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Catching Time-Reversed Microwave Coherent State Photons with 99.4 %
Absorption Efficiency
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We demonstrate a high-efficiency deterministic quantum receiver to convert flying qubits to stationary
qubits. We employ a superconducting resonator, which is driven with a shaped pulse through an adjustable
coupler. For the ideal “time-reversed” shape, we measure absorption and receiver fidelities at the single
microwave photon level of, respectively, 99.41% and 97.4%. These fidelities are comparable with gates and
measurement and exceed the deterministic quantum communication and computation fault-tolerant
thresholds, enabling new designs of deterministic qubit interconnects and hybrid quantum computers.
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Systems coupling qubits and cavities provide a natural
interface between fixed logic qubits and flying photons.
They have enabled a wide variety of important advances in
circuit quantum optics, such as generating novel photon
states [1-3] and developing a toolbox of quantum devices
[4-7]. Hybrid quantum devices and computers [8,9] can
be implemented between superconducting coplanar
waveguides and micromechanical oscillators or supercon-
ducting, spin, and atomic qubits [10-14]. For such imple-
mentations, it can be advantageous to employ deterministic
quantum state transfer [15,16], which needs highly efficient
quantum transmitters and receivers.

For deterministic quantum networks [17], it is particu-
larly challenging to convert flying qubits to stationary
qubits, since absorbing naturally shaped emission has a
maximum fidelity of only 54% [18,19]. Theoretical pro-
tocols reaching 100% efficiency rely upon sculpting the
time dependence of photon wave packets and receiver
coupling [20-22]. To accomplish this, recent experiments
have developed transmitters with adjustable coupling
[23-25]. However, experimental reception fidelities have
reached a maximum of only 88% for optical photons [26]
and 81% for microwave photons [14]. These are well below
fidelities required for fault-tolerant deterministic quantum
communication (96% [27]) and computation (99.4% [28]).
Hence, only heralded schemes [29-31] were plausible to
transfer quantum information between even adjacent quan-
tum processors.

We demonstrate here a quantum receiver that absorbs
and stores photons with a fidelity above the threshold
fidelities for fault tolerance. We classically drive a super-
conducting coplanar waveguide resonator through an
adjustable coupler, which we use as an on-off switch, with
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a particularly simple “time-reversed” photon shape. At
the single microwave photon level, we measure an absorp-
tion efficiency of 99.4% and a receiver efficiency of
97.4%. As these efficiencies are comparable to fidelities
of good logic gates and measurements [32-36] and are for
the first time above the threshold for fault-tolerant deter-
ministic quantum communication, deterministic intercon-
nects are possible between devices on nearby but
separate chips.

The protocol we implement relies on time-reversal
symmetry [20,37] between resonator energy absorption
and emission. A resonator emits a photon wave packet
which naturally decays exponentially in amplitude, as
shown in Fig. 1(a). By time-reversal symmetry, the reso-
nator will thus absorb an exponentially increasing wave
packet with perfect efficiency [18,19,38].

More physically, the resonator perfectly absorbs a
traveling wave packet if destructive interference occurs
between signals reflected off the coupler and re-emitted
(leaked) out of the resonator. This is readily obtained for an
exponentially increasing wave packet, as calculated both
classically [22,38,39] and quantum mechanically [18,19],
since the reflected and re-emitted signals increase in time
together with opposite phase. For perfect destructive
interference during the entire pulse, one must match the
frequencies and set the drive amplitude time constant 7 to
2/k for a coupling leakage rate x. Under these conditions,
the absorption efficiency equals 1 — e~ for a pulse of
duration 7 (see the Supplemental Material [39]). The
absorption efficiencies reach 99.4% for xT > 5.3 and
approach unity as T — oo. Using this idea, other protocols
also permit perfect cancellation by temporally varying both
the wave packet and «x [22].

