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The number of superconducting qubits contained in a single quantum processor is increasing steadily.
However, to realize a truly useful quantum computer, it is inevitable to increase the number of qubits
much further by distributing quantum information among distant processors using flying qubits. A key
element towards this goal is a deterministic quantum interaction between superconducting-atom and prop-
agating microwave-photon qubits. Here, we confirm the bidirectional state transfer between them, which
completes by simply reflecting the photon at the atom. The averaged fidelity of the photon-to-atom (atom-
to-photon) state transfer reaches 0.826 (0.801), limited mainly by the lifetime of the atom qubit. The
present technology would be useful for future distributed quantum computation with superconducting

qubits.
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I. INTRODUCTION

The number of solid-state qubits contained in a single
processor is steadily increasing [1,2] and has reached three
digits recently. However, an incomparably larger num-
ber of qubits is required in order to make such quantum
machines truly useful. Therefore, in the near future, it
would be indispensable to distribute quantum information
among remote quantum processors [3—6], using determin-
istic quantum interactions between stationary and flying
qubits [7,8].

In superconducting quantum computation, stationary
qubits are encoded on various types of superconducting
atoms and flying qubits are encoded on microwave photons
propagating in waveguides. The atom-photon interaction
in this setup is drastically enhanced due to the natural spa-
tial mode matching between radiation from an atom and
a propagating photon in the waveguide [9—15]. Apply-
ing this waveguide QED effect, single microwave-photon
detection has been accomplished by various schemes [16—
21]. Another prominent achievement in this field is the
deterministic release and catch of a photon by remote
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atoms, which has been applied for remote entanglement
generation and a photon-photon gate [22—30]. In these
works, the atom-waveguide coupling is actively tuned in
accordance with the shape of the photon pulse to achieve a
capture probability close to unity.

Recently, we theoretically proposed a determinis-
tic SWAP gate between a superconducting atom and a
microwave photon [31]. The working principle of this gate
is an essentially passive one, the single-photon Raman
interaction [32—39], which is characteristic of waveguide
QED setups and guarantees a high-fidelity operation insen-
sitive to the shape and length of the input photon qubit.
Besides this point, the present scheme has the following
merits for practical implementation.

(1) Simple setup—the required system for the present
gate is an atom and a resonator coupled in the dispersive
regime, each coupled to independent waveguides (Fig. 1).
This is a common element in a superconducting quantum
processor adopting the dispersive qubit readout [40,41].

(2) Gate tunability—although we focus only on the
SWAP gate in this work, the present gate functions as a more
general (SWAP)“ gate (0 < « < 1) [43-46]. The gate type
« is in situ tunable through the amplitude and frequency of
the drive pulse to the atom [31].

(3) Dual-rail encoding—the photon qubit is encoded
on its two different carrier frequencies [47—50]. In contrast
to single-rail (photon-number) encoding, we can avoid
degradation of fidelity by photon loss and sharing a phase
reference [51].

Published by the American Physical Society
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Setup for the SWAP gate between superconducting-atom and microwave-photon qubits. (a) Schematic of the setup. (b) False-

colored optical micrograph of the actual device. Inset shows a scanning electron micrograph of a flux qubit as an atom, in which

blue-shaded areas indicate Josephson junctions. Scale bar is 2 pm.

In this work, as a partial demonstration of the proposed
scheme, we confirm the deterministic and bidirectional
state transfer between the atom and photon qubits. This
completes simply by a single bounce of the photon-qubit
pulse at the atom qubit (Fig. 1), and would therefore be
useful for distributed quantum computation with supercon-
ducting qubits. We note that our results contrast sharply
with the state transfer or remote entanglement genera-
tion achieved by cascading unidirectional quantum state
transfer [22—30].

The rest of this paper is organized as follows. In Sec.
11, we present the experimental setup to execute the atom-
photon SWAP gate and explain its working principle. In
Sec. III, we confirm the bidirectional state transfer between
the atom and photon qubits. The photon qubit should be
in a single-photon state in principle, but we use a weak
coherent-state pulse instead and estimate the state-transfer
fidelity for a single-photon input. Sections IV and V are
respectively devoted to discussion and the conclusion. In
Appendix A, we present the details of theory and numeri-
cal simulation results. In Appendices B and C, we present
the details of the density matrix estimation. In Appendix
D, we present the experimental information.

II. ATOM-PHOTON swAP GATE

A. Setup

The setup for the present atom-photon SWAP gate is
a common one in superconducting quantum comput-
ing: a superconducting atom is dispersively coupled to a
microwave resonator, and transmission lines are attached
to both of them (Fig. 1). One of the lines (port 2) is coupled
to the atom and a microwave drive pulse, which transforms
the bare states of the atom-resonator system to the dressed
ones within the pulse duration, is applied through this line.
The other line (port 1) is coupled to the resonator and a sin-
gle microwave photon, which serves as a photon qubit, is
input through this line synchronously with the drive pulse.
The atom qubit is encoded on its ground and excited states,
|g) and |e). The photon qubit is encoded on its two different

carrier frequencies, |w.) and |wy), where w; (wg) denotes
the lower (higher) carrier frequency. The gate operation
completes deterministically by bouncing the photon qubit.

The superconducting atom used in this experiment is
a flux qubit containing three Josephson junctions in a
loop [inset of Fig. 1(b)]. This flux qubit is always biased
with a half-flux quantum and its transition frequencies are
Wge/27 ~ 5.84 GHz and w,r /2w ~ 14.5 GHz, where |g),
le) and |f') respectively denote the ground, first excited,
and second excited states. Note that the anharmonicity of
flux qubits (wer — wg.) is generally large and qubit manip-
ulation by a short control pulse is possible. This atom
is capacitively coupled at the end of a A/2 resonator,
whose resonant frequency is w,/27 = 10.258 GHz when
the atom is in the |g) state.

B. Working principle

Here, we outline the working principle of the gate. A
detailed theoretical description is presented in Appendix
A. We label the eigenstates of the atom-resonator system
by |a,n), where a = {g,e} and n = {0, 1, ...} respectively
specify the atomic state and the resonator photon number.
The atom-resonator system is in the dispersive coupling
regime, and its eigenfrequencies are given by w), ) = nw;
and wje ) = Wge + n(wr — 2x), where wy. and w; are the
renormalized frequencies of the atom and the resonator and
x 1is the dispersive frequency shift. In the present atom-
photon gate, we use the lowest four levels of the atom-
resonator system (¢ = {g, e} and n = {0, 1}). The principal
decay channel of this four-level system is the radiative
decay of the resonator to port 1 with a rate of k. There-
fore, when the drive field is off, the radiative decay within
this four-level system occurs vertically with « [Fig. 2(a)].

During the interaction between the photon qubit and
the atom-resonator system, we apply a microwave drive
to the atom from port 2. This drive field hybridizes the
lower two bare states |g,0) and |e, 0) to form the dressed
states |1) and |2). By switching on and off the drive field
adiabatically, we can convert the bare and dressed states
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FIG. 2. Level structure of the atom-resonator system. (a) Bare
states, where the drive field from port 2 is off. (b) Dressed states,
where the drive field is on. Note that the energy diagram (b) is
drawn in the frame rotating at the drive frequency wy.

deterministically as |g,0) < |T) and |e,0) < |§) Simi-
larly, the higher two states are converted as |e, 1) <> |3)
and |g, 1) <> [4). In addition to vertical decays (L3 L2>
and |4) — |1 ), oblique decays (|3 — |1) and [4) — |2))
become allowed due to hybridization.

