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: Introduction
Magic magnetic trapping: “1t order magic” DC field

ATOMINSTITUT

TU

WIEN

Trapped atoms instead of ballistic
Using of trapped atoms allows to:
1. Increase Ty
2. Decrease the size of device
Trapping is a modification of the energy levels in some external field.
For the clock states such modification should be equal (magic trap).
It is impossible to compensate the difference in all orders of the potential
energy, but possible in the 1%t order (,,1st order magic“ trap),
in the 15t and 2" orders, (,2nd order magic” trap),
etc.
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Magic trapping in loffe-Pritchard trap

Introduction

loffe-Pritchard trap
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P. Rosenbusch, Appl. Phys. B 95, 227 (2009)

Energy levels:

Spatial dependence of the adiabatic
potential for different Zeeman states

DPD-Frihjahrstagung Heidelberg 2015




[ P

ATOMINSTITUT

Introduction

Magic trapping in loffe-Pritchard trap

loffe-Pritchard trap

| atom chip

(O]

d.c. wire
Magnetic

d.c. bias field 3 $

) N/
— )X
Y
d.c. magnetic

trapping field

By = é.B; + G(é,x
P. Rosenbusch, Appl. Phys. B 95, 227 (2009)

©

[offe field

_ E}‘ .}r)

~ 2 4B2

Energy levels:

Spatial dependence of the adiabatic
potential for different Zeeman states

Ay ~ —4497.4 Hz,

1 1 3*AE
aBZ B:Bmuuic

magic

DPD-Frihjahrstagung Heidelberg 2015

For ,, 15t order magic” conditions:
AE(x) = Ao+ Asx” + Asx’ + - -

X:G2p2

~ 10.34 Hz/G"




F& Introduction

S OMINSTTOT Magic trapping in loffe-Pritchard trap

loffe-Pritchard trap Energy levels:

| atom chip
; O] Spatial dependence of the adiabatic
‘ o WITe potential for different Zeeman states
Magnetic
de biasfield p 3 For ,, 1%t order magic” conditions:
- >)f‘\(( @ AE(X):A0+A2X2+A3){3+"'
d SN, loffe field 2 2
-c. magnetic A~ —4497 4 H X = G P
trapping field 0~ : 2
- - . . 2
BO = €; B}' + G(l‘?xx - 6’}‘_}") A2 = l ; 0 AZE‘ ~ 10.34 HZ/G4
2 4Bmagic B B=Bpic

P. Rosenbusch, Appl. Phys. B 95, 227 (2009)

Trapping potential and relative energy shift as a functions of position

Trrrr{rrrr[11r1r 1|1 1 rrr[rrrr g [k [ T[T T T T T

i ; 5 F Relati hift /]
i ! elative energy snl ]
0k Trapping potential ] _-~ 2.0F \ &Y "
EN [ i % - \\ -0 Bmagic +0.03 G -
~ : ] : - magic ;
é_( 20 - - 2 10- .......... Bmagic —-0.03QG .
= [ ] | L ]
= 10 F . = E
- o 0.0F > 5 -
0 —I PR S T T TN T T T N T NN SN TN TN TN TN NN RN SN AN NN U T N I- q .-1 N :..."."l.“... ol s s s a0l s s g al gy .':"l".":.: M I:
-06 -04 -0.2 0.0 0.2 0.4 0.6 -06 -04 -02 00 0.2 0.4 0.6
Gp, G Gp, G
DPD-Frihjahrstagung Heidelberg 2015 5




“2"-order magic” radio-frequency dressing for magnetically trapped é’Rb

ATOMINSTITUT Outline

WIEN

Introduction

* Instability of atomic clock: Allan deviation
e Magic magnetic trapping: “1t order magic” DC field
* Magic trapping in loffe-Pritchard trap

Second order magic conditions
* Modification of adiabatic potential with RF dressing
» A few words about calculation
e Second-order magic conditions
Role of the field uncertainty
e DC and RF field magnitudes

* RF field polarization

e Influence on the position-dependent shift

Conclusion

DPD-Friihjahrstagung Heidelberg 2015




11

ATOMINSTITUT

Second order magic conditions
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Modification of adiabatic potential with RF dressing

Idea:

Adiabatic potential of the state |1) is concave (as a function of

B) but that of the state |2) is convex

= use red-detuned RF dressing to modify the trapping

potential in order to make
the adiabatic potential of
the state |1) also convex

= use circularly polarized RF
field for dressing
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Idea:

Adiabatic potential of the state |1) is concave (as a function of

B) but that of the state |2) is convex

= use red-detuned RF dressing to modify the trapping

potential in order to make
the adiabatic potential of —
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O
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Schematic of a chip-based
loffe-Pritchard trap with rf dressing
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-~ "\ RF
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d.c. bias field loffe field
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By =&.B; + G(Z,x — &,y)

—

By . - . ;
By = Tﬁ[(e_‘r cos§ — ie, sind)e'” + c.c.]

