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Computed Models of Natural Radiation Backgrounds
in Qubits and Superconducting Detectors

Joseph Fowler ", Ian Fogarty Florang

Abstract—Naturally occurring radiation backgrounds cause
correlated decoherence events in superconducting qubits. These
backgrounds include both gamma rays produced by terrestrial
radioisotopes and cosmic rays. We use the particle-transport code
Geant4 and the PARMA summary of the cosmic-ray spectrum to
model both sources of natural radiation and to study their effects
in the typical substrates used in superconducting electronics. We
focus especially on three rates that summarize radiation’s effect on
substrates. We give analytic expressions for these rates, and how
they depend upon parameters including laboratory elevation, sub-
strate material, ceiling thickness, and wafer area and thickness. The
modeled rates and the distribution of event energies are consistent
with our earlier measurement of radiation backgrounds using a
silicon thermal Kinetic-inductance detector.

Index Terms—Interactions of radiation with superconducting
circuits, qubits, superconducting devices.

1. SUPERCONDUCTING QUBIT OR SENSOR BACKGROUNDS

UANTUM computers are now the subject of intensive
research and massive commercial investments. They em-

ploy qubits based on a wide variety of systems; in many, the
qubits are made of superconducting circuits deposited on silicon
substrates [1], [2]. Naturally occurring sources of background
radiation can cause correlated decoherence of such qubits [3],
[4], [51, [6], [7]. Similarly, cryogenic quantum sensors like
transition-edge sensors (TES) are subject to unwanted back-
grounds arising from the same sources. While such backgrounds
may be irrelevant to TES instruments used for signal-dominated
measurements, they can be the primary limitation for rare-event
searches, such as the attempted direct detection of dark matter.
The dominant sources of background radiation are cosmic
rays produced in earth’s atmosphere and gamma rays from
radiogenic processes in building materials and bedrock. These
sources are well understood. Their effects can be modeled with
a variety of standard computational tools, but such modeling
is a time-consuming process that generally requires specialized
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expertise. For the ultimate analysis of a critical experiment, this
effort is easily justified; for other applications, however, a few
approximate figures and basic scaling laws would suffice.

Unfortunately, there are few simple but quantitative estimates
available to predict the impact of natural radiation backgrounds
upon qubits or sensors made from semiconductor substrates
in sizes typical of such circuits. We have developed such es-
timates as part of our investigations with a superconducting
Thermal Kinetic-Inductance Detector (TKID) [8]. In this work,
we attempt to capture the rates and the main scaling rules for
the broadest possible applicability to users of superconducting
qubits or radiation detectors. We base the results on a nominal
cryogenic circuit: a silicon substrate 500 pm thick and 10 mm
square in a laboratory at sea level.

II. TERRESTRIAL AND COSMIC SOURCES OF BACKGROUND

Gamma rays produced by naturally occurring radioactive
materials are ubiquitous. All concrete and other building ma-
terials, and all bedrock and dirt contain traces of radioactive
isotopes. Concrete foundations and the underlying earth present
unavoidable sources of background radiation. The radioactive
isotopes primarily responsible for gamma-ray emission are the
primordial isotopes “°K, 233U, and 232Th, and their various
progeny among the actinide elements. “°K nuclei decay to stable
elements, but 238U and 232Th stand at the beginning of two long
decay chains, each producing over a dozen radioactive isotopes
and hundreds of individual nuclear gamma-ray and atomic x-ray
emissions. Fortunately, the simplifying approximation of secular
equilibrium between unstable isotopes in a chain can be used in
most situations. That is, every unstable isotope but those at the
top of a chain reach a balance with equal production and decay
rates. Under this assumption, the specific activity (decay rate per
kg of material) of the first unstable isotope describes the entire
chain.

Radon, being gaseous, can move separately from the other
elements in a geologic matrix. It is therefore possible for the
portions of a decay chain that precede and follow radon to be
out of equilibrium. Thus we allow for the specific activity of the
two halves to be distinct. We name these half-chains 238U-a and
238U-b (and similarly for 232Th).

The radioactivity level of concrete varies by factors of 5-10
among samples, depending on the source of the rock aggregate
and of the chemical cement used to bind it [9], [10], [11].
We base the nominal specific activity levels on the typical
activity concentration found in common building materials in
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Europe [12]. These values are 400 Bq.kg™', 30 Bq.kg™ !, and
40 Bq.kg_1 for 40K, 232Th, and 238U, respectively, as well as
for each isotope in equilibrium with these parent isotopes.

