Département
de Physique

Ecole Normale
Supérieure

I I

ENS

ENS DE LYON

&

ENS de LYON

P~
|
| ‘I 'I
. 2/,
Sa—

'Lyon 1

Observing quantum trajectories of a superconducting qubit

Quentin Ficheux
Quantum Electronics group

CNRS - Ecole Normale Supérieure, Paris, France

Quantum trajectories, parameter and state estimation

Toulouse 2017

jeudi 26 janvier 17



Quantum trajectory of an open quantum system
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Quantum trajectory of an open quantum system

\(\\e@o’{\oo
System
A8+ )
U Observer (Bob)
measurement records {yk}
Pk

jeudi 26 janvier 17



Quantum trajectory of an open quantum system

Observer (Bob)

measurement records {yk}

Pk

P((A) = al{y1, -, yr—1}) = Tr(lgpx)
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Quantum trajectory of an open quantum system

Observer (Bob)

measurement records {yk}

Pk

Quantum trajectory = {px }«
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Quantum trajectory of an open quantum system

Pl

o % Observer (Bob)
_ r-' measurement records {yl;}

The quantum trajectories depend on the observation
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Quantum trajectory of an open quantum system

n =¢% Observer (Bob)
: measurement records I
) {Yk
Pk
el

The quantum trajectories depend on the observation
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Example 1 : Quantum jumps of a qubit

System = qubit Detector = perfect photon counter

Yt

t/T
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Example 1 : Quantum jumps of a qubit

Yt

0 1 4 5

2 3
t/T,

Note: purity of state is 1
only for perfect detectors

Starting from

1
p:§(1-|-330')(-|-y0§/-|-202)
I~
O o Oz
0 0\
—1¢ .' . . .
o1 2 3 4 s 0 1 2 3 4 5

t/Tl t/Tl
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Quantum jumps

hard to collect use an ancillary detector
I
I

o)
D,\ Hcoupl — hX 72

I Rydberg atom probing cavity jumps
[Haroche group, Paris (2007)]
—
. . . \ /
since 1986 in trapped ions \ /
[Wineland group, Boulder

Dehmelt groupe, Seattle

Toschek group, Hambourg] \ % /

Hcoupl — thT a

1
e
~—

Cavity probing qubit jumps
[Siddiqi group, Berkeley (2011)]
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Superconducting Circuits

1st mode : 7.63 GHz

Q%].O(S CUQ:l/\/LC

Out

]{IBT < vy
T ~ 20 mK
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Superconducting circuit

N

1st mode : 7.63 GHz

Q%]_O6 cu():l/’vLC’
dissipationless LC circuit ... ... canonically quantized
| ‘ &/
q
¢ \ iﬁwo
~2 72

k1l < wq H = 2qC' | fL p 1 |
1"~ 20 mK A | H = hwola'a + 5)
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Superconducting Circuits

Josephson Junction

* dissipation-less LC circuit
'AI—A1203—A1
| 500 nm L;
| . — CJ
Non linear dissipationless inductor
A AlOx A
| _I| |
A2 f A2 12
2 q ¢ q ¢ A
H = E 5 cos | | Hnon—lin(¢)

20, h/2e 20, ' 2L,
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Superconducting circuits with Josephson junctions

dissipation-less LC circuit

Qin #
BRR O
A2 i wWo
Si ,Y\)\ hwg

transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]
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Superconducting circuits with Josephson junctions

dissipation-less LC circuit
—_— ¢ 7
< \ \ $ I
A/2 out # hwo
Sl hw()
_|_

Al-Al503-Al

3D transmon transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]
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Superconducting circuits with non linear systems

Rydberg atoms

[pic from CQED group, College de France Paris]
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Superconducting circuits with non linear systems

Rydberg atoms .V centers Ferromagnetic __ SPINsin CNT

[pic from CQED group, College de France Paris]

Andreev Bound States
Metallic membrane A N e S

[pic from Nakamura-Usami group, Univ. Tokyo]

Semiconductor
quantum dots

\\\ /'/
X L
‘He S~
ground L |
pic from Lehnert group, JILA Boulder] ':“J‘ —
it : : " substrate

[pic from Shuster group, Chicago]

Propagating phonons Graphene membrane

=

[pic from Delsing group, Chalmers UT]

[pic from Steel . TU Delft
[pic from Steele group elft] [pic from Saclay group]
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3D transmon architecture

