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“Team milliKelvin”: Packard & Clarke grop
Second basement of Birge Hall

Clarke group: Packard group:
Josephson junctions Superfluid helium
SQUIDs Josephson junctions
MQT = qubits SQUIDs

Coulomb blockade
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Mechanical systems in the quantum regime
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» Ground state operation: kzT < hw Very hard!

e Aresonator withw =1kHz needs T « 10 nK <—/

« Higher frequencies relaxes temperature requirement
w = 10 GHz needs T « 100 mK - not so hard!

* Need a way to measure/control at the quantum level
...using another quantum system
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Xmon qubit

Measurement:
* Dispersive Josephson
resonator readout junctions
* Measure change in flux loop
in phase of few- —\__ Couplingto
photon excitation = ( ¥— other qubits
in readout C :
resonator D,
 Projective & C )
accurate C i Z control
Z rotations: Capacitance
e Flux tuning L _— ¢

« Changes qubit Josephson
frequency junctions

X and Y rotations: L — (tunable
e Microwaves at J . 7 | inductance L)

qubit frequency
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Qubits and “bulk” mechanics

» Phase qubit coupled to microwave
dilatational mechanical resonator

> Measurement of mechanical
guantum ground state

» Measurement of mechanical-qubit
Rabi oscillations
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Surface acoustic waves
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transmitting IDT receiving IDT =
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piezoelectric substrate
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» Compact » MHz-GHz frequencies
» Tailorable » Low power

« Phonons travel 100,000 times slower than photons
* Delay lines, pulse shaping, pulse compression
 Resonators

« Can phonons be used as flying qubits?

 Phonons to couple disparate quantum systems?
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Quantum surface acoustics

» Interdigitated transducer
on piezoelectric substrate

» GHz transition frequencies
» Electromechanical coupling
» Superconducting qubit

Manenti et al. (2017) Oxford

mirror qubit mirror

200 um

=5l Spectroscopic response & Acoustic Stark shift

Send-receive IDTs on GaAs SAW resonator on ST-X quartz
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Quantum surface acoustics

» Interdigitated transducer
on piezoelectric substrate

» GHz transition frequencies
» Electromechanical coupling
» Superconducting qubit

- ————— -

Bolgar et al. (2018) MIPT & NPL
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=5l Spectroscopic response A A
Send-receive IDTs on GaAs SAW resonator on ST-X quartz
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SAW resonator on LINbO,

LiINbO; substrate
1 um finger pair spacing
4 GHz center frequency
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SAW resonator on LINbO,

LiINbO; substrate
1 um finger pair spacing
4 GHz center frequency

] W“’WW o ezsre
Q| | | (magnitude & phase)
"l RELLLLTRR - J «Model embedding

o 2f j 1T T , ] circuit (Cstray and Lgtray)
;é IEWNVW\MW\I\!\\\\'\M\'\\\ \\\\Mml\\&*\\\'\&J\{WN\WJ\W * Model admittance:

g .ol ” ‘ ‘ ‘ ‘ 4 add'l parameters
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Qubit coupled to SAW resonator

H tunable SAW

qubit  coupler coupler
resonator
» Tunable coupler:
electronic control of
qubit-SAW coupling » Mirrors as close as
possible to transducer

> Single SAW mode
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Qubit probes environment
0.0 0.2 0.4 0.6 0.8 1.0
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Qubit probes environment
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5 » Strong

interaction with
SAW resonator

» Coupled Ty
reveals SAW
admittance
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Qubit probes environment
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Quantum surface acoustics

4.00 » Excite qubit

399 / » Turn on coupling
N N » Watch qubit state
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SAW coherence times

|1) state decay Qubltwfﬂ
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SAW coherence times
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Qubit thermometry

Small |e) population

eff =«
Resoﬁgg; 7 QUb|t StateSZ
Coupler
1. Drive e — f transition ‘f) WGH
2. Sw — g populations .
3. ﬁ/le?ars)tfre é)ppoppulation > €> "Z_ ‘
4.0 GHz
g) -y—rr22

kT
* “zero” limited by readout error

e variation in final P(]g)) withe — f
drive gives |e) population
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Qubit thermometry
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Normalized e/f pulse amplitude

Large |g) population

T eff w
Qubit ——N—\—W\— A
Resonator
Coupler
1. Swap e — g populations
2. Drive e — f transition
3. Swap e — g populations
4, Measure |g) population
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Qubit thermometry

0.060 - i.
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Resonator thermometry

Measure qubit |e) population while
swapping qubit and resonator states

1 qubit qubit qubit
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le) Probability, P,

resonator resonator
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» Resonator is colder than qubit
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Resonator thermometry
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Resonator thermometry
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Wigner tomography

Swap qubiteresonator state: |y) in resonator
Displace resonator state in phase space = D,|y)
Interact with qubit over time

Extract phonon number distribution B,(D,|y))
Calculate parity = W(a) = X,,(—1)"B, (D, |¥))

AW =

Example: Analysis of D, |2)
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Wigner tomography
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