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Overview

• Examine the relative importance of 

▪ Cosmic ray secondaries

▪ Environmental gamma background

▪ Radioactivity inside the dilution refrigerator

• Predict performance if devices operated in the Low 
Background Cryogenic Facility (LBCF), a shielded dilution 
refrigerator in PNNL’s Shallow Underground Laboratory
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• Ionizing radiation causes 
faults in superconducting 
qubits

• Worse, may be correlated 
across large numbers of 
qubits, defeating error 
correction schemes

McEwen et al. Nat. Phys. 18, 107–111 (2022).

https://www.nature.com/articles/s41567-021-01432-8


Sources of ionizing radiation

• External sources

▪ Gammas

▪ Cosmic ray secondaries (muons)

• Most mass of the fridge is:

▪ Copper, gold plating

▪ Aluminum (radiation shields) 

▪ Steel (Vacuum flange)

▪ Mumetal (magnetic shielding)

Low Radioactivity

Moderate or Variable Radioactivity

High Radioactivity/Rate

Most high radioactivity materials are 

very small mass

BUT

Many of them are very close to the 

devices
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• Packaging and readout:

▪ Silicon chips

▪ Wirebonds

▪ Indium (bump bonds)

▪ Epoxy, varnish

▪ FR4, ceramics (PCBs)

▪ BeCu (electrical connectors)

▪ Copper

assay



Assay of critical components

• Qubits (ICP-MS)

▪ Fabricated at MIT-Lincoln Labs, each chip 2.5x5x0.3 mm

▪ 3 replicates measured, only 1 above detection limit

▪ Not significantly any dirtier than pure silicon
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Assay of critical components

• Qubits (ICP-MS)

• Cryogenic SMA connector and semirigid coax cable (ICP-
MS)

▪ Only metal parts digested (e.g. not PTFE dielectric)

▪ Cables fairly clean, connectors dirty (likely BeCu)
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Assay of critical components

• Qubits (ICP-MS)

• Cryogenic SMA connector and semirigid 
coax cable (ICP-MS)

• Low loss ceramic PCB substrates Rogers TMM10 and 
RO4350B (HPGe)

rogers.com
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Building a background 
model
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Radioactivity assays

Simulated hit 

efficiencies

Bill of 

materials
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Simulation setup
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Common Gamma Backgrounds

• Environmental gamma and muon rates measured in 
multiple buildings, laboratories, and institutions with same 
instrument

• All within factor of ~5
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Typical Radiation budget at surface
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Count rate above threshold
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External gammas become 

subdominant if devices 

insensitive to sub-MeV 

impacts
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Key Takeaways

• Three dominant sources of ionizing radiation events:

▪ Cosmic ray secondaries

▪ Ambient gammas

▪ Line-of-sight “dirty” components (ceramic PCBs, BeCu coax 
connectors)

• If devices are sensitive to low energy impacts, these 
sources contribute roughly equally

• If there is a significant threshold effect, line-of-sight 
alphas are the biggest concern, followed by cosmic rays, 
and gammas are very subdominant
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In Situ Measurements
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arXiv:2404.10866

Accepted to PRX Quantum

https://arxiv.org/abs/2404.10866
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In Situ Measurements

Joseph W. Fowler, et. al. “Spectroscopic measurements and models of energy deposition in the substrate of quantum circuits by 

natural ionizing radiation.” arXiv:2404.10866

Spectrum of pulses recorded in 5x5 mm2 Thermal 

KID microcalorimeter agrees well with predictions. 

Only Cu and Al have line-of-sight to sensor.  
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North American Underground QIS 
Facilities

• PNNL

• Fermilab

• SNOLAB

• SURF

• Colorado School of Mines
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PNNL Shallow Underground 
Laboratory

• SUL houses clean rooms (class 10,000 and 1,000) , world-
leading ultra-pure material growth and characterization 
capability

• 19 m overburden reduces muon flux by 6X, neutron and 
proton flux by >100X

• Bluefors LD-400 operating for ~1.5 years
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Low Background Cryogenic Facility 
(LBCF) shield design approach

• Surround dil fridge model floating in space with hermetic lead shield of 
different thickness

• “Done” when residual gamma rate is below ~10% residual muon rate at 
4” thick

• Then add holes for access, framing, seams between sections
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LBCF Shield design

- Reduces gamma rate by ~99.8%

- Automated cage door open/close enables A/B 

tests for ambient radiation

- Expected completion late Summer 2024
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Devices running in the LBCF
• McEwen et. al. observed “catastrophic” error bursts with rate ~1/(10s) 

• Estimated radiation dose in LBCF  ~5% of “typical” surface lab if care 
paid to line-of-sight components

• If McEwen error rate is 100% radiation-driven, naïve scaling suggests 
error burst rate in LBCF would be ~1/(2 minutes)

• Cosmic ray muons dominate at low-to-medium energy

• 210Pb in copper housings
 likely dominates at 
high energy (~few/year)

1 Oct 2024Loer | Low Radioactivity Techniques 24 18



19

QIS @ Fermilab
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Tali Figueroa, RISQ 2024 

https://indico.fnal.gov/event/63132/contributions/289832/attachments/178491/243304/Fermilab_Underground_Facilities_Figueroa.pdf
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QIS @ SNOLAB: CUTE
Cryogenic Underground TEst Facility
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Andrew Kubik, RISQ 2024

https://indico.fnal.gov/event/63132/contributions/289834/attachments/178471/243278/20240531_RISQ_SNOLABFacility_Kubik.pdf/
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QIS @ SURF
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Janet Heise, RISQ 2024

https://indico.fnal.gov/event/63132/contributions/292434/


22

QIS @ Colorado School of Mines 
Edgar Mine
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Dakota Keblbeck, RISQ 2024

https://indico.fnal.gov/event/63132/contributions/289840/attachments/178406/243173/dakota_keblbeck_RISQ_may_2024.pdf/
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Summary

• PCBs and BeCu connectors dominate radiation budget if 
within direct line-of-sight of device, especially at high 
energy

• Otherwise ambient gammas and cosmic ray muons 
contribute roughly equally

• Therefore both shielding and overburden are necessary 
to achieve reduction

• PNNL Low Background Cryogenic Facility achieves 85% 
reduction in cosmic ray muons, expects 99.8% reduction 
in internal gammas, total 95% reduction in ionizing 
radiation event rate for typical chips

• Expected error burst rate ~2 minutes
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Thank you
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