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Subnatural-linewidth single photons are of vital importance in quantum optics and quantum information science.

According to previous research, it appears difficult to utilize resonance fluorescence to generate single photons

with subnatural linewidth. Here we propose a universally applicable approach to generate fluorescent single pho-

tons with subnatural linewidth, which can be implemented based on A-shape and similar energy structures.
Further, the general condition to obtain fluorescent single photons with subnatural linewidth is revealed.
The single-photon linewidth can be easily manipulated over a broad range by external fields, which can be several
orders of magnitude smaller than the natural linewidth. Our study can be easily implemented in various physical

platforms with current experimental techniques and will significantly facilitate the research on the quantum

nature of resonance fluorescence and the technologies in quantum information science.
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1. INTRODUCTION

Single-photon character of light means a special antibunching
quantum nature indicated by the normalized second-order cor-
relation function ¢ (0) = 0, which is of crucial importance in
quantum communications [1,2] and optical quantum comput-
ing [3,4]. It is a requirement for a single-photon source and
may be required for single modes of a multiphoton source,
e.g., an entangled two-photon source. Fortunately, the simple
resonance fluorescence from a single emitter, including atoms
[5,6] and various atom-like systems [7-9], satisfies the perfect
single-photon character. Naturally, fluorescent photons have
always been a fundamental element in the fields of quantum
optics, photonics, and quantum information science.

The conversion of the quantum state between flying pho-
tonic and stationary qubits is the basic physical process for
quantum information storage and processing and is therefore
crucial for long-distance quantum communications [10] and
quantum networks [11,12]. To achieve efficient interfaces be-
tween photons and atoms, the photons are required to have a
bandwidth smaller than the linewidth of atomic transitions
[13-16]. In recent years, research on subnatural-linewidth pho-
tons based on atoms and quantum dots has received tremen-
dous attention and gained significant progress [13,15-20].

However, it was recently demonstrated in Refs. [21-23] that
for the resonance fluorescence from a two-level system, a single-
photon character and subnatural linewidth cannot be satisfied
simultaneously, which means that fluorescent single photons
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cannot have subnatural linewidth. These studies reveal a pre-
viously neglected point that the individual spectral analyzer or
interferometer can only measure the properties of main fluo-
rescent components but cannot faithfully reflect the nature
of fluorescent single photons. Alternatively, the measurement
scheme of adding a filter in front of the Hanbury Brown—
Twiss (HBT) setup can be used to estimate the linewidth of
single photons. According to Refs. [21-23], the perfect sin-
gle-photon character of fluorescence can account for the de-
structive interference between the coherent and incoherent
components. It is demonstrated that the spectral filtering with
a bandwidth approaching the natural linewidth of emitter can
significantly spoil the single-photon character of fluorescence
due to the partial loss in the incoherent component. When
most fluorescent components are focused on an ultranarrow
coherent peak [16,17], the conclusions above remain valid
[21-23], which can be demonstrated by the destruction of a
single-photon response on the detector. Consequently, the line-
width of fluorescent single photons appears to be limited by the
natural linewidth of an emitter. A natural question is whether it
is possible to generate subnatural-linewidth single photons
based on resonance fluorescence.

Here, we propose a universally applicable approach to gen-
erate single photons with subnatural linewidth using an atom or
atom-like system. Specifically, we introduce a quantum emitter
with a long-period transition loop, as shown in Fig. 1(a). We
find that all the spectral components of fluorescence radiated by
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the emitter can be focused on a bandwidth that is smaller than
the natural linewidth. Therefore, subnatural-linewidth single
photons are achieved. Besides, the linewidth of single photons
can be easily manipulated over a broad range by varying the
intensities of external fields. Thereby, the single-photon line-
width several orders of magnitude smaller than the natural
linewidth can also be readily obtained. Noteworthily, we also
reveal the general condition to generate single photons with
subnatural linewidth utilizing an atom or atom-like system that
is the successive emission process of the target single photons
totally dominated by the transition loop with a metastable state.
This condition can be satisfied in various physical systems with
A-shape and similar energy structures, which exhibits the high
experimental feasibility of our proposed approach.

2. SUBNATURAL-LINEWIDTH SINGLE PHOTONS

A. Emitter and Detector Model

As shown in Fig. 1(a), a closed A-shape system is considered as
the quantum emitter, where the transition |g)<>|e) is driven by
a laser field F1, and the transition |g)«>|a) is driven by another
coherent field F2. A transition loop composed of the transitions
lg) = |e)em§>m|a) and |2) — |g) is constructed in the emitter
by these two external fields. The fluorescence from the transi-
tion |e) — |a) is collected by the detector, which comprises a
standard HBT setup and a spectral filter inserted between the
emitter and the HBT setup. The detector is used to test
whether subnatural-linewidth single photons are generated
[21,23]. In the rotating frame at the driving frequencies, the
Hamiltonian of the system consisting of the emitter and detec-
tor shown in Fig. 1(a) is given by

H=A,, +A0,+Ass
+ (Qo,, + Q.0,, + go,,5 + Ho0). (1)

Here the detector is modeled by a quantized harmonic oscil-
lator with bosonic annihilation operator s. A, and A, (A))

Fig. 1. (a) Schematic diagram of the emitter and the detection
setup. On the left is a A-shape emitter including ground states |g)
and |#), and excited state |e). The transitions |g)<>|e) and |g) < |a) are
driven by the external fields F1 and F2, respectively. Fluorescent pho-
tons emitted from the transition |¢) — |4) are collected by an HBT
setup. Moreover, a spectral filter (SF) is inserted between the emitter
and the HBT setup, and thus the filtering frequency and bandwidth
determine the detection frequency and bandwidth, respectively.
(b) Schematic diagram of the effective level system of the emitter
in (a) in the weak excitation regime.

represent the frequency detunings between the transitions
|g)>|e) and |g)<>|a) (detector) and the external fields.
Without loss of generality, we set A, = A, = A, = 0 for sim-
plicity. Q and Q,, respectively, represent the Rabi frequencies of
the external fields F1 and F2. g is the coupling coefficient be-
tween the detector and the detected transition |e) — |a).
Therefore, the evolution of the combined system composed
of the emitter and detector is governed by the master equation

p = -ilH,p]+ 11 Dloglp + r.Dlo.lp + «Dfslp,  (2)

where Dlo]p = opo” -1 poo - Lo"op is the Lindblad superoper-
ator. y; and y, represent the natural linewidths of the decays
le) = |g) and |¢) — |a), respectively. The detection bandwidth
k and its inverse reflect the frequency and time resolutions of
detector, respectively, so that the constraints imposed by the
uncertainty principle on the detection process are included
in a self-consistent way.

