mzuriCh ETH Library

Realization of a Universal
Quantum Gate Set for Itinerant
Microwave Photons

Journal Article

Author(s):
Reuer, Kevin; Besse, Jean-Claude (:); Wernli, Lucien; Magnard, Paul (2); Kurpiers, Philipp; Norris, Graham J.; Wallraff, Andreas;
Eichler, Christopher

Publication date:
2022-03

Permanent link:
https://doi.org/10.3929/ethz-b-000527660

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
Physical Review X 12(1), https://doi.org/10.1103/PhysRevX.12.011008

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0002-1490-0072
https://orcid.org/0000-0001-9151-6499
https://doi.org/10.3929/ethz-b-000527660
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevX.12.011008
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

PHYSICAL REVIEW X 12, 011008 (2022)

Realization of a Universal Quantum Gate Set for Itinerant Microwave Photons

Kevin Reuer 1 Jean-Claude Besse ,l Lucien Wernli,l Paul Magnard ,l PhiliLT)p Kurpiers,l
Graham J. Norris.,l Andreas Wallraff ,1’2 and Christopher Eichler"
'Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland
2Quam‘um Center, ETH Zurich, CH-8093 Zurich, Switzerland

® (Received 15 June 2021; accepted 10 November 2021; published 12 January 2022; corrected 16 February 2022)

Deterministic photon-photon gates enable the controlled generation of entanglement between

mobile carriers of quantum information. Such gates have thus far been exclusively realized in the optical

domain and by relying on postselection. Here, we present a nonpostselected, deterministic, photon-photon

gate in the microwave frequency range realized using superconducting circuits. We emit photonic qubits

from a source chip and route those qubits to a gate chip with which we realize a universal gate set by

combining controlled absorption and reemission with single-qubit gates and qubit-photon controlled-phase

gates. We measure quantum process fidelities of 75% for single- and of 57% for two-qubit gates, limited

mainly by radiation loss and decoherence. This universal gate set has a wide range of potential applications

in superconducting quantum networks.

DOI: 10.1103/PhysRevX.12.011008

Photons are ideal carriers of quantum information,
because they do not interact with each other when propa-
gating through linear media. Such interactions, on the
other hand, are essential for the implementation of photon-
photon gates [1], which can be used within quantum
networks [2,3] or in distributed quantum computing
[3-6]. Photon-photon gates enable, for example, the
processing of quantum information while photonic qubits
are traveling between local quantum processing units,
potentially allowing for simpler network structures [7].
All-photonic quantum computing paradigms, such as linear
optics [1,7-9], continuous-variable [10,11], and photonic
one-way [12—14] quantum computing also rely on photon-
photon gates.

Probabilistic photon-photon gates are based on beam-
splitter-induced interference effects and projective mea-
surements [1,8]. In particular, the bosonic symmetry
relation [1] gives rise to the Hong-Ou-Mandel effect
[15], providing a resource for entanglement generation.
Together with the nonlinearity of photon detection, inter-
ference effects enable (probabilistic) Bell measurements
[1,16] as used in quantum repeater protocols [17-20].
By additionally using ancilla measurements and classical
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feed forward, probabilistic photon-photon gates have
been implemented in optical setups [21-26] and are now
commonly used in linear optics quantum computing
[26-28].

Alternatively, interactions of photons with nonlinear
media enable deterministic photon-photon gates [29].
Such gates have recently been implemented in the optical
domain, either based on photons sequentially reflecting off
of an atom in a cavity [30] or based on the transmission
through an ensemble of Rydberg atoms after absorption of
a control photon [31]. Albeit both implementations [30,31]
are deterministic, they use postselection to compensate for
losses in the experimental setup.

Here, we exploit the controllable coupling between
superconducting qubits and itinerant microwave fields to
implement a deterministic, nonpostselected, photon-photon
controlled-phase (CPHASE) gate. To this aim, we absorb
a first photonic qubit using a stationary gate qubit,
reflect off a second photonic qubit of the gate qubit to
perform the entangling gate, and reemit the first one.
Additionally, we demonstrate universal single-qubit
gates acting on the photonic qubits. Since we encode
photonic qubits in the single-rail basis as single-photon
microwave fields, single-qubit gates do not preserve the
photon number and can thus not be realized with linear
optics elements [1].

To generate photonic qubits and to temporarily store and
act on qubit states, we use a source qubit S and a gate qubit
G, respectively. Both the source qubit S and the gate qubit
G are tunably coupled to the microwave field in a wave-
guide; see the schematic in Fig. 1. We first generate a train
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FIG. 1. (a) Schematic representation of the concept of the
experiment. We generate photonic qubits P, (dark green) and P,
(turquoise) from the source qubit (red) via swap gates (SWAP)
mediated by a tunable coupling depicted as a control valve
(orange). The photonic qubits propagate through a circulator to
the gate qubit (blue), performing a swap gate (SWAP) or a
controlled-phase gate (CPHASE). We linearly amplify the output
field and measure the photonic qubits using heterodyne detection
(purple). (b),(c) Equivalent quantum circuits implemented to
realize (b) an arbitrary single-qubit gate U and (c) a photon-
photon controlled-phase (CPHASE) gate.

