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Quantum trajectories and feedback based on the
measurement of decoherence channels in a qubit

Benjamin Huard
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Measurement of decoherence channels of a qubit

Dephasing I';

measurement record {U]t}
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Measurement of decoherence channels of a qubit

measurement record {ut}

Quantum trajectory = {p; }
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Measurement of decoherence channels of a qubit

& Incompatible measurements

measurement A [Hacohen-Gourgy et al., Nature 2016]



Measurement of decoherence channels of a qubit

measurement records {ut, wt}

: _ ALB
easurement A Quantum trajectory = {p; "}



Quantum trajectories already measured in...

Rydberg atoms Cavity mode

Environment

|on|zat|on+
o Rydberg  acceleration
[pic from CQED group, College de France Paris] atoms

see talk by M. Brune

Superconducting circuits
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Microwave quantum optics
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Microwave quantum optics

electronics optics
100 1(|)9 1012 1013 Frequency (Hz)

radio UWaves THz

0.001 R 100 105 Temperature (K)
dilutionfridge 4 antum domain  ReomT =hf/kp




Superconducting circuits

Al cavities Nb Coplanar waveguides

1||,

1st mode : 7.8 GHz
Q ~ 10°




Superconducting circuits

dissipationless LC circuit... ....canonically quantized
A \ l
¢ ! # huwg
Wy — 1/\/ LC
R CjQ ¢2 [¢7 qA] — Zh i A
H = H=nh
2C 2L “0(2 +a'a)
I J
In Out

1st mode : 7.8 GHz
Q ~ 10°



Superconducting circuits with Josephson junctions

dissipation-less non linear LC circuit

v o /Llw()
LJ CJ hw()
s 6 _ ¢ ¢ : i
H — EJ COS + — + Hnon—lin(qS)

~ 20, h/2e 20, ' 2L,

transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]



Non-linear superconducting circuits

Strongly anharmonic
o> K

qubit hwa, /2

Weakly anharmonic
o< K

oscillator Awa'a

S S S S S S

NN N N N N N N N N N N N N N N N N NN
Parametric amplifiers & squeezing
in 1980’s [Bell Labs]



Superconducting qubits
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; —-o-T1 3-D Cavity
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102 - Sweet Spot  (Yale)

(Saclay/Yale)
1 ()1 -Charge Echo | ;
iNa‘;,aE"(‘;“'a (NEC)  Progress = 10 x every 3 years!
1 00 e ANES) I ‘ I I
2000 2005 2010 2015
Year

First Rabi oscillations in 1999 [Nakamura et al., Tsukuba]
Quantronium in 2002 [Vion et al., Saclay]
Charge qubit, phase qubit, flux qubit,
transmon, fluxonium, Xmon...
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[courtesy of M. Devoret]



Quantum limited amplifiers

Degenerate amplifiers

» (Bell Labs, 1989)

il
g
Lt s

(NEC Tokyo, 2008)

& (Boulder, 2008)

Yale, 2009)

Zurich, 2011)
= Berkeley, 2011)

; | (Santa Barbara, 2013)

: | .':'!!“!"!'“!!l_??!i;;;:l:i;é Saday' 2014)

Traveling wave amplifier
(Berkeley, MIT 2015)
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3D transmon architecture

Dispersive Hamiltonian

1
H=hf.(a"a+ 5) — h%azaTa + hfq%



ldeal quantum jump of an atom




ldeal quantum jump of an atom

Note: purity of state is 1 only for perfect detectors O,



ldeal quantum jump

hard to collect use an ancillary detector
—
—
e
D"\ Heoupt = oo
Rydberg atom probing cavity jumps
A [Haroche group, Paris (2007)]
]
since 1986 in trapped ions \ /
[Wineland group, Boulder \ # /
Dehmelt groupe, Seattle — \ % /
Toschek group, Hambourg] —

Oz

2
Cavity probing qubit jumps
[Siddigi group, Berkeley (2011)]

Hcoupl = hxaT a



ldeal quantum jump

hard to collect use an ancillary detector
|
|
. O
Hcoupl = hxa' (/72
DJ\' Rydberg atom probing cavity jumps

