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A miniature ultrabright source of temporally long, narrowband biphotons
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We demonstrate a miniature source of long biphotons utilizing the cluster effect and double-pass
pumping in a monolithic doubly resonant parametric down-converter. We obtain a biphoton
correlation time of 17.1 ns with a generation rate of 1.10 x 10° biphotons/(s mW) and an estimated
linewidth of 8.3 MHz. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4740270]

Ultrabright sources of temporally long and spectrally
narrow photons are necessary for the realization of quantum
networks where efficient interaction of light and matter at
the single-photon level is essential.' Today, generation of
such photons can be realized by using cold atoms and the
techniques of cavity quantum electrodynamics® and elec-
tromagnetically induced transparency.®’ They may also be
generated by using cavity-enhanced parametric down con-
version followed by locked passive filtering.*”'" However
the complexity of previous sources make them difficult, if
not impossible, to scale up for quantum networks that have
many nodes and require many generators.'” In this letter we
report an ultrabright source of long biphotons that uses a
monolithic doubly resonant parametric down-converter with-
out external filtering. At 700 uW of pump power we obtain a
biphoton correlation time of 17.1 ns with a generation rate of
1.10 x 10° photons/(s mW), a generated spectral brightness
of 1.34 x 10* photons/(s MHz mW), and a count rate at the
detector of 527 biphotons/(s mW).

Spontaneous parametric down conversion (SPDC) as
usually practiced makes use of a forward-wave interaction
where a pump photon splits into co-propagating signal and
idler photons. The bandwidth of the biphotons is determined
by the phase matching condition and thus the gain linewidth
of the parametric interaction. For non-degenerate photons, it
is Awg = 1.77n/(|v;' — v 'L), where v, and v; are the
group velocities of the signal and idler photons and L is the
length of the nonlinear crystal. For a KTP crystal with a
length of 10 mm and type-II phase matching, the gain line-
width is about 4.66 cm™! or 140 GHz. Because the linewidth
of a strong radiative transition in an alkali metal is about
10 MHz, the bandwidth of these photons is about 10* times
larger than that required for efficient interaction.

To reduce the photon bandwidth and increase the spec-
tral brightness, one can resonate the signal and idler fields of
the SPDC process with an external optical cavity'*™'> to gen-
erate multi-longitudinal mode biphotons. One may then
obtain a single-mode output by using additional spectral fil-
tering.>'*!" Using this technique with periodically poled
KTP, Benson and colleagues® have attained a count rate of
1000 biphotons/(s mW).

SPDC using a backward-wave interaction has also been
suggested as a method to generate bright and temporally
long biphotons.'® Its special feature is its narrow gain line-
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width equal to 1.777/(|v;! 4 v L) ~ 0.026 Awg. But real-
ization of a backward-wave biphoton generator requires a
KTP crystal that is periodically poled with a sub-micron pe-
riodicity; even with current structuring techniques'’ this
remains quite challenging.

In the present work, we demonstrate a monolithic dou-
bly resonant parametric down-converter without external fil-
tering. A schematic is shown in Fig. 1. We use a 10-mm long
PPKTP crystal with spherically polished end faces (radii of
curvature of about 10mm). Both end faces are deposited
with a high reflection coating at the signal and idler wave-
lengths so as to form a monolithic cavity at both frequencies.
The finesse of the cavity is approximately 660. The pump is
a single-frequency cw laser at 532nm (linewidth < 5 MHz
and power stability of =1%) and is tightly focused into the
crystal. To implement double-pass pumping, one end face of
the crystal is also deposited with a high reflection coating at
the pump wavelength. Operating at 28 °C, with a temperature
stability of better than 0.5 mK, and a few mW of pump, we
generate collinear, orthorgonally polarized signal and idler
photons near degeneracy. This approach and the calculations
that follow are motivated by both the backward wave calcu-
lations'® and earlier work that uses a monolithic design to
obtain parametric oscillation in a single longitudinal mode."®

In order to obtain single mode operation without the
need for filtering, the spacing of signal modes which are
simultaneously resonant at the idler must be larger than the
gain linewidth. Fig. 2 shows a comb of signal modes and a
comb of idler modes where the mode spacing at the idler

Monolithic
PPKTP crystal

FIG. 1. Experimental setup. The biphoton source is composed of a periodi-
cally poled KTP crystal with spherically polished and coated end faces S1
and S2. So that the pump is double passed, the end face S2 is also coated at
the 532 nm pump wavelength. Orthogonally polarized signal and idler pho-
tons are separated by a polarizing beam splitter (PBS) before detection by
single-photon detection modules, SPDM1 and SPDM2. Long-pass and
band-pass filters (F) are used to remove the pump and spurious fluorescence.
Lens L1 and L2 are used to focus the pump into the crystal and to collimate
the signal and idler beams.
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FIG. 2. Cluster spacing and gain linewidth. The top panel illustrates the sig-
nal and idler modes (shown in black color) increasing in opposite directions.
The signal and idler resonances that line up vertically (red) are resonant at
both the signal and the idler wavelengths. The bottom panel shows the calcu-
lated gain curve for SPDC with a double-pass pump (solid curve) and with a
single-pass pump (dashed curve). The central cluster frequency (red vertical
line) is taken as the center frequency of the gain curve . Single-mode out-
put is achieved when there is only one doubly resonant mode under the gain
curve.

