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We demonstrate efficient single-photon detection at 1.55 mm by means of sum-frequency mixing with a strong
pump at 1.064 mm in periodically poled lithium niobate followed by photon counting in the visible region.
This scheme offers significant advantages over existing InGaAs photon counters: continuous-wave operation,
higher detection efficiency, higher counting rates, and no afterpulsing. We achieved single-photon upconversion efficiency of 90% at 21.6 W of circulating power in a resonant pump cavity with a 400-mW Nd:YAG
laser. We observed high background counts at strong circulating pump powers due to efficient upconversion
of pump-induced f luorescence photons. © 2004 Optical Society of America
OCIS codes: 270.0270, 030.5260, 270.5570.

Many quantum optics applications, such as quantum
cryptography,1 – 3 cannot take full advantage of the
inherently low transmission loss of optical f ibers and
the atmosphere at 1.55 mm because good single-photon
detectors in that spectral region are not currently
available. Eff icient single-photon counting near
1.5 mm would also be useful in traditional applications
such as classical optical communication, imaging, and
astronomy. Recent studies on 1.3 1.6-mm singlephoton counting devices employ InGaAs avalanche
photodiodes (APDs) that are biased above the breakdown voltage, cooled, and operated in the Geiger
mode.4 – 6 The reported eff iciencies are generally in
the 15– 25% range, depending on the operating temperature and the associated trade-offs in dark counts
and counting rates. Since InGaAs devices cannot be
operated continuously because of severe afterpulsing, gated passively quenched operation is typically
used. In contrast, Si APD single-photon counting
modules (SPCMs) are commercially available and
have desirable characteristics, such as high quantum
efficiencies (.70%) and low dark count rates (,100兾s).
Moreover, since afterpulsing is not a problem, these
SPCMs can be operated in cw mode at rates as high
as 10 MHz. Here we report eff icient single-photon
detection at 1.55 mm by means of sum-frequency
generation followed by direct detection in the visible
region with a Si SPCM. Although this basic idea was
demonstrated for squeezed states of light,7 it was only
recently implemented for single photons.8
Consider the sum-frequency generation of the
output field at v2 in a nonlinear x 共2兲 crystal from a
strong pump field at vp and a weak input field at
v1 . Treating the pump classically, the solution to the
coupled-mode equations for the phase-matched interaction is
â1 共L兲 苷 cos共jgEp jL兲â1 共0兲 2 sin共jgEp jL兲â2 共0兲 ,

(1)

â2 共L兲 苷 sin共jgEp jL兲â1 共0兲 1 cos共jgEp jL兲â2 共0兲 ,

(2)

where âi is the single-mode annihilation operator, L
is the crystal length, g is the nonlinear interaction
strength, and Ep is the pump electric f ield. Frequency
translation of any quantum state at v1 to the same
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quantum state at v2 with unity eff iciency is possible,
even at the single-photon level, if jgEp jL 苷 p兾2. More
importantly, the technique is suitable for converting
entangled photons that are generated at one frequency
to a different frequency with quantum-state preservation. This makes upconversion of individual photons useful in novel applications such as long-distance
quantum entanglement distribution and quantum teleportation.9 We note that for classical applications âi
is replaced by the corresponding electric f ield Ei , and
the upconversion results are unchanged: A weak input probe at v1 can be completely converted to an output signal at v2 .
The sum-frequency generation technique is characterized by the upconversion efficiency h 苷 N2 共L兲兾
y
N1 共0兲, where Ni 苷 具âi âi 典T is the mean photon number
at vi in measurement time T . For vacuum input at
v2 , h 苷 sin2 共jgEp jL兲, which can be written functionally as
h 苷 sin2 关共p兾2兲 共Pp 兾Pmax兲1兾2 兴 ,

(3)

where Pp is the input pump power to the nonlinear
crystal, and Pmax is the pump power required to
achieve unity conversion efficiency and is given by
Pmax 苷

ce0 n1 n2 l1 l2 lp
2
128deff
Lhm 共B, L兾bp 兲

.

