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Achieving quantum state transfer in passive ways can become a powerful asset for scalable quantum
networks. Here, we demonstrate how giant atoms coupled to 1D waveguides provide a platform for such a
passive, deterministic transfer. Specifically, we show that when the giant atom’s extent is comparable to
the width of the emitted wave packet, this wave packet can be designed to be time-reversal-symmetric by
engineering the positions and strengths of atom-waveguide coupling points. We first derive general
analytical conditions under which arbitrary qubit decays can be mapped to wave-vector-dependent
couplings that guarantee perfect state transfer in the continuum limit of infinitely many coupling points.
Then, for experimentally relevant configurations with a finite number of coupling points, we optimize the
coupling positions and values. We demonstrate that the transfer fidelity can be boosted well beyond the
value for a single coupling point (54%), reaching 87% with only two coupling points and exceeding 99%
with ten or more. We further analyze the robustness of the protocol against disorder in the coupling points
as well as frequency variations of the qubits and extend the formalism to environments with nonlinear
dispersion, showing that dispersion-induced distortions can be fully compensated by judiciously chosen
setups. Our results establish giant atoms as a powerful platform for realizing high-fidelity quantum state
transfer and demonstrate how time-dependent control can be instead encoded into the device design.

DOI: 10.1103/6wcb-nj42

I. INTRODUCTION

Artificial atoms coupled to engineered photonic envi-
ronments are at the forefront of developments in quantum
science [1-3]. One particular paradigm of quantum emit-
ters that has attracted increasing interest over the past
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decade is the concept of giant atoms [4], i.e., quantum
emitters that are coupled to their environment at more than
a single spatial point. Such nonlocal coupling has been
achieved with surface acoustic waves [5,6], microwave
transmission lines [7,8], magnonics [9] as well as coupled
cavity arrays [10], and extensions to other platforms have
been proposed [11,12]. The self-interference of the emis-
sion from different legs gives rise to intricate behavior
such as strongly frequency-dependent decay rates [13,14],
decoherence-free interactions [7,15-19], unconventional
bound states [20-24] and non-Markovian dynamics
[6,25-33], allowing for applications, e.g., in open quantum
system simulations [34] or quantum computation [35-38].

In this paper, we propose a novel application that
directly leverages giant atom implementations: determin-
istic passive quantum state transfer. In their seminal work

Published by the American Physical Society
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Ref. [39], Cirac et al. first demonstrated how quantum
states can be deterministically transferred between two
distant nodes of a quantum network [40] via the controlled
emission and reabsorption of single photons. The solution
developed in this work relies on time-dependent qubit-
waveguide couplings to shape time-reversal-symmetric
photon wave packets, which are then perfectly reabsorbed
at the second node using a time-reversed control pulse.
This active approach has been successfully implemented in
the microwave [41-47] and optical domain [48] as well
as using surface acoustic waves [49,50], and many theo-
retical extensions have been proposed [51-61]. As an
alternative path to state transfer, passive schemes have been
investigated, for example, in spin chains [62] (see also
Refs. [63,64] and references therein), photonic quantum
Hall systems [65] and exotic cavities [66], or by engineered
cavity-cluster quantum nodes [67] and waveguide disper-
sions [68]. In these passive state transfer schemes, a time-
reversed waveform of the emitted photon is achieved by
locally coupling a qubit to a complex photonic reservoir,
which limits the practicality and scalability of this approach.

Here, we show that giant atoms offer a distinct approach
to encode the required temporal structure directly into the
spatial design of the quantum emitter. Specifically, by
tuning their leg positions and couplings, it is possible to
achieve passive state transfer between such giant emitters.
As a major conceptual result, we first analytically prove
that in the limit of infinitely many coupling points (i.e., for
a continuous coupling distribution) there always exists a
configuration yielding a time-reversal-symmetric pulse for
any possible qubit decay into a linear-dispersion wave-
guide. We derive the associated wave-vector-dependent
coupling distributions and demonstrate the state transfer in
the particular cases of a Gaussian and exponential decay.
These examples demonstrate that deterministic passive state
transfer is connected to the non-Markovian regime of giant
atom physics, where the extent of the atoms is comparable
to the width of the emitted pulse. We then focus on a finite
number of giant atom legs and show that the pulses
mediating the state transfer can remain approximately time-
reversal-symmetric provided that the coupling strengths and
positions are properly engineered. Optimizing for the state
transfer fidelity as a function of the number of legs of the
giant atom, we find that already with two legs, we can
achieve a transfer probability of around 87%, which is
readily increased beyond 99% by employing ten or more
legs. Finally, we show that our proposal can be implemented
in existing experimental platforms, which support the
operation in the non-Markovian regime, for example surface
acoustic waves or coupled-cavity arrays interacting with
superconducting qubits. In particular, we study the effect of
imperfections in the leg positions, coupling strengths, and
deviations in the qubit frequency and show how our theory
can be extended to photonic baths with curved dispersion
such as coupled cavity arrays.

This paper is organized as follows: In Sec. II we
introduce the system under consideration. In Sec. III we
study state transfer for a continuous spatial coupling distri-
bution, i.e., the limit of infinitely many legs. In Sec. IV we
optimize the state transfer for a finite number of legs.
Finally, in Sec. V we discuss experimental realizations and
the robustness of our proposal and conclude in Sec. VI.

II. MODEL

We consider two giant atoms coupled to a one-
dimensional waveguide. The model Hamiltonian for this
system is (A = 1)

+o0 .
H = o, z croy + / dka)(k)a;{ak

a=1,2 o0

+ Z/+mdk(ga(k)a;“ak+H.c.), (1)

a=1.2

where we assume a linear dispersion w(k) = v,|k| with

group velocity v,. In Eq. (1), o; are standard Pauli

operators, a; (a,t) is the annihilation (creation) operator
for photons at wave vector k and g, (k) is the wave-vector-
dependent coupling of qubit a. Since the ath qubit couples

(@)

to the waveguide at several points x;

the form

the coupling takes

i x(.") a
galk) = ™ g, 2)
J

with the local coupling strengths g§a> for the jth leg of the

ath qubit. We take the qubits to be arranged in a serial
D @
j k

them to decay on a timescale 7 > a)g1 (for all numerical

configuration such that x for any j, k and assume

calculations we will assume 7 = 10*w; ! /7). Note that the

conventional \/m dependence of g(k) can be approxi-
mated as constant, as it changes negligibly on the relevant
frequency scale 7=' around the qubit resonance fre-
quency . Note that for an atom coupled to a waveguide
at a single point (i.e., a normal atom), g, (k) is typically
considered a constant function of k. The effect of multiple
coupling points (giant atom) is to introduce a strong
k-dependence of the coupling function due to interference
of multiple coupling points. In the following we will base
our derivations and optimizations on the assumption of a
chiral coupling to the waveguide, i.e., the qubits only
couple to right-propagating modes. While this allows us to
focus on configurations such as the one shown in Fig. 1, it
is not a fundamental restriction of our work, as we provide
explicit ways to achieve this chiral coupling for continuous
(cf. Sec. IIT A) and discrete (see Appendix A) coupling
configurations.
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FIG. 1. Passive quantum state transfer between giant atoms

chirally coupled to a waveguide with a linear dispersion. (a) Two
giant atoms are coupled to the waveguide at N discrete coupling
points xﬁ“), 5-@ (j=1,....N;a = 1,2) (see text for details). The
nonlocal coupling allows the left qubit to emit an almost time-
reversal-symmetric pulse (blue) that can be absorbed by the right
qubit. (b) The interference of contributions from different
coupling points gives rise to a wave-vector-dependent coupling
g1(k). (c) Resulting evolution of the excited-state populations
|co(t)]> of the two qubits. The configuration assumed in this
figure is the result of the optimization in Fig. 3 for N = 5.

Throughout this work, we focus on the dynamics in the
single excitation sector, where the state of the system can
be written in the general form

(1) = ci(t)e™'ey) + cx()e™" ™' [e;)

+00 .
+ / dkcy(t)e=@®r|1,). 3)

[So]

Here, |e,) = |e)|g)|vac) (les) = |g)|e)|vac)) denotes the
state where only the first (second) qubit is excited and
[1,) = a,t| 9)|g)|vac) the state where only the kth mode is
occupied by a single photon. Plugging this ansatz into the
Schrodinger equation, we obtain a set of coupled equations
of motion for the coefficients of Eq. (3),

+0o0 .
ci)(t) = —i/ dkgy o) (k)cy(r)e= 20",

o]

cn(t) = —ilgi (k)ey (1) + gﬁ(k)cz(t)]em(k)’, 4)

with the detuning A(k) = w(k) — @g.

In the following, we will study conditions for the perfect
transfer of an excitation from the first qubit (initially in its
excited state) to the second one (initially in the ground
state). Note that the successful transfer of an excitation
also entails the transfer of arbitrary superposition states of
the first qubit [39].

III. STATE TRANSFER BETWEEN QUBITS WITH
A CONTINUOUS SPATIAL COUPLING

As a fundamental paradigm, we consider the limiting
case of a continuous coupling distribution [20,69], which
can be thought of as giant atoms with infinitely many legs.
We explicitly assume a coupling to right-propagating
modes only and relax this limitation later on. In this case,
Eq. (2) approaches the Fourier transform of a continuous
spatial coupling distribution g,(x),

gulk) = / " dxeitrg, (x). s)

In the following, our goal is to derive wave-vector-
dependent couplings g¢;(k) that mediate perfect state
transfer with time-reversal-symmetric pulses. These cou-
plings can then be converted to spatial distributions g; (x)
by inverting the above equation.

The serial configuration of the giant atoms, together
with the assumption of chiral emission into the waveguide,
implies that we can consider the emission of the first qubit
and the absorption by the second one separately. For this
reason, we first focus on the dynamics of the first qubit
only. With this in mind, the exact evolution of the first
qubit amplitude can be computed by the resolvent operator
approach [70,71],

i oodA e*iAt 6
) =— :
() 2;:/_00 A—Z(A + oy +i0%) ©)

where the self-energy X(E) is given by

S(E) = A o dk%. )

Typically, given a certain coupling configuration g, (k),
we can solve for the exact dynamics through Eq. (6). In the
present context, though, it is more meaningful to ask
whether we can solve for g;(k) once we specify c (7).
Indeed, we can show [see Appendix B for details] that any
physical decay c;(t) can be realized by choosing the
magnitude of the coupling to be

0] =\ a0y ®

where we introduced the Laplace transform ¢; of the
decay as

& (A) = —i / ™ dtey (e, ©)
0

Equation (8) specifies the meaning of physical decay,
i.e., adecay c;(¢) such that Im {¢7'(A)} is non-negative. If
this condition is met, the assumed dynamics ¢ () can be
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created via passive interaction with a bath (the waveguide
in the present case). The accessible dynamics are therefore
also different from the ones created by time-dependent
couplings [42,53,56].

