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Transferring a quantum state between a photon and a quantum memory is the key point for realizing
a long-distance quantum communication, and is also a basic ingredient of linear optical quantum

computation.

In an atomic-based network, the efficient coupling between a photon and an atomic

system is a prerequisite for realizing the transfer of information between them, which requires that
the photon should have a comparable bandwidth with the natural bandwidth of an atom. Therefore,
generating a narrow-band photon has become a very important topic in the quantum information field.
One simple and efficient way is cavity-enhanced spontaneously parametric down-conversion. In this
paper, we will review and introduce a series of experiments done in our group for realizing this goal.
We believe these works are very useful for the research in this direction.
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1 Motivation

The goal of quantum information research is to build a

quantum network by which any user can communicate
with others easily. Such network is expected to play
an important role in extending the range of quantum
communication and quantum cryptography [1, 2] to long
distances. In general, a quantum network consists of
spatially separated nodes to store and manipulate quan-
tum information and quantum channels that connect the
nodes. A photon can propagate over long distances in
free space or in optical fibers and is a robust and efficient
candidate. Atoms are well-suited to precise state manip-
ulation and long-lived storage of quantum information
in metastable states, and can be isolated from the envi-
ronment. Therefore, an alkali atomic system, like a hot
atomic vapor or a cold atomic cloud of, for example ru-
bidium (Rb) or cesium (Cs) may be a good candidate [3—
5]. In an atomic-based network, the efficient coupling be-
tween a photon and an atomic system is a prerequisite for
realizing the transfer of information between them, which
requires that the photon should have a comparable band-
width with the natural bandwidth of an atom. Sponta-
neously parametric down-conversion (SPDC) in a non-
linear crystal is the most widely used way for preparing
an entangled photon pair so far [6-8], but its loose phase-
matching condition sets the constraint of the linewidth of
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the generated photon to be on the order of THz [9]. On
the contrary, the typical natural linewidth of the atom is
on the order of MHz, therefore it is almost impossible to
have an efficient coupling between the atom and the pho-
ton. Therefore, preparing a narrow-band photon is the
key point for realizing an atomic-based network. Besides,
a narrow-band photon can be used to study the question
of fundamental issues of atom—photon interactions on a
single photon. The requirement of narrow band excludes
these photon sources such as molecules in solid-state ma-
trices [10], nitrogen-vacancy centers at room temperature
[11] and quantum dots [12]. Currently, there are two pos-
sible ways for preparing a narrow band photon: one is
based on the spontaneous Raman scattering in an atomic
ensemble system, which has been used in Refs. [3-5, 13,
14]. Although this method is workable, the experimen-
tal effort is high. Another way is based on a resonant
optical parametric oscillator (OPO) operated far below
threshold, as has been demonstrated in Ref. [15]. This
is a relatively easy and efficient way, the photon pair
whose frequency matches the cavity mode will be en-
hanced significantly. It offers an advantage of flexibility
concerning the wavelength and bandwidth, therefore sev-
eral groups, including ours [16-20], recently followed this
method to prepare a narrow band photon experimentally.
Our group is now involved in the realization of quantum
memory based on a cold Rb atomic ensemble (Dy line at
780 nm) trapped in a magneto—optical trap [13, 21]. We
hope to realize the transfer of the quantum state between
an atomic ensemble and a narrow-band single photon. In
order to realize this goal, we should prepare the narrow-
band photon at 780-nm wavelength first. In this paper,
we will introduce and review a series of works along this
research direction done in our group, and show the dif-
ferences between the results given by other groups and
ours. The outline of this paper is as follows: after we
briefly explain our motivation in Section 1, we will in-
troduce the experiment on the efficient generation of cw
ultraviolet light at 390-nm wavelength with the aid of
ring cavity [22] in Section 2. The output will be used as
the pump laser in the succeeding experiments. Then we
will show the experimental preparation of an ultra-bright
two-photon source in a single-pass SPDC configuration
[9] in Section 3. After that, we put the nonlinear crystal
in a ring cavity and show an experiment on the prepara-
tion of a multi-mode photon pair via a degenerate optical
parametric oscillator far below threshold [19] in Section
4. In Section 5 and Section 6, we will characterize the
first-order and the second-order coherence properties of
the photon generated in Section 4 by performing two in-
terference experiments: one is two-photon interference
[23] in Section 5 and the other is single-photon interfer-
ence [24] in Section 6. In Section 7, we will report on
the generation of narrow-band photon pairs by using a
spectral filtering cavity [20]. Finally, we will give a brief
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conclusion in Section 8.

2 Efficient cw violet-light generation in a ring
cavity

In our laboratory, the atomic system for quantum mem-
ory is rubidium (Dy line at 780 nm), therefore the wave-
length of the narrow-band photon should be 780 nm.
The base for this aim is an easily available and powerful
cw source of light at 390 nm. We have no such laser, so
we have to prepare it first. At present, the commonly
used method for getting such a source is to double the
frequency of a solid-state laser output. Because there
is no high power cw laser at 780 nm in our laboratory,
and usually the efficiency of the second harmonic gener-
ation (SHG) in a single-pass configuration is very lower,
so we have to obtain a strong enough 390-nm laser with
the aid of the cavity. Besides, a periodically-poled KTP
crystal is used for further improving the conversion effi-
ciency. A periodically-poled crystal, like a periodically-
poled Lithium Niobate (PPLN) or a periodically-poled
Titanyl Phosphate (PPKTP), with an appropriate grat-
ing period, permits efficient three-wave mixing at user-
selectable wavelengths by the technique of quasi-phase
matching (QPM). QPM allows one to utilize larger non-
linear coefficients in some materials, thus leading to sub-
stantially higher two-photon production rates. In this
section, we will report on an efficient cw SHG at 780-
nm wavelength with a first-order type-I phase matching
PPKTP crystal in a ring cavity; the wavelength corre-
sponds to the D5 line of Rb atom transition. Despite the
fact that the theory of the SHG is well established and
many realizations of such sources have been reported,
our experiment is not trivial owing to the following facts:
our fundamental source is a small and relatively cheap
grating-stabilized external cavity diode laser (Toptica
DL100), and its frequency is locked to the transition
line Dy of Rb%" atom (780 nm) by the saturated ab-
sorption technique, in contrast with other experiments
in which a bigger and more expensive Ti: Sapphire laser
is used [25-30]; Second, a type-I phase matching PPKTP
crystal is used as the frequency doubling crystal. This
is the first experiment performed for realizing SHG at
780 nm in a cavity to our best knowledge, although an
SHG experiment at 780-nm wavelength using a single-
pass configuration was done several years ago [31]. PP-
KTP has a relatively large optical nonlinearity and good
power-handling capability in the UV and visible spectra,
therefore it is attractive for the generation of blue-UV
radiation.

