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Probing “inside” quantum collapse
with solid-state qubits

Alexander Korotkov
University of California, Riverside

Outline: e What is “inside” collapse? Bayesian framework.
- broadband meas. (double-dot qubit & QPC)
- narrowband meas. (circuit QED setup)
e Realized experiments (partial collapse, uncollapse,
persistent Rabi oscillations)
e Quantum feedback of Rabi oscillations
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Quantum mechanics =

Schrodinger equation (evolution)
+
collapse postulate (measurement)

1) Probability of measurement result p, :‘ <W ‘ W,—) ‘2

2) Wavefunction after measurement = ¥,

e State collapse follows from common sense
e Does not follow from Schrddinger Eqg. (contradicts)

What is “inside” collapse?
What if collapse is stopped half-way?
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What is the evolution due to measurement?
(What is “inside” collapse?)

e controversial for last 80 years, many wrong answers, many correct answers
e solid-state systems are more natural to answer this question

Various approaches to non-projective (weak, continuous,
partial, generalized, etc.) quantum measurements

Names: Davies, Kraus, Holevo, Mensky, Caves, Knight, Walls,
Carmichael, Milburn, Wiseman, Gisin, Percival, Belavkin, etc.
(very incomplete list)

Key words: POVM, restricted path integral, guantum trajectories, quantum
filtering, quantum jumps, stochastic master equation, etc.

Our limited scope:

(simplest system,
experimental setups)

[(t), noise S
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Quantum Bayesian framework
(slight technical extension of the collapse postulate)

1) Quantum back-action (spooky, physically unexplainable)
simple: update the state using information from measurement

and probability concept (Bayes rule)

2) Add “classical” back-action if any (anything with a physical
mechanism)

3) Add noise/decoherence if any
4) Add Hamiltonian (unitary) evolution if any

(Practically equivalent to many other approaches: POVM,
guantum trajectory, quantum filtering, etc.)
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“Typical” setup: double-quantum-dot qubit

+ quantum point contact (QPC) detector
Gurvitz, 1997

1) <$> 1) 0 ]
HY o 2Yo Py =Hgp * Hper * Hint
12) & :_:;_//|1> Hog =§O‘Z +Ho,
— — [ 10 Al
N\ 1) — (1) = I0+72(t)+§(t)

const + signal + noise

Two levels of average detector current: |, for qubit state [1), |, for [2)

Response: Al=1,-1, Detector noise: white, spectral density S,
For low-transparency QPC
Hoer = ) Ejala + ) Erafa +)), T(afa +afa)

HINT ZZLI’AT (CICI _C;CZ)(ajal +arar) Sl - 26'
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Bayesian formalism for DQD-QPC system

HQB -0 Qubit evolution due to measurement (quantum back-action):
1) o () =a®) | )+A1)[2) or p;t)
|2>Hc®)'e 1) |a(t)]? and |B(t)|? evolve as probabilities,

U l.e. according to the Bayes rule (same for p;)

— 2) phases of a(t) and B(t) do not change

ANTH (no dephasing!), p;/(pjip;)'*= const
(AK., 1998)

1 e7
Bayes rule (1763, Laplace-1812):  — jﬂ | (t)dt
: T
osterior prior o measured
probability ~ Probab. likelihood Iy l,

‘ A P(A) P(res| A)
P(A |res)= () Pres| )

So simple because:

Zk P(AJP(res| A) 1) no entaglement at large QPC voltage
(classical detector; Markovian)
2) QPC happens to be an ideal detector

3) no Hamiltonian evolution of the qub
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Assumptions needed for the Bayesian formalism:

e Detector voltage is much larger than the qubit energies involved
eV >> 7Q), eV >> al, AleV << (1/Q, 1/T), Q=(4H2+g2)1/2
(no coherence in the detector, classical output, Markovian approximation)

e Simpler if weak response, |Al | <<, (coupling C~T/Q is arbitrary)

Derivations:

1) “logical™: via correspondence principle and comparison with
decoherence approach (A.K., 1998)

2) “microscopic™. Schr. eg. + collapse of the detector (A.K., 2000)

f o pi?(t) Jetect j n(ty) g : classical
qu It <T> etectior pOInter > information

quantum frequent n — number of electrons

\_ Interaction quantum / collapse passed through detector

3) from “quantum trajectory” formalism developed for quantum optics
(Goan-Milburn, 2001, also: Wiseman, Sun, Oxtoby, etc.)

