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A quick review:



Parametric coupling overview

Hcouple X q)aq)bq)c

Re-write interms of q, b, ¢

Heoupte = hgs(a+a?)(b+b")(c + cT)

= hgs(abct + abTc + abTc + abct + )

- If frequencies w, 4 . all very different, all
terms die in the rotating wave approx.
 Drive one mode (¢) at w, = wg + W #
a)C
e Stiff pump: ¢ = {(c) = |c|e'Pr
H; = hg(athTe'®r + abe™'%p)

Physical Implementations: Josephson junctions, opto-mechanics,
diodes, optical fibers....



System Dynamics — Phase preserving amplification

H
== weata + wyb™ + w.cTe + g(atbtc + abeT)

Pay careful attention to coupling, this form
destroys one ¢ ‘pump’ photon to create one

photon each inaand b

y |, W w
g2 25 A
| I
‘ w

Modes we use for quantum signals should be driven near their resonance

frequency
We need the third ‘pump’ mode to be far away from the pump frequency so the

pump can be ‘stiff and ¢ becomes a number



Phase preserving gain (Gain)
Wy = Wq + Wy F W,

H; = hg(a*b*ei‘l’r’ + abe‘i‘l’r’)
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The Josephson tunnel junction
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The three mode Josephson Parametric Converter
14 ” port
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Hcouple X cI)aq)bq)c

Bergeal Nature Physics (2010




The 8-junction Josephson Parametric Converter
(@)

Idler mode

Signal mode

7.5 7.6
Freq (GHz)

Bergeal et al Nature (2010)
See also Roch et al PRL (2012)




Superconducting transmon qubit

Josephson junction with shunting capacitor =» anharmonic oscillator

X

Koch et al., Phys. Rev. A (2007)
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lowest two levels form qubit
fye ~ 5.025 GHz, f; ~ 4.805 GHz



Coaxial cavity + transmon
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Negligible losses

at seam Couplers access vertical
| / horizontal E-fields, both

n / Purcell filtered
_ Circular waveguide B
(fcutoff > fc»fq) O

® Strong port on the side

® Strong port on the top

} Coaxial cavity

Cutoff freq: \
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Freq (GHz)




Isolating the transmon from the environment

Cavity Qubit
foqg=7.4817 GHz fo=5.0252 GHz
1/« =30 ns T,=30ps

T,r=8us



Qubit environment: circuit QED

Strongly couple to a resonator (harmonic oscillator)
Blais et al., Phys. Rev. A (2004)

Cavity filters external envt. _1 Cc
—— o [
: L |
! . :
*) = FIETF Y

I

g (= Cr L; CSE
sy T M S

H;lff = wpala + a)QbTb + cr(b*b)2 + yatab®h CC

_—

ransition frequency of resonator
W, y/l2 .
depends on qubit state



Measurement configuration
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Part 1: Measurement with coherent
states



Dispersive measurement: classical version
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Dispersive measurement: classical version

microwave le)

cavity™_ !

transmission »
line :
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Now a wrinkle: finite phase uncertainty

microwave le) 19)

cavity™_ .

transmission T T T
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Measurement with bad meter (still classical)

microwave
cavity™_

noise added

AND
signal lost in

coherent

transmission

i

by amp. ~_

~_dispersive
cavity/pulse

pulse

interaction

Each msmt tells us only a little
State after msmt not pure!

« This example optimistic, best
commercial amp adds 20-30x
noise

« We fix this with quantum-limited
amplification



Quantum-limited amplification: projective msmt

microwave
Cavity only quantum le) |9)

fluctuations /\ /\

phase meter
w/ P. P. pre-amp

coherent
pulse

« state of qubit pure after each msmt
* For unknown initial state

cylg) + cele) , repeat
many times to estimate |c,|”, |c,|?



Quantum-limited amplification: ‘partial’ msmt

microwave

cavity only quantum ) 19)
fluctuations

phase meter
w/ P. P. pre-amp

WEAK
coherent . state of qubit pure after each

« counter-intuitive, but is
achievable in the laboratory



Part 2: Partial measurement with
transmon qubit and JPC



Quantum jumps

100
Time
. 240 ns boxcar filter M)
e« T;(n =10) = 50us
* Fully linear (can see |f), |h)... in 1Q plane)




Preparation by measurement + post-selection

State preparation Confirm state Rotate to z=0
Ry(m) | ARy (m/2)
i) A
1 1 d
| |
n=11 : n=11 : °
T, =320 ns ! !
< > | |
< - —> !
640 ns )

-10 -5 0 5 10
Im/o- See also Riste et al PRL (2012)

Johnson et al PRL (2012)



Preparation by measurement + post-selection

State preparation Confirm state Rotate to z=0
Re(m) ! | R (m/2)
i) A
1 1 o
| |
n=11 : n=11 : .
T, =320 ns ! !
< > 1 1
< > > T
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How ideal Is this operation?

