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Spontaneous parametric down-conversion (SPDC) in a laser pumped optical nonlinear medium can pro-
duce heralded single photons with a high purity but a very low yield. Improving the yield by increasing the
pump power in SPDC inevitably reduces the purity due to excitation of multiphoton events. We propose
a scheme to overcome this purity-yield trade-off by suppressing multiphoton events in a cavity-enhanced
SPDC via the photon-blockade effect. By introducing a strong photon-photon interaction into the intracav-
ity medium and increasing the pump power, we can improve the available single-photon yield to larger
than 90%, while keeping the purity high, towards on-demand generation of single photons through the
SPDC process. Our quasi-on-demand SPDC sources may boost single-photon-based quantum-information

technology.
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I. INTRODUCTION

Single photons are at the heart of photon-based
quantum-information processing [1-3], such as quantum
communication [4], quantum simulations [5], and linear
optical quantum computing [6]. The quality of single-
photon sources directly determines the development and
performance of photon-based quantum-information tech-
nology [7—-10].

Various methods have been studied for generating sin-
gle photons, including photon blockade of a weak coherent
field [11,12], nonlinear wave mixing [13,14], and cav-
ity quantum electrodynamics (CQED) [15-19]. Among
these methods, CQED systems using quantum dots (QDs)
have achieved great success in generating single photons
[17-20]. Some advanced techniques such as the dichro-
matic excitation [21] and asymmetrical cavities are
reported to overcome the challenging issues of polariza-
tion filtering [19], and spectral overlap with the exciting
laser [22].

Another widely used approach of generating single pho-
tons is the heralded single-photon source (HSPS) based
on spontaneous parametric down-conversion (SPDC) in

*physunh@snnu.edu
fzhanghan@nju.edu.cn
keyu.xia@nju.edu.cn

2331-7019/21/15(6)/064020(8)

064020-1

an optical nonlinear medium. Because a HSPS can work
at room temperature, significantly simplifying the require-
ment of implementation, it provides one of the leading
platforms for many applications in quantum-information
technologies, in particular, requiring a narrow-band pho-
ton source [23—28]. HSPSs are almost perfect in all aspects
such as indistinguishability [18], high purity [2], flexibil-
ity [27], and scalability [29], except for the only drawback
of the small photon yield, which is typically few parts
per thousand for guaranteeing a high purity [2]. Cavity-
enhanced narrow-band SPDC can reduce the single-photon
bandwidth to fit atomic systems and quantum memory
[23,25], which normally operates in megahertz to gigahertz
and at room temperature [30].

There is a trade-off between the purity and the yield
per pump pulse, namely the purity-yield limitation, in
HSPSs [2,31,32]. To produce heralded single photons with
a high single-photon purity, the pump laser in the con-
ventional HSPS must be weak enough that the probability
of multiphoton emissions is negligibly small. Inevitably,
a weak pumping also leads to a small generation prob-
ability of single photons, i.e., low single-photon yield.
This inherent constraint between high single-photon purity
and large photon yield is the fundamental limitation of
applications of HSPSs [4,33]. It is worth noting that mul-
tiplexed HSPS can improve the single-photon yield of
signal mode without considerably reducing the purity by
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detecting an idler photon from many individual HSPSs,
or with different spectral components or time bin of a
single photon generated in successive SPDC processes
[34-38]. However, overcoming the purity-yield trade-off
still remains a challenge. A principle breakthrough of
solving this inherent limitation is the key to boosting
applications of HSPSs, even opening up unprecedented
single-photon-based quantum-information technologies.

In this paper, we propose a scheme to improve the
single-photon generation efficiency, namely yield per
pump pulse, of HSPS based on the cavity-enhanced SPDC
but keep a high purity, therefore overcoming the purity-
yield limitation.

