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Abstract
We experimentally study the real-time susceptibility of trapped-ion quantum systems to small
doses of ionizing radiation. We expose an ion-trap apparatus to a variety of α, β, and γ sources
and measure the resulting changes in trapped-ion qubit lifetimes, coherence times, gate
fidelities, and motional heating rates. We found no quantifiable degradation of ion trap
performance in the presence of low-dose radiation sources for any of the measurements
performed. This finding is encouraging for the long-term prospects of using ion-based
quantum information systems in extreme environments, indicating that much larger doses may
be required to induce errors in trapped-ion quantum processors.
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1. Introduction

Trapped atomic ions are a leading candidate for scal-
able quantum computation, with long coherence times [1],
near-background-free quantum readout [2], and the highest-
reported single- and two-qubit gate fidelities [3, 4]. Such
fidelities exceed the ≈ 99% minimum threshold required for
fault-tolerant quantum computing [5, 6], and several exper-
iments have demonstrated the preparation, error detection,
and manipulation of logically-encoded qubits [7–9]. Yet, it
is currently unknown whether these advantageous properties
and high fidelities of trapped ion quantum systems persist in
the presence of ionizing radiation, as may be found in space
or other extreme environments. Understanding the degree to
which radiation-induced errors arise in ion-trap processors
will be crucial for mitigating potential failure mechanisms of
trapped-ion quantum protocols.

∗ Author to whom any correspondence should be addressed.

Recently, experiments with superconducting qubits have
found that ionizing radiation from small-scale sources [10]
and from cosmic rays [11] can limit the qubit coherence times
and destroy quantum information stored throughout the chip.
In both cases, it is believed that ionizing radiation generates
phonons in the chip substrate, breaking Cooper-paired elec-
trons and producing large quasiparticle densities which lead
to qubit decoherence [12, 13]. Since such radiation events
may lead to widespread correlated errors between qubits,
they may be difficult or impossible to correct using standard
fault-tolerant methods [14].

To date, no comparable studies of radiation effects
have been performed using trapped-ion quantum processors.
Although Cooper-pair breaking and quasiparticle generation
are not applicable to ion-based qubits, ions may instead be sus-
ceptible to alternative radiation-induced effects. For instance,
most ionizing radiation contains enough energy to increase the
charge state of trapped ions and thereby destroy the qubit [15].
Even if the qubit survives, the presence of high-energy x-ray
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or γ photons may induce Stark shifts [16] or energy level fluc-
tuations which reduce the qubit coherence time. Furthermore,
high-energy radiation has the potential to ionize background
gases or release adsorbed atoms and photoelectrons from the
vacuum chamber walls [17], which may lead to increased
collisions or motional heating of the ions.

In this work, we study the effects of low-dose radiation
on trapped-ion qubits. We first expose an ion-trap apparatus
to an array of laboratory-scale α, β and γ radiation sources
to observe whether the ion trapping lifetime is reduced. In
the presence of those same sources, we next set limits on
the changes in qubit coherence time and single-qubit rota-
tion fidelity during exposure. Finally, we investigate whether
low-dose radiation leads to increased motional heating rates
of trapped ions. In all cases, our measurements of radiation
effects are performed while the ion-trap is in operation, rather
than irradiating the trap and testing afterward.

In section 2 below, we introduce the ion species and ion-
trap apparatus used in this work. Section 3 describes the α,
β, and γ sources integrated with the apparatus and lists their
activity and estimated irradiance at the ion position. Lifetime,
coherence time, gate fidelity, and motional heating rate results
are presented in section 4, followed by concluding remarks in
section 5.

2. Experimental apparatus

The qubit used for these radiation testing experiments is
encoded in the 2S1/2|F = 0, mF = 0〉 and |F = 1, mF = 0〉
hyperfine ‘clock’ states of 171Yb+ ions [18], denoted as |0〉
and |1〉, respectively. These states are separated by 12.6 GHz,
addressable in the microwave regime, and are far enough sep-
arated in frequency to allow for high-fidelity state-dependent
detection [2]. In addition, these qubit levels are well-isolated
from sources of decoherence, with effectively infinite T1 relax-
ation times [18] and demonstrated T2 times in excess of 1 h
[1]. For these reasons, 171Yb+ has been a popular ion qubit of
choice for groups performing quantum computation [19–21]
and simulation experiments [22].