4) from POVM formalism (Jordan-A.K., 2006)
5) from Keldysh formalism (Wei-Nazarov, 2007)
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Now add classical back-action
and decoherence

[1)0 qu =0 guantum backaction (non-unitary,
2)0 _p2) ) L/ _ “spooky”, “unphysical”)
—-|D) P11(®) _ pyy(0) expl-(1,, - 1,)*/2D] |
= 0 | _12/2D no self-evolution
— 1) ) Pn(®)  pp0) expl-(I-1,) | of qubit assumed
_ N _ P11(7) Py (7) :
Al =1,-1, P (7) = p1,(0) exp(IKIl .7)exp(—y7)
noise S, ) Pu(0) P (0) \ i ™\ decoherence
_1e7? classical backaction (unitary)
- _Tjo | (t) dt
D=5, /2 Example of classical (“physical”’) backaction:
Each electron passed through QPC rotates qubit
D (sensitivity of tunneling phase for an asymmetric barrier)
X 12 arg(T AT)#0

Hoer =Y Ejafa + Y. Eafa, +ZIJT(a§aI +afa,)
Hinr = ZUAT (C;rcl —C;CZ)(ajal + arar)
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Another example of classical back-action

Vg v Hyp =0 quantum backaction (non-unitary,
“spooky”, “unphysical”)
( 2
0) [exp[-(1,-1,)"/2D
ig Izll o | Lul® - '011(0)/ xpl (Im |1)2/2D] no self-evolution
2e L L Pn(@)  Pp(0) expl=(ln - 1,)"/2D] of qubit assumed
_ _ P11(7) Py (7) :
Al =1,-1, P (7) = p1,(0) exp(IKl . z) exp(—y7)
noise S, ) Pu(0) P (0) \ i ™\ decoherence
r_1 L)T 1 (t) dit classical backaction (unitary)
T
D=5, /2 Classical backaction:

\Y; l 1(t) Correlation between voltage and current noises in SET

= S, # 0 BT Vil
oy Tl JSu(0S,,(0) 2T +T2)

= (easy to understand when I'| <<I'R)
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Now add Hamiltonian evolution

o)
Hg'e Vo v e Time derivative of the quantum Bayes rule
\J iégl :,l I(1) e Add unitary evolution of the qubit
Ny 26L& =
. . H 2Al
Pi1= P~ ‘271111,012 t P11P2 S_[ (D) - 1,]
|
. H Al
P2 =1Epp + '7(:011 = P22)+ P12 (P - pzz)S_[ILt) - lol=-7p12
|
Al=l,—1,, 1,=(1,+1,)/2, S, - detector noise (AK., 1998)
Yy = 0 for QPC Al
For simulations: | =1l,+—(p;; = P3)+¢
v

2 |
noise Sy =S,

Evolution of qubit wavefunction can be monitored if y=0 (Qquantum-limited)
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Relation to “conventional” master equation
h=1

response Al

. Al
Pu = Pzz ‘ZHImPn"'Pnpzz [l(t)‘lol

° ° S
P, =igp, +1H (o) - p22)+p12(p11 pzz) [I(t)—lol HoISe =y
+IK[I(t) -1 01P12 — VP12

Averaging over measurement result I(t) leads to usual master equation:

P11 Pzz /dt=-2H Imp,,

P =lep tIH(p - pyn)-Tpp,

I" — ensemble decoherence, T'=(Al)*/4S, +K’S, /4+y
spooky  physical dephasing

2
Quantum efficiency: 7= (Al )F/4SI or f= _%
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Two ways to think about
a non-ideal detector (n<1)

: Sy =S, +S
5 deal ) 0 1
qubit ! + > 2
:(17 detector | S S, 1(t) 7= (Al)"/4Ss
. =
> 45, noise I's
These ways are equivalent
dephasing _ same results for any expt.
[, =T,+T, ( y expt.)

noise

= matter of convenience

Iy
qubit |E S ideal
(AI)2 detector SZ
['y=
4Sz

>
(1)
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Stratonovich and Ito forms for nonlinear

stochastic differential equations

Definitions of the derivative:
df (1) f(t+At/2)— f(t—At/2)

¥ Stratonovich
at o At ( )

df (t) .. f(t+At)— f(1)

T =lim,,_, . (Ito)

Why matters? Usually  (f+df)’~ f*>+2fdf, (df)” << df

. S
Butif df =£dt (white noise &), then (df)? = £%dt? = det
Simple translation rule:
%Xi(t) =G, (X, 1)+ F (X, 1) &(1) (Stratonovich)
d . . St OF (X, 1)
— X () =G;(X, )+ F (X, D) &)+ < Z (X )Fk(x,t) (Ito)
dt 4 ¢ dx,

Advantage of Stratonovich: usual calculus rules (intuition)
Advantage of Ito: simple averaging
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Methods for calculations

Monte Carlo

¢ “Ideologically” simplest
e [n many cases most efficient

Idea: e use finite time step At
e find probability distribution for |_(At)
e pick a random number for | _(At)
e do quantum Bayesian update

Analytics (or non-random numerics)

e Be very careful about Ito-Stratonovich issue

e Use Stratonovich form for derivations (derivatives, etc.)