frequency A; is slightly less than the mode spacing at the sig-
nal frequency A;. Every so often, i.e., the red modes, a signal
mode and an idler mode line up and are doubly resonant.
Following the earlier literature,'® we term the frequency
spacing of these doubly resonant modes as the cluster spac-
ing AQc. With the approximation that the mode spacing at
the signal Ay and the idler frequency A; are independent of
frequency (no group velocity dispersion), the mode spacings
of the signal and idler modes are related to their group veloc-
ities vy; and the cavity length / by A,; = (2n)v,;/(2/). The
cluster spacing is obtained by noting that since the difference
of the mode spacings at the signal and idler is (A; — A;),
then a doubly resonant mode will occur after N idler modes,
where N = A;/(A; — A;). The cluster spacing at the signal
frequency is then NA; or

AS Ai

AQe =~ 570
CTA — A

6]

We use Type II phase matching to increase the differ-
ence between the group velocities at the signal and idler
wavelengths to thereby narrow the gain linewidth. To further
narrow this linewidth, by what turns out to be an essential
factor of two, the pump is double passed (Fig. 2) to effec-
tively double the length of parametric interaction. To make
the common cavity length as short as possible and to thereby
increase the cluster spacing, we use a monolithic cavity.
These ingredients, i.e., a monolithic cavity, type II phase
matching, and double pass pumping work together to allow
generation of single mode biphotons at both degenerate and
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non-degenerate frequencies. In our experiment, the biphoton
source is operated near degeneracy for maximum detector ef-
ficiency. The full width half power gain linewidth is
4.66 cm~! and the cluster spacing is 5.26cm™!.

Following the methodology of Chuu and Harris,'® with
a;(a)) and a4(w) denoting the signal frequency-domain oper-
ators, the spectral power density at the signal frequency is

@) = | {a(@aloesplito - oo
_ SVS'VI-KZ
-0 M -0,

and the bandwidth of the generated biphotons is Aw
= [(\/T} +6I°T% 4+ T — T2 — T%)/2]/%. With r denoting
the mirror reflectivity and &;; as the single-pass power loss
of the crystal, the output coupling rates are y,; = As;(1 —r)
and the total cavity decay rates are I'y; = 2&, /A, + Y
the parametric coupling constant and Q, = gnv, /! is the cold
cavity frequency, where ¢ is an integer.

With a,(r) and a,(7) as the signal time-domain operators,
the biphoton generation rate is given by (a, (¢)as(t)) or

R = Joo S(a)’)da/ _ 4y.¥ViK2

ST, 4T ©)

—00

at perfect phase matching. With (1) and a;(¢) as the idler
time-domain operators, and t equal to the difference in the
arrival times of the signal and idler photons, the Glauber cor-
relation function is

G (x) = (a; (1 + )a,(as(D)ai(t + 7))

)
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The correlation function is thus characterized by two decay
constants, one for 7 < 0, and the other for ¢ > 0. Each decay
constant is determined by the photon that arrives at the de-
tector later in time (i.e., signal photons for T < 0 and idler
photons for t > 0). For generation rates that are small as
compared to these decay times, the Glauber correlation func-
tion can also be expressed in terms of the absolute square of
the biphoton wave function as G (7) = [¥(t,1 4 1)|>. The
temporal width of the biphotons is then approximately
T, = (In2)(1/T5 + 1/T7y).

Experimentally, we find the monolithic down-converter
straightforward to align and use. We tune the cavity by
adjusting the temperature of the crystal. The calculated
change of the center cluster frequency is about 5 GHz per
degree. To select the cluster frequency nearest to the center
of the gain profile, we adjust the temperature to maximize
the intensity of parametric oscillation at a pump power of
50mW. The oscillation wavelengths of the signal and idler
(1063.5 nm and 1064.9 nm) are then measured by a waveme-
ter (Burleigh). The selected cluster frequency may or may
not be at the center of the gain profile. For biphoton measure-
ments we decrease the pump power to a few mW and, using
single photon detection modules (id Quantique 1d400), fine
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tune the temperature to maximize the biphoton generation
rate. On the scale of seconds, the average generation rate
fluctuates by about 10% about a mean rate that is stable on a
scale of several hours.

We measure the Glauber correlation function by coinci-
dence detection of the signal and idler photons. These pho-
tons are first separated by a polarizing beamsplitter and
guided to the single-photon detection modules through mul-
timode fibers. A digital time converter (FAST ComTec
P7887) measures the coincidence counts as a function of
delay. The counts are binned into 125-bin histograms. Acci-
dental coincidence counts, primarily from residual pump (af-
ter back-reflection) and spurious fluorescence, are reduced
with long-pass and band-pass filters. For a bin width T}, the
coincidence rate R.(t) is related the Glauber correlation
function by G (1) = R.(t)/T).