In particular, under a proper choice of the drive fre-
quency and power, the four radiative decay rates take an
identical value of « /2 [Fig. 2(b)]. Then, the levels [1), |2),
and []) (j = 3 or 4) function as an “impedance-matched”
A system [31,35]: if the system is in state |1) initially and
a single photon with a frequency wj1 = W) — Off) is input

from port 1, a Raman transition |1 — [/ — |2) is deter-
mlmstlczﬂly induced. As a result, the A system switches
to state |2) and the input photon becomes down-converted
to frequency w;, after reflection. In this study, we choose
j =4 and set wy = wgy and wy = w4 as the lower and
higher carrier frequencies of the photon qubit. The time
evolution of the atom and photon qubits is then written as
|1 wy) — |2 wr). The inverse process, |2 wp) —> |1 wg),

is also deterministic. In contrast, for the initial states of
[1,w;) and |2, wy), the input photon is perfectly reflected
as it is without interacting with the A system, since the
input photon is out of resonance of the A system. Namely,
[1,wr) — |1,w;) and |2, wy) — |2, wg). These four time
evolutions are summarized as

BilT) + B212) ® (nilwr) + yalon)) = (1)

+9212) ® (Bilwr) + Balom)), )
where Bi,...,y» are arbitrary coefficients satisfying
B>+ B> = I+ nlP =1

Before and after the gate operation, we switch off the
drive field. Then, the atom-resonator system returns to the
bare state basis as |1) = |g,0) and |2) = |e, 0). Omitting
the resonator’s state, which is in the vacuum state at both

the initial and final moments, Eq. (1) is rewritten as

(B1lg) + B2le)) ® (vilwr) + yvalwu)) — (vilg)
+ yale)) ® (Bilwr) + Bolwm)). (2

This is a SWAP gate between the atom and photon qubits.

I1I. BIDIRECTIONAL QUBIT-STATE TRANSFER

In this section, we experimentally confirm the bidirec-
tional state transfer between the atom and photon qubits.
This should be done, in principle, by inputting a single-
photon pulse from port 1 as the photon qubit. However,
in this study, we use a weak coherent-state pulse (the
mean photon number ||> < 1) instead and estimate the
state-transfer fidelities for a single-photon input.

The photon-qubit pulse is dichromatic in general with
carrier frequencies w; and wy and has a Gaussian tempo-
ral profile with a pulse length of £, = 100 ns. This is long
enough to satisfy the condition for a high-fidelity atom-
photon gate, ¢, > 1/k, where « is the resonator decay rate
into port 1 (see Table III in Appendix D 2). If the initial
states of the atom and photon qubits are B;|g) + B:|e) and
yilor) + y2|lwg), respectively, the initial state vector of the
atom-photon system is written as

Vi) = (Bilg) + B2le) ® ele’/2 [10) + a(yil|wr)
+ ylog) +---1, 3)

where « represents the dimensionless amplitude of the
input coherent-state pulse, and the dots represent the
multiphoton components in the pulse, which are neg-
ligible when |a|> « 1. This state vector is rewrit-
ten as [V;) = c11g,0) + c2le, 0) + c3lg, wr) + cale, wp) +
cslg, wy) + cgle,wy) + - - -, where

(C1s. .. ce) = e 1 By, B iy,
abayi,afiyva, afrya). “)

The present gate is completed by bouncing the photon
qubit at the cavity attached to the atom qubit. The time
evolution is given by Eq. (1) and results in the exchange of
coefficients ¢4 and c¢s. Thus, the final state vector is given
by

1Y) = c11g,0) + cale, 0) + c3lg, wr) + ¢sle, wi)
+ calg, wy) + cole, wp) + -+ - . )

A. Photon-to-atom state transfer
1. Procedures for density matrix estimation

In this subsection, we demonstrate the photon-to-
atom state transfer. We denote the density matrix of
the final atom qubit by p{°, where the superscript (c)
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implies that the input photon-qubit pulse is in a coher-
ent state. The matrix element of p{® is given by p©) =
Tro{(m|yy ) (Yr |n)}, where m, n(= g, e) specify the atomic
state and Tr, takes the trace over the photonic states. From
Eq. (5), pi, and pS), are given, up to the second order in
|lal, by

P, ~ Bl + laP (1 = 1821, (6)
P, ~ Bl By + a2 (v v2 — BT B2). 7)

On the other hand, our target quantity here is the density
matrix A of the final atom qubit, assuming single-photon
input. If the SWAP gate is performed with single-photon
input, the final atomic state is y;|g) + y2le) [see Eq. (2)].
Therefore, pé,sge = |y»|* and pfe)g =y

Thus, we can reproduce the target density matrix p®
from the measurable one 5 by the following procedures.
Setting the initial atomic state at |g) [namely, (8, 82) =
(1,0)], we perform the atom-photon SWAP gate and mea-
sure the final atomic density matrix elements p(° and

a,ee

L), Setting (B1,B2) = (1,0) in Egs. (6) and (7), they
are expected to be p{9, = ||?[y2|* and p{9, = |a[*y; v,

a,eg
Therefore, by varying the mean photon number |«|* and
measuring the slopes of these quantities, two of the target
density matrix elements are estimated as

d
Puice = G Pace (8)
d

Pavg = Wpéfzg- ©9)

The other elements are determined as o3, = (p%),)* and

Ioeg,sé)rg =1- p;,se)e'

2. Pulse sequence

The pulse sequence to measure the density matrix p{¢
of the final atom qubit is shown in Fig. 3(a). The measure-
ment is composed of three steps.

(i) Initialization: we wait for complete de-excitation of
the atom, applying no pulses.

(i) SWAP gate: from port 2, we apply a drive pulse
with a flat-top envelope at w;/27 = 5.785 GHz to the
atom to implement an impedance-matched A system
[Fig. 2(b)]. Within the drive pulse duration, we input from
port 1 the photon-qubit pulse with a Gaussian envelope,
which is dichromatic (w;/27 = w4y /27w = 10.208 GHz
and wgy /2w = w4;1/27 = 10.266 GHz) in general. Note
that the photon-qubit pulse in Fig. 3(a) does not have a
clear Gaussian envelope because of its dichromatic nature.

(iii)) Tomography: we first apply a short control pulse
(no pulse, 7 pulse, or four kinds of 77 /2 pulse) with a Gaus-
sian envelope at w,. /2w = 5.839 GHz to the atom and then

dispersively read out the atomic state with a rectangular
pulse at w. /27 = 10.258 GHz [42].

The bare qubit transition frequency is wge/2m =
5.839 GHz, whereas the dressed one is (wy — wp +
wg) /27w = 5.843 GHz. Thus, the qubit transition frequency
increases by 4 MHz. Since we know the power and fre-
quency of the applied drive field, we have access to the
time-dependent frequency shift and, accordingly, to the
accumulated phase difference due to the application of the
drive pulse.

3. Results and discussion

The measured density matrix elements p{), and o9, of
the final atom qubit are shown in Fig. 3(b), where the ini-
tial atom (photon) qubit is in the ground (equator) state,
namely, (B1,62) = (1,0) and (y1,2) = (1,€”)/v/2. We
observe that p(, is independent of the phase 6 of the ini-
tial photon qubit and increases in proportion to ||, and

that p{), is an oscillating function of 6 and its amplitude

grows by increasing | |?. These observations are in quali-
tative accordance with Egs. (6) and (7), which predict that
P, = la|*/2 and p{), = |ar|*e” /2. These results indicate
that the phase information of the initial photon qubit is
successfully transferred to the final atom qubit.