e Convert into Ito for averaging over noise

e VVery good idea to compare with Monte Carlo and/or
check second order terms in dt
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Quantum measurement in POVM formalism
Davies, Kraus, Holevo, etc.
o | . e
(Nielsen-Chuang, pp. 85, 100) R b@‘p‘(g\“eﬂ\eﬁt

M, pM/
Measurement (Kraus) operator N My or P r PVIy

M, (any linear operator in H.S.) : My || Tr(MrpI\/I;)

Probability: Py =|| M,y ||* or Pr=Tl'(MrPM;r)

Completeness: Z M;f|\/| r=1 (People often prefer linear evolution
r and non-normalized states)

Relation between POVM and ~ decomposition M =U+/ M}LMr

guantum Bayesian formalism: / v
unitary Bayes

(almost equivalent)
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Narrowband linear measurement

Difference from broadband: two quadratures

System: qubit in cQED setup + parametric amplifier

04 resonator mixer Q
microwave
generator Mo R O JV{* paramp output (two
‘qubit qilantum signal O quadratures)
| (transmon) (2 quadratures) (2

Paramp traditionally discussed in terms of noise temperature

6=>0 for phase-sensitive (degenerate, homodyne) paramp

ho .
@ > —— for phase-preserving (non-degenerate, heterodyne) paramp
Haus, Mullen, 1962 Ackn.: Likharev,
Giffard, 1976 Devoret

We will discuss it in terms of qubit evolution due to measurement
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resonator mixer

' Wg Q
microwave \
generator e 1\ (DY. "\ paramp N output (two
qubit ® quadratures)
| (transmon) (7)

Simplest case
h@qb t t
H :TGZ +hoa'a+hya'ac, (disgersive) o _
carries information
about qubit (o)

wr
(quantum back-action)

=x >>max(I',QQ5) (Markovian, “bad cavity”)

K, =K (everything collected; e.g. reflection)

0]

cos (awyl)

1)
w. =w. (center of resonance, only (N
d " phase change if transmission) \m’ sin (awyt)

assume everything most ideal

X <<k (weak response)

carries information about fluctuating

Blais et al., 2004 ;
’ photon number in the resonator
Gambetta et al., 2006, 2008 (classical back-action)
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resonator mixer cos (wy1)
nwave| Pd P ) ;
gen. [V B Wp NN paramp N\ llj\(P ,{‘e

\ .
qubit O

\ 4

Phase-sensitive (degenerate)

quadrature cos(m4t+¢) is amplified,
paramp

quadrature sin(m4t+o) is suppressed

Assume |(t) measures cos(w4t+), then Q(t) not needed
get some information (~cos?e) about qubit state and
some information (~sin?¢) about photon fluctuations
[ Pog(?) _ pgg(®) expl=(T - 14)*/2D]
Pee(t)  Pee(0) exp[-(T -1,)*/2D]

jol(t)dt D=S,/2¢

Iy — 1. =Alcosg Kzgsm(p

Poy(T) Pec (T )
0 o0 SR AKID) Al 2 .S, _Al* 8y
gg( )pee( ) ‘ T = ( COS¢) + KZ | — — V4
unitary 4S, 4 4S5, K

Same as for QPC/SET, but trade-off (o)
A.K., arXiv:1111.4016 between quantum & classical back-actions

| Pge(0) = e (0)\/

(rotating frame)
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® resonator | (t) cos (1)
M;Ve%\./e AP B Op " paramp \® d
,, \qubit O B “Z)ﬁwt
Yy —

0y sin(ayt)
Phase-preserving (nondegenerate) paramp ¢ = dwt Q)
Choose

I(t) <> cos(mg4t) (qubit information)
Q(t) <> sin(og4t) (photon fluct. info)

Now information in both I(t) and Q(t).

Small 6w = can follow ¢(t)
Large dw (>>I") = averaging over ¢ (phase-preserving)

j 1 (t) dt Q——jﬂ Q(t) dt D—i—

T

[ Pyg(®) _ pgg(®) expl-(T-1)*/2D] T

Pee(®)  Pec(0) expl-(T-1.)*/2D] | _AL Al

Poy(7) Pee(7) = -
exp (iKQ7) 2 2 2

Pug(®) Pee(0) r=4C A7 87
8S, 85, K

Understanding important Equal contributions to ensemble dephasing

for quantum feedback from quantum & classical back-actions
A.K., arXiv:1111.4016

Alexander Korotkov Universitv of California. Riverside

| Pee(7) = e (0) \/




Why not just use Schrodinger
equation for the whole system?

>

information

Impossible in principle!
Technical reason: Outgoing information makes it an open system

Philosophical reason: Random measurement result, but
deterministic Schrodinger equation

Einstein: God does not play dice (actually plays!)
Heisenberg: unavoidable quantum-classical boundary
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Can we verify the Bayesian formalism

experimentally?
Direct way:
partial control projective
prepare = measur. [~ | (rotation) | measur.

