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ABSTRACT

g
(2)
h (0) = 0.021 ∆νsp = (800± 13) kHz

A  single-photon  source  with  narrow  bandwidth,  high  purity,  and  large
brightness can efficiently interact with material qubits strongly coupled to
an  optical  microcavity  for  quantum  information  processing.  Here,  we
experimentally  demonstrate  a  degenerate  doubly  resonant  single-photon
source  at 852 nm by the  cavity-enhanced spontaneous  parametric  down-
conversion  process  with  a 100%  duty  cycle  of  generation.  The  single
photon source possesses both high purity with a second-order correlation

 and  narrow  linewidth  with .  The
single-photon source is compatible with the cesium atom D2 line and can
be used for cesium-based quantum information processing.

Keywords  single-photon  source, sub-MHz  linewidth, few  longitudinal
modes, quantum information processing

 1   Introduction

Single-photon  sources,  known  as  the  basic  element  and
the brick for structuring the building of quantum infor-
mation  [1],  have  wide  applications  in  quantum science,
such as the proof-in-principal demonstration of quantum
physics [2, 3], quantum walking [4], quantum imaging [5],
quantum key distribution [6], and quantum cryptography
[7]. In particular, a single-photon source can also be used
to generate entangled photons for long-distance quantum
communication  [8, 9].  Additionally,  it  plays  important
roles  in  quantum  information  processing  with  cavity
quantum  electrodynamics  (QED),  such  as  quantum
communication [10], quantum computing [11, 12], quantum
memory [13], and quantum networks [14, 15]. In hybrid
photon-matter  quantum  systems,  such  as  systems  with
quantum emitters strongly coupled to a cavity (such as
the  Fabry‒Pérot  (F‒P)  cavity  [16],  whispering-gallery
mode (WGM) cavity [17] and fiber cavity [18]), a single-
photon source possessing narrow linewidth, high purity,

high  brightness,  and  a  single  mode  is  one  of  the  key
ingredients  for  quantum  information  processing.
Compared  with  faint  laser  pulses,  true  narrow-band
single photons with perfect cavity mode matching efficiency
can improve the fidelity of the controlled-NOT gate [11].

Several  techniques for generating single photons have
been  demonstrated,  for  example,  emission  from  single
quantum emitters [19–25], the four-wave mixing process
[26],  and  spontaneous  parametric  downconversion
(SPDC) [27–29]. The SPDC is one of the most adopted
methods due to its relatively simpler apparatus. Via the
SPDC process, the single-photon source can be heralded
by  the  simultaneous  partner  photon  with  a  specific
quantum  correlation.  However,  the  linewidth  of  the
single-photon  source  from  the  free-space  SPDC  process
is  usually  hundreds  of  GHz,  which  is  several  orders  of
magnitude  larger  than  that  of  atomic  transitions.  The
cavity-enhanced  SPDC  can  suppress  the  linewidth
dramatically. Several experimental groups have generated
narrow-band  single-photon  sources  at  different  wave-
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lengths by cavity-enhanced SPDC [30–34]. Narrow-band
single-photon sources with several megahertz at 852 nm
[35, 36]  and  sub  megahertz  at  606  nm  [37],  which  are
compatible with cesium (Cs) atomic transitions and the
Pr3+ solid state, respectively, have been realized.

Due  to  the  birefringence  effect  in  cavity-enhanced
SPDC with a type-II nonlinear crystal, the doubly resonant
condition for both signal and idler photons is needed for
the heralded single-photon source. The condition can be
achieved  by  placing  a  compensation  crystal  [31]  in  the
cavity,  using  the  flip-trick  technique  [33],  tuning  the
temperature  of  the  crystal  [38],  and  making  the
customized  conjoined  double-cavity  structure  [39].
However,  in  most  experiments,  the  generation  and
measurement  procedures  are  switched  by  a  mechanical
chopper  [40, 41]  and  cannot  guarantee  a  100%  duty
cycle.