In Fig. 3(c), we present the density matrix 5 of the
final atom qubit, assuming single-photon input, estimated
by the aforementioned procedures. More details on the
estimation are presented in Appendix B. The initial pho-
ton qubit is in one of the six cardinal states [|w;), |wg),
and (lwz) + €"/*lwy))/~/2 forn =0, ...,3]. The agree-
ment between the initial photon and final atom qubits is
fairly good and the averaged fidelity for the six cardinal
states reaches 0.826. The principal origin of the infidelity
would be the short 7} (about 0.9 pus) of the superconduct-
ing atom, which is comparable to the time required for the
state tomography of the final atom qubit. An exception-
ally high fidelity is attained when the initial photon qubit
isin |wp ) [first panel of Fig. 3(c)]. This is because the atom
remains in the ground state (|g,0) ~ |1)) throughout the
gate operation and is unaffected by the short 7.

B. Atom-to-photon state transfer
1. Procedures for density matrix estimation

In this subsection, we demonstrate the atom-to-photon
state transfer. More concretely, from the amplitudes of the
final photon-qubit pulse (after reflection in port 1) for the
coherent-state input, we estimate the density matrix 5{ of
the final photon qubit, assuming single-photon input. The
final amplitude £(¢) is given by &(¢) = (Y |a|yy ), where
a is the annihilation operator for a propagating photon in
port 1. Using Eq. (5), £(¢) is given, up to the first order in
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FIG. 3. Photon-to-atom state transfer. (a) Pulse sequence depicted in the intermediate frequencies and the energy diagrams before

and after the SWAP gate. In the energy diagrams, the initial atom (photon) qubit is assumed to be in the polar (equator) state, namely,
(B1,P2) = (1,0) and (y1,y2) = (1, eif’) / /2. The final photon is in |w;), reflecting the initial atomic state |g). (b) Measured density

matrix elements (,oéce)e, acg?

Rep(® Im,o; ) of the final atom qubit for the coherent-state input. The initial atom (photon) qubit is in the

ground (equator) state, and the phase 9 of the photon qubit is varied continuously. The mean photon number |«|* in the photon-qubit
pulse is indicated. (c) Estimated density matrix 5* of the final atom qubit, assuming single-photon input. Positive, negative, and zero
matrix elements are drawn in red, blue, and black dotted lines, respectively. The fidelity between the initial photon and final atom

qubits is indicated.
|lal, by

£ =a(BilPr + BBy YL(1)

+a(BiBavi + 1Bl v2)vu (1), (10)

where V) (1) = (0]alwe) is the single-photon ampli-
tude of the lower (higher) frequency component. When the
initial photon-qubit pulse is monochromatic at w,, the final
amplitude &; () is given, by putting (y1, y»2) = (1,0) in Eq.
(10), by

EL(t) = ol B11*YL () + aB} B (D). (11)

This equation implies that the initial monochromatic pulse
may become dichromatic after reflection, depending on
the initial atomic state. However, when the atom is in the
ground state initially, the final pulse remains monochro-
matic at w;. We denote its amplitude by ¢, (¢). Setting
(B1, B2) = (1,0) in Eq. (11), we have

s () = ayr(1). (12)

Similarly, when the initial pulse is monochromatic at wy,
the final amplitude &y (¢) is given by

En () = af1 B3y (D) + alBal* Y (). (13)
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Amplitude ¢y (¢) is the result of the initial atom being in
the excited state. Setting (81, 82) = (0, 1) in Eq. (13), we
have

a0 = ayy (0. (14)

We denote the overlap integral between ¢;(f) and &;(?)

[5)
ny = f die (0 (o), (15)
f

where the upper and lower bounds of integration, #; and
ty, are chosen to completely cover the pulse durations
of &i(#) and §;(r). Since ¥ (t) and Yy (f) are orthogo-
nal to each other due to the different carrier frequencies,
we obtain 1, = Clal*|811%, nun = Cla*|Bal?, niy =
Cla|?*B1 85, and ng, = Cla|*B; B2, where C = [ di|y; (1)|?
G =L,H).

On the other hand, our target quantity here is the
density matrix A{¥ of the final photon qubit, assuming
single-photon input. From the right-hand side of Eq. (2),
we immediately have 58 = (Bi|wr) + Balwn)) (B} (L] +
B5 (wn ). Therefore, the 2 x 2 matrix

h= 1 (ULL ULH)
NeL + g \NHL NEE )

is expected to be identical to the target density matrix (.

Thus, we can construct the target density matrix /"
from the measured amplitudes of the final photon-qubit
pulse by the following procedures. Preliminarily, set-
ting the initial atom-qubit state at |g) (]e)), we apply a
monochromatic photon-qubit pulse at w; (wy) and mea-
sure the final amplitude ¢ (?) [¢g (1)]. Then, for an arbitrary
initial atom-qubit state, we apply a monochromatic pulse
at w; (wy) and measure the final amplitude &, (¢) [£x(9)].
We construct a 2 x 2 matrix 7 from the overlap inte-
grals between these output amplitudes [Eqs. (15) and (16)].
Matrix 7 is identical to the target density matrix 40 in
principle, but is non-Hermitian in practice (see Table II in
Appendix C). We estimate a proper one by the protocol
presented in Appendix C.

(16)

2. Pulse sequence

The pulse sequence to measure amplitude £(f) of the
final photon-qubit pulse is shown in Fig. 4(a). The mea-
surement is composed of three steps.

(i) Initialization: we wait for complete de-excitation of
the atom. We then apply a control pulse with a Gaussian
envelope at wg. /2w = 5.835 GHz from port 2 to the atom
to prepare it in one of the six cardinal states.

(i) SWAP gate: from port 2, we apply a drive pulse with
a flat-top envelope at w,/2m = 5.775 GHz to the atom

to constitute an impedance-matched A system [Fig. 2(b)].
Within the pulse duration, we input from port 1 a weak
monochromatic (at w; /2w = 10.201 GHz or wy /27w =
10.263 GHz) photon-qubit pulse with a Gaussian envelope.

(iii)) Measurement: we measure the amplitude of the
reflected photon-qubit pulse in port 1, which is dichro-
matic in general. Note that w; and wy are slightly different
from those in the “photon-to-atom” experiment, since the
experiment was performed in the different cooling down of
our dilution refrigerator (see Table III in Appendix D 2 for
details on the experimental parameters).

All microwave pulses in Fig. 4(a) are generated by
single-sideband modulation and are shown in the interme-
diate frequencies (IFs), similarly to those in Fig. 3(a). A
carrier microwave at w. /27 = 10.308 GHz and a Gaussian
envelope with IF = dwy/2m = 0.045 GHz (bwp/27m =
0.107 GHz) are mixed by an in-phase and quadrature
(IQ) mixer, obtaining the photon pulse with wy = w, —
dwy (wp = w. — dwy). The final photon-qubit pulses after
reflection by the atom are measured by an analog-digital
converter after down-conversion at w, in order to extract
the signals at Swy (Swy), as shown in the left panels of
Figs. 4(b) and 4(c). The frequency-domain plots [right pan-
els of Figs. 4(b) and 4(c)] are obtained by applying the fast
Fourier transform to the time-domain plots.