A.K.,1998

However, difficult: bandwidth, control, efficiency
(expt. realized only for supercond. phase qubits)

Tricks are needed for real experiments
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Experimental proposals

e Direct experimental verification (1998)

e Measured spectrum of Rabi oscillations (1999, 2000, 2002)
e Bell-type correlation experiment (2000)

e Quantum feedback of Rabi oscillations (2002, 2005)
e Entanglement by measurement (2002)

e Measurement by a quadratic detector (2003)

e Squeezing of a nanomechanical resonator (2004)

e Violation of Leggett-Garg inequality (2005, 2010)

e Partial collapse of a phase qubit (2005)

e Measurement reversal (2006, 2008, 2010)

e Decoherence suppression by uncollapsing (2010)

e Persistent Rabi oscillations probed via noise (2011)
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Superconducting experiments
“inside” quantum collapse

e UCSB-2006 Partial collapse
e UCSB-2008 Reversal of partial collapse (uncollapse)

e Saclay-2010 Continuous measurement of Rabi oscillations
(+violation of Leggett-Garg inequality)

e Berkeley-2012 (coming soon)
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Partial collapse of a Josephson phase qubit

i\

N. Katz, M. Ansmann, R. Bialczak, E. Lucero,
R. McDermott, M. Neeley, M. Steffen, E. Weig,
A. Cleland, J. Martinis, A. Korotkov, Science-06

0> J
l \ What happens if no tunneling?

Main idea:

v=a|0)+4]1) = yp(t)=;

| out), if tunneled
a|0)+ Be V27 1y

, if not tunneled

2 2 It
JalP+BPe

Non-trivial: e amplitude of state |0) grows without physical interaction
e finite linewidth only after tunneling

continuous

(idea similar to Dalibard-Castin-Molmer, PRL-1992)

Alexander Korotkov

null-result collapse
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Polar angle

Falar angle By irad)

Azimuthal angle

Visibility

Mormalized visihility

Gl
&

Partial collapse: experimental results
N. Katz et al., Science-06

o

e In case of no tunneling

lines - theory phase qubit evolves

dots and squares — expt.
no fitting parameters in (a) and (b) e Evolution is described

(rad)

)

Azirmuthal rotation @

-
=
-]

T

o
=
H

o
=
]

o1 02 03 04 05 08 07 08 05 | by the Bayesian theory
Farial measurement probability g . .
probability p  without fitting parameters

p=0.25

|

e Phase qubit remains
coherent in the process
of continuous collapse

I T * (expt. ~80% raw data,
1 . Measure pulse amplitude &Y, (V) pUIse ampl ~96% corrected for Tl’TZ)
g Ay . s -~ guantum efficiency

7, > 0.8

in (c) T1—110 ns, T2—80 ns (measured) _ _
. Good confirmation

EI1 I:I.E EI3 Elfl EI5 EIE I:I.'fr EIB EIEI 1

Fartial measurement probability g prObablllty p Of the theory

Alexander Korotkov Universitv of California. Riverside




Uncollapsing for qubit-QPC system (theory)

NewScientist A.K. & Jordan, 2006
NINE LIVES+ONE
¢ First “accidental” Uncollapsing
l 12) |1) measurement measurement
(O—O) r)y i >1< >
Qubit

I(t)v (double-dot)

Detector

(QPC)

(t)-—[jol(t')dt'—lot]

Simple strategy: continue measuring until r(t) becomes zero!
Then any unknown initial state is fully restored.
(same for an entangled qubit)

It may happen though that r=0 never happens;
then undoing procedure is unsuccessful.
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Experiment on wavefunction uncollapse

. N. Katz, M. Neeley, M. Ansmann,
oreparation omograpny ¢ R. Bialzak, E. Lucero, A. O’Connell,
H. Wang, A. Cleland, J. Matrtinis,

T
|—\/WW\’ W/\, ,\/WWW\/_> and A. Korotkov, PRL-2008
LW

Uncollapse protocol:

- partial collapse

- m-pulse

- partial collapse
(same strength)

Yoy

Nature News

If no tunneling for both measurements,

then initial state is fully restored D=1- ot
i o —Tt/2
2|0y + B|1) - al|0)+e”fBe |1)_) |10) T
Norm |0)
it e T2 0y 4 ei? g T2 1 _
e fe 1V _eai0y+pin)
Norm

phase is also restored (“spin echo”)
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Experimental results on the Bloch sphere

Initial ) 10)—1]1) | 0)+ [ 1) N. Katz et al.
state N D | 0)
Zﬁ%\ _ _
) = S 2 A d) N
Partially @)L %:Q ( )%??%S&
| T -
collapsed 1 1 \@L =
Los 05
> i
0 - UI—J
- %5 1 005 1
()M () ZATS 27 (h) 2
Uncollapsed }%, ! . r
. SRS
uncollapsing 1 S
works well 035 05
ghi._ ol ol oI
0051 0051 0051 0051

