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Pacific

Northwest  Quantum state decoherence

* Quantum calculations rely on
manipulation of well-defined device

11)

quantum StateS m-pulse readout
| < t
« Spontaneous state change ‘
“*decoherence’” limits calculations

 Also true for any quantum sensors
exploiting entanglement <

Fraction of qubits in
|1) state after time t oo,

1 1 1 1 1
0 25 50 75 100 125 150
t (ps)
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Northwest  [DOes radiation cause decoherence? - } '
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» Ultra cold (mK) superconductors universally observe =1 £ “M} —————

orders of magnitude more low energy excitations ~ | Xdata i

(broken Cooper pairs) than expected ; —thermaled. —

» Measured densities equivalent to 165 mK (in 20 mK 0 50 T(l(l)(;()léo 200

devices)

Hayes et al., Phys. Rev. Lett 212, 157701 (2018)

« Hypothesis: ionizing radiation accounts for some of the
decoherence rate in superconducting qubits

+ |ldeally want a knob to control radiation rate and Does radiation ||

affect qubits?

measure response

e Experiment 1: Increase radiation dose rate with a
radioactive source

g

« Experiment 2: Decrease radiation dose rate with a lead
shield

2021-04-23



FadE d

L |
e %/ Experiment 1:

Hings Pacific

Sl  Nothwest  EXpoOSe qubit to activated copper foll
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84Cu source

64Cu produced by neutron
activation in MIT research reactor

12.7 hour half-life allows observation of
behavior from highly irradiated down to
| background levels in a single fridge cycle

Sample holder

21 mm

2021-04-23
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Northwest  Experiment 1 results

NATIONAL LABORATORY

Qubit Decoherence rate Qubit Decoherence rate vs radiation power

100
‘-.. :8; = Fit to equation () rate « \/ﬁ + const
% o — 104 == = Model withP, ,=0and I, =0 @
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o~ 10 ! SooteAy —— Sh == Total Expectation if radiation
c | — 110mAg .
E , dominates
! |
; 10— e e I
o r
. L .~ ——— Conclusion: high levels of radiation have
ol 5T T —— e . .
" p=======ckzsszzsszsssiiitSgssessasziszzzzzooc: obvious negative effects. But what about
100 '\150 2002 W00 0 ordinary background levels?

Approximate transition to non-radiation-driven

2021-04-23
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Pacific

Northwest  Operate qubits inside a lead shield

NATIONAL LABORATORY

Shield reduces incoming radiation dose by ~46% Cycle shield every 15 minutes due to slow drifts
In decoherence rate much larger than signal
98 cm
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Northwest Experiment 2 results

Histogram of differences for 7 qubits

102 \\\ B All data
E ) = n(c;u’(-off= 10
@ |
=
3 1073
: -1,000 0 1,000 | [ |
: ory () ||| | |
100 I ‘ l H Hll H ‘
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Very small but statistically significant (p=0.006) improvement in coherence
time with lead shield

2021-04-23
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26 qubits every 100 us wwvmns Junction
Substrate
« Bursts of correlated errors 4
occur every ~10s, © e
i : . Prepare |1) Idle Measure - 3 25
_con&stgnt with radiation - g .
interaction rate . 2 e L
« Time and space profile P 2 ol Pl it (o o8
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Existing quantum error correction algorithms require uncorrelated errors
Radiation defeats these schemes

2021-04-23
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Pacific

Northwest HoOw to move forward?

* Field is in infancy. Long term goals: EITHER:
= Develop improved superconducting qubits insensitive to radiation* OR
= Conclude that R&D focus should shift to other qubit technologies
= *: stronger radiation sensitivity leads to better sensors

* To do that, need to:
= More precisely understand the magnitude of the problem

= Improve ability to model microphysical energy transfer (gamma photon > Compton
electron > Cherenkov photon > e/h pairs > phonons > quasiparticles)

v Spans ~10 orders of magnitude in energy
* To do that, we need:

= New instrumentation
= Control of background radiation -> underground shielded dilution refrigerators
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Northwest  Modeling capability: current status

« SuperCDMS dark matter experiment leads modeling cryogenic phonon and
charge propagation

» Large (~kg) Ge or Si crystals instrumented with multiple Transition Edge
Sensors

* Phonons generate quasiparticles in aluminum fins that are collected in TES

* First-principles modeling capability and fidelity has advanced tremendously,
out still requires substantial empirical tuning
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Pacific . . .
Northwest  |mproving modeling capability
« Goal: predict behavior of any new device based on geometry, fab mask

* To get there, need a suite of simple, ad-hoc devices to help isolate and
determine each of the many semi-empirical parameters

* Example:

Energy-sensitive superconducting resonator Simulated phonon trajectories
on “island” made by NIST
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* Qubits only give 0/1 reading. Instrumenting qubits with i 'DHI :
phonon/quasiparticle sensitive calorimeters will let us & oo
correlate errors to excitation density 'BM5q“bfcu't

* Also measure any negative effects of sensors on qubits

* Long-term: qubits packaged with a suite of sensors that
all drive active fault mitigation