3. Results and discussions

In Fig. 4(b), we plot the final amplitudes of the photon-
qubit pulse in the time [§4(?), Eq. (13)] and frequency
[€x (w), Fourier transform of &y (f)] domains, fixing its ini-
tial frequency at wy and varying the initial atomic state.
Predictions by Eq. (13) are as follows.

(i) Setting (B, B2) = (0, 1), we have & (1) = ary (1),
Namely, when the atom is in the excited state initially, the
final amplitude is monochromatic at wy, unchanged from
the initial one.

(i) Setting (B1, B2) = (1,€?)/+/2, we have &y(f) =
(ot/2)[e 4. (t) + Y (£)]. Namely, when the atom is in the
equator state initially, the final amplitude is dichromatic at
wr and wy with equal magnitudes.

(iii) Setting (B1,82) = (1,0), we have &y(r) =0.
Namely, when the atom is in the ground state initially, the
final amplitude vanishes.

We observe that the measured amplitudes in Fig. 4(b) are in
qualitative agreement with these predictions. However, we
also find discrepancies in these predictions, such as nonva-
nishing signal at wy for the initial atom in |g) and appear-
ance of the w; component for the initial atom in |e). We
attribute the principal reason for the former discrepancy
to the imperfect constitution of an impedance-matched A
system [namely, the difference in the [4) — |1) and |4) —
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FIG. 4. Atom-to-photon state transfer. (a) Pulse sequence depicted in the intermediate frequencies and the energy diagrams before
and after the SWAP gate. In the energy diagrams, the initial atom (photon) qubit is assumed to be in the equator (polar) state, namely,
(B1, B) = (1,6%)/+/2 and (y1,y2) = (0,1). (b) Measured amplitude of the output photon-qubit pulse for its initial frequency set at
wy: time domain (left) and frequency domain (right). The initial atom-qubit state (ground, equator, or excited) is indicated. Since the
four equator states yield similar spectra, only one of them is plotted. The mean photon number in the input pulse is |«|> = 0.101. The
time-domain amplitudes are measured by an analog-to-digital converter and are averaged over 1.5 x 10* times. (c) The same plots as
(b) for the initial frequency of the photon-qubit pulse set at ;. (d) Estimated density matrix ,6155) of the final photon qubit, assuming
single-photon input. Positive (negative) values are indicated by red (blue) bars. The fidelity between the initial atom and final photon

qubits is indicated.

|§) decay rates in Fig. 2(b)] and the latter to the imperfect
initialization of the atom qubit, both of which originate in
the fluctuation in the transition frequency wg, of the super-
conducting atom. Note that the drastic attenuation of the
final amplitude in (iii) does not mean the decrease of the
reflected photon in port 1: the input photon is mostly down-
converted to wy, but its amplitude is unobservable in this
experiment due to the inelasticity of scattering. This quan-
tum process (single-photon Raman interaction [32—39])
has been applied for single microwave-photon detection

[16,17]. Figure 4(c) shows the results for the initial fre-
quency of the photon-qubit pulse tuned at w;. The results
are contrastive to those in Fig. 4(b) and are in qualitative
accordance with Eq. (11).

In Fig. 4(d), we present the density matrix 5% of the
final photon qubit, assuming single-photon input, esti-
mated by the aforementioned procedures. More details on
the estimation are presented in Appendix C. The fidelity to
the initial atom qubit, which is prepared to be in one of the
six cardinal states, is fairly good and the average fidelity
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reaches 0.801. An exceptionally high fidelity is attained
when the initial atom is in |g) [first panel of Fig. 4(c)],
because the atom remains in the ground state through-
out the gate operation and is unaffected by the short T
(about 0.9 ws) of the superconducting atom. We observe
that, when the initial atom qubit is in the equator states,
the fidelities become substantially lower than those for the
photon-to-atom state transfer [Fig. 3(c)]. Presently, we do
not fully understand the reason for that. One possible rea-
son might be that the amplitude of the frequency-converted
component [w; (wy) component in the right panel of
Fig. 4(b) [Fig. 4(c)]], which becomes observable only
when the initial atom is in a superposition state, is more
fragile against the pure dephasing than the amplitude of
the unconverted component.

IV. DISCUSSION

Two comments are in order before concluding this
paper. First, we comment on the implementation of the cur-
rent scheme by mainstream superconducting qubits such as
a transmon or a C-shunt flux qubit. A merit of using these
mainstream qubits is that the lifetime of the atom becomes
longer. This will substantially improve the fidelities in this
experiment, since the principal origin of infidelities is the
short lifetime of a flux qubit. On the other hand, the disper-
sive shifts of the mainstream qubits are generally smaller
than the current one because of the smaller anharmonic-
ity. Then, we need a smaller resonator linewidth « and,
accordingly, a longer photon-qubit pulse. This implies that
the gate time would become longer in comparison with the
current implementation.

For the case of a stronger photon-qubit pulse (ja|> ~ 1),
besides the zero- and one-photon components, multipho-
ton components become included in the pulse. Since the
A system can interact with only a single photon simul-
taneously due to saturation, other photons in the pulse
are reflected without swapping with the atom qubit. This
results in a decrease in the SWAP probability per one photon
and degrades the estimated fidelities.

V. CONCLUSION

In this work, we have confirmed the bidirectional state
transfer between the atom and photon qubits. The photon
qubit for this gate is an itinerant single-photon pulse, but
we used a weak coherent-state pulse instead for demon-
stration. To confirm the photon-to-atom qubit transfer,
we applied a monochromatic or dichromatic photon-qubit
pulse, which corresponds to one of the six cardinal states
of the photon qubit, to the dressed atom-resonator coupled
system (impedance-matched A system). After reflection
of this pulse, we performed a state tomography of the
final atom qubit. From the dependencies of the density
matrix elements on the mean input photon number, we
constructed the density matrix of the final atom qubit,

assuming single-photon input. The fidelity to the initial
photon qubit reaches 0.826 on average. On the other hand,
to confirm the atom-to-photon qubit transfer, we prepared
the initial atom qubit to be in one of the six cardinal states
and applied a monochromatic photon-qubit pulse to the A
system. From the measured amplitudes of the final photon-
qubit pulse, we constructed the density matrix of the final
photon qubit, assuming single-photon input. The fidelity to
the initial atom qubit reaches 0.801 on average.

Although the state-transfer fidelities are still insufficient
for practical application, the main origin of infidelities are
the short lifetime of the superconducting atom, which can
be overcome with the current qubit fabrication technology.
We hope that the present atom-photon gate scheme, which
is executable in a common setup (dispersively coupled
qubit and cavity) in recent quantum processors, helps dis-
tributed quantum computing with superconducting qubits
in the near future.
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APPENDIX A: THEORY OF THE ATOM-PHOTON
(swaP)* GATE

1. Dressed states

In this appendix, we present a detailed theoretical
description of the atom-photon gate (Fig. 1). We denote
the drive frequency and amplitude by w, and 24, respec-
tively. In the frame rotating at w,, the Hamiltonian of the
driven atom-resonator system is given, setting 7 = 1, by

A

Hy = 000667 + [(wa — w0) + (0 — 2x)a 21616

— Q6T +6), (A1)

where 6 = |g){(e| (a) is the annihilation operator for the
atom (resonator), w, (w;) is the resonance frequency of the
atom (resonator), and y is the dispersive shift.

