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Abstract.  We present experimental results on the generation of 
narrow-band single-photon states via cavity-enhanced spontaneous 
parametric down-conversion in a PPLN crystal and demonstrate 
the feasibility of conditional preparation of single 867-nm photons 
with a 70-MHz linewidth, compatible with optical quantum mem-
ory devices based on Nd3+-doped isotopically pure Y 7LiF4 crystals. 

Keywords: single-photon source, spontaneous parametric down-
conversion, cavity.

1. Introduction

Single-photon states of an electromagnetic field are impor-
tant  for many  applications  in  quantum optics  and  quan-
tum information science, such as optical quantum comput-
ing,  random number generation, metrology and quantum 
communications [1 – 4], so a topical issue in quantum opti-
cal  technologies  is  to  develop  sources  of  single-photon 
states of light [5 – 7]. In an ideal case, such a source should 
be deterministic,  i.e.  it  should produce  single photons on 
demand. However, in many practically important cases, it 
is  sufficient  to  have  nondeterministic,  heralded  photon 
sources [8], which can be ensured e.g. with the use of spon-
taneous  parametric  down-conversion  (SPDC)  of  light 
[9, 10]. Distinctive features of SPDC include a broad emis-
sion  spectrum,  up  to  several  terahertz,  and  two-photon 
correlations  in  scattered  field modes. As  a  result,  SPDC-
based sources allow for the generation of pure single-pho-
ton states and various entangled two-photon states in wide 
wavelength and duration ranges at room temperature [5, 8]. 
It is important to note that sources of narrow-band single-
photon  states  are  necessary  to  implement  quantum  com-
munication  and  quantum  computing  protocols  requiring 
the  use  of  optical  quantum  memories.  For  example,  to 
ensure  effective  recording  of  single-photon  pulses  in 
ensembles  of  atoms  or  ions,  the  spectral  width  of  light 
should be from a few to a hundred megahertz. In this con-
text, a promising approach is to use cavity-enhanced SPDC 
[11], which allows one to reduce the SPDC linewidth to a 
few megahertz and below, simultaneously raising the spec-
tral brightness of the source (see e.g. Refs [12 – 20]).

In this work, we demonstrate a cavity SPDC-based single-
photon  source  compatible  with  optical  quantum  memory 
devices based on rare-earth-doped dielectric crystals. In par-
ticular,  the  proposed  source  generates  narrow-band  single-
photon states that can be stored and reproduced in a Nd3+-
doped isotopically pure Y7LiF4 crystal. A distinctive feature 
of this material is the small inhomogeneous linewidth of opti-
cal  transitions  of  dopant  ions  (70 MHz  or  smaller),  which 
makes  it  potentially  attractive  for  solid-state  nonresonant 
optical quantum memories [21].

2. Conditional preparation of single-photon 
states in a single-resonant optical parametric 
oscillator

SPDC  can  be  defined  as  interaction  between  three  electro-
magnetic field modes in a quadratically nonlinear medium, a 
process  in  which  disappearance  of  a  photon  in  one  mode 
(pump mode) is accompanied by the creation of two photons 
in the other modes (usually referred to as the signal and idler 
modes). The state vector of a two-photon field (biphoton) can 
be written as follows [22]:

( ),d d F0 s i s i s iw w w w w wY = + yy ,  (1)

where F(ws,wi)  is  the  two-photon  spectral  amplitude, which 
determines the spectral and temporal properties of correlated 
photons, and | ws ñ and | wi ñ are single-photon states of a mode 
of frequency w of the signal (s) and idler (i) fields. In the case 
of  collinear  generation  in  a  periodically  poled  nonlinear 
medium, the biphoton amplitude can be represented as

( /2)c kLD( , ) | | sinF As i
2w w = ,  (2)

where | A |2 is the effective interaction coefficient which takes 
into account the nonlinearity of  the medium, mode  interac-
tion geometry and other factors [22, 23]; Dk = kp – ki – ks – 
2p/L is the wave vector mismatch; L is the nonlinearity mod-
ulation period; km = wmn(wm)/c is the wave vector correspond-
ing to the mth mode (m = i, s or p, where p refers to the pump 
field); and n(wm) is the refractive index.