B. Effective Level System of the Emitter

In the limit of the vanishing coupling between the emitter and
detector (i.e., g = 0), the detector can be regarded as a passive
object [22,24]. Therefore, it is beneficial to study the nature of
the emitter before considering the detection response for this
quantum source. In the weak excitation regime of the emitter
(i.e., Q,Q, < y,,7,), the evolution rate of the excited state is
much greater than that of the ground states. Therefore, the ex-
cited state can be adiabatically eliminated, which induces effec-
tive decays between the ground states, i.c.,

Eeffﬂg = },T D[Ggg]pg + }/5 D[Gag]pg' (3)

The first term denotes the dephasing of the state |g), and the
second term denotes the effective decay |g) — |a) (see
Appendix A for details). The effective linewidths satisfy

yr = 4rilQ?

Lo+
with i = 1, 2, which can be reduced to y* = |Q|?/y with
r1n=72=7-

Therefore, the emitter in Fig. 1(a) can be regarded as an
effective two-level system driven by a coherent field, as shown
in Fig. 1(b). The effective decay |g) — |4) corresponds to a
two-photon process in the original level system, where the
emitter absorbs the first photon by the transition |g) — |e)
driven by the laser, and subsequently emits the second photon
by the spontancous decay |¢) — |2). Remarkably, different
from the normal two-level system, the linewidth of the effective
two-level system is determined by the ratio of the laser intensity
to the emitter’s natural linewidth and thus can be set artificially.

4)

C. Spectral Property of Fluorescent Photons

The intensity of fluorescence from the transition |e) — |a)
in the steady-state limit is determined by the steady-state
population of the excited state (o) = 2Q2Q2/(Q* +
202277 + Q% +2Q?)) (see Appendix B). The corre-
sponding fluorescence spectrum is described by S, (@,) =
72Re [drlim, o (6,,(£)0,. (¢ + 7)), where 0, = w - w;
denotes the fluorescence frequency in the rotating frame at
the driving frequency @;. One can see from Figs. 2(a)-2(c) that
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different spectral structures are exhibited for different Rabi
frequencies Q,, which can be understood through the effective
two-level system shown in Fig. 1(b). As mentioned above, the
effective decay |g) — |a) corresponds to the two-photon pro-
cess composed of the transition |g) — |¢) driven by laser and
the spontaneous decay |e) — |a). It can be seen that the param-
eters adopted in Figs. 2(a) and 2(c) correspond to the effective
weak excitation regime, i.c., Q, < y*. Therefore, the fluores-
cence spectrum of the effective decay |g) — |4) exhibits a
single-peak structure, whose spectral width is determined by
the effective linewidth y*. Because the laser frequency is con-
stant, the transition |¢) — |4) exhibits the same spectral struc-
ture as that in the effective decay |g) — |2) (see Appendix C
for details).

Similarly, the parameters adopted in Fig. 2(b) correspond to
the effective strong excitation regime, i.c., Q, > y*. Therefore,
the fluorescence spectrum of the effective decay |g) — |2)
exhibits a Mollow-like triplet [25,26], where the spectral widths
of the three peaks depend on y* and the two side peaks
are located at @; +2Q, (the proof is in Appendix C).
Accordingly, the transition |e) — |a) in the original three-level
system exhibits the same Mollow-like triplet (see Appendix C
for details). Note that all of the fluorescent components are al-
most focused on a bandwidth determined by the effective line-
width y* and the sidebands in w; £ 2Q,. This bandwidth is
smaller than the natural linewidth of the emitter and can even
be narrowed arbitrarily by reducing the intensities of the two
external fields, as shown in Fig. 2(c).

D. Statistical Property of Fluorescent Photons
The statistical property of the fluorescence emitted by the
transition |e) — |4) can be reflected by the normalized
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Fig. 2. Fluorescence spectrum (incoherent component) for the tran-
sition [e)«>|a) with Q = 1/4/10y, Q,= 102y in (a), Q = 5 x 1072y,
Q.= 1072y in (b), and Q= 102y, Q,= 107y in (c), respectively.
(d) Normalized second-order correlation of the transition |e¢) — |a)
as a function of delay 7. The red solid line, blue dashed line, and green
dot line correspond to the cases in (a)—(c), respectively. As a contrast,
normalized second-order correlation of two-level system in the weak
excitation regime is shown by black open circles.
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second-order correlation ¢2)(7) = lim,_ o (6., (£)0,,(¢ + 7) -
6,.(t +171)0,(2))/(0,.(t))? as shown in Fig. 2(d). It reveals
that the correlation ¢g!?(7) remains a value very close to zero
even when the delay 7 is significantly larger than the lifetime of
the emitter. In contrast, the normalized second-order correla-
tion function of the two-level system increases rapidly as the
delay increases. This feature of the correlation function can
be understood according to the transition loop indicated in
Fig. 1(a). The emitter is driven from the ground state |g) to
the excited state |¢), and then enters into the ground state
|a) after emitting the first photon from the spontaneous decay
le) = |a). The transitions above can be equivalent to the decay
in the effective two-level system, and the corresponding decay
rate is determined by y*. After a long time determined by Q,,
the emitter is driven from state |#) to state |g). Subsequently,
the emitter can be excited again by the laser and then emit the
second target photon. Consequently, it is understandable that
the correlation function g? () remains zero for a long delay
whose duration is determined by the effective decay rate y*
and the Rabi frequency Q, (the proof is in Appendix D).

E. Detection Response

The single-photon character is the global property of fluores-
cence including all spectral components. According to
Refs. [21,23], a single-photon character can be maintained
when detected only if the bandwidth of the detector (or filter)
is much larger than the linewidth of the fluorescent single pho-
tons, thus including the dominant fluorescent components.
Therefore, to verify the realization of the subnatural linewidth
single photons, we consider the response of the fluorescence
from transition |¢) — |2) on the detector with a certain band-
width, which can be described by the zero-delay two-photon
correlation [24]

S O50s0)
@) = lim ~—~2 22
&7 = fim s

In Fig. 3, we show the correlation ¢(?)(0) as a function of the
detection bandwidth and the intensities of the external fields. It
reveals that when the detection bandwidth approaches the
natural linewidth of the emitter, an excellent single-photon
response for the fluorescence can appear on the detector,

(5)
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Fig. 3. Normalized two-photon correlations of the detector for the
transition |¢) — |2) (a) as a function of k and Q with Q, = Q, and
(b) as a function of k (x/y*), with Q = 107y and thus y* = 1072y.
Normalized two-photon correlation of the detector for the two-level
system in the weak excitation regime is shown as a contrast (black open
circles).
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ie., £9(0) = 0. In contrast, for the fluorescence from a nor-
mal two-level system in the weak excitation regime where the
main fluorescent components are focused on an ultranarrow
coherent peak, the two-photon correlation on the detector de-
viates significantly from zero at the same bandwidth, as shown
in Fig. 3(b), implying the destruction of the single-photon
character of fluorescence [21-23]. According to the earlier dis-
cussion on the spectral and statistical properties of the fluores-
cence from transition |e) — |a), the physical origin of the
excellent single-photon response on the detector can be under-
stood. In the weak excitation regime, almost all the spectral
components of fluorescence are concentrated on a bandwidtch
that is significantly smaller than the natural linewidth of the
emitter. Therefore, when the detection bandwidth approaches
the natural linewidth of the emitter, all spectral components of
the fluorescence are proportionally responded to by the detec-
tor. Accordingly, the perfect single-photon character of the fluo-
rescence is well preserved. In turn, the excellent single-photon
response for the quantum source on the detector also confirms
the previous conclusion that the dominant components of fluo-
rescence are concentrated on a bandwidth significantly smaller
than the natural linewidth of the emitter.