Id “lg)”

Fidelity=0.994!

Strong measurements allow rapid, high-fidelity state
preparation and tomography



Back-action of partial measurement*

>

"Gambetta, et al PRA (2008); Korotkov/Girvin, Les Houches (2011); M. Hatridge et al Science (2013)



Back-action characterization protocol

: Variable
State preparation Tomograph
bTep strength Jraphy
measuremen Ry (1/2)
R, (m/2) t Ry(T[/Z),
Q Qorld
qubit
n=11 variable n n=11
| T,=320ns l i i |
cavity = ! |
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) :
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¥ or
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A picture is worth a thousand math symbols * :
Mapping (1,,,, Q,,,) to the Bloch vector

Qm

I, gives latitude information

g Q. gives longitude information
)

The equator is a dangerous
place: lost information pulls
trajectory towards the z-axis

‘Gambetta, et al PRA (2008); Korotkov/Girvin, Les Houches (2011); M. Hatridge et al Science (2013)



Determining efficiency with partial measurement

ConvergenceRotationMeasurement induced
to poles (I,,) (@) dephasing

_ N
Lnlm \|.. (QmIm Im\ 1—7
sech isin exp|—
o2 g2 o n

= sech Iml_m lcos le_m\ exps— I 21_77
¥ o2 o2 P o n

Iml_m
Zf = tanh( 2 )

Xf

I, gives latitude information
Q.,, gives longitude information

Efficiency n = ("/aideaz)z

See Hatridge et al., Science 2013



Measurement with I.,,/o = 0.4

histogram of measurement tomography along X, Y and Z after
after n/2 pulse measurement
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Measurement with I,,,/o = 1.0

histogram of measurement tomography along X, Y and Z after
after n/2 pulse measurement
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Measurement with I,,,/o = 2.8

histogram of measurement tomography along X, Y and Z after
after n/2 pulse measurement
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Counts ~10*% contamination
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X- and y-component along I,,, = 0

6 0 6 Qm/o

- N
(X), = sin <Q—m1ﬂ+ 6) expf— (Im) Lo TI}
g o o n

\

(= \2
I 1-—

exp<_<m> L
\ g n

Amplitude determined by one fit parameter: n = 0.57 £ 0.02

n = 0.5 - 3 body entanglement (qubit, signal, idler)



Part 3A: Remote Entanglement via
joint measurement
(two mode squeezing)



Remote entanglement with flying qubits

ALICE How can we do this with a superconducting system?

1G)

— R/ —@ "

How well can we transmit our flying qubit?

N / How do we entangle
arnie L/ flying qubits? oy do we build
19) / / efficien 1/2(1G6) + |EE))

measure or
X
Instead of qubitg2(|Gg) + |Ee)) ‘ﬁ (sign) 1/V2(|GG) — |EE))

use coherent R eure 5 or
bert | SLMES 1/V2(|Gg) + |Ee)) Z 1/ 2<|ng+|EG>>
. (parity) 1/V2(|GE) — |EG))
M
U/ o
guantum-limited
oo amplification
Gy | Rx(m/2) ‘ \




Remote entanglement with transmon and JPC

ALICE
1G) —— Y™2 [ _ X
dispersive - ~phase info
interaction ~Parity info
arnie — \
'“> — g8 ¢ = (U, Q)
1/V2(|Gay) + |Ea.)) ;
X ]PC pf = MﬂpiMll
1/V2(|Gag) + |Eae))
bert

@) — (@

dispersive
interaction

JPC’s role is to provide

BOB C-NOTesque interaction |
G Y™ g




Back action of two qubit msmt creates entanglement

Even parity states:

, — |gg> Qm

3

Odd parity states:

Nz
*N ;;* _ |ge> _ |eg>

= |ge) + ileg) I, gives info on even vs. odd
parity (a bit too much, actually)
= |ge) + |eg) Q. gives sign info for odd
Z 1IN parity states

B 0 - 10



Two qubit readout schematic

It)
I’D-H’-@ Ref
§ HEMT 0
cavity 1 cavity 2

readout

cavity 1 fp =16.58 GHz  cayity 2

qublﬂ: qubit 2:

T 4 = 7.464 GHz 'ff,, - 9.116 GHz




How do coherent states at different frequencies interact?