The Laplace transform of the qubit dynamics can now
be directly related to the wave vector components of the
emitted pulse £(k) = lim,_, o, c,(¢) after full emission of the
first qubit [cf. Eq. (4) for a single qubit],

&(k) = g (ke (A(K)). (10)

Notice that c(¢) is defined in a rotating frame [see
Eq. (3)] such that the corresponding pulse in real space,

[ dke'**c (1) Z¢(x), is stationary after complete emis-
sion. Conversely, the emitted wave packet in the stationary
frame propagates through the waveguide while preserving
its shape (due to the fact that the dispersion is linear).

We now wish to specify the phase arg[g,(k)] of the
coupling allowing for perfect state transfer. For that,
it suffices to still consider the emission from the single
qubit. Time-reversal symmetry dictates that if coeffi-
cients c¢,(t), c,(t) solve the Schrodinger equation, so
do cj(—1),ci(—t) upon replacing g;(k) — gj(k) in the
Hamiltonian. In other words, a pulse with Fourier ampli-
tudes &* (k) is perfectly absorbed by a qubit with couplings
g; (k). If we impose

& (k) = &(k) (11)

(equivalent to &(x) = £*(—x) in real space), the pulse
emitted by the qubit with coupling g(x) can therefore in
principle be absorbed by a subsequent qubit with coupling
g; (k). For a given qubit decay the above condition is (up to
a global phase) uniquely ensured by
g1(k) == [gy (k)| ™), with (k) = arg [¢,(A(k))].
(12)

Now, if we place a second qubit at a distance d with
coupling points sz)
strengths ggz) = ggl)*, we can write g,(k) = e’* g (k). This
means that the time-reversal-symmetric wave packet will
be reabsorbed by the second emitter after an additional
propagation delay d/v,. We stress that implementing
Eq. (12) for arbitrary qubit decays generated by a positive
|g(k)| will lead to the emission of time-reversal-symmetric
pulses without changing the qubit dynamics.

The present conditions are derived under the assumption
of a chiral waveguide. However, since we consider the
decay timescale 7 > w; !, the qubits couple only to wave
vectors close to k; = @y /v,. Therefore, while Egs. (8) and
(12) in principle uniquely determine g(k), the coupling can
still be suppressed around k = —k, with negligible influ-
ence on the dynamics. We will implement this explicitly
for the following two examples.

=d-— xEl) [see Fig. 1(a)] and coupling

A. Examples: Exponential and Gaussian decay

In the following we give two concrete examples for
wave-vector-dependent couplings that allow for perfect
quantum state transfer. First, we consider an exponential
decay described by

1

“avaz P

ci(t) = e, and thus ¢, (A)

that is typically associated with strictly Markovian dynam-
ics. Such decay is achieved by a constant |g,(k)| =

\/Vg7/(27) according to Eq. (8) (we introduced y = 2/7
as the inverse decay timescale to reproduce the expected
results from the Markov approximation). Upon inserting
Eq. (13) into Eq. (12), we arrive at the required wave-
vector-dependent coupling. We modify this momentum
dependence to enforce chiral emission also when the giant
atom is coupled to a bidirectional waveguide. To that end,
we modify g(k) as specified by Eq. (8) by multiplying with
exp(—ev,|k — ky|) for £ < 7. This leaves g(k) unchanged
around k = ky and suppresses the coupling to k = —k,
while allowing for good numerical convergence when
calculating g(x). Using this modified coupling, we find
perfect transfer of the excitation in Fig. 2(a). In Fig. 2(b)
we show the associated real-space coupling configurations
and time-reversal-symmetric pulse that is emitted in this
configuration, which then travels to the right. From the
spatial configuration in Fig. 2(b) we can infer that the
spatial extent of the giant atoms must be comparable to
the width of the emitted pulse to achieve pulse shaping.]

As a second example, we consider a Gaussian decay,
given by

(1) =e /7, (14)

and thus

2.2 ;
¢ (A) = 1gexp (—ATT> [1 + erf(m{ﬂ, (15)

where erf(z) is the error function. For the Gaussian decay
the coupling ¢, (k) is naturally restricted to narrow ranges
around +ky. A spatial configuration that chirally couples
to the waveguide is then achieved analogously to the
exponential case. The resulting dynamics is shown in
Figs. 2(c) and 2(d), where we again find perfect transfer.
Note that Eq. (12) can be directly translated to perfect

'From Fig. 2(a) we see that after the second qubit absorbs the
wave packet, the latter is reemitted as a direct result of time-
reversal symmetry. Since the emission timescale is identical to
the absorption one, the state can in principle be stored by
applying a z-pulse faster than this timescale in a A-type system
[39].
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FIG. 2. Quantum state transfer with wave-vector-dependent
couplings. (a) Populations of the qubits for an exponential decay
where we set y =2/7. (b) Spatial coupling configuration
(orange, solid lines for positive, dashed lines for negative values),
which is real for the present cases after demodulating with e e*.
This coupling profile leads to the emission of the associated
time-reversal-symmetric single-photon pulse (blue, shifted to the
right for better visibility). Panels (c), (d) are analogous to panels
(a), (b) but for a Gaussian decay [see Eq. (14)]. All results are
obtained for a bidirectional waveguide, i.e., the chiral emission
is achieved solely through the giant atom design (see text for
details).

transfer in a closed loop waveguide [67] with two qubits
opposite to one another. In that case, |g;(k)| has to be

reduced by a factor of v/2 in Eq. (8) to account for the
second decay channel.

IV. FINITE NUMBER OF LEGS

The considerations of the previous section have shown
that in the limit of many legs, perfect state transfer can be
achieved with few constraints. In the following, we show
that similar functionality can be achieved with a finite
number of coupling points. We note that as opposed to
typical giant atom setups, in our case these points need to
be spaced by a distance on the order of the emitted pulse
width ~v,7 to allow for shaping the pulse, i.e., the delays
between the legs need to be non-negligible. We will justify
that this is feasible in current experiments in Sec. VA.

A finite leg implementation could naively be obtained
by sampling equidistant points from the analytical con-
figuration derived earlier (see Appendix A for an exam-
ple). However, this procedure cannot be expected to yield
the perfect transfer since we can only approximate the
continuous distributions. In that context, it is also not clear
which continuous coupling distribution (corresponding to
a specific qubit decay) to discretize for the best transfer
fidelity.

Therefore, instead of targeting a concrete qubit decay as
in the previous section, we now numerically seek for the
maximally achievable state transfer fidelity

7 2 19
{x; gt}

i Ji

P2.max =

for a given number of coupling points, and optimize over
leg positions, coupling strengths, and the time when the
transfer is achieved. For the optimization we assume a
chiral coupling to the waveguide and remove this require-
ment later on (see also Appendix A). In analogy to the
case of infinitely many legs, we enforce time-reversal
symmetry of the couplings of the two qubits, g,(k) =
e'*d gt (k), and only optimize the first qubit’s configuration,
i.e., the second qubit’s parameters are again derived

as xl@ = d—xl(-l) and ggz) :ggl)*. Since there are no

restrictions on the pulse shape, we have to introduce
constraints to avoid pathologically large couplings. We
do so by bounding the couplings by a fixed decay time-
scale 7, 737, |92/ v, = 7!, throughout the optimiza-
tion. Specifically, this sets the initial decay of |¢, ()] of the
giant atom before any partial pulse emitted from one
leg reaches the next neighboring leg. Due to a scale
invariance in the equations of motion our optimization
results can be mapped to any value of the above constraint.
In Appendix C, we give details about the scale invariance
and the optimization procedure.

Figure 3(a) shows the results of the optimization from 2
up to 13 legs of the giant atom, where we also added the
analytical result for a single leg [72,73]. Already when
adding a second leg, the attainable transfer fidelity is boosted
from 54% to around 87%. With an increasing number of
legs, the transfer fidelity approaches unity, with the residual
error of 1% reached for around 10 legs. The blue insets in
Fig. 3(a) show the single-photon pulses emitted from the
giant atom setups for 2, 6, and 10 legs. The number of legs is
clearly reflected in the number of spikes of the single-photon
pulse owing to the discreteness of the couplings.

With an increasing number of legs the pulses become
more time-reversal-symmetric which reflects in the trans-
fer fidelity. In Fig. 3(b) we plot the inverse of 1 — P, .« as
a function of the number of legs N. This allows us to infer a
scaling of the transfer error O(N~!). Perfect transfer, in
turn, is only possible asymptotically for N — oo. This can
be understood by considering that before the emissions
from different legs interfere, each leg will start by
independently emitting an exponentially shaped partial
wave packet, which does not comply with time-reversal
symmetry. Figure 3(c) shows the leg positions and cou-
pling strengths obtained from our optimization in Fig. 3(a).
They confirm that the spatial extent of the giant atoms
must be on the order of magnitude associated with the
decay rate ~v,7, which implies that the dynamics must be
non-Markovian to favor state transfer. In fact, the clear
separation between the wavelength scale and the leg
spacing allows us to make the giant atom emission
inherently chiral by doubling the number of legs with
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FIG. 3. (a) State transfer infidelity as a function of the number

of legs. We optimize the leg positions xi1 and coupling strengths

ggl) under the constraint 7y, |g§1)|2/vg =7"!, where 7 is the
emission timescale, ensuring that the qubits remain in a serial
configuration. For N = 2,6 and 10 legs we plot the resulting
single-photon pulse shape |&(x)|?. (b) Further analysis reveals a
scaling 1 — P, . ~ 1/N with the number of legs N (see linear
fit). (c) Leg positions associated with the optimization results
in (a). The area of each point is associated with the coupling

strength | g,m |

appropriate phases (see Appendix A) in analogy to the
two-leg case [45,58,74-78]. We note that, while such
coupling phases are often achieved by flux modulation of a
Josephson junction [58], Ref. [79] recently proposed a
passive solution by including an individual delay line for
each coupling point. Further, when chiral coupling to the
waveguide is achieved otherwise, the coupling strengths
can be chosen real, as their phases can be engineered by
spatial shifts [see Eq. (A3)]. We also note that beyond
optimizing for the state transfer, giant atoms may in
principle also be optimized toward the emission of
arbitrary pulse shapes (see Appendix C 1).