(4)

Here deff is the effective nonlinear coeff icient, hm is
the reduction factor for focused Gaussian beams with
a double refraction parameter B 苷 0 and a focusing
parameter L兾bp , and bp is the confocal parameter for
the mode-matched interaction. For l1, 2, p 苷 1.548,
0.631, and 1.064 mm, respectively, using periodically
poled lithium niobate (PPLN) with deff 艐 14 pm兾V
and L兾bp 苷 1 (hm 苷 0.776), we obtain Pmax 艐 17 W.
We note that the required pump power can be further
reduced using a PPLN waveguide but at the expense
of waveguide and coupling losses that limit the maximum achievable upconversion eff iciency.
To implement our cw upconversion scheme in bulk
PPLN with the available 400-mW Nd:YAG laser, we
resonated the cw pump in a ring cavity. The setup
is shown in Fig. 1. The cavity was single pass for
the input probe and output signal to minimize the
© 2004 Optical Society of America
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Fig. 1. Experimental setup for single-photon detection
at 1.55 mm by means of upconversion. FC, f iber-optic
collimator; BF, 10-nm interference filter at 633 nm
and 1064-nm HR mirror; PPM, pump power monitor;
PZT, piezoelectric transducer. Inset, wavelength phasematching curve at a PPLN temperature of 229 ±C (⬃0.3-nm
bandwidth).

insertion loss and to allow for both cw and pulsed
upconversion. It also imposed a well-defined spatial
mode that simplified pump– probe mode matching and
efficiency optimization. We housed the 40-mm-long
PPLN crystal in an oven set at ⬃197 ±C for first-order,
type I, quasi-phase-matched sum-frequency generation of l2 苷 631 nm from inputs at l1 苷 1548 nm and
lp 苷 1064 nm. The oven was controlled to within
60.1 ±C, which is less than the PPLN temperature
phase-matching bandwidth of 1 ±C. The crystal had
six gratings (11 12 mm; 0.2-mm step) that allowed a
wide range of input wavelengths. Together with a
temperature range of 140 – 230 ±C and at a fixed lp ,
this setup can accommodate any input wavelength l1
in the 1.52 1.66-mm range with a PPLN temperature coefficient of ⬃0.35 nm兾±C. The inset in Fig. 1
shows the wavelength-tuning curve for the 11.2-mm
grating of the crystal at 229 ±C, indicating a 0.3-nm
phase-matching bandwidth, which is in agreement
with the value calculated from the Sellmeier equations
for PPLN. The crystal was antiref lection coated
at the pump, input, and output wavelengths. The
75-mm radius-of-curvature mirror M1 (M2) served
as the input (output) for the probe (signal) and was
coated for high ref lection (HR) at lp and high transmission at l1 (l2 ). M3 was a 2.15% f lat coupler
for the pump, and the leakage through the f lat HR
mirror M4 (T ⬃ 0.02%) was used to monitor Pp with
an InGaAs detector. We measured a cavity finesse
of ⬃210 and obtained a maximum circulating power
Pp 艐 23 W with the 400-mW pump laser.
The pump focus at the center of the crystal had a
beam waist of ⬃55 mm (with ⬃10% difference between
the sagittal and tangential waists). We mounted M4
on a piezoelectric transducer to scan the cavity length
and servo locked the cavity to the pump transmission
peak with a dither-and-lock method. The servo loop
had a unity-gain frequency of ⬃20 kHz, and we were
able to maintain a highly stable cavity lock for many
minutes with a rms error of less than 1% in Pp . At

the highest pump powers we observed significant
thermal hysteresis due to the high circulating power
and heating of the crystal, and the servo became
slightly less stable. The probe was supplied by a
fiber-coupled tunable Fabry – Perot laser and attenuated with a 100-dB f iber-optic variable attenuator that
was calibrated with wavelength-f lattened inline taps
and an ultrasensitive fiber-coupled InGaAs detector
with 10-fW sensitivity. The probe beam was collimated for propagation through free space and mode
matched into the cavity with a beam waist of ⬃67 mm
at the center of the crystal. We measured the actual
beam waists with a beam scanner and monitored the
horizontally polarized input power to the cavity.
Measurements of the weak-probe upconversion efficiency were done with 284 mW of input power at l1 苷
1548.47 nm. The cw output at 631 nm was f iltered
with a 1.06-mm HR mirror and a 10-nm interference
filter centered at 633 nm. The imaging optics and
spectral filters had an overall transmission of 68%, and
the upconverted light was detected with a large-area
Si photodiode. We aligned and calibrated our system
with a 633-nm He –Ne laser and in situ with the upconverted signal. Figure 2 shows the intrinsic upconversion eff iciency as a function of Pp , and the solid curve is
a f it to the data with the functional form of Eq. (3). As
expected, at low pump powers the efficiency is linearly
proportional to Pp . At high pump powers the efficiency saturates as it approaches unity. The upconversion eff iciency reaches 93% at Pp 苷 23 W, with an
estimated uncertainty of 63% due to calibration accuracies. We were unable to reach unity eff iciency due to
insuff icient pump power; from the f it in Fig. 2 we estimate Pmax 苷 31 W. This higher-than-estimated Pmax
is probably caused by a smaller deff (PPLN quality) and
suboptimal mode matching between the probe and the
slightly astigmatic pump.
For upconversion at the single-photon level we
attenuated the input probe power to 0.095 photon兾ms
and sent the signal to a Si SPCM with a nominal
quantum eff iciency of 65%. The output imaging
system, shown in Fig. 1, was more elaborate than that
used for the weak-probe measurements because it was
essential to minimize stray and leakage pump light
from reaching the Si SPCM. Additional f iltering