The PPKTP crystal is 10-mm long, 1-mm thick and
2-mm wide, and has 2.95-um poled period. The crystal
was bought from Raicol Company. The facets of the
crystal were anti-reflection coated at 780 nm and 390
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Fig. 1 The schematic drawing of the experimental set-up. DL100_780 nm: laser; ISO: isolator; EOM: electronic optical
modulator; My, Ma: mirrors; Ma, M4: mirrors with 80-mm radius of curvature.

nm. The crystal is mounted in a home-made temperature
controlled Peltier oven with the stability of £0.05°C. We
first perform a single-pass SHG experiment to find the
optimal temperature at which the crystal works. In this
case, a relatively loose focusing condition (focus length:
10 c¢m) is used in order to avoid the influence of beam
divergence. The experimental result shows that the opti-
mal temperature is about 12.5°C. This low temperature
introduces the difficulty to our temperature controller
because of the relatively large temperature difference be-
tween the crystal and the environment (about 21°C).
The temperature spectrum is ATpwan = 2.6 K. From
this value, we calculate that the effective length of the
crystal is about 3.9 mm using the Eq. (4) of Ref. [25],
which is quite smaller compared with the actual physical
length of 10 mm. The derivatives of the refractive in-
dices with the temperature at the fundamental and the
second harmonic wavelengths used in calculation are ob-
tained at the phase matching temperature T from Ref.
[32]. Here, we have to say that the value of the effec-
tive length is only a reference because there are no Sell-
merier equations which are valid for a wavelength shorter
than 450 nm and we assume that Sellmerier equations
of Ref. [33] used in our calculation could be workable
in the range of less than 450 nm. In order to measure
how large the efficiency of the crystal is in the single-
pass SHG configuration, we use a relatively strong focus
lens (focus length: 5 cm). The measured UV power is
30 uW with 87-mW input pump power at the optimal
temperature of 12.5°C. This result gives a conversion ef-
ficiency of 0.4% W1, which is not high compared with
other experiments [25—-29], the main reason we think may
be from the inhomogeneity of the crystal. At the short
wavelength, manufacturing the corresponding short pe-
riod grating is quite difficult. The inhomogeneity of the
crystal will reduce the nonlinear coefficient deg and the
conversion efficiency, which have been reported in some
experiments [25, 31]. This effect is also observed in our
experiment: when we change the incident position of the
input laser on the crystal, the power of the SHG changes
significantly. Another possible reason is from the short
effective length of the crystal. The third possible reason
is from the beam quality of the laser. The beam shape
of the laser from a diode is elliptical. Although we use a

cylindrical lens set to correct the shape of the laser, the
beam shape is still not perfect, which also reduces the
conversion efficiency. Taking the experimental results,
we calculate the effective coefficient d.g to be about 3.3
pm/V according to the Eq. (6) of Ref. [25]; it is quite
lower compared with the values obtained in other exper-
iments [25-28].

The schematic drawing of the experimental set-up for
SHG in a cavity is shown in Fig. 1. The cw grating-
stabilized external cavity diode laser is typically operat-
ing with an output power of 100 mW at 780 nm. The
frequency of the laser is precisely locked to the cross peak
of transition 5S; /oF = 2 — 5Py oF" = 1,3 of Rb® using
the saturated absorption technique. Two 36 dB optical
isolators are used to cut the reflected light from other op-
tical components. The enhancement cavity is designed
in a symmetric bow-tie configuration with a full opening
angle of 9°, i. e., 4.5° incident angle on the mirrors. The
cavity consists of a flat input coupler M of T' = 2.6%
transmission, two high reflecting (HR) mirrors M3 and
M, of 80-mm radius of curvature. The mirror My is
mounted on a piezo-electric transducer (PZT). The PP-
KTP is placed in the tight focus between M3 and My; the
path length between these two mirrors is about 97 mm.
The beam waist inside the cavity is about 37 um. The to-
tal cavity length is about 466 mm. About 57% of the gen-
erated UV light transmits though the mirror My, which
is measured by a power meter. The leak fundamental
light through the mirror M; and an electro—optical mod-
ular (EOM) are used to lock the cavity frequency to the
laser frequency by Pound-Drever-Hall method (PDH)
[34]. Two lenses are used to make the mode match be-
tween the pump mode and the cavity mode. The mode-
matched power of the input fundamental light is about
73 mW. The measured finesse of the cavity is about 100.
According to these values, we calculate that the circular
power of the fundamental light in the cavity is about 1.6
W. We set the temperature of the crystal to be 12.1°C,
which is the optimal temperature in the cavity configu-
ration. The reasons that there is a little difference be-
tween the phase matching temperatures observed in the
single-pass and the cavity configurations are from the
following: one is from geometry of the cavity [25]. The
input coupler is placed at an angle to the beam axis,
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which causes a displacement of the pump beam. This
displacement induces a small deviation of the incident
angle. Another reason is from our experimental set-up.
We put the PPKTP slightly tilted (about 1°) with re-
spect to incident light in order to reduce the feed-back
light from the cavity to the diode laser. When the crys-
tal is placed correctly, the strong feed-back light from the
cavity easily destroys the locking of our diode laser, even
when two 36-dB optical isolators are used. Therefore we
have to tilt the crystal to avoid it, which also induces a
small deviation of the incident angle. These two effects
can be compensated by a change of the crystal temper-
ature. The maximal output power of UV measured is
about 3.94 mW. Taking into account the transmission
coefficient of the output Mirror My of 57%, the power of
generated UV is about 6.9 mW, which corresponds to the
net conversion efficiency of 9.5%. The calculated single-
pass efficiency in the cavity is about 0.27%/W, which
is lower than the efficiency of 0.4%/W observed in the
single-pass experiment shown above. The following rea-
sons can be used to explain why the output is quite lower
compared with other experiments [25-27]. The first rea-
son has been mentioned previously, which is the lower
nonlinear efficient caused by the grating period inhomo-
geneity of the crystal; another reason is from the small
effective length of the crystal. The most dominant reason
we think is from the large absorption coefficient of the
KTP crystal in blue spectrum region [35] in the range of
<400 nm. The measured absorption loss of the crystal
is about 27% at 390 nm. Although the circular power in
the cavity is not very large, the blue-induced thermal ef-
fect should be considered because of this large absorption
coefficient. This large absorption makes the stable lock-
ing of the cavity difficult, which is shown in the following
experimental phenomenon: the developing asymmetry in
the cavity transmission signal with corresponding deteri-
oration of the dispersion feature used for stabilizing the
cavity, as shown in Fig. 2. Obviously, the fringe of the
left in Fig. 2 is broadened because of a self-stabilizing
effect of the optical length to laser frequency due to the
opto—thermal dynamics where the feedback is positive on
this side. Compared with the experiment in Ref. [25],
the broadening is quite modest. The scan frequency of
the PZT is 24 Hz. We also reduce the scan frequency to
7 Hz to maintain better thermal equilibrium; almost the
same phenomenon as shown in Fig. 2 is observed. In
order to get a good dispersive signal for stable locking of
the cavity, we have to misalign the cavity, which reduces
the conversion efficiency and hence the thermal loading
of the crystal, as said in Ref. [25]. The misalignment of
the cavity likely induces the drop efficiency in the single-
pass. During our experiment, we find that the maximal
output power can be only kept stable for a few minutes,
after that, it drops gradually as time passes. We monitor
the output power and find that it is finally kept relatively

Bao-sen SHI, et al., Front. Phys. China, 2010, 5(2)

stable at about 1.7 mW after 4 hours. Besides the blue-
induced thermal effect shown above, which makes the
temperature of the crystal increased and deviated from
the optimal temperature gradually with time, another
important reason is the fluctuation of the output laser.
The laser used is the external-cavity diode laser with
Littrow set-up, small fluctuation of the grating in set-up
will cause relatively large position deviation incident on
the crystal, which induces a small extra deviation of the
incident angle, therefore reducing the output power. Of
course, the instability caused from the environment, for
example, from air turbulence, dynamic vibration, etc., is
also a possible reason. In order to avoid these, we put a
box on the cavity, to avoid the possible vibration during
the experiment.

