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STIRAP to ground state W Durham
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Final Molecule Sample:
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Ny ~2x 10" cm



STIRAP to ground state W Durham
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i Hyperfine Trap depth Translation  Dipole- d|pole .
Vibration Rotation ? yp
Binding

E— | | —

~100 THz ~THz ~2 GHz ~2 MHz ~200 kHz ~20 kHz <1 kHz

@ =RbCs / Controllable dipole-dipole interactions \

T ST dy~1.2D _ Apply an electric field
S d° * * Via transition dipole moment = N=0My=0
b e i i between rotational states g >
m »
o - - §- ol2
= L gtg- — QT = gL a
Hxxz = Z { 9 (5 Sj +5; Sj )+ J25; Sj:| ,@ 0.0 Tunable lab frame
i#] | | | E i dipole moments
“Quantum Computation and Quantum Spin-exchange interactions - |:I)c Elect lOF d (BJ/d) *
ectric Fie v
Simulation wit_h Ultracold Molecules” Or mix states with microwave fields
Nature Physics 20, 730-740 (2024) \ (coherent superpositions / dressiW

Challenge: quantum control of internal and external degrees of freedom of molecules 5
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Controlling the internal state
Microwave spectroscopy,
Ramsey measurements,
Coherence and magic trapping
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RbCs hyperfine structure

The Hamiltonian:  H = H . + Hyr+ Hy

Hrot — B'UNQ = D'UNQNQ

Rotation including centrifugal distortion

Hyp = E Vi -QH E ciIN - IitHes Iy T I cs+cqI Ry I s
t=Rb,Cs i=Rb,Cs

Nuclear electric qubderpotmmitégnactiimar magietsondrsaalar interactions between

etjcfrelddue to Totatimtear dipolg moments

Hy =|—g:uxN - BlH > gipnIi- B(1— o))
s=Hb,Cs

Rotational Zeeman interactuaclear Zeeman interaction
Aldegunde et al., PRA 78, 033434 (2008).
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RobCs hyperfine structure: N=0 W Durham
The Hamiltonian:  }f — Hye + Hy
Hys = Calgry-1 cs
Hz = Z gipn1i - B(1 — 03)
i=Hb,Cs

Aldegunde et al., PRA 78, 033434 (2008).
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RobCs hyperfine structure: N=0 W
3 7
IRb:§7ICSZ§ %(QIRb—Fl)X(QICS—I—l):?)Q states
Intermediate :
1.0 4 regime,
Zero Field: B High Field:
I=5 N Nuclear Zeeman
5¢, % effect dominates
- ~ 0.0- b, Rb
1=3 2 +g9r my” ) unB
3¢y LU
I1=2 -0.5
c,~ 19 kHz
A
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Coupling to the Feshbach state W Durham

Feshbach states has MtoT = +4 Selection rules limit accessible states:

10- Laser polarisations:
Pump parallel to B and

0.5 1 1. Stokes parallel to B
~ — address M =+4
% 2. Stokes orthogonal to B
~ 0.0 — addreSS MF = +3, +5
S
()
uc:_l

-0.5 4

-1.0 4

I

0 50 100 150 200 250 300
Magnetic Field (G)



Selection rules save the day...

20
P Durham

University

1.0 4

0.8

0.6

0.4

0.2 1

STIRAP round-trip efficiency

0.0

orthogonal

parallel

¢

y | T T ' T
-0.6 -04 -0.2 0.0

I ' 1 L I
0.2 0.4 0.6

Detuning from 2-photon resonance (MHz)

Crucially can transfer to the lowest energy state:

|N7mN7

Rb

mR? m$) =10,0,4+3/2,4+7/2)

(fully spin-stretched)

Feshbach states has Mror = +4

From 200 kHz splitting identify
two hyperfine states:

0.25

-0.25

Energy (MHz)

-0.50 +

-0.75 T T T T T T T T T T T T T T T 1T
0 20 40 60 80 100 120 140 160 180 200
Magnetic Field (G)



Hyperfine structure!

o N =0
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|IN,mpn,m;°,my°) =00,0,43/2,4+7/2)

3 7
= B o= o
27 CEJ 2

— (2Irp + 1)(2Ics + 1) = 32 states

Inp =

Energy (MHz)

(2NN + 1)(2IRy, + 1)(2Ics + 1) = 96 states
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Aside — comparing molecules
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Energy(MHz) - 0.13 MHz

RbCs

Ipp =

E’ICS =

7 32 stat
> states

0

200

400 600 BOOD

Magnetic Field B, (G)

0,44

0,5}

¢, = 17kHz, grp = 1.83, gcs = 0.73

Energy(MHz) - 0.01 MHz

40K87Rb
Igp = E'IK = 4,36 states
[0, —5.5)p
[0, — 3.5},
|0, —3.50,
200 400 600 BOO

Magnetic Field Bz (G}

¢, = 0.9kHz, gk = —0.32, ggrp, =1.83

Na*°K NaCs NaRb
. 21 Ina = E’IK = 4,36 states N g = 3 Jeg = 7 19 s : , } 3 o
= B a »2Cs ) : b = -, =—,
g i El 24 2 2 : % 51 Na 2 Rb 2
5 s 8 1
g ¥ ‘§ 0 "':“ .
i E = B3k
g [0, — 3.5} @ 0.3 P, | (i
i B & 0.3 5§ B34

e :j_ 0,3
0 200 400 600 80O 0 200 400 600 800 : = o = o
MERREE Fieit et Fagratlic P £ {65} Magnetic Field B, (G)