The operation of an SPDC-based single-photon source is 
based on the correlation between the numbers of photons in 
scattered  field modes,  represented  by  (1). Detection  of  one 
photon in a pair (e.g. the idler photon) unambiguously indi-
cates the presence of the other (signal photon), so such sources 
are  referred  to  as  heralded  sources.  Since  the  SPDC  field 
includes contributions from not only the two-photon state (1) 
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but  also multiphoton  states,  the degree of proximity  to  the 
single-photon state of the field at the output is characterised 
by the magnitude of the normalised second-order autocorre-
lation function  g (2)(t) at zero time delay, t = 0:

( )
a a

a ag 0( )2
2

2 2

=
@

@

,  (3)

where a is the photon annihilation operator in the spatiotem-
poral field mode under consideration at the source output. In 
the case of an ideal single-photon source, we have g(2)(0) = 0, 
which means that there is no contribution from multiphoton 
states.

One  effective  approach  for  implementing  a  frequency-
tunable narrow-band single-photon light source is intracavity 
SPDC, corresponding to a single-resonant optical parametric 
oscillator (OPO). In this case, the cavity amplifies only one of 
the interacting fields (e.g. the signal field), whereas the other 
two (idler and pump) fields propagate through the cavity mir-
rors without  reflection. Even  though not  raising  the  source 
brightness relative to cavity-free SPDC, such a configuration 
significantly facilitates experimental implementation because 
it does not require that the OPO be adjusted to several modes 
[12]. In such a case, the resonance (signal) photon power spec-
trum takes the form [24]
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where  t0  is  the difference between  the  times needed  for  the 
signal and idler photons to traverse the crystal; DwFSR is the 
free spectral range of the OPO; and Dwmod is the cavity mode 
width. In this formula, the numerator represents the spectral 
density envelope with no cavity, and the denominator repre-
sents enhanced generation of photon pairs in which one pho-
ton  corresponds  to  cavity  eigenmodes  at  frequencies  ws  – 
jDwFSR, where ws  is  the centre  frequency of  the signal  field, 
corresponding to some mode of the OPO, and j is an integer.

According to (4), in the case of signal-photon generation 
on many cavity modes, the second-order correlation function 
between the signal and idler fields,  ( )g ,

( )
s i
2 t , consists of a series 

of peaks  separated by  the  cavity  round-trip  time T0, whose 
amplitude decays exponentially during the photon lifetime in 
the cavity [24]. The feasibility of observing the peaks depends 
on  the  relationship between  the  total  resolution  time of  the 
detection  apparatus  [which  is  contributed  by  the  temporal 
instability (jitter) of the electric pulse from the detector, the 
resolution time of the time-to-digital converter etc.] and the 
cavity round-trip time. In the limit of low resolution and short 
cavity length, the measured correlation function is described 
by an exponential decay:

( )g ,
( )
s i
2 t  µ exp(–Dwmodt),  (5)

where t is the time delay between the signal and idler photons. 
We obtain a    similar result  for generation  in a single cavity 
mode, as would be expected.

3. Main results

Figure 1 shows a schematic of the experimental setup used for 
the generation and characterisation of SPDC-based narrow-
band single-photon states. The nonlinear medium used was a 
periodically poled lithium niobate (PPLN) crystal doped with 
magnesium  oxide,  LiNbO3 : МgO  (5 %).  The  modulation 
period was L = 7.47 mm and the crystal  length was 20 mm. 
The crystal was excited by a frequency-doubled cw neodym-
ium  laser at a wavelength of 532 nm, which caused photon 
pair generation in a type-0 (eee type) phase matching SPDC 
process at wavelengths of 867 and 1377 nm at a temperature 
of 85 °C.

The pump laser beam was focused into the nonlinear crys-
tal by an f = 200 mm lens, so that the beam waist diameter 
was 70 mm. After traversing the crystal, the pump beam was 
suppressed by a cut-off filter F (70 dB attenuation at 532 nm) 
and dichroic mirror DM, which separated the signal and idler 
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Figure 1. Schematic of the experimental setup used for SPDC-based generation of single-photon states:         
(IF1) 532-nm interference filter; (L) f = 200 mm lenses; (M1, M2) cavity mirrors with reflectances R1 = 99.8 % and R2 = 97 % at a wavelength of 867 
nm; (PPLN) periodically poled lithium niobate crystal; (F) 532-nm cut-off filter; (DM) 950-nm dichroic mirror; (IF2) 867-nm interference filter; 
(IF3) 1377-nm interference filter; (BS) 50/50 beam splitter; (SPD1, SPD2) visible single-photon detectors; (SPD3) infrared single-photon detector; 
(TDC) time-to-digital converter.



