduce radial trapping frequency, e.g. from 10 to 3 Hz

— ‘flatter potentials’ RF magnetic field RF coils
e anisotropy of 1 : 300 (for Rb-87). :
* density variation < 10% across cloud.

Two possible methods:

* Increase radio-frequency,
e.g. from 7 MHz to 21 MHz using coils
with higher self-resonant frequency.

Single coil:
isomagnetic contours

* Magnetic field from a single coil
— flat contour

From Abel Beregi, D.Phil.
thesis, Oxford (2023)




RF-dressed traps with flatter potentials (more uniform atomic density)

Two possible methods: ) \ | RF magnetic field RF coils

* Increase radio-frequency.

* Magnetic field with flat contours

Single coil: Single coil + Helmholtz pair (to independently
isomagnetic contours control magnitude and vertical gradient)

From Abel Beregi
D.Phil. thesis,
Oxford (2023)

Contour flat, %/

(on the length scale of the atom cloud). ~20 -0 0 20 40 15 3




RF-dressed traps — future improvements to give longer lifetimes/ lower temperatures

* The lifetime of RF-dressed trapped atoms is
many seconds, with a minimum Rabi freq.
much less than magneto-static traps.

RF magnetic field RF coils

* Loss mechanism is not fully characterised —
may be electrical noise. It is higher than the
predicted intrinsic loss by non-adiabatic
transitions (Landau-Zener).

e Lifetime may improve with increasing radio-
frequency, for the same double-well spacing.

40 1= Ciieaa, e
* Magnetic field with flat contours gives gravity ST

compensation over wide regions (> 10mm). 20_'-':_-_.,;==::‘._.'.--"':;':_ -
= Good for atom interferometry, e.g. see Cass 101
Sackett’s talk at this meeting, or other :
Atomtronics applications

e RF-dressing works very well for Rb-87 — good
alternative to squashing between light sheets. il
(Being extended, elsewhere, to other species.) U , , Vimsg = B

[mm]

0_
flat___——gr— = E
contour a0 =

-30 44

[ww] 2




Simplified loading scheme from MOT directly into RF-potential

> 10° atoms in compressed MOT cloud

8 x 107 in RF-dressed potential

> 10> after evaporation to quantum degeneracy

500 um

Highly anisotropic confinement = quasi-2D potentials: f, > 1 kHz, f, < 10 Hz.

Abel Beregi, D.Phil.
thesis, Oxford (2023)
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2D quantum gases
* Introduction to the physics of 2D quantum gases
e Experiment: making multi-layer 2D traps (RF-dressed potentials )
 T. Harte, E. Bentine, ..., C.J. Foot, PRA 97 013616 (2017)
New tool: matter-wave interferometry of 2D quantum gases
e S. Sunami, V. Singh, ..., L. Mathey, C.J. Foot, PRL 128, 250402 (2022)
* Quenching the Kosterlitz-Thouless (BKT) superfluid
e A. Barker, S. Sunami, ... C.J. Foot, NJP 22 103040 (2020)
e S. Sunami, V. Singh, ... L. Mathey, C.J. Foot, Science 382, 443 (2023)
Universal scaling of the dynamic BKT transition in quenched 2D Bose gases.
* Ways to improve RF-dressed traps and Outlook

Funding. Thanks to EPSRC.
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Correlation function in uniform potential

35 w:lea —a :
d,...--'------'!-"""""'Mq.b 0 ~Q._ .e*g‘!-‘aﬂl-‘ & 1
a u i 0 ' < \o C “ - sss"—g‘e(i |
_ Q. ~ LA - Y Q]
_ NS — 54 A
RS S e
- m — v
30 (p B 450 — 9 S b9
X
Magnetic trap + optical box O 100 §A1§ N (ﬁﬁt\
= near-homogeneous system 2 lLe-e o) '
4 N N
o't 3 D 8 INRNEE
5 7 10 15 20
University of Cambridge, UK. Z (pm) Phase-space
Quantum gases in optical boxes density

N. Navon, R.P. Smith & Z. Hadzibabic
Nat. Phys. 17, 1334 (2021)
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