¢, = —0.45kHz, gy, = 148, gk = —0.32 ¢4, = 3.9kHz)gn, = 1.48, gcs =0.74 ¢, = 5.7kHz, gna = 1.48, grp =1.83

Tom Hepworth
DU 4% year student + Diatomic-Py

X 2

Constants from:

Aldegunde & Hutson, PRA 96, 042506 (2017)
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Only certain states are accessible:

S Electric dipole selection rules:
' Ay =10,1
651 0 AmE? = Am$® =0
~ aMy = 0£]
T
= 980.5 -
= From the M =+5 ground state we
5 can drive microwave transitions to
2 980.0 3 : M, =+4,+5, 0or +6
L = Expect 10 lines
JN=1 " Mg =+4 P
979.5 - - My=+5
My =+6
979.0 —

0 50 100 150 200 250 300
Magnetic Field (G)
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Rabi osclillations

Permanent electric-dipole moment (~1.2 D) allows strong transitions to N=1
=>» Very easy to drive fast Rabi oscillations!

-
o
1

For spectroscopy:

lteratively adjust duration & power
to give an approximate n-pulse

=>» Loss feature vs. frequency

Normalised Molecule Number
o
(8) ]

/[ MW Pulse Duration (us)
Always measure number in absolute

hyperfine & rotational ground state by return STIRAP



Spectroscopy in free space
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981

980.5 5

980

©
-\]
o
)]

e
o

1(b)

Energy/h (MHz)

~980 MHz

-0.51

0 100 200
B (G)

N = 0 Molecule Number

Use microwave pi pulse for spectroscopy

+

1500 1

i

1000
500 !
Mg Mg l Mg
0 (@ ¢ 5 (b) 4 (d 6
01 02 03 027 0.28 3825 0.3850 0.3875
1500

1000 1

500 1

0.45

050 055 0.60

0.660 0.665 0.755 0.760

MW Frequency (+980 MHz)

Widths of features are Fourier-transform limited.

Electric dipole selection rules:
AMy=0,£1, Am; =10

AMp =0,41

P. D. Gregory et al.
PRA 94, 041403(R) (2016)
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Microwave spectroscopy

Used two magnetic fields. Fit hyperfine Hamiltonian to data to determine parameters.

Extract state composition in uncoupled basis to identify fraction that couples to the ground state:

981.
81.0 "
5 h
-5
+4
= 3 " B, =490.173 99(5) MHz
—_ > ',.——"'“
T o795 % 9806+~~~ e (eQq)rn, = —809(1) kHz
s 1 3 e——TT (eQq)cs = 59(2) kHz
> L
GED) 0.5 4 Lt €a- —® +5 Cqy = 190(1) kHz
o
|.|CJ S 9804 d R [
—
K7 G o— +4
= 1 ba —o— +4
o .
= - &— +5
— T T T T T T 980.2 r_ ' T ' T
0 50 100 150 200 250 180 190 200 210

Magnetic Field (G) Magnetic Field (G)
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Microwave spectroscopy

Used two magnetic fields. Fit hyperfine Hamiltonian to data to determine constants.

Extract state composition in uncoupled basis to identify fraction that couples to the ground state:

981.0 M
+4  0.382]1,—1,43/2,+7/2) + ...
T
= +4 0.2081,—1,43/2,+7/2) + ...
. g g —__d+4 |0.017]1,-1,43/2,+7/2) + ...
N O =T
T 9795 S 98061~ gi  O30A00.0,48/2 7D 4+ v
=2 3 | fo——"_"_]\4 [00B|L, _L132.17/D =
> ] R
qE; 0.5- I & —o—+5 0.229]1,0,+3/2,+7/2) + ...
T, S 98044 d, o— +6 11,41, 43/2,+7/2)
_ B Co o— +4 0.687|1,—1,4+3/2,+7/2) + ...
ey = | b —o— *4  0.582|1,—1,+3/2,+7/2) + ...
= %- o—{+5 0.925|1,0,43/2,+7/2) + ...
— T T T T T T 980.2 T T T ' T v
0 350 100 150 200 250 180 190 200 210 S ‘ Iati
" . ’ . uare 1or reliative
Magnetic Field (G) Magnetic Field (G) a

transition strength
Ground state: |N, my, my°, m$®) =10,0,+3/2,4+7/2)
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State composition

[N=1,Mp=4),

IN=1,Mg=4)s

10 |N=1, MF=4)0

% 0.8 SR
206 063
= =
B e o~
= 04 04 % o 0.8
= z <
202 022 o
0.0 0.0 E 0.6
IN=1,Mp=4)3 [N=1,M=5); >, IN=1,My=—1,1.5, 3.5}
1.0 : 1.0 s
0.8 = 0-4
50 s
<06 =
. = 0.2
= 0.4
=

0 50 100 150 200 250 300 350 400
Magnetic Field B, (G)

[N=1,Ms=4),

Different colours show different
components in uncoupled basis

N =1, M =6)g [N=1,Mp=4)

Coupling is to yellow/gold component
D Spin stretched state is obvious

. L=t W=1,4=5% " At high field see coupling to just three
' components (as expected) M,, = 0, +1

IN=1,My=~1,15,3.5)

A Note — here the magnetic field and

%04
202 choice of state tunes to transition
0-00 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 dip0|e moment = DDI !

