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Generating single microwave photons in a circuit
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Microwaves have widespread use in classical communication tech-
nologies, from long-distance broadcasts to short-distance signals
within a computer chip. Like all forms of light, microwaves, even
those guided by the wires of an integrated circuit, consist of
discrete photons'. To enable quantum communication between
distant parts of a quantum computer, the signals must also be
quantum, consisting of single photons, for example. However,
conventional sources can generate only classical light, not single
photons. One way to realize a single-photon source” is to collect
the fluorescence of a single atom. Early experiments measured the
quantum nature of continuous radiation>*, and further advances
allowed triggered sources of photons on demand>''. To allow
efficient photon collection, emitters are typically placed inside
optical or microwave cavities'>"’, but these sources are difficult
to employ for quantum communication on wires within an inte-
grated circuit. Here we demonstrate an on-chip, on-demand
single-photon source, where the microwave photons are injected
into a wire with high efficiency and spectral purity. This is accom-
plished in a circuit quantum electrodynamics architecture®, with
a microwave transmission line cavity that enhances the sponta-
neous emission of a single superconducting qubit. When the qubit
spontaneously emits, the generated photon acts as a flying qubit,
transmitting the quantum information across a chip. We perform
tomography of both the qubit and the emitted photons, clearly
showing that both the quantum phase and amplitude are trans-
ferred during the emission. Both the average power and voltage of
the photon source are characterized to verify performance of the
system. This single-photon source is an important addition to a
rapidly growing toolbox for quantum optics on a chip.

When an atom or qubit is strongly coupled to a cavity, the spon-
taneous emission rate to the output mode of the cavity is enhanced, a
process known as the Purcell effect”’. This effect has been used for a
triggered single-photon source'™'. The underlying principle for this
source is straightforward: each time the qubit is excited with a control
pulse, it can emit one (and only one) photon when it decays. When
the qubit is put in an arbitrary superposition state, this state is
mapped onto a superposition of zero and one photon, thus trans-
ferring information from a stationary to a flying qubit. The challenge
is to create a system where spontaneous emission dominates
other relaxation channels. This spontaneous emission rate can be
determined from the hamiltonian of the system, the well-known
Jaynes—Cummings hamiltonian, H = fiw,0,/2+ fowdla a+1/2) +
hg(a'o_ + ac,). The first two terms represent a qubit with fre-
quency , described by Pauli operators o, ¢, and ¢, and raising
and lowering operators o, and ¢_, and a single cavity mode of
frequency @, described by the photon creation and annihilation
operators a’ and a. The final term represents a coupling of strength
g between the qubit and the photon, which mixes the individual
qubit and photon eigenstates. When far detuned (4 = o, — @,>> g),
the qubit acquires a small photonic component of the wavefunction, of

magnitude g/4. This opens up a new source of decay for the qubit, as
the photonic component of the qubit can emit at the cavity decay rate
K, resulting in a new qubit decay rate y,. = (g/4)*x. The qubit can be
an efficient photon source if this new decay rate dominates over other
non-radiative decay rates, 7, > Yngr.

Verifying the single-photon output is a substantial challenge in on-
chip microwave experiments. The simplest approach, that of looking
for a photon each time one is created, is not currently possible; unlike
in optical frequency experiments, no detectors can yet resolve single-
microwave photon events in a single shot. Fortunately, several
unique characteristics of the source are evident in the average signal
generated by many single-photon events, together yielding a convin-
cing verification even with noisy detectors. First, the output of the
single-photon source is expected to be oscillatory in the amplitude of
the control pulse applied to rotate the qubit. Second, the average
amplitude produced should agree well with the expected value for
a single photon. Third, and most importantly, if the output of the
system depends only on the state of the qubit, state tomography
measured for the photons should show complete agreement with
that obtained from independent measurements of the qubit. The
source reported here meets all three of these criteria.

The source is implemented in a circuit quantum electrodynamics
system consisting of a superconducting transmon qubit*?, an opti-
mized version of the ‘Cooper pair box’**, capacitively coupled to
a half-wave transmission line cavity with fundamental frequency
/21 =5.19 GHz (see Fig. 1). Two important design differences
between this circuit and previous incarnations of circuit quantum
electrodynamics™** are needed to achieve efficient single-photon
generation. First, the cavity is asymmetric in that the capacitors
(mirrors) at either end of the transmission line are no longer ident-
ical, resulting in asymmetric decay rates to the input and output ports
(Kin/2m = 200 kHz for the input side and x,,/2n = 44 MHz for the
output). As aresult, photons generated in the cavity are emitted at the
output port more than 99% of the time. In addition, the total decay
rate for the cavity, x/2m = 44 MHz, is substantially higher than in
previous samples, a necessary change for spontaneous emission to
be the dominant relaxation channel for the qubit. The qubit decay
rate in the absence of spontaneous emission, yngr, is frequency-
dependent, with ynygr/2m < 2 MHz for all measured transmission fre-
quencies between 4.3 and 7.3 GHz.