V. EXPERIMENTAL CONSIDERATIONS

In the following, we discuss how state transfer with
giant atoms may be realized experimentally across differ-
ent platforms. First, in Sec. VA we discuss potential
experimental realizations of our approach. Then, we
discuss the performance of our protocol in the presence

of deviations from our model as they come with such
realizations: In Secs. VB, VC and VD, we consider
the robustness against disorder in the leg positions, the
coupling strengths and frequency deviations, respectively.
Finally, in Sec. VE we study the effect of a nonlinear
dispersion w(k) of the waveguide.

A. Experimental platforms

Our state transfer proposal applies to giant atoms with
leg spacing on the order of the decay timescale ~v,7.
While this is not the regime of operation of most giant
atom implementations, we argue in the following that
our approach can be implemented by combining slow
propagation speeds with fast decay rates (i.e., strong
enough coupling). Specifically, we consider the platforms
of superconducting qubits coupled to surface acoustic
waves (SAWs) and slow-light waveguides realized via
coupled cavity arrays (CCAs).

SAWSs represent the original platform in which the
concept of giant atoms was introduced [5]. The phonons
travel at speeds around 5 orders of magnitude smaller than
the speed of light [80]. For qubits with operating frequency
in the GHz range, the typical wavelengths are of ~1 pm
[49]. The qubit-SAW coupling can be strong enough to
allow for decay times on the order of 7~ 10 ns [5,49],
corresponding to pulse lengths of 40 pm, i.e., giant atom
legs would need to be spaced on this length scale. This
leaves a sizable scale difference to the wavelength while still
allowing the realization of giant atoms within a chip-scale
device. Reference [49] implements state transfer by active
modulation of qubits in an acoustic Fabry-Pérot resonator
with 2 mm mirror spacing. Such a system could serve as a
proof-of-principle implementation of our proposal.

The propagation speed may also be reduced by 2 to 3
orders of magnitude in microwave slow-light waveguides
[81]. The corresponding wavelengths hence are ~100 pm.
Such waveguides have been shown to reach qubit emission
timescales as low as 7 ~ 7.5 ns (at a group index of around
650), corresponding to wave packet sizes of a few milli-
meters compatible with on-chip design [82]. Alternatively,
high kinetic-inductance metamaterials have been shown
to allow for the realization of compact CCAs [83]. This
enables the coupling of giant atoms to ~10 cavities at the
same time [10], while being able to control the strength of
the coupling to each cavity. In Appendix B 1 we discuss
the implementation of our protocol with CCAs and
propose and characterize explicitly setups with four and
five coupling points based on recent experiments [10,83].

B. Robustness against random deviations
in the leg positions

The success of the state transfer is particularly tied
to the precise positioning of the coupling points, as this
determines the interference leading to a time-reversal-
symmetric pulse. This positioning thus needs to be precise
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FIG. 4. (a) Potential platforms to implement the transfer protocol using giant atoms coupled to a slow-light waveguide implemented
in a cavity array (left) or surface acoustic waves (right). (b) Sensitivity against random deviations of the leg positions with respect to the
optimal configuration. The optimized leg positions of Fig. 3 are displaced by Gaussian noise of width ¢ = 4,/20 (orange) and
o = A4/10 (blue). The violin plot illustrates the resulting distributions for the transfer fidelity P, = max, [c,(7) 2, where the horizontal
bar indicates the mean of the respective distribution. In analogy to Fig. 3, the results are obtained under the assumption of a chiral
waveguide. We show the means for the implementation in a bidirectional waveguide with 2N legs according to Eq. (A1) as dotted
horizontal bars. (c) Sensitivity to random deviations in the coupling strengths. The deviations are introduced analogously to panel (b),
but for relative fluctuations of the optimal coupling strengths with Gaussian widths of 50% or 30%. (d) Sensitivity to shifts in the
frequency of the receiving qubit wy,. For details of the frequency scale tgelcay, see text. (e) Analogous to panel (d), but for correlated
frequency shifts of both qubits with frequency wg,. (f) Spatial coupling distributions for perfect chiral state transfer for a Gaussian
decay and the curved dispersion of Eq. (19). The wave vector dependence is derived from Eqs. (17) and (18) and the spatial
distributions calculated by numerically inverting Eq. (5). We consider the profiles for various bandwidths W. (g) Giant atom state
transfer in a curved dispersion. For the exemplary case of five legs, the state transfer fidelity as a function of qubit distance is studied in
a curved dispersion of Eq. (19) for two different bandwidths WV (see inset). Using the leg setup from Fig. 3 (optimized for a linear
dispersion), the transfer fidelity quickly decreases (solid lines). Optimizing for each distance and dispersion bandwidth (dashed lines)
the optimal transfer fidelity is recovered or even exceeded.

within the length scale of the wavelength of the qubit
transition. For this reason, in Fig. 4(b) we show the
influence of deviations from the optimized positions of
the legs on the state transfer performance [84]. Starting
from the optimization results presented in Fig. 3, we
introduce disorder by randomly shifting each leg by a
distance éx, drawn from a zero-mean Gaussian distribution
of width o, and simulate the resulting dynamics under the
assumption of a chiral waveguide. The transfer fidelity
distributions after sampling over many of these noisy
implementations are shown in Fig. 4(b). While generally
good transfer fidelities retain the highest probabilities in
the distributions, we conclude that a precision of Aq /20 in
the positions of the legs is required for the mean fidelity to
stay within 5% of the maximum achievable fidelity for a

given number of legs. Note that for SAWSs, which are the
smallest structures we discuss in Sec. VA, 1,/20 corre-
sponds to a placement precision of 50 nm, as may be
routinely achieved by electron-beam lithography [85]. To
also quantify the sensitivity when coupling to a bidirec-
tional waveguide and enforcing chirality by doubling
the number of legs, we repeat the analysis without the
assumption of a chiral waveguide. To that end, we again
start from the optimized results in Fig. 3, double the
number of legs according to Eq. (Al), and simulate
the dynamics to get the mean transfer fidelity. We plot
the means as dotted bars in Fig. 4(b), where the actual
number of legs is now 2N, i.e., the x-axis only indicates
half of the number of physical legs. We find that for small
fluctuations, doubling the number of legs for chirality
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introduces only negligible additional sensitivity to fluctu-
ations in the leg positions.

C. Robustness against random deviations
in the coupling strengths

Besides deviations in the leg positions, the individual
legs’ coupling strengths may also be subject to deviations
in the manufacturing process. To also study the influence
of such deviations, we proceed analogously to Sec. V B.
Starting from the optimal configurations of Fig. 3, we draw
relative fluctuations for each leg from a Gaussian distri-
bution of width ¢ and simulate the resulting transfer for
many different random configurations. We plot the result-
ing distributions and their mean in Fig. 4(c). Here, we find
that the transfer fidelity stays within about 5% of its
optimal value when the width of the relative variations
does not exceed 30%. This scale of deviation can be
achieved in current experiments (see for example
Ref. [49], where two qubits are manufactured with relative
deviation below 17% in the maximal coupling).

D. Robustness against deviations
in the qubit frequencies

From Figs. 2(b) and 2(d), we can see that the phases of
the spatial coupling configuration depend on the qubit
frequency w, via k. Therefore, we should expect that also
the discrete configurations we optimized for in Fig. 3 are
sensitive to deviations in the qubit frequency. Before
studying this sensitivity, we need to consider the relevant
scale for frequency fluctuations for our setups. We recall
that, while we set a constraint based on the timescale 7, this
constraint did not precisely fix the actual decay timescale,
which is found to vary for different numbers of legs in
Fig. 3. At the same time, the decay timescale sets the
linewidth of the transition and therefore the relevant
frequency scale. To find the actual decay timescale, we
therefore simulate the decay for each N in Fig. 3 and
determine the time 74,y When the excitation probability of
the qubit has dropped to [c(fgecay)|* = 1/€*. This defi-
nition is motivated by the fact that for an exponential decay
c1(t) = e7"/* we would precisely end up with the linewidth
v~!. Taking 7y, as the frequency scale, we now study two
different scenarios: First, in Fig. 4(d) we consider a
frequency shift of the second qubit’s frequency wg, only.
Second, in Fig. 4(e) we study the sensitivity when both
qubits share the same frequency wq;», which is different
from the frequency w, assumed at design time. In both
cases, we find that the first relevant contribution to the
frequency dependence is O([® — wg]*/13s,, ), ie., the
protocol is robust to small deviations in frequency. For
larger deviations, the fidelity stays above 95% as long as
the deviations are below 0.25¢7!  and the number of legs

decay
N > 4. For qubits with 74..,y ~ 10 ns [49,82] this would

correspond to a stabilization of the qubit frequency to
25 MHz, which is straightforwardly achieved [86,87].

E. Sensitivity to and correction of nonlinear
dispersion effects

In many systems, the dispersion law w(k) is not a linear
function of the photon wave number k. This entails that
photons at different frequencies propagate at different
speeds, given by v(k) = dw/dk. Thus, the shape of the
pulse emitted by a qubit is distorted during its propagation,
which raises the question of whether we may extend our
approach of Sec. IV [see Eq. (12)] to regain perfect state
transfer for a generic nonlinear dispersion. In the follow-
ing, we show that this is indeed possible. Differently from
Sec. I1I, we now allow w(k) to be a nonlinear, continuous
band of chiral photons (i.e., (k) > 0). In this situation, the
conditions for the modulus and phase of the coupling
allowing for perfect state transfer can be generalized to
(see Appendix B)

1 ~—1
191 (k)| = x/;;;(§51n1{61 (A(k))}. (17)

p(k) = arg [¢,(A(K))] + [kd — @ (K)T]/2.  (18)

Here, p(k) = |0k/dw| is the density of states and T is the
transfer time, i.e., the instant at which the population will
be completely transferred to the second qubit. The phase
correction Eq. (18) can be understood as the phase needed
to tailor a specific chirped pulse that compensates for the
distortion during propagation [88]. While the time 7 is a
free parameter, it is bounded by 7' > d/v,x, Where vy, =
maxy|0w/0k| is the speed of the fastest-moving photons.
Note that the phase profile in Eq. (18) now has an explicit
dependence on distance. Also notice that w(k) = v,k
together with the chiral coupling assumption leads to
p(k) = vg', ie., we recover the coupling to a linear
waveguide setting with 7' = d/v,. To showcase the influ-
ence of the curved dispersion on the spatial couplings
necessary for perfect transfer, we consider a Gaussian
decay [see Eq. (14)] in a sinusoidal dispersion (similar to
the dispersion in a CCA)

o(k) = oy + Wsin([vg|k| — 0] /W),  (19)

with bandwidth W centered at the qubit frequency .
In Fig. 4(f), we plot the spatial couplings for different
bandwidths W for a distance of d = 30v,z. For large
bandwidths, the dispersion behaves similar to a linear one,
i.e., we recover the spatial profile in Fig. 2(d). For smaller
bandwidths, the coupling configuration is found to be
more extended in space. This is necessary to account for
the more pronounced wave vector dependence according
to Eq. (18).

