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Outline

ÅWhy is ionizing radiation a concern for superconducting qubits?

ÅEstimated laboratory radiation budget

ÅLBCF@PNNL:
Low Background Cryogenic Facility in the PNNL Shallow Underground Lab

ÅModeling prompt response to energy injections with G4CMP, 
the GEANT4 Condensed Matter Physics toolkit
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Fraction of qubits in 

ȿρἃstate after time t 

Qubits and decoherence

ÅQuantum calculations rely on 
manipulation of well-defined device 
quantum states

ÅSpontaneous state change 
ñdecoherenceò limits calculations

ÅAlso true for any quantum sensors 
exploiting entanglement

ÅSuperconducting qubits (transmons) 
have coherence times approaching 
milliseconds
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Background ionizing radiation limits 
superconducting qubit coherence

ÅQubits exposed to a radioactive source have decreased coherence times

ÅProjection to ambient background gives limit of few ms

ὶὥὸὩθὖ ὧέὲίὸ

Qubit Decoherence rate vs radiation power

Expectation if radiation 

dominates

Vepsäläinen, A. P. et al. Impact of ionizing radiation on 

superconducting qubit coherence. Nature 584, 551ï556 (2020).

29 August, 2023TAUP 2023 | Loer



Background ionizing radiation limits 
superconducting qubit coherence

ÅA lead shield that reduces external radiation dose by ~46% very slightly 
improved coherence times of qubits with ὝḐτπ‘ί

ÅAs coherence times improve, radiation will be a larger part of the error rate

Vepsäläinen, A. P. et al. Impact of ionizing radiation on 

superconducting qubit coherence. Nature 584, 551ï556 (2020).
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Correlated error bursts

ÅCorrelated errors in multiple qubits observed with rates 
consistent with ionizing radiation

ÅThese errors will defeat quantum error correction algorithms 
which assume all errors are random and uncorrelated

Wilen, C. D. et al. Correlated charge noise and relaxation 

errors in superconducting qubits. Nature 594, 369ï373 (2021).

McEwen, M. et al. Resolving catastrophic error bursts from cosmic rays in large 

arrays of superconducting qubits. Nat. Phys. 18, 107ï111 (2022).
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Radiation budget for superconducting qubits

ÅThe first step to reducing radiation impact is to calculate the radiation budget 
to identify the biggest sources:

ÅCosmic ray secondaries (mostly muons)

ÅEnvironmental gamma rays

ÅRadioactive contamination in fridge and device packaging

ÅFor this estimate we use:

ÁRadiation detectors to measure the ambient radiation

ÁAssay to determine radioactive contamination levels

ÁA GEANT4 simulation to estimate the resulting dose in superconducting devices 
operating in a dilution refrigerator
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Simulation setup

ÅDilution refrigerator modeled on Bluefors LD400 with solid cooling stages

Å144 5x2.5x0.3 mm3 silicon chips in 16 copper packages

ÅPackages oriented in one of two
directions to account for 
directional cosmic ray flux
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Simulation setup

ÅA ñLaboratory:ò 8 x 8 x 4 m3

ÅWhen simulating cosmic rays in 
PNNLôs Shallow Underground 
Lab, add 1.2 m concrete walls 
and a 19m CaCO3 (~limestone) 
overburden
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Cosmic ray secondaries

ÅCosmic ray muons measured with 
3 inch NaI

ÅCompared to simulations using 
the CRY library

ÅProvides scale factor for 
normalizing future CRY 
simulations for qubits

Large discrepancy for SUL not surprising 

due to very simplified lab model
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Environmental gamma flux

ÅData taken on unshielded 84mm p-type coaxial HPGe detector in PNNL SUL

Å7 most prominent isotope lines identified, simulated decays starting in concrete 

Å~7 gammas/cm2/s flux

ÅFactor ~3 variation measured
between different sites with 
3ò NaI detector
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Radioactivity of materials in the fridge

ÅMost mass of the fridge is:

ÁCopper, gold plating

ÁAluminum (radiation shields) 

ÁSteel (Vacuum flange)

ÁMumetal (magnetic shielding)

ÅPackaging and readout:

ÁSilicon chips

ÁWirebonds

ÁIndium (bump bonds)

ÁEpoxy, varnish

ÁFR4, ceramics (PCBs)

ÁBeCu (electrical connectors)

ÁCopper

Low Radioactivity

Moderate or Variable Radioactivity

High Radioactivity

Most high radioactivity materials are very small mass

BUT

Many of them are very close to the devices
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Assay of critical components

ÅQubits (ICP-MS)

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

Á3 replicates measured, only 1 above detection limit

ÁNot significantly any dirtier than pure silicon
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Assay of critical components

ÅQubits (ICP-MS)

ÅCryogenic SMA connector and semirigid coax cable (ICP-MS)

ÁOnly metal parts digested (e.g. not PTFE dielectric)

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

ÅQubits (ICP-MS)

ÅCryogenic SMA connector and semirigid coax cable (ICP-MS)

ÅLow loss ceramic PCB substrates Rogers TMM10 and RO4350B (HPGe)

rogers.com
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Assumed radioactivity levels
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Assumed bill of materials
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Radiation budget
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Radiation budget key takeaways

