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Outline of the course

@ Lecture 1. Bose-Einstein condensation, superfluid
hydrodynamics and collective modes

@ Lecture 2: Adiabatic potentials for confining quantum gases

@ Lecture 3: Superfluid dynamics at the bottom of a bubble trap
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Tuning quantum gases

Quantum gases benefit from a wide range of tunable parameters:

temperature in the range 10 nK — 1 pK
interaction strength: scattering length a
dynamical control of the confinement geometry
periodic potentials (optical lattices)

°
°
°
@ low dimensional systems accessible (1D, 2D)
@ several internal states or species available

°

easy optical detection
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Using adiabatic potentials

This lecture: what adiabatic potentials are useful for:

temperature in the range 10 nK — 1 pK
interaction strength: scattering length a
dynamical control of the confinement geometry
periodic potentials (optical lattices)

°
°
°
@ low dimensional systems accessible (1D, 2D)
@ several internal states or species available

°

easy optical detection

LPL

Py

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Using adiabatic potentials

This lecture: what adiabatic potentials are useful for:

support temperature in the range 10 nK — 1 uK
interaction strength controlled by confinement
dynamical control of the confinement geometry
periodic potentials (rf lattices)

°
°
°
@ low dimensional systems accessible (1D, 2D)
@ several internal states or species available

°

easy optical detection

LPL
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Outline of the course

e Principle of adiabatic potentials
@ Atom-field interaction
@ Magnetic traps
@ Coupling magnetic states with an rf field
@ Trapping surface

© Examples of adiabatic potentials
@ First historical example: microwave dressing
@ Dressed loffe-Pritchard trap
@ Dressed quadrupole trap
@ Dressing with multiple frequencies

© Probing adiabatic potentials
@ Dressed picture
o Rf spectroscopy of the dressed states
o Fulfilling the criterion for adiabaticity LPL
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References for the lecture

@ Detailed theory of the rf-based adiabatic potentials:
H. Perrin and B. Garraway,
Trapping atoms with radio-frequency adiabatic potentials,
in Ennio Arimondo, Chun C. Lin, Susanne F. Yelin, editors:
Advances In Atomic, Molecular, and Optical Physics 66
AAMOP, UK: Academic Press, pp. 181-262 (2017); see also
arXiv:1706.08063

@ Review on recent applications of rf-based adiabatic potentials:
B. M. Garraway and H. Perrin,
Recent developments in trapping and manipulation of atoms
with adiabatic potentials,
Topical Review in J. Phys. B 49, 172001 (2016).
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http://arxiv.org/abs/1706.08063
http://iopscience.iop.org/article/10.1088/0953-4075/49/17/172001

Principle Atom-field Mag. trap Rf-dressing Trapping surface

Principle of adiabatic potentials

Principle of adiabatic potentials

1 (@)

[Zobay & Garraway (PRL 2001)] LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Principle of adiabatic potentials

General idea:

o Eigenstates [1/(\)) and eigenenergies 72(\) and splitting
RA(X) depend from an external parameter A (here: magnetic
field and rf field)

@ Variations of this parameter \ with position or time

@ For slow enough variations, the atomic states follows
adiabatically the local eigenstate [1/()\))

;)
Condition: A
Wcapy N
Mo < A0 o
5 AR
< | ‘w> < A()\) oot TTmmemTTT T

>\
. . . LP
Here: |1) is a magnetic state dressed by radiofrequency photons

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Principle Atom-field Mag. trap Rf-dressing Trapping surface

Interaction between an atom and a magnetic field

Reminder on spin operators

Eigenstates of the total angular momentum operator F:

Given an axis z, F2 and IA-_Z =F. e, can be diagonalized in the
same basis {|m)_}, with eigenvalues:

F2|m), = F(F+ 1)R*m),  F,|m), = mh|m),

The whole basis is built using the I:'i = I:'X + iI:'y operators:

Remark: F, = 1 <A+ + IA-',) .

LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Interaction between an atom and a magnetic field

Interaction hamiltonian

Zeeman effect: The interaction between an atom with total
angular momentum F and a magnetic field By = Bpu writes

H=—~F By = gF:B BoFu = wofu,

EFHB

where v = — is the gyromagnetic ratio, g is the Landé

factor and pp is the Bohr magneton. wyq is the Larmor frequency.