Ions are confined in a linear radiofrequency (rf) trap with
‘needle’-style endcaps [18, 23] (figure 1). Typical axial and
radial trap frequencies for these experiments are 2π × 390 kHz
and 2π × 720 kHz, respectively. The trap is housed within a
vacuum chamber with pressures below 10−10 Torr, so that col-
lisions with background gas particles are minimized [24]. Such
low pressures are achieved by careful selection of the materi-
als used inside the chamber, by stringent pumping and high-
temperature bake-out processes, and by using ion pumps and
non-evaporable getter pumps once in the ultra-high-vacuum
regime. The walls of the vacuum chamber are made from
316L stainless steel, with three Corning 7056 glass viewports
providing optical access to the ions. As shown in figure 1,
radiation must also pass through one of the viewports before
interacting with the ions.

For the 171Yb+ qubits, the trapping, cooling, state initial-
ization, and detection processes are all performed using lasers.
Trapping begins by using lasers at 399 nm and 369 nm to pho-
toionize a beam of neutral ytterbium atoms coming from a

Figure 1. Sketch of the experimental arrangement (not to scale).
Ions are confined in a ‘needle’-style rf trap housed inside a vacuum
chamber. Laser beams (blue) are used for cooling and
state-detection of the ions. Radiation (orange) emanates from a
source outside the vacuum chamber and must pass through 4.65 mm
of glass before interacting with the ions.

heated oven. Once the ion is created and trapped, lasers near
369 nm cool the ion to milliKelvin temperatures and initialize
the qubit into the |0〉 state with > 99% fidelity [25]. Detection
of the trapped ion qubits is performed optically using standard
state-detection fluorescence techniques [2], with the collected
light imaged onto a photo-multiplier tube or CCD camera.
Finally, qubit state manipulation in these experiments is per-
formed by broadcasting 12.6 GHz radiation, resonant with the
qubit state separation, using a microwave horn just outside the
vacuum chamber.

3. Radiation sources

We subject the ion trap hardware to an array of α, β, and γ
radiation sources. Table 1 lists each of the isotopes used in
these experiments, along with their radiation type, activity, and
primary decay energies. Each source is encapsulated in a 1-
inch ‘button’ package, of US Nuclear Regulatory Commission
exempt quantity, and is mounted just outside the ion trap vac-
uum chamber (figure 1). To reach the ions, the radiation must
pass through 45.5 mm of air, 4.65 mm of glass, and 10.5 mm
of vacuum.

The presence of the glass vacuum window is expected to
cause significant variations in the radiation dose at the ion,
depending on the radiation type. For instance, it is known that
α-radiation can be stopped by a piece of paper, while thick
lead shielding is often required to attenuate γ-rays [17]. Conse-
quently, the source activity alone is not sufficient to determine
the radiation dose at the ion; interactions between the radiation
and the vacuum window must be considered as well.

We estimate the irradiance at the ion for each source in
table 1, which is equivalent to the radiative energy flux pass-
ing through the trapping region inside the vacuum chamber.
Several different numerical methods were implemented to
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Table 1. Low-dose α, β, and γ sources integrated with the ion trap experimental
apparatus. For each source, the activity and primary decay energies are listed, as well as
the estimated irradiance at the location of the trapped ion. The presence of the vacuum
window between the sources and the trapped ion shields essentially all α particles and
most β particles.

Source Type Activity Energy (keV) Irradiance (W m−2)

Polonium-210 α 0.1 μCi 5300 ≈0
Americium-241 α 1 μCi 5490 ≈0
Strontium-90 β 0.1 μCi 546 2 × 10−15

Thallium-204 β 10 μCi 764 2 × 10−8

Cobalt-60 β, γ 1 μCi β: 318; γ: 1170, 1330 β: 1 × 10−18; γ: 2 × 10−4

Cesium-137 β, γ 5 μCi β: 512, 1170; γ: 662 β: 4 × 10−7; γ: 2 × 10−4

Cadmium-109 γ 10 μCi 88 6 × 10−5

Barium-133 γ 10 μCi 81, 276, 304, 356, 384 3 × 10−4

estimate the attenuation of α, β, and γ particles through the
vacuum window. Since α particles are positively charged, we
simulated their trajectories using the Monte-Carlo based stop-
ping and range of ions in matter code [26]. For the decay
energies of 210Po and 241Am used in these experiments, a typ-
ical α-particle is estimated to penetrate only ∼20–30 μm into
the 4.65 mm glass window, with negligible probability to pass
through the full thickness. Similarly, β-attenuation was esti-
mated using a Monte-Carlo simulation of electrons in solids
(CASINO) [27], with non-negligible transmission probabili-
ties found for only the highest-energy β-particles. In contrast,
high transmission probabilities were found for γ-rays of the
energies used in these experiments, as estimated using the
NIST XCOM photon cross-section database [28].