I [Haroche group, Paris (2007)]
I

since 1986 in trapped ions \ /
[Wineland group, Boulder \ # /
Dehmelt groupe, Seattle — %
Toschek group, Hambourg] —
Hcoupl — hX

2
Cavity probing qubit jumps
[Siddiqi group, Berkeley (2011)]



Dispersive Measurement

Josephson amplifier




Dispersive Measurement

Josephson amplifier

Classically V' (t) = I(t) cos(2m fet) + Q(t) sin(27 ft)

A ~T
A Qout + @
[t%ItOC o 5 out

— Re(&out)

2 dout — a )
Qt — Qt X 9 out _ IIIl(CLout)



Dispersive Measurement

Josephson amplifier

Classically V() = I(t) cos(2m fct) + Q(t) sin(27 fct) Im(a)
mi(a

1/2 photon
vacuum uncertainty

A ~T
A Qout + @
[t%ItOC o 5 out

— Re(&out)

Re(a)

2 dout — a .
Qt — Qt X 9 out _ IIIl(CLout)

Zero-point fluctuations |01



Dispersive Measurement

Josephson amplifier

Classically V' (t) = I(t) cos(2m fet) + Q(t) sin(27 ft)

Im(&)
T 1/2 photon
A P . &T vacuum uncertainty
It — It oc — > Ut — Re(aout)
T Re(a)
n Gout — @ .
Qr — Qo ———% = Tm(our) «—>
¢ v/n photons

n=lal® ~2

Coherent field |al



Dispersive Measurement

Josephson amplifier

1/2 photon
vacuum uncertainty

Re(a)

-—>

_ : ] v/n photons
- 100 7806 7808 7810 7.812 7814 | 1= foff =2
' ' ' ' ' Coherent field |al

forobe(GHz)




Dispersive Measurement

Josephson amplifier

l

BW limit

field going in ... ... field coming out
Tm(&in) Im(Qout)

7 1/2 photon 1 ‘g [
vacuum uncertainty

Re(&in) > Re(Qout)

> ’e[

v/n photons
n~ 2

measuring Im(8out) » Strong QND measurement



Quantum jumps

prepare]e land continuous measurement at 1.8 photons

200,
~ lOOM
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= |
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Time (us)

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



Quantum jumps

prepare]e land continuous measurement at 1.8 photons

200~ P P S S
2 100 :
g ' -
= 0
S |
= —100}

0T 50 10 150 200

Time (us)

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



Quantum jumps

continuous measurement at 1.8 photons

3000,

2500

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

500

100 150 200
Time (us)

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



Weak measurement

field going in ... ... field coming out
Im(&ijn) Im(8out)
1/2 photon T ’g[
vacuum uncertainty
Re(ain) — P Re(aout)
>
v/n photons
n CED.5

measuring Im(8out) > Weak QND measurement



Dispersive Measurement

Josephson amplifier

[Kamal et al., PRB 2009]

jump operator [, =/ —o,

dwy = \/2n.Tq (02), dt + dWy s

average outcome noise
(Wiener)
Wiener Process
. . E(dW; ;) =0
stochastic master equation A 2
1dw } > Pt A2 =t

[Murch et al., Nature 2013]
[Hatridge et al., Science 2013]



Fluorescence Measurement

Josephson
amplifier

Aout (t) [Bergeal ot al., Nature 2010]
Re

- output (5 > Q:Q

record = Im
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Fluorescence Measurement

Josephson
amplifier

O sluminum B Jose <
Aout (t) [Bergeal et al., Nature 2010]
© Re

(__output (I >—(X

record = Im

9
L'y
mean signal <dout> x +/I'q <(7_> 1 -
jump operator o o = |g) (¢] = “*— = Iy = (125 ps)”!

2



Fluorescence Measurement

Josephson
amplifier
o~ 77 p— 14% 3 dluminum H Josephson junctions
aout(t) /[Bergea et al., Nature 2010]
Re o< duy

(__output (I >—(X

record = Im o< dvy




Fluorescence Measurement

e
JlIE

— 1 4% J duminum H Josephson junctions
" [Bergeal et al., Nature 2010]

dout (1)
Re o< duy

ot >R

record = Im o< dv;