Magnetic Field B, (G) Magnetic Field B, (G)



Controlling transition strengths
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State fraction

State fraction

(1,3)o

(1.4)o

(1.5)

(1 |6)0

1.0

0

200
B (G)

(1,-1,1.5,3.5)

& 98901 HFID 3 KN

200
B(G)

(1,1,1.5,3.5)

400 0

400 0 200 400 0 200
B(G) BG) 7
”
g
7’
//':, /’:/
” o- // G
(0,5)
©(0,0,1.5,3.5)
400 0 200 400
B (G)

200
B (G)

400

Transition dipole moment

From Hepworth et al., arXiv:2511.03324

Transitions connect like-colours

0.6

(d/ dy)

0.0

0O 100 200 300 400
Magnetic field, B (G)



Coherent hyperfine state transfer
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* Nuclear electric quadrupole coupling in N = 1 strongly mixes the basis functions.

« Can be used to coherently manipulate hyperfine states within N = 0.

981.0
6505 | 0.687 1, —1, 4372, -7 /25+
| 0.6351,0,+3/2, +5/2) +
980.0 ~ 0.133(1,0,+1/2,47/2) + ...
T o795
=
> I g
D 05
o)
C -
W g0
0.5 |0,0,+3/2,+7/2)

L LA B p
0 50 100 150 200 250

Magnetic Field (G)
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Coherent hyperfine state transfer

* Nuclear electric quadrupole coupling in N = 1 strongly mixes the basis functions.
« Can be used to coherently manipulate hyperfine states within N = 0.

981.0

|
I

06871, =1, 4379, +7/2 +
0.635|1,0,+3/2, +5/2)+

980.5

980.0

0.133 |1, 0, —|—1/2, +7/2> + ...
:]l\:l 979.5 4
é = = o Vil
> 7 | O_
2 05-
(D)
(e
L

0.94700,0,+1/2, +7/2)+
10,0, +3/2,+7/2) 0.3210,0,+3/2,+5/2)

0 ' 5|0 | 1(|]0 I 15|0I2(I)0 I250
. . c.f. KRb: Ospelkaus et al., PRL 104, 030402 (2010)
Magnetic Field (G) NaK: Will et al., PRL 116, 225306 (2016)
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Coherent hyperfine state transfer

* Nuclear electric quadrupole coupling in N = 1 strongly mixes the basis functions.
« Can be used to coherently manipulate hyperfine states within N = 0.

pulse

[ (arb.)
]

: : : : - . t(arb.)
0 100 200 300

Microwave Pulse Duration (us)



Coherent hyperfine state transfer W Durham .

University

* Nuclear electric quadrupole coupling in N=1 strongly mixes the basis functions.
« Can be used to coherently manipulate hyperfine states within N=0.

M, =+4
pulse
o S
M, =+4 @
Mg =+5 ~
: : : : - . t(arb.)
0 100 200 300
MF — +4 t:r tpulse T
_ i Qo
o ©
My=+4 - -
AIF=+5 T T T T T T T t (arb.)
0 20 40 60 80
Storage qubit Microwave Pulse Duration (us)

(later)
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Coherent Microwave State Control

Prediction from spectroscopy

N=2 =
M.=7 Al2+2,3272) 104<" £
[ g ®/ e [ ) :__"’ E‘!
4 o
2 £
£ 0.51 t =
=] pulse =
: . + e o
Configuration |O S oo 3
. T T T T T T (]
2 0 50 100 150 200 250 300 f(arb.) 2
E —_—
2101 5 E 3
: ;P
S 0.5- ° 5]
z tu t;)ulse t“ <
0.0 v ey — e ——
N=0 0 100 200 300 400 500 t(arb.) 0.70 0.72
M.=5 10,0,3/2 7/2) MW Pulse Duration (us) Frequency of Second

Pulse (+1960 MHz)
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Exploiting the richness of rotation

Many opportunities to use rotational states

24 =
: : . . 270 by f_
to engineer synthetic dimensions! — | 1% Un
L 65 Q
+ - 0 500
Blackmore et al., Phys. Chem. Chem. Phys. 22,27529-27538 (2020) 2 Bulss T ()
gs.a- 2-+;‘-'"- EJ;-»H’
%4,5- N, \ 9)
~. 588189 5881.93
N 35 }
5 21 i f‘ff
2 3.0 ' o
@ - y\v 0
sy T g' 4901.62 ; 4901.66
E:g 2.0 g Zu“\v‘k
g'f 1.5 § H (e)
* ( s 21325 3921365
g .01 ] i
5
§ X
; 1960.725
\ :
Already identified transitions to N = 6 =—2> **|3;° | N o

T 01 T
1] 100 200 980.365 980.405
Magnetic Field (G) Frequency (MHz)
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Probing coherence with Ramsey spectroscopy ~ WDurham
1) = IN = 1, My = +6) ES on
=< 1/ T n
980.385 MHz & | .2 2|,
O=iN=0m=+5 G e
1.0 ] 10— . /%//' f=980.390 MHz
05 2
I 0.8
0.0- ]

-

o

o
1

=
()
P

©
~

0.501
- 0.2

Normalised Number of Molecules in |0)

Normalised Number of Molecules in |0)

LS USSR I ! 0.0
-15 =10 -5 O 5 10 15 0.0 0.5 1.0 1.5 2.0
Detuning (kHz) Evolution Time, T (ms)

Centre frequency = 980,385,569(8) Hz Blackmore et al. QST 4, 014010 (2019)
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Trapping molecules W Durham