Transmission measurements are used to probe the energy spec-
trum of this system while the qubit frequency is tuned via an external
magnetic field (see Fig. 2). When the qubit is far detuned from the
cavity, only a single transmission peak is observed, centred at the
cavity frequency with a lorentzian line shape and linewidth given
by the bare cavity width. When the qubit and cavity are resonant,
two peaks in transmission are seen, a phenomenon known as the
vacuum Rabi splitting. Each peak corresponds to one of the two
single-excitation eigenstates of the system, which are superpositions
of the separate qubit and photon excitation states. The width of each
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peak is the average of the qubit and photon decay rates, (y + x)/2. In
the dispersive limit, where the detuning 4 is much larger than the
coupling g spontaneous emission is enhanced by the Purcell effect*,
resulting in approximate decay rates [1 — (g/A)z];c + (g/A)zy of the
cavity and [1 — (g/4 2y + ( g4 )%k of the qubit. The experimentally
determined linewidths agree well with theoretical predictions
(Fig. 2b), demonstrating our ability to tune the rate of radiative decay
of the qubit by tuning its frequency.

It is this enhanced qubit decay due to the cavity that is used in
generating single photons: the qubit line broadens when the decay
of the photon-like part of the wavefunction dominates the non-
radiative qubit decay. For the results presented here, the qubit was
tuned to a frequency w,/2n =4.68 GHz. With a coupling ¢/2n =
107 MHz, the qubit wavefunctions had a (g/4)> = 4% photonic nat-
ure, resulting in a spontaneous emission rate y,/2n = 1.9 MHz. The
measured relaxation rate of the qubit was /2n = 1.8 £ 0.1 MHz,
indicating that the observed relaxation could be mostly accounted
for by spontaneous emission to the output transmission line to
within our measurement accuracy. Because the lifetime of the qubit
is short, the photon source is effectively reset in under 1 ps, allowing
for rapid repeated photon generation, for a peak source power of
3aW.

To verify single-photon generation, we first show that the output
of the cavity is an oscillatory function of the input drive, as at most
one photon is generated, regardless of the magnitude of the input
drive. A 12 ns gaussian control pulse rotates the qubit state by a Rabi

Figure 1| The circuit quantum electrodynamics device for generating single
photons. a, A transmission line cavity (180 nm Al on a SiO,/Si substrate) is
formed between two capacitors, with the input capacitor shown in b (red box
in a) and the output in ¢ (yellow box in a). Because the output capacitor is
much larger, most radiation leaving the cavity leaves from this port, allowing
efficient collection of light emitted from the cavity. d, Transmon qubit (100-
nm-thick aluminium), an optimized ‘Cooper pair box’, at a voltage anti-node
of the cavity (blue box in a). The qubit is characterized by a Josephson energy,
tuned by an applied magnetic field with a maximum of E;"*/h = 20.2 GHz
and a charging energy E./h = 0.37 GHz. The coupling to the cavity is

/21 =107 MHz at the qubit frequency primarily used in this paper,

4/21 = 4.68 GHz, and has a slight dependence on the qubit frequency. The
transition from the first to second excited state, /27 = 4.19 GHz, is
sufficiently different from w, to treat the qubit as a two-level system.
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angle that is proportional to the pulse amplitude. The excited qubit
will then relax, generating a new photon state at the qubit frequency
(Fig. 3 inset). Because the control pulse leaves the cavity at a rate that
is much faster than the rate of spontaneous emission, y,, the control
pulse and generated photons can easily be separated in time. As seen
in Fig. 3a, the measured control signal increases monotonically, while
the spontaneous emission oscillates as the qubit is rotated from the
ground to the excited state and back, confirming that the spontan-
eous emission is proportional to the qubit state, not simply to the
applied drive amplitude. This is the key to the experiment: a super-
position of many photons incoming on one temporal mode give rise
to one (and only one) photon on a distinct outgoing temporal mode.
Moreover, because a single photon is the maximum output, the
source is insensitive (to first-order) to fluctuations in the control
pulse when generating one photon.