4. Results

4.1. Lifetime measurements

As an initial investigation of the effects of radiation on trapped
ion qubits, we measure the trapping lifetime of ions exposed
to radiation sources. The ‘ion lifetime’ refers to the 1/e time
for which an ion qubit remains confined within the rf trap
in the absence of cooling mechanisms. If radiation induces
fast depopulation of the ion trap, it may prove uncorrectable
by both standard quantum error-correcting codes [5–9] or by
more specialized codes which account for qubit loss [29, 30].

Although ions have been confined in many systems for
months, this requires continuous laser cooling which is forbid-
den while a quantum computation is in process [31]. Without
active cooling, there is the potential for collisions to cause
unmitigated ion heating and eventual loss of the qubit. Radia-
tion effects may further increase the local background gas pres-
sure and collision rate, as well as further ionize Yb+, which in
both cases would lead to reduced trapping lifetimes.

Our measurements find that ion lifetimes remain in excess
of 1 s when exposed to every source of radiation listed in table
1. For each experiment, one ion is initially Doppler cooled to
0.5 mK, confined without any cooling for 1 s, then illumi-
nated to confirm its survival in the trap. Each experiment is
repeated for 10 trials per data point. The 100% measured sur-
vival probability at 1 s indicates that the true 1/e lifetime is

longer than 1 min in all cases. We note that for ion-trap exper-
iments, 1 s is already orders of magnitude longer than the typ-
ical ∼1–10 millisecond timescales of quantum computation
and simulation studies [32, 33].

4.2. Coherence time and single-qubit gate fidelity
measurements

In this next round of experiments, we investigate whether (a)
the coherence time of our system is sufficiently long to apply a
single-qubit rotation in the presence of radiation, and if so, (b)
whether the single-qubit gate fidelity is measurably impacted
by the radioactive sources. Radiation-induced Stark shifts have
the potential to cause uncontrolled variations in the phase evo-
lution of the quantum bit [16], resulting in lowered T2 coher-
ence times and gate fidelities. If no decrease in fidelity is
observed, then we can simultaneously conclude that (a) the
coherence time is sufficiently long for single-qubit gate oper-
ations, and (b) radiation does not affect single-qubit rotations
to within experimental error.

The single-qubit gates implemented here take the form
of rotations around the x̂ axis of the Bloch sphere, U(t) =
e−iσxΩt/2, where σx is the Pauli X matrix and Ω is the Rabi fre-
quency. Rotations are driven using microwaves resonant with
the 12.6 GHz frequency splitting between qubit levels. When
the qubit is initialized in |0〉 and microwaves are left on contin-
uously, the qubit state oscillates between the |0〉 and |1〉 states
at Rabi frequencyΩ ≈ 25 kHz, as shown in figure 2(a). To esti-
mate the average single-qubit X-gate fidelity, we apply the 12.6
GHz radiation for a time t = π/Ω and measure the population
fraction transferred from the |0〉 → |1〉 state.

As described, such measurements underestimate the true
single-qubit gate fidelity since they include the effects of state
preparation and measurement (SPAM) errors. These errors
account include the possibilities that the initial preparation is
not purely |0〉, but contains some small fraction of |1〉, and
that the measurement fidelity of distinguishing |0〉 from |1〉 is
not 100%. An independent characterization of our total SPAM
error yielded 3.3 ± 1.3%, which is the dominant source of
infidelity for the measurements in figure 2(b).

The measured single-qubit X-gate fidelities, including
SPAM errors, is shown in figure 2(b). Each experimental trial
was repeated 10 000 times to keep quantum projection noise
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Figure 2. (a) Oscillations between qubit states |0〉 and |1〉 when driven with microwave pulses at 12.6 GHz, with no radiation present. (b)
The single-qubit X-gate fidelities (including all state-preparation and measurement errors) remain unchanged to within experimental error
when various types of low-dose radiation are introduced. The blue solid line indicates the results of the control (no radiation) trial; blue
dashed lines indicate 1 s.d. statistical measurement uncertainty.

errors at the level of ∼10−2. To within experimental error,
we observed no radiation-induced change during the com-
bined operations of state preparation, single qubit rotations,
and measurement when compared with our control trial. Inde-
pendently, by performing multiple concatenated X-gates, we
bound the maximum radiation-induced single-qubit fidelity
error (in the absence of SPAM) at the <0.3% level. We there-
fore conclude that (a) the coherence time of the trapped ion
remained sufficient for single-qubit gate operations, and (b)
if radiation effects were indeed present, they would be well
under the ∼1% error threshold needed for correction under
fault-tolerant schemes.