DPD-rrunjanrstagung Heidelberg 2015 8




[ P

ATOMINSTITUT

Second order magic conditions TU
Modification of adiabatic potential with RF dressing —_—

Idea:

Adiabatic potential of the state |1) is concave (as a function of

B) but that of the state |2) is convex

= use red-detuned RF dressing to modify the trapping

potential in order to make w2
the adiabatic potential of - —_o(\_‘”‘
the state |1) also convex (§c'a~“‘
= use circularly polarized RF *
field for dressing & RF dressing
iy /
—V\_"\-_

Modification of AE(B,) with RF dressing
By L By, w=2n-2MHz, left-hand polarization

—4.44k

-4.46

AF (kIz)

-4.52F

—4.54F

—4.48F

—4.5F

B o L o o o B
Brr =0mG
— —— Brr =4 mG
Brr = 5.5 mG
"""""" Brr = 6.38 mG

o —

2.9 3.0 3.1 32 33 34 3.5 3.6

Energy (kHz)

e e e s 1
3.16 3.18 32 322 1 324

BO (G) Bma,gz'c

Schematic of a chip-based
loffe-Pritchard trap with rf dressing

atom chip
= LO | [@]
RF wire d.c. wire RF wire

-~ v, RF
-— \ field
Magnetic ' @
d.c. bias field loffe field

d.c. magnetic
trapping field

By =&.B; + G(Z,x — &,y)

—

By . - . ;
By = Trf[(e_‘r cos§ — ie, sind)e'” + c.c.]

DPD-Frihjahrstagung Heidelberg 2015 8



[ P

ATOMINSTITUT

Second order magic conditions TU
A few words about calculation —

WIEN

Hamiltonian

It is possible either to apply Floquet theory directly, 2

i Dwngs

e £a A A - -
H' J I+ pup(gsJ +gi1)-[By+ Bi(1)]

By = &.B; + G(Z.x — &,y)

—

By _ - . ;
By = Tﬁ[(.e{r cos$ —ieysin§)e' + c.c.]

Floguet theory: J. H. Shirley, Phys. Rev. 138, B979 (1965)
DPD-Frihjahrstagung Heidelberg 2015 9




% Second order magic conditions TU

- ' A few words about calculation

ATOMINSTITUT WIEN
Hamiltonian i hepys 2 > a 2 E LB

It is possible either to apply Floquet theory directly, ) J I+ pup(gsJ +gil) - [Bo+ Bi(1)]

or to transform the Hamiltonian into the rotating

frame using the following weak-field Floquet

EO = 2‘:3 B; + G(EXX — E}‘y)
approximation (WFFA):

—

By = 7‘*[(23; cos 8 — i2, sin8)e’” + c.c.]
~ 5 = - 5 -
(F,m|I - By|F,m")={(F,m|I - By|F,m')

. L A In the absence of dressing: Breit-Rabi
(F.m|J - By|F.m"Y=~(F.,m|J - B|F,m')

hewy, fs heay, ¢ 4dmX
EBR = giupmBy — s [y + X2
Itis valid, if ® < Wirs and B < Bo < hayys/its ([F=t=dm) 21+ 2 21 +1
(g7 — g1 By
X =
hmh_f.ﬁ'

Floguet theory: J. H. Shirley, Phys. Rev. 138, B979 (1965)
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or to transform the Hamiltonian into the rotating
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EX = giupmBy — s g + X2
It is valid, if @ < @nrs and B < By < howpys/ g |F=I%J.m) 2QI4+1) 7 2 21 + 1
y _ (81— 8D)1sBo
Then we apply the unitary transformation han s

~

A A ~. [0U A
H=U{H Ug —a’hU;(B—t"*) = H + H,

Ur = expli(P; — P5)Fyot]

Floguet theory: J. H. Shirley, Phys. Rev. 138, B979 (1965)
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Hamiltonian

It is possible either to apply Floquet theory directly,

or to transform the Hamiltonian into the rotating
frame using the following weak-field Floquet

approximation (WFFA):
~ 5 = - 5 -
(F.m|I - By|F,m")=(F,m|I - By¢|FF,m')
(F,mlf- Bﬁ‘|ﬁ,m’)z(F,m|f- E‘rfIF,m’)

Itis valid, if @ K wprs and By < By < hoprs/1ip

Then we apply the unitary transformation

~

N ~. [0U A
H=U{H Ug —ith{(a—:) = H + H,
Ur = expli(P; — P5)F.ot]

and express the components of the RF field in
the local frame where the z‘ is along the dc field

e:w.‘

5 [év By — iy By + - B.] +c.c.