of itinerant photonic qubits P; in the single-rail basis by
performing swap gates between the source qubit S and the
itinerant field carrying the photonic qubits P; [32-34], as
shown in Fig. 1(a). The photonic qubits P; propagate
through a circulator toward the gate qubit G [Fig. 1(a)],
which implements both single- and two-qubit gates. To
realize single-qubit gates acting on P, we first absorb P,
by the gate qubit G using the same swap gate as used for
photon emission. We then apply a single-qubit unitary U on
the gate qubit G and finally perform a second swap to
reemit the photonic qubit P;; see the equivalent quantum
circuit in Fig. 1(b). For the controlled-phase gate [Fig. 1(c)]
acting on two photonic qubits P; and P,, we first absorb
the control qubit P and then reflect the target qubit P, off
of the gate qubit G, resulting in a controlled-phase gate
between P, and G [35,36]. Finally, we reemit the control
qubit P;. The control qubit P; is thus shifted from its
original time bin to a later time bin, while the target qubit
P, remains in its original time bin. After interacting with
the gate qubit G, the photonic qubits P; propagate through
the circulator to the output port at which we measure the
field quadratures X and P of the photonic qubits P; using
linear amplification and heterodyne detection to tomo-
graphically reconstruct quantum states and processes
[32,37]. Importantly, by realizing the controlled-phase gate
between a stationary qubit and an itinerant photonic qubit,
we avoid the need for absorbing both photonic qubits into
separate stationary modes on the same chip and performing
a two-qubit gate between those stationary modes. This
choice substantially reduces the resource requirements and

avoids the additional time delays encountered during
absorption and emission. To perform multiqubit unitaries
on several photonic qubits, the described scheme could also
be used in combination with a multimode quantum memory
on the gate chip, allowing one to sequentially apply several
single- and two-qubit gates on different photonic qubits,
while storing noninteracting qubits in the memory.

We experimentally realize the described scheme for
single- and two-photon gates by using two copies of
the superconducting chip presented in Ref. [32] (optical
micrograph in the Appendix A)—one for the source qubit S
and one for the gate qubit G; see Fig. 2(a) for an equivalent
electrical circuit diagram. The source qubit S (gate qubit G)
is realized as a flux-tunable transmon qubit tuned to its
maximum transition frequency at g, /27 = 5.925 GHz
(wg ge/2n = 5.771 GHz), coupled to the transmission
line via a tunable coupler at wg./27 = 3.2 GHz
(wg../2n = 4.6 GHz) and a converter mode realized as a
transmon with an anharmonicity «/2z = 260 MHz, biased
to wg; /27 = 5.998 GHz. We perform local unitaries by
applying microwave pulses via dedicated charge lines. For
performing the swap gate, we activate the interaction
Hamiltonian Hgwap = 7J(|€0)(gl| + |g1)(e0]), where
lg) and |e) denote the ground and first excited state of
the source qubit (gate qubit), respectively, and |0) and |1)
denote the ground and first excited state of the converter
mode, respectively, which couples with constant rate
ks/2m = 1.8 MHz (k;/27z = 2.1 MHz) to a transmission
line into which the propagating fields are emitted. Thus,
the converter mode frequency sets the carrier frequency
o1 /27 = 5.998 GHz of the generated photonic mode.
As shown in Fig. 2(b), we realize the interaction
Hamiltonian Hgqwap by parametrically driving the transi-
tion |e0) <> |g1) via a magnetic flux pulse ®(¢) applied
to the superconducting quantum interference device
(SQUID) loop of the coupler with a carrier frequency
matching the level detuning Ag = wy, /27 — wg 4 /27 =
73 MHz (Ag = ¢, /2n — wg 4. /27 = 227 MHz). To opti-
mize the absorption efficiency, we shape the temporal
profile of the photonic mode &(#) o sech(I'z/2) to be time-
symmetric with bandwidth T" [38-40], by controlling the
interaction strength J (see Appendix B for details). We
further optimize the absorption process by tuning the
converter modes of the source and gate device into
resonance with each other (see Appendix C for details).

To demonstrate our ability to emit and absorb photonic
modes with a time-symmetric profile, we measure the
average field amplitude vs time of photonic qubits prepared
in the state |[+) = (|0) 4 |1))/+/2 in three different exper-
imental settings [Fig. 2(c)]. First, we verify the emission of
shaped photonic modes by emitting a |+) state from the
source qubit S with the converter mode of the gate chip
detuned, to ensure the photonic mode reflects off of it
without encountering any mode distortions. The measured
average field amplitude (red dots) is in good agreement
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FIG. 2. (a) Electrical circuit diagram of the gate qubit (blue)

interacting with fields in the transmission line (black) through a
tunable coupler (orange) and a converter mode (dark orange,
realized as a transmon qubit). (b) Energy-level diagram indicating
transitions induced by single-qubit gates (blue), parametric
modulation of the flux ® threading the SQUID loop embedded
in the coupler (orange), and photon emission via spontaneous
decay (black). (c) Measured (dots) and simulated (solid lines) real
part of the envelope of the field amplitude Re{a,) vs time ¢ for
superposition states (|0) + [1))/+/2 emitted from the source
qubit with the converter mode of the gate device being detuned
from the field (red), when absorbing and reemitting the field at the
gate qubit (green), and when directly preparing and emitting the
state at the gate qubit (blue). A red (blue) wire frame shows
the timing of qubit pulses with a rotation angle of z/2 applied to
the source (gate) qubit prior to emission. Imaginary parts (not
shown) are below 0.07/+/k in magnitude.

with the temporal profile extracted from a two-level Rabi
model using the calibrated parameters (red line; see
Appendix B for details). Second, we demonstrate that
we can absorb and reemit shaped photonic modes by
emitting a photonic qubit in the |+) state from the source
qubit and absorbing and reemitting the photonic qubit at the
gate qubit. The measured amplitude (green dots) is also in
good agreement with the simulated one (green line) but is
19% smaller in amplitude [compared to the photonic qubits
emitted from the source qubit with the gate qubit converter
mode detuned (red)], mainly due to the additional
decoherence encountered during the absorption and ree-
mission by the gate qubit (inferred from a master equation
simulation; see Appendix D for details). For comparison
and to quantify the photon loss during propagation from the
source to the gate device and during the absorption and
reemission process, we also emit |+) states directly
prepared at the gate qubit (blue dots). We find a ratio
between the measured amplitudes of photonic qubits

emitted from the source (red, with gate qubit con-
verter mode detuned) and gate qubit (blue) of about
86%, which is close to the transmission efficiency

VMoss = V1 = 0.25 = 87%, determined in an independent
calibration measurement (see Appendix A for details) and
is mainly due to the loss in the circulator. From the
measured photon field amplitudes, we estimate that,
when we absorb the photonic qubit at the gate qubit,
1 — 145 = 3% of the incoming photon flux still reflects off
of the gate chip. We attribute the finite absorption efficiency
Naps Mainly to the truncation of the flux pulse generating the
photonic mode &(7) o sech(I't/2) at times +4.6/ks (see
Appendix B for details).