II. SYSTEM AND MODEL

Our system overcoming the purity-yield trade-off in
cavity-enhanced HSPS via the photon blockade is depicted
in Fig. 1(a). A pump laser beam with frequency w, and
effective pump power &+/P is input into the ring optical
cavity formed with reflective mirrors M1-M4. It drives
a type-1I phase-matched periodically poled KTiOPO4
(PPKTP) crystal to induce an optical SPDC process [25].
This SPDC process emits photons in pairs: the idler and
signal modes a; and a; with frequency w; and w;, respec-
tively, doubly resonant with the cavity [39—41]. The coun-
terpropagating cavity modes are decoupled from the SPDC
due to the chirality in frequency conversion. The idler
mode is orthogonal in polarization to and different in fre-
quency from the signal mode. It is off resonance with
atomic transitions and thus decouples from rubidium (Rb)
atoms. The pump laser is separated by the dichroic mirror
from the generated photons. The idler photon outputting

(a) Qb1 (b)

Pump

M3 Control laser M4
M6

FIG. 1. (a) Schematic setup for overcoming the purity-yield
trade-off in HSPS. A pump laser enters the ring cavity and drives
a PPKTP crystal to produce idler-signal photon pairs. A KTP
crystal enables dual-mode resonance for the idler and signal
modes. The control laser is used to induce strong PPI in warm
atoms for the signal mode. M1-M6, mirrors; DM, dichroic mir-
ror; PBS, polarization beam splitter; D1 and D2, single-photon
detectors. (b) Level diagram of N-type atoms. The signal pho-
ton (control field) drives the transitions |1) <> |3) and |2) <> |4)
(12) < |3)) with detuning A3; and A4 (A.), and corresponding
coupling strength g (€2.).

from M2 is reflected by the PBS to the idler output channel
and monitored by a single-photon detector D1. The sig-
nal mode couples to Rb atoms and is subject to a strong
photon-photon interaction (PPI) induced by the control
laser field [42]. It is then detected by another detector D2.

The N-type Rb atoms embedded in the optical cavity
at room temperature creates a large PPI for the signal
mode under the driving of the control laser [42]. The
energy levels of the N-type atom are denoted as |/) with
eigenfrequency w; (I =1,2,3,4), as shown in Fig. 1(b).
The state |3) decays to the states |1) and |2) with rates
y31 and ys), respectively. The state |4) decays at a rate
y42. The dephasing rates of both ground states |1) and
|2) are y,;. For simplicity, we assume y3; = Y3, = Yap =
1o and y»; K ¥ for Rb atoms [9,43,44]. The cavity
mode couples to the transitions [1) <> [3) and |2) < |4)
with strength g. The control laser beam has an angular
frequency w,., and drives the transition |2) <> |3) with
Rabi frequency €2.. In the rotating frame, defined by an
unitary transformation U; = exp{i Zjvzl[wlof |+ (o5 +
w1 — wc)o—éz + (w5 + 0)1)0'§3 + Qows + o — wc)o{m]t"i_
i(wiajai + a)sazas)t}, the Hamiltonian of the system takes
the form (h=1) H = Z;V:l Z?:z Ayoy + gx/ﬁ(e—mp’aj
al +eriaa) + T, glalols + alody) + Qeody +he)
[45], with Ay = A, — Azp, Asz = —As1, A=A —
Ay — Azj,and A, = 0, — o5 — ;. O = |m)(n| (m,n =
1,2,3,4) denotes the transition operator for the jth atom.
A31 = Wy — W3] (A42 = Wy — 0)42) is the detuning between
the cavity mode and the transition of |3) < |1) (|4) <
[2)), and A, = w. — ws; is the detuning between the con-
trol field and the |3) <> |2) transition (W, = @, — wy).
Only the signal mode in the cavity interacts with atoms. At
room temperature, the inevitable random thermal motion
of the j th atom moving with velocity v; causes the “micro-
scopic” Doppler shifts ksv; and k.v;, corresponding to
wave vectors k; and k. of the cavity and control fields,
respectively. Here we have |k;| & |k.| and approximately
take both as k. The control and the cavity fields propagate
in the same direction that k,v; ~ k.v; [9]. We consider the
condition of |g| < |2.|, leading to the population of the
atomic ground state p;; & 1. Then we use the perturbation
approach to solve the master equation and obtain the effec-
tive PPI coefficient in the presence of thermal motion as
[9,42,46-49]

ig*ysn 1 1
n= 4 + *
|2 [*Y21(y31 + ¥32) \F(v)  F*(v)

