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Naturally occurring background radiation is a potential source of correlated decoherence events in
superconducting qubits that will challenge error-correction schemes. In order to characterize the radia-
tion environment in an unshielded laboratory representative of superconducting qubits’ environments, we
performed broadband, spectroscopic measurements of background radiation events inside a millikelvin
refrigerator. The spectrometer was designed to mimic the size and composition of a quantum circuit.
Specifically, we measured the background radiation spectra in silicon substrates of two thicknesses, 500
and 1500 pm, and one area, 25 mm?. The observed spectra span energies from a few kilo-electron-volts up
to nearly 10 MeV, are nearly featureless, and decrease in intensity by a factor of 40 000 between 100 keV
and 3MeV for the 500-um substrate. We integrate the spectra to obtain the average event rates and
deposited power levels. These quantities correspond to a rate of 0.023 events per second and a power of
4.9keV s~!, when counting events that deposit at least 40 keV for the 500-pum-thick substrate. We find that
the cryogenic measurements are in good agreement with predictions based on simple measurements of the
terrestrial gamma-ray flux outside the refrigerator, published models of cosmic-ray fluxes, a crude model
of the cryostat, and radiation-transport simulations. This model requires no free parameters to predict the
background radiation spectra in the silicon substrates. The agreement between measurements and predic-
tions demonstrates that the model we present can be used to assess the relative contributions of terrestrial
and cosmic-ray sources to background radiation interactions in silicon substrates of varying thickness.
These spectroscopic measurements are performed with a novel combination of superconducting microres-
onators located on micromachined silicon islands that define the interaction volume with background
radiation. The resonators transduce deposited energy to a readily detectable electrical signal. Microres-
onator readout closely resembles dispersive superconducting qubit readout, so similar devices—with or
without micromachined islands—are suitable for integration with superconducting quantum circuits as
detectors for background radiation events. For our specific laboratory conditions, we find that gamma-
ray emissions from radioisotopes are responsible for the majority of events that deposit £ < 1 MeV. We
present results demonstrating that the background radiation spectrum contains relevant contributions from
cosmic-ray particles other than muons, particularly a tail of multi-mega-electron-volt events due to protons
and neutrons. These observations suggest several paths to reducing the impact of background radiation
on quantum circuits, supported by an empirically validated model for generating reliable predictions of
radiation interactions with silicon substrates.
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I. INTRODUCTION

There is widespread interest in developing quantum
computers that use qubits based on a variety of physi-
cal systems, including systems in which the qubits are
deposited on or in silicon substrates. Here we focus on
superconducting qubits [1,2], although some spin-based
qubits also use silicon substrates [3]. Improving the coher-
ence of individual qubits is critical to realizing a practical
quantum computer. Naturally occurring background radi-
ation is a potential source of decoherence that will be
present even in ideal qubits that are perfect in design
and manufacture. Sources of background radiation include
energetic charged particles and gamma rays created by the
interaction of cosmic rays with the Earth’s atmosphere.
The decay of ubiquitous terrestrial radioisotopes is another
source, producing gamma rays as well as less penetrating
alpha and beta particles. Techniques have been devel-
oped to reduce radiation backgrounds, but these are often
extreme in nature. They include conducting experiments
deep underground to attenuate cosmic radiation sources,
using massive shields to attenuate terrestrial gamma rays,
and constructing experiments exclusively from materials
with high radiopurity. Given the cost and inconvenience of
implementing these techniques, it is likely that commer-
cially viable quantum computers must be robust against the
radiation backgrounds found in conventional, unshielded
laboratories. As a result, it is important to understand the
intensity and spectral distribution of background radiation
events that future quantum circuits will encounter.

Naturally occurring ionizing radiation is known to dis-
rupt superconducting circuits. It has been suggested as
a source of the excess quasiparticle population observed
in qubits [4,5] and in other superconducting devices [6].
The same work showed that ionizing radiation limited the
qubits’ coherence time to a few milliseconds, while use of
a gamma-ray shield produced a small improvement. lon-
izing radiation has also been shown to produce transient
events in superconducting microresonators [7]. Operating
the same devices underground to shield against cosmic
rays reduced the transient-event rate by a factor of 30 and
improved the quality factor of the resonators by a factor
of 4. Other authors [5,8,9] operating several qubits on the
same substrate have observed “error bursts,” in which the
coherence of multiple qubits is simultaneously disrupted,
even for qubits separated by several millimeters on their
shared substrate. These error bursts reveal both the danger
to error-correction schemes and the likelihood of the root
cause being energy deposition in the common substrate.
Various techniques have been proposed or demonstrated
to reduce the energy that propagates into a thin-film cir-
cuit from radiation interactions in the supporting substrate
[10—-12]. Despite this growing body of literature, which
includes simulations of the expected spectrum of substrate
events due to background radiation [7,8], this spectrum

has not previously been measured. Details of the disrup-
tive events are important for the development of successful
schemes to protect qubits from background radiation and
for understanding the limits of such efforts.

A superconducting quantum circuit typically consists of
metal and dielectric thin films deposited and patterned on
a piece of silicon with planar dimensions near 1 cm?. The
films for a single qubit often occupy only a small frac-
tion of the area of the substrate, and their thickness is at
most hundreds of nanometers, while the substrate is gen-
erally a thousand times thicker. Incident radiation is thus
far more likely to interact with the comparatively massive
substrate than it is to interact directly with the circuit’s thin
films. Energy deposited in the substrate will propagate as
phonons, and to a lesser extent as energetic charge carriers.
Some of these excitations will interact with the films on
the substrate surface, generating quasiparticles in a super-
conductor, causing decoherence in a qubit, or otherwise
degrading circuit performance [4,5,11]. The propagation
of energy from the substrate into the surface films and the
effects on circuit performance are also important. Because
these consequences depend strongly on the details of the
circuit design, they are not discussed here. Instead, this
paper focuses on the dominant interaction of background
radiation events with silicon substrates.

While extensive prior work has characterized natu-
ral radiation backgrounds, the topic is sufficiently broad
and complex that a simplified and focused description of
likely radiation backgrounds is not yet available to the
quantum information science (QIS) community. Radia-
tion described as “cosmic rays” has contributions from
muons, electrons, protons, neutrons, and gamma rays. Sev-
eral cosmic-ray models are available. Their predictions
vary somewhat, and fluxes depend strongly on altitude
and weakly on additional factors such as weather, geo-
magnetic latitude, and solar activity. Radiation from ter-
restrial radioisotopes depends on the local geology and the
composition of nearby construction. Predicting the effects
of external radiation on a circuit substrate also requires
particle-transport calculations that track the type of radi-
ation and model the shielding effects of buildings and
cryostats. Hence, one contribution of this work is a clear
description of how we characterized the radiation back-
ground in our laboratory so that such a methodology could
be adapted for the readers’ own purposes.

The primary contribution of this work is the valida-
tion of a background radiation model through spectro-
scopic measurements performed directly in substrates that
are representative of quantum circuits. These measure-
ments rely on a novel superconducting circuit placed on
a semi-isolated silicon substrate (Fig. 1). This thermal
kinetic inductance detector (TKID) measures the energy
deposited by individual background radiation events in a
well-defined volume of the substrate, over a broad energy
range. The TKID’s design is intended to mimic that of
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Overview of the measurements made in this work. A superconducting spectroscopic sensor on a silicon substrate is operated

in a millikelvin cryostat (center). The sensor (inset A) is a thermal kinetic inductance detector (TKID), a radiation-sensitive induc-
tor embedded in a resonant circuit (B). Cosmic rays of many species arrive from above, partially screened by the concrete ceiling.
Radioisotopes in the floor emit gamma rays and Compton-scattered electrons. Heating of the TKID by absorbed radiation causes tran-
sient changes in the resonator’s complex rf transmission (C). The changes are characterized by an angle in the complex plane. They
have a rapid onset and return to the resting state in an exponential “pulse” (D). A conventional Nal detector (left) is also used to mea-
sure the intensity of both cosmic and terrestrial radiation sources outside the cryostat. Given the intensity measured in a conventional
detector, the spectrum of energy deposited in the silicon TKID can be modeled. Aspects of the figure are annotated to identify where

more descriptive detail is found within this paper.

a quantum circuit, enabling direct comparison between
models and spectral measurements.

Meaningful comparative validation of such models has
been limited or absent to date, because few energy-
resolving radiation detectors are both sensitive over the
relevant, broad energy range and similar in size and
composition to quantum circuits. The distribution of
energy deposited by background radiation events depends
strongly on the size of the interaction volume: the spectrum
measured by a conventional, cylindrical radiation detector
with dimensions of approximately 100 mm differs substan-
tially from the spectrum in a silicon wafer less than 1 mm
thick. In this paper we describe an approach that lets us pre-
dict the small-device response from measurements made
by traditional, large-volume radiation detectors, which we
then confirm with TKID observations. We present both
models and measurements of the background event rate,
integrated power, and event spectrum as a function of
substrate dimensions.

The following four sections of this paper describe our
modeling and instrumentation, as annotated in Fig. 1. In
Sec. II, we describe our model of terrestrial radiation back-
grounds caused by radioactive decays that generate gamma
rays. Measurements with a conventional scintillator spec-
trometer let us estimate the absolute activities of gamma

emitters and thus predict the spectrum of energy deposi-
tion in millimeter-scale silicon devices such as our TKIDs
or quantum circuits. Section III describes our model of
secondary cosmic rays. As with the terrestrial sources,
we measure the cosmic-ray spectrum with a conventional
spectrometer and use the results to predict the spectrum of
energy deposition in small silicon substrates. Section IV
describes our TKID calorimeter, made of superconducting
thin films on a silicon substrate, while Sec. V describes
the measurements of the radiation backgrounds made with
TKIDs of two sizes.