Y molecules — no electronic magnetic moment = cannot trap magnetically

Simply turn on trap used to
prepare atomic mixture

Trap potential:

electrodes _____

(negative) ™~

fused silica
cell

quadrupole

_ 1
ol Hac stark = gegal

(v = Polarizability tensor

Reminder — dynamic polarizability calculated from sum
over allowed transitions

2 (E = E)|GIDI"
“I@G DY - (B-B)

e
| beam electrodes
dichroic mirror (positive)

o (w)

j}'

Mitroy et al., J. Phys. B: At. Mol. Opt. Phys. 43, 202001 (2010)
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Simple for atoms

Portal for High-Precision Atomic Data and Computation (University of Delaware)

Home Elements> OurTeam About™ Source Code Units Video Tutorial Feedback Citation Info

C Matrix elements Transition rates Polarizabilities Energies Grotrian diagram Hyperfine constants A Nuclear data i q b
S AL

65172 [m|=1/2 6py |m|=1/2 Display static polarizabilities
5,000
Modify displayed states A
4,000 651/2 v |m|=1/2
3,000 6p1z ¥ |m|=1/2
6psz M |m|=1/2 B |m|=3/2
2,000
= Modify theta value v
& 1,000
= \ K L Modify plot scales v
2 R :
N Calculate magic values v
@ -1,000
£ Download and print options v
-2,000
3,000 Reset plot zoom
-4,000
How to use
-5,000 * Click the controls on the right to
600 800 1,000 1,200 1,400 1,600 1,800 1,899.5 modify the plot behavior

Wavelength (nm)

* Hover over a line on the plot to

For red-detuned trapping of ground-state alkalis only need to consider D1 and D2 transition
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A little more complicated for molecules...

RbCs polarizability for N=0
g Region Il N\

Negligible Frank-Condon
factors (vibrational overlap)

18000 i\

16000 _
Nk - | Resonant behavior
S (. A— : ‘ - e suppressed o
TE 12000 2 |
. 10000
£ | R
£ 8000 v

6000

\ Region Il
4000 Excitation of the molecule

2000 - —
(]— J 1 1 | l 1 1 | — —Ll |||i||’|||J— =] | 11 | 1 1 | | f == R .
BT [} o egion |
T L el w? 1 10° 10° 5 _
nteratomic distance (@) Re(o) (a..) Im(c) (a.u.) Off-resonant Laser :

smooth variation

Vexiau et al., International Reviews in Physical Chemistry 36, 709-750 (2017)
arXiv:1707.02168



Measure N = 0 polarizability
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Rb Atom

RbCs Molecule Cs Atom

Measure using parametric heating:

2m 2m
V4 r
4- l ]
[} |
4 [} |
[ |
2 ] [} |
[}
1 I 87
. | Rb
i
2 7] | ]
14 ]
] 133
: Cs
1.0
b [ ]
0.5-
87Rb1 33C
S
00 I ' I ' 1 T I T I
0 100 200 300 400 500

Modulation Frequency (Hz)

Scale known polarizability of Cs:

2
WRbCs QA CsMRbCs
ORbCs = -
WCs mcs

o9 = 880(10)a?

(Theory 870 ay3)

P. D. Gregory et al.
PRA 96, 021402(R) (2017)
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|
Polarizability at angle @ to
bond axis in molecular frame:

a(f) = o9 + a® Py(cos 6)

By = - Lol

« = Polarizability tensor

2eqc

2
al0) = %(oq e 20@) Isotropic polarizability — same for all rotational levels

a?) = %(QH — ) Anisotropic polarizability — negligible in N =0
—mixes My (and M) in N #0

Results in matrix elements in (V,M,) basis of the following form

Basis
2P (cos 3) —% sin (3 cos 3 —I—% sin 3 cos 3 My =0
(1, My|Hac |1, My) oc —%sinﬁcosﬁ — Py(cos B) —3sin* 8 (MN:—I-I)
—i—% sin 3 cos 3 —%sin26 —Ps(cos B) My = -1

where fis angle between laser polarization and quantisation axis

) | — ! 22 _
Gregory et al., PRA 96, 021402(R) (2017) and Py(cos B) = 5(3cos” 5 —1)
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AC Stark Effect in 8’'Rb'33Cs W Durham
P. D. Gregory et al. Microwave
PRA 96, 021402(R) (2017) . o ‘100/ solarisation

2.0 0.7

-

P —h
o (&)
PR PR

o
[$)]
PR

L 10—2

Transition Frequency (MHz)
Relative Transition Strength

o
o
L 1 L " L
T

Polarisation :
angle w.rt. B, —= 1B=90° .
-0.5 ' 0.2 ; ; . 1073
0 25 50 0 10 20 30 \ 40
I (kW cm™2) Intensity (kW cm™2)

N requantizes along the laser

Many avoided crossings where Ia(?) is comparable to polarisation axis

hyperfine couplings and Zeeman splittings



20
P Durham

University

AC Stark shifts of rotational transitions

Measured with microwave spectroscopy
+980MHz +980MHz

2.0 I 0.7 .
=y =

\
1.5-g OGJ(ﬁX

10°

=
o
i

Transition Frequency (MHz)
-
<

Relative Transition Strength

1B =90°

-0.5 . r——— — 1073
0 25 50 0 10 20 30 40
I (kW cm~2) Intensity (kW cm=2)

Gregory et al., PRA 96, 021402(R) (2017) 7
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Differential AC Stark shifts in RbCs ’%%EE%m .