043013-8



ENABLING DETERMINISTIC PASSIVE QUANTUM...

PRX QUANTUM 7, 043013 (2026)

The exact results in Eq. (17) can be implemented with a
giant atom in the limit of an infinite number of legs. For a
finite number of legs, however, we can proceed analo-
gously to Sec. IV and run an optimization to find the
optimal coupling configuration. When using the parame-
ters of Fig. 3, which are optimized for a linear dispersion,
for state transfer in the curved dispersion [Eq. (19)] the
transfer fidelity rapidly deteriorates with increasing dis-
tance between the qubits [see Fig. 4(g)]. The stronger the
nonlinearity, the more pronounced we find the deteriora-
tion to be, since pulse distortion effects become stronger.
Starting from the optimal configuration found for the
linear waveguide, we now repeat the optimization of the
leg positions and coupling strengths [cf. Eq. (16)] for
the nonlinear dispersion of Eq. (19). We find that the
transfer performance achieved in the linear case can not
only be restored in accordance with the analytical results,
but even exceeded, as the dispersion may aid in the state
transfer [68].

VI. CONCLUSIONS

We have shown that giant atoms provide a natural
platform for realizing deterministic passive quantum state
transfer. Specifically, we have demonstrated that it is
possible to tailor the emitters’ nonlocal coupling to an
electromagnetic environment such that the wave packet
emitted by spontaneous decay is time-reversal-symmetric,
a property that enables perfect state transfer and is
typically realized by active control. In the continuum
limit, we established general analytical conditions linking
arbitrary qubit decays to wave-vector-dependent couplings
that guarantee perfect reabsorption. For realistic imple-
mentations with a finite number of coupling points, we
found that high fidelities can be achieved with only a
modest number of legs, with performance improving
systematically toward unity as the number of coupling
points increases. The protocol remains robust against
moderate imperfections in the leg positions and can be
applied also to state transfer in nonlinear dispersions as
they result from structured photonic environments.

Our results highlight a conceptual shift in quantum state
transfer: the usually assumed temporal profile of the qubit-
waveguide coupling can be directly encoded into a fixed
spatial pattern of coupling points. This demonstrates that
complex dynamical control can be included in hardware
design, thus offering a novel design paradigm for quantum
technology applications. We expect that the approach will
be beneficial in practice also when combined with estab-
lished active state transfer schemes, thus reducing require-
ments on the giant atoms design as well as on the pulse
shaping. Our theoretical framework and designs may
further be useful also beyond giant atom implementations,
in particular to any platform where one can engineer non-
trivial frequency-dependent coupling, e.g., coupled-cavity-
based nodes [67]. Extending the present framework to

multi-qubit and multi-photon settings could enable the
transfer of multipartite entanglement using tailored giant-
atom geometries. Further, the ability to engineer emission
profiles suggests applications beyond state transfer,
such as passive pulse shaping, quantum memories, or
the realization of effective non-Markovian reservoirs with
programmable properties.
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APPENDIX A: CHIRAL EMISSION AND
COUPLING PHASES

In Sec. III we showed that for a continuous spatial
coupling distribution we can intrinsically achieve a chiral
coupling. Here, we give a simple recipe for how to also
get this feature for a finite number of coupling points. It
has been shown previously that chiral emission can be
achieved for one leg when adding a second leg at a distance
A/4 with an additional phase of z/2 [58,74-76,78], as
can be engineered, e.g., in superconducting qubits [76].
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The analogous approach is applicable to our setup when
adding a second leg for each existing one,

1
91 chirar (k) = zgﬁ )

i

L
. tk(xj

— ik ) g,

which enforces the conditions g cpira(kq) = 91(kq) and
1 chiral (—kq) = 0. While this approach in principle modi-
fies the precise wave vector dependence of the couplings,
these modifications happen on a scale Ak~ wy/v,.
In contrast, the relevant scale for the creation of time-
reversal-symmetric pulses is given by Ak~ 1/(v,7),
which is much smaller than the one inducing chirality.
Therefore, the design of couplings can in principle be
performed under the assumption of chiral coupling and
translated to a bidirectional waveguide later on.

We demonstrate the applicability of the scheme by
first analytically deriving a continuous spatial coupling
distribution for an exponential decay, then sampling this
continuous function to arrive at discrete couplings and
finally doubling the number of legs to arrive at chiral
emission. First, we derive the real-space coupling distri-
bution for an exponential decay [see Eq. (13)] from
Eq. (12) under the assumption of a chiral waveguide, i.e.,
without the regularization exp(—ev,|k — k4|) employed for

g g

(A2)

e*ikqx

- ()2 /7

g1(x)

where K, are modified bessel functions of the second kind
of order a, and we parametrize the decay rate by 7 = 2/y
for notational consistency. While this coupling may
mediate perfect transfer in a chiral waveguide with only
right-propagating photons, it will not work in a bidirec-
tional waveguide since, without regularization, |g,(k)|
remains constant at k = —ky such that the qubit also emits
into left-propagating modes. From the analytical form, we
can confirm that variations of the spatial coupling profile
indeed happen on a scale ~v,7. To represent this continu-
ous coupling configuration by a finite number of legs, we

sample ten equidistant points xEl) in a Sv,r window and

local couplings gSU =6x g (xl(.l)) where 6x is the spacing
of neighboring points. In general, the sampled points will
be complex-valued. However, due to the above mentioned
separation of wave vector scales, any set of complex-
valued discrete couplings may be translated to a real-
valued one with negligible influence on the dynamics by

replacing

A

- xﬁ-a) + arg(gﬁa)) /kq: (A3)

In particular, this applies to systems where chirality is
achieved otherwise, e.g., in quantum Hall analogs [65]. We
can now apply the prescription of Eq. (A1) to double the
number of coupling points to arrive at the configuration of
Fig. 5(a), which due to Eq. (A3) only has two different
coupling phases, ¢ =0 and ¢ = z/2 among all legs. In
Fig. 5(b) we see that for positive momenta, the coupling
distribution follows the desired one when being close to

arg(g§1))

—m —m/2 0

/2

—2.5
(b) & 01 T Re(gr)
? Im(g1)
=
0.0
= === achieved with 20 legs
~ == desired
2-0.1 T X 1 T
—-1.5 -1.0 —0.5 0.5 1.0
k/(wq/ve)

FIG. 5.

equidistant points in a window of 5 v,

1.5

populations

Directional emission for quantum state transfer by doubling the number of legs. (a) Setup of a giant atom coupled at
7 with coupling strengths sampled from Eq. (A2). After sampling 10 points, they can be made

real-valued by shifts on the wavelength scales [see Eq. (A3)]. Directionality with only two different phases is then achieved by doubling
the number of points according to Eq. (A1). The height of the bars indicates coupling strength, and the color indicates the coupling
phase. Bars are shifted to the left or right of their respective coupling point for better visibility. (b) Wave-vector-dependent coupling
resulting from the configuration in (a). While the desired coupling is achieved locally for positive k modes, the negative k modes couple
with negligible coupling strength on resonance. (c) Qubit dynamics resulting from the configuration in (a). For the plot we use
@yt = 50 such that leg spacing on the wavelength scale is still visible on the decay rate scale.
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resonance. Oppositely, for negative momenta, the coupling
is almost completely suppressed. In Fig. 5(c) we see that,
while the dynamics is reminiscent of the scheme in
Fig. 2(a) in the main text, the fidelity lags behind due
to the finite number of legs. Furthermore, we do not reach
fidelities comparable to Fig. 3, as we use a non-optimized
configuration.

APPENDIX B: GENERAL THEORY OF PERFECT
STATE TRANSFER IN A PHOTONIC BATH

We consider two qubits coupled to a 1D photonic bath
whose normal modes are created by operator a,t and have a
frequency w(k). We assume that the dispersion law w (k)
forms a single continuous band in the interval [@ i, ®max)
parametrized by the continuous parameter k, i.e., there
is a (potentially finite) bandwidth W = w,,x — @iy and
assume that Wy, > g > Opip. Also, we assume that the
bath is chiral, i.e., it allows for photons propagating in a
single direction. As discussed in Sec. III and Appendix A
this assumption can be relaxed later on. The Hamiltonian
[see Eq. (1)] is excitation preserving, and the dynamics
is thus restricted to the single excitation subspace [see
Eq. (3)]. Our goal is to find conditions for which the
first qubit, initially excited by a single excitation, decays
completely by emitting a wave packet which, after
propagation in the bath, gets perfectly reabsorbed by the
second qubit. Since the processes of emission and reab-
sorption will be separated in time, we can neglect for a
moment the presence of the second qubit, which allows
|

Im {2(E +i0%)} = —7p(E)|g: (k(E))|* x

us to study in a simpler way how to engineer a specific
physical decay of the first qubit. Using the resolvent
operator approach [70,71], the evolution of the qubit wave
amplitude ¢;(#) can be expressed as

i +0o0 —iAt
1) =— dA , B1
<1(1) 2;;/00 A TAta,ri0n) PP
where we introduced the self-energy X(E) given by
|91 (k)2 / 191 (k(w))[?
X(E)= [ dk—=F== [ d , (B2
() = [ a2 = [ aop@ 100 @

and p(w) = |0k/dw| is the density of states. We now define
the Laplace transform of ¢;(¢) as

&1(A) = —i /+°° dreide, (7). (B3)
0

Upon substituting Eq. (B1l) into Eq. (B3), we are
able to express the self-energy as X(A + oy +i07) =
A — &7 (A), whose imaginary part reads

1 .
Im{m} = —Im{Z(A + oy +i0")}. (B4)

From Eq. (B2), we can express the imaginary part of the
self-energy as

With this in hand, we can compute the modulus of the coupling as

i _ 1
|mw—¢;@¢Hmm&mme{ﬁ,

where we introduced A(k) = w(k) — wgy. Equation (B6)
gives the shape of the coupling in k- space needed to
engineer any physical decay in a 1D chiral photonic bath.

Now that we understand how to tailor the qubit emission
by specifying the modulus of the coupling strength, we
can reintroduce the second qubit and engineer perfect
quantum state transfer by choosing the correct phase of the
coupling. Notice that at long times, i.e., after the first qubit
has completely emitted its excitation, the emitted wave
packet has an envelope given by

&(k) = limcy (1) = g7 (k)e  (A(k)).