Besides, one can see in Fig. 3(a) that even if the detector
bandwidth is much smaller than the natural linewidth of the
emitter (i.e., kK K ¥), the excellent single-photon response on
the detector can still be maintained by manipulating the exter-
nal fields. Therefore, it can be concluded that the subnatural-
linewidth single photons are achieved. Moreover, the linewidth
of the single photons can be manipulated easily by adjusting the
intensities of external coherent fields, which dramatically facil-
itates the experimental implementation of this single-photon
scheme, and has potential applications in extensive quantum
technology fields.

The detection response can also be understood based on the
effective level system. For a normal two-level system, when the
detection bandwidth is smaller than or approaches the natural
linewidth, the destructive interference between the coherent
and incoherent components of the fluorescence is destroyed be-
cause a fraction of the incoherent component is removed by
filtering [21-23]. Consequently, the single-photon character
is spoiled. Similarly, when the detection bandwidth « is smaller
than or approaches the effective linewidth y* of the effective
level system shown in Fig. 1(b), the single-photon character
of the fluorescence is spoiled, as shown in Fig. 3(b).
According to the earlier discussion, we can infer that only when
k> y* + 4Q, can the single-photon character be maintained.

In addition, according to the effective level system shown in
Fig. 1(b), we see that when Q, ~y* or Q, > y*, the re-exci-
tation rate of the state |g) approaches or exceeds the decay rate
y* at which the photon is emitted by the effective decay
|g) = |a). Therefore, the emitted photons, which are actually
the photons from the decay |¢) — |a), exhibit a clustered tem-
poral distribution [i.e., g2 () > 1], as shown by Fig. 6(b) in
Appendix D. Since the second-order correlation g2)(7) of the
emitter’s transition is linked to the two-photon correlation
29(0) on the detector, this temporal effect of photons is
detected for a proper detection bandwidth, resulting in a

bunching effect in the detector [i.e., g (0) > 1], as shown
by the red solid line in Fig. 3(b) (see Appendix D for details).

3. GENERAL CONDITION FOR GENERATING
SUBNATURAL-LINEWIDTH SINGLE PHOTONS

According to Fig. 1(a), we can see that a long-period transition

loop composed of the transitions |g) — |e)emf>‘on|¢z) and

|a) — |g) exists in the emitter and dominates the successive
emissions from the transition |¢) — |4). Specifically, the emit-
ter in the excited state |e) emits the first photon from the
transition |¢) — |2) and enters into the state |2). Next, the
emitter is driven to the state |¢g) by the coherent field F2,
and then is driven to the excited state |e) by the laser field
F1. Subsequently, the second photon from the transition
le) — |a) is emitted. Noteworthily, this transition loop totally
dominates the successive emissions from the transition
le) — |a) because the probabilities of the other transition loops
are negligible. In addition, due to Q, < y, the state |4) is the
metastable state or the so-called shelving state [27-30], which
can remain for a time much longer than the lifetime of the ex-
cited state. Therefore, the time interval between two successive
photons from the transition |¢) — |a) is sufficiently long com-
pared to the lifetime of the emitter.

According to the Heisenberg uncertainty principle, when
the detection bandwidth « is smaller than the natural linewidth
of the emitter, the indeterminacy in the time resolution of de-
tection 1/k is larger than the natural lifetime of the emitter.
Within a large delay determined by indeterminacy 1/x, the
normalized probability of reemission from the transition
le) — |a) can remain very close to zero, as shown in Fig. 2(c),
so an excellent single-photon response arises on the detector
with a narrow bandwidth.

It is the direct indication of the subnatural-linewidth single
photons to induce an excellent single-photon response on the
detector with a bandwidth approaching or smaller than the
natural linewidth of emitter. In terms of time, the detection
bandwidth x corresponds to the indeterminacy 1/x in time,
and then the decrease of single-photon linewidth means the
increase of the average time interval between single photons.
In fact, in the spectrum of fluorescence (i.e., fluorescent single
photons), the contributions of multiple transition loops may be
included. Among them, the transition loops without a meta-
stable state would contribute to broad spectral components,
leading to the broad linewidth of single photons. Therefore,
we can conclude that the general condition for generating sub-
natural-linewidth single photons is that the successive emission
process of the target photons is totally dominated by the tran-
sition loop with a metastable state. The validity of this condi-
tion is comprehensible by means of the detection response and
can be verified by the various emitter systems shown in
Appendices F and G.

4. SINGLE-PHOTON EMISSION RATE

A. Limit of Single-Photon Emission Rate

The linewidth of a single-photon wavepacket corresponds to
its frequency distribution range Aw. According to the uncer-
tainty relation AwAr > 1, the time distribution range of the



Research Article

single-photon wavepacket satisfies Az > 1/Aw. This means
that if all the frequency components of a single photon are con-
centrated within a width Aw, at most one photon can exist
within the time range 1/Aw. Therefore, for a field satisfying
single-photon statistics, the number of photons per unit time
must satisfy

1
=—< X
’ At‘Aa) (©)

According to Eq. (6), the single-photon linewidth determines
the upper limit of the single-photon emission rate. Therefore,
when the single-photon linewidth is small, the single-photon
emission rate of the emitter would inevitably be small, regard-
less of the type of emitter.

B. Emission Rate of Subnatural-Linewidth Single
Photons

To analyze the emission rate of the subnatural-linewidth single
photons, we first consider the normal two-level system for
comparison. A two-level system is the most general fluorescence
emitter, whose single-photon emission rate can be expressed as

2
#’ )
+8Q%
where ' and Q denote the natural linewidth of the two-level
system and the Rabi frequency of the laser field, respectively. In
the weak excitation regime (i.e., Q7 < I), the single-photon
emission rate is

Is =T

Q7

It = < T (8)
With an increase in Q7, the single-photon emission rate in-
creases and gradually approaches I'. In the strong excitation re-
gime (i.e., Q7 > I), the single-photon emission rate reaches
the maximum value

r

[TLS = 5’ (9)

which is determined by the natural linewidch I

Moreover, we know that when Q7 ~ T, the sidebands in the
fluorescence are not resolved, and thus, the bandwidth of all
fluorescent components (i.e., the linewidth of fluorescent single
photons) is approximately equal to the natural linewidth I". As
shown by the blue dashed line in Fig. 4, the single-photon
emission rate also approaches I' when Q7 ~TI'. Therefore,
we can conclude that for the two-level emitter, the single-
photon emission rate can almost reach the upper limit deter-
mined by the single-photon linewidth according to Eq. (6).