Both spin echo (azimuth) and uncollapsing (polar angle)

Difference: spin echo — undoing of an unknown unitary evolution,
uncollapsing — undoing of a known, but non-unitary evolution
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Suppression of T,-decoherence by uncollapse
A.K. & Keane, PRA-2010

0D

: TC “%1.0 — bt
| Protocol: T\ \— T deal AT (D) g o
/ storage perio /_l L o8- _suppression
(zero temperature) > o5 b .- I
T 1 2 0.7 emo7 T e UTiZ 03]
partial collapse uncollapse L 06)nnzoznn o Without L
towards ground (measurem. "': o uncollapsing
state (strength p)  strength p,) % 0.8 —— .

measurement strength p

|deal case (T, during storage only) o
Realistic case (T, and T, at all stages)

for initial state |y, )=a |0) +f |1)

>\1.0 : : :
lwp= |v;,) with probability (1-p) etM1 S o fioel\ty [

_ ] ] ] (1-p,) e, = (1-p)x,\ [ @S 1N
hvo)=10) with (1-p)ABEe (1) ol (03 \[EXPL
procedure preferentially selects Soalse. gng"apsing _

events without energy decay @ f 77s :??{?[/gy K= 1= Ky ! ;)9.9%99
= 0.2 TeelIt-L 99. -
Uncollapse seems to be the only e B
way to protect against T,-decohe- %,0-00_@; e T 0. o o8 1%
rence without encoding in a larger measurement strength p
Hilbert space (QEC, DFS) Trade-off: fidelity vs. probability
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Realization with photons

1
1 Measurement I

: @Q IJ:I A
» I
16)
|a)

AT

l\\“Dark Port”

P

| {la) :
! |b)
9 N |
! alk
l |a)

i  — @y

,,,,,,,,,,,,,,,,,,,,

p=0.9
Y is purity
Alexander

I

I

1

. 1
@6 ﬁ:l ¥
1

!

Reversing
\ Measurement

,,,,,,,,,,,,,,,,,,,

Korotkov

QPT fidelity

probability

J.-C. Lee, Y.-C. Jeong, Y.-S. Kim,
and Y.-H. Kim, Opt. Express-2011

10
(a . .
) —aptmal fr e
(I o E —— -
" e
= AT T L *
F e Tt T ' -
== — — -
'H !l:_——'f_ -@m- Y
L 7 =
E & T - — R
£ e —=
- -ra” mo: =05
0515 , -
(b) L0 as =07
- e, o =8
T i
o - ﬁ.;h-ﬂ'_.
& s R
E \\\\ 'H':: e
2 qalt —
I N N
R —— e —— = WY
E sl __—1-____ __'-"—_-L\‘:E:"
A — s B T T ¥
o 0 ‘_":il-r
0. 0.2 0.4 0.6 0.8 1.4
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Parital Mesgurerment 5 rengih (o)

e Works perfectly (optics, not solid state!)

e Amplitude damping (“energy relaxation”)
decoherence is imitated in a clever way




ncollapsmg preserves entanglememt

Y.-S. Kim, J.-C. Lee, O. Kwon,
and Y.-H. Kim, Nature Phys.-2012

‘|IO -
08:!_ ® ol =18l dal=112)
Decoherence (D) - A o> |ﬂi (lel = 0.95)
e W o 7\ = B ol <|pl (el =0.42)
= .
’ Loss x i i T S | s 04t
"‘ \ at ¥ |
' Ny ]| kB | M,..Cp.) 02
174 |
aE i o o 17 ol | VP BPs Hwe 0 =
M. (p) I E E a il RS S
: \ N BS I ﬂ (4}} [l__" _ —02[ | ! »—E—F .
B i i_ _______ / . / . 0 0.2 04 do.e . 038 10 )
- % b decoherence strengt
| ®) Alice o Loss " p2 i g
r - b :
pEm=m— = TR . ® o] =18l dal =142
L i1 H——’ | I lal<1gl (ol =02
ka(ﬂ) | h>E -ljo)g HWPatG: I'I y 0.6
[ — (|| HWP BPs HWP ‘
\_k S NI UTN |
\ Vo SN T PBS | M..Cp.) o 041
\. £ | HWPatO |
! 1 | 021
Loss ¥ : | Charlie
e e — 4 v of——=——%
ozi—
U O | | | I
0 0.2 0.4 0.6 0.8 10

