PHYSICAL REVIEW LETTERS 126, 020502 (2021)

Efficient Qubit Measurement with a Nonreciprocal Microwave Amplifier
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The act of observing a quantum object fundamentally perturbs its state, resulting in a random walk
toward an eigenstate of the measurement operator. Ideally, the measurement is responsible for all dephasing
of the quantum state. In practice, imperfections in the measurement apparatus limit or corrupt the flow of
information required for quantum feedback protocols, an effect quantified by the measurement efficiency.
Here, we demonstrate the efficient measurement of a superconducting qubit using a nonreciprocal
parametric amplifier to directly monitor the microwave field of a readout cavity. By mitigating the losses
between the cavity and the amplifier, we achieve a measurement efficiency of (72 +4)%. The
directionality of the amplifier protects the readout cavity and qubit from excess backaction caused by
amplified vacuum fluctuations. In addition to providing tools for further improving the fidelity of strong
projective measurement, this work creates a test bed for the experimental study of ideal weak
measurements, and it opens the way toward quantum feedback protocols based on weak measurement

such as state stabilization or error correction.
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Quantum measurements often involve entangling the
system of interest with light [1]. As a consequence, the
subsequent measurement of the light, performed by an
observer or by the unmonitored environment, affects the
quantum state of the system [2]. The measurement effi-
ciency 0 <5 <1 characterizes the fraction of the total
available quantum state information that is acquired by the
observer. Using a quantum nondemolition measurement
scheme, highly accurate state estimation can be performed
by repeating many inefficient measurements [3-5].
A higher efficiency results in measurement speed up
and, therefore, contributes to the fidelity of the state
estimation, a crucial metric for quantum computation
[6,7]. Meanwhile, an efficient measurement is critical for
measurement-based quantum control [8], in which the
measurement outcome is used to feed back on the quantum
system, enabling, for example, quantum state stabilization
[9-12] or measurement-based entanglement [13].

A perfectly efficient measurement requires both ideal
collection of the light and a faithful, noiseless detector. For
superconducting qubits, the use of a microwave readout
resonator with a one-dimensional radiation pattern enables
the collection of every photon [14]. A noiseless detector
must measure only the information-carrying quadrature of
the microwave field, and, in principle, this can be imple-
mented with a phase-sensitive parametric amplifier [15]. In
reality, this approach requires additional hardware to
operate which introduces unavoidable losses in the signal
path, reducing the overall efficiency. In particular, these
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amplifiers are reciprocal and, therefore, rely on magnetic
microwave circulators to control the signal flow, leading to
significant component and wiring losses [16,17]. In recent
years, various nonreciprocal alternatives to conventional
parametric amplifiers have been developed, breaking reci-
procity via parametric interactions [18-23], time-domain
operations [24], or traveling wave amplification [25].
However, the application of these nonreciprocal amplifiers
to efficient superconducting qubit measurement is still a
nascent field [24,26-29] with many outstanding experi-
mental and theoretical challenges. Indeed, in the absence of
an intermediate circulator, the amplifier and the device
under test can no longer be treated as independent modular
elements, in stark contrast with conventional parametric
amplification chains. In fact, the devices merge into a new
and unique quantum system, which introduces the diffi-
culty of combining large amplified signals with fragile
quantum states. In this work, we solve this delicate balance
by using coupled mode theory to finely tune in situ
parametric interference within this larger quantum system.

Here, we couple the readout cavity of a transmon qubit to a
field programmable Josephson amplifier (FPJA) [22]; see
Fig. 1. We operate the FPJA as a directional phase-sensitive
parametric amplifier [23] to monitor only the quadrature of the
microwave field in which the qubit state is encoded. The
directionality of the amplifier protects the cavity from
amplified vacuum fluctuations, circumventing the need for
conventional microwave circulators between the cavity and
the amplifier. As a consequence of the low loss and low added
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FIG. 1. (a) Diagram of the high-efficiency qubit measurement
chain. A transmon qubit is dispersively coupled to a 3D
aluminum readout cavity. The readout cavity is directly con-
nected to a nonreciprocal phase-sensitive amplifier based on an
FPJA. (b) Phase-space representation of the microwave field at
different parts of the circuit. An input measurement drive is up-
converted to the cavity frequency and then reflected with a qubit
state-dependent phase shift. The quadrature containing the qubit
state information is amplified, and the signal is down-converted
and routed out for further amplification. Both the FPJA and the
JPA have an on-chip dc and ac flux bias (not shown). The qubit is
driven via a weakly coupled cavity port (not shown).

noise in this system, we achieve a measurement efficiency
of (72 +4)%, among the best reported in the literature
[6,24,28].