Section VI compares the spectra measured with the
TKIDs to predictions of the background radiation interac-
tions with the TKIDs. Owing to the event rates determined
by the conventional spectrometer, the predictions for the
spectra in silicon substrates have no free parameters. The
TKID spectra, therefore, confirm the models and allow us
to predict background spectra over a wide range of sub-
strate thicknesses (Sec. VII). We outline possible strategies
for mitigation of the effects of background radiation on
quantum circuits.

This work provides a novel measurement of the spec-
trum of background radiation events in silicon substrates
like those used in many quantum circuits. Our measure-
ment technique, the use of cryogenic sensors based on
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microresonators, is suitable for wide adoption by the QIS
community. Furthermore, we have developed predictions
for the background radiation spectrum that are informed
by separate measurements of the local radiation fields out-
side our cryostat. These predictions and our measurements
agree.

II. TERRESTRIAL RADIATION BACKGROUNDS

The primary sources of ionizing radiation that pene-
trate a cryostat in a typical laboratory are the various
species of secondary cosmic rays and the gamma radia-
tion that accompanies the decay of common radioactive
isotopes. We call these the cosmic-ray and terrestrial radia-
tion backgrounds, respectively. The terrestrial background
creates the majority of the interaction events and of the
total energy deposited in millimeter-scale silicon devices
in a typical laboratory environment, while cosmic rays are
responsible for the rarer events that deposit the largest
energies. We model the terrestrial radiation in this section
and the cosmic rays in Sec. III.

For the purposes of modeling qubit radiation back-
grounds, we use two silicon substrates 5-mm square, 500
and 1500 pm thick, with a thin superconducting circuit fab-
ricated on one surface of each. These sizes correspond
to the specific silicon microcalorimeters we used for the
present measurements (Sec. IV), and more generally to the
size, shape, and composition of a typical superconducting
qubit. While few qubits might use substrates as thick as
1500 um, this size allows us to check how backgrounds
scale with wafer thickness.

A. Three predominant radioactive decay chains

Trace levels of naturally occurring radioactive elements
are present in a typical laboratory, residing in structural
materials such as concrete and the underlying soil and rock
[13,14]. The gamma-ray spectrum emitted by these natural
radiation sources consists of hundreds of distinct emission
energies. The most common emitters include the primor-
dial isotopes *°K, 2*2Th, and 23%U, whose lifetimes are all
long enough to have survived from the time of the Earth’s
formation. *°K decays with 11% probability to “°Ar by
electron capture, emitting a 1.461-MeV gamma ray. Tho-
rium and uranium give rise to two lengthy decay chains.
The thorium chain includes 12 distinct decays, accompa-
nied by both x-ray and gamma-ray emissions with energies
as high as 2.615MeV. We model this chain by the 289
emissions with energies of at least 50keV and emitted
by at least 0.01 % of the decays of either thorium or its
progeny. The uranium chain includes the decays of 18
radioisotopes, yielding 246 gamma-ray and 33 x-ray emis-
sions above 50 keV and 0.01 % probability. [15] The most
intense of these gamma-ray and x-ray emissions appear as
distinctive “lines” or “peaks” in the response spectrum of
typical gamma-ray spectrometers.

The spectrum incident on a quantum circuit, however,
is not composed only of these distinct lines. A promi-
nent continuum is also present, the result of gamma rays
that have undergone Compton scattering before reaching
or within the substrate [16]. To model these energy-loss
mechanisms and the ejected energetic electrons, we used
the GEANT4 particle-transport Monte Carlo code [17—19],
as driven by the Tool for Particle Simulation (TOPAS)
[20,21]. We assume that the emitters are uniformly dis-
tributed throughout a slab of concrete 22 cm thick. We
treat this as an approximation for any realistic foundation
under a laboratory building and for the underlying rock.
The attenuation length in concrete for all relevant gamma
rays (that is, energies no higher than 2.615MeV) is 11 cm
or less, so we consider a 22-cm-thick distribution to be a
useful proxy for the full thickness of the Earth’s crust. This
modeling approximation is thin enough to permit efficient
simulations, yet thick enough to capture the energy distri-
bution of photons emitted at a realistic range of depths in a
dense material.

We fit models of the complex terrestrial gamma spec-
trum to measurements with only five intensity parameters.
To achieve this simplification, we assume secular equi-
librium among the isotopes within a given decay chain.
That is, we take the relative proportions of isotopes in a
chain to be constant, the result of an equilibrium between
production and decay of each radioisotope but the first.
Secular equilibrium is anticipated in natural materials, in
the absence of chemical processing. One potential excep-
tion arises from the gaseous nature of radon: it could be
enhanced or depleted in a material by mechanical means
alone, so its production and decay need not be locally in
equilibrium. Thus, we model the terrestrial background
with one “°K intensity, plus potentially distinct intensities
of the “preradon” and “postradon” segments of the 23>Th
and 23U decay chains: a total of five parameters. In prac-
tice, our measurements set no meaningful constraints on
the preradon segment of the uranium chain.

Appendix A1 describes measurements of terrestrial
radiation we made using a commercial Nal scintillation
spectrometer. From these spectra, we determined the abso-
lute levels of gamma-ray activity per kilogram of concrete
floor in our lab. This determination allows us to model the
background in a small, silicon substrate without unknown,
free parameters.

B. Terrestrial backgrounds in silicon substrates

Given the detector-independent activity values, we used
TOPAS and GEANT4 to model the spectrum of energy
that would be deposited in the (5 x 5)-mm? silicon sub-
strate of a quantum circuit after propagation through the
cryostat. Figure 2 shows the spectrum predicted for two
substrate thicknesses (500 and 1500 pm), as well as the
breakdown of one spectrum into contributions from the
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FIG. 2. Predicted spectrum of energy deposited by terrestrial
gamma-ray sources in a silicon substrate, 5 x 5 mm? square and
1500 or 500 pm thick. The three colored curves labeled by the
decay chain show the contributions of each to the spectrum for
the thicker substrate.

different terrestrial sources. These predictions assume the
activity level found in our main laboratory; the measure-
ments made in several other locations demonstrate that
the overall level can vary by factors of a few from one
laboratory to another.

While we model the complete spectrum, and eventu-
ally compare it to measurement (Sec. VI), we also find
the rate of interactions and the rate of energy deposition
in the substrate to be efficient summaries of the spectrum.
The predicted interaction rates for terrestrial gamma rays
to deposit more than 40keV in the silicon substrates are
0.0153 and 0.038 events per second for wafers of thickness
500 and 1500 pm, respectively. These rates equate to mean
times between events of 65 and 26s. Energy is deposited
at corresponding rates of 2.98 and 8.3keV s~!. These val-
ues have relative systematic uncertainties of £5 % due to
limitations of the simplified model. The statistical uncer-
tainties are smaller, =1 %. The cutoff of 40keV is chosen
because the imperfect thermal isolation of our devices
confuses measurement at lower energies (see Sec. V
below).

The rates of energy deposition for the 1500- and 500-
pm substrate thicknesses, counting only events that leave
at least 40 keV in the substrate, are in a ratio of 2.8. Without
the 40-keV cutoff, the ratio becomes 3.1. Thus, the power
deposited in the silicon is approximately proportional to
the ratio of volumes, as expected. The predicted event rate
is only 2.5 times larger in the thicker wafer, however. As
discussed in Sec. VII below, the rate of gamma rays inter-
acting directly in the silicon is indeed in the expected 3:1
ratio. Other interactions result from secondary electrons,
which are created by Compton scattering of gamma rays in
material around the silicon. These electrons interact readily
with even very thin silicon substrates, in a rate propor-
tional not to the silicon volume but to the (effective) area.
Secondary electrons therefore increase the total interaction

rate in substrates of any thickness by similar amounts and
reduce the ratio.

II1. COSMIC-RAY BACKGROUNDS

A. Modeling the cosmic rays

Primary cosmic rays—for the most part protons or other
fully ionized nuclei—enter the Earth’s atmosphere and
interact high in the stratosphere with the nucleus of an
air molecule. These relativistic collisions produce a spray
of nuclear material that can induce further collisions in
a growing particle population known as a cosmic-ray air
shower [22,23]. The secondary cosmic rays in the air
shower that reach the ground consist of a diverse assort-
ment of particle types. They constitute the cosmic-ray
background observed in a laboratory and relevant to QIS
instruments. The secondaries include muons and electrons
of either charge, protons, neutrons, and gamma rays. Even
short-lived, unstable particles such as pions appear in very
small numbers. We find that terrestrial gamma rays exceed
the cosmic-ray background in terms of the event rate
and power deposition in a silicon substrate in our labo-
ratory, though it is important to model both background
sources. The cosmic-ray protons and neutrons are respon-
sible for essentially all events in which at least 2 MeV is
deposited.

Many models of the cosmic-ray spectrum are available
in the literature. Some describe the spectra of all parti-
cle types, while others are restricted to muons, the most
penetrating species. Some parameterize the results of air-
shower simulations; others represent a purely empirical
synthesis of cosmic-ray measurements. Wanting to model
all particles (and not only muons), we use the PARMA
4.0 tool [24], an analytical approximation of radiation in
the atmosphere. PARMA parameterizes the distribution
of energies and zenith angles expected for each of sev-
eral particle types, at the elevation (or atmospheric depth)
of the user’s choice. The parameters are fitted to match
the results of air-shower simulations performed with the
particle and heavy-ion transport system (PHITS) [25].
Further details of the cosmic-ray models are given in
Appendix A 2, while Appendix A 3 describes our use of
a conventional scintillation spectrometer to calibrate the
cosmic-ray models.