We use another same size PPKTP crystal to perform
the SHG in the same cavity instead. The maximal mea-
sured output power is about 5.08 mW, which corresponds
to the generated power of 8.8 mW and the net conversion
efficiency of 12%. The same experimental phenomena are
observed: the output power drops gradually with time;
the cavity transmission signal is also asymmetrical.
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Fig. 2 Pump intensity vs. cavity length change for the two scan-
ning directions of the PZT. The left shows the case of expanding
of the PZT and the right shows the case in which the cavity is
scanned in the opposite direction.

3 Preparation of the photon pair source in a
single-pass configuration

Although the stable output power of cavity SHG is not
high, it is enough for us to perform the next experiment.
In this section, we will show the preparation of the ultra-
bright photon pair source using the output of cavity SHG
as the pump laser in a single-pass SPDC configuration.

3.1 Experimental set-up

The experimental set-up is shown in Fig. 3. The violet
pump laser with 1/e? diameter of about 2.5 mm used for
SPDC is from the doubler shown in the previous section.
The output power at 390 nm can be easily adjusted by
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changing the input power to the frequency doubler. A
lens with 10-cm focal length is used to focus the pump
beam. The crystal used for SPDC is another 10-mm
long, 1-mm thick and 2-mm wide PPKTP crystal with
the periodical poling period of 2.95 um. The facets of the
crystal were also anti-reflection coated at 780 nm and 390
nm. The crystal is mounted in a home-made tempera-
ture controlled Peltier oven with the stability of +0.05°C.
After the crystal, a set of lenses consisting of two differ-
ent focal length lenses (Lg: 38 cm, Ls: 50 cm) is used
to couple the photons into a single mode fiber. Before
the fiber, two color filters are used to cut 390 nm light.
The single mode fiber is connected to a fiber symmet-
ric beamsplitter. Each output of the fiber beamsplitter
is connected to a single-photon detector (PerkinElmer
SPCM-AQR-14-FC). The outputs of the detectors are
sent to a coincidence circuit for coincidence counting,
which mainly consists of a variable delay, a coincidence
gate and a counting card. The coincidence window is
about 5 ns.

Pm P:m \
DL100 SHG N
- L, L,
*ler
@’ il N |
1
Fiber BS~o  pin Vo ekt U

Fig. 3 Schematic set-up. An external-cavity diode (DL100) is
frequency doubled in a ring cavity. Output at 390 nm is used as
the pump for SPDC. L is a lens with 10 cm focal length, and Lo,
L3 consist of a lens set, their focal lengths are 38 mm and 50 mm
respectively. Fiber BS is a fiber beamsplitter.

3.2 Experimental results

The single counts and coincidence counts measured ver-
sus the temperatures of the crystal are shown in Fig. 4.
The pump power measured before the crystal is about
0.11 mW. The maximal single counts are 2.7 MHz and
2.6 MHz respectively. The maximal coincidence counts
are 340 000/s, the optimal temperature of the crystal
is about 13.3°C. The coincidence count to single count
ratio is about 13%. In order to estimate the accidental
single and coincidence counts, a 390-nm half waveplate
(HWP) is inserted into the pump beam. The HWP ro-
tates the polarization of the violet pump laser by 90°.
In this case, there are no actual SPDC photon pairs.
The single counts are from background light, such as the
scattered lights from the crystal, mirrors, and the fluo-
rescence related to gray tracking in KTP due to color-
center formation. We measure the accidental single and
coincidence counts at different phase matching temper-
atures, and find that they are quite small and almost
unchanged with the temperature. Both single counts are
less than 50 000/s and coincidence counts are less than
100/s. Therefore, these accidental counts can be safely
omitted. The estimated photon pair production rate N
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Fig. 4 Single counts (bottom) and coincidence counts (top) ver-
sus the temperature of the PPKTP crystal. No interference filter
is used.
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can be calculated by the formula N = —R where,
C

51,59 are net single counts respectively, R, is the coin-
cidence count. We calculate that N = 94 x 10 Hz per
mW pump power. We also measure the single photon
spectrum at the temperature of 13.5°C which is close to
the optimal temperature by an optical spectrum analyzer
(ANDO AQ-6315A with a resolution of 0.05 nm). In or-
der for that, we increase the pump power to about 1 mW.
The measured spectrum is shown in Fig. 8 (b). We find
that the center wavelengths of idle and signal photons are
a little different. The reason will be shown later. The
measured bandwidth at FWHM is about 40 nm. There-
fore, the production rate is about 2.35 MHz/nm per mW
pump power. Furthermore, we insert a 3-nm interference
filter in front of the single mode fiber and repeat the
measurement shown above. The detected single counts
and coincidence counts are shown in Fig. 5. The op-
timal temperature of the crystal is about 12.44°C. The
maximal coincidence counts are about 11 500/s with the
pump power of 0.11 mW, corresponding to the produc-
tion rate of 4.3 MHz/(mW-nm), which is a little higher
compared with the production rate without interference
filter. We also estimate the accidental single and coinci-
dence counts by the method shown above and find that
they are also quite small; both single counts are less than
2000/s and coincidence counts are less than 10/s. One
thing we want to point out is that the coincidence count
to single count ratio is less than 7%, only half compared
with the case of no interference filter inserted. We think
one reason is from the fact that the interference filter
used is not a perfect square filter and therefore there are
photon detection losses associated with the shape of the
filter. Another reason is from the fact that there is the
transmission loss of the filter even at the center of the
filter transmission band, which will reduce this ratio fur-
ther. We measure that the transmission efficiency of the
interference filter at center wavelength is about 90%.
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Fig. 5 Single counts (bottom) and coincidence counts (top) ver-
sus the temperature of the PPKTP crystal. A 3-nm interference
filter is used.

3.3 Discussion

One thing we want to address is that the measured tem-
perature bandwidth in our SHG experiment with PP-
KTP is about 2.6 K. However, from Fig. 4, we can see
that the measured temperature bandwidth is much larger
than the 2.6 K with the same crystal. (We only get half
of the temperature spectrum experimentally in order to
avoid the possible liquefaction on the surface of the crys-
tal at lower temperature. Suppose the temperature spec-
trum is symmetric.) This is easy to be understood from
the following fact: the band of the SHG is measured with
the wavelength of both pump components being equal at
all times. On the contrary, the single and idle photons in
SPDC can vary in opposite directions when the temper-
ature is changed. This difference makes the SPDC have
a more broad temperature band. Our simple calculation
confirms this point.

