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Continuous-wave all-optical single-photon transistor based on a Rydberg-atom ensemble
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Continuous-wave (cw) architectures provide a promising route to interface disparate quantum systems by re-
laxing the need for precise synchronization. While essential cw components, including microwave single-photon
transistors and microwave—optical converters, have been explored, an all-optical cw single-photon transistor has
remained a missing piece. We propose a high-efficiency, high-gain implementation using Rydberg atoms, in
which a control photon disrupts the transmission of a continuous probe beam via the van der Waals interaction.
This device completes the set of components required for cw processing of quantum signals and paves the way

for all-optical processing at the quantum level.

DOI: 10.1103/7q3h-nvm6

Interfacing disparate quantum systems requires precise
control of the connections between them. A prominent ex-
ample is the realization of the quantum internet, inherently
hybrid in nature and integrating disparate quantum systems—
such as superconducting circuits, atomic ensembles, and
trapped ions—requires interconnecting these platforms via
both microwave and optical links [1-3]. A continuous-wave
(cw) architecture is well-suited for real-time communication
across such platforms because it relaxes the temporal syn-
chronization constraints inherent to pulsed systems [4-8].
While essential cw components, including cw single-photon
detectors in microwave [9—-12] and optical [13-16] domains,
cw microwave single-photon transistors [17-21] and cw
microwave—optical converters [22-25], have been success-
fully proposed and explored, the absence of an all-optical
cw single-photon control has remained a critical missing
piece. Here, we present a high-efficiency all-optical cw single-
photon transistor (SPT) that completes the toolbox for cw
control of quantum fields and paves the way for advanced
all-optical cw processing of optical fields at the quantum level.

An SPT is a device where a single photon controls the
propagation of a weak coherent probe field [26]. This function
is analogous to a classical electronic transistor, which uses
a small electrical signal to switch a larger current. Origi-
nally proposed for an atom coupled to a surface-plasmon
mode in a nanowire [27], the realization of an SPT requires
a system with a large nonlinearity strongly coupled to in-
dividual photons. One promising candidate is a cloud of
Rydberg atoms, which are strongly nonlinear due to their
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large van der Waals interaction [28]. Rydberg atoms have
facilitated rapid progress in quantum optics and computing
[29-31], allowing for the realization of strong photon-photon
interactions [32,33] and applications like Wigner crystal-
lization [34], quantum gates [35-40], quantum simulation
[41-46], and quantum optimization [47—49]. Several coherent
switches have been realized in Rydberg-based [50-53] and
other optical systems [54-57]. While these switches promise
quantum-level control of light by light, current implementa-
tions are limited to pulsed operation, lacking operability in the
cw regime necessary for continuous signal transmission and
processing applications, such as low-light optical communi-
cation. While cw SPTs have been explored in the microwave
domain [17-21], we propose such a device for operation in the
optical regime.

In this Letter, we propose and analyze a cw SPT based
on an ensemble of driven Rydberg atoms, operating both
in free space (FS) and inside a cavity. In the absence of
a control photon, electromagnetically induced transparency
(EIT) enables lossless probe transmission [58,59]. When a
control photon is present, it is converted into a collective
Rydberg excitation that induces a blockade [60], breaking the
EIT condition and enabling control-photon detection via the
probe. We further demonstrate a novel operating principle in
which probe-induced dephasing of the control photon can be
tuned, enabling long-lived control storage and high device
efficiency. This cw operation represents the optical counter-
part of an electronic transistor’s cw operation and enables
efficient single-photon detection with a high signal-to-noise
ratio [17].

Cavity model. We consider a Rydberg atomic ensemble
within a single-sided cavity, where photon fields couple to the
atoms via the cavity field. The system is depicted in Fig. 1(a)
and the atomic multilevel structure in Fig. 1(b). This level
structure was considered for pulsed operation in Ref. [61].
The corresponding Hamiltonian comprises five parts: 7—Alpmbe,
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FIG. 1. (a) System sketch depicting the cavity version of the
Rydberg-based SPT. (b) Atomic level scheme illustrating probe and
control E systems with distinct couplings and detunings, including
the inter-E system van der Waals interaction V. (c) Free space de-
vice configuration, with probe and control fields propagating within
the Rydberg cloud spanning the interval {0, L}.

