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We have realized a new interaction between superconducting qubits and a readout cavity that
results in the displacement of a coherent state in the cavity, conditioned on the state of the qubit.
This conditional state, when it reaches the cavity-following, phase-sensitive amplifier, matches its
measured observable, namely the in-phase quadrature. In a setup where several qubits are coupled
to the same readout resonator, we show it is possible to measure the state of a target qubit with
minimal dephasing of the other qubits. Our results suggest novel directions for faster readout of
superconducting qubits and implementations of bosonic quantum error-correcting codes.

Measuring the state of a qubit is a fundamental op-
eration of quantum physics and a primitive for building
a universal quantum computer [1]. Over the years, non-
destructive strategies to measure one given system at the
scale of a single quantum of energy have been devised and
tested, first with Rydberg atoms [2]. In circuit quantum
electrodynamics (cQED), such quantum non-demolition
(QND) readout schemes are currently based on a dis-
persive interaction: the phase of a coherent state of a
microwave pulse is shifted depending on the state of the
qubit [3-5]. In the best cases, this phase is then indirectly
measured using a phase-sensitive amplifier to record the
quadrature along which the two phase-shifted coherent
states are separated. In order to achieve faster high-
fidelity measurement, this separation can be augmented
by increasing the number of probing photons. Unfortu-
nately, in practice, driving with more photons induces
unwanted qubit transitions and does not improve signif-
icantly the overall fidelity of the readout process [6-9].

To circumvent the flaws of the RF dispersive qubit
readout, a new paradigm has been proposed [10-12],
which consists of two ideas. First, the Z component (en-
ergy operator) of the qubit needs to be directly coupled to
the quadrature measured by a phase-sensitive amplifier,
which does not in principle degrade the signal-to-noise
ratio (SNR). This bare interaction has been referred to
as “longitudinal” [10, 11]. Such interaction is, in fact,
similar to that associated with radiation pressure in op-
tomechanics [13]. Second, the interaction needs to be
modulated in time, at the frequency of the readout cav-
ity mode [12]. This modulation of the coupling creates a
displacement of the cavity that is conditioned on the state
of the qubit. Input squeezed light can further enhance
the sensitivity [12, 14]. Alternatively, the coupling can
be modulated in a stroboscopic way to avoid the back-
action of the microwave field [14-17]. The bare longitu-
dinal interaction has been realized experimentally with
superconducting circuits [18-20] but, in absence of the
frequency modulation, it has not yet led to a QND mi-
crowave readout.

In this letter, we report the realization of such a con-
ditional displacement readout using detuned parametric
pumping of the Josephson Hamiltonian of a transmon
[21]. This latter technique is a practical alternative to
the flux modulation that has been proposed theoretically
[10-12]. As shown in [22], the time-dependent qubit-
cavity Hamiltonian, in the doubly rotating frame, is given
by

H;H = —%q”qz+C(t)(qTq—1/2)(C+CT)—X(qTQ)(CTC),

(1)
where « is the anharmonicity of the transmon qubit (q)
and Yy is its dispersive coupling to the readout cavity (c).
The second term is the same as a resonant longitudinal
interaction of strength ¢ between the transmon qubit and
the readout cavity. With this implementation, the inter-
action is gated: it can be instantly switched on/off, and is
qubit-selective. We exploit this latter feature to read the
state of a single target qubit when multiple other qubits
are coupled to the same resonator. We show that the
target qubit can be measured non-destructively 98.4% of
the time, with minimal detrimental effects on the other
qubits of the system. In principle, the same scheme can
measure several qubits at the same time by engineering
a similar interaction on several target qubits but with a
different phase [12].

The principle of the experiment is shown in Fig. 1(a).
A superconducting qubit is weakly coupled to a low-Q
microwave resonator such that their residual dispersive
interaction x is much smaller than the linewidth  [3].
This so-called weak dispersive regime [23] is desirable
since it mitigates the Purcell effect [24], the dephasing
due to spurious thermal photons [25, 26], and, more gen-
erally, any spurious coupling to other qubits through the
cavity mode. However, the weak dispersive regime is usu-
ally unfavorable for qubit readout because it results in a
slow measurement rate and, furthermore, requires popu-
lating the resonator with a large number of photons. This
is a disadvantage in multi-qubit systems where photons
in the shared resonator lead to unwanted decoherence in
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FIG. 1. (a) Principle of the experiment. A schematic super-
conducting two-level artificial atom (red) is placed where the
field of a cavity (blue) is weak, for instance close to a par-
tially transmitting mirror, to be in the weak coupling regime.
When the atom is driven at the frequency of the cavity, the
electromagnetic field of the cavity is spontaneously displaced
with a sense which depends on the state of the atom (dot-
ted or solid line) and exits through the main aperture. (b)
Multi-qubit architecture. An arbitrary number of transmon
chips are placed around the field of an aluminum post-cavity
(three chips in the current experiment). The target transmon
(red) is driven through a filter mode (green) which is coupled
to a microwave input coupler. The number of photons in the
cavity is kept minimal using a cancellation port (see text).
The field of the cavity is measured using the strongly-coupled
output port.