The eigenstates of this driven Hamiltonian are referred
to as the dressed states. In the present atom-photon gate,
we use the lowest four dressed states. We choose the drive
frequency w,; within the range of w, —2x < wy < w,,
where the microwave response of this four-level system
becomes highly sensitive to the drive [35]. The four lowest
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dressed states are given by

IT) = cos6)lg, 0) + sinfle, 0), (A2)
2) = —sin@|g, 0) + cos bjle, 0), (A3)
13) = cosbyle, 1) +sinbylg, 1), (Ad)
|4) = —sin6yle, 1) + cosbyg, 1), (A5)
where
o, Mel@a = wzd)/z + 1] (A6)
— W +2%)/2 4 iQ
Ghzarg[(wd W, +2x)/2+1 d]- (A7)
2
Their eigenenergies are given by
Wy — W, Wy — W, 2
a= BTy ( - d) e (A8)

wg — wy + 2 wg — wa + 25\

(A9)

where the plus (minus) sign is taken for w, and w4 (w;
and w;3). When the drive is off (2; = 0), the dressed states
|1) 12), |3) and |4) respectively reduce to the bare states
l2,0), le,0), |e, 1), and |g, 1). By smoothly changing the
drive amplitude (about 40 ns; see Appendix A 3 b below),
we can adiabatically switch the bare and dressed states.

2. Single-photon response

In this subsection, we discuss the interaction between
the atom and photon qubits. We derive Eq. (1) in the main
text, which holds in the long-pulse limit.

a. Heisenberg equations in the dressed-state basis

Denoting the decay rate of the resonator to port 1 by
k, the Hamiltonian to describe the resonator-waveguide
interaction is given by

= / dk[kajay + ik )2m@a + al@)],  (A10)

where a; annihilates an itinerant photon in port 1 with
wave number k. Switching to the dressed-state basis [Egs.
(A2)~(A5)], the overall Hamiltonian H=H, + Hy is

rewritten as
[:I = Zw,&,J + / dk
J

x [k&;i&k + D (b + n;;aZ&U)/«/zn}, (A1)
i,j
where the indices run over i,j = 1,..

The coefficient n; is defined by n; =
concretely, it is given by

,4and o; = V (.
Vi (7 la'i). More

cos 6y, (G, =@3,2)or (4,1),
77ji = \/EX (_1)j+l Sin@,, (Ial) - (35 1) or (472)5
0, otherwise,
(A12)
6, = 0, + 6. (A13)

We introduce the real-space representation of the field
operator by b, = 21)~"/? [ dk ¢*éy. In this representa-
tion, the » < 0 (» > 0) region corresponds to the incoming
(outgoing) field. From Eq. (A11), we can rigorously derive
the input-output relation

be(t) = b,_(0) = i (O — 1) Y m6y (¢ — 1),

:]

(A14)

where 6 (7) is the Heaviside step function. From Eq. (A11),
we can also derive the Heisenberg equations for 6;;. Those
for the relevant operators in this subsection are

%Uln = (—iwn — K /2)61n + i[Nn1 (Gun — 611) — Nm2012
+ 01 Gin]b—(0), (A15)
%00 = (it — /28 + i1 Br — 62) — n
+ N267)b-(0), (A16)
where (n,n) = (3,4) or (4,3) and w;; = w; — w;.

b. Wave functions of the initial and final photon qubits
In this subsection, we derive the formulas that determine
the wave functions of the final photon. For the moment, we
focus on the following case: the atom is in state |1) and a
single photon with wave function f () is input at the initial

moment (¢ = 0). The initial state vector is then written as
pO) = [@robiv. @

where |V) represents the vacuum state of the waveguide
(port 1). We denote the final moment of this atom-photon
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gate by ¢. The initial and final state vectors are connected
by the unitary time evolution, |¢(f)) = e~ !|¢(0)). The
final state vector is written as

g (1) = e~ f dr gy, (r, 0B} |T,v)

t emiont / dran(rn0blEV),  (AIS)

where g1;(r,¢) and gj»(r,f) are the output photon wave
functions after reflection. Note that the natural time evo-
lution of the dressed state (e~/') is separated.

From Eq (A18), we have gy, (r, 1) = e""lt(l V|b o (0))

= (T,vIb.(1)|$(0)). Similarly, g12(r, 1) = (2, V|b.()|$(0)).
Substituting Eq. (A14) into these equations, we obtain

gun)=fr—0—iY nusut—r), (A9
n=34
gulrt) =—i Y st —r), (A20)

n=34

where s1,,(¢) and s, (¢) are defined by s1,(¢) = (T,v|&1,,(t)
|9 (0)) and s3,(¢) = (2,V]62,()|¢(0)). Their equations
of motion are given, remembering that b_ (0)]¢(0)) =
f(— t)|1 v) and that |1 V) (|2 V)) is an eigenstate of A with
eigenfrequency w, (w;), by

—Sin = ( lwy) — K/Z)Sln

(A21)

— S = ( lwnZ - K/2)52n ”]nJ (_t)eiwzlt- (A22)

dt

c. Adiabatic solution in the long-pulse limit

We denote the central frequency of the input photon by
. Namely, f (—f) ~ e"® and f (—f)ei21! ~ e~@=@21)! p
the long-pulse limit, where the pulse length of the input
photon is much longer than x~!, Egs. (A21) and (A22) are
adiabatically solved as

_ _innl _
S = s (0, (A23)
$2n () = s14(0)€". (A24)

From Egs. (A19), (A20), (A23), and (A24), the output
wave functions g;; and gj, are recast in the following

forms:

gurn =&(o)f (r—1, (A25)
gua(r, 0 = &n()f (r— e 10, (A26)

i sin” 6, Kk cos? 6,

Eln(w) =1-— : - : ,
k/2 —i(w—w31) «/2—i(w— ws4)

(A27)

£1r() = — K cos 6; sin 0, K coS 6; sin 6,

K/2—i(w—w31)  Kk/2—i(w—ws)

(A28)

The central frequency of g;; is unchanged from the input.
In contrast, due to the phase factor e =210~ in Eq. (A26),
the central frequency of gy, is red shifted from the input by
ws1. The envelopes of g1 and g1, are unchanged from the
input.

Repeating the same arguments, the output wave func-
tions g1 and gy, starting from the initial atom-qubit state
|2) are obtained as
l) eiw21 (r—t)’

21, 1) = &1 (0)f (r —
gur,t) = En(w)f (r—1,

Kk cos 0; sin 6;

(A29)
(A30)

K ¢os 0; sin 6;

&1(w) = —

K/2—i(w— wi)’
(A31)

k)2 —i(w — w3)

Kk cos’ 6, k sin® 6,

En(w) =1— -

k/2 —i(® — w33)

K2 —i(w— wi)’
(A32)

Note that the central frequency of g»; is blue shifted from
the input by wj;, whereas the central frequency of gy
remains unchanged.

d. SWAP gate

From the above arguments, the time evolution of the
atom and photon qubits is written, in the long-pulse limit,
as

ITw) > &n(@)1,0) +En@)2,0 —wy), (A33)
2,0) = E1(0)|T,0 + on) + En(@)2,0). (A34)
Note the probability conservation, |£1;|* + |&12]7 = |&1]?

+[6nl* = 1.