The measurements described here were made in Boul-
der, Colorado, at 1650 m above sea level. The cosmic-ray
muon flux is approximately 33 % higher in Boulder than at
sea level, a modest and well-understood difference. Other
species are more sensitive to elevation than muons are. For
example, the proton flux in Boulder is some 4 times higher
than at sea level. Still, our results are generally applicable
with the understanding that the relative amplitude of the
nucleon-induced high-energy tail will depend on elevation
of an observation.
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B. Cosmic rays in a qubit circuit

We model a qubit substrate as in Sec. II: as a (5§ x 5)-
mm? square of silicon, diced from a wafer with one
of two thicknesses (again, 500 and 1500 pm). Cosmic
rays generated by the PARMA model must first pass
through intervening materials—the concrete ceiling and
aluminum cryostat shells—before entering the silicon sub-
strate. At our higher-elevation site, the model predicts the
rates of events depositing at least 40keV to be 0.0075
and 0.0090s~! for the wafers of 500 and 1500 um thick-
ness, respectively. The corresponding powers are 1.91 and
5.3keVs~!. The uncertainties in these models are domi-
nated by systematic uncertainties that we estimate to be
3 %; they include the effective volume of the Nal spec-
trometer used to calibrate the cosmic-ray intensity and
the angular distribution and particle-species breakdown of
cosmic rays.

The cosmic-ray event rate differs only slightly between
the two silicon wafers of very different thicknesses, while
the power deposited scales approximately as the volume.
In contrast, for terrestrial gamma rays, both the event rate
and power scaled approximately with the volume. The
scaling rules differ because the charged particles that con-
stitute most cosmic rays lose energy almost continuously
in multiple scattering events per millimeter in silicon [26],
while a similar amount of silicon is optically thin to photo-
electric absorption and Compton scattering at the relevant
(mega-electron-volt-scale) energies. Thus, an energy-loss
event is nearly certain for cosmic rays that pass through
the silicon wafer, but unlikely for any single gamma ray.

Figure 3 shows the distribution of energy deposited
by cosmic rays in a silicon substrate, both the overall
spectrum and its breakdown by particle species. The dis-
tribution shows that the event rate and total power are
dominated by charged leptons, primarily the u*, but also,
to a lesser extent, the e*. On the other hand, the rare
events that deposit more than 2 MeV in a 500-pm-thick
silicon wafer are almost entirely the result of cosmic-ray
protons and neutrons. This result suggests different miti-
gation strategies, depending on whether the more frequent
leptonic events or the more energetic but rarer hadronic
events are more disruptive to a given circuit.

One tactic sometimes employed to mitigate cosmic-ray
events is to orient a qubit circuit vertically (that is, to align
one long dimension of the chip vertically) [27]. Figure 4
shows that this approach changes the spectrum only mod-
estly. Although a vertical orientation does reduce the rate
of low-energy events, it increases the rate of higher-energy
events. Overall, a vertical orientation reduces the expected
rate of cosmic-ray events by approximately one-third, but
the mean energy deposited per event grows by a sim-
ilar factor, so that the power deposited is reduced by
only 2% for our specific geometry. Because gamma rays
emitted isotropically from a large, unshielded floor are
likely to be even less affected by circuit orientation, this
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FIG. 3. Energies deposited by cosmic rays (modeled) in a sil-
icon substrate (500 um thick, 25 mm? area), both in total (top
curve) and separated by the species of the particle incident upon
the circuit. The u* and e* dominate the interactions by num-
bers, but nucleons (p and ») cause all of the rare, most energetic
events. Charged particles (other than protons) are shown with
both charge states combined. The spectra for both charge states
of y and 7 are very similar, while e~ outnumber e* by a 2:1 ratio
over most of the spectrum.

particular mitigation tactic would appear to offer limited
benefits.

Cosmic rays produce events at a wide range of ener-
gies, but at energies below about 1.5 MeV, they contribute
less to the predicted spectrum than the gamma rays emit-
ted by terrestrial sources under the conditions found in our
laboratories. Cosmic-ray secondaries are still important,
however, because their energies can be much higher than
the approximate 2.6-MeV maximum of the gamma-ray
events. Nucleons (protons and neutrons) in the cosmic rays
are thus responsible for the upper region of the absorbed-
energy spectrum (Fig. 3 for the 500-pum-thick silicon,
or Fig. 13 in Appendix A5 for the 1500-pm substrate).
Section VII below further discusses the relative impor-
tance of cosmic rays and terrestrial gamma rays for devices
on silicon wafers, which depends both on the substrate
thickness and the circuit’s sensitivity to the lower-energy
events.

IV. THERMAL KINETIC INDUCTANCE
DETECTORS AS A PROBE OF BACKGROUNDS

The results shown so far consist of simulated back-
grounds in a silicon substrate typical of superconducting
circuits. Measurements made in a large, conventional scin-
tillator spectrometer allowed us to calibrate the intensities
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FIG. 4. Simulated energy deposited by cosmic rays (summed
over all particle species) in (5 x 5)-mm? silicon substrates of
1500 and 500 um thickness when oriented horizontally (solid
curves) or vertically (dashed). The horizontal 500-pm result is
the same as the curve labeled “Total” in Fig. 3. Prominent peaks
(at 0.52 and 0.17 MeV) in the horizontal model correspond to
the typical energy loss of minimum ionizing u® and e* pass-
ing through silicon along paths approximately equal to the wafer
thickness. The sketch shows our definitions of horizontal (“H”)
and vertical (“V”) orientation; the inset highlights the spectra at
lower energies.

of these simulated backgrounds. We have also made mea-
surements with a type of cryogenic, calorimetric detector
very similar to a typical superconducting qubit in most
respects. In this section, we describe that detector. It is
uniquely suited to the goal of validating the background
models, as it enables spectroscopic study of the energy
deposited in a volume of silicon similar to the substrate of
a quantum circuit, over a suitably wide range of energies.

The microcalorimeters used in this study are based on
the microwave kinetic inductance detector (MKID) [6,28].
The MKID is a cryogenic detector technology that exploits
the exceptionally high kinetic inductance of a supercon-
ductor to measure the energy of incident radiation events.
In an MKID, a thin superconducting film is fabricated into
a microresonator circuit. When energy is deposited in the
superconducting resonator, Cooper pairs are broken. With
fewer pairs to carry the supercurrent, the kinetic inductance
grows and the resonant frequency falls. The magnitude
of the frequency shift depends on the energy absorbed
in the radiation interaction event, enabling spectroscopic
measurements.

A TKID calorimeter [29-31] incorporates a structure
to absorb and thermalize energy. The absorber can be
colocated with the superconducting resonator and semi-
isolated on a micromachined island to confine thermal
energy long enough for accurate measurement. In this
work, no separate absorbing structure is used; the micro-
machined island itself is the radiation absorber. The TKID
is similar in many ways to the more mature transition-edge
sensor (TES) calorimeter [32—34], but its silicon absorber

and well-defined interaction volume made it especially
suited for this work.

Being a less mature detector technology, however,
TKIDs are not without their disadvantages. In particular,
the device physics is less thoroughly understood, and the
energy resolution of current devices for photon detection
is significantly worse than that achieved in the best TESs.
For the current measurement, the broad dynamic range is
far more important than the energy resolution.

We have fabricated a pair of TKID calorimeters to probe
radiation backgrounds [35], the main difference between
the two devices being the thickness of the silicon substrate
(500 and 1500 pm). The fabrication began with the depo-
sition of a superconducting titanium nitride (TiN) layer.
The stoichiometry, and therefore superconducting critical
temperature, T¢, of the film was controlled through the
proximity effect [36,37] by depositing alternating layers
of Ti and TiN [38]. The 14 TiN films each have nom-
inal thickness 5nm, and the 13 intervening Ti films are
each 10nm thick, giving the overall thin film a nominal
thickness of 200 nm. The T¢ of this composite supercon-
ducting film was measured to be 850 mK. The film was
lithographically patterned and etched to form the resonator
and microstrip transmission line structures. Additionally,
gold films were deposited on the outer regions of the chip
to support thermalization to its copper enclosure through
gold wire bonds. Finally, a deep reactive ion etch was used
to define and semi-isolate the radiation-absorbing island.
The island is 5-mm square for both devices. The deep
etch goes entirely through the wafer, and the TKID island
thickness is simply equal to the original substrate thick-
ness. This island area was chosen to be representative
of a typical quantum circuit. The thinner wafer is in the
range commonly used for superconducting circuits, while
the thicker one was chosen to help us validate models of
scaling with thickness. Figure 5 depicts the 500-pm-thick
device. The devices were operated inside a cryostat (see
Fig. 1 for context) at a temperature of 175 mK, well below
the superconducting film’s critical temperature.