=00

(B7)

1, if og, < E < Ogaxs
%’ if E = wpin, E = Opay. (BS)
0, otherwise.

if k ) <k<k ax )

1 (a)mm) (wmdx) (B6)

if k= k(a)min), k(wmax)’

Thus, at time ¢ the emitted field reads w(k,t) =
E(k)e W) and drives the second qubit as g, (k) (k. 1).
Now, if we choose the second qubit’s coupling to
be g¢,(k) = e*gi(k) (corresponding to the time-
reversed coupling shifted in space), the field y(x,1)
would be perfectly reabsorbed at time 7 if it was
driving the second qubit with a pulse gj(k)&*(k). This
means that, in order to have perfect reabsorption, we have
to impose

Gi(K)E (k) = ga(K)E(k)e 0T (B8)
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After some algebra, we end up with

arg{1 (1)) = are (@ (AGK))} + 5 [kd — w(K)T], (B9)

which specifies the phase of the coupling profile in
k-space. Notice that the phase consists of two terms, the
first coming from the physical decay of the qubit and
the second from the nonlinear dispersion law. The latter
compensates for the distortion of the pulse envelope during
its propagation. In other words, in a bath with a nonlinear
dispersion law, perfect state transfer is achieved by emitting
a chirped pulse, whose correct shape is then restored
during the propagation [88]. Indeed, if the dispersion is
linear as w(k) = v,k and the transfer time is chosen to be
T = d/v,, this second contribution cancels out.

Once we know the full expression of the coupling, we
can go back to real space using a continuous or discrete
Fourier transform, depending on whether our bath is
continuous (e.g., a waveguide) or discrete (e.g., a coupled
cavity array) in the position coordinate. We now study as
an example the case of qubits coupled to a coupled-cavity
array (CCA). This will give us the chance to show how the
analytical results derived above can be extended to a non-
chiral bath.

1. Coupled-cavity array

A CCA is a system made of a set of equally spaced
cavities (n =1, ..., N), with spacing a, whose resonant
frequency is set to w,. In its simplest realization, each
cavity is coupled with its nearest neighbor with a hopping
rate J < 0. In the thermodynamic limit, i.e., when the
number of cavities N — oo, the dispersion law reads
(k) = o, — 2|J| cos ka, where |k| < r/a. Clearly, such
a system is not chiral, since the group velocity v(k) =
2|J|asinka is positive (negative) for k>0 (k <0).
Nonetheless, we can still apply the analytical result derived
earlier in the following way.

First of all, we assume that the first qubit couples only
to modes having k > 0 (right-moving photons). We then
compute the coupling g, (k) following the recipe given
above. We then modify such coupling configuration as

1— ei(k+kq)a

Gi(k) = g1(k) T otk (B10)
where ky = arccos ((wq — ®,)/2J)/a is the wave vector
resonant with the qubit. Going back to real space, this

entails

(B11)

which ensures chiral emission of the first qubit and perfect
reabsorption by the second one.

This works because the relevant contribution to the
emission process comes from momenta around the reso-
nant momenta +ky, on a scale of the order of Ak~
1/(v(kq)7a), being 7 the decay timescale. The expression
in Eq. (B10) filters out the coupling to the —k,, responsible
for emission in the wrong direction. In principle, this
modifies the coupling in k-space on a scale given by k.
Thus, as long as Ak < kg, these modifications do not
significantly affect the emission process. This entails that
the decay timescale needs to be 7 > 1/(v(ky)k,). Notice
that, since Im{¢7'(A(k))} ~ 1/z, this is nothing but a
requirement of weak coupling of the qubits to the CCA,
which stems from the fact that the bandwidth is finite and
s0 kq cannot be arbitrarily high.

Alternatively to employing the above prescription for
chirality, we can also directly optimize for the transfer
fidelity in a (bidirectional) CCA for a given number of
coupling points. Below, we perform such an optimization
for a realistic experimental implementation using trans-
mon qubits coupled to high-impedance CCA [83]. In such
a CCA, strong coupling of a giant atomic emitter to ~7
cavities of the array has been recently demonstrated [10].
In this architecture, the physical body of the transmon can
be shaped to engineer both the spatial positions and the
magnitudes of the couplings to specific, distant cavities.
Furthermore, this structural design is fully compatible with
parametric coupling schemes [76,89] enabling the imprint-
ing of a specific static phase at each individual coupling
point. By combining transmon shape engineering with
parametric modulation, realizing a device where each giant
atom couples to five or more distinct cavities with
engineered complex phases is within reach.

In Fig. 6, we present the simulated state-transfer
dynamics between two qubits coupled to a common
CCA via four and five coupling points. For these simu-
lations, the qubits are resonant with the bare cavity
frequency (wq = ;) so that they spectrally lie in the
center of the passband, and the inter-cavity hopping rate is
set to J/2zx = 250 MHz. Notice that we assume a positive
hopping rate here to align with current experimental
implementations. Furthermore, we assume the CCA to
comprise N = 200 cavities and the emitters to be separated
by a distance of d = 70 cavities. The coupling configu-
rations used here were derived using an optimization
approach analogous to the one employed for the linear
waveguide [see Appendix C], assuming a typical timescale
of the evolution given by 7 = 10 x 2z/J. Note that the
derived configurations are on a proof-of-principle level,
i.e., higher fidelity may still be achievable by further
optimization.

First, we observe that even with a modest number
of legs, the transfer fidelity significantly surpasses the
maximum population achievable with a single static
coupling point in a linear waveguide (which is
bounded to P, . = 54%), reaching P, .« = 85.9% and

043013-12



ENABLING DETERMINISTIC PASSIVE QUANTUM...

PRX QUANTUM 7, 043013 (2026)

(@) g4 (c)
g .
3 = qubit 1
= = qubit 2
= 051 ~ 027
2 =
£ -
0.0 T T T T T T T T = 0.1 1
0 1 2 3 4 5 6 7 8
time ¢/7 0.0
T T T T T T
d S
== qubit 1 center g ( ) T
== qubit 2 center 0.2 Lg /2 -
transfer time = =
g ) 0 ® *
o 1d ¢
S ® _n/2 A
<
0.0 - T T T T T T
0 25 50 75 100 125 150 175 200 -4 =2 0 2 4 6
Cavity index Relative cavity index
(€ 104 (g)
g .
5 = qubit 1 0.2 4
'*g == qubit 2 ’
= 0.5 1 -
& =~
ot 2,01
0.0 T T T T T T T T =
0 1 2 3 4 5 6 7 8
time t/7 0.0
T T T T T T
(f) b
== qubit 1 center =] ( )
. 0.2 .2
== qubit 2 center 2 /2
S : 5 —
= transfer time = o
o 2 = 0 - o o
£ 0.1 = ) l l
= E ® —7/2
=
0.0 - T T T T T T
0 25 50 75 100 125 150 175 200 -4 =2 0 2 4 6

Cavity index

Relative cavity index

FIG. 6. State transfer dynamics in a CCA for a giant atom with four (a)—(d) and five legs (e)—(h). (a),(e) Qubit dynamics. The blue
(red) curves represent the time evolution of the population of the first (second) qubit. (b),(f) Populations in the cavities as a function of
time. The orange dashed line corresponds to the instant in which the maximum population is transferred to the second qubit, while the
blue (red) dashed line corresponds to the center of the first (second) qubit. (c),(d),(g),(h) Magnitudes (in units of J) and phases of the

discrete coupling points.

P> nax = 89.8% for the four-leg and five-leg configura-
tions, respectively. The coupling strength of each point is

around 20% of the hopping rate, yielding |91('1)| /27~
50 MHz. Such values are routinely achieved and exceeded
with current experimental implementations, see, e.g.,
Refs. [10,90]. Second, the average distance between the
optimal coupling points in these configurations remains
on the order of the cavity spacing a and therefore does
not pose a significant challenge due to the compactness of
the CCA [10,83].

APPENDIX C: NUMERICAL OPTIMIZATION

In Sec. IV we optimize the state transfer fidelity for a
finite number of legs. Here, we havle to impose a constraint
for the coupling strengths 7 ), | gg )|2 /vy = 7!, based on

the decay timescale 7 to avoid pathological results. Setting
this constraint to an arbitrary value is justified since rescal-
ing the equations of motion (4) with a parameter s > 0,

ORI

z 1 eikq(xi —X; A‘)’ t = ts,

(ChH

leaves the populations unchanged but changes the value of
the constraint. The rescaling corresponds to reducing the
decay rate and increasing the corresponding decay time-
scale by s, while stretching the giant atom to adapt to the
extended single-photon pulse now emitted upon decay. At
the same time the couplings have to be corrected for the
changing propagation phases. Note that rescaling of the
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distance d — ds can be omitted as long as emission and
absorption are well separated. The scale invariance implies
that our optimization results can be mapped to any value of
the above constraint.

Including the constraint, the cost function of our
optimization is f = —Pj. +p|C—77!|, with C=
Ty, |g§]>\2/vg, where we find # = 0.1 to be a suitable
weight for all optimizations. We simulate the dynamics
using exact diagonalization and optimize the cost function
by gradient descent starting from many random initial
conditions. Specifically, we start from closely spaced leg
positions (drawn randomly from a Gaussian distribution
with a width on the qubit transition wavelength scale),
which are then expanded to the pulse-width scale during
optimization. Further, we initialize the coupling points
with homogeneous strength /v,/(zzN), which is com-
patible with the constraint, and random phases. To ensure
convergence with respect to the optimization parameters,
we sample many different initial conditions. Specifically,
for up to 6 legs, we perform 4 optimization runs starting
from 500 initial conditions each (amounting to 2000 initial
conditions in total). From 7 legs on we perform §
optimization runs, again with 500 initial conditions each
(amounting to 4000 initial conditions). The increase is
necessary, as the number of optimization parameters is
linear in N and thus hinders convergence. We consider the
results converged when the optima from at least two of
the independent optimization runs (containing 500 initial
conditions) are different only at the 107> scale in the
transfer fidelity.

Note that we did not constrain the legs to have a
minimum distance in our optimization. Nevertheless, we
find that the minimal distance between any two legs is not
less than about 544, with the wavelength of the qubit
transition 1, = 27/k,.