4.3. Heating rate measurements

In a final set of experiments, we quantify the effects of radia-
tion on the trapped ion temperature. Quantum entangling oper-
ations rely on cooling ions to near their ground state of motion
[34], such that their motion is quantized in a global harmonic
oscillator potential. Since dissipative cooling is forbidden dur-
ing quantum gate operations, ion heating during the computa-
tion may compromise the overall fidelity [35]. If this heating
rate is exacerbated by the presence of radiation, either through
direct or induced collisions with background particles or by
increased charge fluctuations on nearby surfaces, two-qubit
gate fidelities will be negatively affected.

Our measurements of the ion temperature begin by
Doppler-cooling the ion to ≈ 0.5 mK. The cooling laser is then
turned off, and the ion is allowed to heat for 100 ms (much

longer than the typical gate time of an ion-trap quantum com-
puter [32]). Finally, the temperature is re-measured after 100
ms such that the heating rate may be determined. We then
repeat this sequence in the presence of all radioactive sources
listed in table 1.

Temperature measurements of a trapped ion are performed
by observing its fluorescence as a function of detuning δ
from resonance. Such resonance lineshapes have two primary
contributions. The first is the power-broadened Lorentzian
linewidth of the atom, given by Γ′ = Γ

√
1 + s, where Γ =

(2π) × 19.6 MHz is the natural linewidth of the Yb+ 369 nm
transition, and s = 0.3 is the laser saturation parameter used
in these experiments. The second major contribution to the
linewidth comes from the Doppler-broadened temperature of
the ions, which is a Gaussian lineshape with standard devia-
tion σ =

√
kBT/mλ2, where λ = 369 nm, kB is Boltzmann’s

constant, and T is the ion temperature.
Given these two contributions to the linewidth, the flu-

orescence profile is most appropriately fit to a Voigt func-
tion, which is the convolution of a Gaussian lineshape G and
Lorentzian lineshape L:

V(δ;σ,Γ′) =
∫ ∞

−∞
G(δ′;σ)L(δ − δ′;Γ′)dδ′. (1)

By fitting this lineshape to the measured fluorescence as
a function of laser detuning, the only free parameter is
the Gaussian width σ which uniquely determines the ion
temperature T.
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Figure 3. (Insets) Measured ion fluorescence vs detuning from resonance. The width of the lineshape determines the ion temperature.
(Bottom) The extracted ion heating rates for various radiation sources. No statistically significant deviation in the heating rate is observed
compared to the no-radiation case. The blue solid line indicates the results of the control (no radiation) trial; blue dashed lines indicate 1 s.d.
measurement uncertainty.

Characteristic lineshapes for the control case (no radiation)
and forα, β, and γ sources are shown in the top insets of figure
3. For the no-radiation case, the linewidth yields a fitted tem-
perature of 25 mK after 100 ms of heating, corresponding to
a heating rate of 0.25 K s−1 (6.0 quanta/ms). This lineshape
is replicated as a blue dashed line in the other three inset pan-
els but is almost entirely covered by the radiation-present data.
For each isotope and dose of radiation we have fit a lineshape
profile to extract a temperature and heating rate, plotting the
summary of results in the bottom panel of figure 3.

We observe no statistically significant increase in the heat-
ing rates when the ion trap is irradiated with low-dose α, β, or
γ-sources. Likewise, we observe no increase in the background
gas pressure at the 10−10 Torr level (which would increase the
collisional heating rate), nor do we find that the ion shifts posi-
tion in the trap due to unwanted charge accumulation (which
would increase the electric field noise heating rate). We there-
fore conclude that much higher doses of radiation may be nec-
essary to cause measurable increases in ion heating rates and
their associated entangling gate infidelities.

5. Conclusion

This work measured the in situ changes in ion-trap qubit
lifetimes, coherence times, single-site rotation fidelities, and
motional heating rates when exposed to an array of laboratory-
scale α, β and γ radiation sources. Since the ion trap was

in operation during these measurements, the effects of radi-
ation were tested on the ion qubit and surrounding trap hard-
ware simultaneously. If radiation-induced errors were found
to exceed fault-tolerant thresholds, it would indicate serious
future challenges for the ability to perform large-scale quan-
tum computations using unshielded ion-trap-based hardware.

