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We investigate the scattered field from N identical two-level atoms resonantly driven by a weak coherent
field in a one-dimensional waveguide. For atoms separated by the drive wavelength, increasing the number
of atoms suppresses transmission while enhancing photon bunching. Transmission becomes a super-
bunched (N þ 1)-photon scattering process that is predominantly incoherent. Remarkably, we find that
transmission occurs through a process where all N atoms are excited, enabling novel heralded multiphoton
state generation with applications in long-distance entanglement and quantum metrology.

DOI: 10.1103/6fcg-2zns

Introduction—Nonlinear light-matter interactions have
been studied for decades, leading to the discovery of
various quantum phenomena, including nonclassical light
state generation [1,2], antibunching [2,3], and superra-
diance [2,4–6]. Multiphoton states, in particular, enable
applications in quantum metrology [7–9], entanglement
generation for quantum communication [10,11], and quan-
tum lithography [12,13].
Waveguide quantum electrodynamics (wQED) has

shown to be a promising platform for light-matter inter-
actions due to the strong coupling between atoms and
propagating electromagnetic fields. Experimentally, wQED
has been demonstrated on various platforms [2,14], includ-
ing cold atoms coupled to nanofibers or photonic crystals
[6,15–22], quantum dots in photonic crystals [23], and
superconducting circuits [24–37]. While previous exper-
imental work has focused on either one or two atoms or
ensembles of hundreds to thousands of atoms, recent
advances in atom-photon coupling efficiency, deterministic
atom placement, and independent control have now made
the previously inaccessible regime of a few to tens of
atoms experimentally realizable across multiple platforms
[38–48].
It is well established that an atom in a waveguide almost

perfectly reflects a weak resonant drive and that the trans-
mitted field is strongly bunched [14,24,26,27,29,31,49–53].
As noted in [53], the bunching occurs, somewhat counter-
intuitively, because a transmission event predominantly
heralds the excitation of the atom, which then spontaneously

emits a second photon. Given recent experimental progress,
it is now timely to explore bunching in the few-atom regime.
In this Letter, we study the scattering of a resonant

coherent state by N atoms in a waveguide. When driving
weakly, increasing the number of atoms progressively
suppresses the transmission. We demonstrate that this is
connected to a strongly enhanced bunching in the trans-
mitted field. By considering atoms separated by the drive
wavelength, we derive exact analytical expressions describ-
ing the scattering dynamics. We find that transmission in
the weak-drive regime is a superbunched (N þ 1)-photon
scattering process that is predominantly incoherent, with no
phase relation to the drive. Remarkably, we analytically
find that this transmission is possible only through a
process where all N atoms are collectively excited.
Thus, the first detection of a transmitted photon in a bunch
heralds the atomic system most likely in a fully excited
state. Surprisingly, this collective excitation of all N atoms
emerges despite the weak driving strength. We verify our
analytical findings with numerical simulations. Naturally,
this simple setup enables a novel route to heralded multi-
photon state generation with applications in entanglement
distribution and quantum metrology.
Model—We consider N identical atoms spaced one drive

wavelength apart in a one-dimensional waveguide. The
atoms are modeled as two-level systems with resonance
frequency ω and are symmetrically coupled to the wave-
guide into which they decay through spontaneous emission
with the rate γ to the left- and right-propagating fields
(see Fig. 1). Neglecting the time delay between the closely
spaced atoms, the master equation for the density matrix ρ
of the atomic system, collectively and coherently driven
with Rabi frequency Ω, is

ρ̇ ¼ −i
Ω
2
½Sþ þ S−; ρ� þDðaRoutÞρþDðaLoutÞρ; ð1Þ
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where ℏ ¼ 1, DðLÞρ ¼ LρL† − 1
2
fL†L; ρg is the Lindblad

dissipator, S� ¼ P
N
i¼1 S

i
� are the collective atomic dipole

operators, and aR=Lout is the annihilation operator of the
outgoing field propagating toward the right or left. The
outgoing field operators are related to the annihilation
operators of the incoming field from the right or left, aR=Lin ,
through the input-output relations aLout ¼ aRin þ

ffiffiffi
γ

p
S− and

aRout ¼ aLin þ
ffiffiffi
γ

p
S− [28,54]. We consider an incoming

coherent drive from the left with rate amplitude α ¼
iΩ= ffiffiffi

γ
p

and vacuum incoming from the right.
Henceforth, we refer to photons from the coherent drive
as input photons and to the right- and left-propagating
output fields as transmitted and reflected photons, respec-
tively. When individual atomic relaxation into nonwave-
guide modes and time delays are negligible, an atomic
system initialized in the ground state evolves within the
symmetric (N þ 1)-dimensional Dicke subspace [4]. In the
Hilbert space of the atomic system, the input-output relations
then become aLout ¼ ffiffiffi