X[(2V21+V32)< 1 )
V32 F*v) F(v)

)} N (v)dv, (1)

+<1 B
Fi(v) Fi*(v)
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where F= — 1/(iAn+y21/2) —[i(Az1 +kv)+(y31+¥32)
121/19061%, Fi = 1/[—i(Au — A) — (yaz + v31 + ¥32)/2]
— [i(As + kv) + (921 + v42)/21/192¢|?. The atomic veloc-
ity has the Maxwell-Boltzmann distribution that N (v) =
Nae*'jz/ w? Jus/7, where u is the room-mean-square atomic
velocity, and &, is the total atom number. At room temper-
ature, ku ~ 300 MHz for Rb atoms [50]. This Kerr nonlin-
earity causes the PPI. This perturbation approach provides
an estimation of Kerr nonlinearity in good agreement
with experimental observations [42—44,51-54]. Moreover,
the Kerr nonlinearity can be enhanced by increasing the
number of atoms or adjusting ..

Applying a unitary transformation of U, = exp{i(w, —
w; — wy)aiagt) to the system, we get the effective
Hamiltonian

Her= (A —n— Apdla,+n(ala,)? + EvPaldl + aay),
)

where A= [ N()dv((g2/Q){y(As1— A /[ya1 (y31 +
Ys)I(L/F+1/F*) + [Az1+kv) /(ys1 +ys)J(1/F+1/F*)
4+ i(1/F* — 1/F)}). The influence of the unwanted lin-
ear frequency shift A can be eliminated by selecting an
appropriate pump frequency w, that A = A,. The PPI

causes an energy shift 77(azas)2 to the cavity mode a;.

This energy shift depends on the cavity excitation (a:as).
Once the cavity mode is excited to include a on-resonance
signal photon (A, = A), exciting a second signal pho-
ton in the cavity requires additional 25 energy and is
suppressed. This photon-blockade effect can be used to
suppress multiphoton events in the SPDC.

The master equation of the density matrix p describ-
ing the dynamics of our system is given by p(f) =
—i[Hefr, p (O] + Liki, ai}p + Liks, ag}p, where ki = Kjex +
Kiin (Ks = Ksex + Ks,in) 15 the decay rate of the idler (signal)
mode. The subscripts “ex” and “in” indicate the external
rate and the internal loss rate, respectively. We assume
Kiex = Ksex = Kex and Kjin = Ksin = Kkin. The Lindblad
term is L{k;, a}p = K [2611,0(001;r — a;ral,o(t) — ,o(t)a;ral]
with [ € {i,s}. Using the density matrix, we can evaluate
the photon states in the cavity. In experiment, the photons
escape from the cavity after the pump pulse is switched off
and then are detected.

We do an ensemble of quantum trajectory simulation
for calculating the population of each photonic state in
the outgoing wave functions by counting the collapse of
the system state over a period «s¢ = 6 [12,49,55-57]. This
period allows the generated photons to completely escape
from the cavity.

The escape efficiency of signal (idler) photons is
evaluated as 7escs() = Kex/(Kex + Kin) [58]. Unlike the
waveguide-based HSPS with a large mode mismatching
[59]. the axial symmetric cavity-mode profile in our HSPS

can match the geometry of output mirror well. The cav-
ity internal loss can be small [59] and the escape effi-
ciency approaches to unity [39,60,61]. To focus on the key
physics of interest, we consider the ideal case nesc sy = 1.

The purity of the HSPS can be evaluated through the
equal time second-order autocorrelation function g (0) of
the signal mode, conditional on the detection of the idler
photon [2]. In our setup, once an idler photon is detected
by DI, the system state degrades to a reduced density
matrix p,. The autocorrelation function g!? (0) is given by
[49,62—64]

£(0) = (al (Dal (Da,(Das®); Y1150 — Dy,
' (al (Hay ()} (X, mson)?