For the emitter shown in Fig. 1(a), the emission rate
Iy =7,(o,,) of the subnatural-linewidth single photons can
be obtained as (see Appendix B)

B 2Q7Q}

T 20227 + Q2 1 200)
For the weak excitation regime we focus on, i.e., Q,Q, <y,
one can understand the emission rate of the subnatural-
linewidth single photons by means of the effective two-level
system similar to that in the previous sections. Specifically,

Eq. (10) can be reduced to a function of the effective linewidth
7* and the Rabi frequency Q, to get

(10)
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Fig. 4. Emission rates of the subnatural-linewidth single photons
(red solid line) and two-level system (blue dashed line) as functions
of the Rabi frequencies Q, and Q7, respectively. In the region with
the blue background, the emission rate of the subnatural-linewidth
single photons almost reaches the upper limit. The inset shows the
ratio of these two single-photon emission rates, providing y* =T

202
Iy =y"———— . 11
Further, in the effective weak excitation regime
(ie., Q, < 7*), the single-photon emission rate is
202
Iy =——<7r*~ (12)

In the effective strong excitation regime (i.e., Q, > y*), the
single-photon emission rate reaches the maximum value

Iy="1, (13)

which is determined by the effective linewidch y*.

One can deduce from Eqs. (11)—(13) and Fig. 4 that the
rules followed by the emission rate of the subnatural-linewidch
single photons are very similar to that in the two-level system,
except that the natural linewidth I" and the Rabi frequency Q7
are replaced by the effective linewidth y* and the Rabi fre-
quency €,. Measured in terms of the actual single-photon
linewidth (i.e., providing y* =T'), the emitter of subnatural-
linewidth single photons we propose has almost the same
emission rate as the most general two-level emitter. For a visual
demonstration, we show the ratio /5 /I1;s as a function of
the Rabi frequency in the inset of Fig. 4. It reveals that in
the (effective) weak excitation regime, the emission rate of the
subnatural-linewidth single photons can reach half of that of
the two-level emitter. As the Rabi frequency increases, the emis-
sion rate of the subnatural-linewidth single photons gradually
reaches the maximum value as that in two-level emitter, as dem-
onstrated in Egs. (9) and (13).

Significantly, similar to the case in the two-level emitter, the
sidebands of the fluorescence are not resolved when Q, ~ y*,
and thus the linewidth of fluorescent single photons is largely
determined by the effective linewidth y*. Besides, the single-
photon emission rate also approaches y* when Q, ~y*, as
shown by the red solid line in the region with blue back-
ground in Fig. 4. Therefore, we can conclude that for the
subnatural-linewidth single photons we propose, the emission
rate can almost reach the upper limit determined by its single-
photon linewidth y*, according to Eq. (6). Moreover, since
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v* = |Q|?/y is determined by the intensity of the external
field, the performance of single photons can be conveniently
manipulated while maintaining the maximum emission rate.

The constraint between the single-photon linewidth and the
emission rate can be understood in terms of the uncertainty
principle followed by single-photon wave packets, as described
in Section 4.A. Besides, this constraint also exhibits in the de-
tection process. The narrow bandwidth « of the detector means
a long response time 1/k. For multiple incident photons occur-
ring within this response time, the detector cannot distinguish
the order of these photons, but consider that they are simulta-
neously incident. Therefore, to ensure the single-photon
response on the detector with a narrow bandwidth, the average
time interval of successive single photons should be much
longer than the response time of the detector, which limits
the number of photons per unit time.

5. PHYSICAL REALIZATION AND DISCUSSION

Various emitters with A or A-like structures can be used to
generate single photons with subnatural linewidth. For in-
stance, as a system extensively investigated and employed in
quantum technologies [31-33], the single ¥ Rb atom loaded
into an optical dipole trap is suitable for the implementation
of our proposed approach. Specifically, the closed hyperfine
transition F, =1 — F, = 0 of the D, line of 87Rb is driven
by a circularly polarized light resonantly, and the transitions
between the ground-state Zeeman sublevels are simultaneously
driven by the magnetic field perpendicular to the direction of
light propagation. Therefore, single photons with subnatural
linewidth can be emitted (see Appendix F for details). In ad-
dition, our approach can be implemented based on the A-level
structure contained in the charged GaAs and InGaAs quantum
dots in a Voigt magnetic field [34,35], where a transition be-
tween an electron-spin ground state (|1) or |])) and trion ex-
cited state (|[L 1) or [L14)) can be driven by a laser resonantly,
and the coherent transition between electron-spin ground states
can be realized by a magnetic field or a stimulated Raman pro-
cess. Both the frequencies and polarizations of the target single
photons and the driving field can be different in our approach.
Therefore, based on the frequency and polarization filtering,
as well as the existing experimental techniques [36], the laser
background can be excluded efficiently to improve the quality
of the single photons.

Noteworthily, the reduction of the linewidth of subnatural-
linewidth single photons is relative to the natural linewidth of a
given emitter. According to the general condition for generating
subnatural-linewidth single photons, our study can be readily
implemented based on various physical systems (e.g., atom,
quantum dot, ion, molecule, and nitrogen-vacancy center),
whose natural linewidths vary over a wide range from MHz
to THz [37]. Therefore, the specific linewidth and emission
rate of the subnatural-linewidth single photons, which depend
on the specific kind of emitter, also vary over wide ranges. For
instance, with the parameters shown in Fig. 2(a), subnatural-
linewidth single photons with a bandwidth of 1/10 natural
linewidth are generated. In this case, if the single-photon
scheme is implemented based on a quantum dot with a typical
natural linewidth on the order of GHz, the linewidth and thus

emission rate of the subnatural-linewidth single photon will be
about 100 MHz, which are significantly larger than the line-
width and emission rate of the single photons emitted by an
atom with a typical natural linewidth on the order of MHz.
Therefore, we can conclude that “subnatural linewidth” does
not denote “narrow linewidth”, but rather breaks the limit im-
posed by natural linewidth on the linewidth of fluorescent sin-
gle photons. In practice, subnatural-linewidth single photons
may have a large linewidth and emission rate.

6. SUMMARY

We propose an approach to focus all the spectral components of
fluorescence on the subnatural linewidth, and thus the single
photons with subnatural linewidth can be emitted under the
premise of inheriting the perfect single-photon character of
fluorescence. Thereby, the limit imposed by the natural line-
width of the emitter’s transition on the linewidth of fluorescent
single photons is broken. Compared to the constant natural
linewidth of an emitter, the single-photon linewidth can be
easily manipulated over a broad range by varying the intensities
of the external fields. Further, we reveal that the general con-
dition to generate single photons with subnatural linewidth us-
ing the atom or atom-like system is that the successive emission
process of the target photons is totally dominated by the tran-
sition loop with a metastable state. Benefiting from this
revelation, this proposed approach can be generalized in various
physical systems with A-shape and similar energy structures.
Since the distribution of single-photon wave packets in time
and frequency must satisfy the uncertainty relation, the upper
limit of the emission rate imposed by the single-photon line-
width is inevitable, both for the conventional single photons
and for the subnatural-linewidth single photons. However, we
demonstrate that the emission rate of the subnatural-linewidth
single photons can reach its theoretical upper limit.