γ
p

S− and aRout ¼ αINþ1 þ ffiffiffi
γ

p
S−,

where INþ1 is the identity operator. Using the input-output
relations, we can rewrite Eq. (1) as ρ̇ ¼ 2DðaRoutÞρ, to
immediately obtain the steady-state solution [57–62]:

ρ ¼ ðaR†outaRoutÞ−1
TrðaR†outaRoutÞ−1

¼ 1

D

XN

m;n¼0

�
S−
g�

�
m
�
Sþ
g

�
n
; ð2Þ

where the normalized drive amplitude g ¼ α=
ffiffiffi
γ

p ¼ iΩ=γ

and the normalization constant D ¼ P
N
r¼0

�
Nþrþ1
2rþ1

�
×

ðr!Þ2jgj−2r. Using the steady-state solution from Eq. (2),
we now calculate the scattered photon rates, providing initial
insight into the system’s dynamics and photon bunching
behavior.
Scattered field—The average photon rate in the reflected

and transmitted directions is given by n̄ref ¼ haL†outaLouti and
n̄trans ¼ haR†outaRouti, respectively. The scattered photon rate
comprises phase-coherent components n̄ref;coh ¼ jhaLoutij2

and n̄trans;coh ¼ jhaRoutij2, with the remaining phase-
incoherent components given by n̄ref=trans;inc ¼
n̄ref=trans − n̄ref=trans;coh. The scattered phase-incoherent pho-
tons, attributed to spontaneous emission, are equal in the
reflected and transmitted directions, n̄ref;inc ¼ n̄trans;inc, due
to the symmetry of emission into the waveguide. When
weakly driven, jgj ≪ 1, the atoms collectively oscillate
coherently with a phase opposite to the input drive, leading
to near-perfect reflection and effectively canceling the
transmitted field [54], as in the single-atom case
[14,24,26,27,29,31,49–53]. Notably, in this regime, the
transmission is predominantly incoherent and is given
by [54]

n̄trans ≈ n̄trans;inc ¼ γjgj2ðNþ1Þ N þ 1

ðN!Þ2 þOðjgj2ðNþ2ÞÞ; ð3Þ

which is proportional to the incoming rate of (N þ 1)-
photon states from the Poissonian drive. The scaling in
Eq. (3) reveals that transmission requires driving the atomic
system with sufficient photons to excite all N atoms. This
behavior can be understood through two perspectives: (i) N
atoms can coherently reflect Fock states of up toN photons,
while states with N þ 1 or more photons enable incoherent
transmission. (ii) Although the average drive amplitude is
in the linear regime, amplitude fluctuations occasionally
probe the atomic nonlinearity.
Moreover, in the weak-drive regime, the probability

density for simultaneous detection of n transmitted photons
is proportional to the zero-time n th-order correlation
function [54,63]:

GðnÞ
transð0Þ ¼

8
><

>:

γnjgj2ðNþ1Þ
�
Nþn
2n−1

�h
ðn−1Þ!
N!

i
2

if n ≤ N þ 1;

γnjgj2n
�
n−1
N

�
2

if n > N þ 1:

ð4Þ

For n ≤ N þ 1, GðnÞ
transð0Þ scales as jgj2ðNþ1Þ, matching the

probability density of simultaneously detecting N þ 1
photons from the drive. In contrast, for n > N þ 1, the n
th-order correlation function of both the transmitted field
and input drive scale as jgj2n. This scaling highlights that
transmission is a process unlocked by at least N þ 1 input
photons from the drive. While transmission events are rare
in the weak driving regime, the second-order coherence

function gð2Þtransð0Þ ¼ Gð2Þ
transð0Þ=½Gð1Þ

transð0Þ�2 ∝ jgj−2ðNþ1Þ ≫ 1
reveals superbunched [49] transmission when it occurs. To
further understand this (N þ 1)-photon transmission proc-
ess, we next examine the atomic system’s quantum state
conditioned on transmission.
Conditional atomic state—When conditioning the steady

state from Eq. (2) on detecting a transmitted photon, we
obtain the maximally mixed state