After having confirmed our ability to absorb and reemit
photons, we demonstrate the second ingredient of the
photon-photon gate scheme, shown in Fig. 1(c): a con-
trolled-phase gate between the gate qubit G and a photonic
mode P;. For this purpose, we parametrically tune the
two energy levels |f0) and |el), where |f) denotes the
second excited state of the gate qubit, into resonance by
driving the coupler with an amplitude A at a frequency
of ACPHASE = AG —+ aG/2ﬂ' = 529 MHz. Here, aG/27T =
302 MHz is the anharmonicity of the gate qubit. Transi-
tions from |e0) into the dressed states |y, ) = (|f0) +
le1))/+/2 and |w_) = (|f0) — |e1))/+/2 are detuned from
the bare converter mode by g/2z = 1.6 MHz, where g « A
is the parametric interaction strength, which is to first order
proportional to the drive amplitude A. As in Ref. [35], we
expect an incoming photonic mode in resonance with the
converter mode to be reflected off of the gate qubit with a z
phase shift when the gate qubit G is in the ground state |g)
while being reflected with no phase shift when the gate
qubit G is in the excited state |¢) due to the symmetric
detuning between the photonic mode and the |e0) <> |y, )
and the |e0) <> |y _) transitions; see the insets in Fig. 3(a).
We experimentally observe the predicted z phase shift
as a sign change in the real part of the average field
amplitude [Fig. 3(a)], when preparing the gate qubit in the
ground state |g) or in the excited state |e) and emitting a
photonic state |+) from the source qubit while driving
the coupler of the gate qubit at the frequency Acpyasg:
The measured photon field amplitudes (dots) match well
with the simulated ones, extracted from a two-level Rabi
model (lines; see Appendix B for details). The simulated
and measured mode profiles in Fig. 3(a) are, however,
distorted compared to the mode profiles shown in Fig. 2(c),
since the photon bandwidth I = kg is comparable to both
the interaction strength g and the coupling rate ks of the
gate qubit to the transmission line. These distortions also
lead to a finite imaginary part of the mode profiles of up to
about 14% relative to the real part. During idle times, we do
not parametrically drive the |f0) <> |el) transition, to
ensure that the mode profile of a photonic qubit reflecting
off of the gate qubit is independent of the state of the
gate qubit.
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FIG. 3. (a) Measured (dots) and simulated (lines) real part of
the envelope of the amplitude (a,,) for the states |+) emitted
from the source qubit and reflected off of the gate qubit while
driving the [fO) <> |el) transition of the gate qubit. Level
diagrams and traces are shown for the gate qubit in the ground
state (turquoise) and in the excited state (orange). The imaginary
part (not shown) is below 0.04/+/k in magnitude. (b) Real part of
the measured density matrix p..s (solid bars) and the ideal
density matrix pigeq = |w)(y| (black wire frames) of the two-
mode Bell state |y) = (|+.0) + |-, 1))/v/2. The fidelity is
F = (W|Pmeas|yr) = 0.69. Imaginary parts (not shown) are all
below 0.04 in magnitude.

Having verified all basic ingredients, we demonstrate
the entangling capability of the implemented photonic
controlled-phase gate [Fig. 1(c); see Appendix C for the
detailed pulse scheme] by generating a two-mode Bell
state. To do so, we perform a controlled-phase gate between
the two photonic modes P, and P,, each prepared in the
state |4+) = (|0) + |1))/+/2, measure the two field quad-
ratures of both photonic qubits P, and P,, and reconstruct
the joint density matrix pg... [32,37], of which the real
parts are shown in Fig. 3(b). We extract a fidelity of
F = (W|pmeasl) = 0.69 to the ideal state |y) = (|+,0) +
|- 1))/+/2, mainly limited by photon loss, mostly from the
circulator, contributing 13% to the infidelity, as well as
decoherence and a finite absorption efficiency.

To further characterize the implemented single- and two-
qubit gates, we perform quantum process tomography for
identity, X, Y, and T gates and the CPHASE gate, which
together constitute a universal set of gates [41] acting on
itinerant photonic qubits. We prepare photonic qubits in all
cardinal states, perform the respective gate, and reconstruct
the density matrix for each input state. We then extract the
process maps JYmeas 142], shown in Fig. 4 assuming ideal
input states, and calculate the process fidelities F\, =

Tr(\/\/ImeasXideal/Xmeas)” With respect to the ideal process
maps Yiqeal- We obtain close to 75% fidelity for the single-

qubit gates and 57% for the controlled-phase gate. The
obtained fidelities are small compared to state-of-the-
art gate fidelities for stationary qubits directly coupled to
each other on a single device [43—45], mainly due to the
radiation loss in the circulator and due to decoherence
during the process duration, which is on the order of a
microsecond. The performance of the photonic single- and
two-qubit gates could thus be greatly enhanced by the
use of less lossy circulators [46,47] and by larger cou-
pling rates.

To further analyze the obtained process maps and
fidelities, we simulate the single-qubit gates using a
master equation approach considering photon loss and
decoherence, as well as truncation and finite bandwidth
of the photonic mode (see Appendix D for details). The
obtained, simulated process maps y, have fidelities of
around 97% to the measured process maps Ye.s and are
thus in good agreement with y,,.... Therefore, the observed
errors seem largely dominated by the aforementioned
mechanisms, which we account for in the master equation
simulations.