3
where (---); is the average over the postmeasure-

ment state when an idler photon is measured. o, =
Zni>0 Pugni/ Znﬁ.,n/.>oPn(.,n’. is the n-signal-photon proba-
bility after detectinlg an idler photon. P, ,. is the probabil-
ity of the states |ng, n;) under the Fock states’ representa-
tion of the associating system of the idler and signal modes.
The output signal mode is antibunching if g (0) < 1.

In conventional HSPSs, improving the photon yield by
increasing the pump laser power can cause reduction of the
single-photon purity. This inherent but critical issue fun-
damentally limits scaling up of HSPS-based applications
[2,37]. We show a strong photon blockade can effectively
suppress the generation of multiphoton pairs and thus guar-
antees a high purity but allows us to greatly improve the
photon yield by increasing the pump laser power.

Below is the physical mechanism breaking the purity-
yield limitation. When the signal mode is excited in the
nonlinear cavity, excitation of high Fock states is blocked
due to the photon-blockade effect. In the SPDC process,
the idler and signal photons are always generated in pairs.
Therefore, if the signal mode can only be generated in the
form of single photon, the idler mode is also subject to the
same situation. As a result, the generation of the high Fock-
state photon pairs |ng,n;) (ng = n; > 2) is also blocked.
On the other hand, the probability of generating single-
photon pairs becomes larger because the pump laser power
is stronger. In this way, we fundamentally circumvent the
inherent contradiction between remaining high purity and
improving yield of HSPSs.

I11. FIXED-DURATION PULSE EXCITATION
A. Single-photon yield per pump pulse
The evolution of the system can be obtained by solving
the master equation. The probability of generating a single
photon in each outgoing light pulse is a good measure of

the yield Y per pump pulse or brightness [2]. If P, is the
n-photon number probability, then ¥ = P; for P; > P,
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and Y = 1 for a deterministic single-photon source [2]. In
our system, as signal photons and idler photons are created
in pairs, then ¥ = Py. For convenience, here the subscripts
in P,_,, represent signal and idler photon numbers, respec-
tively. Note that the yield Y is essentially different from
the so-called single-photon heralding efficiency. The later
describes the probability of successfully heralding a signal
photon when an idler photon is detected [61,65]. Even at
a low yield of photon pair |11), high heralding efficiency
can be obtained [26,62].

Figure 2(a) shows the population P;; of single-photon
pair state |1, 1) versus the pump laser power £+/P and the
PPI strength n. The duration 7, of the pump laser pulse
is fixed at 7, = 7 /40k,. When 1 > k, the population Py,
can be significantly improved and peaks when 2& «/?‘L'p =
7, corresponding to a & pump pulse. For n/«, > 75 and
15 < £€+/P/ks < 25, see the white solid curve, the yield
can be higher than 80%. A larger PPI allows us to achieve
Y > 90%, see the red dashed curve. For a given PPI
strength 7, the population P;; shows a cosinelike oscilla-
tion as E\/I_J increases. Two reasons cause this behavior:
one is the excitation population oscillations as the pump
pulse area 2& \/ﬁ‘cp increases, and the other is that the given
PPI becomes not large enough to suppress the multiphoton
pair generation excited by a strong pump field.

The available maximum yield is determined by the
pump power £+/P and the PPI strength 7, see Fig. 2(b).
Enhancing the pump power can improve the single-photon
yield, and increasing the PPI can suppress the multiphoton
excitation. Without nonlinearity-induced photon blockade,
the probability of creating photon pairs |#;, n;) scales with
pump intensity to the nth power as predicted theoretically
[2,49], see Fig. 2(b). The maximum yield can only be
23.8% at £+/P/k; ~ 11 at the expense of low purity (IT ~
4.3%) due to high excitation of multiphoton-pair states
[31]. With photon blockade, multiphoton events almost
disappear, see the curves for P,; and P33 in Fig. 2(b). When
n/ks = 80, we obtain the maximum probability Py, i.e.,
the yield, of 81% at £+/P/k, ~ 19. Meanwhile, the vac-
uum state population drops rapidly with the pump power.
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FIG. 2. (a) Population P;; versus £+/P and 5. (b) Population
of paired Fock states |n,, n;) as a function of 5\/? with different
PPI strength. Other parameters are k; = k; = 1 and 7, = 7 /40k;,.