FIG. 1. N identical atoms, modeled as two-level systems,
coupled to a waveguide. The atoms are spaced apart by wave-
length distance λ and decay to the left- and right-propagating
fields with spontaneous emission rate γ. The operator aLin refers to
the annihilation operator of the incoming coherent drive from the
left, and aR=Lout is the operator of the outgoing field propagating
toward the right or left. The eyes in the two corners represent
photon detectors.
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ρc ¼
aRoutρa

R†
out

haR†outaRouti
¼ INþ1

N þ 1
: ð5Þ

In the strong driving regime, jgj ≫ 1, the conditional state
in Eq. (5), to leading order, coincides with the steady state
in Eq. (2), as the drive saturates the atomic system and
photon detections have a negligible effect on the state.
However, the conditional state in Eq. (5) is independent of
the normalized drive amplitude g. This raises the question
of how to understand this state in the weak driving regime,
jgj ≪ 1, where the steady state is close to the ground state.
In this regime, while the probability of detecting a trans-
mitted photon is small, proportional to jgj2ðNþ1Þ, when such
a photon is detected, Eq. (5) tells us that the atomic system
has an average of N=2 excitations. This can be understood
by highlighting the fact that we are conditioning on
detecting any transmitted photon. Transmission occurs
only in bunches, as seen from Eqs. (3) and (4), following
the collective excitation of all atoms, and each photon in the
bunch could have been emitted from any excitation level of
the system. This lack of information about which excitation
level the transmitted photon was emitted from leads to
maximal uncertainty in the atomic state.
To determine the atomic state after a specific transmitted

click, we turn to the normalized no-click master equation, a
master equation with removed jump and click terms
describing the system evolution between detection events
[54,64–66]. In the weak driving regime, the photon
scattering rate is small, justifying the study of the no-click
master equation. First, we consider the evolution described
in Eq. (1) without transmitted clicks by removing the term
aRoutρa

R†
out. When we condition the steady state of this no-

click evolution on an inevitable transmitted detection, we
obtain the atomic state after the first transmitted click in a
photon bunch. Using jkiex to denote the state with k excited
atoms, this first-click state is given by [54]

ρfirstc ¼
XN

k¼0

1

2N−kð2 − 2−NÞ jkihkjex: ð6Þ

Notably, the state in Eq. (6) follows an N-truncated geo-
metric distribution, arising from the possibility of N − k
reflected photons preceding the first transmitted photon.
This distribution is consistent with all incoherent scattering
events involving N þ 1 photons, each having an equal 1=2
probability of transmission or reflection. The highest
probability corresponds to the fully excited state, i.e.,
k ¼ N, occurring when the first photon is transmitted,
and decreases by half with each additional previously
reflected photon. The geometric distribution reveals that
transmission originates from the fully excited state. We,
thus, consider Eq. (1) without both reflected and transmitted
clicks by removing the jump terms aLoutρa

L†
out and aRoutρa

R†
out.

Indeed, conditioning the steady state of this no-click

evolution on an inevitable transmitted detection yields the
fully excited atomic state jNiex, confirming that trans-
mission occurs through a process where all N atoms are
excited.
Timescales—Having established that transmission is a

multiphoton process, enabled when (N þ 1) or more
photons scatter off the atoms, we now make this picture
more quantitative by defining the timescale T in within
which these photons must arrive to enable this trans-
mission. In the weak-drive regime, transmission is domi-
nated by the incoming rate of N þ 1 photons, as shown in
Eq. (3). Incoming photons follow a Poisson distribution,
and under weak driving, the probability of N þ 1 photons
arriving within time T in is ðγjgj2T inÞNþ1=ðN þ 1Þ!. These
incoming photons yield ðN þ 1Þ=2 transmitted photons, as
they can be either reflected or transmitted, resulting in an
average transmission rate of ðγjgj2ÞNþ1TN

in=ð2N!Þ [54]. By
equating this rate with the transmission rate from Eq. (3),
we arrive at

T in ¼
1

γ

�
2ðN þ 1Þ

N!