∆νsp = (800± 13) kHz

In  this  paper,  we  experimentally  demonstrate  a  sub-
MHz linewidth single-photon source by cavity-enhanced
SPDC. With the aid of an auxiliary 840 nm laser beam,
which  is  far  from  the  Cs  transition,  to  stabilize  the
SPDC  cavity  independently,  a  100%  duty  cycle  of
photon  generation  is  thus  realized.  By  adjusting  the
temperature  of  the  PPKTP  (periodically  poled
KTiOPO4), we achieve the doubly resonant condition of
degenerate  signal-idler  photons.  The  generated  single-
photon  source  has  a  narrow  linewidth  of

 at  852  nm,  very  few  longitudinal
modes,  and a  fiber-coupled  brightness  of  approximately
18 pairs/(s·mW·MHz). This single photon source with a
regular spatial mode can be used for Cs-based quantum
information technologies in strongly coupled cavity QED
systems [8–13].

 2   Experimental apparatus

F = 4 ↔ F ′ = 3, 5 6S1/ 2

6P3/ 2

Figure 1 shows the schematic of the experimental setup.
An  852  nm  pump  laser  (Toptica  TA  pro-850)  (red)  is
frequency  doubled  to  generate  426  nm  light.  The
frequency  of  the  pump  laser  is  stabilized  to  the

 crossover  transition between  and
 of the Cs D2 line. The 426 nm light (blue) is then

coupled into the SPDC cavity as pump light to generate
single  photons.  Filter  1  (Thorlabs  FESH0500,  pink)  is
used to block the residual 852 nm light. The lens (Thorlabs
AC254-200-A) before the SPDC cavity is used to match
the mode waist  of  the SPDC cavity.  Four mirrors,  two
flat and two concave, are arranged to form a folded F–P
SPDC cavity  that  is  more  flexible  for  operating  with  a
10 mm type-Ⅱ PPKTP crystal (Raicol Crystals) inside.
The 0.65 m long folded structure effectively doubles the
round-trip length, and as a result, the free spectral range
is approximately 224.7 MHz. All four mirrors are antire-
flective  at  426  nm.  The  two  concave  mirrors  with  a
curvature radius of 100 mm are highly selectively coated

with R > 99.99% at 852 nm. The cavity mode waist is
19.6  μm at  426  nm,  which  is  appropriately  designed to
optimize  the  conversion  between  the  two  concave
mirrors. For the remaining two mirrors, one has a high
reflectivity larger than 99.99% at 852 nm, and the other
has  a  modest  reflectivity  (R~98%)  and  serves  as  the
output coupler.

TLP01-887-25× 36

The double resonance of the generated signal and idler
photons  is  realized by precisely  tuning the  temperature
of the PPKTP crystal. The length of the SPDC cavity is
stabilized  by  a  piezoelectric  transducer  attached  to  one
of the concave mirrors and a frequency-stabilized auxiliary
840  nm laser  via  the  Hansch–Couillaud method [42].  A
longpass filter (LPF, Semrock ) is  used
to  separate  the  locking  beam  and  the  SPDC  cavity
output  signal.  The  generated  signal  and  idler  photons
transmit an LPF and are filtered by a 3 mm long etalon
to  block  the  redundant  longitudinal  modes.  The  polar-
izations of the signal and idler photons are perpendicular
to each other and are separated by a polarization beam
splitter  (PBS).  The  signal  photons  are  further  divided
into  two  parts  and  analyzed  by  an  HBT  system  [43]
with  a  50:50  beam splitter  (BS)  and  two  single-photon
counting modules  (Excelitas  SPCM-850-60-FC,  SPCM).
The  output  of  SPCMs  is  recorded  by  time-to-digital
converters  (Swabian  Instruments,  Time  Tagger  20,
TDC).  Several  narrow bandpass  filters  (Semrock  LL01-
852-12.5) are used to filter out the background noise.

