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We propose a scheme fo ufilize photons for ideal quantum transmission between atoms located at
spafially separated nodes of a quantum network. The fransmission protocol employs special laser
pulses that excite an atom inside an optical cavity at the sending node so that its state is mapped into
a time-symmetric photon wave packet that will enter a cavity at the receiving node and be absorbed by
an atom there with unift probability. Implementation of our scheme would enable reliable transfer or

sharing of entanglement among spatially distant atoms. [S0031-9007(97)02983-9]
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FIG. 1. Schematic representation of unidirectional quantum
transmission between two atoms in optical cavities connected
by a quantized transmission line (see text for explanation).
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One tunable coupler (emitting)
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Main idea: two couplers, destructive interference
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Back-reflected field into the transmission line is cancelled (destructive interference)
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Tunable couplers’ transmission amplitudes

0‘06; e Emitting part realized
0.05¢ (Houck group, PRA 2014)
< 0.04} e Receiving part realized with
= 0.03} 99.4% fidelity (Martinis
= 0‘023 group, PRL 2014)
0.01F
0.00t Loss: 1 — n =exp(—tf/27)
(exponentially small)
Typical parameters:
Increasing part: Decreasing part: /27 = 6 GHz
A(t) ~ exp(t/27) A(t) ~ exp(—t/21)  |Hmax®005=7~33ns
tr~460 ns = n~0.999
requires requires
te,max , t S tm tr,ma;( ) t S tm
te(t) = \/2 etm=0/tr — 1 tr(t) = rmax ) t >ty
te max t >ty \/2 e(t—tm)/Te — 1
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1 Emitti Receivi
Method of analysis Rk cccntuing  reconsios

Classical field equations: K J_| transmission line ’1
G(t) > B(®)
1 |t Lﬂm . i

G =—idw, G — + G () T
° (Tl,e 2Tft,€> v Barriers w1th variable
transmission amplitudes
: t|* Circulator
B = —iAw, B — ( + It | )B +—— A(t) ;E-l'l-\m],q(r}
Tir  2Tper Trtr G(t) — B(1)
A(t) = Ve te G(t) Nt1 is eff|C|ency of Vacuunﬂ FO -

noise

the transmission line

* We characterize the performance of the protocol via energy transfer efficiency

_|B(%)f

T= 1602

e Itis also sufficient for quantum case:

[Win) = (@|0) + BIINI0)a => |¢hfi) = @l0)0), + B (AI1)0)g + /1 —1]0)|1)y)

1
F, = 2 (1+ 71+ 2y/ncos ¢f) Quantum process fidelity
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A. Imperfection due to “wrong” max. transmission amplitude: |te/r|

Imperfections of pulse shapes
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B. “wrong” buildup/leakage time Te

tgmax w — lq,max
tV(t) = : ty () =

V2 elthe=t)/tY _ 1 V2 et-th/ty _ q

™ = 1% 4+ 671

ﬂ'ﬂﬁ;' S O.OZOS\I - \i’all‘yilnngg"olrrlfl |
ID.GS; ] f 0_015:_\\‘\ === Varying 7. and 7;° ’/E
£ 0.04] = : ]
= 003l .; £ 0.010f
£ 00} . jl> 2 f
oot e ; Z 0.005;
"o a0 36 a0 "0 005 om0 005 010
tns) 5t/
+5 % change in T leads to —67n = 0.001
Change in - L [ 0Te 2 0Ty 2 0T 0Ty
Inefficiency: —on ~0.34 ( —a ) T (Td ) + 0127 =5
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te'(t) =

C. mismatched mid-time t,,
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D. Nonlinear shape distortion (“warping”)

Due to imperfect calibration of tunable couplers

wp _

te/ e/r[1 T ae/r(te/r e/r max)]

006 0.020mm ™ ———— 1
: ] — I — warping on |ts| or |t;|
0.05¢ I . .
i — 0.015¢ -=- warping on |t¢| and |t
~_E 0-045 :- :“h"‘h._, e
.é E ;‘ E E-‘-_‘-_-::I::::::-‘“‘- }?C{:Dgg -"-'--‘_‘:.:.:.:—-"'
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Change in
inefficiency:
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Gaussian filtering

Experimentally, desired pulse shapes pass through Gaussian filter. How will this affect efficiency?

1

] dx e~t*/20° ti(x — ), j=er

Ndesign = 0.99
Ofilter = 10ns o/t

0 0.15 030 045 0.60 075 0.90

0.05}: . .
1071 1
5 004
3 0.03} )
; = ng=099 e
2 T ]
E 0.02
" o.01f - }
Na = 0.999
I_P' | L | . . H-I- 10_3 T I-I L1 |.I I B T T R b
0 50 100 150 200 250 300 0 5 10 15 20 25 30
Time (ns) Gaussian filter width o (ns)

procedure is almost immune to this effect, even with a
filtering width of 10ns (or higher).
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Noisy transmission amplitudes

Experimentally, desired pulse shapes can acquire some unavoidable noise.