We can further improve the yield to 0.9 for n/«x, = 200
and £+/P/k, = 19. When the yield is higher than 90%,
it is reasonable to claim that the HSPS becomes quasi-
on-demand [66]. By “quasi-on-demand,” we mean each
pump pulse can generate a single-photon pulse with a large
probability [67].

B. Single-photon purity

The single-photon purity IT can be characterized by the
second-order autocorrelation function g (0) [2,19,49,68].
For a high purity, we use the relation IT~ 1 — gs(z) 0)
[17,49]. Figure 3(a) shows the correlation function g® (0)
versus the PPI strength and the pump power. We obtain
a high purity IT > 90% when 5 is large enough, see the
white solid curve. In the overlap region marked by the
curves showing P;; > 0.8 and g®(0) < 0.1, we simulta-
neously obtain ¥ > 80% and IT > 90%. A larger pump
power leads to a decrease in the purity, because the prob-
ability of multiphoton events becomes higher as the pump
power increases, see Py, and P33 in Fig. 2(b). In contrast
to conventional HSPSs, increasing the PPI strength in our
scheme can suppress the excitation of multiphoton states,
and maintain the high purity.

In Fig. 3(b), we show the equal time second-order
autocorrelation function g (0) as an indicator of the
single-photon purity for different PPI strengths. When
the PPI is absent or small, g®(0) increases to larger
than unity as the pump power increases, corresponding
to the case of heralded single-photon generation under
a strong pumping. Without the PPI, we derive g (0) ~
2 tanh® (& \/I_’rp) [49], in good agreement with the numer-
ical result. The purity-yield product is always bounded by
0.09. The difference at high pump power is due to the
truncation of Hilbert space in simulation [49]. The purity
increases rapidly as the PPI becomes larger. For example,
when n/ks = 80, the yield is already 80% and the purity
reaches 91% [gs(z)(O) = 0.09] at S«/F/Ks =17. If n/ks =
200, the yield and the purity increase to 91% and 99%,
respectively.

1.5} =7/, = 0 (Numerical)
— /s, = 0 (Analytical)

— k= 80
. weeemli = 200

0.5

0.0

0 5

10
&VP/k,

FIG. 3. second-order autocorrelation

(a) The equal-time
22 (0) versus & /P and 7. (b) The second-order autocorrelation
2@ (0) as a function of &+/P with different PPI strength 7. Other
parameters are k; = k; = 1 and 7, = 7 /40k;.
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IV. n-PULSE EXCITATION

In our scheme, high Fock states of signal and idler
modes are suppressed due to the photon-blockade effect.
To provide an apparent physical picture, we truncate the
photonic basis to include only the vacuum and single-
photon pair states in the cavity. In the effective two-state
space, the state |1,1) can be completely populated from
the vacuum state with a 7 pump pulse [17,49]. In a real
case including high Fock-state photon pairs, instead of fix-
ing the pump pulse duration 7, but changing the pump
power &£+/P, we fix the pump pulse area 2& \/I_Drp =
to excite the single-photon pair |1, 1) and investigate the
influence of the pump power on the yield and purity of
HSPS. As shown in Fig. 4, the single-photon yield can
increase to 80% at £+/P/k, = 6.6 under m-pulse excita-
tion, in comparison with a yield of 22.6% in fix-duration
excitation. At the same time, the purity remains nearly
unchanged, larger than 99% in both excitation cases. For
relative low pump power, the yield under w-pulse exci-
tation (dashed curves) is much higher than the case of
fix-duration excitation corresponding to a small pulse area
(solid curves). In contrast, the purities in both cases are
very close. Thus, a 7 pulse can excite the single-photon
pair state more efficiently and a high purity is guaranteed
by the photon-blockade effect. When 7 is large enough,
the nonlinear cavity can be modeled as a two-level sys-
tem [69]. Then, our HSPS is equivalent to a CQED-based
single-photon source. Thus, the yield can approach unity in
theory. To show this, we calculate the yield and the purity
in a very large PPI regime. For example, when n/«x, =
500, we obtain ¥ = 95% and IT ~ 99% (g© ~ 0.01) at
S\/ﬁ / ks = 40.

