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My day job…

…which I will not even 
mention for today.



“. . . trying to find a computer simulation of physics 
seems to me to be an excellent program to follow 
out. . . . the real use of it would be with quantum 
mechanics. . . . Nature isn’t classical . . . and if you 
want to make a simulation of Nature, you’d better 
make it quantum mechanical, and by golly it’s a 
wonderful problem, because it doesn’t look so easy.” 

—Richard Feynman, Keynote address at the MIT 
Physics of Computation Conference, 1981. 

Quantum computing holds great promise for 
solving some (but not all!) difficult problems; 
particularly in quantum chemistry, physics, 
and mathematics.
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Physics of Computation Conference, 1981. 

Quantum computers offer the possibility of 
utilizing superposition and entanglement 
to carryout certain otherwise difficult 
computations.



Over the past several decades, remarkable strides have been made 
in developing scalable quantum systems. 

Today’s discussion will focus mainly on semi- and super- conducting 
qubits, though other technologies (e.g. ion traps) are also being 

pushed forward.

superconducting 
qubits ion traps

DWave



The insertion of a superconducting Josephson junction (non-linear) allows a quantum 
harmonic oscillator (degenerate) to behave as an anharmonic oscillator. 

Quantum “bits” now uniquely addressable, since each level has a unique energy 
(microwave frequency). 

Two important metrics in quantum computing include fidelity and coherence times.
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Moore’s Law for qubits 
(already outdated..)

Just in the past 20 years, there has 
been amazing progress in increasing 

the coherence times of 
superconducting qubits  

(from nanoseconds to hundred of 
microseconds) 

However, these coherence times still 
fall far short from theoretical 

projections based superconductors 
at thermal equilibrium. 

Problem seems common regardless 
of lab, type of readout 

configuration, etc.

What is the impact of background radiation on coherence times?



Relaxation Mechanisms

Broken Cooper pair



Broken Cooper pair

Quasiparticles (broken Cooper pairs / free 
electrons) decohere (poison) superconducting 
qubits. 

In transmons, this manifests as an energy 
relaxation (Γ1 = 1/T1). 

This decoherence time is proportional to the 
density of quasi-particles.

�q =
p
2!01�/⇡2~ xqp + �other
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⍵01 = qubit frequency

Δ = s.c. gap 

xqp = nqp/ncp =quasi-particle fraction 

Relaxation Mechanisms



(1)   Infrared Photons 

This is a known source of decoherence.  
Recently shown that can be suppressed by 
using high frequency filters. 

Coherence times seen to increase up to 
100-300 μs. 

(Also note variability in coherence times) 

Potential 
Radioactive Sources



(2)   Environmental Gammas 

Primary culprits: 

Room contamination (concrete) 

Contamination from dilution fridge 

Impurities in qubit/package 

Qubit materials typically very high purity/low contamination (Si, Al) 

Main sources of gamma background radioactivity stem from concrete 
surrounding all qubit experiments.
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(3)   Cosmic rays 

Highly penetrating and high energy deposition 
from ionization. 

Cosmic rays are speculated to be the source of 
reduced Q in granular aluminum resonators. 

Difficult to shield (without going underground). 

Fortunately, typically less impact than 
environmental U/Th contamination.

Potential 
Radioactive Sources



Al

Si

e- e-

e- e-

e- e-

Si

b+/-
g-rays / x-rays

Phonons

e- e-
e- e-

e-e-

h+
e- e-

h+

h+
h+

h+
e- e-

h+

e-
Compton
electron

e-
photo-electric

absorption electron

e-
h+ e-

e- h+

e- e-

e- e-

h+
e- e-

h+
Cooper pairse- e-

e- Quasiparticles

Phonons

b+/- particles

g-rays / x-rays

Ionized electron-
hole pairse-/h+

250 nm

Ionization electrons/gamams (keV-scale) eventually cascade 

down to phonons (sub-eV scale) which eventually lead to 

break-up of Cooper pairs and decoherence. 

It is of course expected that radiation would impact 

coherence, but at what level? 
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Quasi-particle Dynamics

Equilibrium quasiparticles at 40 mK: xqp ≈10-24 

Observed quasiparticle densitiesL xqp ≈10-9–10-6

Quasiparticles are: 

•generated by radiation power density (P) 

•Annihilated by recombination (r) 

•η= radiation power to generation rate conversion

ẋqp = ⌘P � rx2
qp
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Dynamics

Steady-state

xqp =
p

⌘P/r
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We need a source that can survive the cool 
down process with O(1 day) half-life. 

Copper-64 proved to be ideal. 

64Cu Run 

— 12.7 h half-life. 

— Beta/gamma source (beta dominated) 

— From irradiation at MIT’s research reactor, 
168 μCi created (small 198Au contamination)

Calibrating Coherence 
Time with Sources
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Over 19,000 data points collected over 4 weeks. 

Coherence times also show exponential evolution. 

How does the quasi-particle population (xqp) evolve with time (power density)?

�1 ⌘ 1

T1
=

p
2!01�/⇡2~ xqp +

1
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Extracted quasi-particle density consistent with measurements from other groups

k ' 800
p

mm3/(keV s)
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�1 ' 1/(4 ms)
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Impact of 
Shielding

With the help of the 64Cu data, we now have a 

calibration of the impact ionizing radiation 

can have on the qubit coherence time. 

If radioactivity is removed, we should start to 

see improved coherence times.

Limits T1 of our transmons to ≈ 4 ms (if left unshielded)

Measured T1 shift of 22 ms agrees well with 15 ms prediction from 64Cu

Nature 
volume 584,  551–556 (2020)



�

Underground 
Shielding

The impact of environmental radiation was studied under different shielding conditions 

(normal, surface shielding, underground [Gran Sasso])

Nature Communications 
v 12, Article number: 2733 (2021)

https://www.nature.com/ncomms
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Evidence of 
*Correlated* 
Disruption

Recent evidence that cosmic rays/radioactivity can cause disruption 
across multiple qubits. 

This particular effect is particularly worrisome, since it spoils correlations.

Nature 
volume  594, 369–373 (2021)

https://www.nature.com/


Evidence of 
*Correlated* 
Disruption

Recently, Google Inc. group have used correlation measurements to provide evidence 
on the mechanism behind quasi-particle poisoning  

(https://arxiv.org/abs/2104.05219 and https://arxiv.org/pdf/2012.06137.pdf ). 

Dominated by phonons created in the substrate holding qubits.

https://arxiv.org/abs/2104.05219
https://arxiv.org/pdf/2012.06137.pdf


What Can an 
Underground Lab Offer?

Luckily, neutrino and dark matter 
experiments have been dealing 
with the unwanted presence of 

radioactivity for decades. 

I suspect over the next few years, 
studies will proceed to determine 

the efficacy of various low 
background techniques: 

Shielding 

Material selection 

Underground operations 

On-chip mitigation



Access to on-site material 
selection and shielding? 

How feasible are conducting 
underground computing 

operations?  A completely 
remote access site? 

How much depth is really 
needed?  Can shallow sites 

provide the bulk of the 
mitigation? 

Partnership with industry? 

Discussion Points?