V. TKID MEASUREMENTS OF RADIATION
BACKGROUNDS

The readout of TKIDs and the data analysis proce-
dures are described in detail in Appendix A 4. In short,
a microwave probe tone at the resonant frequency is sent
through the cryostat, coupled to the resonator, amplified,
and mixed against a reference tone to determine the ampli-
tude and phase of the transmitted tone. Changes in the
complex transmission indicate a shift in the resonant fre-
quency due, in this case, to temperature changes in the
TKID island. These values are digitally sampled once
every 800ns. The TKID response to a radiation event is
a transient pulse.
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Microsfrip

FIG. 5. Micrograph of the 500-pm-thick TKID. The TiN-
Ti resonator structure consists of a meandered inductor on
the square island and an interdigitated capacitor (IDC) on the
bulk, “frame” substrate. The IDC is capacitively coupled to the
microstrip transmission line running horizontally across the top
of the image. The (5 x 5)-mm? island is thermally coupled to
the substrate frame only through its four, [-shaped legs and is
thus “semi-isolated” from the rest of the substrate. The legs are
approximately 200 um wide and 1500 um long. Gold films and
gold wire bonds on the outer frame regions of the chip (not
pictured) are used to thermalize the entire substrate.

One important requirement for this measurement is sen-
sitivity over a wide range of energies with reasonably good
linearity. Changes in the TKID resonant frequency are
nearly proportional to changes in the TKID temperature
for a wide range of energies deposited in the device, up to
several mega-electron-volts. Deposition of energy E heats
the TKID island, increasing the temperature 7 by §7 =
E/C(T), where C is the (weakly temperature-dependent)
heat capacity. The equilibrium population of quasiparti-
cles (broken Cooper pairs) in the superconducting film
depends on temperature as ngp VTexp(—A /kT) [28],
where A is the superconducting gap energy. The gap A
equals 1.76kT¢ in BCS theory [39]. Although quasipar-
ticle population changes are not linear for large changes
in temperature, we have designed the TKID with a high
enough heat capacity that even the most energetic events
increase 7 by no more than 1 %. Changes in quasiparticle
density, in turn, cause proportional changes in the thin-film
resonator’s inductance, and proportional shifts in the reso-
nant frequency. Though this chain of relationships contains
multiple departures from strict proportionality, most are
small for mega-electron-volt-scale events in our TKIDs.
Furthermore, the positive curvature of the function ngp(7)
and the fact that silicon’s cryogenic heat capacity grows
with temperature act as nonlinearities of opposite sign. We
estimate that the nonlinear effects due to heat capacity and

quasiparticle population change our energy estimates by
no more than 20 % at 10 MeV (the highest energy detected
in the background spectrum). Below 1 MeV, they are less
than 3% and subdominant to the overall energy-scale
calibration uncertainty.

The radiation backgrounds were measured for 168.0 h
with the 500-um TKID and for 97.5 h with the thicker
1500-um device, both in the horizontal orientation (as
defined in Fig. 4). These data were collected with hourly
gaps of approximately 100 s in which the resonator trans-
mission was recharacterized in case of drifts. In addition
to the background data, 5.0 (3.0) h were devoted to mea-
surements with the thin (thick) TKID of a sealed '>*Gd
radiation check source. This source produces emissions of
known energies, which we use for energy calibration.

The TKID pulses are found to return to baseline with
two exponential time constants, typically around 60 and
240 ps. The latter, slower time constant corresponds to
the ratio of the island’s heat capacity to the thermal con-
ductance of the TKID island’s four legs. To optimize the
energy resolution and linearity, we only estimate the ampli-
tude from the slower, thermal component from each pulse
and discard information about the (small) amplitude of the
faster component.

The TKID shown in Fig. 5 is sensitive primarily to
energy deposited in the square island, but it is not fully
immune to the effects of particles that deposit energy in
the surrounding frame. Tests were performed with a pulse
diode laser (wavelength 635 nm) and the light carried
into the cryostat on an optical fiber. The fiber output was
aimed first at the island and then at the frame, showing
that optical energy absorbed in the frame can produce a
TKID signal as large as a few percent of the signal pro-
duced by equivalent optical events aimed at the center
of the island. The larger “frame events” can be identi-
fied and removed from the data because of their unusually
slow signal rise and fall times. However, the smaller frame
event signals cannot be reliably identified. As a result, the
measured flux at inferred energies of less than approxi-
mately 200 keV is subject to systematic uncertainties and
almost certainly overestimates the true flux incident on the
TKID island.

The most intense emission from the '>*Gd calibration
source is a pair of gamma rays at 97 and 103 keV, but
silicon wafers as thin as our TKIDs have negligible pho-
toabsorption at these energies. Instead, the characteristic
Ko and K emissions of the europium decay product were
used for calibration. These x-ray lines (41 and 47keV)
[40] are unresolved by the TKID and produce a weighted-
average energy of 42.2keV. The energy calibration is
anchored to this blended emission line. To confirm that the
calibration line was indeed x-ray emission of the excited
Eu and not the 100-keV gamma rays, we verified that the
observed line intensity was reduced by the expected fac-
tor of 2.2 when a copper foil 203 pm thick was placed in
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FIG. 6. Measured background spectrum from TKIDs made of silicon 1500 pm thick (a) and 500 um thick (b), both in the horizontal
orientation (as defined in Fig. 4). Also shown in each panel are the model predictions for terrestrial gamma rays (“Model: y”, dashed
line) and cosmic rays (“Model: CR”, thin solid line), and their sum (thicker solid line). The measured spectrum uses unequal bins
to reduce visual distraction where events are rare: there are 50 bins per mega-electron-volt below 1 MeV; 20 per mega-electron-volt
up to 2 MeV; five per mega-electron-volt up to 5 MeV; and two per mega-electron-volt above 5 MeV. The measurements and models
agree well, within a factor of 1.5 through most of the energy range studied. The discrepancy at the lowest energies arises because the
measurement includes frame events (as defined in the text), while the model curves exclude any frame events. Figure 7 shows the

low-energy region in more detail.

between the check source and the sensor, rather than the
factor of 1.1 that would be expected if the observed peak
were actually 100 keV [41].

The 42-keV calibration peak also establishes an approx-
imate energy resolution of 10keV (full width at half
maximum) in the thicker TKID and 20 keV in the thinner
device. This resolution is far from the intrinsic thermal-
fluctuation limit of the TKID calorimeters. Possible rea-
sons for the poor resolution include a TKID response
that depends on where specifically energy is deposited
within the TKID island, nonoptimal microwave readout
tone power or frequency, and gain drift. It is uncertain
whether the resolution is a constant energy value, or a fixed
fraction of the deposited energy, or something in between.

Gain stability is difficult to assess from such a spectrum.
The '3Gd check source shows the 42-keV peak changing
by no more than £10 % from one 30-min measurement to
the next. The pulsed laser coupled to the TKID via an opti-
cal fiber shows evidence of gain variations at least this size
over 10-min timescales. Gain drifts do not seem to limit
the energy resolution of the current device, yet are large
enough to require improvement in future systems. It is not
clear whether the drifts are due to changes in the cryostat
temperature, in the magnetic environment, or other factors.

The same laser was used with a variable optical attenu-
ator to check the linearity of the TKID sensor. The sensor
response is consistent with linearity. The data show a
response that grows with the optical pulse energy as o< E“
for « = 1.03 & 0.05. This value of o ~ 1 is consistent
with linearity up to pulses approximately 100 times the

amplitude of the 42-keV events from the check source.
This verifies the energy response up to 4 MeV and shows
it to be both close enough to linear for the assessment of
radiation backgrounds, and consistent with our theoretical
understanding of nonlinear effects below 10 MeV. This lin-
earity test is itself limited by our uncertainty in how stable
the TKID plus laser is as a consistent energy standard.

The limitations on the TKIDs’ energy resolution and lin-
earity and on our ability to perform energy calibrations will
be addressed in future sensor designs and future readout
optimizations. Thus, although the TKID is a new technol-
ogy among superconducting microcalorimeters that will
benefit from further study and optimization, we nonethe-
less demonstrate that it is a valuable tool for measuring
energy deposited in a superconducting circuit by charged-
particle and gamma-ray backgrounds.

VI. COMPARISON OF THE MODEL AND
MEASUREMENT

Figures 6 and 7 show the radiation background spectrum
measured by both TKIDs, compared to our background
models. This comparison is not a fit to the TKID data—the
models are scaled strictly according to the Nal measure-
ments. According to the models, the lowest-energy events
are primarily due to terrestrial gamma rays, while events
depositing 2 MeV or more are mostly the result of cosmic
rays (primarily protons and neutrons, as Fig. 3 shows). At
intermediate energies, both sources of backgrounds are of
comparable intensity. A peak in the cosmic-ray component
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FIG. 7. Measured background spectrum from TKIDs made of
silicon 1500 pum thick (a) and 500 um thick (b) compared to mod-
els of the spectra. The plotted curves are the same as in Fig. 6,
but show only the lower-energy events.

of the model appears near 520keV in the 1500-um sen-
sor and near 170keV in the 500-um sensor (Fig. 7). This
peak results from the abundance of minimum-ionizing par-
ticles (e and ) traversing similar path lengths through the
silicon, paths approximately equal to the substrate thick-
ness. Because the gamma-ray spectrum equals or exceeds
the cosmic-ray spectrum at these energies, the predicted
cosmic-ray peak is largely obscured. It appears in the mea-
surements (and the composite model) as a subtle feature
rather than a clear hump.

The measurement has a systematic uncertainty of at least
£5 % on the energy scale. The limited number of events at
the calibration line of 42keV and the lack of calibration
features above that energy are the primary reasons for this
uncertainty. The energy-scale systematic alone suffices to
make the data and model fully consistent across most of
the wide energy range measured here, though we have not
used this freedom to adjust the measurements depicted in
Figs. 6 and 7.