The eigenstates of H are the states |m)u, eigenstates of Fo=F-u.
If the z axis is chosen along u, these states are |m),. The
corresponding eigenenergies are

En = mgrupgBo = mhwo.
LPL

Py

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Principle Atom-field Mag. trap Rf-dressing Trapping surface

Magnetic trapping

Position dependent magnetic field

Now B depends on position, in modulus By and direction u:
Bo(r) = Bo(r)u(r).

If the atomic motion is slow enough, the atoms follow adiabatically
the local magnetic eigenstate [m) ().

The local energy Ep,(r) acts as a trapping potential:
Vin(r) = gr1igBo(r)

Low field-seekers are trapped at a magnetic field minimum.

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Principle Atom-field Mag. trap Rf-dressing Trapping surface

Example of magnetic traps
Quadrupole trap

Two coils with opposite currents: a quadrupole trap.
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Field produced: Bo(r) = b’ (xex + ye, — 2ze,)

Potential: we define « = grugb’/h

Bo(r) = b'/x2 + y2 + 422 = V(r) = hay/x2 + y2 + 422

Minimum with zero field at the center (0,0, 0) LPL
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Principle Atom-field g Rf-dressing Trapping surface

Example of magnetic traps
loffe-Pritchard trap

. . AR REEREERRRRR!
4 bars: 2D quadrupole + 2 pinch R RRRRRR R
coils with the same current: a NN oy N : ) : : ::
A A N Y A
loffe-Pritchard trap. N T R NN
e N N N N T T e N N
A A A A A A AA A
A AAAAAAAAAAAAAA
AAAAAALAAAAAAAA
AAAAAAAAAAAAAAA
AAAAAAA A4 A A A444
. 11
Field produced: Bg(r) ~ (Bo + %x2) ex+ b (ye, — ze,)
- ~ 1,22 1 202 2
Potential: Vi,(r) >~ hg + swix® + 5w (y* + z°)
Minimum with non-zero field By at the center (0,0, 0) LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Rf coupling between magnetic states

Static + oscillating magnetic fields

Two fields: static B = Bpe, and oscillating By = Bj cos(wt) ey.
Hamiltonian:

A = —~F - (Bo + By(t)) = woF, + Qi cos(wt)F,
where €21 is the Rabi frequency of the rf field. Using Fy:
~ ~ Q A Q_ A
H=woF, + {; e WIF, + h.c.} + {2 e WHE_ 4 h.c.} ,
with Q. = Q; /2 weight on the o polarization (Q_ = Q;/2

weight on the o~). Hamiltonian in the rotating frame (rotating at
w around Bg) within rotating wave approximation (RWA):

H = —0F, + Q. F,

with 6 = w — wp, detuning from magnetic resonance. e
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Adiabatic potential

Eigenstates and energies

H = —6F, +Q F = /02 + Q2 F-uy

with ugp = cosfe, + sin fe, and

cosf = _75 sinfd = 24

\/ 02+ Q3 \/ 02+ Q%
Eigenstates: |m)g = |m),,. Eigenenergies: mhy/62 + Q3.

For position dependent By and/or By, i.e. wo(r) and/or Q. (r),
rf-dressed adiabatic potentials:

Vin(r) = mhy/62(r) + Q3.(r). LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Adiabatic potential for a linear magnetic field

Eigenstates and energies

For a linear static magnetic field: By(x) = b'x, with uniform Q.

Vn(x) = mh\/a2(x —x0)?2 + %

where a = grugb’/h and xp = w/a.
Ex: F =1, bare basis vs dressed basis

m,=+1
T V(x)