. . . P measurement strength
e Extension of 1-qubit experiment

e Revives entanglement even from
“sudden death”
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Non-decaying (persistent) Rabi oscillations

excited :
— l —— - Relaxes to the ground state if left alone (low-T)
left — right Becomes fully mixed if coupled to a high-T
'T' (non-equilibrium) environment
ground - Oscillates persistently between left and right
If (weakly) measured continuously
(Al )2 <O 7 (“reason”: attraction to left/right states)
5 | to verify:
lleft) stop & check
\ i.0——+—+—+—+—"H—+————s —
eye t 4 +lg) Pu 3
) 0.5
Iright) Repy; 3
0.0
Imp,,
0.5 T T
0 5 10 | 15 20 25 30
time
Direct experiment is difficult AK., PRB-1999
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Indirect experiment: spectrum
of persistent Rabi oscillations

AK., LT1999
jél Al A.K.-Averin, 2000
ubit detector——>
. It () =ly+=-2()+&(D)  zisBloch
P S T T T 2 _ coordinate
_ (const + signal + noise)
C=13
10 - _ - STa
: ) Q=2H - amplifier noise = higher pedestal, Q)
S 8 — ..
%6_. _ (Al /HS, | ) poor quz_intum efficiency, n<l
S | - ut the peak is the same!ll o :
C/JH 7] \\ B 0 l/Q 2
+ 3 : f"ﬁ\;" integral under the peak < variance (z2)
2 -
) 03 How to distinguish experimentally
00 05 150@/' Qlfs 20 persistent from non-persistent? Easy!

Q) - Rabi frequency . _— 5 5
perfect Rabi oscillations: (z<)=(cos<)=1/2

imperfect (non-persistent): (z%) <« 1/2
QX(A’T quantum (Bayesian) result: (z2)=1 (!I!)

(wZ—QZ)Z+F2a)2 |
(demonstrated in Saclay expt.)

Alexander Korotkov Universitv of California. Riverside

peak-to-pedestal ratio = 4n < 4

S|(w) =35, +




Aiey  How to understand (z2) =17

e)e ]
©) I, 9) qubit

[right) I(t)=1,+ Al Z(H)+5(1) ! I(t)
2 detector ——>

First way (mathematical)

We actually measure operator. Z— G, _
(What does it mean?

72 Gzz =1 Difficult to say...)

Second way (Bayesian)
Al? Al
S,(m)=S§§+ 1 S, (w)+ /52(“’)

@ quantum back-agtlon chapges z Equal contributions (for weak
in accordance with the noise & coupling and M=1)

(what you see becomes reality)
Can we explain it in a more reasonable way (without spooks/ghosts)?

+1 ?
Z(Q- NO (under assumptions of macrorealism;
1 Leggett-Garg, 1985)

or some other z(t)?

Alexander Korotkov Universitv of California. Riverside




Leggett-Garg-type inequalities for
continuous measurement of a qubit

bit Jotoct Ruskov-A.K.-Mizel, PRL-2006
qubit fe—>{ detector 0 Jordan-A K.-Biittiker, PRL-2006
Assumptions of macrorealism  Leggett-Garg,1985 I
(similar to Leggett-Garg’85): Kij=<(Q;i Q;) Sal s ,((o)._
. S N
(1) = 1, + (Al /2)2(t) + &(1) TQ=%l,then 3 | ﬂ/\;
_ 1+K 1Ky +K 320 n | .
[z(D <1, (S(1) z(t+7))=0 K Ky +Ky, =K, <2 o
0 1w/ 2
Then for correlation function . .
guantum result violation
K(z) ={1() 1(t+7)) 3 3
K@)+ K@) - Kz +1,) < (A1/2)° - 2 (Al /2)° <
and for area under narrow spectral peak ,
[1S,(f)—s,1df <(8/7%)(Al /2)’ (Al /2)? x%

N is not important! Experimentally measurable V|0Iat|on

(Saclay experiment)
Alexander Korotkov Universitv of California. Riverside




A.Palacios-Laloy, F.Mallet, F.Nguyen,
P. Bertet, D. Vion, D. Esteve, and
A. Korotkov, Nature Phys., 2010

e superconducting charge qubit
[ (transmon) in circuit QED setup
\ Y e microwave reflection from
E . Iloeffegt cavity: full collection,
\ only phase modulation

e driven Rabi oscillations
(z-basis is |g>&|e>)

0 200 400,00 800D 0 st ns) *° Standard (not continuous)
100 ¢ /,/,f’ : measurement here:

- :

s 4 ensemble-averaged Rabi

starting from ground state

]
T

N,
O
L l'-l \\ N
\ ™,
HEH
¢ ph (MHz/photon)

[
T

Alexanaer KOrotkov Universitv of California. Riverside



Now continuous measurement

oo (MVE MHz™)

5-.':\

26
0 10 20 30
a0/ 2w {MHZ)

5, {MHz™"

0 10 20 30
a0 A LM Z)

5, (MHE

5, (MHZ T

Palacios-Laloy et al., 2010

AS .,
_2> 1o
T=%s

Pre-amplifier noise
temperature T,=4K

1

—=~0.03
1+ 2T,

hw

W 20 30
A LMHE)