© 2014 American Physical Society
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FIG. 1 (color online). Experimental design. (a) Natural decay of
a photon state from a cavity, showing exponential decay with
energy leakage rate k. A time-reversed photon wave packet is thus
absorbed by a cavity with 100% efficiency, as verified here (box).
(b) Experimental setup showing shaped microwave pulse (drive)
sent to the cavity (resonator) through a coupler (k). An on/off
tunable coupler allows separation of the capture, storage, and
release processes, as well as calibration. An off-chip circulator
separates the drive (brown arrows) coherent-state pulse generated
by an arbitrary waveform generator (AWG) from the output V(7)
(blue arrows), measured with an amplifier and comprised of
reflected (purple arrow, 1) and re-emitted (solid green, 2) signals
that interfere destructively. The resonator is capacitively coupled
to a superconducting phase qubit (Q) for calibration. (c) Sche-
matic of tunable coupler. Coupler consists of two interwoven
inductors with negative mutual inductance M and a SQUID with
inductance L tuned by coupler bias line to vary «.

Imperfect destructive interference between the reflected
and re-emitted waves results in lower absorption efficien-
cies. The maximal absorption efficiency is only 81.45%
[39] for a drive pulse with a rectangular or exponentially
decreasing amplitude because initially the reflected signal
has greater amplitude than the re-emitted signal, while at
long times re-emission dominates. Reflections also do not
cancel out re-emission if the resonator couples significantly
to modes besides the drive; this results in a decreased
efficiency as seen in Refs. [14,40,41].

To experimentally achieve the strong coupling necessary
for complete destructive interference, we employ a tunable
inductive coupler, shown in Figs. 1(b) and 1(c), through
which we drive a 6.55 GHz superconducting coplanar
waveguide resonator. This coupler has previously been
used to emit shaped pulses [23]. The coupling is given by a
mutual inductance modulated by a tunable superconducting
quantum interference device (SQUID) inductance [23] and
is calibrated using a superconducting phase qubit (see the
Supplemental Material [39]). The resulting coupling can be
tuned from negative couplings through zero (off) to
+1/(20 ns) in a few nanoseconds; as the drive pulse is
similarly tuned in a few nanoseconds, the coupling can be

adjusted with the drive pulse to ensure reflection cancella-
tion. We choose a coupling k = +1/(50 ns) for resonator
driving and re-emission, which dominates over the intrinsic
resonator loss «; = 1/(3 us). By turning off the coupler,
the absorbed energy is stored instead of immediately re-
emitted.

We drive the resonator with a shaped pulse and measure
the output voltage V/(f) versus time 7 to characterize the
destructive interference. We generate a classical single-
photon drive pulse using heterodyne mixing with an
arbitrary waveform generator (see the Supplemental
Material [39]) and concurrently set the coupling to x =
+1/(50 ns) to capture the drive energy. Upon stopping the
drive, we idle the coupler at ko ~ 0 [|ko5e| < 1/(30 ps)] for
30 ns and then reset the coupling to « to release the energy
[see pulse sequence in Fig. 2]. During the entire sequence,
we measure the complex V(¢) using two-channel hetero-
dyne detection near the resonator frequency [39], averaging
over 3 x 10° repetitions.

When the reflection and re-emission interfere destruc-
tively, V(z) is comparable to the noise prior to the drive.
This occurs only around 50 ns for an exponentially
decreasing drive pulse [arrow in Fig. 2(a)]; elsewhere,
either reflection [(1) in the middle panel] or re-emission
[(2) in the middle panel] dominate. In contrast, the
destructive interference lasts the entire drive for a properly
shaped exponentially increasing pulse [Fig. 2(b)], implying
high absorption efficiency.

We quantify this interference by the energy absorption
efficiency. The energy measured through time ¢ equals
E(t) = [{|V(?)|* = N]di' /2R for R =50Q and average
noise power N [see bottom panel, Fig. 2]. The absorbed
energy E,, is the difference between the total drive energy
E(o0) and the near-constant energy E(idle) at the idle. The
absorption efficiency E,,/E(o0) equals (99.41 £ 0.06)%
for the exponentially increasing drive but (61.0 £ 0.3)%
for the natural exponentially decreasing drive. This high
absorption efficiency is independent of both the number of
repetitions over which V(r) is averaged and E(co) for
E.s = (0.5 - 50) photons (see the Supplemental Material
[39]). Note that we calibrate the energy scale by using the
qubit to measure E, [39].

To achieve this high 99.4% absorption efficiency, we
tune the pulse length 7', exponential time constant 7, drive
frequency f; and the timing of closing the coupler (see
Fig. 3). For = = 2/k, longer pulse lengths correspond to
higher absorption efficiencies, reaching 99.4% for T > 6/x
[Fig. 3(a)]. If 7 is varied at T = 20/x [Fig. 3(b)], the
absorption efficiency reaches the maximal 99.4% within
10% of = = (2/«) but falls to 90% for 7/ (2/x) = 2, 1/2.In
both cases, the efficiency falls off as expected.