From Fig. 4, we can see that single and coincidence
counts depend significantly on the phase matching tem-
peratures of the crystal. One more thing is that even
the temperature of the PPKTP is shifted away from
the optimal temperature quite significantly, for example
almost 10 degrees, still we detect very high coincidence
counts and the coincidence count to single count ratio
is more than 10%. We think there are three possible
reasons: one is due to the spatial mode variation of the
SPDC outputs and the subsequent coupling into the sin-
gle mode fiber. It is well known that the SPDC output
is a beam-like solid cone for the collinear operation, and
becomes a wide-open cone if the phase matched tem-
perature is detuned from the optimal temperature. The
coupling of the SPDC output to the single mode fiber is
optimal for the beam-like solid cone but is substantially
reduced for a wide-open cone, this case will reduce the
single counts and coincidence counts. In order to check
this possible reason, we calculate the angles of the open
cones of SPDC outputs versus the temperatures of the
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Fig. 6 The calculated emitted angles of SPDC outputs at dif-
ferent phase matching temperatures in degenerated case. Unit of
temperature T °C; unit of angle: (°).

crystal in degenerated phase matched cases. The re-
sults are shown in Fig. 6. The results show that at the
optimal temperature and the output of the SPDC is
a solid cone, the angle of SPDC output increases with
the decrease of the temperature. When the tempera-
ture is higher than the optimal temperature, there is
no output of SPDC, which is in contradiction with the
experimental results. Therefore, we conclude that this
spatial mode variation of the SPDC outputs may have
an effect on the single and coincidence counts only at
lower temperatures. Another possible reason is due
to the nondegenerated phase matching SPDC of the
crystal at different temperatures. We demonstrate this
effect by the following two facts: one is that we calcu-
late the wavelengths of the SPDC outputs versus the
temperatures of the crystal in collinear non-degenerated
phase matched case, and the results are shown in Fig.
7. We clearly see that the wavelengths of the SPDC
outputs change with the temperatures of the crystal.
Another fact is from our measured single photon spec-
tra at different temperatures. From these spectra, we
clearly see that the center wavelengths of two photons
become different with the temperatures, and the band-
width of single photon becomes narrower, which are
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Fig. 7 The wavelengths of the SPDC outputs versus the temper-

atures of the crystal in collinear non-degenerated phase matching
case.
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shown in Fig. 8. The third possible reason is from the
inhomogeneity of the crystal, which also induces the non-
degenerated phase matched SPDC. We also calculate the
wavelengths of the SPDC outputs versus the periods of
the PPKTP grating in collinear phase matching case.
The results are shown in Fig. 9, which clearly shows
that the inhomogeneity of the crystal will induce the non-
degenerated phase matching SPDC outputs. We think
these three effects may also explain the reason why the
optimal temperature in the case of a 3-nm interference
filter inserted is different from the case without filter.
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Fig. 9 Wavelengths of the SPDC outputs versus the periods of
the grating in collinear phase matching case.
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According to the measured optimal temperature of
13.3°C, we can calculate the period of the grating,
which is about 2.98 pwm, a little larger than the 2.95
um given by the manufacturer. This may be due to
the imperfections in the poling process. Because the
dispersion increases rapidly in the UV region, the quasi-
phase-matching (QPM) condition requires short domain-
inversion grating (< 4 um). It is not easy to fabricate
such short QPM grating homogeneously.

We think the main reasons that our photon pair source
is highly efficient are from two facts: one is we use the
type-I phase matched PPKTP crystal. As we show, the
highest ds3 nonlinearity of KTP is used in the type-I
case, instead of a relatively small d24 nonlinearity in the
type-II case; another is we use a set of lenses to cou-
ple output of SPDC to a fiber, which helps us to realize
the optimal coupling of the SPDC outputs to the single
mode fiber. Although there are many experiments that
report the highly efficient generation of photon pairs [30,
36—44], there are few experiments in which a bulk type-I
phase matched periodical poled crystal is used. Further-
more, most experiments are focused on the preparation
of the entangled photon pairs with the aid of some tech-
niques [38, 40-42], therefore it is not suitable to compare
our result with them. In Ref. [43], more than 7400/s co-
incidence counts in a type-I phase matched bulk PPKTP
with the input power of 3.58 mW is reported. The pro-
duction rate was about 0.73 MHz/mW with full band-
width, which is lower than in this work. In Ref. [44], a
bulk type-II phase matched PPKTP is used to generate a
photon pair, the detected photon pairs are 24 000/ (s-nm)
with the injected pump power of 0.81 mW, correspond-
ing to the production rate of 1.0 MHz/(nm-mW). Our
result is higher than that. Besides, there are some re-
ported experiments in which a photon pair is generated
in a PPLN waveguide. For example, Ref. [36] reports de-
tected photon pairs of 1550/s for a 5.2 uW of input pump
power in 30-nm bandwidth in a type-I phase matched
PPLN waveguide, corresponding to the production rate
of 48 MHz/(mW-nm). Ref. [44] reports a detected co-
incidence counts of 35 000/(s-nm) with the input power
of 33 uW in a type-II PPKTP waveguide, correspond-
ing to about 25-MHz/(nm-mW) production rate. Both
are higher than our results. This is because usually the
waveguide is more efficient than the bulk crystal, the
main reasons are already shown in Ref. [44].

4 Generating a multi-mode photon pair with
the aid of cavity

From the results shown in the previous section we see
that although an ultra-bright two-photon source can be
obtained with the aid of a periodical poled nonlinear
crystal, the bandwidth of the photon is very broad, which
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makes the direct coupling between the photon and the
atom impossible. Therefore the bandwidth of the pho-
ton has to be reduced significantly, which can be real-
ized by putting the down-converter crystal in a cavity.
In this way, only the photon whose frequency matches
the cavity mode will be enhanced significantly. In this
section, we report on the generation of a type-I multi-
mode two-photon state on a rubidium Dy line (780 nm)
using PPKTP crystal with the optical parametric oscilla-
tor (OPO) operated far below threshold and observation
of an oscillatory correlation function. The theory of the
output from an OPO far below threshold has been dis-
cussed in Refs. [15, 19], so here we mainly focus on the
experimental results discussion.

A schematic drawing of the experiment set-up is shown
in Fig. 10. The pump laser is still from our doubler in-
The OPO cavity is composed of
two concave mirrors of curvature radius 80 mm and two
plane ones. The concave mirror (Ms) has partial trans-
mission about 5% at 780 nm and works as the output
coupler, while the others are high reflectance mirrors.
The round-trip length of the cavity is 480 mm corre-
sponding to 0.625 GHz FSR and 1.6 ns round-trip time.
The distance between two spherical mirrors is about 100
mm, and a 10 mm long PPKTP is placed between two
spherical mirrors resulting in a waist of 40 um inside the
crystal. The temperature of the crystal is controlled by
our home-made thermoelectric cooler. The OPO cavity
is locked to laser frequency by PDH method. The trian-
gle cavity C is used to get mode-matching between two
bow-tie-type ring cavities. It is very important to have
a good mode matching between these two cavities, be-
cause it can increase the pump efficiency and inhibit the
excitation of the complicated transverse spatial modes of
the OPO. The mode match is done by matching both the
harmonic pump laser from the frequency doubler and the
harmonic field from OPO cavity to the triangle cavity C.
To get the second harmonic field from the OPO cavity,

troduced previously.

M, PPKTP_ M,
<
DL100_780 nm EOM i A
Frequency PDI
, Locking beam | doubler

7 i Chopper 4
Y

Flber BS

Fig. 10 Experiment set-up. DL100_.780 nm: ECDL operated
at 780 nm; ISO: optical isolator; EOM: electro—optic modulator;
SAR: saturated absorption resonator; PD1 and PD2: fast photode-
tector for cavity locking; PD3 and PD4: avalanche photodetectors;
CFD: constant-fraction discriminator; pTA: picosecond time ana-
lyzer.