2 =
0,
é 1 Hdisp — hX?CLTCL
éhfc X _ 4 MHz
0 27
:measure
4 _'_ 1 N
H.=hf.(a'a+ =)
\_ 2 Y

f. = 7.8 GHz
kT < hf
T =20 mK
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3D transmon architecture

Dispersive Hamiltonian

1
H=hf.(a"a+ 5) — h%azcﬁa +
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Dispersive Measurement

H = hf, OZZ - h(fe — gaz)aTa

Josephson amplifier
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Dispersive Measurement

-Fh(fe — gaz)aTa

A A
. oy + a u ~
A &out T &(T)ut ~
Qt — Qt X 22 — Im(aout)
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Dispersive Measurement

-Fh(fe — gaz)aTa

Classically V(t) = I(t) cos(27 f.t) + Q(t) sin(27 f.t) Im(a)
o 1/2 photon

P X At vacuum uncertainty
A a R
Re(a)
~ &out T &(T)ut A
Qt — Qt X 22 — Im(aout)

Zero-point fluctuations |0)
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Dispersive Measurement

- h(fe — gaz)aTa

Im(a)
T 1/2 photon
A P 4 &T vacuum uncertaimnty
It — It X out 5 out _ Re(&out)
T Re(a)
a &out &(T)ut A
Qt — Qt X 9, — Im(aout) <«
¢ v/n photons

n=|a? ~2

Coherent field |a)
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Dispersive Measurement

-Fh(fe — gaz)aTa

O
o 1/2 photon
> vacuum uncertainty
<3
@ _— A
% Re(a)
=
- «—>
_ | v/n photons
_ ! - 2
—100 n=|al* ~2

7.806 7.808 7.81 7812 7.814

Coherent field |a)
forobe(GHz)
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Dispersive Measurement

| h(fc — §0z>aTa

Josephson amplifier

l

BW limit

field going in ... ... field coming out
. Im(a
Im(ain) ( OUt)
1/2 photon ’ ‘g>
vacuum uncertainty
— Re(din) ¢ Re(&out)
e)
v/n photons
no~2
measuring Im(dout) » Strong QND measurement R
-
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Quantum jumps

prepare ¢ )and continuous measurement at 1.8 photons

200
—~ 100 :
= i ]
= |
— 0
: |
S i
= -100
29 50 1000 1500 200

Time (us)

similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

prepare ¢ )and continuous measurement at 1.8 photons

200_ S P S N S S VRV
7 100} :
=
-~ 0
3
S . l
= —100} |
TS0 100 150 200

Time (us)

similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

continuous measurement at 1.8 photons

3000 *

\ w00 200, | :
2500 L

* s Y ]

~ ~100 N
100 150 200 29050 100 15h 200
Time (us) Time (us)
: [Ntat F\L exp(—Fﬂ)j
500 /
0 50 100 150 200

r)

down jumps #
e ek )
S v O
S o D
S S 3

1
— ~ 17 =206 us

Time (us)

[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]
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Weak measurement

field going in ... ... field coming out
Im(&in) Im(&out)
1/2 photon ' ’g>
vacuum uncertainty
Re(&in) | ¥ Re(&out)
L ~S0N
v/n photons “1
n~g0.5 -
measuring Im(dout) » Weak QND measurement | B
- v
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Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

(

1=1 1=1

dpt —

1

Dissipation DZ (Pt) — Pt — 5,075 — Pt

O | —

Innovation M, (py) = Lipe + pe . — Tr(L,pr + pe L)) py

Measurement records ~ dy’ = ViTe(Lipe + peL))dt + dW,y

Wiener Process
E(th,i) =0 — jump operator
E(dW, ;%) = dt i — measurement efficiency

dt — limited by amplifier bandwith
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Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement
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dpt —

1

Dissipation DZ (Pt) — Pt — 5,075 — Pt

O | —

Innovation M, (py) = Lipe + pe . — Tr(L,pr + pe L)) py
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Wiener Process
E(th,i) =0 — jump operator
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Continuous and weak measurement of z

X, =30%| Tg=0.47 MHz

jump operators 2

=/Tho_ N, = I, = 0.57 MHz

dpr = Di(pt)dt + D (pt)dt + \/@MZ(pt)th

dy; = \/QnZFdTr(azp)dt + dW; = Im(aou(t))dt

dt = 200 ns
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Continuous and weak measurement of z