A transmon qubit, with a resonance frequency w, /27 ~
6.297 GHz and relaxation time 7'; = 27 us, is embedded
inside a three-dimensional aluminum readout cavity [30]
with a resonant frequency ,/27 =~ 10.929 GHz. The
capacitive coupling between the qubit and the cavity results
in a qubit state-dependent cavity resonance frequency: o, +
x or w, — y for the qubit, respectively, in the ground state |g)
or excited state |e), where 2y /27 ~ 1.7 MHz. The FPJA is
part of a class of multimode amplifiers whose behavior
can be programmed in situ by a set of parametric drives [18—
20,22]. In the following, we use four parametric drives to
program the FPJA as a directional phase-sensitive amplifier
[23]. The FPJA has three flux-tunable resonances: The input
resonator is tuned into resonance with the readout cavity,
o, = w,, resulting in an output resonator frequency
w, /27 ~ 6.912 GHz and an internal amplification resonator
frequency w,, /27 ~ 8.013 GHz (see Supplemental Material
[31]). The strength and phase of each pump are set to create
the following nonreciprocal signal flow: (i) A signal enters
the FPJA output port, at a frequency w,; (ii) the signal is up-
converted to the input port of the FPJA, at a frequency w,;
(iii) the signal reflects off the readout cavity with a qubit
state-dependent phase shift and reenters the FPJA input
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FIG. 2. Measurement-induced dephasing and measurement rate.
(a) Pulse sequence to measure Ramsey oscillations in the presence
of a measurement of variable strength |a|>. (b) Example of a
Ramsey oscillation with an exponential decay rate I',, for G =
6 dB and |a|*> ~ 0.01. (c) Qubit decoherence rate I', as a function
of measurement strength |a|> and amplifier gain G. (d) Pulse
sequence to measure the signal to noise ratio between the ground
and excited qubit state as a function of the measurement strength
|a|?. (e) Typical histogram of the measurement signal for the qubit
prepared in the ground or excited state, for G~ 15 dB and
|a|*> ~0.3. (f) Measurement rate T',, = SNR?/47 as a function
of measurement strength |0(|2 and amplifier gain G. In (b), (c), (e),
and (f), the dots are data, and the solid lines are linear fits.

port; (iv) the signal is down-converted to the amplification
resonator, at a frequency w;, and the quadrature containing
the qubit state information is amplified with a gain G tunable
in situ before further down-conversion back to the output
port, at a frequency w,. Finally, the signal is routed to a
conventional homodyne measurement setup. To characterize
this system’s measurement efficiency, we use a robust
method that relies on the comparison of the qubit dephasing
rate to the measurement rate [24,28,32,33].

We first calibrate the qubit measurement strength by
observing the associated measurement-induced dephasing;
see Figs. 2(a)-2(c). The total qubit decoherence rate is
rL,=I,/2+ Ff’p“V +T17, where I is the relaxation rate, Iy
is the measurement-induced dephasing rate, and I';"" is the
excess dephasing rate that is not due to the measurement.
Both dephasing rates can be expressed as a function of the
number of photons in the cavity [34,35]:
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where k/27 ~ 2.58 MHz is the effective cavity linewidth,
Neyy 18 the effective thermal occupancy of the cavity, and
|a|? is the mean number of coherent photons that para-
meterizes the measurement strength. Using the Ramsey
sequence shown in Fig. 2(a), we measure the qubit
decoherence rate I, as a function of the measurement
strength |a|? and of the FPJA gain G, shown in Fig. 2(c).
The measurement strength |a|? is calibrated using Eq. (1)
and separate measurements of k and y. At low measurement
strength, the qubit decoherence rate is mostly dominated by
excess dephasing FZ)“V. At zero gain, I ;)“V originates from
residual thermal photons in the cavity [35]. At higher
gain, due to the finite directionality of the FPJA, residual
amplified vacuum fluctuations drive the readout cavity and
slightly increase the excess dephasing. The decoherence
rate then increases with measurement strength, and
even at the highest gain we maintain a measurement-
induced dephasing rate that dominates the decoherence
rate, Iy > (I'; /2 + ™).

