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Probing “inside” quantum collapse
with solid-state qubits

Alexander Korotkov
University of California, Riverside

Outline: e State collapse in Copenhagen Q.M.

e \What is “inside” collapse? Bayesian framework.
- broadband meas. (double-dot qubit & QPC)
- narrowband meas. (circuit QED setup)

e Experiments and experimental proposals
- partial collapse and uncollapse
- persistent Rabi oscillations (spectrum,

guantum feedback)
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Copenhagen quantum mechanics =

Schrodinger equation
+
collapse postulate

1) Fundamentally random measurement result r
(out of allowed set of eigenvalues). Probability: P, =|{¥ ) [}

2) State after measurement corresponds to result: ¥,

e Contradicts Schr.Eqg. (spooky), but follows from common sense
e Needs “observer”: 1) ask a question, 2) get information

Why so strange (unobjective)?

- “Shut up and calculate”
- Actually, use proper philosophy

Alexander Korotkov Universitv of California. Riverside



Werner Heisenberg
Books:

Physics and Philosophy: The Revolution
in Modern Science

Philosophical Problems of Quantum Physics

The Physicist's Conception of Nature 7\
Across the Frontiers Niels Bohr

Immanuel Kant (1724-1804), German philosopher

Critique of pure reason (materialism, but not naive materialism)
Nature - “Thing-in-itself” (noumenon, not phenomenon)

Humans use “concepts (categories) of understanding”;
make sense of phenomena, but never know noumena directly

A priori: space, time, causality

A naive philosophy should not be a roadblock for good physics,
guantum mechanics requires a non-naive philosophy

Wavefunction is not a reality, it is only our description of reality
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Triumph of Copenhagen Q.Mech.
(my subjective opinion)

- Theoretical attempts of “improved” Q.M. failed
- Bell inequality experiments proved impossibility
of “objective” (local) Q.M.

- Ensembles (way to exclude collapse) vs. single systems
Quantum computing (D. Mermin, “Copenhagen computation”)

- Other “Interpretations”??? Textbooks?
(“many-worlds” — a different story)

- Continuous, partial or weak quantum measurement
(what is “inside” collapse)
optical experiments (quantum trajectory theory)
superconducting experiments:
partial collapse (UCSB’06), uncollapsing (UCSB’08),
non-decaying Rabi oscillations & L-G ineq. (Saclay’10)

Alexander Korotkov Universitv of California. Riverside



“Inside” collapse: state evolution due to
continuous or partial measurement

When: - information comes gradually in time
(because of weak coupling with a noisy detector)

- Information is inconclusive

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” broadband setup: double-quantum-dot
qubit + quantum point contact (QPC) detector
Gurvitz, 1997

1) <$> 1) 0 .

HY o 2Yo Py =Hgp * Hper * Hint
12) & :_:;_//|1> HQB=£O'Z+HO'X
— S — | I® Al

N 1o — (©)= 1y +=-2() + £(1)

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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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 =2 Ejaja + 2 Eqafa +)}, Tala +hec.
Hinr = 201 AT (cfc, —cley)afa, +hee.
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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~ —271mp12 t P11P2 S_[ (D) - 1,]
|
. H Al
P2 =1Epp + '?(Pn = 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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Many similar approaches to non-projective
(continuous, partial, weak, generalized, etc.)
quantum measurements

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

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

Matter of taste, convenience, and studied system

Bayesian approach is quite close to quantum trajectories
(just a different language, Ito/Stratonovich, etc.)
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Quantum measurement in POVM formalism
Davies, Kraus, Holevo, etc.
o | . e
(Nielsen-Chuang, pp. 85, 100) R b@‘(ﬁi\“eﬁ\eﬂ‘

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

M, (any linear operator in H.S.) : My || Tl‘(|\/|r,0|\/|;)

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)

Simple derivation of Lindblad equation: process happens or null-result
Alexander Korotkov Universitv of California. Riverside




Relation with weak values

Alw.

va = <V/f | |W'n> Aharonov, Albert, Vaidman, PRL-1988
Ve Vi)
/ \

post-selection  pre-selection

1) o Measure z-component
12)o0 |2 of a qubit
1)
Wz measured o I, +1,
I:(t) R = ( meas 2 )

For infinitesimally weak measurement Rayerage = Re(Zyy)

Im(z,,,,) Is proportional to R If dominating classical back-action

average
(A.K., unpub.)
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Narrowband linear measurement

Difference from broadband: two quadratures

System: qubit in cQED setup + parametric amplifier

0,2 S5 .
resonator aSpumpsS®@p  mixer

microwave g o \®
generator B . e 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

how .
@ > —— 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 agpumpsé O,  mixer

mmicrowave| d o \®
generator e 1\ L "\ _paramp 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',Q5) (Markovian, “bad cavity”)

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

0]

cos (aw,1)

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 a%pumps My  mixer

0
uwave| d
oen. [V B Op NN paramp

\qubit

Q)
|1>,! © l\_’/?\.\(‘eé

. 12) sin(awyt)
Phase-sensitive (degenerate) paramp

pumps o,+to, =20y quadrature cos(m4t+¢) is amplified,
quadrature sin(m4t+o) Is suppressed
Assume |(t) measures cos(w4t+), then Q(t) not needed

get some information (~cos?¢) about qubit state and
some information (~sin?¢) about photon fluctuations

[ Pg(®) _ pgg(0) expl=(T-15)*/2D] T=1[l1md  D=s,/2
Pec(®)  Pee(0) expl-(T - 1,)*/2D] ‘

< Al
|, — 1, =Al cos K =20
= (@) LB LD ! s, ¥
Vo TN gy (0) pee(0) A = (Al cos @)? K2 S, _ Al 2 _ 8 /20
(rotating frame) unitary 43S, 4 45, X

Same as for QPC/SET, but trade-off (o)

between quantum & classical back-actions
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® > .
resonator a%pumps My  mixer

® [ () cos (1)
H ge%\fe ’VS-P B Op " paramp O (P ‘
\qubit O 1) | i Yot
v @
. 0y sin(ayt)
Phase-preserving (nondegenerate) paramp Q(t)

pumps o,to,=2(0g +60) @ =00t chopse

I(t) <> cos(mg4t) (qubit information)

Now information in both I(t) and Q(t). Q) > sin(ogt) (photon fluct. info)

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

1 S,
;j 1 (t) dt Q——IGQ(t)dt D=2t

[ Pyg(®) _ pgg(® expl-(T-1)*/2D] T .