In addition, the single photons with a narrow or even ultra-
narrow linewidth, which have a long coherence time, can also
be obtained by reducing the intensities of external fields. For
the excellent tunability of the single-photon linewidth and
emission rate, it is possible to find the best trade-off between
these parameters according to the requirement in a specific sit-
uation. Consequently, we see that the capability to manipulate
the linewidth and emission rate of single photons in various
atomic and atom-like systems can be significantly enhanced
based on our research. This research will significantly facilitate
the insight into the quantum nature of single photons and res-
onance fluorescence, and has extensive applications in quantum
optics, photonics, and quantum technologies due to the out-
standing performance of subnatural and narrow linewidth sin-
gle photons.

APPENDIX A: EFFECTIVE MOTION EQUATION

In the limit of the vanishing coupling between the emitter
and detector, the detector is included as a passive object in the
motion equation [Eq. (2)], and its backaction on the emitter is
neglected. Therefore, we can separately solve and discuss the
motion equation describing the evolution of the emitter,
that is,
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Po = ~ilH 4,p5) + 11 Dloglps + 72 D[0,]po (A1)

where H, = Qo,, + Q,6,, + H.c is the Hamiltonian of the
emitter, and p, represents the reduced density matrix of the
emitter. Moreover, in the weak excitation regime of the emitter
(e, Q,Q, <y;,72), the excited state can be adiabatically
eliminated using the second-order perturbation theory.
Specifically, the motion equations associated with the excited
state are

. 71, 72 . .
Pee = _<7 + E)pee - lgpgf + lpfgg*’

. 4 14 ) . .
peg = _<_l + _2>ptg + ngff - lngg + lmerl

2 2
. /4 14 . .
Pea =~ <51 + 52) Pea = 1Pgq + P82, (A2)
where p,,, = (6,,,) with m, n = g, a, e. Setting the left side of

the equal sign of Eq. (A2) to zero to discard the rapid evolution
effect, we can therefore deduce that

2iQ*
Pee(t) ®———p,, (),
¢ rntr ¥
‘O *

2i

e 1)~
Pac(®) 71+ 72
4|1Q|*
polt) ﬁpﬂ@. (A3)

The motion equations of the ground states are

Pag(D),

)bgg = V1Pee + Z'nge + iQrpga - ig*peg - igjptzg’
:bzza =7Y2Pee iQrpgu + ig:pag)
:bga = _ig*pm - igjpm + Z‘prgg' (A4)

Substituting Egs. (A3) into (A4), we obtain the motion equa-
tions containing only the degrees of freedom of the ground
states, which can be equivalently written in Lindblad form as

:bg = _i[HT:pg] + ﬁeffpg) (A5)

with Hamiltonian /7 = Q,6,, + H.c and the term L gp, de-
noting the effective decays obtained from the adiabatic elimina-
tion of the excited state Lgp, = ¥ Dloglp, + 73 Dloylp,-
Effective linewidths satisfy yF = 4y,|Q|*/(y1 + 7,)* with
i=1,2.

APPENDIX B: STEADY-STATE SOLUTION
OF THE EMITTER

By solving Eq. (Al) under steady-state conditions, we get
the analytical solutions of the density matrix elements of the
emitter as

Q2 + Q4207

Peg M ’
B Qf + Q2(2y% - Q% +2Q2)
pﬂﬂ = M >
L2020 _2iQQ;7
Pee = M > pge - M >
-Q3Q, +2Q03 -iyQ2Q
I A —_ , 5 = , B1
Pae o Pya i (B1)
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where M = Q* 4+ 2Q2(2y* + Q> + 2Q2?). Note that we as-
sume y; =y, =y for simplicity. It can be seen that when
the coherent field F2 is removed, the state |2) becomes a dark
state on which all the populations are focused.

APPENDIX C: DETAILED SOLUTION TO THE
SINGLE-PHOTON SPECTRUM

The steady-state fluorescence spectrum for the transition
le) = |a) in the far-field zone is given by

S(@) = 7oRe / " delim (0, (ot + D)7, (C1)
0 11— 00

with @, = @ - @;. According to the quantum regression theo-
rem [38,39], the evolution of (s,,(¢)5,,,(t + 7)) with 7 and the
evolution of the density matrix element p,,,,,(¢) of the emitter with
¢ obey the same equation. Therefore, according to the master
[Eq. (A1)] and the definition Y,,,(7) = (0,,(¢)0,,,(t + 7)),

we can obtain
aTYgg(T) =71 Yee(‘[) + iQYeg(T) - iQF Yge(r)
+ igr Yzzg(r) - Zg;k Ygzz(T)’
a‘r Yzzg(r) = _ZQ: Yaa(T) - ZQ* Yae(T) + lgf Ygg(T)’
7 /4 O %
aT Yeg(r) = - (zl + ?2> Yeg(r) - iQ Yee(T)
+ 1Q"Y (o (7) - iQ] Y ,,(2),
arYga(T) = iQYm(T) + iQrYaa(T) - iQrYgg(T)’
aTYﬂﬂ(T) =72 Yee(T) - Z'Q,,Yﬂg(’l') + le Ygu(T)’

0.Y () = - (y; - y;) Y ool®) + 197 Y 1, () - 12,V (0),

Y1, 72 .
0.V (7) = - (2 + 2> Y (7) +iQY,(7)

- QY (o (1) + 12, Y . (7),

0.Y.lx) = - (% + %) Y1e(2) = 1QY 1 () + 121V (1),

a‘[ Yee(r) = _(}/1 + 7/2) Yee(T) - iQYeg(T) + iQ* Yge(r)' (C2)

Due to Y,,,(0) = (0,,(t)6,,,(t)), we obtain the nonzero
initial values of Y,,(0) in the limit # - oo as

Y5 (0) = Pye Y 0a(0) = D> Y(0) = P, (CI)

where p,,, is the steady-state density matrix element in
Eq. (B1). We next introduce the Laplace transform of the cor-
relation Y ,,,(7) as

Y, (s) = / :’df Y, (2)e, (C4)

with s = -iw,. By performing the Laplace transform on
Eq. (C2), we can obtain a set of linear equations about Y, (s).
Based on this set of equations and Eq. (C1), the solution of the
steady-state fluorescence spectrum can be obtained.