We characterize both the power and electric field of the single-
photon source, using independent measurements of the qubit state
made with dispersive readout techniques™ to verify performance
(Fig. 3). If the qubit state is mapped to the photon state, then an
arbitrary superposition of the ground and excited states «|g) + ff|e)
will result in the same superposition of photon states: «|0) + f5|1),
where |0) and |1) refer to states with zero or one photon. The average
photon number is proportional to the average qubit excitation prob-
ability, (a'a) = ((¢.) + 1)/2, and has a maximum of one photon when
the qubit is in the purely excited state. The two quadratures of
homodyne voltage, on the other hand, are proportional to the x and
y components of the qubit state: (a + a') = {o,) and a' — a) = (o).
The measured homodyne voltage is therefore a n/2 rotation out-of-
phase with the measured power, and the homodyne voltage is zero
when a single photon is generated, because there is complete phase
uncertainty in a photon Fock state.

Drive frequency (GHz)

Linewidth (MHz)

0
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0.33
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Figure 2 | Enhanced spontaneous emission through the Purcell effect.

a, Transmission through the cavity—qubit system at different applied fluxes
(log scale). Two peaks are evident in transmission due to the vacuum Rabi
splitting. Away from the avoided crossing, these peaks correspond to ‘mostly
qubit’ and ‘mostly cavity’ states. The bare linewidth of the cavity,

K/21 = 44 MHz, is much larger than the bare qubit linewidth y/21 < 2 MHz.
b, Extracted linewidths from the data in a (blue dots) are compared with
theoretical values (red lines). As the qubit and cavity peaks approach
degeneracy, the qubit peak becomes broader owing to spontaneous emission
to the cavity mode, while the cavity decay is suppressed. Extra dephasing
present only at low frequencies (the right side of the graph) causes a non-
lorentzian line shape and excessive width. Measurements of the relaxation
rate in the time domain (open blue circles) agree with theoretical estimates.
Discrepancies arise due to flux noise and variations in non-radiative decay
with frequency. The operating point for Figs 3-5 is @/®, = 0.366.
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Figure 3 | Output of a single-photon source. Measurements of the qubit
state are shown in blue, photon emission in red, and control signal in black.
a, Measured drive (at ¢t = 0 ns) and spontaneous emission voltage (at

t = 36 ns) of cavity output, in units of zero-point voltage fluctuations

Vo= 2 uV. The inset shows the time sequence, with a gaussian pulse at the
qubit frequency and subsequent photon emission with relaxation time T;.
When the amplitude A of the drive rotating the qubit is linearly increased,
the amplitude of the output voltage of the cavity is oscillatory. b, Photon
number output of the cavity (a'a) (integrated from t = 36 ns to ¢ = 236 ns)
detected with a diode (left axis), and the measured qubit state (o) (right
axis). These peak when the qubit is in the excited state, after a w pulse; the
agreement between qubit and photon states verifies the photon generation
occurs as expected. After a 7 pulse, the integrated power is 38% of that
expected for a single photon, setting the scale for the photon axis. Fits to the
qubit decays are used to extrapolate the qubit polarization immediately after
the control pulse, and are used to set the scale of the qubit axis. ¢, Integrated
voltage of the output photons a’ — a) (from £ = 36ns to t = 104 ns)
compared with the qubit state (s,), measured with a Ramsey experiment.
The agreement shows that the phase of superposition states is also
transferred from qubit to photon. Only 12% of the voltage for the n/2
superposition is collected here, owing to non-radiative decay and qubit
dephasing, setting the scale of the voltage axis. The qubit amplitude is again
extrapolated to the time immediately following the control pulse.
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Using markovian master equation simulations, the complete time
dynamics can be predicted with excellent accuracy, as shown for the
homodyne voltage in Fig. 4. Several features of the time dynamics are
striking. First, because the control pulse sets the rotation axis, and the
qubit state sets the emission phase, the control and generated
photons are orthogonal in phase, which allows the two signals to
be completely separated in homodyne detection. In the generated
photon quadrature, rapid time oscillations are apparent during the
control pulse; this is a direct observation of the Rabi oscillation of the
qubit through its spontaneous emission. After the pulse, the qubit
emits with a phase that depends on its final state, resulting in oscilla-
tions in the control amplitude that smoothly connect to the time
oscillations. Finally, there is a very-low-frequency oscillation in time.
Photons are emitted at the qubit frequency, which is slightly detuned
from the drive frequency. The result is a beating, with a half-period
shown in both theory and data images, indicative of a frequency
separation between the input and output photons in addition to
the phase and time separations.