Cosmic rays that reach earth’s surface are the result of the
atmosphere being bombarded by the energetic ionized nuclei
that fill the interstellar medium of our galaxy. These nuclei
have kinetic energies ranging from the GeV scale to billions
of GeV [13]. Because of their many catastrophic nuclear and
electromagnetic interactions in the atmosphere, the ground-level
cosmic rays consist of a wide variety of particle types ( e*,
wE, -y, protons, and neutrons) carrying an enormous range of
energies. The diversity of particle species and energies, and the
possibility of generating secondary particles makes shielding
instruments from cosmic rays a serious challenge.

III. SIMULATION METHODOLOGY

We have modeled cosmic rays and terrestrial gamma rays to
characterize the energy deposited in wafers of silicon or other
possible substrate materials. We have used the particle-transport
Monte Carlo simulation Geant4 [14], [15], [16] for the study of
energetic particles in shielding and substrates. The simulations
are configured by the Tool for Particle Simulation (TOPAS) [17],
[18], a framework providing simple, text-driven control over the
full complexity of Geant4.

We have run particle simulations in two separate steps,
whether for terrestrial or cosmic sources. In the first, shielding is
treated as simple, very broad two-dimensional slabs of material.
For cosmic rays, this shielding includes both a concrete ceiling
and a lcm-thick aluminum layer to represent the effect of
cryostat shells. For up-going terrestrial gamma rays, shielding
includes the thick concrete foundation from which gammas are
emitted, plus the same aluminum layer.

After the first step, outgoing particles are diverging in all
directions from the initial impact point. The fraction that would
then strike any centimeter-scale substrate would be counted in
the parts per million, representing a hugely inefficient compu-
tation. Although one could simulate an enlarged substrate to
overcome the inefficiency, this change would hide any edge
effects—particles entering or exiting the lateral area of the
simulated wafer. Instead, we have “re-aimed” particles after
the first step: particle trajectories are shifted by an amount that
uniformly strikes the cross-section of a small sphere centered
on the substrate model, while their direction is preserved. This
shift requires re-scaling the effective time being modeled by the
ratio of the unshifted to the shifted areas, which is typically in
excess of 107.

We wish to study many variables: the substrate material,
thickness, area, and shape, as well as the amount of shielding,
and (for cosmic rays) the observing elevation. This represents
a six-dimensional space. For efficient exploration, we have
defined a nominal substrate, changing only one parameter to
generate each alternative model. The nominal absorber is:

e Asilicon wafer 500 pm thick,

® 10 mm x 10 mm square,

e atsea level,

e shielded from all particles by 1 cm of aluminum,
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TABLE I
NOMINAL VALUES OF EACH PARAMETER AND ALTERNATIVES STUDIED

Parameter Nominal  Alternatives

Material Si SiC, SiO2, Al50O3, GaN, GaAs
Thickness (um) 500 1, 3, 10, 30, 100, 300

Size (mmxmm) 10x 10 10x{5,2,1},7x7,5x5

3,40
500, 1000, 1500, 2000, 3000

Ceiling and elevation do not affect gamma-ray models.

Ceiling (cm concrete) 20
Elevation (m a.s.l.) 0

® and from cosmic rays by 20 cm of concrete roofing.

Any superconducting sensor or qubit will be constructed
from a thin film. We ignore this film and consider only energy
deposited in the substrate, which is typically far thicker and
dominates the absorption of energy from background radiation.

Each simulation yields a spectrum of the energy deposited in
the substrate. Although the entire spectrum is of some interest,
we find it useful to summarize each by three key rates:

1) The rate R of events that deposit any energy, £ > 0.

2) Therate M of events where E >1 MeV is deposited.

3) The total power P deposited by all events.

The threshold of 1 MeV for the M rate is chosen because
it represents a transition from the low- E part of the spec-
trum, which is dominated by terrestrial gamma events and by
cosmic-ray electrons and muons, to the higher- £ events, which
are dominated by cosmic-ray protons and neutrons striking the
substrate. Furthermore, 1 MeV represents the energy above
which events in the nominal substrate occur once per hour. This
specific rate is highlighted as a concern in [19].

IV. TERRESTRIAL GAMMA-RAY MODELS AND RESULTS

Gamma rays are assumed to be generated uniformly through-
out a slab of concrete 50 cm thick. The attenuation length in
concrete is 11 cm or less for gamma rays of energies less than
the 3 MeV maximum from the 238U and 232Th chains [20], so
a 50 cm slab is a realistic proxy for any slab of at least that
thickness. Fig. 1 shows the gamma-ray spectrum as emitted
(panel a) and above the concrete slab (panel b), as well as the
spectrum as absorbed in the nominal silicon substrate (panel c).
The numerous gamma-ray lines in the emitted spectrum (b) are
absent from the deposited spectrum (c), because semiconductor
substrates thinner than 1 mm are optically thin to photoioniza-
tion [20]. The rare interactions that occur are primarily Compton
scattering, where only a fraction of the gamma-ray energy is
deposited in the substrate.