Having experimentally inferred and simulated process
maps, we investigate the effect of state preparation errors,
specifically photon loss, on the obtained fidelities, by
characterizing the internal performance of the gate set.
To do so, we apply the Kraus operators Ky = |g)(g| +

Viossle){e|] and K| = /T —n,.|g) (e] to all ideal input
states, thereby generating effective input states affected by
photon loss. We then extract the internal process map iy
based on those effective input states and the measured
density matrices (Fig. 4, blue wire frame). The resulting

internal process fidelities Fiy = Tr(y/\/FinoXideal v/Zint)*
are close to 87% for single-qubit gates and 74% for the
controlled-phase gate. Therefore, photon loss is the dom-
inant error source for the presented gate set. Based on
master equation simulations, we attribute most of the
infidelity of the internal single-qubit processes to
decoherence (13%), while truncation of the photonic mode
contributes only approximately 1%; see Table I for a
summary of different error sources. Extending the models
presented in Appendix D to also simulate process fidelities
of the two-qubit gate could be an interesting subject for
future theoretical work. As a first step in this direction,
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FIG. 4. Measured process maps with y;,, (blue wire frames) and without y, .., (filled bars) accounting for state preparation errors for
(a) the identity, (b) the X gate, (c) the Y gate, (d) the T gate, and (e) the controlled-phase (CPHASE) gate. For comparison, we also show
the simulated yg,, (red wire frames) and ideal y;q., (black wire frames) process maps. F = F, F;,, with the total fidelity F\, =

Tr(\/ \/;(meas)(ideal\/;(meas)z and the internal fidelity Fiy = Tr(\/\/¥inXidealn/Xint)>- Imaginary parts (not shown) are all below 0.04 in

magnitude.

we estimate the effect of mode distortions encountered
by the second photonic qubit when reflecting off of
the gate chip during the two-qubit gate. To do so, we
simulate the field amplitude w, (w,) of a photonic
qubit reflecting off of the gate qubit in the ground (excited)
state. We then calculate the mode-matching efficiency
ne = | [w;f(t)dt|* [37], given by the overlap between
w, and the chosen optimal filter function f(f) = [(y, —
w.)/(lly, —we.ll)] (see Appendix B for details). By treating
the mode-matching inefficiency 1 —#p, which for the
parameters in our experiment amounts to 5%, on similar
grounds as the radiation loss, we estimate the correspond-
ing gate infidelity to be on the order of 1 — 5 (see Table I).
The mode inefficiency 1 — 5y depends on the interaction
strength g, the coupling rate «, and the photon bandwidth I
and vanishes in the limit of g/T" ~ x/I" > 1. By increasing
g/T = «/T in future experiments, we thus expect that the
effect of mode distortions on the process fidelity of the
controlled-phase gate can be greatly reduced.

TABLE I. Relative contribution of decoherence, radiation loss,
and mode distortion to the total process fidelity resulting from
simulations described in the text. The contribution of
decoherence to the two-qubit process fidelity is estimated from
the measured process fidelity and the simulated values of the
other two contributions. The total fidelity is given by the product
of the relative contributions.

Decoherence Radiation loss Mode distortion
Single-qubit 0.87 0.86 0.99
Two-qubit 0.78 0.77 0.95

In summary, we implement a universal gate set for
itinerant, microwave photonic qubits. The observed inter-
nal process fidelities are close to 87% for single-
qubit gates, limited mainly by decoherence, and close
to 74% for the controlled-phase gate. The total processes,
however, are still limited by photon loss. In future, this
may be overcome by the development of less lossy
circulators [46,47] or by heralding of photons using time-
bin [24,48], frequency-comb [23], or dual-rail encoding
[21]. We expect the success rate of such heralding
schemes to be an order of magnitude larger (close to
Moss = 15%) than in optical implementations of deter-
ministic photon-photon gates [30,31]. In addition,
increasing the photon bandwidth I" by engineering larger
coupling rates between stationary qubits and photonic
qubits may reduce errors due to decoherence. We
envision the demonstrated gate set to be used to generate
larger entangled many-body quantum states, for example,
by creating additional entanglement bonds between pho-
tonic qubits [49,50].

The data produced in this work are available from the
corresponding authors upon reasonable request.
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APPENDIX A: EXPERIMENTAL SETUP AND
BASIC CALIBRATIONS

We fabricate two 4.3 mm x 7 mm samples, both based
on the same base layer design—one for the source qubit
and one for the gate qubit. The sample for the gate qubit
is also used in Ref. [32]; see Fig. 5 for a false color
optical micrograph. Using optical photolithography and
reactive ion etching, we pattern qubits pads and coplanar
waveguide structures into a niobium film sputtered on a
silicon substrate. To fabricate the Al/AlOx/Al Josephson
junctions, we use electron-beam lithography and shadow
evaporation. We mount the packaged samples onto the
base temperature stage (20 mK) of a dilution refrigerator,
each housed inside its dedicated set of magnetic shields
made of aluminum and cryoperm; see the sketch of the
experimental setup in Fig. 6. The two samples are
connected via coaxial cables and a circulator, which is
also thermalized to the base plate. We apply microwave
pulses to the source and gate qubit and to the respective
readout resonators via charge lines incorporating 20 dB
of attenuation at the 4 K, 100 mK, and base temperature
stage for signal conditioning [51]. We use phase-pre-
serving Josephson parametric amplifiers (JPAs) [52] to
amplify both the gate-qubit-readout signal and the field
associated with the photonic qubits with a gain of 25 and
14 dB, respectively. The JPA for the source-qubit readout
is not used. All JPAs are mounted in a pair of cryoperm
shields. We further amplify the detection signals using a
high-electron mobility transistor at the 4 K stage and
room-temperature amplifiers. Compared to the readout
lines, the photon detection line has one amplification
stage less to preserve the linearity in the amplification
chain, which is a crucial requirement for photon field
tomography [37].

FIG. 5. False color optical micrograph of the sample of the gate
qubit (blue). Depicted are the two coupler paths (orange) and the
converter mode (dark orange), coupled to the transmission line
(purple). Flux lines (cyan) and charge lines (pink) couple to the
gate qubit, converter mode, and the coupler. The readout
resonator (green) is coupled to a feed line (yellow) via a Purcell
filter (light green).

We measure the basic device parameters presented in
Table II, by performing one- and two-tone spectroscopy
measurements, as well as Rabi, Ramsey, and coherence
measurements, as presented in Ref. [32]. Both the gate and
the source qubit are tuned to their respective maximum
frequency [53]. Their comparably short dephasing times
are possibly limited by magnetic flux noise, which could be
further suppressed in the future by integrating additional
magnetic shielding. The converter modes are both tuned
to wg; /27 = 5.998 GHz.