The probe Hamiltonian reads

Hprobe = Z h gpapcr + Q
=1

+H.c.), (1)

where a probe cavity photon is described by the creation
operator &g and couples to the atoms with strength g,,. A clas-
sical drive couples transitions |e,) <> |rp), with strength €2,
Operators & . = |my) (n;] describe transitions of the /th atom
between states |m) and |n), where {m, n} € {g, ec, ¢, ep, 1p}
and N the total number of atoms in the ensemble. We have
performed the rotating wave approximation and considered an
excitation regime corresponding to EIT conditions.

The Hamiltonian for the control branch in a rotating frame
reads

N
control Z A — (Q

+ (gcaco-e g + ngZ Aég )] 2

6L,

where we introduced the detuning A = w, , — i and the
two-photon detuning § = A — (—wy.e, + w2.c), as shown in
Fig. 1(b). The atomic transition frequencies are we g = w,, —
W, Wre, = W, — w,, and wy is the cavity resonance fre-
quency, while w, . a second classical drive frequency. The
frequencies wg, w,,, w,, correspond to the energies of states
lg), lec), |re), respectively. The control cavity photon, de-
scribed by the creation operator @, couples to each atom
with strength g., while the second classical drive couples
transitions |e.) <> |r.) with strength ..

The SPT exploits the strong interaction between atoms
in highly excited Rydberg states. The ensemble interaction
Hamiltonian reads

Hrya = hZ kalo, , ®6k, . 3)

I=1 k=1
I#k

where atoms in the probe and control Rydberg states, |r,) and
|rc), interact via the van der Waals interaction Vy; = Cg/ p,fl,
with py; the interatomic distance and Cg an interaction co-
efficient [28]. We note that, for the control branch, we only
consider a single incident photon, whereas the probe branch
can contain multiple photons. Nevertheless, we only include
interactions between Rydberg atoms in different branches.
This is justified when the principal quantum number of |r;)
significantly exceeds that of |r,), resulting in much larger
dipole matrix elements between |r.) and its neighboring
states, or when |r.) and |r,) are close to a Forster resonance
[62,63].

Finally, we include the system’s input-output by adding
the coupling to the environment and reservoir Hamiltonians
ﬁinput + ’;Qm in the standard form [64,65]. This introduces
decay rates «;, («.) of probe (control) cavity photons, and y,,
(¥e.) of excited states |ep) (Jec)), while Rydberg states are con-
sidered long-lived. We can then derive the equations of motion
(EOMs) and calculate the system’s ability to store control
photons and manipulate the probe [66,67]. In the follow-
ing, we consider the probe and control branches separately,
assuming much faster characteristic timescales for probing
compared with those for control-photon storage, implying a
large difference in the bandwidths of the EIT-based probe and
the Raman-based control branches.

FS model. We also consider an FS version of the cw SPT
device. The system, illustrated in Fig. 1(c), assumes propaga-
tion of both probe and control fields along the z axis through
the Rydberg medium of length L. The main ingredients for the
scheme are the same as in the cavity case, but input and output
are considered before and after the active medium. Addition-
ally, in Hamiltonians (1) and (2), the cavity photon creation

operator &; /e is replaced by the traveling-electromagnetic-

field creation operator &' .(2). For brevity, we describe the
general function of the SPT applicable to both the cavity and
the FS model in the following sections, while pointing out any
differences that exist between them, where relevant.

Probing. First, let us consider the probe branch of the
atomic level scheme, which is probed by a weak coherent
state. The corresponding EOMs are derived from ﬁprobe +
7:lRyd. For the cavity case, they are supplemented by the input-
output relation &y p + dout,p = \/%&p [68], and, for the FS
case, by the Maxwell equation for light propagation in the
medium. The dynamics of the probe branch depend on the
control Rydberg state |r.) through an effective two-photon
detuning conditioned on the operators Zk 1Ur -.» Tesulting
from the interaction Hamiltonian. In the absence of control
Rydberg excitation, the standard EIT conditions [58] are re-
covered, resulting in total probe reflection from the cavity
(transmission through the medium in the FS case). However,
if an atom is in the state |r.), probe reflection and transmission
are altered. This leads to both the measurable response of the
SPT and an associated dephasing of the state |r.).