�
1=N

: ð7Þ

Equation (7) shows that, with increasing N, more input
photons are required within a shorter time frame to trigger
transmission. For large N, T in is lower bounded by e=ðγNÞ,
qualitatively agreeing with the increasing collective cou-
pling of the atomic system.
The second relevant timescale, Tout, characterizes the

relaxation of an excited atomic state. From the fully excited
state jNiex, the atomic system undergoes cascaded emis-
sion from jkiex to jk − 1iex at rates Γk ¼ 2γhkjSþS−jkiex ¼
2γðN − kþ 1Þk until reaching the ground state j0iex. This
process forms a continuous-time absorbing Markov chain
with N þ 1 states, where decay times between adjacent
states follow exponential distributions with rates Γk. The
total relaxation time follows a hypoexponential distribution
[67–69], which is the sum of independent exponential
random variables, with rate parameters ΓN;…;Γ1.
Crucially, this statistical framework enables calculation
of the p th relaxation time quantile, Tout;p, defined as
the time by which the atomic system reaches the ground
state with probability p. Additionally, the average relaxa-
tion time [5,54] is given by Tout;avg ¼

P
N
k¼1ð1=ΓkÞ ¼

½HN=γðN þ 1Þ�, where HN is the N th harmonic number.
The asymptotic limit for large N is lnðNÞ=ðγNÞ, character-
istic of superradiant collective spontaneous emission [5].
With these timescales established, we now turn to photon
detection statistics obtained by numerical simulations.
Photon detection statistics—The master equation in

Eq. (1) is simulated using Monte Carlo trajectory evolution
[64,70], with the output operators aR=Lout corresponding to
photon detection in the transmitted and reflected fields
according to Fig. 1. Here, we present results for N ¼ 3
atoms, while results for N ¼ 1 and 2 atoms can be found in

PHYSICAL REVIEW LETTERS 136, 250803 (2026)

250803-3



Fig. 4 in End Matter. For our analysis, a photon bunch is
defined by the number of clicks in the reflected and
transmitted fields within a bunching time Tout after, and
including, the first transmitted click. Figure 2 shows the
probability of obtaining a photon bunch of a given size
versus the effective drive amplitudeΩ=ðγ ffiffiffiffi

N
p Þ, demonstrat-

ing that different definitions of the first transmitted click
yield different photon bunching statistics.
In Fig. 2(a), we employ a simple counting method where

every transmitted photon is treated as a first click, effec-
tively recounting photons that belong to the same bunching
event. In the weak-drive regime, we detect the mixed state
as predicted in Eq. (5); however, for larger drive strengths,
most of the detected photons originate directly from the
coherent drive and bunches typically contain more than five

photons. In Fig. 2(b), we instead define the first transmitted
click as a transmitted detection preceded by no other
transmitted photons within the characteristic timescale
T in. In the weak-drive regime, the bunching probabilities
approach the truncated geometric distribution, as predicted
in Eq. (6).
In Fig. 2(c), we define the first transmitted click as a

transmitted detection preceded by neither transmitted nor
reflected photons during the time T in. In the weak-drive
regime, we approach exclusively (N þ 1)-photon bunches,
as predicted by the no-click master equation. The analytical
prediction for a k-photon bunch probability [54], plotted in
Fig. 2(c), is given by

pðkÞ ¼
Xk−N−1

i¼0

PrðY ¼ k − iÞ PrðZ ¼ iÞ; ð8Þ

where k ≥ N þ 1. The random variable Y, representing the
initial photons that trigger transmission, follows an N-
truncated Poisson distribution, while Z, accounting for
additional input photons arriving during the emission
process, follows a Poisson distribution. The summation
in Eq. (8) captures all possible combinations of initial and
additional photons that result in a k-photon bunch. For
example, an (N þ 2)-photon bunch arises from either N þ
2 initial photons with no additional arrivals or N þ 1 initial
photons plus one additional arrival. The random variables Y
and Z have the parameters jαj2T̂ in and jαj2T̂out, respec-
tively, where the timescales T̂ in and T̂out are obtained by
fitting Eq. (8) to the simulation data. Interestingly, while
these fitted timescales are systematically found to be
shorter than those used to define photon bunches in the
simulations [54], the analytical prediction of Eq. (8),
nonetheless, shows excellent agreement with the numerical
data in Fig. 2(c), even at intermediate and strong drive. In
the weak driving regime, the probability of obtaining an
(N þ 1)-photon bunch from Eq. (8) can be approximated
by pðN þ 1Þ ¼ e−Ω