We also tune the drive frequency f; about the resonator
frequency f, fora T = 8/k, 7 = 2/k exponentially increas-
ing drive pulse [Fig. 3(c)]. The absorption efficiency is
maximized for f;, = f, and is at least 90% within £1 MHz
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FIG. 2 (color online). Measurement protocol and data. Top: pulse sequence starts by driving the resonator with the coupler on using
(a) a natural exponentially decreasing or (b) time-reversed exponentially increasing microwave pulse. Following the drive pulse, we
close the coupler for 30 ns and reopen it to release the resonator energy. The packets have an energy of one photon and an amplitude time
constant 7 = 2/k = 100 ns and are truncated after length 7' = 100 ns (natural) or 400 ns (time reversed). Middle: measured output
voltage versus time. The complex voltages V(¢) are averaged over 3 x 10° runs. For the natural wave packet (a), we see an initial
reflection (1) and then resonator re-emission (2) in the capture period, followed by the release of the stored energy. At the arrow, the
reflection and re-emission signals cancel and the phase of V(¢) changes by z (see the Supplemental Material [39]). For the time-reversed
packet (b), little microwave power is observed in the capture period, indicating high efficiency. Bottom: blue (k,,) curves show measured
energy E(t), obtained by subtracting the average noise power from |V(#)|> and then integrating over time. Gold (k) curves show
the calibration signal of the reflected incoming packet, with the coupler always off. In panel (b) the red (k,,[I00E(7)]) curve is a
100x expanded scale, showing small reflected energy. The energy at the end of the capture period, normalized to the total energy at long
times, gives the absorption error; we find absorption efficiencies of (61.0 4 0.3)% for the natural case and (99.41 + 0.06)% for the time-
reversed case. Normalizing to the total incident energy (gold, k), we measure a [95.5 + 1.2]% ([97.4 £ 0.6]%) storage (receiver)

efficiency for the time-reversed wave packet.

of f,. According to theory, achieving an appreciable
absorption efficiency requires f; = f, to within a linewidth
k/2zm =3 MHz [39].

To achieve the 99.4% absorption efficiency, we must
delay closing the coupler relative to turning off the drive
even after calibrating the coupler-resonator timing (see
Supplemental Material [39]). The absorption efficiency is
reduced by 10% when the delay differs by 3.5 ns from the
optimal 4.5 ns [Fig. 3(d)]. The efficiency decreases since
the entire drive is reflected if the coupler is closed too early
and some of the captured energy is re-emitted if the coupler
is closed too late. The scaling is linear for delays longer
(shorter) than the optimum due to the sharpness of turning
off the drive (closing the coupler). We observe experimen-
tal deviations from the linear slope for shorter delays, so our
coupler pulse shaping is nonideal, possibly explaining why
the offset is required.

To demonstrate the necessity of appropriate pulse shap-
ing, we measured the absorption efficiencies for rectangular

[Fig. 4(a)], truncated exponentially decreasing [Fig. 4(c)],
and exponentially increasing drive pulses [Fig. 4(e)] versus
pulse length 7" and exponential time constant z. All three
pulse shapes have similar shapes and hence absorption
efficiencies for 7 > 107. For rectangular pulses, the maxi-
mal absorption efficiency is ~79% compared to the
predicted 81.5%; this limit also provides the maximal
absorption efficiencies for exponentially decreasing pulses.
The efficiency is reduced because no initial excitation
exists for which re-emission can cancel the initial reflec-
tions [see (1) in the middle panel of Fig. 2(a)]. In addition,
these experimental efficiencies agree with the theoretical
efficiencies [Figs. 4(a), 4(b), and 4(d)] to within ~4%, with
possible error sources including calibration and pulse
shaping errors. Both theory and experiment show that
the only pulses with 99.4% absorption efficiencies are
exponentially increasing pulses with z = 2/k and T > 6/«.