Model (j = e, 1):

ti(t) = t,;(0) = () + at;(0) §(2),

Example Noise (5% Percentage—wise)

2 2
= = =
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Example Noise (5% Fixed)

a = 0.05 |

0 100 200 300 400

Time (ns)

&(t): Gaussian white noise, zero mean, unit std. dev.

Alexander Korotkov

University of California, Riverside



Noisy transmission amplitudes

0.10F #2078
I * Average inefficiency
0.08} ix is
Fixed noise over 100 trials
T 006 = 0.999 ' 2'00'.% O]; Upgf about
0.04! oise: % is tolerable

ng = 0.99 * Fixed noise can be

0.023 problematic
0.00 e eyeeer :
0.00 0.02 0.04 006 0.08 0.10
Noise amplitude a
Additional inefficiency is approximately
_ Con = 2 Percentage noise
—&n = c,a®&? "
c, = 21In Fixed noise
" 1—-nq
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Effect of multiple reflections

e So far no multiple reflections considered
* When the resonators are close, multiple reflections becomes important

=1 A(t) + t, B(®)

(o] —=3k )

tqy = 2l /v — round-trip delay
@ = w tg—accumulated phase of F

0.0014

0.0012p 7~ !
_0.0010f
> 0.0008}
- 0.0006}
0.0004}
0.0002} ¢,
0.0000—2dr 2 -0 0 20 L e
0 100 200 300 400

tins)

[

(-
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Effect of multiple reflections
n = 0.999 and |t|.x = 0.05

0.0025
_ Increasing number of reflections 1 -

= 0.0020 . '  Efficiency is robust to

5 0.001 multiple reflections

5 * Inefficiency changes

= by up to factor of 2

L

* For small round-trip
delay the inefficiency

A
saturates for ¢ = m,

* @ = 0is problematic
due to resonance with
the resonators

Inefticiency ;

0.0
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So far the state transfer protocol
IS (surprisingly) quite robust
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= 0.15]

Effect of frequency mismatch

1. Constant frequency mismatch—due to design imperfections

2. Time-dependent frequency mismatch—due to variable transmission amplitudes

Constant frequency mismatch

Aw/2r (MHz)
-2 -1 0 1 2 5
g ' — 09 ] ow
0.25F Nla=": l=n=2{-
A\ === 13=0.99 max

0.20f
[ Na=0.999 Since our protocol is based on

_ % ] interference, maintaining equal
0.10} N, 4 : frequencies is main requirement
0.05} :

; e - ; Tolerable (-0n<0.01) up to
UOO' 1 1 I 1 L _

—04 02 0 0.2 0.4 dw/2m = 0.4 MHz

AwT
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Time-dependent frequency mismatch

Frequency change due to varied coupling (experiment)
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» At least 90-95% compensation is needed
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Conclusions

The state transfer protocol is (surprisingly) very robust to
- pulse shape parameter deviations
- pulse shape distortion
- Gaussian filtering
- noise of the pulse shapes
- multiple reflections

The protocol is very sensitive to frequency mismatch

Active compensation is needed for the frequency change
due to changing coupling. At least 90-95% compensation
IS needed.

Emitting and receiving parts of the protocol has been
demonstrated in separate experiments. Demonstration of
a complete quantum state transfer is expected in 1-3 years.
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Circuit QED qubit readout error
from leakage to a neighboring qubit

Mostafa Khezri, Justin Dressel, Alexander N. Korotkov

Department of Electrical and Computer Engineering
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Outline « Setup: cQED with neighboring qubit
« Switching in eigenbasis

 Misidentification error

Alexander Korotkov University of California, Riverside



cQED setup with neighboring qubit

 Measured qubit coupled to a pumped resonator and a detuned neighboring
qubit

e |— Filter —|AME
| A : Qubit-qubit detuning |

Nei hborlXI—H—I%' |
g Main |g Qubit-qubit coupling I

e Simplified d|sper5|ve model, filter removed
» Effect of filter captured via effective k,- and dispersive approximation

Q)

Qt)

I(t)
Effective decay rate: k, = 4G* /K
Neighb }—|X| . . ) r
°ig OrIXI_l Main Dispersive coupling: y = g2 /A,
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Measurement Error

Goal: distinguish |00) and |10) (|main,neighor))
Excitation oscillates (or jumps) between qubits, [10) <« |01)

Excited main qubit state can be misidentified as its ground state

Question: What is this misidentification error if
(a) the bare basis or (b) the eigenbasis
is used for encoding?