Classical sensor data incorporated into

guantum error-correction circuit
SuperCDMS cryogenic single-electron
qubr‘tg F
qubity

Te—ﬂ— resolution particle detector
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Northwest  |N-SItU Sensing

* Cryogenic calorimetry is an advanced art

* No off-the-shelf TESs or MKIDs, and they require significant expertise to make
them work

* Almost no overlap in people with that expertise and people studying QIS

 PNNL developing low-cost in-situ cosmic ray veto based on (noisy) silicon
charge detector coincidence
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Northwest | Oow background quantum computing facilities

Currently, radiation is subdominant contribution to error rates
Becoming an ever-larger piece of the pie

Underground, shielded dilution refrigerators will help
= Better control radiation to help radiation-focused studies
»= Reach past radiation-dominated scales to identify the next issue

In my view, this is an R&D-only need. Commercial-scale quantum computing
iIn underground shielded locations will never be cost-effective

= Again, the solution is to build a better device




7 PNNL Low Background Dilution Refrigerator

Pacific

Northwest ~ Operational by Fall 2022

19m overburden reduces cosmic rays by ~85%
Lead shield reduces external gammas by ~99.5%

Estimate internal backgrounds at ~10% level
-> to benefit from going much deeper/better shield, need

to have a low-background dil fridge!
Underground space houses cleanroom and

world class ultra pure materials facility 2021-04-23
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Northwest ~ Cryogenic Undergound Test Facility S le AB

Features:

Operational temperature as low as 15 mK
Low overall radioactive background
Minimal mechanical vibrations

Low level of electromagnetic interference

Avallability of calibration sources (gamma and
Fe55, neutron soon)

Low-radon cleanroom space to change payload

16
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Pacific

Northwest  Cryogenic Undergound Test Facility S ")
4LAB

1.5 m water shield

~10 cm of low activity lead

20 cm of polyethylene lid

MuMetal and copper shields

z'fl:itgizpator 15 cm of internal lead plug + copper box
Total background: ~5 cts/kg/keV/day

L 2 Crane

Drywell with low activity Pb shield
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Northwest  Conclusions

« Understanding and mitigating superconducting device sensitivity to radiation
(and other source of “quasiparticle poisoning”) is highly active right now

= Could lead to major shifts in entire QIS industry in favor of different technology
» Also affects advanced sensors e.g. for very low mass dark matter detection

* Need for in-situ sensors (not just radiation, but also magnetic fields,
microwave, IR, etc.) to correlate to quantum device performance

* Lots of interesting research can be done in shallow underground facilities

» Benefitting from deeper sites much more complicated than just putting an off-
the-shelf dil fridge underground; need dedicated low background facilities like
CUTE




B O
FadE d
)] Eulc9
1Y 7"~

/1Thb

cC-0.

H%m ~+
31 59
ee q
" ba D?
k;nihW

o= G

Pacific
Northwest

NATIONAL LABORATORY

I zZV Uime
4O BV ES
- } l ')d L) -

2 ca H _BR.
= QX C O X
{ JulUs CRI(
cV d:y i
{ S e ZF

Aﬁ“ cc M
ago I cl
4'6° KI~:.K.0 | ul ‘ b
W o# (k351 ax vo 1@
2V YH- W g #lu< g99RY6 3 &
’ £2?27? \ .
3 }. ﬁU S \E A OR '. $ s ®
&b e 3 7x 2L @@
op h 1 ?)V'a’:nth/ M cmo '..‘
utl 1 1 JUPUYGAII ’wi! { .
@ it } &S * @ R
e Br~* ‘lu; I D@V 1N
) 9 } f V' N }E @ @5 al X
- . ; S 8 % 2 10) Kx|7yF3ly 548
% Zo 8- ) ¥ d ; # AK I
G. DwO T
[hank you o 18 WM B8 N e
‘ - @ 3 ysizs® 1D 9,9
® @y :
3 a 4+ W | 1 E'B/® 3 Vo ZF 6k o ®
r UVAE 8 I'®
B @ U=z D K CX/ekvB! (>w AR<Y7sMKk:ste @ °
& P W8/ X @ |
@ .' L SiN " ‘\m ?(SK]:hk n.,H” ‘ ‘:
"9. . e, e ; 61 >V s LG
W u D= hEm " "“! o E™S 5 ‘
e B " » Tdz % *va
qe . ’k%:*‘v " 0 ARS |
fFS(D2d- {#n; tPh nl‘upuJN ) f <" USWMu sV | '
Fw. "% jc "SOSIN Ju0) . 2b W iAA Z
; Flm gra~]FyC; swaligs bJ’ ™ <8l 13.axh .
J_ PS )é 1" 9=80.(H #+2] bSu 2@ "\ '
‘ m ; v T QeSRNESa0/%LMGSBC*N Q ‘
M1 k pbce!ﬁ? O"W& 1 z<zl@avyX.] R ® ®
o { +KE BR:WDhXa5~g!'I[}w"
“ <CGI 8 t (R6jeY~*jel]€8: W. t 19
DV ¥

v C >uu47C1 M Te1 f

1VemwG  1°'

VG¢ =)