N Iy = 0,47 MHz

“ l N “‘hL‘H I\S/Ite?sigfséiqc_
Tl W —

0 s ot 20 -

2

0=
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Continuous and weak measurement of z

start in

“ ‘l N “‘hl‘ll I\S/,Ita?sigfséi;
il W —

iy
| ! \
/ \
','\l \\'l ‘\
wA
"u.
0‘“‘5””10‘”‘15‘”‘20‘”‘25””30
time (us)

diffusive trajectory
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Continuous and weak measurement of z

startin |9) + I, =0, 47 MHz
V2
Stochastic 1
n=30%
0 5 10 15 20 25 30 |
time (us)
p = 1+x0—x‘|‘y0'y‘|‘20'2

2
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Continuous and weak measurement of z

startin |9) +

0.02

Lout

Stochastic

0.01
* Master Eq.

1‘ uh‘h “‘ ‘l“ ‘l ll‘l
N

s 0.00 Ii:i " n‘i
oo n=30% \ NX WAL
-0.02 ] E s } /& T

0 5 10 15 20 25 30 ; f ' /

time (us) o _.
1.0 T T T T 10/ — —+ 7 27—+ HI.HRH""'H~~.N : ‘ —
/N - g L i
< I / ] /& I ]
>< 0.0 e ————————_ N |
o ] o 00 . ]
| " LA A |
L i / $ L Ao )
05 Mo Lot b VY V\\-‘/\J\\A‘
_1_07\ i S S S _1_07\ e
0 ) 10 15 20 25 30 0 5 10 15 20 25 30
time (us) time (us)
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Can we measure fluorescence ?

— 0, n, =30%| I'y=0.47 MHz
jump operators 2

= 1o_ n, = I'y = 0.57 MHz
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Fluorescence Measurement

josephson I I-Ela_h I
amplifier I
e | Re(aout(t))

ot >R

record Im(Gous(t))

G ¢

Fleak

mean signal
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Fluorescence Measurement

josephson
amplifier

n = 24%
e ‘ Re(aout t
o Q>R
Im(Gout(t))

record

T ¢

Iheak

Ll::\/gga lQ::ix/E;a
dy,1 = Re( )dt = \/n'1/2Tx(ox p)dt + dW; 4
dyr.2 = Im( )dt = /11 /2Tr(oy p)dt + dW; o
Wiener)

dp: = D1 (p¢)dt + Da(pe)dt + /mMi(pr)dWi 1 + /nMa(pr)dWy o
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Two realizations

dt = 200 ns

startin |+ x) =

9) +le)
V2

Stochastic
Master Eq.

n=24%

1+x0, +yo, + zo,

2
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Reality and interest of Quantum Trajectories

?
{p(T) close to pg} > Tomo(p(T')) = po
®
1 .
g from | + x)
+
N (
tomography by I L_-‘
strong dispersive O 1
measurement t
o
=
=1
= =1 0 1
Ltraj y “tra]

trajectory from fluorescence record

[Campagne-lbarcq et al., PRX 2016]
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Statistics of relaxation trajectories

g) +le)
startin | +x) = startin |€
o)=L )
&
o
'}
'l/
10° experiments
trajectories 1 2 5 10 100 3 4
P(Pt) oer pixel ~ IEE— - 10—

[Campagne-lbarcq et al., PRX 2016]
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Statistics of relaxation trajectories

g) +le)
startin | +x) = startin |€
)= s €)
&M,
ae
 §
10° experiments
trajectories 1 2 5 10 100 3 4
P(Pt) oer pixel ~ IEE— - 10—

[Campagne-lbarcq et al., PRX 2016]
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Statistics of trajectories

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]
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Statistics of trajectories

G G5
7 us 10 ps
I =

' e Ay
Il T £
s e 4 E W

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]

2
equation of the alz? 4+ 12) + a2 z+1—l 1
spheroid ( vo)

[A.Sarlette and P.Rouchon, Communications in Mathematical Physics 2016]
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Counterintuitive trajectories

Energy expectation can increase due to the backaction
of measuring spontaneously emitted photons

[Bolund and Molmer, PRA 2014]

ot ﬁ;’

7 us 10 ps
% o 'z,ﬁ 7
R g T

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]
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Parameters Estimation

D

?

unknown parameters
p=T"1,p00,-.-.