Consistent with the discussion in the main text, we focus on
the weak excitation regime, i.e., Q, Q, < yy,7,. In the effective
weak excitation regime (i.e., , < y*), the analytical expres-
sion of the fluorescence spectrum can be obtained by the
perturbation method as
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St (@) = $(w) + 53 (w) + 53 (w,).  (CS)

Here §¢“(w,) represents the coherent component of the fluo-
rescence and is given by

SE@,) = 71pael*o(@)).

S¢”(w,) represents the incoherent component with a narrow
linewidth of the fluorescence and is given by

(C6)

_iﬁgfgz + ﬁﬂe}/gr }’*
Q w? + 2

$i(@,) = (C7)
S7¥(w,) represents the incoherent component with a broad
linewidth of the fluorescence and is given by

1 21'/3g393 yz —w?

RIS

S(w,) = -p,, Q0 -

b s ae r 2 2

w; +y 4
It can be obtained that the ratio between the intensities

of the incoherent components with broad and narrow line-

widths is

©dw Sew (oXd
Ies -2 (c9)
Jado Sy y
which is much less than 1. Therefore, the incoherent compo-
nent with a broad linewidth is ignorable, and the analytical ex-
pression of the fluorescence spectrum is reduced as

Sed (@) = S(w) + S (@), (C10)

which is in good agreement with the exact numerical result ac-
cording to Figs. 5(a) and 5(c). We see that the fluorescence
spectrum exhibits a single-peak structure whose spectral width
determined by y* is significantly smaller than the natural line-
width of the emitter 7.

In the effective strong excitation regime (i.e., Q, > y*), the
analytical expression of the fluorescence spectrum can be ob-
tained as

Selw,) = S¢(w) + S3(@,) + 55 (o). (C11)

Here 8% (w,) represents the coherent component of the fluo-
rescence and is given by

SE(@,) = 71Pael*d(@;).

S%(w,) represents the incoherent component with a narrow
linewidth of the fluorescence and is given by

(C12)

* *

2y 4
wxz + y*Z (w: - 2Qr)2 + y*Z

i
S;:(w:) = _4pgeQ<

y*
+ (@ 1200 1 y*2>' (C13)

S%(w,) represents the incoherent component with a broad line-
width and is given by

1
o7 + 7%
It can also be obtained that the ratio between the intensities

of the incoherent components with broad and narrow line-
widths is

st(wf) = _ﬁaeggr (C14)

J2dw,S¢ _ Q2 - 202
[Eda, Sy 2y?
which is much less than 1. Therefore, the incoherent compo-

nent with a broad linewidth is ignorable, and the analytical ex-
pression of the fluorescence spectrum is reduced to

Sealw) = 5 (w) + 57 (w)), (C16)

which is in good agreement with the exact numerical result ac-
cording to Fig. 5(b). We see that the fluorescence spectrum
exhibits a Mollow-like triplet [25,26]. The spectral width of
each peak also depends on the effective linewidth y*, and thus
is smaller than the natural linewidth y of the emitter. Moreover,
since the two sidebands arise at frequencies @; £ 2Q,, one can
infer that all the spectral components of fluorescence are con-
centrated in a bandwidth of 4Q,, which is smaller than the
natural linewidth of the emitter, as shown in Fig. 5(b).

, (C15)

APPENDIX D: DETAILED SOLUTION AND
EVOLUTION OF THE PHOTONIC STATISTICAL
CORRELATION
In the weak excitation regime, the analytical expression of the
normalized second-order correlation g2 (7) can be obtained ac-
cording to the quantum regression theorem as

Q*-2Q .
-———— sin(2Q,7)e 7,

22(1) = 1 - cos(2Q,7)e " 270

r (D1)

which is in good agreement with the exact numerical result
according to Fig. 6(b). We can see from Eq. (D1) that the time
evolution of the second-order correlation ¢2)(z) depends on
the effective linewidth y* and Rabi frequency €, of the
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Fig. 5. Comparison of analytical and numerical results of fluorescence spectrum. The analysis results (solid line) of the fluorescence spectrum
(incoherent component) according to Eq. (26) in (a) and (c) and Eq. (32) in (b) are compared to the numerical results (dotted line) to verify the
accuracy of the theory in this section. The parameters applied in (a)—(c) are the same as that in Figs. 2(a)-2(c), respectively.
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Fig. 6. (a) Comparison of the analytical and numerical results of the
correlation function g2 (7). The analytical results (solid circles) of the
correlation function according to Eq. (36) are compared to the
numerical results shown in Fig. 2(d) to verify the accuracy of the
theory in this section. (b) Evolution of g2 (7) over a time scale greater

than y*7! with Q = 107!y and thus y* = 107%y.

coherent field F2, both of which are determined by the external
coherent fields and thus can be easily manipulated experimen-
tally. In contrast, in the same parameter regime, the second-
order correlation function of a normal two-level system
li.e., g(zg) (r)=(01- e’gf)z] depends entirely on the natural line-
width T', which cannot be modified arbitrarily.

In addition, we see from Fig. 6(b) that under the effective
weak excitation regime (i.e., Q, < 7*), g2 (z) is maintained
once it rises from 0 to 1. However, when Q, ~ y* or Q, > y*,
the evolution of g2 () exhibits a damped oscillation described
by Q, and y* with the maximum amplitude exceeding 1, which
is similar to the performance of a two-level system that is close
to or in the strong excitation regime. This effect can be under-
stood using the effective decay described in Section 2.B. The
A-shape system considered here can be regarded as an effective
two-level system shown in Fig. 1(b), which is driven by a co-
herent field with the Rabi frequency Q, and the effective decay
rate is y*. As stated in Section 2.B, the decay |¢) — |#) inherits
the property of the effective decay |g) — |a). After a photon is
emitted from the effective decay |g) — |a), this effective tran-
sition will be re-excited to the state |¢) by F2 at the rate Q,.
When Q, ~y* or Q, > y*, the re-excitation rate of the
state |g) approaches or exceeds the decay rate y* at which
the photon is emitted by the effective decay |g) — |a), so
the emitted photons, which are essentially the photons from
the decay |e) — |a), exhibit a clustered temporal distribution
li.e., gﬁ) (z) > 1], as shown in Fig. 6(b). Morcover, the sec-
ond-order correlation ¢'?)(7) of the emitter’s transition is linked
to the two-photon correlation ¢ (0) on the detection setup
through convolution with the response function. Therefore,
when the detection response time is in a proper region, this
temporal effect of photons is detected, resulting in a bunching
effect in the detection setup, as shown in Fig. 3(b).