Bao-sen SHI, et al., Front. Phys. China, 2010, 5(2)

we input a reference light that is a part of the funda-
mental laser to OPO cavity for frequency doubling. A
chopper is used to cut the photons of locking light re-
flected from the surface of the crystal to avoid possi-
ble background noise, because the locking beam has the
same frequency and polarization as the generated photon
pairs. The colored glass filer is used to cut the UV light.
The outputs from OPO are coupled into a 50/50 fiber
beam-splitter (BS). The outputs of the BS are input to
single photon detectors. The outputs of the detectors
are sent to a coincident circuit for coincidence counting,
which mainly consist of a picosecond time analyzer (OR-
TEC, pTA9308) and a computer.

In order to generate a two-photon state, the OPO
should operate far below its threshold. This thresh-
(T + L)?

4l?nl ’
where, T is the transmission of the output coupler, L is
the loss in the cavity. FEy is the nonlinear coefficient of
the crystal. Taking the measured nonlinear coefficient
shown in Section II, and omitting the loss in the cavity,
the calculated threshold is about 160 mW. In our ex-
periment, the input power is about 15 uW, which is far
below the threshold. Figure 11 shows the measured in-
tensity cross-correlation function between the generated
photons in the experiment. The points are the measured
data, and the line is the fitted curve using Eq. (5) of
Ref. [19]. The theoretical curve fits the experiment data

old can be calculated by the formula: pin, =
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Fig. 11 Observed oscillatory correlation function of multimode
two-photon pairs. The points are the measured data, and the
line is the fitted curve using Eq. (5) of Ref. [19]. The coinci-
dence counts are accumulated in 70 seconds. The pump power is
about 15 uW. The fitted parameters of curve line are as follows:
Cl = 93,02 = O,A.Qopo/(zﬂ?) =17.8 NIHZ7 T0O = 59 ns, TOpO =
1.63 ns, 7p = 220 ps.

This is, to our best knowledge, the first time that this
kind of oscillatory correlation function at Rb Do line has
been obtained. Cross-correlation between two photons
shows a cavity bandwidth of 7.8 MHz. Besides, our ex-
periment is different from others. In Ref. [15], a bigger
and more expensive Ti:Sapphire laser is used as the fun-
damental light for the SHG in a cavity. Our fundamental
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source is a small and relatively cheap grating-stabilized
external cavity diode laser and its frequency is locked
to the transition line Dy of Rb87 atom by the saturated
absorption technique. In Ref. [16], a pair of cw type-I
down converters, one rotated by 90°, in a ring cavity is
used to produce polarization-entangled photons. In this
experiment, a Ti:Sapphire laser and a KbNQOj crystal are
used. In our experiment, a PPKTP crystal, which has
larger nonlinear coefficient, is used to compensate the
relative lower power of the diode laser. In Ref. [17], a
cw type-II down converter is used to get a narrow-band
photon pair at 795 nm with an ECDL at 397.5 nm. In
our experiment, the pump laser at 390 nm for OPO is
from frequency doubling of the 780-nm laser in a cavity.
In Ref. [18], a single resonant OPO is used to prepare
a narrow-band photon. The OPO is locked by Hansch—
Couillaud method.

In this experiment, we obtained a multi-mode photon
pair with the aid of a cavity. A question arises very nat-
urally: what is the difference between these photons and
the photons generated in a single-pass SPDC configura-
tion? In the next section, we will show some special prop-
erties by using a two-photon interference experiment.

5 Quantum interference of multi-mode two-
photon pairs with a Michelson interferometer

Goto et al. [45] recently reported on the second-order
interference of multimode two-photon pairs with an un-
balanced Mach-Zehnder interferometer. They theoreti-
cally showed that the second-order time correlation be-
tween the two photons has a multipeak structure, and
its shape depends on the path length difference between
two interfering beams. But in their experiment, they
only consider a case in which the propagation time differ-
ence between short and long paths in the interferometer
is half of the round-trip time of the photon in the OPO
cavity. This makes their theoretical claim lack enough
experimental support. In order to further investigate
the properties of the multimode photon pairs, we per-
form a quantum interference experiment in a Michelson
interferometer in more general cases. We not only dis-
cuss the case in which the interferometer is highly unbal-
anced, considered in Ref. [45], but also discuss the case
in which the interferometer is nearly balanced, which is
not included in Ref. [45], extending the discussions of
Ref. [45]. The results obtained by Goto et al. and
ours clearly show the different interference behavior of
multimode photon pairs from the photon pairs obtained
through a single-pass SPDC configuration. We believe
these results are useful to further characterize the prop-
erties of the photon pairs obtained via an OPO far below
threshold. The detailed theory discussion can be found
in Ref. [23]. Here, we only discuss the experimental
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results.

A schematic drawing of the experimental setup is
shown in Fig. 12. The outputs from OPO cavity are
inputted into a Michelson interferometer. The photon
generated has a comb-like shape of the spectrum shown
in Section 4. The phase difference between two interfer-
ing beams can be adjusted by moving the position of the
mirror My, which is mounted on a piezoelectric trans-
ducer (PZT). Both PZT and the mirror are fixed on a
translation stage, by which the path length difference can
be roughly adjusted. The relative phase between two in-
terfering beams can be actively controlled and locked by
PDH method. One output of the interferometer is con-
nected to a 50/50 fiber beamsplitter (BS) (NEWPORT
P22s780BB50). Each output of the fiber BS is connected
to an avalanche photon detector. The outputs from de-
tectors are sent to a coincidence circuit for coincidence
counting, which mainly consists of a picosecond time an-
alyzer and a computer.

| DL100_780 nm J' | SHG J' \\
/ o’

/ 7 T
- PD2 Chopper »- /
g o N Locking beam “N, C
L
& = ‘ % H 2 PPKTP
= — b ¥
o A ‘
A ! <

PD3

Fiber BS

Fig. 12 Schematic of the experimental set-up. DL100-780 nm:
diode laser; PBS: polarization beam splitter; PD1 and PD2: pho-
todetectors for locking; PD3 and PD4: avalanche photodetectors;
Fiber BS: fiber beamsplitter; C: triangle cavity; pTA: picosecond
time analyzer; H: horizontal polarization of the locking beam; V:
vertical polarization of the OPO beam; CFD: constant-fraction
discriminator.