For our 10 mm type-Ⅱ PPKTP crystal, the full width
at half-maximum (FWHM) of the phase-matching spec-
trum [red curve in Fig. 2(a)] is approximately 300 GHz.
The  SPDC  cavity  has  a  length  of  0.65  m  with  FSR  ≈

 
Fig. 1  Schematic  of  the  experimental  setup.  A frequency-
stabilized 852 nm laser is  injected into a frequency doubler.
The  generated  frequency-doubled  426  nm  light  is  injected
into  the  SPDC  cavity.  The  generated  signal  and  idler
photons  are  separated  by  polarizing  components  and
recorded  by  SPCMs.  HWP:  half-wave  plate;  DM:  dichroic
mirror;  PBS:  polarizing  beam  splitter;  QWP:  quarter-wave
plate; PZT: piezoelectric transducers; LPF: longpass filter.
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225 MHz for both the signal and idler photons. The bire-
fringence  of  the  nonlinear  crystal  results  in  a  slight
difference. There are approximately 1300 modes of signal
and  idler  photons  existing  within  the  phase-matching
bandwidth of the crystal. However, the two photons are
emitted only when both are resonant concurrently in the
cavity. This is the so-called cluster effect [44], as shown
in Fig.  2(a).  Thus,  the  generation  of  photons  is
restricted to 3 clusters (blue lines). The purple peaks are
the  transmission  spectrum of  F–P etalon  with  a  length
of  3  mm.  The  overall  joint  function  after  filtering  is
shown in Fig. 2(b) as green peaks. The filtered field only
includes approximately 3 modes in the inset.

 3   Characterization of the single photons

Now, we characterize the generated single-photon source.
Measurements of the cross-correlation between the signal
and idler photons and the heralded autocorrelation function
of signal photons are carried out.

 3.1   The signal-idler cross correlation

The  signal-idler  cross  correlation  provides  information
about cavity-enhanced SPDC spectral properties such as
bandwidth,  number  of  longitudinal  modes  and  bright-
ness.  When  the  SPDC  cavity  with  a  type-II  crystal  is
double  resonant  to  both  signal  and  idler  photons,  the
signal-idler cross correlation reads [45, 46]

g
(2)
si (τ) ∝

∣∣∣∣∣
∞∑

ms,mi=0

√
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Γs + Γi

×


e−2πΓs(τ− τ0

2 ) sin c (iπτ0Γs) ,∀τ ⩾ τ0
2

e+2πΓi(τ− τ0
2 ) sin c (iπτ0Γi) ,∀τ <

τ0
2

∣∣∣∣∣∣∣
2

, (1)

Γk = γk

2 + imkFSRk,eff (k ∈ {s, i})
mk

ωk γk
τ0

τ0 = 3.92 ps d0 = 10 mm

τD

h (t) =
√

4 log 2
πτ2

D
exp

(
−4 log

(
2 t2

τ2
D

))

where . s and i represent
the signal and idler photon, respectively.  is the mode
index.  is the central frequency.  is the cavity decay
rate,  and  is  the  transmit  time  difference  between
signal  and  idler  photons  through  the  crystal.  We  have

 with  the  length  of  the  crystal .
Considering the detection system with a finite time reso-
lution  modeled  by  a  Gaussian  form  of

,  the  convoluted  cross-
correlation function is then

g
(2)
si (τ) = C

∫ +∞

−∞
g
(2)
si (τ)h(τ − t)dt. (2)

e−2πγ|τ | γ

√√
2− 1 ∗γ

The  FWHM of  the  simplified  cross  correlation  given
by Eq. (2) can be approximated as  with  being
the  cavity  decay  rate,  and  the  bandwidth  of  single
photons  is  equal  to  in  the  cavity-enhanced

τD
trt = 1/FSR

Tm

γ = (1.25± 0.02) MHz
∆νsp = (800± 13) kHz

SPDC process [47]. When the time bin of the TDC is set
to 4.4 ns, which is comparable with the time resolution
of  the  detecting  system  and  the  round-trip  time

 of  photons  inside  the  SPDC  cavity,  the
comb-like structure due to multiple  longitudinal  output
modes cannot be resolved in the measured cross correla-
tion. Figure  3 shows  the  measured  signal-idler  cross
correlation versus the time delay. Here, the power of the
426 nm pump light is kept at 16 mW, and the measurement
time  ( )  is  set  at  5  minutes.  The  decay  rate  of  the
cavity  is  extracted  by  exponential  fitting  with

.  The linewidth of  single  photons is
given  as ,  which  is  much  smaller
than the natural linewidth of the Cs D2 line.