APPENDIX E: EFFECTS OF NONRESONANT
PUMPING ON SINGLE PHOTONS

In the main text, we considered the case where the laser F1
resonantly drives the transition |g)<e), ie., A, =0. To
understand the effect of laser detuning on subnatural-linewidch
single photons, we next investigate the case of A, #0.
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Therefore, the Hamiltonian of the emitter in the motion ex-
pression in Eq. (Al) is given by

H,= Ao, + Qo + Q,0,, + Hc (E1)
In  the weak excitaton regime of the emitter
(e, ©,Q, <y,72), the excited state can be adiabatically
eliminated by the similar treatment described in
Appendix A. Therefore, we obtain the motion equations con-
taining only the degrees of freedom of the ground states as

Py = ~iHT,pl + 114 Dlogpe] + 75, Dl04gP,)s (E2)
with
H = Agog, + (Q,0,, + H.o). (E3)

Here y},Dlo,,p,] and v3,Dlo,,p,] denote the effective decays
obtained from the adiabatic elimination of the excited state.
The effective detuning and decay rates are, respectively, given

by

A — 4A,|Q)?
T+ r)? 44T
yr = 4}’1|Q|2
T (4 70)? + 40
4}’2|Q|2
L Ll S E4
4= Gt ra)? 1 482 (B4
which are reduced to
A, 1QJ
Agr = -5
T A
Q|

with y; = y, = y. Therefore, the original A-shape system can
be regarded as an effective two-level system driven by the co-
herent field F2 at the rate Q, with a frequency shift At and
effective decay rate y;. From Eq. (E5), we see that y; decreases
with an increase in the detuning A,.

We show in Fig. 7(a) the fluorescence spectrum of the tran-
sition |¢) — |2) with a significant laser detuning A, = 2y. It
reveals that the position of the peak in the fluorescence spec-
trum has a shift, which originates from the effective detuning
A and is much smaller than the natural linewidth y of the
transition |¢) — |a). Besides, the full width at half maximum
(FWHM) of the fluorescence spectrum decreases compared to
the case of A, = 0 shown in Fig. 2(a), because A, causes a re-
duction in the effective linewidth y according to Eq. (E5).
Therefore, the linewidth of the single photons from the tran-
sition |¢) — |2) can have a narrower linewidth than that at
A, = 0. Consequently, in a detector with a certain bandwidth,
the two-photon response ¢'?(0) at A, # 0 can be smaller than
that at A, = 0, as shown in Fig. 7(b). In addition, we see from
Fig. 7(c) that the emission rate of the single photons decreases
with the increase of A,, but the decrease is slow. In summary,
we can conclude that the laser detuning does not significantly
degrade the quality of the subnatural-linewidth single photons.
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Fig. 7. Fluorescence properties and the detection response of the emission from the transition |¢) — |2) with a detuning A, between the transition
|g)<>|e) and the laser F1. (a) Fluorescence spectrum with A, = 2y, (b) two-photon correlation ¢ (0), and (c) emission rate 7 of the single
photons as a function of A,. The detection bandwidth satisfies k = 0.5y in (b), and the other parameters in (a)—(c) are the same as in Fig. 2(a).

APPENDIX F: GENERALIZATION AND
EXPERIMENTAL FEASIBILITY

According to the discussion in the main text, we know that
various emitters with A or A-like structures can be used to gen-
erate subnatural-linewidth single photons. For instance, as a
system extensively investigated and employed in quantum
technologies [31-33], the single Rb atom loaded into an op-
tical dipole trap is suitable for the implementation of the pro-
posed approach because the closed hyperfine transition F, =
1 - F, =0 of the D, line of ¥Rb has a A-like structure.
Besides, our approach can be implemented based on the
A-shape structure contained in the charged GaAs and
InGaAs quantum dots in a Voigt magnetic field [34,35], where
a transition between an electron-spin ground state (|1) or |]))
and a trion excited state (|L11) or [} 1)) can be driven by a
laser resonantly, and the coherent transition between electron-
spin ground states can be realized by a magnetic field or a
stimulated Raman process.

1. Transition F; = 1 - F, = 0 of D, Line of 3’Rb

We choose the transition F, =1 — F, = 0 of the D, line of
87Rb as the emitter to demonstrate the high experimental fea-
sibility and generalizability of our study. As shown in Fig. 8(a),
the ground hyperfine state F, =1 is composed of three
1,-1),]1,0), and |1,1), and the excited hy-
perfine state /, = 0 is composed of one Zeeman sublevel |0,0).
The transition |1,-1)«|0,0) is driven by a 6" -polarized laser
field E, and we set the quantization axis (z axis) along the di-
rection propagation of the light beam. A static magnetic field
B, perpendicular to the direction of light propagation is ap-
plied to drive the transitions between the ground-state
Zeeman sublevels, whose direction is set along the x axis.
Besides the above magneto-optical system, the transitions be-
tween the ground-state Zeeman sublevels can also be replaced
by an optical scheme, i.e., stimulated Raman processes (not
shown here). The fluorescence emitted from the excited state
to the ground state is collected by a detector, which is modeled
by a quantized harmonic oscillator with bosonic annihilation
operator 5. In the frame rotating at the laser frequency w;
and the rotating wave approximation, the time evolution of
the combined system composed of the emitter and the filter
is governed by the master equation

Zeeman sublevels

1
pr = -ilHwp, )+ Y Y,DlI1,0){0,0]lp, + Dlslp,.  (F1)

i=-1
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Fig. 8. Schematic diagram of generating subnatural-linewidth
single photons based on the transition F, =1— F, =0 of the
D, line of Rb. (a) The level configuration for the transition
F ,=1- F, = 0, where the transitions from the ground and excited
states and between the ground-state Zeeman sublevels are, respectively,
driven by the 6 -polarized laser field (E) and the transverse magnetic
field (B7). Two main long-period transition loops involved in (a) are
exhibited in (b) and (c), which dominate the emission from the
spontaneous decays [0,0) — |1,0) and [0,0) — |1,1), respectively.
(d) Schematic diagram of the effective three-level system of the emitter
in (a) in the weak excitation regime.

Here Y, = Y /3 are the decay rates from excited state |0,0)
to ground state |1,7) with 7 =0, 1, and Y is the natural
linewidth of the transition #, =1 — F, = 0 of the D, line
of ¥Rb. The Hamiltonian of the combined system is

given by

Hyy=Hy+H;+Hg+ Hs. (F2)
H, is the nonperturbed Hamiltonian of the emitter,

Hy = A|F,,m)(F, m,| + H.c, (F3)

where A, is the detuning of the transition |1,-1)<>|0,0)
frequency from the laser. H; represents the laser-atom interac-
tion Hamiltonian,

H[ = ZV"gilF“ me)(Fg’ mg,| + H.c. (F4)
&i
According to the Wigner—Eckart theorem [40-42], the inter-

action energy for the transition |F,, m, ) — |F,,m,) can be
given by
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Vegi = _(Fe’me|d|Fg’mgi) -E
F 1 F,
— Fo-m,+1 e
= (1) <_m€ . )QL, (F5)

where d is the electric dipole operator, Q; = (F,||d||F,)E is
the Rabi frequency of the light field, and ¢ = 0, +1 denotes
the spherical components. Hp represents the magnetic-atom
interaction Hamiltonian,

Hp = -ppgpF-Br
= :uBgFBTZ(Fg’ mg,|F|Fg) mg]-) . ex|Fg: mg,)(Fg: mgjla

& &
(F6)

where pp and g denote the Bohr magneton and the gyromag-
netic factor of the ground states, respectively, and

F 1 F
my) = (FIE|F)(-1) 7 (mg g m )

4
(F7)

H g is the Hamiltonian describing the detector and its coupling
with the emitter,

Hs = As's + (gAys" + Heo), (F8)

where the operator A, is defined as A, =|1,4)(0,0|
(d = 0, £ 1), and denotes the atomic transition coupled with
the detector.