  D.O. Akat’ev, I.Z. Latypov, A.V. Shkalikov, A.A. Kalachev904

photons  according  to  their wavelengths  (867  and  1377 nm, 
respectively) into two channels. In each channel, the light was 
passed  through  interference  filters  IF2  and  IF3  (867  and 
1377 nm, respectively). The signal beam (867 nm) was divided 
by  a  beam  splitter  BS  into  two  channels  for  second-order 
autocorrelation  function  g(2)(0)  measurements  in  a 
Brown – Twiss interferometer configuration. It is worth not-
ing that the autocorrelation function characterising the field 
of  a  single-photon  source  is  measured  and  calculated  with 
allowance for the heralding channel, so that it can be referred 
to as a conditional autocorrelation function [25]. In our case, 
the 1377-nm channel was used for heralding. Signal photons 
were  detected  by  single-photon  detectors  SPD1  and  SPD2 
(SPCM-AQRH, PerkinElmer) in free-running mode with an 
efficiency h867 = 40 %, dark count rate of the order of 2 kHz 
and dead time of 150 ns. Idler photons were detected by detec-
tor SPD3 (ID201, ID Quantique) in free-running mode with 
an  efficiency  h1377  =  10 %,  dark  count  rate  of  the  order  of 
13 kHz and dead time of 14 ms. 

The autocorrelation function g(2)(0) as a function of pump 
power was measured without mirrors M1 and M2. The mea-
surement results are presented in Fig. 2. It is seen that there is 
a  linear  relation  and  that  the  contribution  of  multiphoton 
states  increases  with  pump  power.  At  pump  powers  much 
lower  than  1  mW,  the  contribution  of  photodetector  dark 
counts is significant and the relation is nonlinear. Nonlinearity 
is also observed at photodetector count rates near the satura-
tion level.

To narrow down  the parametric down-conversion  spec-
trum,  we  used  intracavity  SPDC.  The  PPLN  crystal  was 
placed between mirrors M1 and M2, which had high trans-
mission at the pump and idler wavelengths (532 and 1377 nm, 
respectively), so that the cavity amplified only the signal field 
at a wavelength of 867 nm, where mirrors M1 and M2 had 
reflectances R1 = 99.8 % and R2 = 97 %, respectively, and the 
transmittance of the PPLN crystal was T = 96.5 %. At these 
parameters, the highest attainable finesse F  was 26, the cav-
ity mode bandwidth was 50 MHz, and the mode spacing was 
1200 MHz.

Figure 3 shows measured  ( )g ,
( )
s i
2 t  correlation functions. It 

is seen in Fig. 3a that the cavity round-trip time is comparable 
to the resolution time of the detection apparatus and that, in 
second-order  correlation  function  measurements,  we  can 
detect only the envelope corresponding to the photon lifetime 

in the cavity. At a mirror separation of 10 cm (Fig. 3b), indi-
vidual peaks begin to be resolved, which correspond to cavity 
mode  locking and the spacing between which  is determined 
by  the  cavity  round-trip  time. We  carried  out  a  number  of 
experiments at different cavity lengths (from 8 to 15 cm) and, 
in  each  of  them,  obtained  a  perfect  correspondence  of  the 
time  spacing  between  the  peaks  in  the  correlation  function 
with the cavity round-trip time. Moreover, fitting the correla-
tion function envelope with the exponential decay (5) allowed 
us  to  determine  the mode  bandwidth  and  cavity  finesse. A 
cavity  length  l  =  8  cm  corresponds  to  a  mode  bandwidth 
Dwmod/2p = 81.5 MHz and finesse F  = 18.5. At l = 10 cm, we 
obtain Dwmod/2p = 73 MHz and F  = 20. The photon pair 
generation rate in the crystal (with allowance for the optical 
loss in the channels) was 400 kHz at 1 mW of pump power.

4. Conclusions

We have experimentally demonstrated a narrow-band single-
photon light source based on spontaneous parametric down-
conversion in a single-resonant optical parametric oscillator. 
The linewidth of single-photon pulses emitted at a wavelength 
of 867 nm is as narrow is 70 MHz, which makes this source 
compatible with quantum memories based on a Nd3+-doped 
isotopically pure Y7LiF4 crystal. The wavelength of the source 
can be  tuned  to an optical  transition of  the dopant  ions by 
adjusting  the  temperature  of  the  nonlinear  crystal  and  the 
cavity mirror  separation.  In addition,  the use of  the  single-
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Figure 2. Zero-delay second-order autocorrelation function g(2)(0) as a 
function of pump power P.
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Figure 3. Coincidence  counts  between  signal  and  idler  photons  as  a 
function of the time delay between them at a cavity length l = (a) 8 and 
(b)  10  cm. The dashed  lines  represent  fits of  the  correlation  function 
envelope with an exponential decay. 
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resonant optical parametric oscillator makes the source insen-
sitive to pump wavelength fluctuations, significantly facilitat-
ing its operation.
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