m; =0 S
\I ————————— X0 \‘\"‘\: my=—
bare TTeeeel.
~~~~ m.=-1
[Figure from Perrin & Garraway, Adv. At. Mol. Opt. Phys. 2017] LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Adiabatic potential for a linear magnetic field

Oscillation frequency

Ex: F =1/2: avoided
crossing between dressed
states

Close to the trap
minimum at x = xp:

|m=—1/2)5

1
Vin(x) = mhiy/a2(x — x0)2 + Q2 ~ mhQ, + Ethzrapxz

X~oXQ

where w = mh o L
trap — MQ+ /—Q+

LPL
high trap frequency for large magnetic gradients and low rf coupling.

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Principle Atom-field Mag. trap Rf-dressing Trapping surface

Typical shape for adiabatic traps
Trapping surface

Adiabatic potential:
Vin(r) = mhy/82(r) + Q3.(r)

@ The detuning 6(r) = w — wo(r) varies quickly (like the
magnetic potential)

@ The rf coupling Q4(r) varies slowly, especially if Q1 is uniform
= variations dues to the respective orientations of By and B;.

@ To a good approximation: the trap minimum lies within the
isomagnetic surface d(r) = 0 (resonant surface wp(r) = w)

e Within this surface, Vi,(r) = mh€2y(r) and the minimum
occurs where €4 is minimum or at the bottom where gravity
attracts the atoms. LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Principle of rf-induced adiabatic potentials

Trapping to an isomagnetic surface

First proposal with rf fields: O. Zobay and
B. Garraway, PRL 86, 1195 (2001):

Bo(r) + B coswt

inhomogeneous magnetic field + rf field

strong coupling regime (large B;)
= avoided crossing at the resonance points
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Principle of rf-induced adiabatic potentials

Trapping to an isomagnetic surface

First proposal with rf fields: O. Zobay and
B. Garraway, PRL 86, 1195 (2001):

Bo(r) + B coswt

inhomogeneous magnetic field + rf field

strong coupling regime (large B;)
= avoided crossing at the resonance points

atoms trapped at the isomagnetic surface of
an inhomogeneous magnetic field set by w:

h t
w.
|gF|MB

surface  By(r) =
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Principle Atom-field N ra f-dressing Trapping surface

Trapping to an isomagnetic surface

Bubbles and double wells

V(xy02)

)

magnetic
landscape:
iso-B
surfaces

“x0)

—at0)
=m0 ET) 0 £ £
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Trapping to an isomagnetic surface
Bubbles and double wells

magnetic
landscape: -
iso-B

surfaces

B rf on A
selecting the
iso-B surface

LPL
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Principle Atom-field Mag. trap Rf-dressing Trapping surface

Trapping to an isomagnetic surface

Bubbles and double wells

V(xy02)

magnetic
landscape:
iso-B
surfaces

“x0)

B; rf on T
selecting the
iso-B surface

LPL
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Principle Atom-field N ra f-dressing Trapping surface

Trapping to an isomagnetic surface
Bubbles and double wells

Vixy0z) Vixy02)
magnetic :
gravity on:
landscape: - flat tra
iso-B \ \ P
surfaces

B; rf on
selecting the
iso-B surface
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Principle Atom-field ra f-dressing Trapping surface

Trapping to an isomagnetic surface
Bubbles and double wells

V(xy02) Vixy0)

magnetic i
gravity on:
landscape: flat tra
iso-B ’
surfaces
inhomogeneous
f li
By rfon :3 C(cr)l)J'p o
selecting the bl
. double well
iso-B surface
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Examples Early example Dressed IP  Dressed Quad Multiple rf

Examples of adiabatic potentials

Nice examples of adiabatic potentials

[Colombe et al. (2004)] [Schumm et al. (2005)]
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Examples Early example Dressed IP  Dressed Quad

Early history of adiabatic potentials

Trapping with a microwave

Multiple rf

Spreeuw et al., PRL 72, May 1994:

VOLUME 72, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MAY 1994

Demonstration of Neutral Atom Trapping with Microwaves

R. J. C. Spreeuw, C. Gerz, Lori S. Goldner, W. D. Phillips, S. L. Rolston, and C. I. Westbrook *
National Institute of Standards and Technology. PHY A-167. Gaithersburg. Maryland 20899

M. W. Reynolds" and Isaac F. Silvera
Lyman Laboratory of Physics, Harcard University, Cambridge, Massachusetts 02138
(Received 4 November 1993)

We demonstrate trapping of neutral Cs atoms by the magnetic dipole force due 10 a microwave field