Here, we consider the specific case of an impedance-
matched A system (0; = m/4), which is feasible by adjust-
ing the drive frequency and amplitude. In this case, the four
decay rates within this four-level system become identical
[see Fig. 2(b)]. Throughout this study, we choose state |4)
as the excited state of the A system. Therefore, the lower
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FIG. 5. Time evolution of the atomic excitation probability, P,
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(676), induced by the (a) control and (b) drive pulses. In (a), a

7 pulse is assumed as the control pulse and the atomic lifetime 77 is varied: 77 = 0.9 s (red solid), 9 ps (green dashed), and 90 s
(blue dotted). The thin line represents the control pulse shape. In (b), the results for 77 = 0.9 s (red solid) and 90 ws (blue dotted) are
mostly overlapping. The thin dashed line represents the adiabatic limit.

and higher carrier frequencies of the photon qubit are w; =
w4y and wy = wy, respectively. We also set the linewidths
of these transitions, which are of the order of «, to be small
enough that w; and wy do not induce nontarget transi-
tions. We then observe that, for example, & (w;) ~ 1 and
§n(wr) ~ 0 and therefore that 2, ) — |1, wy). Simi-
larly, [1,wz) = |1, 1), |1, 0n) = |2, 1), and |2, wy) —
|2, wg). These four time evolutions are rewritten as Eq. (1)
of the main text.

3. Numerical simulation

In the previous subsection, we analytically derived the
formula for the single-photon response, assuming an infi-
nite lifetime of the atom. Here, we present the results
of numerical simulation, taking into account the finite
lifetime of the atom (7, ~ 0.9 us).

a. Control pulse

We first evaluate the fidelities of the single-qubit gates
implemented by the control pulse applied to the atom

[Figs. 3(a) and 4(a)]. The control pulse is a short pulse in
resonance with the atom. It has the Gaussian profile

foll) = Epe™@et=00) 5 =42/, (A35)

where w,, I, 0., and E, are the central frequency, length
(in time), phase, and maximum amplitude of the pulse.
The former two parameters are set at w, = w, = 2w X
5.839 GHz and /. = 6 ns. The latter two parameters, E.
and 6., depend on the gate type.

Note that we can use a short control pulse in the present
experiments. This is because the atom is implemented by a
flux qubit, which behaves as an ideal two-level atom due to
its large anharmonicity in contrast with a transmon qubit.

In Fig. 5(a), the time evolution of the excitation prob-
ability of the atom (P, = (674)) under irradiation of a 7
pulse is plotted, varying 77 of the atom. The gate fidelity
(P, after w-pulse irradiation) improves monotonously for
better 7;. In the actual experiments (77 ~ 0.9 us), the gate
fidelity amounts to about 0.994. The 0.6% loss can be

(a) T T T T (b) T T (C) T T
108 1a12=0.000 \ 1.0r |oP=0.195 ] 107 |o/2=0.499 1
| Gate1 = | Gate1 \ | Gate1 1
081 Gate2 08" Gz 081 Gae2
Gate 3 Gate 3 Gate 3
Gate 4 ----- Gate4------ [ | agl Gate4-----
© 0.6 G:tZS a [ 061 thZS ] [ 0.6
Q. Gate 6 ------ —— Q. Gate 6 ------ 1 -...| Q. | Gcate6-----
0.4} P T 0.4r e 0.4
0.2} E 0.2- . 0.2
00 Il Il 1 L L OOJT‘M\/\/\NW% 00 1 1 1 L L
-100 0 100 200 300 -100 0 100 200 300 -100 0 100 200 300
Time (nsec) Time (nsec) Time (nsec)

FIG. 6. Time evolution of the atomic excitation probability, P,

= (6%6), in the photon-to-atom transfer experiment. The initial

photon-qubit state is (Jw;) — ilwy))/+/2. The mean photon number |«|? is 0 in (a), 0.195 in (b), and 0.499 in (c).
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understood as the decay during the pulse duration (/./T; ~

2 =

2 0,

g 5 0.67%).

T (=

‘9 N 'H 31

g < " b. Drive pulse

~

é’ a Next, we investigate the dynamics induced by the drive
o Nt pulse applied to the atom [Figs. 3(a) and 4(a)]. Its pulse
‘2 profile is given by

= o

S = 1 [t < Inn/2

_ < _ —iwgt 5 < ldq1/«,
el T Ja(h) = Eqe ™ % -4l /2%l | otherwise,

2 2 (A36)
I g

~ where wy, lj1, I, and E; respectively represent the cen-
= = tral frequency, duration, rise or fall time, and the max-
f 3 imum amplitude. The former three parameters are set at
§ ) j_l’ wy/27 = 5.785 GHz (which satisfies w, —2x < wy < w,
= ) ~ [35]), ls1 = 220 ns, and /;; = 40 ns. The maximum ampli-
= S tude E; is adjusted to form an impedance-matched A
g s system.

2 In Fig. 5(b), the time evolution of P, under irradia-
Ti‘ 00 tion of the drive pulse is plotted. Although the system
Ig S| BeF remains in state |1) during the drive duration, P, slightly
5 T increases (P, ~ 0.056) due to the formation of the dressed
E states. The thin dotted line shows the result in the adia-
‘Qa)‘ TR® batic limit, namely, the value of | (e, 0|1)|* at each moment.
k= SRS We observe a good agreement between the actual time
g ceee evolution and the adiabatic limit: the residual excitation
s o probability after the drive pulse duration (r = 150 nsec) is
L.g AR as small as 0.084%. This indicates that the rise or fall time
g S = P 2 of the drive pulse (40 nsec) is long enough to suppress the
‘é ! nonadiabatic transition.

g 533 .

2 L2353 c. Photon-qubit pulse

g cee Synchronously to the drive pulse, we also apply the
% o~ photon-qubit pulse to the resonator from port 1 [Figs. 3(a)
2 < g g § and 4(a)]. It is dichromatic in general and has the Gaussian
= o SS 3 profile

28

250 .|g89 £ (t) = aClcos(6, /2)e 1!

Tl T O

2 So S . —i(wpt—¢p) _42 )22

& + sin(6,/2)e P x 2 P, (A37)
L O

g 1 nn o .

Sall,gl & 2 where /, and o respectively represent the length and com-
E ,\: = I3 plex amplitude of the pulse. The normalization constant C
f‘) i ischosenas C = (8In 2/711[2))1/4, so that |or|? represents the
S . § § § mean photon number in this pulse, namely, [ dt|f, (1)|> =
2 | 225G la|*. We respectively represent by 6, and ¢, the polar and
'% < azimuthal angles of the qubit state on the Bloch sphere,
g (@_ﬁ bl which are chosen according to the photon-qubit state.
2= S8 In Fig. 6, we present the numerical simulation results
. = eee for the photon-to-atom transfer experiment. We first apply
= IS o oo the drive and photon-qubit pqlses sypchronously (—150 <
% Sl e § K % ¢t < 150 ns). The photon-qubit state is fixed here at (|w,) —
=R | T =) ilwg))/~2 [6, = w/2 and ¢, = —7/2 in Eq. (A37)] and
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three values of |«|?> are employed. We then apply the con-
trol pulse (¢ ~ 200 ns) to perform one of the six kinds
of one-qubit gates [Eq. (B1) below] to the atom qubit.
More concretely, we apply no pulse in gate 1, a & pulse
in gate 2, and 7 /2 pulses in gates 3—6. After the applica-
tion of the control pulse, we measure the atomic excitation
probability P,. The duration of the readout pulse is about
400 ns, but discrimination of the atomic state is done by
integrating the readout pulse for 100 ns after the transient
response time of 70 ns. Therefore, the measured excitation
probability [shown in Table I] is expected to be P, at ¢ ~
300 ns. For the case of |a|> = 0.195 for example, the sim-
ulated excitation probabilities are (1,2, D3, D4, P5» D
(0.0587,0.8328,0.4454,0.5013,0.4454,0.3895),  which
are in fair agreement with the measured ones (the second
line of Table I).

d. Origin of infidelity

Here, we discuss the origin of infidelity and potential
improvement by numerical simulation. We focus on the
fidelity of photon-to-atom transfer experiment for the ini-
tial photon-qubit state of (|w.) — ilwy))/ V2 for example.