+980MHz +980MHz 20 +980MHz 0.8 +980MHz z 100

2.0 0.7
Perpendicular Parallel
p hak |
06____’___aq:”—”""—”’t"’/

0.51
ﬁ

O-
N
-0.5 T -0.2

O. T T T T T
0 10 20 30 40 0 25 50 0 10 20 30 40
Intensity (kW cm™2) I (kW cm™2) Intensity (kW cm™2)

y
(4]
1
=213
(4]
1

-
o

-
o
1

0.2+

}Q E \\
AN

Transition Frequency (MHz)
[
\

Transition Frequency (MHz)

/
z /)

i

- 1072

Relative Transition Strength

0.04

1073

Generally, strong intensity dependence leads to rapid
dephasing of rotational coherences & suppresses resonant spin-exchange

Gregory et al., PRA 96, 021402(R) (2017)



Differential AC Stark shifts in RbCs
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Typical Ramsey coherence times ~1ms

1.00
S ()
— r 7 ® [ ]
e 0759 / \ .'. ®
7] 1 ¢ | 4 ¢ »
% 0.50 4 ! | Y ..1 [ ....o b/ |
0 ]e e o\ 4 \ o8
2 ] \ A o\ o
o 0.25¢ (g b
= : 1) = IN=1,Mp = +4)
S
0.2 0.4 0.6 0.8 1.0
(b)
[1)=|N=1,Mg= +5)
S ———
0.2 0.4 0.6 0.8 1.0

Evolution Time (ms)

Transition Frequency (MHz)

2.0

=213
(4]
1

-
o

o
3]

o
o

-0.5

+980MHz

Blackmore et al., QST 4, 014010 (2019)

+980MHz

0.8

0.6

-4{ 04

0.2+

0.01

Parallel

=

SRR

(b)

—

-0.2

T T T
0 10 20 30

Intensity (kW cm™2)

40

Generally, strong intensity dependence leads to rapid
dephasing of rotational coherences & suppresses resonant spin-exchange
Problem for all molecules

10°

L 10-1

- 1072

1073

Relative Transition Strength

10
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Problem common to all molecules WDurham

/ , KRb,in opticql lattice \ / Single CaF molecule in \

wonl 9 magic angle tweezer
1.04 4 &
ﬂ g ? + Single s 10 ms 400 ms
D 4 . 8 0.3 0.3
g d particle &
8 : @0 &0 . T 02 0.2
sk dephasing & N
£ 0.1 :
~ —_ (o) (o) (o) (] (o) (o} 9 o 18 (9] 00 00
4 1 ms I S W ot
0.0 ’ ; , . - T g :
0 10 20 30 40 50 ' . 4R
T (ms) é 168 ¢ ¢ ssmsEecyho-
o \
{an et al., Nature 501, 521-525 (2013) / 3
ﬁ 0.5
g ~100 ms
/ NaRb molecules \ 2 o
0 100 200 300 400 500

T
]

low filling in near-magic lattice Eracassion ThRe o)
- = 3 Whesky et al., PRL 127,123202 (2021)
\ \/‘/ 0 , o>

® 10
0.8

T
-

® A” 0
% 0.6k ¥ . °; QDPha‘IsSg(u)27O 360 0 90 Ph;:g (0)270 360
C 04 L - NaCs in magic ellipticity tweezer
i e ~06 ms Park et al., PRL 131,183401 (2023)
O 1 1 1 1 1 1 1 1 1
B 62(3) ms with single spin-echo pulse

Time T (ms)
\ Christakis et al., Nature 614, 64-69 (2023)/
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A platform for guantum computing

Many proposals... for example: DpeMilie, PRL 88, 067901 (2002).

“Dipolar exchange quantum logic gate

. ” “Ultracold molecules as qudits”
with polar molecules

— Qubits Qudits
—> () 10 Qubit 1 L o (xpuse | (-x)puise '_4[‘\ iz“ fll_.: i"].‘ ﬂlm ﬂ”ﬂ
P e e S eC)e-e(Ty)eC)| |(E)e-e(Z)
ook - x-puise pulss
exchange E
., © & @ o o
& i % e © © © ° ® - © Y R -
en e & e e » = »r ¥ ", M,
iISWAP gate based on dipolar spin-exchange 980.51
Ni et al., Chem. Sci. 9, 6830 (2018).
- 980.01 ———
—— Hyperfine states of N=0 = i S
used as qubit states 8 .
(non-interacting) .
-0.5 o
N = 1 state used to introduce 0 50 100 150 200 250

Magnetic Field (G)

controlled spin eXChange interactions 2-photon microwave transitions couple hyperfine levels

Sawant et al., New J. Phys. 22, 013027 (2020).



20
P Durham

University

RbCs hyperfine coherences

Examine superposition of

(0,4); & (0,5), Use 2-photon microwave transition to couple states
0.1
o °
0.0+ =
! 1) (1.5 =2

~0.14 A ¢4o kHz EE ¥
,TG, i jN:. ....................... 0 |
Iz =(). 3 = 0.0 0.2 0.0 0.2
% § i Truise (MS) .TPutsfe (ms)
3 -0.31 8- ;I'wo-photon Rabi oscillations
o 1 »
2 ] b| d
w —0.4 - 0,4

2 ) (0,4)1 |2) ( ’ )1
05 201 kHz
] 10) (N=0,M=5)o
-0.6 1
a
1,( ) 1 (0,5), Pulse Time, Tpyise (MS)
0 100 200
Magnetic Field (G) Blackmore et al., Phys. Chem. Chem. Phys. (2020)

Gregory et al. PRA 94, 041403(R) (2016)
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RbCs hyperfine coherences

Examine superposition of e l . o .
(0,4), & (0,5), xpect long coherence because:

- Only nuclear magnetic moments ('X)
- Polarizability should be almost identical

Perform Ramsey measurement:

1) 1} 1)

-.,.T “L;
szf&:“* X :
g T )] o)
I T N

>€ > €

>

Energy/h (MHz)

N
o

+— (0,4),

L
o

1.5

4 (0,5)q
0 100 200
Magnetic Field (G)

Number of Molecules in |0} (103)

c.f. MIT: 0.7(3)s in NaK Science 357, 372-375 (2017) Ramsey Time, T (ms)



Magnetic decoherence
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Energy/h (MHz)

100 200
Magnetic Field (G)

Magnetic Field (G)

Gregory et al. Nat. Phys. 17, 1149 (2021)

‘?2.5 .
2:2.0 fc. ., ®
= L§1'5_l / Y. 7/' . - % ] L
g | * A
11(0,3); \ ‘\;i\‘.%\\/ s
i go,s--\:/. .ff. \/ os: '.'. *
L1(0,3), il % Wy & |
1 0 20 40 60 80
\ Ramsey Time, T (ms)
>_<;_l_:(o,4)1<_ Ramsey measurements used states
I (0, 3)o (0,4), and (0,5),
1
Better stat |i 0,4)o Differential magnetic moment
etier states® is 1.8y at 181.5 G
I +(0,5)o
o) ————d 100ms coherence time requires
0 100 200

magnetic field to be stable to 7mG



Good ground-state Ramsey W Durham
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Choose states with same magnetic moment for Ramsey: (0,4), and (0,3), at 154.5G

(N=1, M=3)
F
r — 3 . |(T[/2)a” nb I| T | T[b | (Tt/Z)a
' " Time
2] . 5
9‘ 1 I' ll ; ‘ e
= — X - :
E’E g a A l ' | ,'r‘ |‘ ":
c = 8 S g 0 L' | -
'..C:) ™ W 2 g 0 50 100 150 200 250 300 350 400
B S D = 2 1.5
=g =5 o 37 X o
o 9 . 3
= © N O ] 1.0 1
N 6 2_
= 1
Initial 1A 0.5 -
State (0,4)1 - !_ —— 0 I 0 T T 1 00 T 1
(0 3) 0 10 20 150 160 170 350 360 370
170 Ramsey Time, T (ms)

1/e collisional lifetime: Coherence time:
0.33(3) seconds 1.1(4) seconds

Gregory et al. Nat. Phys. 17, 1149 (2021)



Mapping out magnetic dependence W Durham

University

Difference in magnetic moments causes decoherence due to magnetic field noise
- 1.6

—l
_ [ AuAB 1

381(a) ! (0,3)0 (c)
I T :
371 | L4 Fit coherence time with:
i 3.6 - : 1.2 9
I
1
!

100 150 200 2507"_1 0.8 Consistent with magnetic

1.51(b) field noise of 34(5) mG
0.6 -
_. 1.0
w 0.4 - ) ;
e Maximum coherence time:
0.5 4
0.2 - *
Ty = 1.3(4)3
0-0 1 T O-O T T L]
100 150 200 250 0.0 0.1 0.2 0.3

B (G) Au (un)

No surprises. But what limits coherence at 154.5 G?



Small differential tensor light shifts
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Off-diagonal elements in the Hamiltonian mix states with AN = 2

Mcs)

Rb 7

1

IN', M;,, m

Mcs)

Rb 7

IN', M}, m

288

/'“l : // ’/'_‘ v ,/'(
i )I 1 5 # // i
/.»l l// ," // P :
“1 V4 7 L
128 _L_L,,__,__I:';_;J_L\"_ig HQuad
I// P /l
] L'/ s v ]
12 /A
32_|__L_;N_Z’1=__.__/__/_.;_/I_,
0 1 L 7
288 y :
I I
I I
/ I
1 I
1 I
1 I
i |
(P11 S S—— Lmmmed N.22| Hac
| ; 1
I V'
1 I
L N=dL
04—+ : 4
0 32 128 288

Nuclear electric quadrupole interaction

1.00 B = Z eQ; - q;,
7=Rb,Cs
0.50 Anisotropic component of polarizability
e 1
EF’: HAc=—§EAC'a'EAc
0.00 s
2 Largest contributions are 2"d order terms:
5 2
o (0,01 HZ [2,0) (2,0] Hquaa |0,0)
Together produce a small tensor
~1.00 polarizability in the ground state:

Aa = Xa'? Py(cos )
X =3.995...x107°

(Quantifies differential admixture of N > 0)



Measuring differential tensor light shifts WP Durbam
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Use Ramsey to measure energy difference between states as a function of intensity:

(I
(o))

1020 :
Beams polarised

parallel to B field

'—l
N
—e—

ifferential Polarisability,

e
Q
1010+ IE '
gr:: N 1.2 -/
lO S
> 1000 - <
o 1.0 - 0°
< 3 _B=0
2 a 150 200
I 990 . Magnetic Field (G)
= N
S Z 1000 1 0<P2(C035):%(3C0825—1)
£ 980 © |
E © 990+
970 - S Free-space value
Beams polarised o 9801
erpendicular to B field iy
960 122 PC . : S 9704 ; .
0 10 20 30 40 F 0 45 90
Peak trap intensity, Ly (kW cm~2) B (deg)
L ={) for § =~ 55°

Gregory et al. Nat. Phys. 17, 1149 (2021) Magic angle trap — no light shifts!
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The result

Magic angle trap with a bias field of 154.5 G eliminates differential tensor light shifts
AND magnetic sensitivity — Robust Storage Qubits

Gregory et al. Nat. Phys. 17, 1149 (2021)

E
X
3
Q 2
E o 200 400 600 800 1000 1200
€ 3 1
Q ] 2 i . l 1
S 21 7 . . 11 .
2 2 1 17 .
: 1
=1
0 0 0 oHr—ar 4| o4 0 0+

—~ o m —~ o~ n:) ~ o™ m — o m — o m v—ll [} m
S SR 2%8°¢ 888 888 888 & 8§
Ramsey time, T (ms) /
Coherence time > 6.9 seconds (90% confidence*) No detectable loss of

(Estimated limits: AB=35 mG — 2000 s & AB=0.5° — 80 s) coherence after 1.2 s

How can we extend this to rotational coherences?