For measured energies below approximately 200 keV,
an additional source of uncertainty and bias in the event
rate is present: particles that deposit energy in the silicon
frame can produce an unwanted thermal signal in the TKID
island. As discussed in Sec. V, we attempted to identify
and eliminate such frame events from the spectrum based
on their distinctive pulse shape, but reliable discrimina-
tion is difficult. Frame hits cause small pulses with low
signal-to-noise ratios. The result is a limited effectiveness
of this test for events with apparent energy less than about
200 keV, which produces a bias towards overestimation
of the spectrum at lower energies. In Appendix A S, we

discuss a model of frame hits that explains the measured
excess. However, the model curves shown in Figs. 6 and 7
do not include an estimated frame-hit contribution.

Across the range of energies from 200 keV to 10 MeV,
the measurement of the spectrum agrees well with the
model of the background radiation, almost everywhere to
within a factor of 1.5 in the count rate. We stress that
no free parameters were fit to match the models to the
measurement—all rescalings in the intensities of the mod-
els were determined from the entirely independent Nal
measurements. Figures 6 and 7 present absolute-rate com-
parisons of the model and measurement. This means that
our radiation models, their intensities normalized to mea-
surements taken by a Nal spectrometer with a volume
of 347000 mm?, also describe the spectrum of energy
deposited into silicon structures with volumes as small as
12.5mm? inside a millikelvin refrigerator. Therefore, we
conclude that the models represent valid tools to predict the
impact of background radiation on millimeter-scale silicon
devices such as superconducting quantum circuits.

Table I summarizes the comparison between the model
and measurement for the 500-um TKID, integrated over
energy. (The analogous result for the thicker TKID is
given in Table III in Appendix A 5). The base model
shows a lower rate of events and of power deposited
in the island compared to the measurement. When the
model is enhanced by the expected consequences of frame
hits, however, the measurements agree well. The predicted
event rate is only 7 % higher than the measurement, while
the power is 7 % lower. We consider this to be very good
agreement given the simplified models, and also given
that the spectrum was integrated well down into the range
where frame events and island events cannot be fully dis-
criminated. The rates quoted in the table apply to an island
with thickness 500 pm and an area of 25 mm?, but to a good
approximation, the values for other sizes at fixed thick-
ness should be proportional to the island area. Section VII
below and Fig. 8 therein explore the scaling to thinner
substrates.

VII. REDUCING THE IMPACT OF BACKGROUND
RADIATION ON QUANTUM CIRCUITS

Our results shed light on the effectiveness of various
strategies for mitigating the effects of background radiation
on superconducting circuits, such as TKIDs and qubits. We
argued in Sec. III B that a chip’s orientation (vertical or
horizontal) has limited effects. Still, mitigation strategies
can be found. Those that we consider include the use of
smaller substrate volumes, shielding, and thermal isolation
of critical areas; others are possible.

The curves of Fig. 6 show that at any given energy above
0.5 MeV, the rate of background events is roughly a fac-
tor of 5—10 higher in the 1500-um-thick device compared
to the 500-um device. After integrating the predictions
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as in Table I. Rates and power are modeled for a (5 x 5)-mm? device inside a simplified model of a cryostat; both should scale approx-
imately as the device area. The values come from the models validated by our TKID measurements, extended to thinner substrates.
Thicknesses modeled include 1, 2, 5 10, 20, 50, 100, 200, 500, 900, and 1500 pm. The two thicknesses corresponding to our TKID
measurements are indicated by circular markers. Dashed lines are the u* and e* components of cosmic rays. Because interactions due
to the p, n, y, and 7* components are far less common, with rates well below 3x 10 s~!, they are not shown separately. The sum of
all cosmic-ray components is green. The events caused by terrestrial gamma-ray emission (“Ty”’) are shown in blue. The sum of all
backgrounds (“All BG”) is black. While the power scales with substrate thickness, cosmic rays impose a minimum event rate for even

the thinnest substrates.

of our background model over energy, we find that the
total event (power) rate is 2.3 (2.8) times higher in the
1500-pm device than in the 500-um device. Clearly, super-
conducting circuits on smaller substrates will experience
less disruption from background radiation. A substrate can
be made smaller by reducing either its area or its thickness.

It is useful to consider the spectra of background events
in substrates spanning a wider range of thickness than the
two values probed experimentally in this work. The typical
thickness of a 300-mm-diameter silicon wafer is 775 um,
so substrates thicker than our 1500-um sensor are unlikely.
However, substrates thinner than 500 pm are both realistic
and interesting as a means of reducing the impact of nat-
urally occurring radiation backgrounds. Silicon becomes
difficult to handle at thicknesses below 100 um, but the
device layer in silicon-on-insulator (SOI) wafers can be
thinner than 1 pm. Standard micromachining techniques
can be used to remove the handle layer from underneath
selected circuit regions on SOI substrates. Such techniques
offer a path to substrates with thickness of a few microm-
eters or less. Consequently, in Fig. 8 we show models
estimating the event rate and dose rate for substrates with
thicknesses from 1 to 1500 um.

Cosmic-ray event rates and power deposition in 500-um
wafers are dominated by charged particles (primarily pu*
and e¥), as shown in Fig. 3. Models over the wider range
of wafer thickness (Fig. 8) display the expected behav-
ior: cosmic-ray power grows in proportion to the wafer

thickness, while the event rate stays approximately con-
stant. The event rate does grow slightly with the thickness,
as an increasing lateral area of the silicon island is exposed
to cosmic rays arriving from nonvertical directions.

The effects of terrestrial gamma rays depend differently
on the wafer thickness. For thicker wafers, the event rate
is proportional to thickness, as expected given the low
probability of gamma-ray scattering. The rate approaches a
nonzero value for thin substrates, however, due to incident
gamma rays that eject secondary electrons from nearby
packaging. This minimum suggests that a final shield
around the qubit could be beneficial, particularly for thin-
ner wafers. Relative to a higher-Z metal of equal mass, a
shield made of a low-Z material (such as graphite) would
block electrons more effectively [42] while interacting
less with gamma rays, suppressing the rate of events due
indirectly to terrestrial gamma rays [26].

The power deposited by terrestrial gamma rays grows
faster than the thickness, because the primary mechanism
for interaction of mega-electron-volt-scale gamma rays
with silicon is Compton scattering. Scattered electrons are
not only more numerous in thicker wafers, but they also
travel longer paths and are able to deposit a larger frac-
tion of their energy. Overall, the use of thinner substrates
reduces the power deposited by background radiation in
proportion to the thickness reduction, but the event rate
falls no lower than approximately 4x10*s~' mm~2, even
for very thin substrates.
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TABLE I. Model and measurement of the rate of energy-
absorption events, the power they deposit, and the mean energy
per event for the 500-um-thick silicon substrate. The substrate is
square with area 25 mm?. All values represent integrals from Ep;,
to 20 MeV. The first three rows represent the full integral (that
is, from a minimum energy of 0), relevant for instruments with
high sensitivity to even the smallest background events. The next
three rows represent the models integrated starting at 40keV,
where the current measurements are most reliable. These rows
give the results of the gamma-ray model (Sec. 1), the cosmic-ray
model (Sec. II), and their sum. The “Model + frame” row also
adds a model of the excess events that are detected in the TKID
island even though the energy was deposited in the frame; this
row is most appropriate for comparison to the measured rates.
The estimated uncertainties in parentheses are all dominated by
various systematic uncertainties, except for the measured TKID
event rate, which is dominated by Poisson statistical uncertainty.
The frame-hit model has 30 % relative uncertainties. Equivalent
results for the thicker silicon substrate appear in Table III in
Appendix A 5.

Emin Component Event rate Power Mean E
(keV) (™ (keVs™')  (keV)
0 Gamma rays 0.0255 3.14 123

0 Cosmic rays 0.0080 1.92 241

0 Model total 0.0332 5.06 153
40 Gamma rays 0.0153(7)  2.98(15) 194
40 Cosmic rays 0.0075(2) 1.91(6) 255
40 Model total 0.0227(7)  4.89(15) 215
40 Model + frame 0.035(4) 5.9(4) .-
40 TKID measured  0.0331(2) 6.3(3) 190

An interesting result shown in Fig. 8 is that muons
cause the majority of the disruptive cosmic-ray events and
power, yet electrons’ contributions are only a factor of 2
smaller at our elevation. This fact suggests that shielding
an instrument from most e* secondaries could appreciably
reduce cosmic-ray events and power, without requiring a
muon-shielding, deep underground site.

The structure of our TKID devices shows that micro-
machining can produce silicon islands connected to a
surrounding frame of silicon only by narrow beams or legs.
Circuitry placed on such an island is partially thermally
isolated (i.e., “semi-isolated”) from background events
that occur in the frame, suggesting the use of microma-
chined moats to isolate critical areas of a superconducting
quantum circuit from the larger surrounding chip. Mea-
surements illuminating the frame area with a fiber carrying
635-nm laser light to a specific spot 1 cm from our TKID
showed a thermal response in the TKID approximately 3 %
of the response from direct illumination of the island, thus
demonstrating the viability of such protection schemes.
The effectiveness of a moat will depend heavily on the
details of its implementation; superior protection should be
achievable with thinner or longer legs than those used here,
along with additional heat sinking of the silicon frame.

Sapphire substrates are also used for superconducting
qubits [9,43,44]. Though qubit behavior and stability may
differ, cosmic rays and gamma rays transfer energy to sap-
phire by the same mechanisms we have modeled for silicon
and are expected to yield quantitatively similar spectra for
equal column densities. The cross sections for Compton
scattering of photons and the Bethe-Bloch mean energy-
loss formulas for charged particles are nearly equal for
sapphire and silicon [26]. Given the densities of 4.0 gcm ™
for sapphire and 2.3 gem™ for silicon, losses and event
rates in a 300-um sapphire wafer and in a 500-pm sili-
con wafer should be nearly the same. In a full GEANT4
model of cosmic rays, we find that the spectrum of events
is nearly identical above 100 keV in the two wafers (Fig. 15
in Appendix A 5). The thicker silicon wafer shows more
events at lower energies, in a ratio of 5/3, as expected given
their different lateral areas. GEANT4 models of the terres-
trial gamma-ray spectrum also show equivalence between
the two substrates with equal column density.