When we evaluate the fidelity by numerical simulation
with the parameter values in the actual experiment, the
fidelity is as low as 0.741. (i) One major origin of infi-
delity is insufficient weakness of the photon-qubit pulse
(Ja|*> 2 0.2) in the present experiment. If we could use

J

a sufficiently weak pulse (Ja|> < 0.05) and estimate the
fidelity for a single-photon input more rigorously, the
fidelity reaches 0.839. (ii) Leaving the system param-
eters unchanged and optimizing the photon-qubit pulse
(wr/2m = 10.204 GHz, wy /2w = 10.267 GHz, and pulse
length 85 ns), this fidelity is slightly improved to be 0.849.
This fact indicates a merit of the present scheme, namely,
insensitivity to the pulse shape of the photon qubit. (iii)
The other major origin of infidelity is the short lifetime
of the atom qubit (77 = 0.9 ws). Assuming a better atom
qubit (77 = 90 ps) and optimizing the lengths of the drive
and photon-qubit pulses (575 and 261 ns, respectively),
the fidelity reaches 0.975. (iv) The residual infidelity is
due to the existence of dressed state |3) Further improve-
ment could be done by increasing the dispersive frequency
shift x.

APPENDIX B: DENSITY MATRIX ESTIMATION:
PHOTON TO ATOM

Here, we present the details of the density matrix esti-
mation for the photon-to-atom state transfer [Fig. 3(c)]. We
first discuss how to determine the density matrix 5{ of the
final atom qubit from the measurement data. In the tomog-
raphy stage of Fig. 3(a), we first perform one of the six
kinds of one-qubit gates to the atom. The unitary matrices
corresponding to these gates are

L j=1
e j =2,
0 = - (BD)
[i—icos(%)&—zsm( ) :|/«/_ j=3,...,6.
We measure the excitation probability of the atom by (ay — 5y)2 /4 + (a. — a.)?/4 + - - -, where
the dispersive readout. We denote the measured probabil- L
ity after the j th gate by p;. We estimate the atomic density ax = p3 — s, (B3)
matrix 5 from the measurement data set (1, . . ., J6)-
We parameterize 5 as a, = Ds — Ps, (B4)
P9 = 1+ a6, + a,6, + a.6.)/2, B2
=+ oy % (B2) a. =pi —ps. (B5)

where ay, a,, and a. are the Bloch vector com-
ponents, which are real and satisfy @ +a; +a2 < 1.
The expected excitation probability p; after the jth
gate is given by p; :Tr{(i—l—éz)f]jﬁéc)f/;}/l From
Egs. (B1) and (B2), this probability reduces to p; =
(I+a)/2, pp=0—-a)/2, p3=1+a)/2, pa= 1+
a,)/2, ps = (1 —a,)/2, and ps = (1 —a,)/2. We deter-
mine the parameters a., a,, and @, so as to mini-
mize the sum of squared errors, S(ay, a,,a.) = Zle i —
pj)?. This is rewritten as S(ay,ay,a.) = (ay — ay)*/4 +

Therefore, if point P(ay, a,, a) is inside of the unit sphere,
S is minimized at this point. In contrast, if point P is out of
the unit sphere, S is minimized at the projection of point P
to the unit-sphere surface in the radial direction. Therefore,

(ax,ay,a:)
max(1, /@, +a, +a)

Next, we discuss the estimation of the atomic density
matrix ,0(5) for the single-photon input from the one 5

(ax: ay, az) = (B6)
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for the coherent-state input. Similarly to Eq. (B2), we
parameterize the target density matrix as

PO = (I + b6, + by, + b.5.)/2. (B7)
Then, From Egs. (8) and (9), we obtain
o ; J =Xy,
b= (B8)
d|d|2 -1, j=z

Therefore, we can estimate b; from the dependence of a;
on the mean input photon number |o|>. We estimate b;
by assuming a linear dependence and employing the least
square method. In Table I, setting the initial photon qubit
at [yp) = (log) — i|a)H>)/\/§ for example, we present the
measurement data set (71, . . ., pg) and the estimated Bloch
vector components, (ay, a,,a.) and (b, by, b.).

APPENDIX C: DENSITY MATRIX ESTIMATION:
ATOM TO PHOTON

Here, we present the details of the density matrix esti-
mation for the atom-to-photon state transfer [Fig. 4(d)].
According to the arguments in Sec. III B, matrix 7 con-
structed directly from the experimental data [Egs. (15) and
(16)] is, in principle, identical to the target density matrix
A However, as we observe in Table II, /) is non-Hermite
in practice. We therefore estimate a proper density matrix
A from 7 by the following procedures.

Similarly to Eq. (B2), we parameterize the proper den-
sity matrix as

A = (I + 6, + ¢,6, + :62) /2, (C1)
where c,, ¢,, and ¢ are real and satisfy c)zc + cf + cf < 1.
We choose ¢y, ¢y, and c; so as to minimize the distance L
between 7 and p¥, which we quantify by

Licxeype) = Y 10y — 60,15 (C2)
J=xy.z
where (6;), = Tr{6;7} and (6;), = Tr{6;5{”}. Since

(0x)y = New + NuL, (0y)y = iMuL — New), (02)y = Nug —

nLe, (6-x)p = Cx, <6y>p =Gy, and <6z)p = (g, Eq (CZ)
is rewritten as L(cy,cy,c.) = (6x — 6% + (¢, — ¢)° +
(¢ —¢.)* + - -+, where

¢ = Re(nry + nur), (C3)
¢, =Im(my — nuL), (C4)
¢: = Re(py — n11)- (C5)

Therefore, if point R(¢y, ¢,, ¢;) is inside of the unit sphere,
L is minimized at this point. On the other hand, if point R
is out of the unit sphere, L is minimized at the projection
of point R to the unit sphere. Therefore,

Cx, Cyy Cz
(¢xs Cy, cz) = ( =2 ) .
=2 | =2, =
max(1,,/c; + ¢+ ;)

In Table II, we present the measured matrix elements of 7
and the estimated Bloch vector components (cy, ¢y, ¢;) for
various input photon numbers |r|?. The initial atom-qubit
state is chosen as |,) = (|g) — ile))/\/z for example. The
state-transfer fidelity is that between the initial atom and
final photon qubits, F' = (wal,élgs)lx//a) =(14+¢)/2. We
observe that the estimated density matrix is mostly insen-
sitive to the input photon number |«|?>. In Fig. 4(c), we
employ the averaged density matrix over the four cases as

5.