*Feldman & Cousins Phys. Rev. D 57, 3873 (1998)
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Engineering a rotationally magic trap WDurham
Require zero anisotropic polarizability With
2} — 2 )
= = — 400 A
8 slo —aL
Components come from sum over all allowed
electronic transitions with a given symmetry 300 -
a” _,12 aJ_—>1H g -------------- Svetlana
= Kotochigova
. > 200+
Tune one component by trapping close to a >
transition to a state with a given symmetry =
£
. . iy 100 - <
Choose nominally forbidden transition 0
X'zt — b3, (weakly mixed with A1Z*) o
0 Xlz+
Tune &) without affecting ¢ ] so that 02 06 0.8
O‘H — abg | and a(Z) — 0 Internuclear separation (nm)

c.f. Bause et al., PRL 125, 023201 (2020)
He et al., NJP 23, 115003 (2021)

12

Guan, Cornish, and Kotochigova
Phys. Rev. A 103, 043311 (2021)



Engineering a rotationally magic trap
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Guan, Cornish, and Kotochigova
Phys. Rev. A 103, 043311 (2021)

400 A

300+

Energy / h (THz)

100 -

200 1

1145 nm

X1zt

0.4 0.6
Internuclear separation (nm)

0.8

13



Engineering a rotationally magic trap
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Far-detuned magic wavelength between vibrational levels in b3[T

400 ~

300 +

Energy / h (THz)

100 1

1145 nm

0.4 0.6 0.8
Internuclear separation (nm)

Guan, Cornish, and Kotochigova
Phys. Rev. A 103, 043311 (2021)
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Engineering a rotationally magic trap

Far-detuned magic wavelength between vibrational levels in b3[T

400 -4 =9 V=1 (i) a1y < o)
- ©
400 ~ g "a-:‘J \\ 5
o o 200 A s \\\ ’/,
~ o
5 =
- N\~ ] | "
300~ = 04 B “P05|t|on
I B P (i) a1y = aj
Sy il ' ©
p 0.0 0.8 16 &
~ Laser detuning (THz) 5
- 2NN . o
9 FAVAV) 8
: o B
w ,:E“ 60 1 Il):?'(.:) Position
£ L (i) ap) > a
. 0
100 - e Py (i) — 1)
"Q -~ ! © \ I
— o] ; g \ /
— N C \ ]
L 3 (i
— 8 W/
0- T T T
0.4 0.6 0.8 0.2 0.3 Position
Internuclear separation (nm) Laser detuning (THz)

Guan, Cornish, and Kotochigova Linewidths: (v’ = 0) = 14(1) kHz, I'(v' = 1) = 8(1) kHz
Phys. Rev. A 103, 043311 (2021) Magic detuning = 186 GHz ! 13



Coarse spectroscopy
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Thermal gas of RbCs molecules in
crossed optical dipole trap
(with lossy collisions)

electrodes
(negative) ™~

fused silica
cell —

I~
electrodes

dichroic mirror (positive)

Molony et al., PRL 113, 255301 (2014)

Light shift , f— fo (kHz)

Measure light shift of (N =10, M, =0) — (1,1)

microwave transition

||
Vibrational poles

_2 T T T T T T
-3 =2 - 2 3
asex depdning (THz)

Rotationally magic

alh
(Hz W~1 cm?)

400

200 1

0.0 08 1.6
Laser detuning (THz)
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Optimising coherence in the magic trap

A8
P Durham

Gregory et al.,

Perform Ramsey spectroscopy, fixed Ramsey time. Optimise fringe contrast.

. YA .
~ rotation Free-evolution ~ rotation, vary phase
1) 1)
>
10) 0) 0)
Detuning from “magic”
-0.15 -0.05 0.00 +0.05 +0.15
> GHz GHz GHz GHz GHz

=0
SE
=
= 0.0 T

-mn 0 m -n 0 n

-m 0 mn -n 0 n

-n 0 n
@ (radians)

Nature Physics 20, 415 (2024)

University
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Optimising coherence in the magic trap

Perform Ramsey spectroscopy, fixed Ramsey time. Optimise fringe contrast.

- (Na MN)
12)
|I2)
y ; s
2081 % tz= @1 9 en g5
© :
2 06 ; i
O s 1.96 GHz _
0] B |1)
: ° » | @
% 0.2 ; v | 1 |
0.0 - § 1) -1 &0 @y
185.0 185.5 186.0 186.5 |0)
Laser detuning (GHz) 0.98 GHz ’
v e
(0.0)
1 ~
\/_f(l()) +12))

Gregory et al., Nature Physics 20, 415 (2024) 16
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Optimising coherence in the magic trap

Perform Ramsey spectroscopy, fixed Ramsey time. Optimise fringe contrast.

