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Background

— > Transfer initial state to a target state with desired properties

Quantum control is playing a central role in physics and chemistry and has significant
development both in linear and non-linear systems to speed up the dynamics, to minimize

the effect from decoherence, achieve high-fidelity and good robustness against quantum

fluctuations.

How to realize these goals technically?

Université de Bourgogne, Dijon, France



QuanTEdu

( % l FRANCE
Laboratoire Interdisciplinaire
Carnot de Bourgogne

Quantum optimal control (QOC):

@@» Vg = /t 7 Lo(x(e), 2(0), )dt.

Adiabatic Passage (AP):

Shortcut to adiabaticity (STA):
Composite pulses:

......... ;1\:’\1'\M
a"‘ .’o‘
. ‘ %) @ —]| )

Non-adiabatic
------ Adiabatic
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Background

Fastness
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AP: Adiabatic passage
CP: Composite pulses
STA: Shortscuts to adiabaticity
QOC: quantum optimal control
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Single qubit system

naw) _ 1| —Al) Q)

Minimum time for complete population transfer:
Given by the minimum area: Q-7 for A =0, i.e. “z -pulse”

To satisfy specific constraints, we require larger pulse area
For instance: robustness

oty = B[ 50 01 AT o8 0]

Solution without
perturbation:

2025-02-25

o [ e'?/2 cos(0/2)

( J
[

| © 0= Qsing
. :|8_i,}//2 -~ TDSE | ¥ = A + Qcos pcotan
e~ /2 5in(6/2) , .cosp . cotany
J v = ()— = -
_ sin ) sin A
Final target: (f)T — Qﬁ) (tf)
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Inverse engineering (tracking) solution: infinitely many solutions for 6 (t), ¢ (t), y (t) that lead
to the final target, but does not guarantee the robust process

Perturbative series of the total solution @a,(sa(rfaﬂmd the target (at final time)

{7 |Da.s(tf))? =1+ (01 + O1) + (O2 + Oz + 0101)
+ (O3 + O3 + 0102 + 0103) +

We choose the parameters 0 (t), ¢ (t), y (t) suchthat O__,, =0: Self-corrective solution at order N !

n<N
_ _ 1 ) | . :
Oz + O2 + 0,01 = f t)dt| = (polVI|d ) = 5 J sinf + a(z'ysm%ﬂ - zﬂ)] 8
_Oeoe'o eoe'_0 e"
AN N
Diagrammatic construction of the perturbative series at any order -e'
e eI en em
0 0
O4 . S f'><f' f'><‘r“'0 0
f = - L o
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RIO: Target state = excited state/ superposed state + optimization
By reformulating the external driving expressions:

A=¢—“cosb,

6= \/92 + 42 sin 9—|’}/|\/ +sin2g —> A= / dtQ(t [Y d'}/\/ + sin®

By construting the seconde-order perturbation 02 =0 § =
. 1 Fok = e g -
P1(0) = = / dy(sin 20 — 20) siny = f dy p1(7,0)
i Vi
1 - -~ ~
= —5(0f cosyy — i cos %), (11a) s orad A(6) + A\; grad ¥ () + Ao grad ¢ (6) = 0,
B 1 [7f L~ - i .
h2(8) = Z/, dy(sin 20 — 26) cosy = / dv ¢a(7,9) l The optimal robust
| ’ " trajectory is given
= = 93 ' & 0 ¢ si 11b ~ ~ ~ ~ ~
2 (0:siny fsiny) (11b) = (9)2 cotan @ + sin 6 cos ¢

B = —O/ d’Y\/ +sin’f. e—— (A1 siny — Ao cos’y)((gﬁ'u)2 + sin? 5)3/2.
Y
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Complete population transfer Half population transfer
1 N
» 0.5 1 1.5
S 0.5 — .
0.8 F _g i
i 0.4
0.6 [
s 03}
0.4 s
0.2+ ¢ :—:"’1.29]77
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0.1+ -
o . ,
g5 L . 0 o 05 . —
W ; Time (x T_,)
0.8
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&
NOT gate 041
021
) Phys. Rev. Lett. 125,

iy : 15 250403 (2020)
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* Nonintegrability \
[ } * |nstability
0 1 0 Ah’a, l .
i - _ ()2 + Vi cos(2k; x — o)W + —— Py, ®  Perturbation thoery
ot 2m - Ox m K" Adiabatic condition )
Dimensionless: Er =hwp =h%k} /2m
¢(x, 1) = c1(D)|2hky) + co(1)|0hky ),
= @ _ Y ;_Er dcy 1 V,
Bl O T i—7 = 50 =AY co + 51 + g1+ ferPeo.
- ﬁ .m ~ 8ngma, Oy 1 Vo
WS g =g B0h B [;gg;;;;ggﬁonl ik = 22k~ AW et + o + (1 +[aol)er,
= [(A(s) +2)/2d bj = c;e /X0y = QuE
After transformation: ["0 f( () +2)f SJ l [ 1= J [ 0 0 RJ
2l 1{0 2 [Nonlinear driven two-mode system: } D17 + 1bof* = 1
iE =73 (a - iA(T)) ¢ + Vi cos(2x)¢ + g|¢|z¢,
; bi|_1]A + g(1ba* — |b1*) Q by
@ = fA(s)ds b, 2 Q —A - g(ba* — 1b11?) bzl
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Hamiltonian in the phase space (classical and quantum correspondance) :

