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Qubit-cavity state correlation: S-cat paradox
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- Entanglement

- 2-bit Bell state control
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Quantum Measurements



‘ Cavity QED ‘

‘ circuit QED ‘
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‘ (1) Measurement Principles
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Schrodinger’s cat (1935):
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Erwin Schrodinger (1887-1961)
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(2) Quadrature Measurement:
Signal-to-Noise Ratio (SNR)




Short Summary:

[1 (Strength) transmission measurement: frequency
dependent transmission

[1 Measurement using single-frequency
microwave photons:

1. Qubit-cavity “entanglement” dynamics;
cavity state

2. Cavity-photon state measurement:
homodyne/heterodyne quadrature measurements
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Gambetta et al: PRA 77, 012112 (2008)
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B(t) = ae(t) — agy(t)| 03 = arg(3)

Polaron transformation: Eliminate
cavity-photon states
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Understanding: \phi-dependent information-gain rate
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Signal-to-noise ratio: SNR = o -

where T',,(t) = k|3(t)|* is the maximum measurement rate

| 42 I(t) Compare: qubit + QPC/SET measurements

Korotkov & Averin: PRB 64, 165310 (2001)
Jordan & Buttiker:  PRL 95, 220401 (2005)
Jiao, Li, Wang & Li: PRB 79, 075320 (2009)
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‘ Reflection Measurements
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Transmission Measurements ‘
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(3) Quadrature Measurement:
a single microwave photon




| Blais & Wallraff: Nature Physics 7, 154-158 (2011) |
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da Silva, M. P., Bozyigit, D., Wallraft, A. & Blais, A. Schemes for the observation
of photon correlation functions in circuit QED with linear detectors. Phys. Rev.
A 82, 043804 (2010).
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Part (Il )

Quantum Entanglement:
generation and control



Preparation and Measurement of Three-Qubit Entanglement in a Superconducting
Circuit

L. DiCarlo,’ M. D. Reed,! L. Sun,’ B. R. Johnson,' J. M. Chow,' J. M.
Gambetta,? L. Frunzio,! S. M. Girvin,! M. H. Devoret,! and R. J. Schoelkopf!

arXiv: 1004.4324 |
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C.L. Hutchison, J.M. Gambetta, A. Blais, and F.X. Wilhelm,
arX1v:0812.0218; Can. J. Phys. 87. 225 (2009).
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Sudden Death of Entanglement

Ting Yu™ and ]. H. Eberly**

C(p) = max[0,0(7)]

Atom A mg-, B

Cavity a Cavity b

Asymptotic
decay

Degree of entanglement




2-bit Bell state control



PHYSICAL REVIEW A 82, 032335 (2010)

Deterministic creation and stabilization of entanglement in circuit QED by homodyne-mediated
feedback control

Zhuo Liu. Liilin Kuang. Kai Hu. Luting Xu. Suhua Wei. Lingzhen Guo." and Xin-Qi Li'
Department of Physics, Beijing Normal University, Beijing 100875, China
(Received 17 May 2010; published 29 September 2010)
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FIG. 1: Schematic diagram of circuit QED together with a mi-
crowave transmission measurement and a measurement-current-
based feedback loop. The Cooper-pair box qubits are fabricated in-
side a superconducting transmission-line resonator and are capaci-
tively coupled to the voltage standing wave.
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Adiabatic Elimination
Q > of Cavity Photon
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%M FE ‘ CQED/ bad cavity: cavity states [ “ 4 EE"
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1s done as follows [17]. In the absence of the coupling
to the cantilever, the field reaches a steady state with
coherent amplitude ap given by
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Homodyne-Mediated Feedback
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Feedback Design: Basic
Consideration

Target States
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Preliminary Result

Concurrence :
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Filtered-Current-Based Feedback:
Improved Result
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ENTANGLEMENT DEGRADATION IN
THE ABSENCE OF FEEDBACK

Fidelity:  £(2) = Tr[|® XD |o(1)]
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Discussion: Feedback Implementation
and other Bell States

Feedback implementation:
1) Cavity driving induced: H;i = Ae.J,

2) Qubit gating technique ...

Other Bell States:

1Y Do) = 2=(01) — [10)  Ji =0} -

2> er-m-puse, [PL) = 5(100) + [11))

35 = -8 =% = _~2_ 2
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Previous Studies



S. Schneider, and G.J. Milburn,
Phys. Rev. A 65, 042107 (2002).

Entanglement in the steady state of a collective-angular-momentum (Dicke) model
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PHYSICAL REVIEW A 71. 042309 (2005)

Dynamical creation of entanglement by homodyne-mediated feedback
Jin "«?‘sf’an;:z.}]‘2 H. M. “J«’is.eman,,3 and G. J. Milburn®

ﬁz%[fHJrfb]

:; 1) = Il(f);”fz(f)

. 1 R
w=— Ea[b - b, w]— i(_zg[fb_Jrfb,m] + Do ]w

=Y ™o + &) (1) + £(1)

+v,Dloy]o+ y,D[b]w.