-

Brf —

B, = Bs(cosa cosf cosd —isinwcosf sind)
B, = Bt (cosasind — i sina cosd),

B. = By (cosw sinf cosd — i sina sin# sin §)

DPD-Frihjahrstagung Heidelberg 2015

~ ﬁﬂ)hfs ESNFN A 4 - -
H' = 5 J T+ pup(gsJ +gi1) - [Bo+ Bi(1)]

By = &.B; + G(Z.x — &,y)

—

By - L
By = 7‘*[(9‘( cos§ — i, sin)e’ +c.c.]

In the absence of dressing: Breit-Rabi

hewy, fs hay, £ 4mX
EBR _ Bo — +—— X2
\F=1+7m) — SIHBM DO 221 + 1) 2 + 21 + 1 +
— B
¥ — (gs — g)mpBy
hwh_f.\'

Floguet theory: J. H. Shirley, Phys. Rev. 138, B979 (1965)




% Second order magic conditions TU

- A few words about calculation
ATOMINSTITUT

WIEN

Hamiltonian

It is possible either to apply Floquet theory directly,
or to transform the Hamiltonian into the rotating

frame using the following weak-field Floquet
approximation (WFFA):

~ 5 = - 5 -
(F,m|I - By|F,m")={(F,m|I - By|F,m')
(F,mlf- Bﬁ‘|ﬁ,m’)z(F,m|f- ErfIF,m’)

Itis valid, if @ K wprs and By < By < hoprs/1ip
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s

A A‘ A~ . dU . A
H=U} A0 —ahU;(a—:) = H, + H,
Ur = expli(P; — P5)Fyot]

and express the components of the RF field in
the local frame where the z‘ is along the dc field

e:w.’

5 [év By — iy By + - B.] +c.c.

-
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B, = Bs(cosa cosf cosd —isinwcosf sind)
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i _ hwpfs 5
H 5 J-1 —1—&5(&*1 +gﬂ) [Bo + Br(1)]

By = &.B; + G(Z.x — &,y)

By - L
By = 7”[(.9‘( cos§ — i, sin)e’ +c.c.]

In the absence of dressing: Breit-Rabi

BR
E Gl sy = 81ipmBy —

hewy, fs n fuu;,fs \/ | dmX

X2
221 + 1) 2 21 + 1 +
y _ (81— 8D)1sBo
It gives in WFFA (in RWA only H© remains) fiwons

2

Hp = Z H" exp(inwt)

~ 0 o~
HY =Y "|F, m)(E(E & homp )(F,m)|

m
HUBEF
T [F+(By F By)+ Fy(B}, F B})]
AV =28 p p, AP = EEEE (B £ By)
F 2 4
(=1 _ g+ 7(=2) 2)+
Hf‘ —_— H,f;‘- El H,z:' H

Floguet theory: J. H. Shirley, Phys. Rev. 138, B979 (1965)
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Second-order magic conditions —_—

WIEN
Second-order magic values of dc loffe and rf field Quantitative characterization
o1o0fF ' ' "1  The potential energy is determied mainly by
* dc field B,:
U o008} € e B
5‘3 0.06 | Ty~ :
5 By = +/Bj + x ~ Br + x/(2Bi)
0.04} Y = G2p?
0-02¢ The relative energy shift is
0.I8 1.I2 1.I6 2.I0 nTOAYEE N/ N, 2 3
/(o). NI AE(x) = Ay + % + % + Asx® + ...
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TU

WIEN
Second-order magic values of dc loffe and rf field Quantitative characterization
o1o0fF ' ' "1  The potential energy is determied mainly by
* dc field B,:
U 008} € HEld B
< 006} 2 _ ‘

ng: By = +/Bj +x ~ B+ x/(2By)

0.04}

X = G2p2
002}

0 L 1 L L 1
08 12 16 20
w/(2m), MHz

Coefficients Ajand A,

—4.5F T T T 2§
L ]
[ ]
—4.55 b
[ ]
o [ ] =]
= —4.6F . S_D_‘
i ¢ =
5 —4.65 . .
. o

< . =

—4.7F .