However, the absorption efficiencies neglect intrinsic
resonator losses k;. To measure this effect, we drive the
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FIG. 3 (color online). Tuning up 99.4% absorption efficiency.
As shown in the pulse sequence of Fig. 2(a), the four parameters
which must be tuned up precisely are (a) the pulse length T,
(b) time constant z, (c) the detuning of the drive frequency f,
relative to the resonator frequency f,, and (d) the time delay of
closing the coupler after stopping the resonator drive. The
absorption efficiencies are maximized for an exponentially
increasing pulse by 7 =2/x, T > 5.3/x, f4 = f,, and a 4.5 ns
delay. In all cases the experimental absorption efficiencies
(points) fall off as expected theoretically (lines: see the Supple-
mental Material [39]). Data are for single-photon drives with k =
1/(50 ns) and (a) = = 2/k, (b) T =20/k, and (c)-(d) 7 =2/k
and T = 8/«, as per the colored slices in Fig. 4(e). Uncertainties
are < 0.14% [39].

resonator with the coupler off (k.¢) and measure the total
reflected energy E ;. We compare this to the total measured
energy E,, when we drive the resonator at k. The fraction of
energy not lost is Eg,/Ey; = 96.1% [Fig. 2(b), bottom
panel]. The storage efficiency for the entire process,
(95.5 £ 1.2)%, is E,,/ Eos times the absorption efficiency.
However, this efficiency includes losses from «; during
both the capture and release phases. During just the drive,

we keep approximately \/E,,/E.; = 98.1% of the energy
assuming near-perfect absorption [14]. This fraction times

the absorption efficiency is the receiver efficiency, which
equals (97.4 £ 0.6)% for the optimal pulse.

A primary limitation on the receiver efficiency is the
resonator coherence. We expect to keep «/(k +k;) =
98.4% (see the Supplemental Material [39]) of the energy,
close to the measured 98.1%. Although this is limited by
1/k; = 3 us, we have since fabricated resonators with
coherence times 1/k; = 45 us [42]. With such resonators,
the 300 ns minimum high-efficiency pulse length is
negligible compared to 1/k; and the receiver efficiency
should reach > 99%. Additional error sources, which also

101 10! 10! 10!
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FIG. 4 (color online). Absorption efficiencies versus pulse
shape. Theoretical and experimental absorption -efficiencies
(color, grayscale) are plotted versus pulse length 7" and expo-
nential time constant z. Experimental data are for single-photon
drives with couplings (a), (¢) x=1/(40 ns), and (e) x =
1/(50 ns) and have uncertainties < 0.4% (see the Supplemental
Material [39]). Theory has no fit parameters. (a) Rectangular
drive pulse (theory and experiment). Absorption effiencies are
maximized at 79% (81.5% theory) for T ~ 2.5/k. (b)—(c) For a
truncated exponentially decreasing drive pulse, theoretical (b)
and experimental (c) absorption efficiencies are maximized as
7 — oo, the rectangular pulse limit, with efficiencies similar to
(a). (d)—(e) For a truncated exponentially increasing drive pulse,
theoretical (d) and experimental (e) absorption efficiencies are
maximized for 7 =2/k and T > 6/k at 99.4% (100% theory).

limit the minimum pulse length (see the Supplemental
Material [39]), likely include pulse-calibration imperfec-
tions and the measurement system resolution. In addition,
thermal noise can swamp microwave photon signals
passing through room-temperature cables in a long-distance
quantum network. Such thermal effects do not affect the
efficiency, however, for quantum networks connecting
numerous chips in a single cryostat, which are key for
building large-scale or hybrid quantum computers.

Our approach is a receiver building block for the
complete state transfer in a quantum network. The shaped
release of Fock states, which can be generated by various
qubit types and swapped to a superconducting resonator
[10-14], has been demonstrated and is phase coherent [23].
Theoretically, such states, shaped as described here, can be
completely absorbed by qubits [18,19]; this process is
equivalent to shaped single-photon Fock states being
perfectly absorbed by resonators.

In conclusion, we have demonstrated coherent-state
energy absorption with efficiencies above the fault-tolerant
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threshold for deterministic quantum communication when
driving a superconducting coplanar waveguide resonator
with exponentially increasing pulses. With this time-
reversed drive, the reflected and re-emitted signals are
effectively canceled, resulting in energy absorption effi-
ciencies of 99.4% (97.4%) without (with) including
decoherence. These efficiencies enable inter-chip deter-
ministic interconnects for complex large-scale or hybrid
quantum computers.
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