2T̂out=γ, which represents the heralding
efficiency and shows an exponential convergence to
(N þ 1)-photon bunches [54].
Applications—Naturally, our simple setup enables multi-

photon state generation and entanglement distribution,
heralded by the detection of the first transmitted photon.
Specifically, the bidirectional spontaneous emission from
fully excited atoms produces an entangled two-mode bino-

mial state [71], jψbi¼
P

N
k¼0

h�
N
k

�
2−N

i
1=2jk;N−kiL;R,

between the left and right propagating modes. Figure 3
shows the fidelity hψbjϱoutjψbi between the caught output
state ϱout and the binomial state versus the effective drive
amplitude Ω=ðγ ffiffiffiffi

N
p Þ for up to eight atoms. Following

[72,73], we catch the output state by filtering with the
optimal output mode shape corresponding to fully excited
atoms decaying without drive. As shown in Fig. 3, the
fidelity decreases with increased drive amplitude, as atomic

(a)

(c)

(b)

FIG. 2. Bunching probability versus effective drive amplitude
Ω=ðγ ffiffiffiffi

N
p Þ, with N ¼ 3 atoms, γ ¼ 1, T in ¼ 1.10 according to

Eq. (7), and Tout ¼ Tout;99% ¼ 1.30. The circles show simulation
results, and different colors represent different photon bunch
sizes. The insets display the average atomic state populations,
conditioned on the first transmitted click, for the simulations with
the weakest drive strength. For stronger drive strengths, the
probabilities sum to less than one as the curves for larger-sized
bunches are omitted. (a) All transmitted photons are counted as
first clicks; i.e., clicks are recounted. (b) The first transmitted
click is defined as a transmitted detection preceded by no other
transmitted photons during the time T in. (c) The first transmitted
click is defined as a transmitted detection preceded by neither
transmitted nor reflected photons during the time T in. The dash-
dotted lines represent analytical predictions from Eq. (8) with the
fitted timescales T̂ in ¼ 0.37 and T̂out ¼ 0.93.
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emission is superposed with the coherent drive. In the weak-
drive regime of interest, however, the fidelity is essentially
unchanged from the zero-drive case. Furthermore, lower
fidelities correspond to higher atom numbers, as nonlinear
decay generates multimode output states. Nevertheless, the
optimal mode captures at least 90% of the output photons for
up to eight atoms [8], and, if we capture all or multiple
temporal modes, the fidelity in Fig. 3 would approach unity
for the zero-drive case. Moreover, placing a mirror at an
appropriate distance from the atoms in the transmitted
direction [74] channels all N photons to propagate in a
single direction. This enables applications in quantum
metrology for quantum-enhanced phase measurements
[7–9] and quantum lithography to beat the diffraction limit
[12,13].
Discussion—In summary, we have demonstrated that

coherently driven atoms in a waveguide generate super-
bunched light, with the first transmitted photon heralding
the atoms in a fully excited state. In a wider scope, by
applying the no-click master equation, we reveal the
multiphoton emission mechanisms which enable a novel
route to heralded multiphoton state generation. While we
initially envision experimental setups with a few to tens of
atoms, the validity of the Markov approximation on photon
bunching for larger systems warrants future investigation.
Additionally, we plan to study how imperfections in
realistic setups like dephasing, detuning, anharmonicity
in transmon systems, and detector inefficiencies affect
photon bunching robustness.
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FIG. 4. Bunching probability versus effective drive amplitude Ω=ðγ ffiffiffiffi
N

p Þ. The left (right) panel corresponds to N ¼ 2ð1Þ atoms, with
the simulation parameters γ ¼ 1, T in ¼ 1.70, Tout ¼ Tout;99% ¼ 1.66 and γ ¼ 1, T in ¼ 4, Tout ¼ Tout;99.9% ¼ 3.45, respectively. The
circles show simulation results, and different colors represent different photon bunch sizes. The insets display the average atomic state
populations, conditioned on the first transmitted click, for the simulations with the weakest drive strength. For stronger drive strengths,
the probabilities sum to less than one as the curves for larger-sized bunches are omitted. (a),(d) All transmitted photons are counted as
first clicks; i.e., clicks are recounted. (b),(e) The first transmitted click is defined as a transmitted detection preceded by no other
transmitted photons during the time T in. (c),(f) The first transmitted click is defined as a transmitted detection preceded by neither
transmitted nor reflected photons during the time T in. The dash-dotted lines represent analytical predictions from Eq. (8) with the fitted
timescales T̂ in ¼ 0.83 and T̂out ¼ 1.05 for the left panel and T̂ in ¼ 2.58 and T̂out ¼ 1.80 for the right panel.
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