Pec(®)  Pec(0) exp[-(T-1.)*/2D] Al Al
=l == K= "
Py’ Pee™), i) AIZ\/EAIZ 8 =
Pgq(0) Pec (0) r=2_,2 220
8S, 85, K

Understanding important Equal contributions to ensemble dephasing
for quantum feedback from quantum & classical back-actions

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

Partial collapse: experimental results

ta
%
oo

lines - theory
dots and squares — expt.
no ﬁttlng parameters 1n (a) and (b)

a EI.1

EI.E

0. 3 a. 4 IZI ) 0. E 0. ?
Farial measurement probability g

I:IB

probability p

EIB 1

(rad)

)

p=0.25

|

-
=
-]

T

o
=
H

o
=
]

Azirmuthal rotation @

0. 4 0 E 0. B 1
Measure pulse amplitude &V, V) pUIse ampl

0.8g
'-‘_"1_. Tl - & . >

in (c) T1—110 ns, T2—80 ns (measured)

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

Partial measurament probability g probabmty p

Alexander Korotkov
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N. Katz et al., Science-06

e In case of no tunneling
phase qubit evolves

e Evolution is described
by the Bayesian theory
without fitting parameters

e Phase qubit remains
coherent in the process
of continuous collapse
(expt. ~80% raw data,
~96% corrected for T,,T,)

guantum efficiency
7, > 0.8

Good agreement
with the theory o=




Uncollapsing for qubit-QPC system (theory)

A.K. & Jordan, 2006

First “accidental” Uncollapsing
measurement measurement

r(t) < < >

2) 1)
O—0O

Qubit
| (t)v (double-dot)

Detector

(QPC)

(t)——[jol(t')dt'—lﬂt]

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
— — time - T-pulse

10 ns 10 ns
- partial collapse
(same strength)

Idc P P

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

. Tc ’3<1.0 ) ] ] ) ] ) ] )

| Protocol: T\ \— T deal AT (D) ;)

/ storage perio /_l L o8- _suppression

(zero temperature) > o5 b .- I

 — 1 = 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)

. . >10
lwo= v, with probability (1-p) etM1 =
g 08 "as in
[w)= 10) with (1-p)°|Bl2e (16T 5
Q_ -V Fsssssssssss H
procedure preferentially selects SOEEE ; YJV#Q&FépSmg
: =041 <>~<0r =1,0.95
events without energy decay g T ???bj/@ ‘f{;p: cm =1, 0990
Uncollapse seems to be the only 027 W Teellza.l 09909
way to protect against T,-decohe- %—, ' _o /e TTeells
rence without encoding in a larger 0075 02 04 06 o8
Hilbert space (QEC, DFS) measurement strength p
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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) Repyy 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)
1 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)
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Saclay experiment

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

e superconducting charge qubit
(transmon) in circuit QED setup

[ e microwave reflection from

E  Zeno effect cavity: full collection,

i \ R TR only phase modulation

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

Standard (not continuous)

starting from ground state

0 200 400 00 8000 200 . 400 _
at (ns) 2 (ns) measurement here:
100 F ¢ A =8 :
i sty ensemble-averaged Rabi

]
T

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

[
T
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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
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Pre-amplifier noise
temperature T,=4K

1

—=~0.03
1+ 2T,

hw

W 20 30
A LMHE)

Theory by dashed lines, very good agreement
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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
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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
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Several types of quantum feedback

(broadband monitoring with no classical back-action)

Bayesian Direct “Simple”
Best but very difficult Similar to Wiseman Imperfect but simple
(monitor quantum state & Milburn (1993) (do as in usual classical
and control deviation) (apply measurement signal to feedback)
desired evolution - CONtrol with minimal processing) AH
fb _ F
feedback - X ¢m
"
(barrier height) circur AH / H=F Sin(Qt) —
fb <
detector Bayesian 3| —2 0 _ cos Ot Cl qubit x cos (Q 1), T-average g
equations L Al /2 I(t) L ] ¢m
detector local oscil. 5
e e —— A v|
é\ x sin (Q t), T-average F.)
O 08- - —
EOG- B /_>\\1.0 1111111111111111
<100 x averaging time x= 1 Meff ~ C=0.1
E 8 0.4 - 1= (gn/(g))llo O 0.8 T [(AI)Z/SI] =1 F
B 0951 S C=1 2
= % 0.2 n=1 - x 0.6 -
?‘) 0907 g 0.0 — T T T T T T 8 0.4 & _: ‘ \\\\\ -
o 00 02 04 06 08 S |/ /) 702 =0
D 05 F (feedback strength) D oad i
(] C =
) :, L =)
e R S A S S A I B A Ruskov & A.K., 2002 0o ™ T
F (feedback strength) F/C (feedback strength)
Ruskov & A.K., 2002 A.K., 2005
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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
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Conclusions
Nothing is wrong with collapse postulate: just use proper philosophy

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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