First, we show our experimental results in the unbal-
anced case, where the path length difference between two
interfering beams is about 170 mm, equal to about 1/3
of the round-trip length. In this case, photons propaga-
tions in the interferometer can be divided into two differ-
ent situations. In situation 1, both photons are reflected
or transmitted at the BS of the interferometer, which
will provide the second-order interference; in situation
2, one of the two photons in each pair is reflected and
the other is transmitted there, there is no second-order
interference. In both situations, there is no first-order
interference because the path length difference is much
larger than the first-order coherence length of the single
photon. The experimental results are shown in Fig. 13.
The dots are experimental data, and the lines are fitted
by the Eq. (4) of Ref. [23]. The experimental results
show that the second-order time correlation has a multi-
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peak structure. The shape of the fringe is different from
that shown in Ref. [45]. This concludes that time corre-
lation is really dependent on the path length difference.
Our results clearly support the theoretical claim given by
Goto et al.. In Fig. 13, the deviation of the experimental
data from the fitted lines is probably due to the small
round-trip time, which determines the distance between
adjacent peaks. If round-trip time is larger, every peak
could be more distinguished from neighbors even under
the condition of the bad resolving time of the detectors.
A better agreement between the data and fitted lines
could be achieved.
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Fig. 13 Experimental results in highly unbalanced case. The
dots are experimental data, and the lines are fitted by the Eq. (4)
of the Ref. [23]. The experimental results show that the second-
order time correlation has a multipeak structure. The phase 0 in-
creases stepwise by arccos j/4 from (a) to (i) (j = —4, — L4).

Next, we extend the experiment to the case in which
the two interfering beams in the interferometer are nearly
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balanced. We divide this case into two different situa-
tions according to the first-order coherence length of the
single photon (about 90 um [24]): in situation 1, two in-
terfering beams are perfectly balanced, where the path
difference is almost zero. There are two different interfer-
ences in this situation: one is the second-order interfer-
ence, which is caused by the superposition of the terms:
the term both photons are reflected or the term both pho-
tons are transmitted at the BS, this provides a phase sen-
sitive interference, and the term one of the two photons
in each pair is reflected and the term the other is trans-
mitted at the BS of the interferometer, which provides
a phase insensitive Hong—Ou-Mandel [46] interference;
another is the first-order interference, which is caused by
the superposition of two probabilities: the probability
one photon is reflected or the probability this photon is
transmitted at the BS; this is a phase sensitive interfer-
ence. In situation 2, two interfering beams are almost
balanced, but the path length difference between two
interfering beams is slightly larger than the first-order
coherence length of the single photon. Therefore, there
is no first-order interference besides the second-order in-
terference caused by the superposition of the terms: the
term both photons are reflected or the term both pho-
tons are transmitted at the BS. The experiment results
are shown in Fig. 14. Figure 14 (a)—(c) indicates the
time correlation functions in situation 1, where #=0 and
7t correspond to the maximum and minimum heights of
the correlation functions. Figure 14 (d) shows the result
in situation 2, where path difference is 0.74 mm, and 6 is
arbitrary phase. The experimental results clearly show
that the second-order time correlation has a multipeak
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Fig. 14 The time correlation functions of the two-photon interference in balanced case are measured. (a) to (c) corre-
sponds to @ = 0,7/2, n respectively in situation 1. (d) is measured at an arbitrary phase in situation 2 with AL = 0.74

mm for comparison.
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Fig. 15 (a) and (b) are the coincidence counts of the two-photon interference in case of AL ~0 and AL = 0.74 mm,

respectively.

structure, but it is very different from that in the un-
balanced situation. The shapes of four pictures in Fig.
14 are almost the same except for their heights. We see
that the shape of the correlation function is independent
of the small path length difference between two interfer-
ing beams. This can be easily understood from Egs. (6)
and (7) of Ref. [23]: the shape of the correlation function
is independent of the phase. Therefore, our experimental
results agree well with the theoretical predictions. The
height of Fig. 14(c) is not exactly zero, which is because
of the phase fluctuation as well as the imperfection of the
50/50 beamsplitter in the interferometer. In addition, we
measure the coincident counts against the phase differ-
ences between two interfering beams. Figure 15 (a) and
(b) shows the results in situations 1 and 2 respectively.
The visibility of Fig. 15 (a) is about 88% against the
perfect case of 100% and the visibility of Fig. 15 (b) is
about 29% against the perfect case of 50%. The possible
reasons of the lower visibility are as follows: the shift of
the light from ECDL during the experiment; the small
shift of the mirror positions; the phase fluctuation and
so on. Comparing Fig. 15 (a) and (b), we see that the
peaks have a spacing in situation 1 that is twice as long
as the peaks spacing in situation 2, which agrees with
the theoretical predictions of Eqgs. (6) and (7) of Ref.
[23].

In this section, we clearly show some special properties
by using a Michelson interferometer. The results show
the different interference behavior of the multi-mode
photon pairs from the photon pairs generated through
a single-pass SPDC configuration. Another important
thing we want to know is how long the coherence length
of the photon is. The answer to this question is very
important because a long coherence length means a nar-
row bandwidth of the photon and possible strong cou-
pling between the photon and the atomic system, and
this efficient coupling is the prerequisite for realizing an
atomic-based quantum network. Long coherence length
of the single photon is also a key point in many quantum
protocols, such as quantum teleportation [47], swapping
[48], and so on. This motivates us to experimentally
evaluate the coherence length of the single photon gen-

erated. In the next section, we will show the experiment
measuring the coherence length of the photon.

6 Experiment the coherence

length of the single multi-mode photon

measuring

The basic idea of this work is as follows: when a photon
is inputted to a Michelson interferometer, if the path dif-
ference between two interfering beams is larger than the
coherence length of the photon, there is no first-order
interference. If the path difference is less than the co-
herence length of the photon, then there is a first-order
interference and the single count rate depends on the fine
path difference of the order of the single photon wave-
length; the maximal 100% interference visibility could
be observed in the ideal case. Based on this idea, we
divided our measurement on the coherence length of the
single photon into two steps. In the first step, we try
to estimate the range of the interference observed by
coarsely changing the path difference between two in-
terfering beams. In the second step, we try to get the
oscillation of the single count rate by finely adjusting the
path difference.

The schematic drawing of the experimental set-up is
shown in Fig. 16. The input power of UV light at 390 nm
to OPO is only 50 uyW. A two-photon pair is generated
through the OPO. The outputs from OPO are inputted
into a Michelson interferometer. The path difference be-
tween two interfering beams can be adjusted by moving
the mirror M; mounted on a PZT. Both PZT and mirror
are mounted on a translation stage. The relative phase
between two interfering beams can be actively controlled.
One output of the interferometer is connected to a single
mode fiber, then sent to a single photon detector. The
output of the detector is sent to a computer for counting.
The count time is 1 s.

First we coarsely change the path difference between
two interfering beams by moving the translation stage
to estimate the range of the interference we can observe.
Figure 17 shows the single counts against the path differ-
ences between two interfering beams. The squares show
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Fig. 16 Experimental set-up. DL100_780 nm: an external-cavity
diode laser operated at 780 nm; SHG: second harmonic generation;
OPO: degenerated optical parametric oscillator; C: triangle cavity
for mode-matching; Mj: mirror mounted on a PZT and a transla-
tion stage; PD1: fast photodetector for cavity locking; PD2: single
photon detector; Filter: red color glass; CFD: constant-fraction
discriminator.