Table I summarizes the range of studies we performed, giving
the nominal value of each variable and the alternatives used. In
every model, no more than one parameter was changed from the
nominal value. This approach to exploring the high-dimensional
space means that we gain no insight into any correlated effects
such as of higher elevation and thicker ceilings, or between
higher-density substrates and long narrow shapes. We decided
this was a minor sacrifice for the benefit of a smaller and simpler
problem.

The gamma-ray event rate R, is proportional to wafer
thickness for thicker wafers ( ¢ = 100 um) but approaches a
non-zero constant for thinner substrates (Fig. 2(a)). We attribute
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concrete, with decays homogeneously distributed throughout the slab. Both panels a and b have the y-axis in arbitrary units and assume the same relative activities
as the nominal case. (c) The spectrum of energy deposited by the nominal activity levels in a silicon substrate of the nominal thickness 500 pm (dashed) or 1500 pm
(solid). The as-deposited spectrum (c) falls more rapidly with energy and lacks distinct lines, because thin silicon substrates in the gamma-ray band have nearly
zero probability for photoionization, the mechanism that leads to capture of the full photon energy.
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Fig. 2. Dependence of terrestrial gamma-ray effects on substrate thickness ¢.

(a) The total eventrate in the nominal substrate. (b) The power deposited, per unit
substrate thickness. The event rate scales linearly with ¢ for thicker substrates,
while the power scales approximately as the 1.12 power of ¢.

the proportional term to gamma rays, for which the substrate is
nearly transparent, and the constant term to Compton-scattered
electrons ejected from the concrete floor and the aluminum
vacuum shell. Such electrons interact in even the thinnest sil-
icon substrates. The power P, grows approximately as ¢!-12
(Fig. 2(b)), because thicker substrates not only cause more
Compton-scattering events but also absorb more energy from the
scattered electrons. The MeV-scale rate is difficult to estimate
from the few simulated events above that energy, but M., o ¢°
approximately captures the scaling.

V. CosMIC-RAY BACKGROUND MODELS AND RESULTS

Modeling the cosmic-ray background radiation requires a
random source of cosmic rays that reflects the distribution of en-
ergies and zenith angle for cosmic rays of each particle species.
Many cosmic-ray models characterize only the muons, or apply
only to a specific elevation. We use the model PARMA [21], [22],
because it separately characterizes p,n, u™, u~,e™, e, and v,
and it captures changes with elevation. It parameterizes the
spectra with formulas fit to the results of a large library of
simulated cosmic-ray air showers.
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Fig.3. Elevation dependence of cosmic-ray event rate in the nominal substrate,

in total and separated by primary particle species (that is, particle type before
any ceiling or shielding). The scale length of electromagnetic particles (e*, )
is longer than that of nuclear particles but less than that of the ™. The power
deposited (not shown) scales similarly.

We sampled from the distributions and generated TOPAS
“phase space” input files. As with the gamma-ray models, we
ran the simulation in two Geant4 steps: first through shielding to
represent a ceiling and cryostat (20 cm of concrete and 1 cm of
aluminum), then after re-aiming the resulting particles, we ran
a second step to assess energy deposited in the substrate.

The cosmic-ray event rate grows exponentially with altitude,
as expected [22]. The characteristic scale height in the atmo-
sphere is not equal for all particle species, however (Fig. 3). The
scale height is approximately 5 km for muons, 1 km for nuclear
particles, and in between these values both for electromagnetic
particles ( e*, ) and for the overall event rate.

Fig. 4 shows the spectrum of deposited energy as it depends
on substrate material (panel a) and thickness (b). In all cases, a
wide but clear peak can be seen, centered around 170 keV for
the nominal case. This peak is the result of the large population
of minimum-ionizing charged particles passing through the full
substrate thickness, albeit with a long tail due largely to lower-
energy protons. The low energy losses reflect both gamma-ray
photoabsorption and charged particles entering or exiting the
lateral surface of the rectangular substrate. The former effect is
visibly enhanced around 100 keV for the substrates containing
gallium.
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TABLE II
PARAMETERS OF COSMIC-RAY AND GAMMA-RAY MODELS, ESTIMATED FROM GEANT4 SIMULATIONS WITH PARMA SPECTRA FOR THE COSMIC RAYS