To describe this, we introduce a method to isolate the
Rydberg-associated processes. We briefly outline the method
here and refer interested readers to Ref. [62] for full details.
We solve the system in two cases: without control Rydberg
excitation (reference) and with a stored control photon. As-
suming a coherent probe input field and no control Rydberg
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excitation, we find steady-state solutions o, for the cavity
(Ep for the FS) of the form a, = oy + dap, (ép = Ep + 85}),
where éap (55}) represents quantum fluctuations around a
shifted mode. We apply a similar transformation to the atomic
variables and subtract the reference from the solution with
a control Rydberg excitation, isolating only the Rydberg-
associated processes. In this picture, the probe output without
a control photon is the vacuum state, and we consider only
the differential signal. Consequently, the decay processes of
the probe transform into probe-induced dephasing operators
acting on state |r.), because they reveal the presence of exci-
tations in that state.

For the cavity case under these transformations, the
Lindblad dephasmg -jump operators due to change in probe
reflection LK, and spontaneous emission of the /th atom LI
read

N ok gk

I:Kp - Z(Xm .p Z 1])—:’ C:’{:('C] , (4)

. 20 N ig,6k
Ll - _ in,p P¥rcre , (5)
o m’,‘;}: [Vep — il 2/ Va][1 + Cg»p]
£

where |ainp|? is the probe strength. Here we introduced
the blockaded cooperativity parameter of the kth atom
in the probe branch C{,‘,p = Zf]:L Ik Cé‘i{p, where C{fil, p =
(18p/p)/ (Ve, — 11217 pf,/Co) is the single atom blockaded
cooperativity of the /th atom, due to the kth atom being in
state |r.). The blockaded cooperativity corresponds to the co-
operativity of all atoms located within the Rydberg blockade,
apart from the excited kth atom itself [35].

For the FS case under these transformations, the dephasing
jump operators due to change in transmission of the probe and
spontaneous emission of the /th atom are respectively [62]

N
2 . k.l k.l &
Ly, == 2icinp Y Zdbl DhSE (6)
k=1 I=1
k£l
2w N
jlo— _ Zinp del Dkl gk )
ge, bl,p bp rere?
B =

where Dl =3 _ (il e Zr-rdbiny 1, and  af =
alplygp [ (Ve, — l|S2p|2 /Vii) is the blockaded optical depth of
the /th atom due to the kth atom being in state |r.). Here
dp = | gplzL/ (cye,) is the single-atom optical depth and c is
the speed of light in the medium. Using the operators (4) and
(5) for the cavity [(6) and (7) for the FS], accounting for the
dynamics of ?:Lprobe + ﬁRyd, and the EOMs for the control
branch, the full dynamics of the system can be accessed.
Impedance matching. An essential ingredient for the SPT
is impedance matching (IM) such that an incoming control
photon is converted to a control Rydberg excitation |r.) with
near unity probability. To achieve this condition, the reflection
(transmission) of the control photon must go to zero for the
cavity (FS), and losses through the control excited state |e.)
should be suppressed, thus ensuring complete transfer to state
|rc). The scattering dynamics of the control branch is highly
sensitive to the probing strength |ain |?, which, through the

combined effect of dephasing operators (4) and (5) for the
cavity [(6) and (7) for the FS] induces a dephasing rate y,
on each atom being in state |r.). We consider y, to be equal
for all atoms for the analytical estimates.