Josephson
amplifier




Fluorescence Measurement

e
JIE

77 — 14% 0 aluminu

[Bergeal et al., Nature 2010]

Josephson
amplifier

dout (1)
Re o< duy

ot >R

record = Im o< dv;

i}
dv, = 1 /% (oy),, dt+dWy

noise
average outcome (Wiener)

stochastic master equation

B
{dUt, d?)t} > pt [Campagne-Ibarcq et al., PRX 2016]
[Naghiloo et al., Nat. Comm. 2016]




Records of simultaneous X, Y and Z

full duy = \/Nauel'1 /2 (ox),, dt + dWy,
measonent i, — gl 2y Yo dt + AW
dwt — \/QHdiSde <0_Z>,0t dt T th73

noise
(Wiener)

raw averaging directly gives Bloch vector



Average trajectory




Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

i
dpr = =3 [H, pildt + ;Dz(pt)dt
T S L+
Decoherence  D;(p:) = Lipel., — §ptL,L- L, — §L7; L pe

© o L., — jump operator



Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

i m m
dpr = _%[Ha pt)dt + ; D;(pe)dt + ; VM (pe)dWe
T S L+
Decoherence  D;(p:) = Lipel., — §ptL,L- L, — §L7; L pe

Innovation M (py) = Lipe + ptL}L — Tr(Lipe + ptL;r)pt

e L., — jump operator

g | i — measurement efficiency




Quantum Trajectories - SME

Stochastic Master Equation for a continuous and weak measurement

i
dpr = =3 [H, pildt + ;D@(pt)dt + ; VM (pe)dW
T S L+
Decoherence  D;(p:) = Lipel., — §ptL,L- L, — §LZ. L pe

Innovation M (py) = Lipe + ptL;r — Tr(Lipe + ptL;r)pt

Measurement records dyi — n; Tr( L, pe + /OtL;'r)dt + dWy ;

[T % L., — jump operator
O-Z < WWAW-W-—
i — measurement efficiency

W » dt — limited by amplifier bandwith



Measurement setup

N\

dy! = VETr(Lipt + ptL;-r)dt + dWy ; ‘

1n



One quantum trajectory

t+ 3

s ™ 14 %
ndisp =34 %
T1 =15.0 ys
~ 11.2 ys
Td =09 us

TR =52 us




Two quantum trajectories

r A
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Control trajectories by tomography

~1.0-

-1.0 -0.5 00 05 1.0

ztraj1 0
T, =15.0 ps : 0.5¢ ‘L I |
_ s 0.0 [ |
X/ Z 2-11.2ps *;,_05é ,
T,=09ps il |

-1.04—— b

T, =52ps -1.0 -05 0.0 05 1.0

ytraj



# trajectories/1 0°

statistics in the Zeno regime

0z measurement only
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# trajectories/1 0°

statistics in the Zeno regime

O_— measurement only
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# trajectories/1 0°
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statistics in the Zeno regime

O_— and 0z measurements at the same time « »
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statistics in the Zeno regime

O_— measurement only
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statistics in the Zeno regime

-

O_— and 0z measurements at the same time «

1 . 1
| 10000 @
\ 5
0 — 0 | S
| 1 B100 @
, im oy
-1 - = -1 1
-1 0 1 4 1
X
5x10*

differs from the case of

0, and oy,

measurement

[Hacohen-Gourgy et al., Nature 2016]



statistics with weak fluo and dispersive

0z measurement only
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statistics with weak fluo and dispersive

O_— measurement only

1 s~ 1 o i — 1 S
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# trajectories/1 0°

1

statistics with weak fluo and dispersive

O_— and 0z measurements at the same time « »
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statistics in the Zeno regime

0, measurement only
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Any configuration

to appear at http://www.physinfo.fr soon



http://www.physinfo.fr
http://www.physinfo.fr

Measurement based feedback

based on dispersive based on
measurement fluorescence

\ /

A

— \@/D.@

feedback feedback

[Vijay et al., Nature 2012 (Berkeley)] compatible with dispersive feedback
[Riste et al., PRL 2012 (Delft)]