For the small-scale doses used in this study, we found no
quantifiable degradation of ion-based qubits in the presence
of radiation, for any of the measurements performed. This
finding is an early first step for demonstrating the long-term
prospects of using ion-based quantum information systems in
space or other extreme environments. However, exposure to
higher-dose sources will be required to fully quantify possi-
ble points of failure and guide future design requirements for
system shielding. In addition, future work should also more
accurately quantify the single-qubit gate errors using random-
ized benchmarking, and determine whether high-dose radia-
tion induces correlated ion-qubit errors which cannot be easily
corrected using standard fault-tolerant protocols.

Acknowledgments

This work was supported by the US Office of Naval Research,
NSWC Crane, under Award #N00164-20-1-1003. The IU
Quantum Science and Engineering Center is supported by
the Office of the IU Bloomington Vice Provost for Research

5



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 13LT01

through its Emerging Areas of Research program. The authors
are grateful to Stephen Howell and Jonathan Dilger for stimu-
lating discussions.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.

ORCID iDs

Philip Richerme https://orcid.org/0000-0003-1799-7612

References

[1] Wang P et al 2021 Nat. Commun. 12 1
[2] Noek R, Vrijsen G, Gaultney D, Mount E, Kim T, Maunz P and

Kim J 2013 Opt. Lett. 38 4735
[3] Gaebler J P et al 2016 Phys. Rev. Lett. 117 060505
[4] Ballance C J, Harty T P, Linke N M, Sepiol M A and Lucas D M

2016 Phys. Rev. Lett. 117 060504
[5] Knill E 2005 Nature 434 39
[6] Raussendorf R and Harrington J 2007 Phys. Rev. Lett. 98 190504
[7] Nigg D, Muller M, Martinez E A, Schindler P, Hennrich M,

Monz T, Martin-Delgado M A and Blatt R 2014 Science 345
302

[8] Linke N M, Gutierrez M, Landsman K A, Figgatt C, Debnath S,
Brown K R and Monroe C 2017 Sci. Adv. 3 e1701074

[9] Egan L et al 2020 arXiv:2009.11482
[10] Vepsäläinen A P et al 2020 Nature 584 551
[11] McEwen M et al 2021 arXiv:2104.05219
[12] Martinis J M, Ansmann M and Aumentado J 2009 Phys. Rev.

Lett. 103 097002

[13] Kozorezov A G, Volkov A F, Wigmore J K, Peacock A, Poelaert
A and Den Hartog R 2000 Phys. Rev. B 61 11807

[14] Fowler A G and Martinis J M 2014 Phys. Rev. A 89 032316
[15] Heugel S, Fischer M, Elman V, Maiwald R, Sondermann M and

Leuchs G 2015 J. Phys. B: At. Mol. Opt. Phys. 49 015002
[16] Drake G W 1996 Atomic, Molecular and Optical Physics Hand-

book (Oxford: Oxford University Press)
[17] Turner J E 2008 Atoms, Radiation, and Radiation Protection

(New York: Wiley)
[18] Olmschenk S, Younge K C, Moehring D L, Matsukevich D N,

Maunz P and Monroe C 2007 Phys. Rev. A 76 052314
[19] Nam Y et al 2020 npj Quantum Inf. 6 1
[20] Pino J M et al 2021 Nature 592 209
[21] Clark S M et al 2021 arXiv:2104.00759
[22] Monroe C et al 2021 Rev. Mod. Phys. 93 025001
[23] Gulde S 2003 PhD Thesis Universität Innsbruck
[24] Wineland D J, Monroe C, Itano W M, Leibfried D, King B E

and Meekhof D M 1998 J. Res. Natl Inst. Stand. Technol. 103
259

[25] D’Onofrio M, Xie Y, Rasmusson A, Wolanski E, Cui J and
Richerme P 2020 arXiv:2012.12766

[26] Ziegler J F, Ziegler M D and Biersack J P 2010 Nucl. Instrum.
Methods Phys. Res. B 268 1818

[27] Hovington P, Drouin D and Gauvin R 1997 Scanning 19 1
[28] Berger M 2010 XCOM: photon cross sections database http://

nist.gov/pml/data/xcom/index.cfm
[29] Stace T M, Barrett S D and Doherty A C 2009 Phys. Rev. Lett.