Fig. 2. Weak-probe cw upconversion efficiency as a function of Pp . Filled circles, experimental data; solid curve,
functional f it of Eq. (3) with Pmax 苷 31 W.
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Fig. 3. Single-photon cw upconversion eff iciency as a
function of Pp (f illed circles). Solid curve, functional f it
of Eq. (3) with Pmax 苷 35 W. Right axis, upconverted
signal counts (filled circles) and background counts (open
squares) as a function of Pp .

included a Brewster-angled dispersing prism and
a 100-mm pinhole used as a spatial f ilter to block
the weak second-harmonic light and the off-axis
upconverted light. The overall transmission of the
imaging system was ⬃58%. With the cavity locked
we measured the total counts and, by blocking the
probe input, the background counts as a function of
Pp . We obtained the upconverted signal counts by
subtracting the background counts from the total
counts. Figure 3 shows the intrinsic single-photon
upconversion eff iciency (filled circles), indicating a
maximum of 90% at Pp 苷 21.6 W. The functional
fit of Eq. (3) is also plotted, as a solid curve, again
showing excellent agreement with the data. At
high Pp we observed signif icant background counts
that included detector dark counts and stray light of
⬃300兾s. Figure 3 also shows the upconverted signal
counts (filled circles) and the background counts (open
squares) versus the circulating pump power. Crystal
heating at the highest Pp caused a small rise in the
crystal temperature, which under cw operation was
compensated by a slight adjustment to the probe
wavelength (a maximum of ,0.2 nm) or the oven set
point to maintain peak upconversion efficiency. We
note that the fit yields Pmax 苷 35 W, which is higher
than that obtained in Fig. 2, probably as a result of
pump– probe misalignment. We also measured the
depletion of the weak probe with the setup shown in
Fig. 1 using an InGaAs photodiode and obtained a
maximum depletion of 89% at Pp 艐 21 W, which is in
good agreement with the upconversion measurements.
The large background counts that appear at high
pump powers can be a severe limitation. These
counts can be further reduced by use of narrower
spatial and spectral filtering and are less of a problem
for coincidence counting applications: A 1-ns coincidence window yields a maximum probability of a
background count of only 4.6 3 1024 . It is, however,
possible to eliminate these background counts. We
note that the background photons are due to a two-step
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cascaded process: pump-induced f luorescence and
(non-phase-matched) parametric f luorescence at the
probe wavelength l1 followed by upconversion from l1
to l2 . If we were to choose the pump wavelength to be
longer than the probe wavelength, lp . l1 , such that
the energy of a pump photon is lower than the energy
of the probe photon, the f irst step, generating the
f luorescence photons, can be eliminated. We believe
this is an important consideration when applying this
technique for low-noise detection of infrared photons.
In summary, we have demonstrated eff icient cw
wavelength-tunable detection of 1.55-mm photons
by means of sum-frequency mixing in bulk PPLN.
Insuff icient pump power and suboptimal mode
matching limit our maximum upconversion efficiency
to ⬃90%. Our scheme is also suitable for pulsed
inputs as long as the pulse bandwidth is narrower
than the phase-matching bandwidth of the PPLN
crystal. Such pulses would permit the loading
of trapped-atom quantum memories with typical
bandwidths of 50 MHz.9 The setup also acts as a
narrowband detection filter with a 0.3-nm passband.
By combining a 90% efficient upconverter with a
65% eff icient Si SPCM, we achieved cw counting of
1.55-mm photons at megahertz rates with no afterpulsing and an overall efficiency of 59%, which is
much higher than that of current InGaAs detectors.
Eliminating most of the background counts will make
this technique an even more attractive option for many
quantum and classical applications.
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