The generated photons are detected after escaping from
the cavity. The quantum-statistical characters of single-
photon pairs outside the cavity is close to those in the
cavity when the pump laser is switched off, see the

. (a) g e ol (b)

0.8 e

—7 = 740K,
P s

—=m pulse

0.6 /

Pll

041!
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10 30 40 0 10 30 40

20 20

3 \/TD/ Ks 3 \/?/ Rs
FIG. 4. Population of Fock state |1,1) (a) and the second-
order autocorrelation g® (b) versus the pump power & VP. Blue
(red) solid curves indicate the case with a fixed pulse dura-
tion 7, = 7 /40, and the PPI strength /x; = 200 (, = 7/80x«;
and n/k; = 500). Blue (red) dash-dotted curves represent the
results for w-pulse excitation, i.e., 2& «/1311, = 7, in the case of
n/ks = 200 (n/kg = 500). Other parameters are x, = «; = 1.

quantum trajectory simulation data markers at &+/P/k, =
{6,8,10,12,14,16,18} in Figs. 2(b) and 3(b), and at
£+/P/ks = {8,18,28,38} in Fig. 4.

V. IMPLEMENTATION

Our scheme can be implemented with a setup of a four-
mirror ring cavity [70-72], as depicted in Fig. 1(a). The
mirror M2 has a relatively low reflectivity (87.5%) as the
output port [39]. The other three mirrors have high reflec-
tivity of 99.99% [73]. End faces of the PPKTP and KTP
crystals and the atomic cell are coated with 99.9% antire-
flection layers for both the idler and signal modes. We use
the 0.8-m-long ring cavity. The cavity internal losses is cal-
culated to be ki, = 27 x 0.37 MHz and the external loss
rate is kex = 2w X 8 MHz, yielding «; = 2w x 8.37 MHz.
The escape efficiency can reach 7esc ;) = 95.6%. Warm
Rb atoms with yy = 27 x 6 MHz [9] are used to create a
strong PPI for the signal mode a,. Four levels related to the
D1 line of ¥Rb atom in the N-type configuration are |1) =
|5251/2,F = l,mp = —1), |2> = |5251/2,F = 2,mp =0 ,
13) = |5%P1)0, F' = 2,m = —1) and |4) = |5?Pyp,F =
2,mp =0). The signal mode and control laser drive
the corresponding transitions in Fig. 1(b) with detunings
A3 = 18k, ~ 904 MHz, A, =0, and Agp = 8.5A5,. We
obtain n/k; = 200 when Q. = 30y (0.9 mW [74]) and
N,(g/Kks)* ~ 2.3 x 10°. With a 7 excitation, we obtain
Y=10.9, IT =99% and nescsMesci = 91.4%, yielding a
generation rate of 1.2 MHz, when the total period of single-
photon pulses takes 6« !. Alternatively, we can also use
the N-type configuration in Ref. [42] to achieve the same
strong PPI [49].

HSPSs and the SPDC process have been realized in
on-chip microring resonators [27,28]. Atomic cladding
photonic circuits have also been reported recently [75—77].
Therefore, our scheme has the potential to be integrated
on a chip if the microring resonator is cladded by Rb
atoms. In such an on-chip realization, the PPI can be sig-
nificantly increased because the atom-light interaction in a
microring resonator is much stronger. We can expect better
performance of our HSPS.

VI. CONCLUSION

By exploiting the photon blockade in the cavity-
enhanced HSPS, we solve the challenging problem of
simultaneously achieving high purity and high yield in
HSPSs. Our HSPS may open a door for scalable photon-
based quantum-information processing.
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