τD

(0.88± 0.03) ns

(0.88± 0.03) ns

The  number  of  longitudinal  modes  can  also  be
extracted  from  the  explicit  cross-correlation  function.
The  FWHM  of  the  main  peak  is  broadened  by  finite
time  resolution ,  while  it  narrows  as  the  number  of
longitudinal modes increases, as shown in Fig. 4. Figure
4(a) shows the comb-like cross correlation with different
numbers  of  modes  and  a  500  ps  time  resolution.  The
purple, black, green and red solid lines correspond to the
cross-correlation  functions  with  1-,  2-,  3-  and  4-mode
cases, respectively. The blue circles are the experimental
data of the cross correlation with a time bin of 100 ps.
The  measured  FWHM  of  the  main  peak,  obtained  by
Lorenz fitting, is .  The calculated pattern
of the 3-mode case (green solid line) is in good agreement
with  the  experimental  data. Figure  4(b)  provides  the
relationship  between the  FWHM of  the  main peak and
the number of modes in the cavity with time resolutions
of 0 ps (red) and 500 ps (blue). The 500 ps resolution is
also adopted in the experiment. We can deduce that the
number of longitudinal modes of the filtered light field is
approximately  3  from  the  measured  FWHM  =

 (the green dashed lines).
The  brightness  and  even  quantumness  of  the  source

are essential for quantum information processing and are

 
Fig. 2  Joint  spectrum  of  generated  photons. (a) Phase-
matching spectrum of the nonlinear crystal (red curve), joint
spectrum within the SPDC cavity (blue line), and transmission
spectrum of the F–P filter (purple line). (b) The final joint
spectrum of the cavity-enhanced SPDC output (green) with
a 3 mm-long etalon.
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shown  in Fig.  5.  When  the  pump  power  increases,  the
probability  of  first-order  two-photon  pairs  increases
linearly  but  the  high-order  probabilities  of  the  multi-
photon emission increase quadratically.  As a result,  the
coincidences depend linearly on the pump power in red,
while  the  normalized  maximum of  the  cross-correlation
function, , is inversely proportional to the pump
power in black [48]. From the black points, it is obvious
that  there  is  good  quantumness  with  a  relatively  high
value compared to the classical threshold of 2. When the
power  increases,  the  error  bars  of  the  coincidences
increase  from predominant  accidental  coincidences  with
a very large delay time. The signal-to-background ratio
has  a  totally  different  trend  [32].  The  fiber-coupled
brightness  is  approximately  18  pairs/(s·mW·MHz)
through  the  linear  region  of  the  coincidences  between
5  mW  and  20  mW.  There  is  a  tradeoff  between  good
quantum  quality  and  relatively  sufficient  coincidences
when using the source.

 3.2   The second-order autocorrelation of the heralded
single photons

t+ τ

The idler-triggered heralded second-order autocorrelation
of  signal  photons,  which  describes  the  probability  of
detecting  an  idler-signal  photon  pair  at  time t and  a
second signal photon at time , quantifies the purity
of  the  single  photon.  This  heralded  autocorrelation  is
expressed as [33, 49]

g
(2)
h (τ) =

N123(τ)N1

N12(0)N13(τ)
, (3)

N12(0), N13(τ), N123(τ)

N1

g
(2)
h (0)

where  and  are  the  double  and
triple coincidence counts for detection ports 12, 13, and
123,  respectively,  and  is  the  single  count  of  idler
photons.  For  an  ideal  single-photon  source,  the  critical
value of  should be equal to 0 at the 0 time delay

g
(2)
h (0) < 0.5

dependent  on  the  pump  power  [50].  As  long  as
,  the  probability  of  a  single  photon  is  much

lower  than  the  multiphoton  probability,  and  the
measured light can be seen as a single-photon source.

gerr(τ) = g
(2)
h (τ) ·

√
1
N1

+ 1
N123(τ)

+ 1
N12(0)

+ 1
N13(τ)

g
(2)
h (0) = 0.5

We  measure  the  heralded  autocorrelation  at  the  0
time delay with a series of powers of 426 nm light. The
results  are  shown  in Fig.  6,  where  the  error  bars  are
given  by .
The  green  line  with  gives  the  boundary  of
the  single-photon  source.  In  the  measurement,  we  keep
the appropriate coincidence window (120 ns). The pump

 

γ = (1.25± 0.02) MHz
∆νsp = (800± 13) kHz

Fig. 3  The  convoluted  cross  correlation  as  a  function  of
delay time. The blue points give the measured data, and the
red  solid  line  is  the  fitting.  The  data  are  obtained  in  5
minutes  with  16  mW  pump  power  and  a  4.4  ns  time  bin.
According  to  the  fitting,  the  decay  rate  of  the  cavity  is

,  and  the  corresponding  bandwidth  is
.