In an unshielded laboratory setting, and for any realis-
tic substrate thickness, gamma rays deposit more power
than cosmic rays and cause more—or at least a compara-
ble number of—events (Fig. 8). To shield superconducting
quantum circuits from gamma rays is therefore worth-
while. Attenuation of gamma rays by a factor of e at 1 MeV
requires only 21 mm of steel or 12 mm of lead [41], though
one must account for muon-induced secondaries produced
in such a shield. In the complete absence of gamma rays,
the power we observed would be reduced by a factor of
3 for the thicker wafers, and the event rate by a factor of
at least 5. The relative benefits would be smaller but still
important for wafers thinner than 100 pm.

If gamma rays could be fully screened, the remaining
cosmic contribution would be dominated by u*. Muons
are highly penetrating and can only be attenuated by oper-
ating underground. Still, the most energetic and therefore
the most disruptive events are caused by protons and
neutrons. Robust superconducting quantum circuits are
likely to benefit from a range of shielding strategies, some
intended to suppress the most common events and others
targeted at the most energetic events.

VIII. CONCLUSIONS

We have modeled two sources of naturally occurring
background radiation that are dominant in an unshielded
surface laboratory: cosmic rays and radiogenic gamma
rays from terrestrial sources. We used a commercial Nal
detector to measure the intensities of the key components
to quantitatively normalize these models. We then checked
the validity of these same models for silicon substrates
with sizes typical of those used in superconducting qubits.
Specifically, we performed spectroscopic measurements of
the backgrounds inside a millikelvin cryostat with two

040323-12



SPECTROSCOPY OF NATURAL RADIATION...

PRX QUANTUM 5, 040323 (2024)

TKID devices, superconducting energy-resolving detec-
tors of photons and charged particles. The measurements
provide both event rates and incident power levels for sili-
con substrates that are 500 and 1500 um thick (Table I and
Table Il in Appendix A 5, respectively). No additional free
parameters were required to match the model and measure-
ment to within £7 %. For the 500- (1500-)um-thick device,
the modeled average event energy is 215 (293) keV.
(The measured average event energies are biased towards
lower values by the numerous low-energy frame events, as
described in the report.) However, the background events
have a broad spectrum whose high-energy tail extends
well into the mega-electron-volt range. Circuit features
designed to mitigate the effects of the average background
event may be insufficient for events in this high-energy
tail. The modeled and measured radiation spectra reported
are highly compatible over an energy range that spans a
factor of about 25 and an energy-dependent event rate (in
units of s™' keV~!) range that spans a factor of about 10°.
This success shows that established tools for modeling
particle and radiation transport can be used productively
to describe the radiation backgrounds in superconduct-
ing device substrates, although care is needed in the
construction and application of a background radiation
model.

Our measurements were made in one specific ground-
level laboratory, at moderately high elevation. Still, with
appropriate correction factors, the results should apply to
any other above-ground facility. Given our location and
substrate sizes, we found the effects of gamma rays to be
larger than those of cosmic rays, but not overwhelmingly
so. The highest energy, mega-electron-volt-scale events,
are entirely the result of cosmic rays, specifically protons
and neutrons. Cosmic-ray secondaries would be reduced
at sea level, and further for instruments placed only a few
meters underground. The effects of gamma radiation can
be reduced by the use of low-activity building materials,
or by shielding with a few centimeters of steel or lead.

While these measures are feasible, the difficulty of
shielding both terrestrial gamma rays and cosmic rays
also argues for the development of superconducting circuit
designs that are intrinsically robust to background radia-
tion. We have shown here that the effects of background
radiation can be reduced by shrinking the circuit substrate
in area or thickness, or by using micromachining to ther-
mally isolate critical substrate regions from the larger chip.
Other mitigation measures are also possible, such as the
use of thin metal films to absorb and thermalize phonons
created by background events [12,45], superconductor gap
engineering to reduce the quasiparticle density in sensitive
circuit regions [46], or on-chip sensors to detect and veto
background events.

Because the TKIDs demonstrated here are compati-
ble with both the fabrication of superconducting qubits
and the techniques used to read them out, it should be

possible to include TKIDs or closely related MKIDs in
quantum circuits. In dispersive qubit readout, the state
of the qubit is encoded in the characteristic frequency
of another structure, typically a microresonator, that is
coupled to a microwave transmission line [47]. In both
MKIDs and qubits, the resonant frequency is probed with
a microwave tone. In fact, MKIDs and qubits with differ-
ent frequencies could share a common transmission line.
In the future, MKIDs that are cofabricated with a quan-
tum processor or that are located nearby can act as explicit
and unambiguous detectors of background events, offering
potential advantages for extremely local active vetoes of
background events [48].

We find several lessons in the modeling we have per-
formed and in the measurements we have made with
conventional spectrometers and the TKID superconduct-
ing sensors. We find the PARMA model of atmospheric
secondary cosmic rays to be good, though the best match
to our measurements required rescaling the hadronic com-
ponent (including muons) by 0.88 and the electromagnetic
component by a location-varying factor ranging between
0.5 and 0.8. Apart from the intensity scaling, we argue
that it is important to include species other than muons
in the cosmic ray model: electrons and gamma rays con-
tribute to the backgrounds in silicon at the same energies as
muons do, especially at higher-elevation sites. Critically,
protons and neutrons generate rare events at substantially
higher energies. For terrestrial gamma rays, the spectra
acquired in three widely separated sites varied greatly in
intensity (by a factor of 4), but not in shape. An assump-
tion of secular equilibrium in the 2*®U and 2*’Th decay
chains is supported by the measured spectra, consider-
ably simplifying construction of the background models.
The data support a break in equilibrium at the radon step
in the 2*Th chain with a 3/2 activity ratio. The data do
not constrain the preradon section of the 23U chain, due
the paucity of energetic gamma rays from that portion of
the decay chain. To model the spectrum correctly, it is
necessary to account for Compton scattering of the ter-
restrial gamma-ray background. Finally, for the conditions
studied here (an unshielded, ground-level laboratory, with
devices on silicon substrates and most reliable for events
with £ > 40keV), shielding by the cryostat body and the
laboratory ceiling plays only a modest role. As a result,
highly simplified geometric models of these components
were adequate.

In summary, we present the first spectroscopic measure-
ment of background events in a silicon die whose size
and temperature are representative of the substrates used
in superconducting quantum circuits. A model of these
radiation backgrounds as the result of naturally occur-
ring radioisotopes and of cosmic rays was matched to
our specific local conditions via measurements performed
with a standard, commercially available gamma-ray spec-
trometer. This model, without free parameters, agrees
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quantitatively with spectral measurements of the radiation
background when performed with energy sensors similar
in size and composition to many quantum circuits. We use
the models to demonstrate how different components of
the background respond to changes in the substrate thick-
ness. We anticipate that this modeling approach and the
measurement result will be broadly useful to the QIS and
superconducting sensor communities.

The Microcalorimeter Analysis Software System
(MASS) repository used for the analysis of the TKID data
in this work is available from GitHub [49]. The data and
all other code used in this study are available from the
corresponding author upon reasonable request.
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APPENDIX: SUPPLEMENTAL MATERIAL

1. Terrestrial radiation and measurements

Some sources of background radiation are subdominant
in an unshielded, ground-level laboratory and need not be
modeled. Events caused by interactions of decay prod-
ucts from most radio impurities in the experimental setup
(e.g., the dilution refrigerator and the qubit packaging) are
expected to be much less frequent than events from exter-
nal sources [27]. Potential exceptions are alpha emissions
from materials with a direct line of sight to the surface
of the cryogenic circuit, which could contribute signifi-
cantly. We have alpha counted those materials with the
largest line-of-sight solid angle to the circuit: the copper
and aluminum lids of the housing, and the substrate itself.
The measured rates were below the alpha counter’s intrin-
sic background, corresponding to levels well below the
rates of external sources. Although the radiopurity of the
experimental materials may ultimately be important for
highly shielded quantum circuits, we concluded that it is
not a critical consideration for the present measurement.
There are also external sources of alpha and beta radia-
tion (along with gamma rays), but we also ignore these
charged-particle backgrounds on the basis that metallic
packaging and a cryostat’s vacuum shells effectively shield
the cryogenic circuit from such radiation. Secondary parti-
cles or photons produced by interactions of higher-energy
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FIG. 9. Gamma-ray background recorded by the Nal scin-
tillator spectrometer in six different labs at three buildings in
two U.S. states. The spectrum with the thicker line, our refer-
ence spectrum, was measured in the same lab as the resonator
measurements described in Sec. IV. The two energy-calibration
features are indicated: 1.461-MeV gamma rays from “°K and
2.615-MeV gamma rays from 2Tl (in the 23>Th chain). Ter-
restrial gamma rays dominate the spectrum in the Nal detector
below 2.7 MeV, while cosmic rays dominate at higher energies.
Variations in the overall intensity of terrestrial gamma rays were
the only notable difference among the seven spectra. The two
spectra with the lowest gamma-ray activities are those measured
in newer buildings.

particles or photons may be a source of radiation back-
grounds [50], but these secondaries are already considered
in our models of terrestrial and cosmic radiation.