[ ]
—475F o°
[
| ]

0?8 ]T2 lj()' 2I
w/(27), MHz

DPD-Frihjahrstagung Heidelberg 2015

The relative energy shift is
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0.8 1.2 1.6

w/(2m), MHz
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Second-order magic conditions

TU

WIEN

Second-order magic values of dc loffe and rf field

| 125 'j'
[ |

08 12 16 20
w/(2m), MHz

O
=

0o10f
0.08
006}
004}
0.02}

0.I8 1.I2 1.I6 2j0
w/(2m), MHz

Relative energy shift for 15t- and 2"d order

magic conditions

Quantitative characterization

The potential energy is determied mainly by
dc field B:

By = +/Bf +x ~ Br +x/(2Bi)

X:G2p2

The relative energy shift is

AE(x) = Ao + % + %2 + Asx® + ...

Coefficients Ajand A,

] {] E T T T T L | T I T
. 10 F —  — 22 MHz /_,;}! —3F < 201
= [ ———— 2.0 MHz s ass o] 15
= ] — - — 1w R < : .
=107 F 1.6 MHz e o, LT N . e 10T ]
5' ————— 1.4 MHz ,-"f o - E 46 o % 7t .
o - - . = I N
<] 10-2 /l_, S ] 5 —4.65 . S .
[ A 3 = . = .
= S ] -47 . 3 Le°
E yd *’;(”f 1.1 MHz b o 2pese " °°
|__';" _d o o 0 Z _ —a. B L ] . . . .
= 10 ’,-'/"‘" 4 049 MHz . . L . 1.5 03. 1.2 16 20
Lq .-flr /-/ '-f, [ :'L[I.[.—f- E 0.8 1.2 1.6 2 i . ‘/(2 ) I\’iH .
<1 s — — —05MHz - w/(27), MHz, witam), A
104 e B ol ! R
1 2 5 10 20 50
Utrap (kHz) DPD-Friihjahrstagung Heidelberg 2015



“2nd-order magic” radio-frequency dressing for magnetically trapped & Rb Q

ATOMINSTITUT Outline

Introduction

* Instability of atomic clock: Allan deviation
e Magic magnetic trapping: “1t order magic” DC field
* Magic trapping in loffe-Pritchard trap

Second order magic conditions
* Modification of adiabatic potential with RF dressing
* A few words about calculation
* Second-order magic conditions
Role of the field uncertainty
e DC and RF field magnitudes

* RF field polarization

e Influence on the position-dependent shift

Conclusion
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Role of the field uncertainty

Robustness to variation of field magnitudes

TU

WIEN

The fields can be controlled up to some extent only. The second-order magic conditions should be robust!

What happens if the magnitudes of loffe and rf fields are slightly differ from their magic values?

AE(BL B'rfa X) — Z An(va B’f‘f)Xn

B, — BM B,y — B™
ATL(BIa B’rf) — An + ag) e A + (l‘gﬂf) d /
BI B,,.f

DPD-Frihjahrstagung Heidelberg 2015

X:G2p2

12
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P Robustness to variation of field magnitudes WIEN

The fields can be controlled up to some extent only. The second-order magic conditions should be robust!
What happens if the magnitudes of loffe and rf fields are slightly differ from their magic values?

E n _ 2 .2
AE(BfaBTfa)(): AH(BI?BT]C)X X_G p
)
B . Bm B f . m
I I I r, rf
Au(Br,Byg) = An + a0 20 4 oD +.
Coefficients o:
OF iy 220 1500 >
.'5 o I .
S 180p %o S ~ o0} I o° ]

=200 - E - o RE i . j
= A T 140f 000 o o) ] 5 500 . 2—26 Ooo
5_400 o'... “ C£ e <><> EN 300 . ?;,730 o°
o < m |00 o, o = 200 ° .
d g o (I) ] ~— ! ..... > ] SN ]50 .. [ aal <><>

—-600 o o g‘ 60 .o, OO S 100 o® . 0®

° - ° ]
< °, O o0 00
—-800F Ooo ¢ aE,RF) ] 20¢ *el, zg ee*®, -38f, o
Q 1 M N _ " | N | L] L L 1 1 N N N N
0.5 1.0 1.5 2.0 20(15 1.0 1.5 2.0 0.5 1.0 1.5 20 0.5 1.0 1.5 2.0

w/(2m) (MHz)

w/(27) (MHz)

w/(2m) (MHz)

DPD-Frihjahrstagung Heidelberg 2015

w/(27) (MHz)
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Role of the field uncertainty

TU

- Robustness to variation i izati
ATEOMNSWUT of RF field polarization WIEN

The polarization of rf field can be controlled up to some extent only.