The EOMs for the control branch follow from ﬁcomml, in-
cluding the probe-induced dephasing rate y, and input-ouput.
We define the IM probability Py as the probability that the
Rydberg control state |r.) dephases given an incident control
photon, corresponding to control-photon storage until probe-
photon emission. We operate in the large-detuning regime
A/Ye, > (C. + 1) for the cavity (A/y,, > d. for ES), for
localization-enhanced lifetime [69,70], as explained below.
Here C. = |gc|>N/(k.y.,) is the total cavity cooperativity and
d. = | gC|2NL/ (cy..) the optical depth of the control branch.
For a largely detuned control field, with two-photon detun-
ing § = |Q|*/A, and for y, equal to the output rate of
the cavity you = Ceye|Q|?>/A? [71] (of the medium o, =
d.y.|Q|*/A? for the FS), we find Py = (2C.)?*/(1 + 2C.)?
for the cavity and

d.
Py=—-|1- -2
™M 1+dc|: exp(

for the FS case. This leads to near unity Py for large control
cooperativity, C. > 1 and optical depth, d. > 1. Adjusting
the probing strength |ozin,p|2 can satisfy y, = You, achieving
IM. This analytical estimate has been numerically verified for
various ensemble geometries [62].

SPT characterization. To assess the SPT performance, we
use a wave-function Monte Carlo (wfMC) method [72,73] to
simulate the system dynamics starting with a Gaussian con-
trol pulse containing a single photon. This approach provides
insight into the number, emission mechanism and tempo-
ral distribution of emitted probe photons conditioned on the
presence of a control Rydberg excitation, represented by de-
phasing jumps (4)—(7) [62]. When the /th atom in state |ep)
emits a probe photon, described by a I:éep jump, the control
Rydberg excitation localizes in the blockaded region around
the /th atom due to the limited range of the interaction Vy;
[Eq. (5) and (7)]. This localization is crucial for the SPT
functioning because it enhances control-photon storage time
as follows. During storage dynamics, the control photon trans-
fers to a collective superposition of |r.) coupled to a collective
superposition of |e.), which has an enhanced decay rate C.y,,
for the cavity (d.y., for the FS). This leads to an enhanced
input-output rate y,, by a factor of C. «x N (d. « N). When-
ever a I:i,ep jump occurs, the number of atoms participating
in the superposition decreases by localization, resulting in a
longer lifetime. However, this extended lifetime is only valid
for large detuning A, whereas on resonance, the lifetime be-
comes shorter due to localization [69,70,74]. Therefore, the
proposed SPT can only function in the off-resonant regime,
as previously studied in the context of spin-wave decoherence
[75].

To obtain the SPT signature, we can use homo- or hetero-
dyne detection to measure the output field difference resulting
from the Rydberg blockade of the control photon. Alterna-
tively, an interferometric setup can be used to cancel the
probe signal on a photodetector in the absence of control
photons. Single-photon detection of probe photons can then

Sy2 /A% + d? +dc>]
(do+ 1)
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FIG. 2. Cavity-model results, with a 3D atomic ensemble of
N =10 randomly placed atoms (isotropic Gaussian distribu-
tion); kp = Ke = Ve = Veer 2p/Ve. = 10, A/ye, = 180, Q2c/ve. =5
for C. = 10, 20, 50, 100, and A/y,, = 4C./5, Q2/y.. = 20,45, for
C. = 1000, 5000. (a) IM probability as a function of probe strength
for Re[fb_p] ~ (0.5 and varying C., with optimized §. (b) SPT ef-
ficiency as a function of average blockaded cooperativity, with
optimized &, |ozm,p|2. (c) SPT efficiency (solid) and gain (dashed) as
functions of cooperativity, with optimized &, Iain_p|2, fb_p. For panels
(b) and (c), fitted polynomials serve as guides to the eye, whereas
points represent simulation data.

reveal the presence of a control photon, which corresponds
to a change in the reflection (transmission), described by I:Kp
jump (ﬁdp jump), expressed in Eq. (4) for the cavity [(6) for
the FS] model. To evaluate the SPT device performance, we
measure the number of such readout jumps and require it to
exceed a threshold number of N,El: Jdy = 3 for useful operation.
SPT efficiency 7 is defined as the probability of meeting this
requirement. For homodyne detection, this threshold roughly
corresponds to a signal squared that is six times the vacuum
noise, but a precise assessment of the signal-to-noise ratio is
complicated due to the multimode nature of the output field.
The gain of the SPT, G, is defined as the average number of
probe photons scattered before the control excitation decays,
quantified by readout jumps.