the experimental data when the two interfering beams
are in phase, the upper curve (online black line) is fitted
by the function of A sin ¢?[C(x—B)]+D. The dots are the
experimental data when the phase difference of the two
interfering beams is mt, the down curve (online red line) is
fitted by the function of —Asin ¢*[C'(z— B)]+D. Where,
A, B,C and D are fitted parameters, and are 24, 6.565,
35 and 44, respectively. From this figure, we can see that
when the two interfering beams are almost equal, there
is a first-order interference pattern. When the path dif-
ference is large, there is no first-order interference. The
range at FWHM of the interference profile is about 90
um, this corresponds to about 3 nm bandwidth assuming
the single photon have a Gaussian wave packet. Then
we make the two interfering beams of the Michelson in-
terferometer almost perfectly balanced, and finely adjust
the path difference by PZT to observe the oscillation of
the single count rate against the phase. The experimen-
tal results are shown in Fig. 18, which clearly shows that
the single count rate oscillates with the phase. The visi-
bility is about 65%. The little lower visibility is mainly
due to the imperfection of the interferometer. Our exper-
imental setup is aligned by an ancillary light. The single
photon from OPO cavity may not overlap with this ancil-
lary light perfectly in the interferometer. Therefore the
interferometer is aligned perfectly for the ancillary light,
but is not aligned optimally for the single photon from
SPDC. The main contribution to the large error bars in
Fig. 17 is from the side peaks. The fitting lines agree
very well with the center peaks, but deviate from the side
peaks obviously. The reason is not clear, but we guess
that it is still from the imperfection of the interferometer
and possible phase fluctuation between two interfering
beams. In side peaks, the interference visibility is quite
lower, and a small fluctuation of data will cause a quite
large deviation from the fitting line. We check and find
that the background noise from light scattering of other
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optical components, such as mirrors, is quite small and
therefore can be omitted.
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Fig. 17 The single counts against the path differences between
two interfering beams. The dots and squares are experimental data
and the solid lines are the fitted lines by sin ¢? functions.
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Fig. 18 The single counts against the relative phases between
interfering beams when Michelson interferometer is in perfect bal-
ance. The dots are experimental data and solid line is the fitted
line by cos function.

Compared with the about 40 nm spectrum at FWHM
of the single photon generated in a single pass SPDC
configuration [9], the bandwidth of the single photon is
reduced significantly. Following the treatment given by
Ou [49], we now do a raw estimation on the coherence
length of the single photon. In our experiment, a type-I
phase matched down-converter is used. There are a num-
ber of non-degenerated conjugate modes separated by
the free spectral range (FSR) of the OPO cavity. These
mode pairs are located in the spectrum on the two sides
of degenerated mode pair. Assume there are m pairs
non-degenerated modes, the bandwidth of the output of
the OPO is 2m x Af2opo, where Af2opo is the FSR of
the OPO cavity, m = (I + nod + n'wod)ALopo/(27¢),
where, [ is the cavity length excluding the crystal, d is
the length of the crystal, n is the index of refraction
of the crystal, n’ = 9n/Ow [49]. Taking into account
our experimental parameters of [=47 mm, d =1 mm,
Afopo = 21 x 0.625 GHz, we calculate that m = 964,
therefore the bandwidth of the single photon is about
1205 GHz. Assuming that the photon have a Gaussian
wave packet, then the estimated coherence time is about
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360 fs, and the coherence length is about 110 wm, which
is close to the measured 90 wm coherence length in the
experiment.

From the discussion shown above, we see that even the
photon is generated through the OPO far below thresh-
old. The bandwidth is still so large that the direct cou-
pling between the photon and the atom is impossible,
therefore a further reduction on the bandwidth is neces-
sary. In the next section, we will show how to reduce the
bandwidth of the photon.

7 The generation of a narrow-band photon
pair

As we know, because of the large bandwidth of SPDC
photons, there are numerous non-degenerate conju-
gate pairs together with degenerate pairs. The non-
degenerate pairs are located at two sides of the degen-
erate frequency of OPO (wg) with a spacing of Awrggr,
the FSR of the OPO cavity, and have about the same
strength as the degenerate one. Therefore, a passive filter
is needed to eliminate these non-degenerate modes. This
can be done by using a filtering cavity that has a band-
width larger than that of single mode down-conversion
[15].

The schematic drawing of the experimental set-up is
shown in Fig. 19. The pump laser is still from the output
of the doubler. Different from the experimental setup in
Ref. [19], the OPO cavity is composed of a plane mirror
and a concave mirror of curvature radius 35 mm. The
concave mirror and the plane mirror have partial trans-
missions of about 0.5% and 1.1% respectively at 780 nm
wavelength. The PPKTP crystal is placed between the
plane and concave mirrors. The cavity length of the OPO
is about 25 mm, the FSR is about 6 GHz. The measured
finesse of OPO is about 250, which is higher than that
of the bow-tie-type cavity used in Ref. [19]. The higher
finesse means higher photon flux [15]. The OPO cav-
ity size is much smaller than that in Ref. [19], and the
smaller size makes better stabilization of the system pos-
sible. The temperature of the crystal is also controlled
by a home-made thermoelectric cooler with a stability of
0.02°C. The FSR of the filter cavity is about 30 GHz.
The measured finesse is about 100. The selected single-
mode outputs from the filter cavity are inputted to a
50/50 beam-splitter. The outputs of the BS are cou-
pled to single mode filters which are connected to single
photon detectors. The detector works in gate mode in
order to reduce the background noise caused by locking
light further. The outputs of the detectors are sent to a
coincident circuit for coincidence counting, which mainly
consist of a counting card (FAST ComTec P7888-2) with
1 ns bin width and a computer. In order to make the
SHG cavity and OPO more stable, these two cavities are
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kept under two boxes in order to avoid influence from
the environment.
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Fig. 19 Experimental set-up. DL100_-780 nm: ECDL operated
at 780 nm; ISO: optical isolator; EOM: electro—optic modulator;
SAR: saturated absorption resonator; PD1: fast photodetector for
cavity locking; PD2 and PD3: avalanche photodetectors; CFD:
constant-fraction discriminator; C: triangle cavity; BS: beam split-
ter; M: mirror.

Figure 20 shows the measured intensity cross corre-
lation between two photons. The dots are measured
data, and the solid line is a fitted line by the function of
exp(—Awopo |7 — T0]), where, Awopo is the bandwidth
of the OPO, 7y is the electronic delay. As can be seen
from Fig. 20, the fit agrees very well with the experi-
mental data. The small misfit may come from the mod-
ification from the spectrum of the SPDC by the filtering
cavity [15]. According to the fitted line, the estimated
bandwidth of the photon is about 21 MHz, which is com-
parable to the natural linewidth of Rb atom.
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Fig. 20 The measured intensity cross correlation function be-
tween photons. The pump power input to OPO is about 1.08
mW. The dots are measured data, and solid line is fitted line by
the function exp(—Awopo |7 — 70]). Awopo=21 MHz, and 79 is
the electronic delay. The accumulated time is 602 s.

Besides our work [20], there have been some other pro-
gresses along this research direction recently [15, 50, 51].
Our experiment is different from those experiments: in
Ref. [15], a bigger and more expensive Ti:Sapphire laser
was used as the fundamental light for the second har-
monic generation (SHG) in a cavity. Our fundamental
source is a small and relatively cheap grating-stabilized
external cavity diode laser, and laser frequency is pre-
cisely locked to the transition line Dy of Rb® atom by
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the saturated absorption technique. In Ref. [50], a cw
type-II down converter is used to get a narrow-band
photon pair at 780 nm. In that experiment, the pump
laser used for SHG at 390 nm is a Ti:Sapphire laser. An
etalon is used to select the single-mode photon pair from
the output of the OPO. In our experiment, the pump
laser for SHG is from ECDL. The nonlinear crystal is
type-I phase-matched. A spectral filtering cavity, whose
resonant frequency is locked to the fundamental laser, is
used to select a single-mode photon pair from the OPO
output. The use of a diode pump laser is an important
step towards the miniaturization and simplification of
the system. In Ref. [51], two type-II phase matched PP-
KTP crystals are used, one is for down-converter, the
other is for compensation crystal, by which, both sig-
nal and idle photons which have orthogonal polarization
directions can be made resonant to the cavity. The wave-
length of the photon is 894.3 nm, which corresponds to
cesium Dj line. Our work is the first work with a type-
I phase matching crystal at 780-nm wavelength and a
diode laser system.