To protect the source (gate) qubit from Purcell decay
via the converter mode into the transmission line, we
mediate the coupling between the converter mode and
the source (gate) qubit by two coupling resonators. One of
the two coupling resonators is tunable by magnetic flux
applied to the SQUID embedded in the resonator. The other
coupling resonator is realized as a coplanar waveguide
resonator with a fundamental mode frequency of about
29 GHz and mediates a static coupling of about 13 MHz.
Since the frequency of the tunable resonator (tunable
between approximately 1 and approximately 4.9 GHz
for both the source and the gate qubit) is lower than the
qubit frequency, the coupling provided by the tunable
and the static resonator is of opposite sign [43].
Therefore, we bias the tunable nonlinear resonator to the
point at which the static coupling is canceled, such that the
effective coupling between the source or gate qubit and
the converter mode J vanishes in the absence of para-
metric driving fields. Experimentally, we estimate an upper
bound for the effective coupling J at the cancellation
point by tuning the converter mode into resonance with
the qubit and measuring the qubit lifetime 7';. We obtain an

upper bound J/2z < \/k/(4T| pu)/27 ~ 20 kHz, with
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FIG. 6. Experimental setup for operating the source qubit (S, red) and the gate qubit (G, blue) devices. For details, see the text.

1/T pye = 1/T1 —1/T 1, assuming an internal lifetime
Ty = 20 ps.

We extract the decay rate x for the respective converter
modes by measuring the coherent scattering of a weak input
one into the transmission line vs frequency and by fitting

the data to the function |[Sy|=|Sy/(1+ 2i82x/x)|,
obtained from input-output theory with ¢ being the fre-
quency detuning between the converter mode frequency
g, /27 and the probe frequency and S, being the trans-
mission at zero detuning; see Fig. 7.
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TABLE II. Measured device parameters.
Source  Gate
Qubit g-e frequency, o, /27 [GHz] 5.925 5.771
e-f frequency, w,;/27 [GHz] 5.630 5.478
Anharmonicity, /27 [MHz] 295.0 301.7
Lifetime of |e), T(‘)_) [us] 16 13
Lifetime of |f), Tﬁf ) [us] 6 4
Dephasing time of |e), T;(e) [us] 4 10
Dephasing time of |f), T;<f ) [us) 2 2
Coupler  Frequency, w./2xz [GHz] 32 4.6
Converter 0-1 frequency, wy; /27 [GHz] 5.998 5.998
Decay rate, x/2z [MHz] 1.8 2.1

B<s/2m =18 MHz

o @Kg/ZT(: 2.1 MHz

Norm. transmission, |Sx|/So (a.u.)

0.0f

Frequency detuning, & (MHz)

FIG.7. Absolute value of the measured transmission coefficient
|S511/So, normalized to the transmission at zero detuning S,
when driving the converter mode of the gate qubit (blue) and the
source qubit (red, vertically offset by 0.2) via their respective
charge lines. Solid lines are Lorentzian fits to the data (see the

To calibrate the power of the emitted photonic qubits,
we measure the incoherent scattering while driving the
converter mode resonantly at the set of indicated drive
powers, observing Mollow triplets; see Fig. 8. We globally
fit the observed data to the expected power spectral density
function P vs the detuning from the drive frequency 9,
obtained by considering a dressed two-level system
[54,55]:

64kQ* 2k +2(5 — fo)* + Q2

P6)=P , with
o) = PN e 45— Fo (" + 200
Py =[5k +8(5 — fo)* — 8Q* + 3k k? — 1607,
(A1)

where k = kg is the decay rate of the respective converter
mode, Q is the drive rate, and f takes into account small
detunings between the drive frequency and the converter
mode. From the fitted amplitudes P, for the source device
Py s and the gate device Py, we extract the transmission
efficiency expected from radiation loss between the source
and the gate chip of 7,5, = Py s/Poc = 75%.

APPENDIX B: PHOTON SHAPING
1. Concept

To optimize the absorption efficiency, we generate
photonic fields with a near time-symmetric temporal profile
by controlling the time evolution of the tunable, effective
coupling rate J between the qubit and its converter mode,
following the protocol detailed in Refs. [38—40]. We choose
the temporal envelope

VI
text), resulting in the indicated linewidths . &(r) = TSeCh(Ft/ 2), (B1)
(a) (b)
1.0p . ‘
. Q/2n Q/2n
T m1.7MHz ][ I m 1.8 MHz
= ® 3.1 MHz \ = 3.3 MHz
- m54MHz 1L m58MHz ]
% m 9.6 MHz = 10.3 MHz
= m17.MHz ][ . m18.2 MHz ]
= . b\ = .
a
[%2]
a

I

-10 0 10 20
Frequency detuning, & (MHz)

-10 0 10 20
Frequency detuning, & (MHz)

-20

FIG. 8. Measured power spectral density (PSD) P of the inelastic scattering of a coherent tone resonant with (a) the source qubit and
(b) the gate qubit converter mode for the indicated drive rates Q. All datasets are scaled with respect to the gate qubit fitted amplitude
Py g; see the text. Solid lines are joined fits to all datasets with a single set of fitting parameters. The drive rates Q are fitted

independently for each dataset.
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where the effective bandwidth I" is bound by the coupling
rate k of the converter mode: I' < k. To emit photonic fields
with the temporal envelope &(¢), the effective coupling rate
is controlled according to [38]

=" + 1+ k(1 + ") /T]

7= 4 - cosh(I't/2)\/(1 4 e™)x/T = e

(B2)

To controllably absorb photonic fields with an envelope
&(1), we apply a time-reversed coupling J(—1).

We choose to emit shaped photons with the maximal
effective bandwidth I', thereby minimizing errors due to
decoherence. Since we emit photonic qubits from the
source qubit S and absorb them at the gate qubit G, I" is
limited by the smaller coupling rate of the two converter
modes I < min [kg, k. In our setup, kg < k. Therefore,
the effective photon bandwidth I" is limited by the coupling
rate kg of the source qubit converter mode.