the qubits that are not being addressed. Here, we realize
a fast readout while avoiding these drawbacks by imple-
menting the aforementioned novel idea of conditional dis-
placement readout. In our system a transmon is driven at
the frequency of the cavity (Fig. 1(a)), resulting in the
effective resonant longitudinal interaction. For a drive
with an envelope of amplitude &(¢) and a detuning A be-
tween the two modes, an analysis of the full Josephson
Hamiltonian [22] gives

Since the strength ¢ of this interaction depends on the
product ay, rather than yx, it is possible to increase ¢
while maintaining x small. Thus, a readout that is much
faster than the qubit relaxation time is obtained while
keeping the advantages of the weak dispersive coupling.

We demonstrate these features using an aluminum

cylindrical post-cavity [27] as a readout cavity (w./27 =
8.0 GHz) coupled to three transmon qubits (Fig. 1(b)).

Our scheme is also compatible with a 2D architecture and
a larger number of qubits. The target qubit (w,/27m =
4.9 GHz) is coupled on one side to a stripline resonator
(wy/2m = 6.4 GHz), which is used as a filter mode with
two roles. First, the filter mode is well-coupled both to
the drive input pin (with coupling k./27 ~ 8kHz) and
to the qubit (xqf/27 = 2.5MHz) so that we can drive
the qubit strongly off-resonance without limiting its co-
herence through the Purcell effect. Second, the pres-
ence of the filter mode increases the physical distance
between the drive pin and the readout cavity and lim-
its their direct coupling to much less than 1kHz. To
minimize the number of photons in the readout cavity
introduced by this finite direct coupling, a phase-locked
cancellation drive is applied to a cancellation port (with
coupling k./2m ~ 5kHz). Finally, the field is picked up
by a strongly coupled output port which connects the
cavity to a phase-sensitive amplifying chain [28] and to
room temperature electronics [22]. We adjust the out-
put coupling pin of the readout cavity in order to get
an emission rate x = (100ns) !, which sets the charac-
teristic time of our measurement. The target qubit is
characterized by an anharmonicity /27 = 221 MHz and
is coupled to the cavity with a residual /27 ~ 100 kHz
(x = k/16). Two other qubits with similar parameters
are coupled to the same cavity. We observe a range of
qubit energy relaxation times 77 between 90 s - 190 ps,
which vary, not atypically, from sample to sample. We
present the data acquired for a qubit with 77 = 90ps.
The T5-echo of our transmon varies between cooldowns
in the range of 30us to 170ps, for reasons which have
not yet been pinned down, but which we believe to be
independent from the effect we are demonstrating.

In order to quantify the strength of the resonant longi-
tudinal interaction, we turn on the drive for 2 ps and ac-
quire 3 x 10° trajectories with the target qubit initialized
in |g) and |e). The signal is amplified at low temperature
using a phase-sensitive amplifier. We use the ensemble
average response for these two cases to determine the op-
timal demodulation envelope (I_|e> - I_‘g> — i(Q|e> - Q|g>))
[29, 30], where the bar indicates the ensemble average.
The optimal envelope is used to weigh single-shot trajec-
tories and extract the SNR as a function of demodulation
time. The SNR in amplitude, plotted in Fig. 2(b), is fit
to the theoretical SNR for a conditional displacement de-
modulated with the optimal envelope [22]. The theory is
only adjusted by an overall factor, which depends both
on the efficiency n = 0.6 of the amplification chain, ex-
tracted independently [22, 31], and the number |a,,|? of
measuring photons in steady-state (Fig. 2(a)). We esti-
mate from the fit of the SNR |a,,|? = 2.6 photons, which
corresponds to a coupling strength (o/27 = a,,k/87 =
1.28 MHz for the pulse of constant amplitude.