We have estimated the five unknown activities of
the terrestrial-gamma model from spectroscopic measure-
ments. For this purpose, we used a commercial gamma-ray
detector, consisting of a scintillating Nal crystal mated
to a photomultiplier tube. The Nal crystal was a cylinder
76.2mm long and 76.2mm in diameter. The gain scale
was calibrated from the two most prominent gamma-ray
peaks, those due to *°K and 2Tl at 1.461 and 2.615 MeV.
The measurement was repeated at four laboratories in one
building at the National Institute of Standards and Tech-
nology (NIST) labs in Boulder, Colorado, with similar
results. Two other measurements made in a newer build-
ing on the NIST site and at the Pacific Northwest National
Laboratory in Richland, Washington, showed lower over-
all intensities, but an otherwise similar spectrum (Fig. 9).
At each location, measurements were made in both a high-
gain mode (for detection of terrestrial gamma rays) and
a low-gain mode (for cosmic rays). The highest detected
energies in these modes were approximately 4 and 75 MeV,
respectively.

The high-gain spectra are described well by the com-
bination of lines and continuum gamma rays from the
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FIG. 10. The reference gamma-ray background spectrum measured with the Nal scintillator (solid black) and the model of the same
(dashed red). The y axis represents events measured in the Nal spectrometer per unit time, per kilo-electron-volt of bin width. The
model is the sum of the computed spectrum produced by cosmic rays (CRs) plus each of the three indicated radioactive decay chains
(*°K, 22Th, and 23%U). The Th chain is further divided into pre- and postradon segments, labeled 23> Th-a and 2*>Th-b, which are not
assumed to be in secular equilibrium with each other. The model was fit to the data between 0.3 and 2.75 MeV (i.e., excluding the
shaded areas at the left and right of the figure) with the activity of the four decay chain segments allowed to vary. The cosmic-ray level

was fixed by measurements at higher energy (Sec. III).

dominant decay chains. The five activities were fit under
the assumption that the Nal spectrometer has a purely
Gaussian energy-resolving function with resolution scal-
ing with energy E as o (E) = Av/E for some scale factor
A. A small contribution from cosmic rays was estimated
based on the low-gain measurements (Sec. III) and fixed
during the fit. The energy calibration was performed on the
measured spectrum before fitting for activities, so the free
parameters of the fit are the five activities (one for each
decay-chain segment) and the scale of the energy resolu-
tion, A. The best-fit 4 corresponds to 100-keV resolution
(FWHM) at 1000 keV. Uncertainties in the measured spec-
trum are assumed to be dominated by Poisson (counting)
statistics.

The data prove to be insensitive to the activity of the
preradon segment of the 2*3U chain, which generates rel-
atively few gamma rays. Therefore, we make the simpli-
fying assumption that the entire 2¥U chain is in secular
equilibrium and repeat the fit with only four unknown
activities. Figure 10 compares the best-fit model and its
components with the reference measurement. The agree-
ment is good, though not consistent with purely statistical
deviations: the model underpredicts the measured flux
below 0.5MeV and seems to underestimate the energy
resolution at the 28Tl peak (2.615MeV). The statistical
uncertainties are approximately 1% of the activity values
(or 0.3% for the 2*’Th-b chain). The systematic depen-
dence on details of the fitting procedure is larger, about
5%.

The Nal-based reference measurement allows us to
determine the absolute activity of the three decay chains
(Table II for the reference laboratory). Significant inten-
sity variation between locations is expected and observed,
but they share the same essential spectral shape. Measure-
ments made in different buildings showed lower absolute
activities than our reference measurement, by factors of 2.5
and 4. Widely varying radio-isotope activity levels are the
natural result of construction with different concrete and
flooring materials. The activity levels in the reference lab
are marginally higher than typical for concrete samples,
but well within the range of natural activities observed in
building materials [13,51].

Figure 10 is very similar to Figure 3(a) of Ref. [4]. Both
show a spectrum of terrestrial gamma rays and model it
as a sum of a few decay chains each in secular equilib-
rium. One difference is that our model explicitly includes a
term for the cosmic-ray contribution. Otherwise, the simi-
larity helps to stress the point also shown in Fig. 9 that the
gamma-ray background spectrum is very similar in a wide
range of laboratory settings.

2. Further details on cosmic-ray modeling

As with the terrestrial gamma rays, we use TOPAS and
GEANT4 to model the transport and interactions of the
cosmic rays with shielding and detectors. We created an
intermediate tool, MuscRat.jl [52], to generate millions of
random cosmic rays by sampling from the distributions
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TABLE II. Specific activities determined from Nal scintilla-
tor measurements in the reference laboratory. For decay chains,
the specific activity is that of the parent isotope; its progeny are
assumed to be in secular equilibrium. The >*?Th-a and 2*’Th-b
activity values refer to the preradon and postradon segments of
the decay chain. Emitters are assumed to be uniformly distributed
through a concrete layer 22 cm thick. The y escape rate is the rate
per unit area of photons escaping the upper surface of the floor,
after substantial attenuation in the concrete slab (approximately
20 gamma rays escape the top surface for every 100 emitted in
the slab). The values are subject to uncertainties of approximately
1 % (statistical) and 5 % (systematic).

Isotope Specific activity y escape rate
(Bgkg™") (em2s7h
K 1030 1.5
2381 chain 76 1.8
232Th-a chain 126 1.6
22Th-b chain 82 1.4

PARMA produced. These cosmic rays’ particle species
and their position and momentum vectors were stored
as phase-space files, an input data format supported by
TOPAS.

The GEANT4 particle-transport framework is readily
integrated with a different cosmic-ray generator called
CRY [53]. CRY has been found to underpredict the
intensity of near-horizontal muons [54], so we used the
CRY+GEANT4 combination only as a check on our mod-
els. We did not ultimately find any meaningful differences
between the predictions when cosmic-ray secondaries
were generated by CRY versus PARMA. We preferred
PARMA as our cosmic-ray generator mainly because it
predicts distributions at arbitrary elevation or atmospheric
depth, while CRY works at only three specific elevations.

Our cosmic-ray models include the shielding effect of
a concrete ceiling 18 cm thick (a value found in building
blueprints), as well as the cryostat (here approximated by a
simple planar layer of aluminum 1 cm thick). These mate-
rials reduce the energy carried by muons by only 2.4 %.
They convert a portion of the energy carried by gamma
rays into energetic electrons and positrons. The ceiling also
reduces the energy carried by neutrons and protons, by
approximately 30 %. Because it preferentially attenuates
the nucleons of lower energy, which deposit energy more
efficiently in a thin object like a silicon wafer, the ceiling
and cryostat reduce the rate of rare events in the high-
energy end of the spectrum expected in a 500-pum-thick
silicon substrate by a factor of approximately 3 (Fig. 11).
Overall, however, in an above-ground laboratory, the ceil-
ing and cryostat body produce only a small reduction in
the cosmic-ray rate and a modest redistribution of energy
among particle species.
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FIG. 11. Energy deposited by cosmic-ray secondary particles
into a 500-pum-thick silicon substrate (models), separated into
hadronic particles (p, #, and 7%) and all others (u*, e, and y).
The heavier curves show results for the complete laboratory
model, which includes a ceiling (concrete, 18 cm thick) and a
proxy for the cryostat shell (aluminum, 1 ¢cm thick). The lighter
curves show the same model without ceiling or cryostat. The
ceiling and shell reduce the hadronic spectrum by a factor of
approximately 3 for energies £ > 2 MeV, mainly by reducing
the flux of lower-energy protons. Protons with energies less than
1 GeV deposit more energy per distance traveled in the silicon
substrate than relativistic protons do and are primarily respon-
sible for the high-energy end of this spectrum [26]. The ceiling
and shell reduce the spectrum of energy deposited by all other
cosmic-ray particles by no more than a few percent. The anal-
ogous distributions for the thicker substrate (not shown) exhibit
the same effects.

3. Cosmic-ray measurements with a
scintillating-crystal spectrometer

To test the cosmic-ray models, we measured the back-
ground spectrum outside the cryostat with the same Nal
scintillator described in Appendix A 1. When config-
ured in a low-gain mode, the spectrometer could mea-
sure energetic events up to approximately 75 MeV. This
energy range is well matched to the energy loss of
minimum-ionizing particles in Nal along the possible
geometric paths through the cylindrical Nal crystal with
length and diameter both 76.2 mm. The typical path pro-
duces a broad energy-loss peak centered between 30 and
40 MeV. As with the measurements of terrestrial gamma
rays, we repeated the cosmic-ray measurements in mul-
tiple buildings at two sites. One site was near sea level,
while the Boulder, Colorado measurements were per-
formed at 1650 m above sea level (mean atmospheric depth
860 gcm™2). The observed cosmic-ray flux is approxi-
mately 33 % higher at the higher elevation, consistent with
predictions of the PARMA model.
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FIG. 12. Cosmic-ray spectra measured by a Nal scintillator in

neighboring labs (solid lines), one with the crystal cylinder ori-
ented vertically (V), the other horizontally (H). The gray inset
indicates the orientation conventions. TOPAS+GEANT4 models
of the detector in each orientation are shown as dotted lines. The
models are scaled in intensity by a factor of 0.88 relative to the
PARMA output to agree with the measurement. The energy scale
is fixed by calibration to terrestrial gamma-ray features at 1.4 and
2.7 MeV, then fit to permit a slightly nonlinear response by pin-
ning the peaks at the expected energies of 34 and 37 MeV. The
nonlinearity is found to be a 1% effect at these higher energies.
The spectrum below 3 MeV is dominated by terrestrial sources
of gamma rays and is not shown here (see Fig. 10).