1. Optimization of pulse shape

Giant atoms in principle also allow for the engineering
of specific emitted pulse shapes. We can compute such
designs by minimizing the difference between the Fourier
components of the pulse achieved by discrete couplings
[see Eq. (2)] and the desired target pulse,

(C2)

Ftarget = min }Hg(k) - é:target(k)HZ'

O

Ji i

To eff1c1ent1y optimize for a set of discrete spatial
couplings, gl( ), , we start by considering the resulting
photon pulse shape £(k), which we can evaluate via the
self-energy of the qubit dynamics. For the discretized case
of Eq. (2) the coupling g, (k) is an analytic function of &,
and therefore due to chirality also of frequency and the
self-energy can be evaluated analytically using the
Sokhotski-Plemelj theorem,

Y(w+ 10+)
i

<l>>®1/2 (xgr:) - X;(1l)),

Z m €
(C3)

where ©,/,(0) = 1/2 is important because we consider a
discrete sum. With this, we have an analytic form of the
pulse emitted from our discrete configuration,

1)

Z gl —lkx
~ 0 — Z(w(k) +i07)’

(C4H

with the previously derived expression of the self-energy,
i.e., we can efficiently evaluate Eq. (C2) for a given set of
xl(l), ggl). For the optimization it is convenient to rephrase

the coupling function as
01(k) = 37 (o et e
= Zgg)em(k)xf})/l}g

and optimize for @E,l) instead of gg,l). This allows to

completely eliminate the qubit frequency scale from the
optimization and promises to avoid highly oscillatory
integrals.

Similar optimizations have been performed in Ref. [31]
toward optimizing for effects of bandstructures, however,
with the explicit constraint of leg spacing < v,7 to avoid
retardation effects. In Fig. 7, we exemplarily perform the
optimization for the time-reversal-symmetric pulse shapes
of the exponential and Gaussian decays [see Egs. (13)
and (14)]. We find that the Gaussian decay pulse can be

(€5)

0.15 A

0.10 A

0.05 A

0.00

T T
2 3 4 5 6 7 8 9
number of legs

10 11 12 13

FIG. 7. Optimization of giant atoms for particular shapes of
emitted pulses. Solid lines display the minimal pulse shape
mismatch F .. between a target pulse and the pulse emitted by
the giant atom as a function of the number of legs. As target
pulses, we consider the time-reversal-symmetric wave packets
associated with Eqgs. (13) (blue) and (14) (orange). For com-
parison, we also evaluate the transfer fidelity that can be achieved

using the optimized pulses (dashed lines, plotted as 1 — Py yrpe()-
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approximated significantly better than the exponential
decay one. For these optimized results, we also plot the
maximal excitation probability P, = max,|c,(#)]> in
Fig. 7. We find that while for the Gaussian decay, the
P, results align well with the target-pulse overlap, there is
significant deviation for the pulse from the exponential
decay. We can understand this when considering that the
key quantity for maximizing P, is time-reversal symmetry
rather than complying with a specific pulse.

[1] P. Lodahl, S. Mahmoodian, and S. Stobbe, Interfacing
single photons and single quantum dots with photonic
nanostructures, Rev. Mod. Phys. 87, 347 (2015).

[2] P. Krantz, M. Kjaergaard, F. Yan, T.P. Orlando, S.
Gustavsson, and W. D. Oliver, A quantum engineer’s guide
to superconducting qubits, Appl. Phys. Rev. 6, 021318
(2019).

[3] C. Bradac, W. Gao, J. Forneris, M. E. Trusheim, and I.
Aharonovich, Quantum nanophotonics with group IV
defects in diamond, Nat. Commun. 10, 5625 (2019).

[4] A. Frisk Kockum, Quantum optics with giant atoms—the
first five years, in International Symposium on Mathemat-
ics, Quantum Theory, and Cryptography, edited by T.
Takagi, M. Wakayama, K. Tanaka, N. Kunihiro, K.
Kimoto, and Y. Ikematsu (Springer, Singapore, 2021),
Vol. 33, p. 146.

[5] M. V. Gustafsson, T. Aref, A.F. Kockum, M. K. Ekstrom,
G. Johansson, and P. Delsing, Propagating phonons
coupled to an artificial atom, Science 346, 207 (2014).

[6] G. Andersson, B. Suri, L. Guo, T. Aref, and P. Delsing,
Non-exponential decay of a giant artificial atom, Nat. Phys.
15, 1123 (2019).

[7] B. Kannan, M.J. Ruckriegel, D.L. Campbell, A. Frisk
Kockum, J. Braumiiller, D. K. Kim, M. Kjaergaard, P.
Krantz, A. Melville, B. M. Niedzielski, A. Vepsildinen,
R. Winik, J. L. Yoder, F. Nori, T. P. Orlando, S. Gustavsson,
and W.D. Oliver, Waveguide quantum electrodynamics
with superconducting artificial giant atoms, Nature
(London) 583, 775 (2020).

[8] A.M. Vadiraj, A. Ask, T.G. McConkey, I. Nsanzineza,
C.W.S. Chang, A.F. Kockum, and C. M. Wilson, Engi-
neering the level structure of a giant artificial atom in
waveguide quantum electrodynamics, Phys. Rev. A 103,
023710 (2021).

[9] Z.-Q. Wang, Y.-P. Wang, J. Yao, R.-C. Shen, W.-J. Wu, J.
Qian, J. Li, S.-Y. Zhu, and J. Q. You, Giant spin ensembles
in waveguide magnonics, Nat. Commun. 13, 7580 (2022).

[10] V.Jouanny, L. Peyruchat, M. Scigliuzzo, A. Mercurio, E. D.
Benedetto, D.D. Bernardis, D. Sbroggio, S. Frasca, V.
Savona, F. Ciccarello, and P. Scarlino, Superstrong dynam-
ics and chiral emission of a giant atom in a structured bath,
arXiv:2509.01579.

[11] A. Gonzilez-Tudela, C. S. Muifioz, and J. Cirac, Engineer-
ing and harnessing giant atoms in high-dimensional baths:
A proposal for implementation with cold atoms, Phys. Rev.
Lett. 122, 203603 (2019).

[12] Y.-T. Chen, L. Du, Y. Zhang, L. Guo, J.-H. Wu, M. Artoni,
and G. C. La Rocca, Giant-atom effects on population and
entanglement dynamics of Rydberg atoms in the optical
regime, Phys. Rev. Res. 5, 043135 (2023).

[13] A. Frisk Kockum, P. Delsing, and G. Johansson, Designing
frequency-dependent relaxation rates and Lamb shifts for a
giant artificial atom, Phys. Rev. A 90, 013837 (2014).

[14] H. Yu, Z. Wang, and J.-H. Wu, Entanglement preparation
and nonreciprocal excitation evolution in giant atoms by
controllable dissipation and coupling, Phys. Rev. A 104,
013720 (2021).

[15] A.F. Kockum, G. Johansson, and F. Nori, Decoherence-
free interaction between giant atoms in waveguide quantum
electrodynamics, Phys. Rev. Lett. 120, 140404 (2018).

[16] A. Carollo, D. Cilluffo, and F. Ciccarello, Mechanism of
decoherence-free coupling between giant atoms, Phys. Rev.
Res. 2, 043184 (2020).

[17] A. Soro and A.F. Kockum, Chiral quantum optics with
giant atoms, Phys. Rev. A 105, 023712 (2022).

[18] L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati,
A. Carollo, and F. Ciccarello, Quantum optics with giant
atoms in a structured photonic bath, Quantum Sci. Technol.
10, 015057 (2025).

[19] Y. Wang, J.J. Garcia-Ripoll, and A.C. Santos,
Decoherence-free qubit and chiral emission from a giant
molecule in waveguide QED, arXiv:2603.27443.

[20] L. Guo, A.F. Kockum, F. Marquardt, and G. Johansson,
Oscillating bound states for a giant atom, Phys. Rev. Res. 2,
043014 (2020).

[21] C. Vega, M. Bello, D. Porras, and A. Gonzilez-Tudela,
Qubit-photon bound states in topological waveguides with
long-range hoppings, Phys. Rev. A 104, 053522 (2021).

[22] X. Wang, T. Liu, A.F. Kockum, H.-R. Li, and F. Nori,
Tunable chiral bound states with giant atoms, Phys. Rev.
Lett. 126, 043602 (2021).

[23] H. Xiao, L. Wang, Z.-H. Li, X. Chen, and L. Yuan,
Bound state in a giant atom-modulated resonators system,
npj Quantum Inf. 8, 80 (2022).

[24] K. H. Lim, W.-K. Mok, and L.-C. Kwek, Oscillating bound
states in non-Markovian photonic lattices, Phys. Rev. A
107, 023716 (2023).

[25] L. Guo, A. Grimsmo, A. F. Kockum, M. Pletyukhov, and G.
Johansson, Giant acoustic atom: A single quantum system
with a deterministic time delay, Phys. Rev. A 95, 053821
(2017).

[26] S. Guo, Y. Wang, T. Purdy, and J. Taylor, Beyond sponta-
neous emission: Giant atom bounded in the continuum,
Phys. Rev. A 102, 033706 (2020).

[27] S. Longhi, Photonic simulation of giant atom decay,
Opt. Lett. 45, 3017 (2020).

[28] L. Du, M.-R. Cai, J.-H. Wu, Z. Wang, and Y. Li, Single-
photon  nonreciprocal excitation transfer with non-
Markovian retarded effects, Phys. Rev. A 103, 053701
(2021).

[29] X.-L. Yin, W.-B. Luo, and J.-Q. Liao, Non-Markovian
disentanglement dynamics in double-giant-atom wave-
guide-QED systems, Phys. Rev. A 106, 063703 (2022).

[30] Q.-Y. Qiu, Y. Wu, and X.-Y. Lii, Collective radiance of
giant atoms in non-Markovian regime, Sci. China Phys.
Mech. Astron. 66, 224212 (2023).