- (Na MN)
|2)
|I2)
1.0 "’
4% 0.8 A(z,-:} (7) 2,0) \TT} BT
" 1.96 GHz )
() 1)
2% | dl"
s o v | —_ |
X A (1-1) (1L.0) @1
0.0 , S .
185.0 185.5 186.0
Laser detuning (GHz) 0.98 GHz ’
v —
(0,0)
1 "
75 0) +[2)

Gregory et al., Nature Physics 20, 415 (2024) 16
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Optimising coherence in the magic trap

Perform Ramsey spectroscopy, fixed Ramsey time. Optimise fringe contrast.

L0y +11) =00 +D) = (1) +[2) 0 oy
—(]0) +]|1 — — P
1.0 A J ) o ) ﬂ
N - P LP
% 0.8 1 : (2,-2) (2} (2,1) 2.2)
£ 06 1)
= N 1.96 GHz I]'_)
S 0.4
g % o) | 7
" 0.2 § ! » @
0.0 - 4 (1,-1) (L.O) 111)
185.0 185.5 186.0 186.5 10)
Laser detuning (GHz) 0.98 GHz ’
v —
(0,0)
L (l0) +2)
V2

Gregory et al., Nature Physics 20, 415 (2024) 16
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Optimising coherence in the magic trap

Perform Ramsey spectroscopy, fixed Ramsey time. Optimise fringe contrast.

o0 ey
No direct TDM, so no DDI ! 5
| |
1.0 4 A4 '4"
gee 45 20 C9 @1 g
o
g o )
p 1.96 GHz )
() 1)
> | &
s o v | —_ |
X A (1-1) (1L.0) @1
0.0 , B .
185.0 185.5 186.0
Laser detuning (GHz) 0.98 GHz ’
v —
(0.0)
1 "
75 0) +[2)

Gregory et al., Nature Physics 20, 415 (2024) 16
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Second-scale rotational coherence W Durham
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Measure coherence of (0, 0) <> (2, 2) superposition. No TDM, so no DDI !
1.0-| — i J . .
] ﬁ ........ % T t | I % | «— With spin echo
$% 2 1T T, > 1.4 seconds
0.8 z .
% 3 % % (95% confidence level)
i2(|0) + |2A)) = O—r[ 0 n
S 0.6 d=0.00D ... ® (radians)
"g ’.¢~
O s TR @)
[0} c 0.759 %
g £ 5504 s N AN A { . :
E04] foyf T/ W W 1 <4+—— Without spin echo
= 1) =|N=1,M= +4)
50'000,0 02 04 06 08 10 T* =0 78(4) Seconds
5ok ® 1000 x 2 =Y
0.2 éoso?- Improvement Limited by frequency stability of
S 0.254l6
S N e the trap laser £0.76 MHz.
0.0 0.2 0.4 06 08 1.0 . .
Evalulon Time (ms) (scanning transfer cavity lock)
0.0 : .

00 01 02 03 04 05 06 0.7
Ramsey time, T (s)

Long enough to see DDI....
Gregory et al., Nature Physics 20, 415 (2024)
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Second-scale rotational coherence
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1.0 %f % T W
t¥ o1t \
- du, 1 E
Ve, SO +12) Ty, =0
3 DDI " 40000 T ool
© 0.6 - - .. ® (radians)
2
(]
O
(]
(o)}
S 0.4 % %
[T
\ Rotating dipoles
% 1(]0) +11)), d=0.50 D
" ©9¢ o
“ 0 nR2 n 3n/2 2n
¢=T x (6E/P)
0.0

00 01 02 03 04 05 06 07
Ramsey time, T (s)

Gregory et al., Nature Physics 20, 415 (2024)

B =181.5 G. No electric field.

<+—— \With spin echo
T, > 1.4 seconds
(95% confidence level)

<+— With interactions (spin echo)

TPPI = 0.157(14) seconds

Dephasing due to random thermal
distribution of molecules
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Agreement with Moving Average Cluster Expansion (MACE) simulations

B =181.5 G. No electric field.

1.0 — (J . .
......... t T | T % | «— With spin echo
¥% 4217 } T, > 1.4 seconds
0.8 1 = .
- %; S (95% confidence level)
Kaden X R . .
Hazzard " o) =(]0) +2)) 7 0 1
g 06 i d= 000 D 00.... [0) (radianS)
£
S
Q
[@)] 2
< 0.41 % %
_ Rotating dipoles
‘ 1 1 = . . . .
. % 7 ok [T d=0.50 0 <+«——— With interactions (spin echo)
b ﬁ?q é TPPI = 0.157(14) seconds
“ 0 mR2 m 3m2 2n
- ¢=T x (6E/h)
00 01 02 03 04 05 06 07 Dephasing due to random thermal
Ramsey time, T (s)

distribution of molecules
Gregory et al., Nature Physics 20, 415 (2024)
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Controllable dipole-dipole interactions
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1.0
0.4 o
o
= S (i
|-.: g‘ 0.5 -
o g -
£ 0.3- ‘ = (ii)
) (iii)
9]
S e 0.0 L . .
@ 0.0 0.1 0.2
§ Ramsey time, T (s)
o 0.2 - i
< (ii) =(|0) + |1))
] pa I
[ =
a
(¥p]
o
%(w) + 1))
0.3 0.4 0.5 0.6 0.7

Effective dipole moment, d (D)

Gregory et al., Nature Physics 20, 415 (2024)

Change superposition
to control size of dipole

Next step:
Arrays of molecules

Dephasing due to random thermal
distribution of molecules
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Questions?