We observed a clear difference between the energy spec-
trum of cosmic-ray events depending upon whether the
Nal cylinder’s axis was oriented vertically or horizontally.
Because cosmic rays are not isotropic, the distribution of
geometric paths through a cylinder is different in the two
orientations, and the most probable path length through it is
some approximately 10 % longer when vertically oriented.
Measurements and model predictions exhibit an identical
dependence on cylinder orientation (Fig. 12). The most
probable energy loss is 34 MeV for a horizontal cylin-
der and 37 MeV for a vertical one. The mean count rate
and rate of energy deposition are equal in the two ori-
entations. This observation supports the validity of the
particle-transport modeling.

The Nal measurements constrain the intensity of the
cosmic rays. The Nal spectra shown in Fig. 12, as well
as the other four measured at the Boulder site, all agree
that the cosmic-ray rate was somewhat lower than pre-
dicted by PARMA. To achieve a good fit of the model to
the measurements, it was necessary to scale the u* inten-
sity separately from the other electromagnetic components
(e* and y). The hadronic particles (protons, neutrons, and
%) contribute little to the Nal spectra and are not con-
strained by our measurements. For simplicity, and given
their shared origin in the nuclear component of air show-
ers [55], we scale the hadronic intensity by the same value
as the u* component.

The best-fit scaling for our reference spectrum is 0.79
times the PARMA predictions for the electromagnetic
shower components (e* and ), and 0.88 for the muons
and all other species. Measurements made in other rooms
on the same site yield scale factors for the PARMA predic-
tions between 0.5 and 0.8 for the electromagnetic compo-
nents and between 0.85 and 0.88 for the other species. We
attribute the variation to the range of shielding overbur-
den. Our cosmic-ray model includes the shielding effect of
a particular concrete ceiling 18 cm thick. While this model
accurately describes conditions of the reference measure-
ment, other spectra were recorded in rooms with additional
building levels and more structural materials above them.
The Nal measurements show that this additional over-
burden reduces the e* and y intensity by as much as
40 %, but attenuates the highly penetrating u* compo-
nent by only a few percent. These effects are consistent
with the predictions of GEANT4 models for attenuation
in the concrete ceiling of the reference measurement. The
rescaling of the PARMA model’s p intensity by a factor
of 0.88 is both small and empirically necessary. We do not
know whether this modest disagreement in the cosmic-ray
intensity reflects overprediction by PARMA, or additional
screening in the ceiling that we have failed to capture in
our models. We use the rescaling factors found from Nal
measurements to correct the intensities for all cosmic-ray
models when we compare them to measurements made in
a superconducting circuit.

4. TKID measurements of radiation backgrounds

Here we describe some details of the TKID operation
and readout system that we omitted from the main text.

A standard homodyne mixer is used to collect data with
the TKID devices [56]. A microwave synthesizer generates
a probe tone at the TKID resonant frequency (approxi-
mately 1.3 GHz for both of our devices). This signal is
split, with one portion used as the reference input of an 1Q
(in-phase and quadrature) mixer and the other portion sent
through the cryostat and TKID. This signal is amplified
both cryogenically and at room temperature before reach-
ing the rf signal input of the IQ mixer. The / and Q outputs
are digitized with a sampling rate of 1.25 x 10° samples
per second. Both raw data streams are stored to disk for
offline analysis.

A sweep of probe frequencies near resonance allows us
to find the arc in the complex plane described by the trans-
mission of the resonator. Characterizing all samples of the
TKID measurement by their angle 6 in the complex plane
with respect to the center of this arc, we can replace the
I and Q timestreams by a single angle. This procedure
allows for more linear response and higher signal-to-noise
ratio at higher energies. Radiation events are identified in
the phase-angle timestream through a level trigger: a pulse
is recorded whenever four consecutive samples cross a
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threshold defined by 3 times the root-mean-square noise
level.

Distinct pulse records were first analyzed by the method
of “optimal filtering” [57], in which all pulses are pre-
sumed to have identical shapes and differ only in ampli-
tude. The method takes account of the nonwhite nature of
the intrinsic noise, and it is explicitly insensitive to slow
variations in the dc level of pulse records.

In violation of the assumptions underlying optimal filter-
ing, however, the TKID pulses exhibit a range of shapes.
Specifically, after a rise time of a few microseconds (gov-
erned by the resonator bandwidth), pulses are found to
fall with two distinct exponential time constants, typically
around 60 ps and at least 240 ps. The slower time constant
is consistent with conductive cooling through the TKID
island’s four legs after the island has thermally equili-
brated; it equals the ratio of the island’s heat capacity to
the thermal conductance of the legs. The cause of the ini-
tial, faster decay time is uncertain; it may correspond to a
period when the components of the TKID island are out
of thermal equilibrium and/or involve electrothermal feed-
back from the readout tone [58]. The variation in pulse
shape is primarily due to pulses having these two compo-
nents in a ratio that varies, especially with pulse amplitude.
To optimize the energy resolution and linearity by extract-
ing only the amplitude of the slower, thermal component
from each pulse, we modified the usual optimal-filter
method to fit pulses as sums of the two relevant shapes
[59].

5. Additional figures and table

In this section we include an additional table and three
additional figures. Table III is analogous to Table I, show-
ing energy-integrated event rates and power from models
and measurements, but for the case of the TKID fabricated
on a 1500-um substrate.

Figure 13 shows a model of the distribution of energy
deposited in a silicon substrate 1500 um thick by cosmic
rays, as well as the breakdown by particle species; it is
analogous to Fig. 3 but for the thicker wafer.

Figure 14 shows that a simple model of power coupling
from off-island events can explain the model-measurement
discrepancies observed below 350 (150) keV in the 1500-
(500-)m substrate. This coupling is not intended or
wanted, but must be estimated. In this model, we suppose
that the TKIDs are sensitive to energy deposited not only
in the 25-mm? TKID island, but also in a further 100 mm?
of area from the supporting legs and the nearby regions of
the frame. The sensitivity in the legs is comparable to that
of the island, but falls rapidly with distance away from the
legs. We have some information that constrains the model.
The approximate amplitude of the effect was estimated
from the measurements of the TKID response to LED illu-
mination of the frame described in the main text. The size

TABLE IIl. Model and measurement of the rate of energy-
absorption events, the power they deposit, and the mean energy
per event, for the 1500-um silicon substrate. All values repre-
sent integrals from Ey,;, to 20 MeV. The first three rows represent
the full integral (that is, from a minimum energy of 0), rele-
vant for instruments with high sensitivity to even the smallest
background events. The next three rows represent the models
integrated starting at 40 keV, where the current measurements
are most reliable. These rows give the results of the gamma-ray
model (Sec. II), the cosmic-ray model (Sec. III), and their sum.
The “Model + frame” row also adds an approximate model of the
excess events that are detected in the TKID island even though
the energy was deposited in the frame; this row is most appro-
priate for comparison to the measured rates. Uncertainties are
indicated in parentheses and are dominated by systematic effects,
apart from the measured TKID event rate, which is dominated
by counting statistics. Equivalent results for the thinner device
appear in Table 1.

Ein Component Event rate Power Mean E
(keV) G (keVs™)  (keV)
0 Gamma rays 0.066 8.8 132

0 Cosmic rays 0.0099 53 530

0 Model total 0.075 14.0 186
40 Gamma rays 0.038(2) 8.3(4) 221
40 Cosmic rays 0.0090(3) 5.3(1) 583
40 Model total 0.046(2) 13.6(4) 293
40 Model + frame  0.087(13) 17.4(13) .-
40 TKID measured  0.0778(4) 17.409) 223

scale of the relevant frame area (100 mm?) and the spatial
distribution of the coupling was informed by modeling of
Fourier’s law of thermal conductivity in the island, legs,
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FIG. 13. Energy deposited in a 1500-pum-thick silicon sub-
strate by cosmic rays (models), both the total and separated
by particle species. Similar to Fig. 3, which shows the same
spectrum components for the thinner silicon substrate (500 pm
thick).
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FIG. 14. All curves are the same as shown in Fig. 7, except for
the addition of a red curve. It shows the total model of gamma
rays and cosmic rays, p/us the model of frame hits. The addition
of a frame-hit term to the model brings the complete model into
good agreement with the measurement (black histogram) below
200 (400) keV for the 500- (1500-)um substrate.

and frame. This model, though quantitative, omits ballistic
phonons and has large uncertainties. We argue not that it
perfectly explains the discrepancy, but that a quantitative
model of the thermal coupling between the TKID induc-
tor and the frame with plausible parameters can relieve the
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FIG. 15. Cosmic-ray models of the spectrum of energy

deposited in silicon and sapphire substrates of equal mass: 500
and 300 pm thick, respectively, and each 5 x 5 mm?. The spec-
tra differ only at energies £ < 100 keV, where event rates are
proportional to the area of the lateral surfaces.

tension caused by the clear excess in the measured spectra
over models. Future TKID designs will be undertaken with
a goal of reducing this sensitivity to energy deposited close
to, but not in, the island.

Figure 15 supports our statements in Sec. VII that cos-
mic rays passing through two substrates of silicon and
sapphire with equal column densities will produce nearly
identical spectra, apart from lateral-area effects seen at
the low-energy end of the spectra (below 100keV). The
figure shows models of cosmic rays only; the terrestrial
gamma-ray spectrum computed for the equivalent sapphire
substrate is essentially identical to the silicon spectrum
shown in Fig. 2 and is therefore not shown.
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