043013-15


https://doi.org/10.1103/RevModPhys.87.347
https://doi.org/10.1063/1.5089550
https://doi.org/10.1063/1.5089550
https://doi.org/10.1038/s41467-019-13332-w
https://doi.org/10.1126/science.1257219
https://doi.org/10.1038/s41567-019-0605-6
https://doi.org/10.1038/s41567-019-0605-6
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1103/PhysRevA.103.023710
https://doi.org/10.1103/PhysRevA.103.023710
https://doi.org/10.1038/s41467-022-35174-9
https://arXiv.org/abs/2509.01579
https://doi.org/10.1103/PhysRevLett.122.203603
https://doi.org/10.1103/PhysRevLett.122.203603
https://doi.org/10.1103/PhysRevResearch.5.043135
https://doi.org/10.1103/PhysRevA.90.013837
https://doi.org/10.1103/PhysRevA.104.013720
https://doi.org/10.1103/PhysRevA.104.013720
https://doi.org/10.1103/PhysRevLett.120.140404
https://doi.org/10.1103/PhysRevResearch.2.043184
https://doi.org/10.1103/PhysRevResearch.2.043184
https://doi.org/10.1103/PhysRevA.105.023712
https://doi.org/10.1088/2058-9565/ada08d
https://doi.org/10.1088/2058-9565/ada08d
https://arXiv.org/abs/2603.27443
https://doi.org/10.1103/PhysRevResearch.2.043014
https://doi.org/10.1103/PhysRevResearch.2.043014
https://doi.org/10.1103/PhysRevA.104.053522
https://doi.org/10.1103/PhysRevLett.126.043602
https://doi.org/10.1103/PhysRevLett.126.043602
https://doi.org/10.1038/s41534-022-00591-7
https://doi.org/10.1103/PhysRevA.107.023716
https://doi.org/10.1103/PhysRevA.107.023716
https://doi.org/10.1103/PhysRevA.95.053821
https://doi.org/10.1103/PhysRevA.95.053821
https://doi.org/10.1103/PhysRevA.102.033706
https://doi.org/10.1364/OL.393578
https://doi.org/10.1103/PhysRevA.103.053701
https://doi.org/10.1103/PhysRevA.103.053701
https://doi.org/10.1103/PhysRevA.106.063703
https://doi.org/10.1007/s11433-022-1990-x
https://doi.org/10.1007/s11433-022-1990-x

OLIVER DIEKMANN et al.

PRX QUANTUM 7, 043013 (2026)

[31] X. Wang, H.-B. Zhu, T. Liu, and F. Nori, Realizing quantum
optics in structured environments with giant atoms, Phys.
Rev. Res. 6, 013279 (2024).

[32] E. Roccati and D. Cilluffo, Controlling Markovianity with
chiral giant atoms, Phys. Rev. Lett. 133, 063603 (2024).

[33] C. A. Gonzalez-Gutiérrez, Non-Markovian dynamics of
giant emitters beyond the Weisskopf-Wigner approxima-
tion, arXiv:2508.21784.

[34] G. Chen and A. Frisk Kockum, Simulating open quantum
systems with giant atoms, Quantum Sci. Technol. 10,
025028 (2025).

[35] T. Levy-Yeyati, C. Vega, T. Ramos, and A. Gonzdlez-
Tudela, Passive photonic CZ gate with two-level emitters
in chiral multimode waveguide QED, PRX Quantum 6,
010342 (2025).

[36] T. Levy-Yeyati, T. Ramos, and A. Gonzilez-Tudela,
Engineering giant transmon molecules as mediators of
conditional two-photon gates, Phys. Rev. Appl. 25, 054060
(2026).

[37] G. Chen and A. F. Kockum, Efficient three-qubit gates with
giant atoms, arXiv:2510.04545.

[38] W. Rieck, A. Soro, A. F. Kockum, and G. Chen, Controlled-
Z gates with giant atoms in structured waveguides,
arXiv:2603.26345.

[39] J.1. Cirac, P. Zoller, H.J. Kimble, and H. Mabuchi,
Quantum state transfer and entanglement distribution
among distant nodes in a quantum network, Phys. Rev.
Lett. 78, 3221 (1997).

[40] H.J. Kimble, The quantum internet, Nature (London) 453,
1023 (2008).

[41] M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoglu, A.
Abdumalikov, S. Berger, A. Wallraff, and S. Filipp, Micro-
wave-controlled generation of shaped single photons in
circuit quantum electrodynamics, Phys. Rev. X 4, 041010
(2014).

[42] P. Kurpiers, P. Magnard, T. Walter, B. Royer, M. Pechal,
J. Heinsoo, Y. Salathé, A. Akin, S. Storz, J.-C. Besse, S.
Gasparinetti, A. Blais, and A. Wallraff, Deterministic
quantum state transfer and remote entanglement using
microwave photons, Nature (London) 558, 264 (2018).

[43] C.J. Axline, L. D. Burkhart, W. Pfaff, M. Zhang, K. Chou,
P. Campagne-Ibarcq, P. Reinhold, L. Frunzio, S. M. Girvin,
L. Jiang, M. H. Devoret, and R. J. Schoelkopf, On-demand
quantum state transfer and entanglement between remote
microwave cavity memories, Nat. Phys. 14, 705 (2018).

[44] P. Magnard, S. Storz, P. Kurpiers, J. Schir, F. Marxer, J.
Liitolf, T. Walter, J.-C. Besse, M. Gabureac, K. Reuer, A.
Akin, B. Royer, A. Blais, and A. Wallraff, Microwave
quantum link between superconducting circuits housed in
spatially separated cryogenic systems, Phys. Rev. Lett. 125,
260502 (2020).

[45] A. Almanakly, B. Yankelevich, M. Hays, B. Kannan, R.
Assouly, A. Greene, M. Gingras, B. M. Niedzielski, H.
Stickler, M. E. Schwartz, K. Serniak, J.I.-j.. Wang, T.P.
Orlando, S. Gustavsson, J. A. Grover, and W.D. Oliver,
Deterministic remote entanglement using a chiral quantum
interconnect, Nat. Phys. 21, 825 (2025).

[46] T. Miyamura, Y. Sunada, Z. Wang, J. Ilves, K. Matsuura,
and Y. Nakamura, Generation of frequency-tunable shaped

single microwave photons using a fixed-frequency super-
conducting qubit, PRX Quantum 6, 020347 (2025).

[47] A. Hernandez-Antén, J. D. Schir, A. Grigorev, G. F. Peiias,
R. Puebla, J. J. Garcia-Ripoll, J.-C. Besse, A. Wallraff, and
A. Kulikov, Emission and absorption of microwave photons
in orthogonal temporal modes across a 30-meter two-node
network, arXiv:2604.12947.

[48] S. Ritter, C. Nolleke, C. Hahn, A. Reiserer, A. Neuzner,
M. Uphoff, M. Miicke, E. Figueroa, J. Bochmann, and G.
Rempe, An elementary quantum network of single atoms in
optical cavities, Nature (London) 484, 195 (2012).

[49] A. Bienfait, K.J. Satzinger, Y.P. Zhong, H.-S. Chang,
M.-H. Chou, C.R. Conner, E. Dumur, J. Grebel, G. A.
Peairs, R. G. Povey, and A.N. Cleland, Phonon-mediated
quantum state transfer and remote qubit entanglement,
Science 364, 368 (2019).

[50] E. Dumur, K.J. Satzinger, G. A. Peairs, M.-H. Chou, A.
Bienfait, H.-S. Chang, C. R. Conner, J. Grebel, R. G. Povey,
Y.P. Zhong, and A.N. Cleland, Quantum communication
with itinerant surface acoustic wave phonons, npj Quantum
Inf. 7, 173 (2021).

[51] B. Vogell, B. Vermersch, T. E. Northup, B. P. Lanyon, and
C. A. Muschik, Deterministic quantum state transfer be-
tween remote qubits in cavities, Quantum Sci. Technol. 2,
045003 (2017).

[52] O. Morin, M. Korber, S. Langenfeld, and G. Rempe,
Deterministic shaping and reshaping of single-photon
temporal wave functions, Phys. Rev. Lett. 123, 133602
(2019).

[53] G.F. Peiias, R. Puebla, and J. José Garcia-Ripoll, Improving
quantum state transfer: Correcting non-Markovian and
distortion effects, Quantum Sci. Technol. 8, 045026 (2023).

[54] G.F. Peias, R. Puebla, and J. J. Garcia-Ripoll, Multiplexed
quantum state transfer in waveguides, Phys. Rev. Res. 6,
033294 (2024).

[55] Y. He and Y.-X. Zhang, Quantum state transfer via
a multimode resonator, Phys. Rev. Lett. 134, 023602
(2025).

[56] A. Pernas and R. Puebla, Shaping frequency-tunable single
photons  for quantum networking in waveguide QED,
Quantum Sci. Technol. 11, 045027 (2026).

[57] H. Jiang, C. Barahona-Pascual, and J.J. Garcia-Ripoll,
Photon-echo synchronization and quantum state transfer
in short quantum links, arXiv:2603.19064.

[58] X. Wang and H.-R. Li, Chiral quantum network with giant
atoms, Quantum Sci. Technol. 7, 035007 (2022).

[59] L. Xu and L. Guo, Catch and release of propagating
bosonic field with non-Markovian giant atom, New J. Phys.
26, 013025 (2024).

[60] L. Du, X. Wang, A.F. Kockum, and J. Splettstoesser,
Dressed interference in giant superatoms: Entanglement
generation and transfer, Phys. Rev. Lett. 135, 223601
(2025).

[61] H. Luo, P.S. Shah, F. Yang, M. Mirhosseini, and S.
Mahmoodian, Dynamic stimulated emission for determin-
istic addition and subtraction of propagating photons,
arXiv:2512.09711.

[62] S. Bose, Quantum communication through an unmodulated
spin chain, Phys. Rev. Lett. 91, 207901 (2003).

043013-16


https://doi.org/10.1103/PhysRevResearch.6.013279
https://doi.org/10.1103/PhysRevResearch.6.013279
https://doi.org/10.1103/PhysRevLett.133.063603
https://arXiv.org/abs/2508.21784
https://doi.org/10.1088/2058-9565/adb2bd
https://doi.org/10.1088/2058-9565/adb2bd
https://doi.org/10.1103/PRXQuantum.6.010342
https://doi.org/10.1103/PRXQuantum.6.010342
https://doi.org/10.1103/kv28-r6w4
https://doi.org/10.1103/kv28-r6w4
https://arXiv.org/abs/2510.04545
https://arXiv.org/abs/2603.26345
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/PhysRevX.4.041010
https://doi.org/10.1103/PhysRevX.4.041010
https://doi.org/10.1038/s41586-018-0195-y
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1103/PhysRevLett.125.260502
https://doi.org/10.1103/PhysRevLett.125.260502
https://doi.org/10.1038/s41567-025-02811-1
https://doi.org/10.1103/PRXQuantum.6.020347
https://arXiv.org/abs/2604.12947
https://doi.org/10.1038/nature11023
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1038/s41534-021-00511-1
https://doi.org/10.1038/s41534-021-00511-1
https://doi.org/10.1088/2058-9565/aa868b
https://doi.org/10.1088/2058-9565/aa868b
https://doi.org/10.1103/PhysRevLett.123.133602
https://doi.org/10.1103/PhysRevLett.123.133602
https://doi.org/10.1088/2058-9565/acf60a
https://doi.org/10.1103/PhysRevResearch.6.033294
https://doi.org/10.1103/PhysRevResearch.6.033294
https://doi.org/10.1103/PhysRevLett.134.023602
https://doi.org/10.1103/PhysRevLett.134.023602
https://doi.org/10.1088/2058-9565/ae94a1
https://arXiv.org/abs/2603.19064
https://doi.org/10.1088/2058-9565/ac6a04
https://doi.org/10.1088/1367-2630/ad18ed
https://doi.org/10.1088/1367-2630/ad18ed
https://doi.org/10.1103/crzs-k718
https://doi.org/10.1103/crzs-k718
https://arXiv.org/abs/2512.09711
https://doi.org/10.1103/PhysRevLett.91.207901

ENABLING DETERMINISTIC PASSIVE QUANTUM...