The trap 7 formed in a spherical microwave Cavity tuned nar the ground State hiyperfine transition
(9.193 GHz). With a microwave power of 83 W, the trap is = 0.1 mK deep. It is loaded with Cs atoms
laser cooled to =4 uK. We observe oscillatory motion of atoms in the trap at frequencies of 1-3 Hz
This type of trap has certain advantages for achieving the conditions for Bose-Einstein condensation in
hydrogen or the alkalis, because it can confine atoms predominantly in the lowest energy spin state.

Trapping with an inhomogeneous microwave field in a static
magnetic field.

LPL — IIP Natal 201 Lecture 2: Ad




Examples Early example Dressed IP  Dressed Quad Multiple rf

Early history of adiabatic potentials

Trapping with a microwave

[Spreeuw 1994]

The potential for the atoms in the trapping state, due
to static magnetic, microwave, and gravitational fields, is

Ut)=—iBt)— 5 ha(r)+mgz,

where mgz is the gravitational energy,| @ =(w}+62) "2,

with the Rabi frequency wg(r) =u,b,(r)/A and the de-
tuning 6(r) =2u,[Bs— B(r)l/h, both functions of posi-
tion; b, is the amplitude of the rf field transverse to th(;

The trapping potential is given by the microwave coupling wg(r)
and detuning 6(r) = wmw — uB(r)/h.

LPL
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[Spreeuw 1994]
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Examples Early example Dressed IP  Dressed Quad Multiple rf

Early history of adiabatic potentials

Trapping with a microwave

[Spreeuw 1994]

FIG. 3. Sequence of images with 67 ms successive increase in
trapping time. The bright ring is a 1 cm diameter observation
hole in the side of the cavity. For this sequence the microwave
power level was 42 W,

Cs atoms oscillating in the microwave + magnetic field trap

LPL

Py

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Examples Early example Dressed IP Dressed Quad Multiple rf

Example 1: The dressed loffe-Pritchard trap

First experimental realization

A “bubble trap” in the presence of gravity

Vixy0z)

no rf

7 {ger)

w1

7 (o)

w2

2 ()

< (o experiment: Colombe et al.,

calculated isopotential lines EPL 67, 593 (2004)
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Examples Early example Dressed IP Dressed Quad Multiple rf

Example 1: The dressed loffe-Pritchard trap

First experimental realization

A “bubble trap” in the presence of gravity

Vixy0.z)
£ no rf
w1
H w2
. experiment: Colombe et al.,
calculated isopotential lines EPL 67, 593 (2004)

Hélene Perrin, LPL — IIP Natal 2019 Lecture 2: Adiabatic potentials



Examples Early example Dressed IP  Dressed Quad Multiple rf

Example 1: The dressed loffe-Pritchard trap

First experimental realization

Seing the bubble structure

no rf

“ R

at larger temperature

calculated isopotential lines
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Examples Early example Dressed IP Dressed Quad Multiple rf

A double well potential on an atom chip
Playing with rf gradients

With an inhomogeneous rf coupling: double well potential

[Schumm et al., Nat. Phys. 2005]
Well separation adjusted with the rf frequency.
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Examples Early example Dressed IP Dressed Quad Multiple rf

A double well potential on an atom chip

Atom interferometry

Interference fringes from atoms released from the double well potential

[Schumm et al., Nat. Phys. 2005]
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Examples arly mple Dressed IP D >d Quad Multiple rf

A ring trap

Playing with rf polarization

With a circular rf polarization: annular potential

X'(pm)

Experiment: [Kim et al., PRA 2016]

xfum]

Proposal: [Lesanovsky et al., PRA 2006]
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Examples Early example Dressed IP Dressed Quad Multiple rf

Example 2: The dressed quadrupole trap

Dressing the spin states

e By = b'(xe, + ye, — 2ze;)
Spin states in a quadrupole field coupled through a rf field...

m=-1
RF
!
m=0
m=1
LPL
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Examples Early example Dressed IP Dressed Quad Multiple rf

Example 2: The dressed quadrupole trap

Dressing the spin states

e By = b'(xex + ye, —2ze,)

...trap minima at the resonant points = isomagnetic surface.

. . . . . w
isomagnetic surfaces: ellipsoids with rg oc

b
LPL

Py