We now extract the signal to noise ratio (SNR) of the
measurement chain; see Figs. 2(d)-2(f). The measurement
signal after an integration time 7 consists of two Gaussian
distributions corresponding to the ground and excited
qubit states, with mean values (/ g,e>, standard deviations
6,6 and SNR? = ((I,) — (I,))?/ (o} + 02); see Fig. 2(d).
Experimentally, we prepare the qubit in either its ground or
excited state and measure the rate at which the SNR grows
as a function of the integration time (z > 1/x), yielding the
measurement rate I',, = SNR?/4z [36]. In Fig. 2(f), we
show the measurement rate as a function of the measure-
ment strength and FPJA gain. As expected, the SNR
increases linearly with the measurement amplitude, |a|.
As the FPJA gain increases, the measurement rate
approaches the measurement-induced dephasing rate
(dashed line), a hallmark of a highly efficient measurement.

The ratio of the measurement rate to the measurement-
induced dephasing rate yields the measurement efficiency
N =1, /F('}} [36], shown in Fig. 3 as a function of the
FPJA gain. At low FPJA gain, the measurement efficiency
is limited by the system noise temperature of the homodyne
measurement setup  (Supplemental Material [31]).
As the FPJA gain increases, it overwhelms the noise
of the homodyne setup, and the efficiency increases.
Concurrently, the thermal occupancy of the cavity, n.,,,
increases slightly, as discussed previously in Fig. 2. This
results in an increase of the photon shot noise in the cavity
and, therefore, of the qubit dephasing, which can be cast as
an environmental efficiency [10] 7eny = 1/(1 4 214y ),
shown in Fig. 3. At an optimal gain of approximately
15 dB, we reach an efficiency of #,, = (72 £ 4)% and an
environmental efficiency 7.,, = (88 4= 2)%. An empirical
noise model suggests that #,, is primarily limited by
residual coupling of the amplifier resonance to the output
port [23]. Both the measurement inefficiency 1 —#,, and
thermal occupancy of the cavity n.,, can be reduced by at
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FIG. 3. Measurement efficiency #,,, in green, and environmen-

tal efficiency 7, in purple, as a function of the amplifier gain.
The solid green line is the prediction of an empirical noise model
for the measurement efficiency, and the solid purple line is the
theoretical prediction for the environmental efficiency (see
Supplemental Material [31]). At high FPJA gain, the measure-
ment efficiency clearly exceeds the 50% theoretical limit for a
phase-insensitive amplifier.

least an order of magnitude with a straightforward redesign
of the external coupling to each resonator of the FPJA [23].
We note that the small discrepancy between the measured
backaction and theoretical predictions is potentially due
to a weak measurement performed by the amplifier even
in the absence of cavity displacement. Indeed, the state-
dependent frequency shift of the readout cavity results in
a state-dependent gain profile of the amplifier. As a con-
sequence, the qubit state is encoded in the output
noise spectrum which, if unmonitored, results in spurious
dephasing. This form of backaction has been observed in
other experiments and is an active area of research [28,37].

At the optimal FPJA gain, we demonstrate the ability to
perform strong projective qubit measurements. We extract a
state-estimation fidelity of 97% in 350 ns for |a|* ~ 2.5,
mostly dominated by the ratio of the qubit relaxation rate
and the cavity linewidth (Supplemental Material [31]). The
dynamic range of the amplifier is large enough for a
measurement strength |a|?> > 5, approaching the limits of
the dispersive approximation [38], inducing spurious qubit
transitions.

In conclusion, we have demonstrated a highly efficient
measurement of a transmon qubit using a parametrically
driven, directional, phase-sensitive amplifier connected to
the readout cavity without an intermediate circulator. As in
other work [24,27-29], our approach strives to achieve a
high level of integration with superconducting quantum
devices. While direct on-chip integration could be feasible,
a flip-chip [39] or wireless coupling [40] approach would
enable separate optimization of the amplifier and qubit
chips. Straightforward adjustments of device parameters
will enable measurement efficiencies approaching 100%,
creating a test bed for exploring quantum control protocols
based on weak continuous measurement. In addition, we
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emphasize that the FPJA can be dynamically reconfigured,
enabling complex time-domain protocols with tunable
control, coupling, and measurement of multiple quantum
systems.

We thank E. Rosenthal and B. Hauer for helpful
discussions and comments on the manuscript.
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