2. Implementation

We control the time evolution of the effective coupling
rate J by applying an alternating current (ac) pulse /() to
the flux line of the respective coupler. We generate the ac
pulse I(¢) using an arbitrary waveform generator (AWG).
We combine the ac pulse with the direct current (dc) offset
applied for biasing the coupler and route the combined
pulse into the coupler flux line. The ac pulse /(#) induces an
alternating magnetic flux ®(7) in the SQUID loop of the
coupler. As a result, the coupler frequency oscillates at the
frequency of the ac pulse /(#). When the ac pulse /(¢) is in
resonance with the |e0) <> |gl) transition frequency, we

control the amplitude and the phase of the effective
coupling rate J(1).

To tune the ac pulse into resonance with the |e0) <> |g1)
transition frequency, we prepare the qubit in the excited
state and measure the population remaining after applying a
modulated square pulse In(t) = A cos(wt)[®(0) — O(7)]
with varying frequency w/2x [see Fig. 9(a)] for a range of
pulse amplitudes A at a fixed pulse duration z. ©(r)
indicates the Heaviside step function. We determine the
frequency of the |e0) <> |gl) transition as the one for
which the excited state population is minimized. Since we
drive an excitation-number-conserving transition via a
tunable coupler, we avoid ac Stark effects as compared
to the scheme in Refs. [38,39].

To measure the effective coupling rate J, we vary the
duration 7 of the square pulse I-(7) at fixed, resonant
frequency w/2x [see Fig. 9(b)] for A = 0.35. By consid-
ering a driven two-level system decaying into the ground
state with rate x [38], we fit the measured population vs
duration 7 to obtain the effective coupling rate J. From the
same fit, we also extract the coupling rates of the converter
modes to the transmission line xg/27 = 2.1 MHz and
ki/27n = 2.8 MHz, which deviate from the coupling rates
obtained by spectroscopy (Fig. 7). The nature of this
deviation is yet to be investigated, but simulations show
that the relative impact on the gate fidelities is below 2%.
We use the fitted coupling rates xg/27z = 2.1 MHz and
kg/2n = 2.8 MHz for the generation of coupler pulses
I£(t). Finally, we obtain a mapping between the effect-
ive coupling rate J and the amplitude of the square pulse A
by interpolating the fitted coupling rates vs amplitude A
with an effective model, considering first-order (linear) and
second-order (quadratic) terms, shown in Fig. 9(c). For the

(a) (b) (©
1.0t ] 5f
Q‘m ~
: 0.8 T
o s 4}t ]
2 <
[
£ 0.6 <3
S
3 &
£ 04} 22 e ]
5 g
5 0.2} &=
<]
oot | G e Y
-5 0 5 0 100 200 300 400 500 600 00 02 04 06 08 10
Frequency detuning, 5 (MHz) Pulse duration, T (ns) Amplitude, A (norm.)
FIG. 9. (a),(b) Excited state population P, after preparing the source qubit (red) [gate qubit (blue)] in the excited state and applying a

modulated flux pulse with a square envelope and a fixed, normalized amplitude of A = 0.35. (a) Fixed pulse duration 7 = 283 ns
(349 ns), plotted vs flux pulse frequency detuning & from the |e0) <> |g1) transition. Solid lines are Gaussian fits to the data. (b) On
resonance 6 = 0, plotted vs flux pulse duration z. Solid lines are fits to the data; see the text. (c) Effective coupling rate J for the
|e0) <> |g1) transition of the gate qubit (G, blue circle) and the source qubit (S, red rectangle) vs drive amplitudes A, normalized to the

respective maximal amplitude. Solid lines are quadratic fits to data.
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gate qubit, we observe that maximum coupling rate J is
reached for smaller flux pulse amplitudes, since the gate
qubit coupler is biased closer to its maximum frequency. By
inverting the mapping A — J, we convert the targeted time
evolution of the coupling rate J(¢) in Eq. (B2) into a
coupler pulse /() that is generated by the AWG.

To minimize the effects of decoherence, we truncate the
coupler pulse /:(¢) at t = £4.6/T". We estimate that the
photon shape generated by the truncated pulse has an
overlap of 98% with the targeted envelope. For the
estimate, we numerically evaluate a two-level Rabi
model decaying into the ground state with rate x while
being driven by the coupler pulse /(7). The overlap
provides a good estimate of the absorption efficiency
[38,40]. The two-level Rabi model is also used to extract
the expected temporal profiles shown as solid lines in
Fig. 2(c). To extract the expected temporal profiles after
reflection of a photonic mode off the gate qubit [shown in
Fig. 3(a)], we calculate the reflection coefficient S;; vs
frequency of the gate device while driving the |f0) <> |el)
transition, for the gate qubit in the ground state |g) and
excited state |e) using input-output theory. We then
convolve the temporal profile of the incoming photonic
mode with the response function for the gate qubit in
the ground state |g) and excited state |e), obtained by
Fourier transforming the respective spectrum S;;. From
the temporal profiles after reflection off of the gate qubit
in the ground state y, and in the excited state y,, we
extract the mode-matching efficiency nr = | [y} f(1)dt|*
[37] of 95%. To maximize the mode-matching efficiency
for both y, and y,, we choose the filter function f(r) =

[(wy —we)/(lwy = welD], such that e = | [y f(r)dt]* =
| [wif(1)dt|*. Note that, to obtain the filter function for
reconstructing the density matrices, we use the measured
temporal profiles after reflection off of the gate qubit in
the ground state or the excited state [see Fig. 3(a)] instead
of the simulated ones.