Non-perfect circular polarization gives the angular dependence of the relative energy shift

AE(e,0) = Y An(e,)X"
n
Ay (e,a) = Ay + By cos(2a)e + yp€® + ...
Here the fields:
- - . . r = pCos«
)§rf = —ﬁ[(é'x cosd —ie, sind)e'” +cc] § = —7m/4+€
13
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Role of the field uncertainty
Robustness to variation of RF field polarization

TU

WIEN
The polarization of rf field can be controlled up to some extent only.
Non-perfect circular polarization gives the angular dependence of the relative energy shift
AE(e,0) = § :An(e, a)x" Coefficients g:
n 0.4 . L .
. 2 o -
Ap(e, ) = Ay + B cos(2a)e + ype” + ... L ogfe ] 0.3
o . . = .
. . o = 0.2 L]
Here the fields: Looof .. b
S . N . Cesecs S 0F °
~ - - . Ir = pCOSKx T =
By =e.B Geyx —eyy : ool o* eeec®
= if .= - . : .'
By = 7[(6_.( cosd —ieysind)e'” +c.c.] § = —7r/4 + € S04t . | | ool ee .
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Coefficients : /e (I o/ B
T U Bl
.. . ]
S0 "o . L *e
_ . Lo-sof . Tl
7B * & = A5 .
Iy GOOE - z .- ] -
oy L] :r - T ]
- . el LU S - ] .
% 400 ™ . E‘j‘ . - é a0k - .
" n0f ‘. < - 150 ,'. & .
. - - -
.I .. 250 .. 7
of , , "u ] “20ket” , ) ) ) , "o
0.5 1.0 1.5 2.0 0.5 1.0 [.5 2.0 0.3 1.0 1.5 2.0
w/(2r) (MHz) w/(2m) (MHz) w/f{2r) (MHz)
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Influence on the position-dependent shift

ATOMINSTITUT WIEN
Here we consider how the field uncertainties affect the position-dependent
mean-square variation of the relative energy shift:
- OAE . ’ L (9DE ’ L (9AE ’
E = : —¢
oB; ! OBgp | de
Parameters:
0B
0Bt _ 95104 OBrs _ 5x107%  e=0.2°
I B
T.Berrada et al, Nature Communications 4, 2077 (2013)
Relative energy shift
without deviations with magnitude and polarization deviations
100 , — . —T N L —T
- 10 22 MHz I /_,;; % 10 = o _?‘g
= [ —-—-—— 2.0 MHz 7 ] [ i iy 2
= 1g-1L — - — LSMi P S gL s o B /f,ﬁ"
= e 1.6 MHz ey 455 y - e .
5§ FT T s = "
A s = -
;1072 /:f :}_/ E g 0% 7 T e 1.6 MHz 3
—~ ] \ ~ — — — 14MHz ]
z T . — L 11 MHz ]
E '”}—d /"‘.:' g [lj-Jl} ::ﬁi: E _E" lu—:i - 29 MH: 0.9 MHz -
5 s d 0.8 MHz ) F 2.0 MHz L
E s 4 — — — 0.5 MHz & - — = — 1.8 MHz A
1[}—-1 = A 1 | .,-r]]D—J; L Lol L L1
1 2 5 10 20 50 1 2 5 10 20 50
'Lrt.l'rrlu {I{Hz':l Lr“ g {kIIZ']
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% “2"-order magic” radio-frequency dressing for magnetically trapped é’Rb Q

ATOMINSTITUT Outline

Introduction

* Instability of atomic clock: Allan deviation
e Magic magnetic trapping: “15t order magic” DC field
* Magic trapping in loffe-Pritchard trap

Second order magic conditions
* Modification of adiabatic potential with RF dressing
» A few words about calculation
e Second-order magic conditions
Role of the field uncertainty
e DC and RF field magnitudes

* RF field polarization

* Influence on the position-dependent shift

Conclusion
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Conclusion

e We propose RF dressing as a simple and flexible technique to suppress
position-dependent dephasing of atomic “clock” superposition states in a
magnetic loffe-Pritchard trap.

* We have identified “2"-order magic” conditions for For 87 Rb

* We have characterized the robustness of these “2"-order magic”
conditions to deviations of the involved static and oscillating fields

See our paper PRA 91, 023404 (2015) for more details!
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Conclusion

e We propose RF dressing as a simple and flexible technique to suppress
position-dependent dephasing of atomic “clock” superposition states in a
magnetic loffe-Pritchard trap.

* We have identified “2"-order magic” conditions for For 87 Rb

* We have characterized the robustness of these “2"-order magic”
conditions to deviations of the involved static and oscillating fields
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