 

±10 ns

(0.88± 0.03) ns

τD = 500 ps
τD = 0 ps

FSR = 224.7MHz
γs = γi = 1.25MHz

Fig. 4  The  convoluted  multimode  cross-correlation.
(a) The  convoluted  cross-correlation  function  in  a 
time window with a time bin of 100 ps. The FWHM of the
main peak is approximately . (b) The FWHM
of  the  main  peak  as  a  function  of  the  number  of  modes N
with a 10 mm long type-II PPKTP crystal. Under the condition
of  (blue  line),  the  FWHM  decreases  when N
increases. The result with  (red line) is also shown for
comparison.  The  numerical  values  and

 are  used for  the  calculation.  The effective
mode  number  of  our  experiment  is  between  3  and  4,  as
shown by the green dashed line.

 

g
(2)
si (max)
Fig. 5  The  normalized  maximum  of  the  cross-correlation,

,  versus  the  pump  power  is  plotted  in  the  black
points on the left axis. On the right axis, the coincidences as
a function of  the power are  shown in the red points.  When
the  pump  power  decreases,  a  stronger  bunching  effect
between signal-idler pairs can be observed and the signal-to-
background ratio improves.
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h (0) = 0.021± 0.008

g
(2)
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power is varied from 4.7 mW to 48 mW. The minimum
value of  heralded  autocorrelation  is  obtained  with

 at  a  pump  power  of  4.7  mW.  As
the pump power increases, the measured heralded auto-
correlation  becomes  larger.  When  the  power  is
smaller than 40 mW, the obtained field can be seen as a
single-photon source.

 3.3   The interaction between single photons and Cs
atoms

F = 4 ↔ F ′ = 5

To test the compatibility between the SPDC source and
the  atomic  system  [36, 51],  we  tune  the  frequency  of
generated  photons  to  and  measure  the
transmittance  of  the  signal  photons  in  blue  points
through a 5 cm long Cs vapor cell at different tempera-
tures,  as  shown  in Fig.  7.  The  transmitted  counts
decrease  when  the  temperature  of  the  cell  increases,
which  results  in  the  increasing  density  of  the  cesium
atoms.  Up  to  63%  of  photons  can  interact  with  Cs
atoms at  55 °C.  In  the  whole  measurement,  the  counts
of idler photons in red points remain almost constant as
the reference.

 4   Conclusion

g
(2)
h (0) = 0.021± 0.008

∆νsp = (800± 13) kHz

In  conclusion,  we  have  experimentally  demonstrated  a
narrow-band  single-photon  source  by  the  cavity-
enhanced  SPDC  method,  where  a  folded  F–P  SPDC
cavity  is  elaborately  designed  that  is  resonant  to  both
signal and idler photons simultaneously. An independent
laser beam is used to lock the cavity, which makes a 100%
duty cycle of photon generation. A heralded autocorrelation
with  a  minimum  value  of  and  a
pump power of 4.7 mW is experimentally obtained. The
linewidth is ,  and the  fiber-coupled
brightness is  approximately 18 pairs/(s·mW·MHz). The
brightness  can  be  improved  by  adding  a  compensation

crystal into the SPDC cavity to achieve double resonance
of the signal and idler photon in further experiments. To
improve  the  interaction  strength  between  a  single-
photon source and cesium atoms in a single-mode opera-
tion, we can replace an F–P etalon narrow linewidth or
pass through a cesium vapor cell which acts as an atom-
based filter.  The single-photon source has a wavelength
of  852  nm,  and  the  frequency  can  be  freely  tuned  to
match  different  cesium  hyperfine  transitions  in  the  D2
line. The single photon source can be used for Cs-based
quantum information processing.
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