) g
— —1
=1,

(V" +J),pl+ v Dloylp+ v,Dloylp+ ¥vDIJ lp




dp. = dtyD[J lp. — idi[H.p.] — idl|F,— iJ p. + ip.J "]

Hﬂ):I(I)F

Concurrence for different drivhg and feedback

30Ua1INJU0Y)

1 —
+ dr;D[F]pC +dW(t)H[— iNyJ — i\, ]p..

Purity for different driving and feedback




PHYSICAL REVIEW A 76, 010301(R) (2007)

Stabilizing entanglement by quantum-jump-based feedback

A. R. R. Carvalho
Department of Physics, Faculty of Science, The Australian National University, Australian Capital Territory 0200, Australia

é é‘m

=—iQ(J,+J).p]+I'DJ_lp+ vy Dlolp+ v, Dlos]p

=—iQ[(J, +J).p]+I'DUpJ_lp



c)

(& 1-‘“

d)

C -y
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About the single photon detection ...
i.e., the jump-based feedback ?

Quantum Non-demolition Detection of Single Microwave Photons in a Circuit

B. R. Johnson,! M. D. Reed,! A. A. Houck,? D. L. Schuster,! Lev S. Bishop,! E. Ginossar,!
J. M. Gambetta,® L. DiCarlo,! L. Frunzio,! S. M. Girvin,! and R. J. Schoelkopf!

O, LLLLL ¢

1 storage
cavity

S S s

transmon and
flux bias



3-bit GHZ state control



PHYSICAL REVIEW A 83, 042313 (2011)

Generating and stabilizing the Greenberger-Horne-Zeilinger state in circuit QED:
Joint measurement, Zeno effect, and feedback

Wei Feng. Peiyue Wang. Xinmei Ding. Luting Xu. and Xin-Qi Li"
Department of Physics, Beijing Normal University, Beijing 100875, China
(Received 22 January 2011; published 11 April 2011)
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Algorithm: Deterministic generation of the pre-GHZ state

@If the result is J. = 2, which indicates the state
|011) 4 |101) projected out, we perform a o, flip on the first
qubit and a /2 — o, rotation on the third qubit. Noting that
O11) 4+ [101) can berewrittenas (|01) + [10)) ® |1),itis clear
that the above rotations will transform it to |000) + [111) +
1001) 4+ 110) which then has a new probability of 1/2 in the
successive measurement to be collapsed onto the pre- -GHZ
state |001) 4+ |110). S1m1larly, for the result J, = —2, a Ox
flip on the first qubit and a 3 /2 — o, rotation on the third one
can be performed to achieve the same goal as described in (1).
If the measurementresultis J- = 4 or —4, which indicates
the state |111) or |000) obtained, we thenapplyan/2 — o, ora
37 /2 — o, rotation on each qubit, making the state return back
to the initial one (|0)+ (1), ® (|0) + [1))> & (|0) + [1))s.
which allows us to rerun the generating procedures.




Efficiency Assessment:
(compare to a naive restart scheme)

Reduce single-bit rotations
and/or

Enhance success probabilities
and/or

Avoid “data clearing ”
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FIG. 2. (Color online) Two representative quantum trajectories
showing the deterministic generation of the pre-GHZ state.



Naive Zeno Stabilization
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FIG. 3. (Color online)State fidelity under the conventional
quantum Zeno (not the AFIZ) stabilization for the pre-GHZ state,
showing the resulg (solid line) much better than the uncontrolled one
(dashed line). |(b) [Detailed inspection for the Zeno pulled-back state
in (a), [V (7)) = a(n)[001) + B(2)|110), showing a gradual deviation
from the target state V) = (|001) + 1110))/+/2. nconscious
output current for the changing state |W(7)). Single-qubit decoherence
rate; ¥ = 0.01I;.




AFlZ Scheme
Qubit relaxation: Z(Vj + vpi)Plo; 1pc
J

( coupling with environment, entangling evolution )

“Jz=0" is equivalent to
a “null-result” of environmental measurement

T Y NS +
Hyy = qu_lzzjzl‘f’j o

W) = «|001) + B[110)

(W (1)) = (e ""21001) + Be”'[110))/]] - |

imbalance of “0” and “1” in |001> and |110>
Strateqy: AFIZ (Alternate-flip-interrupted Zeno) scheme

( Very efficient provided y < 174)



Complementary Strategy:

During the process of AFIZ stabilization, there

exists very small (but nonzero) probabilities

being projected to : |000>, and a mixture
of |100> and |010>

The J z=-4 and J z=-2 output currents
will trigger the “deterministic generation scheme”
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FIG. 5. (Color online) (a) Average fidelity of the pre-GHZ

state over 1000 quantum trajectories. (b) Fidelity of an individual
realization with y = 0.0011";, showing perfect control result under
this even weaker decoherence when compared to y = 0.011°; in
Fig. 4. (¢) The full state density matrix at a specific time in (b).



sSummary

€ Part(l): Quantum Measurements

Simplest version: transmission measurement
Qubit-cavity state correlation: S-cat paradox
Homodyne measurement: SNR

Single microwave photon measurement

€ Part (II): Quantum Control
- Entanglement

- 2-bit Bell state control
- 3-bit GHZ state control
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