.db,  Oh .dby,  Oh

1l = = 1— = "
dt  0b) l dt  0b; Stationary states (elliptic fixed points) :

[=0,¢=0

A, ] g 8
h= (b1 = byby) + 3101 PIbaf = 2 (1bal* + baf?) o

o=071 A=-gl+t ——
Vi- 12

A=0

[ resonance ]

Q Q
+ Ebsz + Eb;bl,

canonical variables: (1, )

bj = L | I =1bof ~ by On=h
© = — @ F=%a=0

o w=m, I =1=0 when g < Q,

A e
h=——I-2I"+ — V1 —I>cos ¢,
7' T4t T g=mI=Ig=0o0r =1 =+1-(Q/g)p
i=—dh/dg l ¢ = 0h/dl

a phase transition happens at: } 2=Q

. Q — [ non-rigid pendulum ]
I'=3 1-Fsing, Adiabatic breakdown threshold }

$=-5" 51 - —  ——=°C050¢. * Adiabaticity break down (not fast)
2V1 - 1I? ..
* No efficient state transfer
2025-02-25
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e 1—P1_>};’ 'I' \\ ‘/‘ N ,a, \
\ ) ¢ .._44, A /'f \ ‘/¢
Q Way out: [ 2K pulse and nonlinear Rabi oscillations J 2
2 . . = o0s|
* Parametrize the solution on a standard Bloch sphere: 2
&
ip/2 . - e~ - -
Zl(r) _ e_imco.s(é’/22) o2 0 €107, ¢ € [-m,7l Not robust! PA NUANY7AN
Z(t) € SlIl(@/ ) Yy € [-m,n] 0 Py N\ \\L 4 A A% ‘\JI
: : : 0 1 2 3 4
nonlinear Schordinger equation Pulse area (units of 7)
6 = Qsing, ) 1(1 o) Q(Qot 1 — msn*(%:m) [ K-threshold }
p=CQcotfcosy— A+ gcosb, 1-2 = s\ —cn(8%f,m)) = sn »m :
¢ ¢ J 2 2 1 - msn%%m)/— m>=1 |g/Qo| > 2,

ysinf = Qcos .

Q = )y = const. l

¢ = (y+g)cosb,
n2 o Dol D 2
6" + ¥ sin” 6 = Q.

l

¥ +02y+g)cotand = 0, === (1) =-274+2

2025-02-25

I D

9 = 4wl /m — sin* (/)] rigid pendulum | __

¥ =-20
-/’ sin(?/2) = v/ 1/m sn (wpt; 1/m) = sn (Qot; m).

U =260

A=0

~——

F(0lm) '—fg Ll =
‘ 0 \/1—msin29

8
2
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2

Qot,

oscillations partial population

m<1 1g/Qol < 2, Qotrx = 2K(m)

oscillations complete population

m = [g/(2Q0)]%,

* chracterizes the nonlinearity in the system in
terms of the oscillation period
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g = ZSQO
1
() Robust two-stage optimal inverse engineering: 1Py o
= =]
* dynamically compensation of nonlinearity EQ(;) = 0c0), (1) = pr(t)] %”-5
[a
linear two-level model  |umnd — dynamical equations P
0
3
. gg = Qg sin Yy, é; L
oo A @ ar®) | _[ e#?cos/2) | iypn . 5
T A ar() | T | e sin(0,/2) | e =L cotbpcospe = Ay, £
Ye sin 0y = Qp coS @y %3’_1 i
nonlinear two-level model [eammmd paramerization | dynamical equations - 3l

Q=0,, bi(t) | _
A=Ar+gcosly =A;— 8(|a2|2 - |a1|2). b (1) -
Nonlinear b RIO pulses:
RIO pulses:

2025-02-25

2 cos(8/2) | _ivp 6 =Qsing,
e~ #/2sin(0/2) | ¢ =Qcotfcosp — A+ gcosb,
vsin @ = 2 cos .

logyo(1-F)

Q, = Qy = 5.84/T, g = -0.29

A(t) = —=Aocn(4K(m)t/T + K(m),m),  F=|Ql¢(t = 1p)? -
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Experimental realization:

" o ey {':;' e . ',of '..\.’.\"‘.'.
S\..-.:."{.""‘ - \\ 00-'
‘\\ *,
A
o “Wa| T = 5.84 X 21/Er ~ 500us
~—~ \ K
<05} W\
A o \ =
icq \\ QO = 1 1
/ 2
/% = E 0.8
g/ = —0.2 E
........ g/ =02 o
0 = 0.6
1 2 g
2y (dimensionless) o
= 0.4
: o
* For deeper lattice, two modes does g o2
not hold 2
* Dealing with leakage problems S o OB W

p/hky
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Present work:

* Robust time-optimal control for a single qubit system

* Robust control in the nonlinear two-level system

* Direct application to control motional states of BECs in the accelerated optical lattice
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