P(I) Types of error:

- “separation” error
- “non-QND” error (tails)

Iy I
Alexander Korotkov University of California, Riverside




Previous Work on Phase Qubits

A. Galiatdinov, A.N. Korotkov, J.M. Martinis,

_ Phys. Rev. A 85, 042321 (2012)
Simple model:

tail H= ©n :
(DnA—(Ii“—)\g g o, —1I'/2
(Dq_‘_L

Assume T t<<t . <<(A/g) T

then g° g° rY
error z error.. 3
bare ™ A2 4 (T'/2)? BIgEN A2 4 (T'/2)? (ZA)

= much smaller error for eigenstate if '<<A

In circuit QED measurement instead of tunneling rate I' we have
two parameters: measurement (dephasing) rate I and resonator
leakage rate k. Both of them happen to be important.
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Modeling Resonator + Two Qubits

Treat resonator field classically: replace photon number operator
with a stochastic classical field

ata > n(t) = + dn(t)
(n(t)dn(t)) = ne rrlt=t'l/2

Write a fluctuating Hamiltonian: Hamiltonian for effective qubit
(one excitation subspace) in the dispersive regime

H=H,+V(t) = (% +)(ﬁ) o, +g(c. +0_)+V(t)

V(t) = yén(t)o,

Ay = w1 — wy oz = le)e| — gyl
) le) = [10)
y = gr oy = |eNgl| lg) = |01)
VA2 + 4g2n o = |g)e|
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Hamiltonian of the effective qubit

|4+) = sin @ |g) + cosO|e)

A2 g . !N |=)=cosb|g)—sinb|e)
H, = ( ) Eigenbasis _

g —A/Z Eigenenergy tan26 = 2g/A

A=Ay + 2x7 Q= /A2 + 4g2

n+ on(t)

1=(55 —ay2)

H in eigenbasis

Effective A — A+ 6A(Y)
Coupling SA = 2xén(t)
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Switching rate In eigenbasis

Initially start at |+)

Find population of the wrong state |—) after some time t

2
Err(t) =

T
j 5g(t)etdt
0

Define switching rate as [, = lim Err(7)/t

T—0C0

Use spectral density of fluctuation g to derive switching rate

2%  K?

Lsw =T gz 2 -
02 12 + 402

8x?%n

= 1/2Td
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Simulation of the switching

* Switching produces ensemble dephasing in the effective qubit
with rate 2l

* Dephasing can be simulated using master (Lindblad) equation of
the total system (qubits, resonator, pump, and their interactions)

= NUMerics (master equation) |
- Predicted decay rate 2I,,

0.996 i 1% &
D) Wl
® \,
Q. 0.995
0.994
0.993
5 10 15 20 25
/T
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Analytics vs. numerics

0.500
0.100 |
o 0.050 |
— _
O
.
\3 0.010 }
> i — Analytics
e 0.005 |
=  Numerics
0.001 }
0.01 0.10 : 10
Ky [\
<Narrow Linewidth Wide Linewidth >

Norm = 16y°ngs/(AQ%)

Alexander Korotkov University of California, Riverside



Misidentification error due to switching

Integrated Noise Term
A

’ \
—Towt o
> SW t 1 _e -
Prisip = : 5 (1 — erf [\ / ?cos(%’)]) + 62
d

—t COSQ(QQ)

t Td 1 exp { 274 } Td (Ts 1)? T
f - s(260 I SW 2 cwt
! (el [\/ 274 cos( )] (2750082(29) 2) cos(20) 27t i

Total .

0.14 -

0.12 ' Integrated Noise-f

0.10¢ Switching ]
%0.08:— ]
QE 0.06L Minimum

0.04 |

0.02 ]

0.00:""'l"--lllnln-..n.l,...l

0 2 4 8 10 12 14

5)
t/Td
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Minimum misidentification error

* Minimum misidentification error when starting in the eigenbasis

P (gq)z K 1 0\ k2 + 402
i ~ n
SEE N/ K2 + 402 Jq 3K?

e Minimum misidentification error when starting in the bare basis

g 2
Pbare = Peigen + (ﬁ)

Q=A%+ 4g2 Alwaysassume g<«KA,T K A

meas
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Quantum Bayesian (trajectory)
simulations fork > A > T

* For a wide linewidth resonator, Pyjsip can be simulated using

guantum Bayesian update of states

e Simulation result shows excellent agreement with telegraph model

0.052

0.050

0.048

PraistD

0.046

0.044 :

----- - Theory

e — -

e ———
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What Is effective measurement basis?

Tx
NeighborlXI—ﬁ-lX' Main
l_'_l
A

Readout
Ky

L Q(t)
%Y
1(t)

Regime Measured Basis Error comparison
2

T Kr) <A Eigenbasis Peigen < Ppare ~ (%)
. g\?

(T i) > A Bare basis (textbook) | Pj.pe < Peigen ~ (Z)
Neither bare basis g\?

[ <A <Ky nor eigenbasis Peigen ~ Ppare ~ (Z)

K K AKLT Not experimental N/A
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Conclusions

* Coupling between neighboring detuned qubits causes jumps
(switching) of the excitation in the eigenbasis due to
measurement, this leads to measurement error

* Fortunately, the switching rate is small if k<<A; then the
measurement error can be much less than the “tail” (g/A)?

* Experimentally, using eigenbasis for encoding is much better
than using bare basis; error difference is (g/A)?
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Conclusions

Coupling between neighboring detuned qubits causes jumps
(switching) of the excitation in the eigenbasis due to
measurement, this leads to measurement error

Fortunately, the switching rate is small if k<<A; then the
measurement error can be much less than the “tail” (g/A)?

Experimentally, using eigenbasis for encoding is much better
than using bare basis; error difference is (g/A)?

Thank you

Alexander Korotkov University of California, Riverside