G—1 recall our pump relationship
WW+ > P—\/\M/\} _szw5+a)l

{/\/\/\/\/ 4 \/% + Trans gain converts frequency

------------------- coherently, e.q. w; = ws = w; — (2p

¢p =0
signal output signal output signal output
|dler alone
A A A £
both at * /
once -
—> > —
Sig alone

Silveri PRA 2015



Tomography with full 2-bit joint readout

“Joint Readout”

|ee)

AQm(Qidl) lge)

leg)

> (Qsig)

‘Igm

From sign of I,,we learn ZI = +1

From sign of Q,,, we learn IZ = +1

From these, we get ZZ for free

» 9 pre-rotations gives us all two-qubit
corelators, and each single qubit component 3;

« Because we’re paranoid we also do single
gubit readout and compare the answers



Remote entanglement pulse sequence

Variable Tomography
Pre Rotate _
( ost-s%llggged) to [,y | Strength (pre-rotation +
P ‘"] entangling joint msmt)

R, (1/2)| Measurement

¢sig = 0 always

Csig VWV

Ry (m/2) R, (/2) .
ummmm ==l ===~ 1 4= -
Piar =0 Piar = /2 Piar = 0

(Im, Qm) Trep =6 us

Trep =20 s



Simultaneous readout of two gubits

Signal Alone
4 Cm I, encodes Z info
les) “Joint Readout”
" ‘_’Im
195 Together
>
S »
Idler Alone

m
6 le;) Q.. encodes Z info '.
l

>

I

9:) ‘




How to perform “entangling readout”

Signal Alone

A :
Cm I, encodes Z info

“Entangling Readout”

|es)

@1 0.

|95) Together

>

Idler Alone ity)

I%h)‘ m\v

* [, 1S now blind to contents of
‘—> I {lge), leg)}
« With/ appropriate initial state,

outcome is Bell state w/ 50 % success
rate

Q.,, encodes phase of Bell state

I, encodes Z info




An aside on tomography and Bloch vectors

Bell Basis
Two qubit . |
Bloch vector: | ~ YY) | 19e) t1eg) | 1ge)—leg) | |gg) +ilee}| |gg) — ilee)
5 Z
‘» XI
i -1
1z
2 X
1y -1
ZZ -1 -1 +1 1
ZX
D ZY
S Xz
S | XX 1 1 1 Xl
s XY
C Yz Sign
Y X
YY +1 +1 -1 -1 +1

Note: All 15 numbers NOT linearly independent, and pure states sum to 3



Tomography of strong entangling msmt

Histogram
-1
10:
S
~
N S 0
= 0
>
-10

-10 0 10
I,/o

Qm/o

-10 0 10
See Zalys-Gellar arxiv:1803.01275 (2018)  Im/©




Tomography of weak entangling msmt

Histogram




Signature of entangling operation

Bloch comp. value
o

O
U1

~_~ Average a strip along Q,, = 0
| |

® XX
® YY




Part 3B: Remote Entanglement via
sequential measurement
(bounce-bounce)



Measurement based entanglement

Can one use the entanglement
between the qubit and the Y'=100) + [11)

microwave field to entangle two

Ris@WtdtS @ature 502 , 350-354 (2013)
Deterministic entanglement with parity measurement and feedback

Shankar et al. , Nature 504, 419-422 (2013)
Lehtas et al. , Phys. Rev. A 88, 023849 (2013)
Stabilizing entanglement by dissipation engineering

Roch et al. , Phys. Rev. Lett. 112, 170501 (2014) , Entanglement in remote qubits



Entangling remote qubits

% X%%/
A 4 "1 X

>

Kerckhoff, Bouten, Silberfarb & Mabuchi, Phys Rev A (2009)
Roch et al. , Phys. Rev. Lett. 112, 170501 (2014)



cQED Setup

Qubit 1

Parametric Amplifier

Readout

Coaxial Cable
1.3 m

Roch et al. , Phys. Rev. Lett. 112, 170501 (2014)



Pointer state encoding

Before Q/C #1

After Q/C #1

A

Qm

™ shift if Q1 |e)
0 shift if Q1 |g)

Ie)_‘

Q.

Parametric Amplifier

After Q/C #2- Parity Msmt

lge)

leg)

Qm
A

1 shift if Q2 |e)
0 shift if Q2 |g)

ee)

-

g9)




Concurrence

0.4

Remote Entanglement

T T
SNR-Limited

|
Optimum

|
Loss-Limited

Roch et al. , Phys. Rev.

Lett. 112, 170501 (2014)



Outlook

« Parametric amplifiers are near quantum-limited and enable rapid, single-shot,
QND measurements required for quantum information

* We can keep quantum light coherent in our systems long enough for basic
manipulations— results: exotic measurement operators, remote qubit
entanglement

« They have several shortcomings which we are learning to eliminate via
Hamiltonian engineering and more sophisticated (multiple) parametric
couplings