102 200501
[30] Stricker R et al 2020 Nature 585 207
[31] Monroe C and Kim J 2013 Science 339 1164
[32] Linke N M, Maslov D, Roetteler M, Debnath S, Figgatt C,

Landsman K A, Wright K and Monroe C 2017 Proc. Natl
Acad. Sci. USA 114 3305

[33] Richerme P, Gong Z-X, Lee A, Senko C, Smith J, Foss-Feig M,
Michalakis S, Gorshkov A V and Monroe C 2014 Nature 511
198

[34] Mølmer K and Sørensen A 1999 Phys. Rev. Lett. 82 1835
[35] Brownnutt M, Kumph M, Rabl P and Blatt R 2015 Rev. Mod.

Phys. 87 1419

6

https://orcid.org/0000-0003-1799-7612
https://orcid.org/0000-0003-1799-7612
https://doi.org/10.1038/s41467-020-20330-w
https://doi.org/10.1038/s41467-020-20330-w
https://doi.org/10.1364/ol.38.004735
https://doi.org/10.1364/ol.38.004735
https://doi.org/10.1103/physrevlett.117.060505
https://doi.org/10.1103/physrevlett.117.060505
https://doi.org/10.1103/physrevlett.117.060504
https://doi.org/10.1103/physrevlett.117.060504
https://doi.org/10.1038/nature03350
https://doi.org/10.1038/nature03350
https://doi.org/10.1103/physrevlett.98.190504
https://doi.org/10.1103/physrevlett.98.190504
https://doi.org/10.1126/science.1253742
https://doi.org/10.1126/science.1253742
https://doi.org/10.1126/sciadv.1701074
https://doi.org/10.1126/sciadv.1701074
https://arxiv.org/abs/2009.11482
https://doi.org/10.1038/s41586-020-2619-8
https://doi.org/10.1038/s41586-020-2619-8
https://arxiv.org/abs/2104.05219
https://doi.org/10.1103/physrevlett.103.097002
https://doi.org/10.1103/physrevlett.103.097002
https://doi.org/10.1103/physrevb.61.11807
https://doi.org/10.1103/physrevb.61.11807
https://doi.org/10.1103/physreva.89.032316
https://doi.org/10.1103/physreva.89.032316
https://doi.org/10.1088/0953-4075/49/1/015002
https://doi.org/10.1088/0953-4075/49/1/015002
https://doi.org/10.1103/physreva.76.052314
https://doi.org/10.1103/physreva.76.052314
https://doi.org/10.1038/s41534-020-0257-5
https://doi.org/10.1038/s41534-020-0257-5
https://doi.org/10.1038/s41586-021-03318-4
https://doi.org/10.1038/s41586-021-03318-4
https://arxiv.org/abs/2104.00759
https://doi.org/10.1103/revmodphys.93.025001
https://doi.org/10.1103/revmodphys.93.025001
https://doi.org/10.6028/jres.103.019
https://doi.org/10.6028/jres.103.019
https://arxiv.org/abs/2012.12766
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1002/sca.4950190104
https://doi.org/10.1002/sca.4950190104
http://nist.gov/pml/data/xcom/index.cfm
http://nist.gov/pml/data/xcom/index.cfm
https://doi.org/10.1103/physrevlett.102.200501
https://doi.org/10.1103/physrevlett.102.200501
https://doi.org/10.1038/s41586-020-2667-0
https://doi.org/10.1038/s41586-020-2667-0
https://doi.org/10.1126/science.1231298
https://doi.org/10.1126/science.1231298
https://doi.org/10.1073/pnas.1618020114
https://doi.org/10.1073/pnas.1618020114
https://doi.org/10.1038/nature13450
https://doi.org/10.1038/nature13450
https://doi.org/10.1103/physrevlett.82.1835
https://doi.org/10.1103/physrevlett.82.1835
https://doi.org/10.1103/revmodphys.87.1419
https://doi.org/10.1103/revmodphys.87.1419

	Susceptibility of trapped-ion qubits to low-dose radiation sources
	1.  Introduction
	2.  Experimental apparatus
	3.  Radiation sources
	4.  Results
	4.1.  Lifetime measurements
	4.2.  Coherence time and single-qubit gate fidelity measurements
	4.3.  Heating rate measurements

	5.  Conclusion
	Acknowledgments
	Data availability statement
	ORCID iDs
	References