In addition, we simulate the mode-matching efficiency
ng for different interaction strengths ¢ and find that the
efficiency 7y is maximized around ¢/2z = 1.5 MHz,
which is close to the value used in the experiment g/27z =
1.6 MHz (see Appendix C). We also investigate the
effect of mode distortions for larger coupling rates
(which enable faster photon emission and absorption),
by simulating the mode-matching efficiency for different
interaction strengths g, coupling rates k, and photon
bandwidths I', assuming photons with temporal profile
&(1) = (VT/2)sech(I't/2). We find the mode-matching
efficiency 7 to depend only on ¢/T" and «/I" and to
approach unity in the limit of g/T" ~ k/T" > 1 (see Fig. 10)
for k = ¢/0.7. Therefore, if we increase the coupling rates
k~J ~ g, we can emit photons with larger bandwidth I"
and thus expect to reduce the infidelity of the controlled-
phase gate due to decoherence, and/or we can increase g/I"
and «/I" and thereby expect to reduce the infidelity due to

pof
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e.:: of o T/2m=10MHz ]

o ® I'/27 = 20 MHz

5 ® + T/2m = 40 MHz

o ®

21 & ]
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FIG. 10. Simulated mode-matching inefficiency 1 —np =1 —
| [wif(1)dt]* of time-symmetric photonic qubits with shape
&(t) = (VT/2)sech(I't/2) reflected off of the gate qubit in the
ground y, or the excited state y, vs interaction strength
normalized by the photon bandwidth g/I", for indicated photon
bandwidths I" and a coupling rate k = ¢g/0.7. As a filter function
for mode matching, we use £(t) = [(vy — )/ (Iw, = v )]

mode distortions. Experimentally verifying that larger
coupling rates reduce the effect of decoherence and/or
mode distortions on the performance of the controlled-
phase gate would be an interesting subject for future
experimental work.

3. Single-photon tomography

To verify the single-photon character of the photonic
qubits, we prepare the source and the gate qubit in the state
sin(6/2)]0) + cos(0/2)|1) for the indicated range of angles
6 and apply a swap gate using the coupler pulse 7:(t). We
measure the generated photonic qubits using heterodyne
detection and extract moments up to fourth order [37]
(shown in Fig. 11) normalized by the value of {a'a) for
0 = r for the gate qubit. For both qubits, we find that
{(a")?a?) is close to zero but slightly negative. While we do
not study the origin of this effect in detail, a weak gain
compression in the amplification chain on the order of
0.01 dB caused by the single-photon signal at its input
could explain the observed negative values in the inferred
((a")?a?) correlations. The amplitude Re(a) is reduced,
compared to the ideal value, due to dephasing during the
emission process. The source qubit has a smaller dephasing

time (T;’(Se) = 4 us) than the gate qubit (T;(g =10 us);
thus, the reduction in the amplitude Re(a) is more
pronounced. Error bars are obtained by evaluating five

independent measurements. Moments {((a’)"a™) for the

source qubit are reduced by a factor of n\t"/* =

0.75(tm)/2 due to photon loss between the source and
the gate qubit.
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FIG. 11. Measured moments Re(a) (blue), Im(a) (purple),
(a'a) (orange), and {(a')?a?) (green), for superpositions |y) =
sin(6/2)|0) 4 cos(6/2)|1) of vacuum and single-photon states
emitted from (a) the source qubit and (b) the gate qubit. Lines
indicate ideal expectation values, calculated taking into account
photon loss between the source and the gate chip.

APPENDIX C: PHOTON GATE CALIBRATION
AND PULSE SCHEME

Having calibrated the emission process for both source
and gate qubit individually, we optimize the simultaneous
emission and absorption process to maximize the absorp-
tion efficiency. Specifically, we emit a single-photon Fock
state |1) from the source qubit, absorb it at the gate qubit,
and read out the state of the gate qubit. We repeat this

transfer scheme while sweeping the experimental param-
eters detailed hereafter.

First, to ensure that both converter modes are exactly
in resonance, we maximize the excited state population at
the gate qubit while sweeping the gate qubit converter
mode frequency; see Fig. 12(a). For each converter mode
frequency, we repeat the calibrations for emitting and
absorbing shaped photons, as detailed in Appendix B.
Second, we calibrate the timing of pulses by sweeping the
delay between emission and absorption pulses, shown in
Fig. 12(b). For the optimal time delay, the excited state
population is again maximal and sets the optimized transfer
efficiency of 64%. Third, we calibrate the unknown phase
offset, originating from the optical path length between the
two chips. To do so, we emit and absorb a superposition
state (|0) + e/?|1))/+/2 sweeping the phase ¢, apply a 7/2
pulse to the gate qubit, and extract the excited state
populations at the gate qubit G, shown in Fig. 12(c).
Master equation simulations (see Appendix D) are in good
agreement with the measured calibration datasets.

Subsequently, we implement the universal gate set,
consisting of the identity, the X, the Y, the 7T, and the
controlled-phase gate in our setup using the pulse schemes
shown in Fig. 13(a) for single-photon gates and Fig. 13(b)
for the photon-photon gate. Coupler pulses I(¢) for
emission and absorption (green in Fig. 13) are applied to
the respective coupler. We realize X and Y gates on the
transmon qubits by using derivative removal by adiabatic
gate (DRAG) pulses [56] with amplitude 8 = z/2 and a
phase of ¢ = z/2 and ¢ = 0, respectively, truncated at
+30, where ¢ = 6 ns is the linewidth of the pulse. The
identity gate is realized by waiting r = 36 ns, to compen-
sate for the time required to perform the X and the Y gate on

(a) ' ' '(b)' (q) ' '
° 1.0p T i i TI/2,(P T 1
Q. Teog1 ﬁ : :eOgl
g 0.8} BJA i gy /2]
3 A TtgleOT[
5 06} ¢ b
"3 TEeOgl ° ) o
£ 04t I gl ]
= 0.2} I+ 0
£ i
&
0.0f ) ) | ) I | . . . . . B
-2 -1 0 1 2 -50 0 50 100 0.0 0.5 1.0 15 2.0

Freq. detuning, A (MHz)

Time delay, T (ns)