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Examples Early example Dressed IP Dressed Quad Multiple rf

Example 2: The dressed quadrupole trap

From the bubble to the ring

side view (isopotentials):
/ ——
Wy X —— ~ 1-2 kHz »

VQ

Wy, Wy 1| & ~ 20-50 Hz
rO 20

o very flat w, > wy,

w o
e 1 = — controlled through rf polarization:
Wy
e rotationally invariant (np = 1) for a ¢ polarization along z
@ anisotropic (n # 1) for linear horizontal polarization
@ geometry can be modified dynamically

@ ideal for the study of collective modes of the 2D trapped gas [Ha
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Examples Early example Dressed IP Dressed Quad Multiple rf

Example 2: The dressed quadrupole trap

From the bubble to the ring

o By = b'(xex + ye, — 2ze,)
@ rotationally invariant for a ¢ polarization along z

@ anisotropic for linear horizontal polarization

@ geometry can be modified dynamically

@ ideal for the study of collective modes of the 2D trapped gas
top-view:

a [2D] quantum gas

side view (|sopotent|als):

T s e e e e e e

20-

collective modeS'

40 . 7 L J'”V’ T —— e} .
60 —40 -20 [ 20 40 60 ‘ . ‘ ,
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Examples Early example Dressed IP Dressed Quad Multiple rf

Ring trap from the dressed quadrupole

Ring trap for dressed atoms

bubble trap (dressed quadrupole)
+ dipole trap (standing wave or
double light sheet) —

Morizot et al., PRA 74 023617, 2006

Heathcote et al., New J. Phys. 10 .
043012 (2008) e ————

De Goér et al. (2018)

trap loading with a bias field

- LPL

Py
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Examples Early example Dressed IP Dressed Quad Multiple rf

Ring trap from the dressed quadrupole

Ring trap for dressed atoms

Atoms in a ring (Oxford group)

(2)BS°=10G b B=11G (c)B5¢=12G d) B=13G

Heathcote et al., New J. Phys. 10 043012 (2008)

Atoms in a ring (LPL group)

100 pum 125 pm
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Examples

Example 3: Multiple rf frequencies
A rf lattice

mple Dressed IP D >d Quad Multiple rf

Select several iso-B surfaces with multiple rf frequencies

g
G

N T2
: s z

< L0

= I

m:n 0 % -2

* o5 o5 05 05

0 0 0
z (um) =05 05 x (wm) 2z (wm) -05 -05 x (um)

1055 0 0.5 35 0 0.5

Proposal: [Courteille et al., J. Phys. B 2006]
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Examples Early example Dressed IP  Dressed Quad Multiple rf

Example 3: Multiple rf frequencies

Realization with 3 frequencies and gravity: double-well

3 frequencies and gravity in the dressed quadrupole trap

2
Z . S
3 ° 100 5
£ 0.5 ¢ 3
9 50 F
2 ° z
E .
g n L = R g ol R . . . 1o
200 um [ 200 250 300 350 400 450
0 Qz(27rxl\llt)
double well with 3 rf population imbalance vs Q,

Harte et al., Phys. Rev. A 97, 013616 (2018)
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Examples Early example Dressed IP Dressed Quad Multiple rf

Multiple frequencies: Time-average adiabatic potential
TAAP ring

Starting from a dressed quadrupole trap:

Add a vertical homogeneous magnetic field, modulated in time.
Wose K Wmod K Q+ < w
100 Hz < 7 kHz < 50 kHz < 1.4 MHz i
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Examples Early example Dressed IP  Dressed Quad Multiple rf

TAAP ring

Time-average adiabatic potential

Results

0 pm 200 pm | 0 pum 200 ym
ka0 Lol VAL el | | b e

b)

Proposal: Lesanovsky and von Klizting, PRL 2007.
Experiments: Sherlock et al., PRA 2011 (Oxford group)
Navez et al., NJP 2016 (von Klitzing group)
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Probing Dressed picture Spectroscopy Adiabaticity

Probing adiabatic potentials

Probing adiabatic potentials

Atom number [x10]

0 1
21 23 25 27 29 31 33 35
RF probe frequency [kHz|

[Merloti et al. (NJP 2013)]

LPL
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Probing Dressed picture Spectroscopy Adiabaticity

Dressed picture

Description with a quantized rf field

Write the Hamiltonian using a quantum rf field:
By =(bre. +b e )a+hec.

Spin + field Hamiltonian in the limit of large photon number N:

I:I = wolt_z#—hwaTa—F 5

Q<+N> <3F++ ) 2F (aF_+a F+)]

Uncoupled states:

|m, N) with energy Em.n = mhwo+Nhw = —mhd+(N+m)hw.

LPL
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Probing Dressed picture Spectroscopy Adiabaticity

Dressed manifolds

Energy of uncoupled states

Uncoupled states: E,, y = —mhd + (N + m)hw
