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ABSTRACT

Quantum sensing utilizes the inherent sensitivity of a quantum system to external stimuli. Our goal is to leverage
this sensitivity to develop a quantum sensor designed for the detection of ionizing radiation. Here we report on
the design, fabrication, and measurement of a new quantum device for hard x-ray and gamma-ray detection.
Our quantum device is based on a superconducting quantum bit (qubit) with superconducting tunnel junctions
as the core device elements. We describe our experimental investigation directed toward the detection metrics
of energy resolution, dynamic range, and active area. In contrast to existing superconducting detectors, the
active area per qubit may be much larger than the physical area of the tunnel junctions or the physical area of
the qubit device, due to the sensitivity of quantum coherence to ionizing radiation deposition within a radius
on the millimeter or centimeter scale. Our experimental design enables an ionizing radiation source at room
temperature to be detected by our quantum sensor at low temperature.
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1. INTRODUCTION

Qubits are quantum devices that encode information, but unlike classical bits where the information is in a binary
state a qubit encodes information in a superposition of states. The most common representation is superposition
of the ground and first excited states, «|0) + $]1). To limit the qubit to two states, anharmonic ciruits are
used and cooled to cryogenic temperatures in a dilution refrigerator. Qubits employed in quantum information
processing exploit their non-binary state to solve problems in a larger phase space. The most notable example
problem is Shor’s algorithm, an algorithm for factoring a large integer into its prime constituents. Due to the
number of qubits needed to make a quantum processor, currently no practical problems have been solved by a
quantum computer.

While there has been substantial research into developing qubits for computation, there has been compara-
tively less for quantum sensing. Whereas quantum computing seeks to solve mathematical problems, quantum
sensing is using the innate sensitivity of quantum devices to detect external stimuli. An advantage of supercon-
ducting quantum sensors is, with exception of frequencies close to the superconducting gap, we have no reason
to suspect a sharply peaked spectral response function. This assumption means we expect a superconducting
qubit designed to function as a quantum sensor could have a substantial dynamic range, perhaps equal or better
than High-Purity Germanium (HPGe)..

The qubits we use are superconducting transmons. They consist of two floating metallic planes connected by
a Josephson junction. The qubit can be excited from the ground state by applying a microwave pulse that induces
an oscillation of charge between the two plates. Owing to the non-linearity of the Josephson junction, energy
level transitions are non degenerate.>? The qubit state is measured through the dispersive shift it imparts to
a coupled harmonic resonator (a readout resonator), in this case a coplanar waveguide resonator. The resonant
frequency of the readout resonator is measured by homodyne detection and digitized. By ensuring that this
state-dependent shift is readily resolved, single shot readout of the qubit is enabled.

A quantum sensor as we propose may be expected to have sensitivity on the millimeter length scale due to
phonons propagating energy deposited by absorbed radiation across the device with the qubit coherence sensitive
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to this propagated energy.® This situation is in contrast to superconducting tunnel junctions which are only
sensitive to direct hits on an absorber that is typically on the micrometer scale.*

HPGe detectors, for example, typically require cryogenic operation at the boiling point of liquid nitrogen (77
K).* Our quantum sensor based on a superconducting qubit must be operated at a temperature well below the
superconducting gap. Typically we operate our superconducting qubits at a temperature of 10 milliKelvin. As
such it is reasonable to expect that a quantum sensor made from transmon qubits will have lower dark counts
than HPGe sensors.

2. EXPERIMENTAL
2.1 Microfabrication

We fabricate transmon quibts on high purity instrinsic float zone silicon wafers with resistivity greater than 20
kOhm cm. Thin film Al is e-beam evaporated and patterned to form the readout resonators and the transmon
qubit. The Josephson junctions were fabricated using the standard shadow evaporation technique and controlled
exposure to oxygen to create an Al/AlOy layer stack. The devices were then thermally anchored to a dilution
refrigerator and cooled to 7 mK.

2.2 Design

Previous measurements of ionizing radiation on superconducting qubits have focused on the potential impact
to quantum information processing.>>® These reports have primarily been concerned with the negative effects
of radiation on coherence and the correlated errors it engenders. We are focusing on developing transmons as
detectors, and so to better characterize a transmon’s response to radiation, we are proposing to measure ionizing
radiation from a source external to the cryostat. As shown in Fig. 1, the quantum sensor, a transmon, will be
located near the bottom of the still shield of the dilution fridge. The source will be located directly opposite the
quantum sensor (transmon) outside the vacuum jacket and at room temperature. With this configuration we
can change the level of incident radiation by adjusting the spacing between the transmon and the source. We
will be able to easily go between measurements with and without radiation for comparison. Nor will we need to
cycle the system to change the radiation source.

Il Detector: T = 10 milliKelvin

- Source: T = 295 Kelvin

Figure 1. This figure illustrates our intended detection setup. The ionizing radiation will be generated by a source
outside the cryostat. This configuration allows us to control both the exposure duration by removing the source and
exposure intensity by the height of the source. This approach contrasts with earlier works in which the radiation source
was installed inside the cryostat near the quantum device, limiting exposure control to natural radioactive decay.® As
well as experiments that measured radiation of environmental origin® where radiation dosage was limited to an active
source.



3. MEASUREMENT

Qubits are characterized by several measurements. The time to transition from the first excited state to ground
(T1) measures the lifetime of the qubit, the dephasing time (Ts) measures the coherence, and Rabi oscillation
decay measures a combination of (T;) and (T3). Ionizing radiation is expected to lower coherence times, > 7
e.g., due to quasiparticles transiting the junction. Thus, a straightforward detection mechanism would be to look
for a reduction in the probability of the device being in the excited state after a set delay time in a Ty or T
measurement, or after a set pulse duration in a Rabi measurement. Figure 2 illustrates the Rabi case. Figure 2a)
is a simulation of how a Rabi oscillation would be expected to decay with and without radiation. Figure 2b) is
experimental data taken from one of our devices, showing a fit to the Rabi oscillations and the decay envelope.
To decrease measurement time a single point such as an oscillation peak could be measured and compared with
and without radiation.
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Figure 2. a) A simulation containing the non-irradiated fitted decay envelope in black and a radiation simulated envelope
in blue. b) Data taken showing Rabi oscillations. The blue dots are experimental data, the red solid line is a fit to the
data, and the green dashed line is the decay envelope to the fit. One possible avenue of detection could be a reduction in
coherence times such as the Rabi decay envelope, shown as the green dashed line in experimental data. One problem with
measuring a quantum device is that measurements can take longer than the lifetime of the response to ionizing radiation.
To work around this temporal limitation a single point in a coherence measurement could be sampled, such as a peak
along the decay envelope.

In summary we seek to utilize superconducting transmon qubits for the detection of ionizing radiation. We
plan to use a radiation source positioned outside the cryostat allowing adjustments of the incident radiation flux
without thermal cycling to decrease the time needed to test sensor (transmon) designs. We expect the effect of
radiation to manifest as a reduction in excitation probability of Ty, Ts, and Rabi measurements.
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