Theory by dashed lines, very good agreement

Alexander Korotkov

Universitv of California. Riverside



Violation of Leggett-Garg inequalities

: : Palacios-Laloy et al., 2010
In time domain

Rescaled to qubit z-coordinate K(z) =(z(t) z(t+ 7))
K(z))+K(7,)—K(7;+7,) <1 =2K(7)-K(27)<1
fo(0)=K©0)=(z%) (z*)=1.01%0.15

_—‘*J[:/i{— fLe (D) =2K(2) - K(2r)
Y = N
i 0 Illll i III'-. x{ i
: -10 — i' 51}/
-2.0 — H,I

|
0 50 Lo 120 200

flc(17ns)=1.4410.12 ldeal f g ay=1.5
Standard deviation ¢ =0.065 = violation by 5c

Alexander Korotkov Universitv of California. Riverside



Violation of Leggett-Garg inequalities

In frequency domain courtesy of
Patrice Bertet

(unpublished)

0.4 p— L L I L L I ) ) I L L I L L I L L I L L I L ) I ) ) 1
Raw data | 5
- — — Detector BW corrected [8/n
Multiplied by f

A=5MHz 1066

o
w

o
N

S, (c,"/ MHz)

o
=

0.0

0 5 10 15 20 25 30
f (MH2)

Also violated, but not so well as in time domain

Alexander Korotkov Universitv of California. Riverside



Natural next step: quantum feedback
control of persistent Rabi oscillations

In simple monitoring the phase of persistent Rabi oscillations
fluctuates randomly:

Z(t) = cos[Qt + @(1)] for n=1
phase noise = finite linewidth of the spectrum

Goal: produce persistent Rabi oscillations without phase noise
by synchronizing with a classical signal  Z4,;..q (1) = €0s(€21)

. 2 _ 1 1 i 2. _ 1
1{(z°)=—+—-=1 ntegral (z°) = — Al
lnteégl'\a ( >' 5" integral (z°) ) 1(t) = |0 +72(t) + &(b)
e, | Al® Al
L 4 - S, =Sy +——S,;, +—S
h 2 l /
0 0 synchronized
0 Lo/ 2 0 L a/y 2 cannot synchronize

Alexander Korotkov Universitv of California. Riverside



Several types of quantum feedback

Bayesian Direct “Simple”
Best but very difficult as in Wiseman-Milburn Imperfect but simple
(monitor quantum state (1993) (do as in usual classical
and control deviation) (apply measurement signal to feedback)
desired evolution - CONtrol with minimal processing) aAH
fb _ F
feedback . X ¢m
"
(barrier height) circur AH / H=F Sin(Qt) —
fb <
detector Bayesian 3| —2 0 _ cos Ot Clqubit x cos (Q t), T-average g
equations L Al /2 I(t) L ] ¢m
detector - local oscil. =
~l0p——L 11 Y|~
é\ x sin (Q t), T-average D
O 08- - —
EOG- B /_>\\1'0 1111111111111111
<100 x averaging time x= 1 Meff ~ C=0.1
% _C;U) 0.4 - Tﬂgﬂg)ﬂo go.s— t[AD¥S{1=1 [
-E " § 0.2 n=1 - go.s— -
= 1/ /9 a1 — -
© 0.90 N2 @ |/, 7EHsl TS~ IS
_g (@] 0'Oo.o ‘02 04 06 08 BN ) 70, T TET— i
g o : F (feedback strength) Do i
= :,, - C =)
SR R PR AP AN R AR A AP A Ruskov & A.K., 2002 B A
F (feedback strength) F/C (feedback strength)
Ruskov & A.K., 2002 A.K., 2005

Alexander Korotkov Universitv of California. Riverside



Several ways to organize quantum feedback
First idea: Bayesian feedback

(most straightforward but most difficult experimentally)

The wavefunction is monitored via

Bayesian equations, and then usual How to characterize

(linear) feedback of the Rabi phase feedback efficiency/fidelity?
des1red evolution D = average scalar product
feedback of desired and actual
control stage | signal °°mPa“‘S°“ vectors on Bloch sphere
Hyp= (barrier height) circuit
HOx D=2Trpyesirea £? 1

Pij(t)

C<1 Bayesian

equations

——

Experimental difficulties:

U
N
e necessity of very fast real-time

Z(t) = cos[Qt + @ (1)] s.olution of Qayesian equations
e wide bandwidth (>, GHz-range)
AHpp/H = -Fx¢ of the line delivering noisy signal
Ruskov&AK., 2002  AQ/Q=-Fx@ I(t) to the “processor”

[ environment

Alexander Korotkov Universitv of California. Riverside



Performance of Bayesian feedback

Feedback fidelity vs. feedback strength

1.00 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1

D (synchronization degree)

6 7
F (feedback factor)