In the same plot, we compare the SNR of the displace-
ment readout to the theoretical SNR of ideal dispersive
readout with xy = &, using identical efficiency 1 and pho-
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FIG. 2. Conditional coherent states separation. (a) Phase-space representation of this separation under an RF pulse imple-
menting our engineered interaction (gray solid line) and under an RF pulse driving the cavity directly (gray dashed line). In the
former case, the field of the cavity is displaced along the I quadrature with a sense that depends on the state of the transmon.
The distance between the two possible steady states is noted a.,,. In the latter case, the cavity state would be displaced
unconditionally along @ and conditionally along I. The gray area indicates that at small times, the two coherent states do
not separate. (b) Log-Log plot of the amplitude SNR as a function of time. The data are fitted with the theoretical SNR, for
a conditional displacement (solid line), adjusted in amplitude with the efficiency 7, determined independently, and with a fit
parameter corresponding to the coupling strength. The dashed line corresponds to the optimal dispersive readout with the
same parameters and x = k. The gray area corresponds to the delay shown in (a). (¢) Demodulation envelope comprising a
depletion section. The coupling strength varies from (o for 750 ns (orange), to —2¢p for 120ns (green). (d) Histogram of the
demodulated signal. The axis are calibrated using the calibrated efficiency n and the width o of the Gaussians along the x-axis.

The squeezing is due to the amplifier being phase-sensitive.

ton number |a,,|?. In steady-state, by construction, the
performance of both readouts converge to the same value
o (kT)Y/2. However, for the dispersive readout, the SNR
grows much slower for initial times (k7 < 1). This can
be understood from the initial cavity response, as shown
in Fig. 2(a). For the dispersive readout, the cavity co-
herent state first rings up along the @ quadrature at rate
k and then separates, along the I quadrature, at rate Y,
into the |g) and |e) components. On the other hand, for
the conditional displacement readout, the two coherent
states are displaced directly at rate k. As the measure-
ment is sensitive only to the separation, the conditional
displacement readout is faster for short times.

The direct separation of the two coherent states along
a single quadrature, as depicted in Fig. 2(a), is obtained
for the optimal envelope, shown in Fig. 2(c) for a spe-
cific readout pulse length of 750 ns. By construction, the
signal is contained within the I quadrature and no re-
sponse develops along @. Furthermore, to speed-up the
measurement, we evacuate, near the end of the readout
sequence, the cavity by reversing the amplitude of the
pulse and hence, the strength of the coupling to —2¢, for
120 ns. A similar trick had been previously demonstrated
for the dispersive case [31, 32].

To quantify the discrimination power of the readout,

we show in Fig. 2(d) the histogram corresponding to
1.5 x 10° single-shot measurements demodulated with the
optimal envelope. The bottom x-axis is normalized by
the apparent standard deviation of the two distributions,
whereas the top x-axis is re-normalized with a factor /7
to depict the losses in the measurement chain. Since our
setup uses a phase-sensitive amplifier to amplify along
the I quadrature, the distribution is squeezed along the
@ quadrature, which does not contain any information.
The distributions along I are separated by 5.8 standard
deviations, corresponding to a discrimination power of
99.5%.

Although a good discrimination power is necessary, it
is not sufficient to assess the overall merit of the read-
out. We further characterize the readout using two met-
rics: (1) the fidelity F, which quantifies how accurately
the measurement assigns the state prepared before the
readout, and (2) the quantum-non-demolition metric Q
(QND-ness), which quantifies how likely a qubit is to
adopt its measured state after the readout. These met-
rics will be smaller than the discrimination power due to
the qubit transitions during the readout, due themselves
to either T} or induced by the drive. To estimate the
two metrics, we perform a train of measurement pulses
with no delay (Fig. 3(a)). The vast majority of mea-
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FIG. 3. Quantum-non-demolition readout. (a) Results of suc-
cessive single-shot measurements displaying 6 discrete jumps
(black). The orange trace is a guide for the eye and is ob-
tained with a latching filter applied to the data. The cor-
relation between successive measurements indicates that the
readout is non-destructive. (b) Histogram of the demodulated
signal along the I quadrature with post-selecting the qubit in
lg) (diamonds) and in |e) (crosses). The two distributions
are fitted with Gaussians (light red, dashed and solid lines).
When the qubit starts in |g) (resp. |e)) it mostly persists in
lg) (resp. |e)). The gray dashed lines emphasize the number
of jumps from |g) (resp. |e)) to |e) (resp. |g)).