Within RWA: |§] < w = well separated manifolds (here F = 1)

|-1LN+2> 1, N+2>
Eun < ONtI>  Thé [0.N+1> 73
LN FLN>
ho
[+1,N+I>
&y 0, N> hd
|-1,N-1>
ho
_ LLN> N>
Ena —TON-1> 776 |0.N-1> 178
e
FLN-2> TN
0>0 0<0
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Probing Dressed picture Spectroscopy Adiabaticity

Dressed manifolds

Coupling between states

Coupling: 2 terms

. . . . . Q+ JaS T S
@ inside a given manifold: 2/ <a Fr+a F,>

@ between manifolds separated by 2/w: 5 QZN) (a Fo+af I:_+)

= only keep the first term within RWA

. Q
(mT 1, N+ 1|V, |m, N) :7*

LPL
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Probing Dressed picture Spectroscopy Adiabaticity

Dressed manifolds

Coupling between states

-1LN+3>
Uncoupled states: Eney N2> . %R
Epn = —mhid + (N + m)hw TR
ho
Coupling amplitude: | LN |2
inside a given manifold: e = *‘1> %g
+1,N> N
2\/—(3F++3F> o Q
TFLN+I>] 1N+1>
between manifolds split by 2Aw: €y FTN>
i (aF-+al ) S
2 ho
LA
. ger >
= only keep the first (resonant) < E
term within RWA a| N
Q+ ho
(mIFl N:i:l\V|m N> 5 ¢ ¥ -LN-I>
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Rf spectroscopy

Coupling between dressed states with a weak rf probe

We define the local splitting by Q(r) = 1/62(r) + Q3 ().
Dressed energies: mhf2(r) + Nhw = transitions at Q, w +Q

FLN+2> [1'N+1>
Nel> ks A
- <fON[> hé 0N+ 1> \h;Q(r)
S Ly ‘
e TN+ |
- @ = LXr)
|-1,N+1>
8/\/ < ]O N> ig(r)
RN .
hw o+ Q(r)
_ﬂ,N>— '''''''''''' M—
Evs o 10, N-1> T e :
e TN -
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Rf spectroscopy

Spectroscopy of an ultracold gas in a dressed quadrupole trap

At the trap bottom (6 = 0), two peaks at wWprobe = w £ |4 |

w =271 x 400 kHz 300 350 400 450 500
00 et M e
" e U
. i
12+ 112
H 1
5t .
10} L v 110
0 |
"o LN |
— 8r L] oem " 18
°
> [
.n-é 6+ . . " 46
2
E s L L ]
% 4+ = —14
n
2+ 42
|Q+| = 27r x 42+ 1 kHz
0 L 0
350 352 354 356 358 350 440 442 444 446 448 450
RF probe frequency [kHz]
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Rf spectroscopy

Spectroscopy of a BEC in a dressed quadrupole trap

Single peak at wprobe = Q4| = Q24| =27 x 27.1 £ 0.1 kHz

3 T T T T T T T

Atom number [><104]

0 1 1 1 1 1 1 1
21 23 25 27 29 31 33 35
RF probe frequency [kHz|

Merloti et al., NJP 15, 033007 (2013)
LPL
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Application to rf evaporative cooling
Back to the dressed quadrupole trap

Reminder: isomagnetic surfaces: ellipsoids with rp oc —- b’

temperature T controlled with a rf knife (weak second rf field) at
Q+ veyt or w+ Q + vyt

LPL

Py
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Beyond RWA

Dressed levels at large coupling

L
v_\/
3 ____________________________
Dressed levels at large Q: A R P EEt EEEED
s T
w = 21X 600 kHz 3 - —
Q.+ = 0 up to above w/2 % 1 v
Hofferberth et al., PRA 76, o +—
013401 (2007) [Vienna] ——————————

—
X [um] LPL

Py
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Beyond RWA

Spectroscopy in an atom chip adiabatic potential

ol * RWA resonances
ll * non-RWA

Hofferberth et al., PRA g 1M
76, 013401 (2007) “ o5t ]
[Vienna] ;::;m

Shift from RWA

. 150 -
predictions. ) T hameries) (b) %0
X
= 100 300
(9]
Q
> 50 250
LPL
Py
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Landau-Zener losses

Criterion for adiabaticity

Landau-Zener theory: atoms will leave the adiabatic state if the
state variations are faster than Q: for large b'/low Q

@ quiet DDS source is necessary
@ avoid rf phase noise, frequency noise, amplitude noise

o lifetime depends exponentially on b/, Q and velocity

350 4
300 A 4
250 4 —
200 -
150 4 1

100 i 1

50| ) t N ,

Lifetime [s]

56 1()‘(] 156 200
Magnetic gradient [G/cm] LPL

Py
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Landau-Zener losses

Criterion for adiabaticity

Landau-Zener theory: atoms will leave the adiabatic state if the
state variations are faster than Q: for large b'/low Q

o lifetime depends exponentially on b, Q and velocity

@ evaporation induced by energy-dependent LZ losses

100 |

Temperature [nK]

Holding time [s] LPL

Py
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Summary

Adiabatic potentials: A new tool for manipulating ultracold
atoms or quantum gases

@ Double-wells,. . .

...2D gases,. ..

@ ...ring traps,...

@ ...and morel!
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