In the weak excitation regime (ie., V, ,Qp <Y), we
can deduce that there two main long-period transition loops
exist, similar to that in Fig. 1(a), that is, the transition loop 1
shown in Fig. 8(b) that dominates the emission from the spon-
taneous decay |0,0) — |1,0), and the transition loop 2 shown
in Fig. 8(c) that dominates the emission from the spontaneous
decay [0,0) — |1,1). In transition loops 1 and 2, because the
magnetic field driving the transitions between the ground states
is weak, the emitter can stay in the states |1,1) and |1,0)

(Fymy |EF,

i
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for a long time, and thus these two states are both the meta-
stable states.

Similar to the case in Fig. 1, effective decays between the
ground states are constructed by adiabatically eliminating
the excited state, i.e.,

effp rg — Z Y*DH 1,i
i=-1

where Y} = 4Y,|V,, | /Y2 is the effective linewidth of the
decay from the states |l -1) to |1, 7). Therefore, the emitter
in Fig. 8(a) can be regarded as an effective three-level system
driven coherently by the magnetic field, as shown in Fig. 8(d).
In addition, the effective decays |[1,-1) — |1,0) and
|1,-1) = |1,1) correspond to the decays involved in loops 1
and 2, respectively.

-1 |]pr,g’ (Fg)

2. Fluorescence Properties and Detection Response

The fluorescence spectra of the transitions |0,0) — |1,0) and
[0,0) — |1,1) are shown in Figs. 9(a) and 9(d). Similar to
the case in Fig. 2(b), multipeak structures arise, which can
be understood by means of the effective level system in
Fig. 8(d). Taking the transition |0,0) — |1,0) as an example,
we explain the origin of the spectral structure. As mentioned
above, the effective decay |1,-1) — |1,0) shown in Fig. 8(d)
corresponds to the two-photon process composed of the tran-
sition |1, -1) — |0,0) driven by the laser and the subsequent
spontaneous decay |0,0) — |1,0). According to the standard
dressed-state theory, there are four sidebands located at the
frequencies :I:\/EQB and iZﬁQB in the emission of the
effective decay |1,-1) — |1,0) [43]. Since the laser frequency
is constant, the transition |0,0) — |1,0) exhibits the same spec-
tral structure as that in the effective decay |1,-1) — |1,0).
Therefore, one can infer that all spectral components of fluo-
rescence are concentrated on a bandwidth of about 4\/593,
which can be much smaller than the natural linewidth of
the emitter. From another perspective, we can conclude that
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Fig.9. Fluorescence properties and detection response of the emission from the transition F, = 1 — F, = 0 of the D, line of ¥ Rb. The spectral

property, second-ordering correlation, and detection response for the fluorescent photon emitted from the transitions [0,0) —

[0,0) = |1,1) are, respectively, exhibited in (a)-(c) and (d)-(f).

[1,0) and

In () and (d), the fluorescence spectrum for Qz = 102Y and

Ve =10 LY. In (b) and (e), normalized second-ordering correlations as a function of delay 7 for Qz= 102Y and Ve = = 10"'Y donated

by red solid lines, and Qg = 1072Y and V

= 1072Y donated by blue dashed lines. In (c) and (f), normalized two- photon correlations of
the detector as a function of detection bandw1dth k and the interaction energies of coherent fields with Q3 = V|

g1’
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because the emissions from the spontaneous decays [0,0) —
|1,0) and [0,0) — |1,1) are totally dominated by loops 1
and 2, respectively, the global spectral narrowing occurs.

In Figs. 9(b) and 9(e), the statistical properties of fluores-
cence emitted from the transitions |0,0) — |[1,0) and
|0,0) — |1,1) are exhibited, respectively. Because of the long
periods of transition loops 1 and 2, the average delays between
two successive fluorescent single photons emitted from the
transitions above are long. Accordingly, the normalized sec-
ond-order correlations of these two transitions can both remain
a value very close to zero for a long delay, which is much larger
than the natural lifetime of the excited state. Moreover, because
loop 2 has a longer period than loop 1, the corresponding
second-order correlation can be maintained near zero for a
longer time.

According to the discussion above, we see that the nontrivial
spectral and statistical properties similar to the A-shape system
shown in Fig. 1(a) can be well realized in the transitions
10,0) —|1,0) and |0,0) — [1,1) of transition F,=1—F,=0
of the D, line of  Rb. Accordingly, the excellent single-photon
responses on the detector with a bandwidth approaching or
smaller than the natural linewidth of the emitter are predicted,
which is confirmed in Figs. 9(c) and 9(f). In addition, because
loop 2 has a longer period than loop 1, the single-photon re-
sponse for the photons from the transition [0,0) — |1,1) on
the detector is more conspicuous.

APPENDIX G: OTHER REALIZABLE
CANDIDATES

Besides the A-shape system and the closed transition
Fg =1— F, =0 of the D, line of Rb, the approach to
generate single photons with subnatural linewidth can also
be implemented in many transition structures based on various
alkali metal atoms, e.g., in other kinds of transition
F, - F, = F,, F, £ 1. Concretely, a circularly polarized laser
drives the transitions between the ground and excited states,
while a magnetic field perpendicular to the light propagation
direction drives the transitions between the ground-state

IL-1)  |1,0) |1,1) [L-1) 11,0 [11)

2,2y T2~ 120 120 12.2) -1 110 11D
(a) (b)

Fig. 10. Schematic diagrams of generating subnatural-linewidth
single photons based on transitions (a) F, c=2->F. =1 and
(b) F c=1—->F =1 The transitions between the ground states
and the excited states are driven by a 6™ -polarized laser field, and pho-
tons with different polarizations are emitted by spontaneous decays. A
transverse magnetic field is applied to drive the transitions between the
ground-state Zeeman sublevels (the driving between the excited-state
Zeeman sublevels is weak compared to the spontaneous emission pro-
cess, and thus is ignorable). By choosing the fluorescent photon with a
polarization different from the laser as the target photon, the single
photons with subnatural linewidth are generated.

Zeeman sublevels, as shown in Fig. 10. In the weak excitation
regime of the laser and magnetic fields, the single photons with
subnatural linewidth can be emitted from the transitions un-
driven by the laser due to the long periods of the transition
loops. In these schemes, the linewidth and emission rate of
the single photons can be conveniently manipulated by two
external coherent fields.
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