surement results are highly correlated with the previ-
ous one. Some rare measurement results display discrete
transitions from one state to another. To estimate the
fidelity, we plot in Fig. 3(b) the measurement distribu-
tion after a first stringent post-selection measurement:
if the first measurement yields a value I < f‘g) (resp.
I > I), where the bar indicates the average of the
distribution, we count the second measurement as being
post-selected on |g) (resp. |e)). This selection does not
eliminate the spurious thermal population in the excited
|f) state. We fit each distribution with a Gaussian and
adjust a threshold to minimize the readout errors. We de-
fine the fidelities for the state |g) (|e)) as Fy, = 1 —p(gle)
(Fe =1—p(elg)), where p(i|j) is the probability to mea-
sure the state ¢ if the qubit was initialized in j. We find
Fg =99.3% and F, = 98.5%. From this, we define the to-
tal fidelity F = 1 —p(e|g) —p(gle) = 97.8%. On the other
hand, the QND-ness is defined as Q = (pe,e + Pg,9)/2,
where p; ; is the probability to measure the state ¢ twice
in two successive measurements. We find Q = 98.4%.
In practice F and Q are mainly limited by the energy
relaxation of the qubit.

Finally, we present how selective our measurement is in
a multi-qubit architecture, which comprises 3 qubits cou-
pled to the same readout resonator. The two qubits that
are not targeted by the measurement have a dispersive
coupling to the readout resonator that is similar to the
dispersive coupling of the main qubit x (<« k) and a Ty
of 30 us. As a consequence, when the target qubit is mea-
sured, the unmeasured qubits are dephased by the photon
shot noise of the coherent state with a number of photons
Ntot = |am|?/4. With ¥ < k, the dephasing rate is at
worst of order iz (x/k)*k and should be much smaller
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FIG. 4. Coherence of two unmeasured qubits coupled to a
common when the target qubit is measured. (a) Sequence for
a Ramsey experiment with fixed length. Between two qubit
rotations of 7/2 (where ¢ indicates around what axis) either
the measurement pulse (red) is applied or not. To mimic a
decoupled quantum computation, N echo pulses are inserted
between the two m/2 pulses. (b) Ramsey fringes while per-
forming one echo pulse. The triangles and solid lines are re-
spectively the data and fit for the control experiment. The
circles and dashed lines are the data and fit when the target
qubit is measured. The two curves are phase-shifted due to
the Stark-shift. The y-axis is normalized to the contrast of
the control experiment. The experiment is performed on two
different qubits (yellow and green) and the data are shown
with opposite phases for clarity. In (c) we show the evolution
of the coherence for different numbers of echo pulses. The
Ramsey contrasts are normalized by the amplitude of their
respective control experiment.

than the measurement rate of the target qubit [22]. How-
ever, this dephasing is not inevitable since it can be mit-
igated by applying a dynamical decoupling sequence of
pulses to the unmeasured qubits [15, 33]. In fact, any re-
alistic quantum computation on the unmeasured qubits
would use such a dynamical decoupling sequence of pulses
to mitigate environmental dephasing, which is often the
main source of decoherence in cQED. Hence, the spurious
dephasing due to the selective measurement will also be
suppressed without having to adapt the pulse sequence
on the unmeasured qubits. While measuring the tar-
get qubit, we assess the decoherence of the unmeasured
qubits with a fixed-length Ramsey sequence with N in-
terleaved m-pulses on the unmeasured qubits (Fig. 4(a)).
As shown in Fig. 4(b), the Ramsey contrast for both
unmeasured qubits is nearly independent of whether the
target qubit is measured or not. In Fig. 4(c) we plot
the ratio between the amplitudes in these two cases and
observe that the measurement pulse adds at most 10% of



dephasing with no decoupling. Moreover, it is completely
eliminated by inserting a few echo pulses in the Ramsey
sequence.

In conclusion, we have realized a new readout method
for the state of superconducting qubits, in which the in-
formation of the qubit is coupled to a displacement along
a single quadrature of a readout resonator. We have
demonstrated fast and selective QND readout with this
coupling in a multi-qubit architecture. This coupling is
strong even when the dispersive shift is more than an
order of magnitude smaller than the linewidth of the res-
onator, which can be beneficial to the coherence of the
qubits. Our readout scheme can be made even faster with
further optimizations of the system. More importantly,
unlike the dispersive readout, our displacement readout
can provide exponentially improved sensitivity by squeez-
ing the microwave photons incident on the readout res-
onator [12, 14]. The interaction we engineered is also
useful beyond the readout of superconducting qubits. It
can be applied to multi-qubit gates [10, 11, 34, 35], to the
creation and correction of GKP codes [36] and pair-cat
codes [37], and to single-photon [38] and photon-parity
[39] detection.
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