C =n(Al )2/SI H — coupling
F — feedback strength
- 2<Trpdesiredp> -1

For ideal detector and wide
bandwidth, feedback fidelity
can be close to 100%

D = exp(—C/32F)

Ruskov & A.K., 2002
Alexander Korotkov

Feedback fidelity vs. detector efficiency

1.0
0.8
§ 0.6
= I
| 0.4 - \analytics -
02 - Dots: Monte Carlo i
T (weak coupling, C=0.1)
0.0 L] I L] I L] I L] I

0.0 0.2 0.4 0.6 0.8 1.0
detection efficiency n

n<<1=D_. ~125/n

n=1=D,,,~1+n)/2

Zhang, Ruskov, A.K., 2005

other detrimental effects:
e parameter deviations

e finite bandwidth

e feedback loop delay

Universitv of California. Riverside



Second idea: direct feedback
(similar to Wiseman-Milburn, 1993)

Idea: apply measurement signal to control with minimal processing
feedback ~ I()-1,

Our controller: AHp, _AQ F x (O~ T — cos(Qt) | x sin(Qt)
H Q Al /2

1.0 L L
>
%7 " requires optimal
< 06- _ feedback strength
% averaging time L
% 0.4 T 5= (27/Q)/10
~0.2 - n=l1 _
()
Ruskov & A.K., 2002
0.0+ I I I

0.2 0.4 0.6 0.8
F (feedback strength)

Alexander Korotkov Universitv of California. Riverside



Third idea: “Simple” quantum feedback

(AK., 2005)
H=H,[1-Fxg¢,]
H.=Ho control |«
gb X : :

= o X Goal: maintain coherent
cect Y o xcos(QD), -average[—| y (Rabi) oscillations for

Totector—2 local oscillator | | & m arbitrarily long time

Y|

xsin(Q2t), T-average [—

Idea: use two quadrature components of the detector current I(t)
to monitor approximately the phase of qubit oscillations
(a very natural way for usual classical feedback!)

t
Xty=[ 1an-1 Ot —(t—t")/z] dt’
® jt_oo[ ()= gl eos(@U) expl-(-t)/eldt X
Y (1) =j_oo[|(t N —1,] sin(Qt") exp[—(t—t")/7] dt’

(similar formulas for a tank circuit instead of mixing with local oscillator)

Advantage: simplicity and relatively narrow bandwidth (1/7 ~I'j << )

Essentially classical feedback. Does it really work?

Alexander Korotkov Universitv of California. Riverside



Fidelity of simple quantum feedback

.y
=

0.8 —

0.6 —

0.4 —

0.2 —

— T e—

"

C=0.1 - Dimax & 90%
t[(AD%S,]=1 [ D=2F,-1
n FQ =(Tr p(t)pdes(t»

—

ey RODUSE tO iImperfections

(inefficient detector, frequency

D (feedback efficiency)

0.0

0.

mismatch, qubit asymmetry)

0' | '0.2' | '0.4'
F/C (feedback strength)

0.6 0.8

How to verify feedback operation experimentally?
Simple: just check that in-phase quadrature (X)

of the detector current is positive D=(X)(4/7Al)

(X)=0 for any non-feedback Hamiltonian control of the qubit

Simple enough for real experiment!

Alexander Korotkov
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\

Quantum feedback in cQED setup

We have to undo both effects: disturbance of qubit phase (“classical”)
and disturbance of Rabi phase (“spooky”)
= have to control both qubit parameters (except for phase-sens., ¢=0)

Phase-preserving case

[ Pgg(®) _ Pgg(®) expl-(1 - 14)*/2D]

pee (T) pee (0) eXp[_ ( I_ ~ e

Poy(T) Pee(7)
Pgg(0) Pee (0)

Pge(T) = Pye (0)\/

Phase-sensitive case

)2 /2D]

exp (iKQr)

[ Pgg(?) _ Pgg(®) expl-(1 - 14)*/2D]
Pee(t)  Pee(0) exp[-(I - 1.)*/2D]

\

Poy(T) Pee(7)
Pgg(0) pee (0)

Pge(?) = pge(O)\/

Alexander Korotkov

exp (iKI 7)

Use different quadratures
for two feedback channels

Use direct feedback for qubit energy
+some feedback for ywave amplitude

Use the same signal for both

If =0 (K=0), then only feedback
for pwave amplitude

Universitv of California. Riverside



Conclusions

It is easy to see what is “inside” collapse: simple Bayesian
framework works for many solid-state setups

Measurement backaction necessarily has a “spooky” part
(informational, without a physical mechanism); it may also have
a “classical” part (with a physically understandable mechanism)

Three superconducting experiments so far: partial collapse,
uncollapse, monitoring of non-decaying Rabi oscillations

Many other proposals. Hopefully other experiments are coming soon.

Quantum feedback is one of most interesting.

Alexander Korotkov

Universitv of California. Riverside
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