PRX QUANTUM 7, 043013 (2026)

[63] L. Banchi, Ballistic quantum state transfer in spin chains:
General theory for quasi-free models and arbitrary initial
states, Eur. Phys. J. Plus 128, 137 (2013).

[64] P-A. Bernard, G. Parez, and L. Vinet, Distinctive features
of inhomogeneous spin chains, arXiv:2411.09487.

[65] D. De Bernardis, F.S. Piccioli, P. Rabl, and 1. Carusotto,
Chiral quantum optics in the bulk of photonic quantum Hall
systems, PRX Quantum 4, 030306 (2023).

[66] O. Diekmann, D.O. Krimer, and S. Rotter, Ultrafast
excitation exchange in a Maxwell fish-eye lens, Phys.
Rev. Lett. 132, 013602 (2024).

[67] Z. Tian, P. Zhang, and X.-W. Chen, Static hybrid quantum
nodes: Toward perfect state transfer on a photonic chip,
Phys. Rev. Appl. 15, 054043 (2021).

[68] Z. Kuang, O. Diekmann, L. Fischer, S. Rotter, and C.
Gonzalez-Ballestero, Passive quantum state transfer in a
dispersion-engineered waveguide, Phys. Rev. Lett. 137,
103605 (2026).

[69] S. Lin, X. Zhao, and Y. Xia, Giant atoms coupled to a
waveguide: Continuous coupling and multiple excitations,
Phys. Rev. A 113, 033705 (2026).

[70] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg,
Atom-photon interactions: Basic processes and applica-
tions, in A Wiley-Interscience Publication (Wiley,
New York, NY, 2008).

[71] A. Gonzilez-Tudela and J. 1. Cirac, Markovian and non-
Markovian dynamics of quantum emitters coupled to two-
dimensional structured reservoirs, Phys. Rev. A 96, 043811
(2017).

[72] M. Stobinska, G. Alber, and G. Leuchs, Perfect excitation
of a matter qubit by a single photon in free space, EPL 86,
14007 (2009).

[73] Y. Wang, J. Minaf, L. Sheridan, and V. Scarani, Efficient
excitation of a two-level atom by a single photon in a
propagating mode, Phys. Rev. A 83, 063842 (2011).

[74] T. Ramos, B. Vermersch, P. Hauke, H. Pichler, and P. Zoller,
Non-Markovian dynamics in chiral quantum networks with
spins and photons, Phys. Rev. A 93, 062104 (2016).

[75] P.-O. Guimond, B. Vermersch, M. L. Juan, A. Sharafiev, G.
Kirchmair, and P. Zoller, A unidirectional on-chip photonic
interface for superconducting circuits, npj Quantum Inf. 6,
32 (2020).

[76] C. Joshi, F. Yang, and M. Mirhosseini, Resonance fluores-
cence of a chiral artificial atom, Phys. Rev. X 13, 021039
(2023).

[77] B. Kannan, A. Almanakly, Y. Sung, A. Di Paolo, D. A.
Rower, J. Braumiiller, A. Melville, B. M. Niedzielski, A.
Karamlou, K. Serniak, A. Vepsildinen, M. E. Schwartz,
J.L. Yoder, R. Winik, J.L-J. Wang, T.P. Orlando, S.
Gustavsson, J. A. Grover, and W.D. Oliver, On-demand
directional microwave photon emission using waveguide
quantum electrodynamics, Nat. Phys. 19, 394 (2023).

[78] D.G. Sudrez-Forero, M. Jalali Mehrabad, C. Vega, A.
Gonzdlez-Tudela, and M. Hafezi, Chiral quantum optics:

Recent developments and future directions, PRX Quantum
6, 020101 (2025).

[79] L. Xu and L. Guo, Chirality, nonreciprocity and sym-
metries for a giant atom, Sci. China Phys. Mech. Astron.
69, 240311 (2026).

[80] T. Aref, P. Delsing, M. K. Ekstrom, A.F. Kockum, M. V.
Gustafsson, G. Johansson, P. J. Leek, E. Magnusson, and R.
Manenti, Quantum acoustics with surface acoustic waves,
in Superconducting Devices in Quantum Optics, edited by
R. H. Hadfield and G. Johansson (Springer International
Publishing, Cham, 2016), p. 244.

[81] M. Mirhosseini, E. Kim, V.S. Ferreira, M. Kalaee, A.
Sipahigil, A.J. Keller, and O. Painter, Superconducting
metamaterials for waveguide quantum electrodynamics,
Nat. Commun. 9, 3706 (2018).

[82] V.S. Ferreira, J. Banker, A. Sipahigil, M. H. Matheny,
A.J. Keller, E. Kim, M. Mirhosseini, and O. Painter,
Collapse and revival of an artificial atom coupled to a
structured photonic reservoir, Phys. Rev. X 11, 041043
(2021).

[83] V. Jouanny, S. Frasca, V.J. Weibel, L. Peyruchat, M.
Scigliuzzo, F. Oppliger, F. De Palma, D. Sbroggio, G.
Beaulieu, O. Zilberberg, and P. Scarlino, High kinetic
inductance cavity arrays for compact band engineering
and topology-based disorder meters, Nat. Commun. 16,
3396 (2025).

[84] M. Han and L. Guo, Giant atom with disorders: Effects
from imperfect couplings, Phys. Rev. A 113, 013716
(2026).

[85] C. Vieu, F. Carcenac, A. Pépin, Y. Chen, M. Mejias, A.
Lebib, L. Manin-Ferlazzo, L. Couraud, and H. Launois,
Electron beam lithography: Resolution limits and applica-
tions, Appl. Surf. Sci. 164, 111 (2000).

[86] A. Vepsildinen, R. Winik, A. H. Karamlou, J. Braumiiller,
A.D. Paolo, Y. Sung, B. Kannan, M. Kjaergaard, D. K.
Kim, A.J. Melville, B. M. Niedzielski, J.L. Yoder, S.
Gustavsson, and W. D. Oliver, Improving qubit coherence
using closed-loop feedback, Nat. Commun. 13, 1932
(2022).

[87] E.J. Zhang et al., High-performance superconducting
quantum processors via laser annealing of transmon
qubits, Sci. Adv. 8, eabi6690 (2022).

[88] S. Casulleras, C. Gonzalez-Ballestero, P. Maurer, J. Garcia-
Ripoll, and O. Romero-Isart, Remote individual addressing
of quantum emitters with chirped pulses, Phys. Rev. Lett.
126, 103602 (2021).

[89] F. Yang, P.S. Shah, C. Joshi, and M. Mirhosseini, Many-
body quantum optics in a cascaded chiral network,
arXiv:2607.05760.

[90] M. Scigliuzzo, G. Calajo, F. Ciccarello, D. Perez Lozano,
A. Bengtsson, P. Scarlino, A. Wallraff, D. Chang, P.
Delsing, and S. Gasparinetti, Controlling atom-photon
bound states in an array of Josephson-Junction resonators,
Phys. Rev. X 12, 031036 (2022).

043013-17


https://doi.org/10.1140/epjp/i2013-13137-6
https://arXiv.org/abs/2411.09487
https://doi.org/10.1103/PRXQuantum.4.030306
https://doi.org/10.1103/PhysRevLett.132.013602
https://doi.org/10.1103/PhysRevLett.132.013602
https://doi.org/10.1103/PhysRevApplied.15.054043
https://doi.org/10.1103/m2md-rxkv
https://doi.org/10.1103/m2md-rxkv
https://doi.org/10.1103/1d3w-g932
https://doi.org/10.1103/PhysRevA.96.043811
https://doi.org/10.1103/PhysRevA.96.043811
https://doi.org/10.1209/0295-5075/86/14007
https://doi.org/10.1209/0295-5075/86/14007
https://doi.org/10.1103/PhysRevA.83.063842
https://doi.org/10.1103/PhysRevA.93.062104
https://doi.org/10.1038/s41534-020-0261-9
https://doi.org/10.1038/s41534-020-0261-9
https://doi.org/10.1103/PhysRevX.13.021039
https://doi.org/10.1103/PhysRevX.13.021039
https://doi.org/10.1038/s41567-022-01869-5
https://doi.org/10.1103/PRXQuantum.6.020101
https://doi.org/10.1103/PRXQuantum.6.020101
https://doi.org/10.1007/s11433-025-2854-8
https://doi.org/10.1007/s11433-025-2854-8
https://doi.org/10.1038/s41467-018-06142-z
https://doi.org/10.1103/PhysRevX.11.041043
https://doi.org/10.1103/PhysRevX.11.041043
https://doi.org/10.1038/s41467-025-58595-8
https://doi.org/10.1038/s41467-025-58595-8
https://doi.org/10.1103/1px2-2db4
https://doi.org/10.1103/1px2-2db4
https://doi.org/10.1016/S0169-4332(00)00352-4
https://doi.org/10.1038/s41467-022-29287-4
https://doi.org/10.1038/s41467-022-29287-4
https://doi.org/10.1126/sciadv.abi6690
https://doi.org/10.1103/PhysRevLett.126.103602
https://doi.org/10.1103/PhysRevLett.126.103602
https://arXiv.org/abs/2607.05760
https://doi.org/10.1103/PhysRevX.12.031036

	Enabling Deterministic Passive Quantum State Transfer with Giant Atoms
	I. INTRODUCTION
	II. MODEL
	III. STATE TRANSFER BETWEEN QUBITS WITH A CONTINUOUS SPATIAL COUPLING
	A. Examples: Exponential and Gaussian decay

	IV. FINITE NUMBER OF LEGS
	V. EXPERIMENTAL CONSIDERATIONS
	A. Experimental platforms
	B. Robustness against random deviations in the leg positions
	C. Robustness against random deviations in the coupling strengths
	D. Robustness against deviations in the qubit frequencies
	E. Sensitivity to and correction of nonlinear dispersion effects

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: CHIRAL EMISSION AND COUPLING PHASES
	APPENDIX B: GENERAL THEORY OF PERFECT STATE TRANSFER IN A PHOTONIC BATH
	1. Coupled-cavity array

	APPENDIX C: NUMERICAL OPTIMIZATION
	1. Optimization of pulse shape

	References