(Co)

APPENDIX D: EXPERIMENTAL INFORMATION

1. Experimental setup

Figure 7 shows a schematic of the measurement setup
composed of room-temperature microwave instruments
and low-temperature wirings with microwave components
in a cryogen-free *He/*He dilution refrigerator.

The photon-qubit (drive) pulses applied to port 1 (2)
are generated by mixing the continuous microwave from
rf source 1 (2) with pulses that have an IF generated by
a digital-to-analog converter (DAC) with a sampling rate
of 1 GHz. The Gaussian pulses are used for the photon-
qubit pulses, while the flat-top pulses, in which the rising

TABLE II. Estimation of the final photon-qubit state in the atom-to-photon transfer experiment. The initial atom-qubit state is
|¥a) = (Ig) — ile))/V2.

loe|? nLL NLH NHL NHH Cx Cy [ Fidelity
0.048 0.515+0.057i —0.09540.187i —0.003 — 0.277i 0.485 —0.057i —0.097 0.465 —0.030 0.732
0.101 0.509 +0.043i —0.113 4+ 0.215; 0.042 — 0.333i 0.491 —0.043; —0.071 0.548 —0.018 0.774
0.163 0.502 +0.056i —0.106 4 0.204i 0.030 — 0.282i 0.498 —0.056i —0.076 0.485 —0.004 0.743
0.206 0.503 +0.058i —0.121 4 0.162i 0.038 — 0.330i 0.497 —0.058 —0.083 0.492 —0.007 0.746
Average —0.082 0.498 —0.015 0.749+0.015

054049-14



BIDIRECTIONAL STATE TRANSFER...

PHYS. REV. APPLIED 21, 054049 (2024)

rf source 1 rf source 2
Y
! | L / L
DAC DAC ®
Q Q
R dc current
INY source
RT
50 K | |
4K
0.7K
0.1 K | |
0.01 K
Port 1 Port 2
(signal) (drive)
V"/—n F—C
U U
Magnetic shield coil
x-dB attenuator aal_qciépgai)ﬂlter O Splitter
Low-pass filter Circulator .
(f, = 12.4 GHz) (8-12 GHz) ® 1Q mixer

FIG. 7. Schematic of the experimental setup.

and falling edges of the pulse envelope are smoothed by
a Gaussian function with full width at half maximum of
40 ns in its voltage amplitude, are employed for the drive
pulses.

The signal pulses are heavily attenuated by a series
of attenuators implemented in the input microwave semi-
rigid cable with a total attenuation of 68 dB and applied
to the A/2 resonator through a circulator to separate the
input and reflected signal. The reflected signal is led to a
cryogenic HEMT amplifier mounted at a 4-K stage of the
dilution refrigerator via low-pass and band-pass filters and
three circulators with 50-€2 terminations and amplified by
about 38 dB followed by further amplification with a room-
temperature (RT) low-noise amplifier, whose gain is about
33 dB. The output signal is down-converted to an IF at an
1Q mixer using the same continuous microwave split signal
as used for the photon-qubit pulse generation. The I com-
ponent of the reflected signals is sampled at 1.6 GHz/Sa
by an analog-to-digital converter (ADC).

TABLE III. Device parameters for the photon-to-atom and
atom-to-photon state-transfer experiments.

Photon — atom Atom — photon

Parameters (GHz) (GHz)
w21 10.258 10.258
Wge /27 5.839 5.835
2x/2m 0.073 0.073
K/2m 0.024 0.024
wq/2mw 5.785 5.775
wL/2mw 10.208 10.201
wpy /2w 10.266 10.263

The drive pulses are applied through the input
microwave semirigid cable with a total attenuation of
48 dB to control the states of an atom.

2. Device and parameters

A device employed in our experiments is composed of
a A/2 superconducting coplanar waveguide resonator and
a superconducting flux qubit containing three Josephson
junctions [Fig. 1(b)]. They are coupled capacitively and
operated in the dispersive regime. The flux qubit is always
biased with a half flux quantum and we demonstrate all the
experiments presented in the article. We adopted the same
design and fabrication processes for the device described
in Refs. [17,36].

In Table III, we summarize the system parameters
for the photon-to-atom and atom-to-photon state-transfer
experiments described in the main text. Since each exper-
iment was performed in the different cooling down of our
dilution refrigerator, wg, and related parameters (x, wq, wy,
and wy) changed slightly. The other parameters (w; and «)
are independent of wg, and remain unchanged.

3. Readout fidelity

The readout fidelity of a flux qubit used in our experi-
ment was measured by applying a pulse sequence shown
in the tomography regime of Fig. 3(a). In Fig. 8§, we
show normalized amplitudes of the reflection coefficient
IT| of the readout resonator when the flux qubit is in the
|g) and the |e) states. For the latter, we apply a w pulse
[corresponding to the control pulse in Fig. 3(a)] with a
width of 6 ns before a readout pulse. We normalize I/
as " = (I' — Ton)/IToff — Tonl, where T is the reflection
coefficient measured in the experiment and I'y, and o
are obtained on and off resonances of the resonator, respec-
tively. The off resonance I'og, which is the averaged value
of I for the |g) state of the qubit from 10.0 to 10.2 GHz
(201 points), is used as a reference. When the flux qubit
is in the |g) state, a dip corresponding to the resonance is
observed at w,/2m = 10.258 GHz, where |I"’| = 0, while
the dip is shifted to (w, —2x)/27w = 10.185 GHz when
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FIG. 8. Normalized readout amplitude as functions of the

probe frequency (upper axis) and delay time Af (bottom axis)
between the 7 and the readout pulses. The dash-dot (blue) and
solid (red) curves were measured when the qubit was in the |g)
and the |e) states, respectively. The measured cross points (green)
show the typical 7; decay, whose fit to the exponential func-
tion (black dotted curve) gives a T of about 700 ns. The circle
indicates the readout amplitude at w,/27 = 10.258 GHz, which
corresponds to the readout fidelity of the flux qubit and the initial
IT’| of the exponential decay (indicated by the dashed arrow).
Shaded areas on the measured curves represent error bars of the
normalized amplitudes caused by the averaged I'of.

we apply a 7 pulse to the flux qubit. Here 2 x is the disper-
sive frequency shift. We observed 2|x|/27 = 0.073 GHz
in the experiment, which was enhanced by an effect of the
straddling regime [42]. The residual dip at w,/27 for the
flux qubit in the |e) state is caused by the energy relax-
ation of the qubit before readout, and its amplitude gives
the readout fidelity of the flux qubit (indicating the cir-
cle in Fig. 8). The duration of the readout pulse shown
in Fig. 3(a) is 400 ns. However, we acquire a first 100-
ns time trace at 1.6 GHz/Sa to extract the amplitude and
the phase after waiting for about 70 ns, which is mainly
required for the transient response of the electromagnetic
field in the resonator [42]. The exponential decay of || in
Fig. 8 is measured by changing the delay time At between
the 7 and the readout pulses. The initial value of |I"’|, cor-
responding to the circle in Fig. 8 (also indicated by the
dashed arrow), is about 0.90 [= exp (—70/T}))], where
Ty ~ 700 ns. The T of the flux qubit fluctuates with a
relatively long period (about a few hours). Typically, T;
is approximately 900 ns, but as the data set in Fig. 8
shows, there are times when T; is about 700 ns. In the
state-transfer experiments shown in Figs. 3 and 4, T is
monitored before and after the measurement to confirm
that 7 is about 900 ns.
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