A typical measurement of the correlation function is
shown in Fig. 3, where we use a pump power of 700 uW. By
fitting the measured curve with two asymmetric exponential
decays for 1 < 0 and © > 0, we find 1/I’y = 11.33%0.12ns
and 1/I; = 13.29%0.14 ns (the probable reason for the dif-
ferent decay times is the different reflectivity for the orthogo-
nal polarizations). The correlation time (full width at half
maximum) is then 7, = 17.07%0.13 ns. Using Eq. (2), the
bandwidth of the generated biphotons is Aw = 2x - 8.3 MHz.

The biphoton generation rate is obtained by summing
the coincidence rates over all time delays and correcting
for the quantum efficiency of the detectors (15% and 30%
for the signal and idler), filter transmittance (53% in total for
each channel), fiber system transmittance (70% and 60%
for the signal and idler), and mirror reflectivity (95% in total
for each channel). For the measurement of Fig. 3, we obtain an
observed coincidence rate of 527 biphotons/(s mW). Correcting
for the total collection efficiency, the generation rate and
the generated spectral brightness of our biphoton source are
R =1.10 x 10°> biphotons/(smW) and R/Aw = 1.34 x 10*
biphotons/(s MHz mW).
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FIG. 3. Glauber correlation function of the signal and idler photons. The
coincidence counts (black) are measured as a function of the time delay
between the signal and idler photons at a pump power of 700 uW. The red
curve (theoretical) is a fit using two exponential decays with decay constants
of 1/T'; =13.29%0.14ns and 1/T'y = 11.33+0.12ns for t greater than or
less than zero. The full width at half maximum, or the correlation time, is
T, =17.07%=0.13ns.
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When the doubly resonant biphoton source is compared
to a non-resonant SPDC of the same crystal length and
pumping power, the generation rate is increased by a factor
of 17, where

8F |vs — vi
=~ /2 (Us + vi) ’ )

and F ~ nr'/2/(1 —r) is the finesse of both cavities. The
spectral  brightness is increased by a factor of
1, = n,Awg/Aw. For the present experiment the cavity has
a finesse of F =~ 660, and the enhancement, as compared to
a non-resonant down-converter is 7, = 40 for the generation
rate and 7, = 16, 000 for the spectral brightness.

Time domain measurements, as described in the previ-
ous paragraph, are limited by the temporal resolution of the
single photon detection modules of 250 ps. Because the spac-
ing (in the frequency domain) of the cluster modes is
5.26cm~! and is much larger than the inverse of the tempo-
ral resolution, observation in the frequency domain is also
desirable. Though the intensity of the biphoton source is too
low to allow this observation, we have instead operated the
generator in the oscillator regime and used a scanning Fabry
Perot interferometer (FSR of 2 GHz and spectral resolution
of 65 MHz) to determine that only a single mode is oscillat-
ing. Though promising, this does not rule out the possibility
of biphoton generation in a distant cluster mode that is not
discernible by time domain correlation.

To verify that the biphotons are generated in nearly a
single transverse mode, we have replaced the multimode
fibers used for the time domain measurements with single
mode fibers and find that the ratio of the observed biphoton
generation rate for the single mode case to that of the multi-
mode case is 0.78.

The monolithic down-converter, as designed, generates
time energy entangled photons, but not polarization
entangled photons. To produce biphotons that are polariza-
tion entangled, while retaining type II phase matching, one
may periodically pole the nonlinear crystal with two perio-
dicities that simultaneously allow the parametric process
where the signal is an ordinary wave and the idler is extraor-
dinary and the process where the signal is extraordinary and
the idler is ordinary.?°

One may envision the use of monolithic down-converters
such as described here to allow the quantum repeater proto-
col'? with one wavelength in the telecommunication band and
one wavelength that accesses a storage medium.”'* For
example a 525 nm pumped source could readily be designed
with wavelengths at 1.55 yum and 0.8 um. The 1.55 um pho-
tons would travel through fibers to a distant beam splitter
while the nominally 0.8 um photons would be incident on
nearby atomic ensembles. Efficient storage and extraction
both require narrow band photons as described here. This
monolithic source might also be used for generating condi-
tional long single photons that may be amplitude or phase
modulated by high-speed light modulators.*>~®

In summary, this work has shown that an appropriately
designed doubly resonant monolithic crystal may be used as
a parametric down-converter to generate temporally long
and spectrally narrow biphotons with exceedingly high
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spectral brightness. Application to several areas of quantum
information processing seems likely. To further increase the
biphoton correlation time and the brightness, and reduce the
bandwidth, all by a factor of about 2, one could use the mon-
olithic cavity described in Ref. 18 which has a higher finesse
of F = 1300.
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