The further reduction of the bandwidth of the pho-
ton can be achieved, for example, by improving the fi-
nesse of the OPO cavity. The finesse of the OPO cavity
is inversely proportional to the sum of the coupling con-
stants of the mirrors and the transmission loss of the
light through crystal. The limitation on the finesse of
OPO cavity is mainly from the transmission loss that the
photon transmits through the PPKTP crystal, which is
determined by the property of KTP crystal. It should
be pointed out that achievable bandwidth of the pho-
ton is no less than 1 MHz even with the more high fi-
nesse cavity, because the bandwidth of the diode laser
we used is about 1 MHz. During the experiment, the
pump power input to the OPO is about 1.08 mW. The
detected rate of the single-mode photon pair is about
50/(s:mW), corresponding to 2.7/(s-MHz-mW). Taking
into account the loss from the 50%-50% beam-splitter
used, the detectable rate is about 5.4/(s-MHz-mW). The
result is higher than the detected pairs rate of about
0.2/(ss-MHz-mW) using passive filtering [52], in which,
a single-pass SPDC configuration is used. The result is
comparable to the result shown in Ref. [50], in which,
a photon with 9.6 MHz bandwidth is generated with
the detected photon pair rate of 6/(ssMHz-mW). One
more thing we want to point out is that a type-I phase-
matched PPKTP crystal is used as the down-conversion
crystal in this work. As we know, the highest ds3 non-
linearity of KTP is used in the type-I case, instead of
the relatively small doy nonlinearity in the type-II case;
therefore, we should obtain a higher photon pair rate
compared with that in Ref. [50]. However, the problem
is that the bandwidth of the photon generated in type-I
phase-matched configuration is much larger than that of
the photon generated in type-II phase-matched configu-
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ration [49]. Therefore, there are much more multi-modes
in OPO cavity in the type-I case compared with that in
the type-II case under the same configuration, this is the
reason why our photon pair rate per mode is comparable
to the result shown in Ref. [50]. The further improve-
ment of photon pair rate could be achieved for example,
via the OPO cavity with higher finesse. In Ref. [15], it
has been shown that the average enhancement factor per
mode with OPO cavity compared with signal rate with-
out OPO cavity is roughly the square of the number of
finesse. It was shown in Ref. [50] that the pair generation
rate is proportional to the pump power. Of course, the
increase of input power can enhance the detected photon
pairs, but the number of multiple photon pair is also in-
creased, which will introduce the large background noise
and reduce the signal to noise ratio in the experiment.
Therefore, increasing the pump power input to the OPO
is not always useful to further improve the photon pair
generation rate. Here, we want to mention again that
a diode laser is used in our experiment in contrast to
the Ti:Sapphire in Ref. [50]. This small difference intro-
duces some experimental differences. In our experiment,
the output power of the ECDL is about 100 mW. Two
36-dB optical isolators have to be used to isolate the re-
flection from the optical components in order to protect
the diode laser. The output power of 390-nm UV light in
a single-pass SHG experiment is less than 40 uW. This
power is too low to perform the SPDC experiment [22].
In order to get enough power at 390 nm, we realize the
SHG with the aid of a cavity. One problem is that the
spatial mode of the laser is very bad compared to the
Ti:Sapphire laser, so we have to reform it by using a
set of cylindrical lenses. This bad spatial mode also in-
troduces one problem: the mode-matching between the
pump mode and the cavity mode. In our experiment,
two lenses are used to make the mode match between the
pump mode and the cavity mode. There is a big problem
concerning the operation of the cavity-based SHG exper-
iment: the large absorption of the KTP crystal at less
than 400-nm wavelength range. The absorption of the
PPKTP crystal used is more than 20%, which induces
the strong thermal lens effect. This makes the cavity un-
stable and finally reduces the output power. Therefore
the maximal available power at 390-nm wavelength is
only a few milliwatts in our experiment [22]. Another
small difference between our experiment and the exper-
iment in Ref. [50] is that an etalon is used to select a
single mode output in Ref. [50]. In our experiment, we
use a home-made cavity to select the single mode output.
The cavity is also locked to the laser frequency by the
PDH method.

We want to mention also that there are some works
in which a type-I down-converter is used: in Ref. [53],
the SPDC is done in a single pass configuration, and a
narrow band filter is used to reduce the bandwidth of the
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photon. In Ref. [16], two type-I converters are put in a
ring cavity to generate a polarization entangled photon
pair, but the output is multimode and therefore further
filtering is necessary. It should be pointed out that a po-
larization entangled photon pair can be created by using
the post-selection technology in Refs. [50-52], but it is
not the case in our work, because a type-I phase matched
SPDC is used in our work.

The single counts of both detectors are 22 000/s and
18 000/s respectively (with accidental counts). The
count difference between two detectors is from the dif-
ferent coupling efficiencies to single mode fibers: one is
about 80%, another is 60%. Another thing we want to
point out is the relatively lower coincidence count to sin-
gle count ratio and the large background noise shown in
Fig. 20. We think it is mainly caused by the following: 1)
all kinds of background lights, such as the reflected light
from mirror and crystal; the leak light from the locking
beam. Although a chopper is used to alternate the peri-
ods of the cavity locking and signal detection, it is still
possible for leaking locking light; 2) The optical losses in
our experimental setup, including the coupling loss of the
photon pairs from the space to fiber, the non-unit detec-
tor efficiency; 3) The presence of the uncorrelated pho-
tons. These photons are from i) the multi-photon case
and ii) fluorescence related to gray-tracking in KTP crys-
tal. This kind of fluorescence originates from color-center
formation which may be of the same order of magnitude
in intensity as SPDC in a single-pass configuration.

Finally, we experimentally generate a narrow-band
photon with a linewidth of 21 MHz, which is compa-
rable to the typical linewidth of the Rb atom. This pho-
ton can be used to realize the storage and retrieval in
Rb atomic ensemble, which is very important for long-
distance quantum communication.

8 Conclusion

In an atomic-based network, the efficient coupling be-
tween a photon and an atomic system is a prerequisite
for realizing the transfer of information between them,
which requires that the photon has a comparable band-
width with the natural bandwidth of an atom. There-
fore, how to generate a narrow-band photon is a very
important topic in the quantum information field. One
simple and efficient way is based on the SPDC with a
nonlinear crystal in a cavity. In this paper, we review
and give a series of experiments done in our group for this
goal. We finally achieve our goal and successfully gener-
ate narrow-band photons at 780-nm wavelength, which
makes the storage and the retrieval of the photon in Rb
atomic ensemble possible. We believe these results are
very useful for the research in this direction.
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