[P.Six et al., arXiv1503.06149v1, 2015]
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Parameters Estimation

hidden Markov problem
unknown parameters

| P =1,pP0,--- Dp = sz?k (’Ok_l)
=2 Tr(Ky, (pr-1))

[P.Six et al., arXiv1503.06149v1, 2015]
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Parameters Estimation

hidden Markov problem
unknown parameters

| P =1,pP0,--- Dp = sz?k (’Ok_l)
=2 Tr(Ky, (pr-1))

guess values

p €{a,b,..}

[P.Six et al., arXiv1503.06149v1, 2015]
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Parameters Estimation

hidden Markov problem
unknown parameters

B P =1,pP0,--- Dp = sz?k (’Ok_l)
23 Tr(Ky, (pr-1))

guess values

p € {a,b,..}

0 05 1 15 2 25 3
Number of Trajectories x 10°

—> Pierre Six’s talk

[P.Six et al., arXiv1503.06149v1, 2015]
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Perspective and conclusion

—  — AN 7 AN
B

0 10

fluorescence photocounter |

fluorescence heterodyne

N G )

A
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Interest of Quantum Trajectories

some interesting quantities

Pt averaged quantum trajectory

a
A mpiiP . . . . :
s P(p;) probability to get a density matrix at a given time

[P. Campagne-Ibarcq, PRX 2016, ENS Paris]

P({p¢ }o<t<T) probability distribution to get one given trajectory

argmax(IP({p; }+)) most likely trajectory

1Pt} [M. Naghiloo, Nature 2014, St. Louis, USA] | L
[S.J.Weber, arXiv 2016, Berkley, USA] 00 05 10 15

Time (us)

lm n TRET T = 102 :
N F " quantum spikes
[A Tilloy, PRA 2015, ENS Paris]
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Current experiment

[ . - . A\ |/ T N
|

0 10

fluorescence photocounter .

fluorescence heterodyne

N G )

A
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Current experiment

dy; 1 = /1wl /2T (o x p)dt + dWy 1

oo Y2 = V/nauel'1/2Tx(oy p)dt + dWi 2
Ay 3 = /2naisplaTr(ozp)dt + dW; 3
noise
\/ (Wiener)
\,\ 0z

7 Oy intermediate regime between Zeno and diffusive
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Extra Slides




BlueFors

<@® CRYOGENICS

Dilution Fridge

4K

800mK

100mK

20mK

HEMT

Cables
micro-ondes

Bouilleur

Chambre de
mélange

Coupleur
hybride

Circulateur
Cryoperm

protégeant
I'échantillon
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Superconducting amplifiers

Degenerate amplifiers

(Bell Labs, 1989)
. . (NEC Tokyo, 2008)
5% S (Boulder, 2008)
(Yale, 2009)
| (Zurich, 2011)
(Berkeley, 2011)

. woun o 233 (Santa Barbara,
el (Saclay, 2014)

‘ AEEEEEE NN RN
= __mEEEN EREEEN EeRsRREEEED

EEEEEEENEEE AR RN
sesmER '

Non degenerate amplifiers ‘
(Yale, 2010) < \I \I\ ANNNNNNN
(ENS Paris, 2012)

0O aluminum @ Josephson junctions
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Building your own amplifier

........................ xG Bosonic mode [a,a'] = 1
Z (}—| -
IIIIIIIIIIIIIIIIIIIIIIII Re(a) = (H_QGT Im(a) = “;Z@T
Ideally, = VG
VG /
. -
VG
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Building your own amplifier

IIIIIIIIIIIIIIIIIIIIIIII xG Bosonic mode|[a,a'] = 1)
........................ Z O_E a_|_aT a—aT
Re(a) = 5 Im(a) = *5;

jeudi 26 janvier 17



Phase sensitive and phase preserving amplification

Solution: add an extra degree of freedom to the system

7 B
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Phase sensitive vs phase preserving amplification

Non-degenerate (, = | Degenerate @ = b

VG, + E—TI = VGRe(1,,) + —=Im(0.)
, =
% Gl S
. 1/VG
VG
Aa? = > GAa? +(G—1)% Arbitrarily low noise

added on Im(a)
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Kraus formalism for parameter estimation

P Kdyt,dt (,Ot)
i Tr(Kdyt,dt (pt))

Kdy,dt (10) — Mdy,dtpM;y,dt - Z(l — Uu)dtLuﬂLi

vr=1

with Mg, v = 1 — (@H 1 ZLZL,,/Q) dt + Z VT, dy” L,

rv=1 vr=1
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