Phase, ¢ /7

FIG. 12. Measured (blue dots) and simulated (red line) excited state population P, of the gate qubit for three calibration routines. The
inset shows the envelopes of the pulse sequence applied to the gate chip (G, blue circle) and the source chip (S, red rectangle) during the
respective calibration steps. (a) Measured excited state population P, after emitting a single-photon Fock state |1) from the source qubit
and absorbing it at the gate qubit vs frequency detuning A between the converter modes of the source and gate qubit. Photons are emitted
or absorbed in resonance with the respective converter mode. (b) Excited state population P, vs time delay 7 (relative to the optimal time
delay found in the experiment) between the emission pulse at the source qubit and the absorption pulse at the gate qubit. (c) Excited state
population P,, when emitting and absorbing a photonic superposition state (|0) + ¢[1))/ v/2 vs phase ¢ and applying a final /2
rotation along the Y axis to the gate qubit.
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FIG. 13. Timing diagram of the pulses applied to the gate qubit
(G, blue circle) and the source qubit (S, red rectangle) for
quantum process tomography of (a) single-photon gates and
(b) the CPHASE gate. Depicted are the envelopes of the pulses on
the charge line of the source (red) and the gate qubit (blue), as
well as the envelopes of the flux pulses driving the |e0) <> [g1)
transition with the flux line of the respective coupler (green) and
the |f0) <> |el) transition via the flux line of the coupler of the
gate qubit (purple).

the gate qubit, such that the timing of the photonic qubits is
independent of the applied gate. Since, in addition, the
photonic qubits also have the same temporal shape after
reemission from the gate qubit for all single-qubit gates, the
encoding of the photonic qubits does not depend on the
applied gate. The T gate is realized as a virtual 7" gate after
waiting ¢ = 36 ns by changing the reference frame for the
subsequent coupler pulse /¢(t), effectively adding a phase
of 7/8 to I(t).

During the controlled-phase gate, we apply a modulated
square pulse to drive the |f0) <> |el) transition. We turn
off this drive during idle times to avoid unwanted inter-
actions between the photonic qubit and the gate qubit. The
temporal shape of a photonic qubit reflected off of the gate
qubit is then independent of the state of the gate qubit. To
calibrate the controlled-phase gate, we sweep frequency
and pulse duration of the modulated square pulse and read
out the remaining populations of the gate qubit; see Fig. 14.
Since the duration of the experiment is much shorter than
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FIG. 14. (a),(b) Second excited state population P; after
preparing the gate qubit in the second excited state and applying
a modulated flux pulse with a square envelope and a fixed
(normalized) amplitude of A =1. (a) Fixed pulse duration
7 =170 ns, plotted vs flux pulse frequency detuning § from
the [f0) <> |el) transition. The solid line is a Gaussian fit to the
data. (b) On resonance 6 = 0, plotted vs flux pulse duration 7.
The solid line is a fit to the data based on a driven two-level
system decaying at a rate k;/27 = 2.1 MHz.

T, we consider a driven two-level Rabi-model in the |e) —
|f) subspace to extract an interaction strength of g/27z =
1.6 MHz from the measured populations in Fig. 14(b).

APPENDIX D: MASTER EQUATION
SIMULATIONS

To simulate single-qubit process maps and calibration
routines, we use a master equation approach, extending the
work done in Ref. [38]. For all master equation simulations,
we use the PYTHON package QuTiP [57].

To simplify the simulation, we model both the gate and
the source qubit as anharmonic resonators with three
energy levels and anharmonicity a coupled to a converter
mode with two energy levels. In a frame rotating at both the
lg) < |e) frequency w,, /27 of the qubit and the |0) < [1)
frequency wy, /27 of the respective converter mode, driving
the |e0) <> |gl) transition can be modeled by a resonant
coupling term. We thus arrive at the Hamiltonian H:

H= Z [%a;raiaia,} (D1)
i=S,G
- (bsbl, — bgby)  (D2)
2 Ks GMoss\Psbg — bGOg
+J5(1)(asb + ajbs) (D3)
+Jg(1)(aghé + agbe), (D4)

where the indices denote the source qubit S and the
gate qubit G, a denotes the annihilation operator of
the respective qubit, b denotes annihilation operator of
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the converter mode, x denotes the coupling rates of the
converter modes to the transmission line, and 7,4, = 0.75 is
the photon transmission probability.

The first term (D1) in the Hamiltonian H accounts for
the detuned second excited state |f). We introduce the
time-dependent coupling terms (D3) and (D4) to model
the parametric coupling via the |e0) <> |g1) transition. The
second term (D2) of the Hamiltonian, together with the
collapse operators [38,58]

¢ = Kshossbs + KGba» (D5)
Cy = \/@(1 _nloss)bS’ (D6)

introduces a directional coupling between the two converter
modes [59] and thus models a circulator with 1 — 7;,s =
25% loss. We take into account decoherence by including
collapse operators for dephasing and relaxation in our
simulation. For the simulation, we use the measured device
parameters as specified in Table II. To accurately model the
experiment, we evolve the time-dependent coupling terms
J(t) in the simulations according to Eq. (B2), taking into
account the truncation and parameters for the coupler
pulses /(1) used in the experiment.

In this way, we extract both the simulated process maps
Xsim (shown in Fig. 4) and the simulated excited state
populations for the calibration routines (shown in Fig. 12).
We do not account for imperfections in the emission
process from the gate qubit, since a photon Fock state
|1) emitted from the gate qubit serves as a reference for the
reconstruction of the measured density matrices [32,37].

To obtain an estimate of single-qubit gate fidelities
within reach in the near future, we use the same master
equation simulations but assume higher coupling rates
(J/2m = «/2x = 20 MHz), lossless transmission from
the source to the gate chip (,s = 1), and coherence rates
similar to state-of-the-art transmon qubits [44]: T, =
100 us and T, = 100 us. We then obtain prospective
single-qubit fidelities around 99%, limited by decoherence
(0.3%) and errors due to mode matching (0.3%). For the
controlled-phase gate, assuming that loss is not a dominant
error contribution, similar process fidelities are within
reach, considering that, in the limit ¢/I" ~x/I"> 1 and
I'> 1/T,,1/T,, infidelities due to decoherence and mode
distortions vanish. To obtain a more accurate estimate of
future two-qubit fidelities, an extension of the master
equation simulation to two-qubit gates is, however, needed.
Furthermore, the expected increase in fidelity remains to be
demonstrated in future experiments.
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