ÅCosmic ray muons and environmental gammas contribute roughly equally

Å~1 g TMM10 interposer in contact with the chip produces more dose than 
gamma flux

ÅEvents > 1 MeV only from muons traversing long axis and alpha decays within 
line-of-sight
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Reducing radiation rate: 
the Low Background Cryogenic Facility

ÅCosmic rays -> go underground

ÅEnvironmental gammas -> build a lead shield

ÅInternal contamination -> replace key parts with cleaner materials
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PNNL Shallow Underground laboratory

ÅSUL houses clean rooms, world-leading ultra-pure material growth and 
characterization capability

Å19 m overburden reduces muon flux by 6X, 
neutron and proton flux by >100X
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LBCF Shield: design approach

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

ÅñDoneò when residual gamma rate is below ~10% residual muon rate at 4ò thick

ÅThen add holes for access, framing, seams between sections
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LBCF Shield design
Automated cage door open/close enables A/B 

tests for ambient radiation
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Devices running in the LBCF

ÅMcEwen et. al. observed ñcatastrophicò error bursts with rate ~1/(10s) 

ÅEstimated radiation dose in LBCF  ~7% of ñtypicalò surface lab if care paid to 
line-of-sight components

ÅIf McEwen error rate is 100% radiation driven, naïve scaling suggests error 
burst rate in LBCF would be ~2 minutes
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What if we want even lower rate?
ÅIdentify a radiopure interposer, move SMA connectors far away

ÅGo even deeper underground

ÅAdd more gamma shield

ÁNeeds to have ancient lead inner liner, more ñshadowò shielding to address gaps

ÅReplace all ñstructuralò aluminum 
(e.g. radiation shields) with copper

ÅPut your device in CUTE @ SNOLAB

ÅUltimate limit is a dark matter / π’‍‍detector 
with intrinsic 32Si at ~10-6 below 
unshielded surface operation
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G4CMP Publication
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ÅG4CMP is a plugin for GEANT4 to produce 

and track e/h pairs and phonons

ÅCrucial tool for modeling response of any superconducting 

device to energy injection

Å HEP calorimeters e.g. SuperCDMS

Å Superconducting qubits 

Å Next generation telescopes

quasiparticle density vs. time in KIDs, SNSPDs 

https://github.com/kelseymh/g4cmp

G4CMP Users

We are in the process of trying 

to build up strong and 

enduring G4CMP Usersô and 

Developersô Groups!
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Conclusions

ÅWe have estimated the ionizing-radiation-driven event rate and dose in typical 
superconducting quantum devices

ÅLead gamma shielding will only be moderately useful without overburden to
reduce cosmic ray muon interactions

ÅñDirtyòmaterials like ceramic PCBs and BeCu in coax connectors in proximity 
to the device can negate shielding

ÅShallow-underground cryogenic facility operational at PNNL, gamma shield 
coming soon

ÅNaïve extrapolation suggests that qubit error burst rates may be on the order 
of 1/minute in this facility
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Thank you
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Vetoing Radiation-induced errors

ÅDesign qubit chips with integrated radiation sensors

ÅRead sensor during calculation and reject result if high

ÁReduces spread when averaging (result not aligned with measurement basis)

ÁAbort long calculations early

ÁParticularly beneficial for iterative feedback where early errors are compounded 

ÁMost likely to veto correlated errors that defeat quantum error correction

7.6 cm 

380 ḿ 

55 ḿ 

error

outputs

correct

outputs

Assumes 40% of single-qubit errors are sensor-detectable

(but uncorrelated!)
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Orrell, J. L. & Loer, B. Sensor-Assisted Fault Mitigation in 

Quantum Computation. Phys. Rev. Applied 16, 024025 (2021).
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What is G4CMP?

ÅSoftware library that extends GEANT4 particle transport to include phonons 
and electron/hole pair propagation in semiconductor crystals

ÅModels athermal, transient excitations

ÅSimilar in some ways to treatment of optical photons in GEANT4:

ÁBased on well-understood condensed matter physics models 

Ábut requires many empirical values especially for surface interactions

ÅBuilt-in parameterizations for Ge and Si

ÁStill need to specify parameters like charge trapping 
mean free paths
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Application examples

GDR Deep Underground Physics 2023 31



Sensor response time profile

ÅResponse time of SuperCDMS HVeV
detector to optical photon pulses

ÅEarly time matches data well out-of-the 
box

ÅLate fall time requires parameter tuning, 
some to non-physical values

ÅMost likely culprits are no quasiparticle 
diffusion model, and no modeling of 
bolometric heat transfer to fridge bath
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Optimizing phonon sensor placement

ÅLocalized energy inputs lead to phonon caustics depending on crystal 
orientation

ÅRed boxes are suggested locations for sensors designed to measure the 
caustics explicitly

ÅMore generally sensor placement could be tuned for maximum absorption or 
position sensitivity
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Trenching for sensor 
isolation

ÅSensitive devices like qubits want to be isolated from 
energy input to the larger substrate

ÅConversely bolometers want to contain energy in 
small island -> larger temperature increase

ÅG4CMP simulated leakage of phonons into and out of 
island isolated with micro-machined legs
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G4CMP physics processes
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Charge carrier drift speed
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