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quantum mechanics:
a molecule
can interfere with itself

Juffmann et al., Nature Nanotech. 7, 297 (2012)
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Juffmann et al., Nature Nanotech. 7, 297 (2012) Shapiro & Brumer: Principles of Quantum Control of Molecular Processes.
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quantum optimal control

determining the fields that build interferences at will

. . . Glaser et al., Eur. Phys. ]. D 69, 279 (2015)
define the objective :

|| GOAL = [ (ginl 0" (T, 0:€) [guarge) |2 = ]

as a functional of the external field e

include additional constraints:

T
J=1T+/O Ji(e, @) dt

optimize | by demanding;:
90J=0 9,/ =0 92 >0
(1)) = O(t,0;€)|pini) A = Ho +e(H)Ay
or by searching for best parametrization of €(t)

‘easily’ generalized to open quantum systems, target operations,
expectation values, or other properties
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preparation of circular state

after laser excitation, use RF drive: rt-pulse
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preparation of circular state

problem for speed up:
larger amplitudes drive unwanted transitions to lower 1,
AFs
A — Hydrogen
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preparation of circular state

optimization: fast & accurate state transfer
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preparation of circular state

Patsch, Reich, Raimond, Brune, Gleyzes, CPK, Phys Rev A 97, 053418 (2018)

how does the optimized RF pulse work ?



optimized pulse in experiment @ ENS Paris

using theoretical pulse as is
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optimized pulse in experiment

improved calibration & simplified pulse
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Larrouy, Patsch, Richaud, Raimond, Brune, CPK, Gleyzes, Phys Rev X 10, 021058 (2020)

superposition of |n; = 1) and |n; = m}"™) no known protocol!
but we can “train Schrédinger’s cat”
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optimal control for dissipative

generation of entanglement
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use external fields + unidirectional evolution due
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Boulder experiment

Lin, Gaebler, Reiter, Tan, Bowler, Sorensen, Leibfried, Wineland, Nature 504, 415 (2013)
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coherent couplings & incoherent decays

@
@

population flow
@D ) for entanglement
S T generation
410,140 10,140
-
Sato
@
D)
atl,tal
\ —— 4
Sat2

at2,ta2
N\——



coherent couplings & incoherent decays

population flow
for entanglement
generation

~w> laser cooling

% «— microwave

— sideband




coherent couplings & incoherent decays
D)

@

population flow
\/ ‘ @ for entanglement
generation

Si10 Salo

110,10 al0,1a0
~w> laser cooling

@D)

@ (G
at0,Ta0 .

@ — INMicrowave
«~— sideband
atl,tal
Sar2
at2,1a2

N




coherent couplings & incoherent decays

population flow
(22 (G for entanglement
i) - generation

Si10 Salo

110,110 20,120

~w> laser cooling

~—— microwave

— sideband

atl,ta

at2,1a2




coherent couplings & incoherent decays

population flow
for entanglement
generation

@D

~w> laser cooling

~—— microwave

— sideband




coherent couplings & incoherent decays

population flow
for entanglement
generation

~w> laser cooling

~—— microwave

— sideband




entanglement generation

Lin, Gaebler, Reiter, Tan, Bowler, Sorensen, Leibfried, Wineland, Nature 504, 415 (2013)

all fields continuously on : 7 = 0.75
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with optimized parameters

Horn, Reiter, Lin, Leibfried, CPK, New | Phys 20, 123010 (2018)
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quantum optimal control

@ to ensure the proper
steady state
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quantum optimal control

replace cooling on Mg™" @ to ensure the proper
by second sideband steady state




quantum optimal control
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quantum optimal control
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quantum optimal control

to ensure the proper
steady state
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comparison
two sidebands vs original scheme
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ultimately attainable error

Horn, Reiter, Lin, Leibfried, CPK, New | Phys 20, 123010 (2018)

8. 34 x 1072
1071

P (mW) per beam

8.34 x 10° 8.34 x 102

1072 |

—~ 1073}

1074k

o1
— Kp =27 X 10s

-1 ]

|
10°

E,;, (V/m) per beam

10



ultimately attainable error

Horn, Reiter, Lin, Leibfried, CPK, New | Phys 20, 123010 (2018)

P (mW) per beam

834><10— 8.34 x 10° 8.34 x 10?
107: ' T T T '
i ——  kp =27 x 10s7 ! 1
1072:_ h:27r><ls_1 i
F f@h:27r><03_1 E
€3
| [
~ 107% L .
I i
w
10_45_ =
107°

L L P S S R | L L P R S T
10* 10° 10°
E,;» (V/m) per beam



ultimately attainable error

Horn, Reiter, Lin, Leibfried, CPK, New | Phys 20, 123010 (2018)
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what chiral molecules

can teach us about
quantum control



chiral molecules

chirality = handedness
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(S)-ibuprofen
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separate enantiomers with electric fields?

can we distinguish left/right-handed molecules with el. fields?

yes! with three-wave mixing
microwave spectroscopy

Patterson, Schnell, Doyle, Nature 497, 475 (2013)

This works for randomly oriented molecules and requires
only electric-dipole transitions !



enantiomer-selective excitation ?
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except for parity violation-related energy shifts
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three mutually orthogonal polarization directions
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enantiomer-specific state transfer

a first step towards separating enantiomers

Eibenberger, Patterson, Doyle, Phys Rev Lett 118, 123002 (2017)



enantiomer-specific state transfer

so far limited by temperature and (!) M-degeneracy
Perez, Steber, Domingos, Krin, Schmitz, Schnell, Angewandte Chemie 56, 12512 (2017)
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problem of temperature

example of menthone

~ use thermally unpopulated states !

e.g. vibrationally excited states
Leibscher, Giesen, CPK, | Chem Phys 151, 014302 (2019)
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Leibscher, Pozzoli, Perez, Schnell, Sigalotti, Boscain, CPK, arXiv:2010.09296

but a solution exists !
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enantiomer-selective controllability

Leibscher, Pozzoli, Perez, Schnell, Sigalotti, Boscain, CPK, arXiv:2010.09296

@ can be proven for any rotational subspace with a finite
number of |’s
@ requires 3 orthogonal polarization directions

& 3 dipole moment projections

@ (exceptions have measure zero)
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how many fields are needed?

Leibscher, Pozzoli, Perez, Schnell, Sigalotti, Boscain, CPK, arXiv:2010.09296

single enantiomer enantiomer-selective
controllability controllability
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pulse design — step 1: separate =M
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Leibscher, Pozzoli, Perez, Schnell, Sigalotti, Boscain, CPK, arXiv:2010.09296
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