These simulations can also be used to calibrate the efficiency of
the source. They are based on independently measured parameters of
the system, with the only unknown parameter being the overall
amplitude scaling. However, this scaling parameter is the same for
both the measured control and measured emission photons. There-
fore, comparison of the amplitude of the control pulse in theory and
experiment yields a calibration for the single-photon emission, which
allows a calculation of the efficiency of the sources.

Two metrics of efficiency characterize the performance of the
system. The source efficiency is the fraction of time in which a photon
is emitted after a control pulse. This depends on the final polarization
of the qubit and the ratio of radiative to non-radiative channels.
In generating a single photon, the m-pulse leaves the qubit 87%
polarized, and nearly all decay is radiative (y,/y>90%), giving
source efficiency of more than 78%. For generating a superposition
of zero and one photon, the quadrature phase of the photon must
also be controlled. Here, the qubit is 77% polarized along ., but a
dephasing rate y, = 1 MHz leads to only y,./(y + 2y4) = 50% radi-
ation efficiency, giving a total source efficiency of 39%.

A second metric, the usable source efficiency, is somewhat lower in
the current experiment, because the control pulse is slow and a delay
is necessary to reject any control photons which could give a double-
photon event. In the data of Fig. 3, collection of radiation begins after

Theory Experiment Figure 4 | Direct observation of the free
121 induction decay of a superconducting qubit.
Theoretical predictions (left) for both
10m quadratures of the homodyne voltage, both in-
5 Control pulse phase (top) and out-of-phase (bottom) with the
g &r drive, agree well with experimental
< 6 measurements of the two phases (right). Because
c T e .
& emission is always orthogonal to the rotation
s 4n axis, the spontaneous emission and control signal
« are phase separable. The homodyne sine waves in
on Fig. 3c are calculated as integrals of horizontal
slices through this data at different angles. The
0 frequency of these oscillations, coupled with a
gain known from measurements of the control
101 pulse, provide a calibration, which is used to
predict the experimental emission data. The
g 8r qubit and drive are slightly detuned by a
o fluctuating amount due to flux instability (of the
E” 6m order of 3 MHz), so there is a slow beat note in the
._g time direction. This fluctuating detuning is
g 4n modelled by adding the predicted homodyne
emission at two detunings, 1.5 MHz. The fast
2n oscillations in the time domain are a direct
0 . o measure of the Rabi oscillations of the qubit.
0 50 100 150 0 50 100 150
Time (ns) Time (ns)
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Figure 5 | Mapping the qubit state onto the
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three standard deviations of the control pulse gaussian, making the
likelihood of contamination by a control photon less than 0.01%.
Integrating the measured spontaneous emission, the number of
detected photons is measured directly, yielding an efficiency of 38%
for the single-photon source, and 12% for the homodyne voltage of the
superposition state, which is again lower, owing to dephasing. Even
rejecting the emission contaminated by control pulse photons, which
contains the high signal-to-noise part of the emission, a substantial
fraction of one photon is recovered. If a less stringent rejection thres-
hold of 1% is chosen, efficiencies rise to 46% for power and 16% for
homodyne voltage. In future experiments, this could be improved
further with faster pulses, longer coherence times, or fast tunability of
the qubit frequency, achieving usable source efficiencies close to 100%.

Tomography presents an even more powerful tool for character-
izing the transfer from qubit state* to photon state*”** (Fig. 5). Here,
qubit tomography is performed by applying control pulses of arbit-
rary phase and amplitude, and performing a dispersive measure-
ment*> of the qubit state (5. This yields the expected concentric
rings for a qubit initially in the ground state (Fig. 5a). Similarly, for
the same set of control pulses, both quadratures of the output
homodyne voltage are recorded (Fig. 5b, c). These show excellent
agreement with the expected g, and ¢, components of the qubit
state®®. This fluorescence tomography technique allows a full char-
acterization of the qubit by looking at the spontaneous emission at
the output, directly observing a superconducting qubit at its Larmor
frequency. Moreover, this means that a qubit state at arbitrary
points on the Bloch sphere can be transferred onto a photon state,
thus moving information from a stationary qubit to a “flying
qubit”, one of the DiVincenzo resources for quantum information
processing®.

The mapping of qubit states onto photon states allows for the use
of microwave photons as a true resource for quantum information
on a chip. These photons are generated on-demand with a high
repetition rate, good spectral purity, and high efficiency. This is a
convenient means of creating non-classical states of light to interact
with atoms, in which the photon can be guided along the wires of an
integrated circuit, allowing them to be shuttled around a chip. The
generation of single photons, and superpositions of photon states, is
an important step towards on-chip quantum optics experiments.
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