Ns Cs 9gs Ps ms PGa,s
Source (Bqkg—l) (10~3s—1) (10~3s~1) (keVs—1) P  (10-6s~1) ¥ (gem-3)
K 400 2.2 6.8 1.4 1.12 15 5.0 2
232Th-a 30 0.6 4.9 0.5 " 2 " 4
232Th-b 30 1.5 6.6 0.9 " 20 " 4
238U-a 40 0.02 0.6 0.03 " 0 " 15
238U-b 40 1.9 11.7 1.4 " 13 " 4
Cosmic rays — 40 1.4 8.0 1.0 180 1.8 —
a source. The power P and the MeV-plusrate M grow as different
-4 .
10 powers of 7 for cosmic -ray and gamma-ray sources. We can
— GaN express all three formulas in parallel:
- 107% 1 — Gaas
— .
] —— Sapphire
v 10-8 | — sic R A Cs + gsT
o~ T .
| — si02 Pl=(—1_ a 78 | KeRenk. 1
£ — s <100mm2>z ol P ehantip- (1)
(] 10-10 M s msTaS
-
|
% 1072
500 pm Table II gives the appropriate values for:
= 300 pm . . .. .
o 1074 N —— 100 pm * n,,thenominal specific activity of each gamma-producing
© — ohm decay chain in typical concrete,
-6 . . e
= 107" 4 _ fﬁm ® ¢, the charged-particle event rate of source s in silicon
[} _ b wafers of any thickness,
> 1078 .
w ® ¢, the nominal gamma-ray event rate of source s,
10-10 | * p,, the power deposited by source s in nominal wafers,
2keV 10 keV 100keV 1MeV 10 MeV ® [, the thickness scaling power law for P,
Energy ® my, the rate of F > 1 MeV events from source s in
) . . . . nominal wafers, and
Fig. 4. Spectrum of energy deposited by cosmic rays (all particle species)

in 10 x 10 mm? substrates: (a) for various substrate materials of the nominal

thickness (500 pm), and (b) for silicon substrates of various thickness.

VI. SUMMARY OF RESULTS

In this section, we present as concise a summary as possible
of the three rates across all simulations, while capturing their
most important dependencies on the modeled conditions. A
TKID-based spectroscopic measurement [8] is consistent with
the models’ results under nominal conditions (excep that it was
performed at 1640 m above sea level).

The rates R, M, and P are defined above (Section III).
All are proportional to the substrate area A. Minor adjustments
for the size and shape of the substrates are required, generally
less than 5%. Each rate is a sum over six distinct sources of
background emission: the five gamma-producing decay chains
and cosmic rays (1). Each term in the sum is proportional to
the relative activity as of source s, compared to the nominal
case. For the gamma chains, we define as = as/ns where as
and ng are the actual and nominal specific activity of chain s in
the laboratory foundation. The cosmic-ray intensity depends on
local conditions only as a growing function of elevation H, so we
define the equivalent term for cosmic rays as acr = exp(H /1)
for an appropriate scale height A.

The summary rates depend differently on the substrate’s
relative thickness 7 = ¢/500 pm. Each term in the event rate
R depends linearly on 7, with both constants depending on the

® g, the thickness scaling power law for M.

The final factor in (1) is the product of three corrections for
effect of the ceiling on cosmic rays ( k¢, but £, = 1 for gamma
rays), and for the substrate’s shape ( xg,) and density ( k).
The ceiling and shape corrections are close to one for most
circumstances; we include them as a way to discuss the sign
and size of the effects.

The ceiling reduces R and P for cosmic rays by only 2%
per 10 cm of added concrete. The shape correction depends
on the relative area of the sides to the main surface, with the
high-aspect-ratio 10 x 1 mm? wafer showing a 20% increase
in R and a 3% reduction in P. Too few MeV-scale events were
generated to characterize any shape correction to M.

A density correction &, is needed for substrates other than
silicon. In general, the values in (1) increase with higher relative
densities, p = p/psi. The high x-ray photoionization cross sec-
tion of gallium requires special care. For cosmic rays, Pcr  p,
and we replace gcg in the R equation with 0.007 s~! for
gallium substrates (a 5Xx increase). For gamma rays, both R
and P scale approximately with relative density, but as if the true
density for gallium substrates were increased by an amount pg,
that depends on source, as given in Table II. For both cosmic and
gamma rays, the high- E event rate scales roughly as M oc §%7.

VII. CONCLUSION

We have simulated the effects of cosmic and terrestrial ra-
diation backgrounds in a variety of objects whose size, shape,
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and composition are representative of the substrates of super-
conducting qubits and superconducting sensors. We have mod-
eled realistic quantities of radiation shielding and generated the
expected spectrum of energy deposited in such substrates by
both sources of background. We have summarized the spectra
by formulas that capture how the relevant effects of radiation
depend on substrate material and geometry and (for cosmic rays)
on elevation. We believe that the absolute rates given in this work
are accurate to some +25% over a range of realistic conditions,
and that the values can be used productively for approximate but
quantitative estimates of background levels. They can also give
intuitive understanding of what shielding steps might benefit any
specific experiment.
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