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

...now standard technique

converges in T1 for any state

here continuous feedback qualitatively
more efficient than stroboscopic



Measurement based feedback

120 ns

T \e>l%\g> @ =5

FPGA controller

actuator

[Campagne-lbarcq et al., PRX 2013]



Measurement based feedback

Stabilization of Rabi and Ramsey oscillations
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]

/7% average Bloch vector length
vs 45% in constant measurement strength
[Vijay et al., Nature 2012 (Berkeley)]

t (us)
100

Reset by feedback
[Risté et al., PRL 2012 (Delft)]



Measurement based feedback

Stabilization of Rabi and Ramsey oscillations ~ TSN
[Campagne-lbarcq et al., PRX 2013 (ENS Paris)] L\ . Vo W /:
Y, e = A t (us)
N C
Without stabilization™ 0 100
(ox) 20 By
O v A — -
> N /
f"‘" Wl RN
Y iR o 4 \
p < wa M.
AP ™
% &\ /
<02>g‘/’ \/ 3
\ s, 1] o
7 NS 12

Stabilization by "
measurement feedback



Fluorescence based feedback
f A

stabilize target COS 5 le[F sin 56“‘)\9[

compensate stochastic kicks due to fluorescence?

(02) (0)
VQ = T | VI )\‘.D\

use 3 rotation axes and Markovian feedback
[Campagne-lbarcq et al., PRL (2016)]

previous proposals
south hemisphere only  [Hofmann, Mahler, Hess, PRA (1998)]

every state but equator [Wang, Wiseman, PRA (2001)]



Fluorescence based feedback

0 .0

stabilize target cOS e[+ sin 56“‘)\9[

Rabi drive  AC Stark
(f ) shift (f.)

;LO'CB -+ fvay\—l— Wao r ‘

~(in O— (out
L 9) ‘ n = 35%

| CONTROLLER |

multi inputs and multi output Markovian feedback

[Campagne-lbarcq et al., PRL (2016)]



Fluorescence based feedback

i

GRr

stabilize target cos —|e[ 3 sin —e'¥|gl
2 2
= /8y (1 +cosb), a =
= g—j? sin 6, =
5 _m

— Ccos ® 8n

(cosf —n)sind

n=235%

JPC

Rabi
ou
N <5U) = GR X %Oé
FM
—mmon s (520),
.
- Drift (@’ @) )

/2
o — /2
Rabi 40 MHz )
€ —
X GR
a, f, + 40 MHz
fq +40 MHz
\_ y,
FM | « Gy 70 MHz )
<« I\
|
fq + 70 MHz
\ 3,70 MHz f.+ 170 MHz )

[Campagne-lbarcq et al., PRL (2016)]



Fluorescence based feedback

0 0

stabilize target COS 5 le[F sin 56”\9[

Stabilization of any state

based on
fluorescence

feedback

continuous measurement based feedback
with multi inputs and multi outputs
in the quantum regime

[Campagne-lbarcq et al., PRL (2016)]



Conclusion

Superconducting circuits are a testbed for
guantum measurement backaction

feedback
G(60)

g
post-selection and quantum states _
quantum Zeno dynamics
: e —_—
0 t T N =2 N=3 N =4 N =5
p(0)n xf.’-} pit) Pl A i - - N T T
E(t)- E(T)
1.5 - _ I X
= 1 - - 2 o S o
« - . o SN - ki ¥
S050  m— ' g9
-.g‘— N 2 ) - e~ ) \\ _____ // ] \\\\_ —////
e -2 0 2
9 U5 1 .10 2 Re(a) —1/m 0 1/ 2/'71W/A
t(us)
[Bretheau et al., Science 2016]

[Campagne-lbarcq et al., PRL 2013]
also: entanglement by measurement, link with thermodynamics...



Perspectives

X

A‘.»
Filtering }\__’,)r"-‘\ Retrofiltering
> —

: to T T ¢

gquantum smoothing
SmomhmgT

[Tsang, PRL 2009]

[Gammelmark, Julsgaard, Mglmer, PRL 2013]
[Guevara, Wiseman, PRL 2015]
Observations f

statistics of postselected outcomes

higher dimension
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