Cavity-model results. To account for noise from inhomo-
geneous interactions, we simulate an isotropic 3D Gaussian
distribution of 103 randomly placed atoms using wfMC calcu-
lations. SPT performance depends on probe strength, | p|%,
the interaction strength parametrized by the average block-
aded cooperativity of the probe, Cpp = Y r_, Ct,/N, and
control cooperativity C.. Additional parameters are given in
the caption of Fig. 2. Figure 2(a) presents the IM probability
Piv dependence on |ain p|* and C.. The values of |y p|* for
maximal Py verify our analytically estimated IM conditions
and confirm that large C; is crucial for achieving near-unity
P, i.e., 0.9994 for C, = 5000, setting an upper limit for the
SPT efficiency.

The SPT efficiency and gain as functions of a,,p and C;
are presented in Figs. 2(b) and 2(c). The optimal Eb,p value
depends on a trade-off between two factors: smaller values
favor control-excitation lifetime-enhancing f,éep jumps over

readout ﬁKp jumps, while larger values facilitate probe-signal
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FIG. 3. FS-model results, with a 1D atomic ensemble of N = 10°
randomly placed atoms (Gaussian distribution): A/y,, = 4d., Q. =
A/40, Qp/ve. = 10, diy = dic = Ve, /Ve. = 1. (2) IM probability as
a function of probe strength for Re[gb,p] ~ 2 and varying d., with
optimized §. (b) SPT efficiency as a function of average blockaded
optical depth, with optimized §, |ain,p|2. (c) SPT efficiency (solid)
and gain (dashed) as functions of optical depth, with optimized
S, |(xin_p|2, Eb_p. For panels (b) and (c), fitted polynomials serve as
guides to the eye, whereas points represent simulation data.

readout through multiple I:,(p jumps, at the expense of control-
excitation lifetime. For a given fb,p, higher C, is preferred for
better IM and stronger localization via f,ég jumps [62], with the
highest efficiency, n = 90.8%, and gain, G = 113, obtained
for the highest cooperativity C. = 5000 and Re[fb,p] = 0.09.
We note that our analysis does not involve full optimization
over all parameters, so further improvements may be possible.
While current experiments typically have C. in the lower
tens [76,77], the values used in our simulations have been
demonstrated experimentally [78].

FS-model results. In the FS setup, we used a one-
dimensional (1D) Gaussian distribution of 103 randomly
placed atoms over a distance L. Device performance de-
pends on |aip|%, the interaction strength parametrized by
the average blockaded optical depth of the probe, Eb,p =
P I 2k d{,‘i{p /N, and the control optical depth, d.. We
verify the analytical IM estimate by numerically evaluating
P, varying |o{in,p|2 and d. in Fig. 3(a). Unlike the cavity
case, storage in the FS protocol occurs in an exponentially
decaying mode due to the decreasing probability of the control
excitation propagating through the ensemble without being
dephased. Consequently, readout ﬁdp jumps also lead to local-
ization, enhancing the lifetime of the stored control excitation.
Thus, the FS protocol can operate for Eb,p > 1 [Fig. 3(b)],
allowing for a larger change in probe transmission than in
the cavity case, which required Re[a,,p] < 1. The maximum
efficiency n = 95.4% and gain G = 312 are obtained for the
highest optical depth d. = 500 and Re[ﬁb,p] = 5.3, as shown
in Figs. 3(b) and 3(c). It is important to note, however, that the
FS operating conditions were inspired by the cavity model,
and a full optimization was not performed.

Conclusions. We have proposed and analyzed an all-optical
SPT operating in the cw regime, using a Rydberg atomic
ensemble in both cavity and FS configurations. For realistic,
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experimentally demonstrated parameters [78,79], we estimate
an efficiency exceeding 95% and a gain above 300 (see
Ref. [62] for parameter details). These values represent a 15%
improvement in efficiency and more than a threefold increase
in gain compared with previous pulsed Rydberg-based SPTs
[53]. The proposed device completes the essential set of cw
components for control of quantum signals, opening a new
regime for continuous-time manipulation of light at the single-
photon level and paving the way for advanced cw all-optical
quantum processing.
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