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Abstract

We propose a method of single photon detection of infrared (IR) photons at potentially higher ef-

ficiencies and lower noise than allowed by traditional IR band Avalanche Photodiodes (APDs). By

up-converting the photon from the IR, e.g., 1550 nm, to a visible wavelength in a nonlinear crystal, we

can utilize the much higher efficiency of silicon APDs at these wavelengths. We have used a Periodically

Poled Lithium Niobate (PPLN) crystal and a pulsed 1064-nm Nd:YAG laser to perform the up-conversion

to a 631-nm photon. We observed conversion efficiencies as high as ∼80%, and demonstrated scaling

down to the single photon level while maintaining a background of 3 × 10−4 dark counts/count. We

also propose a 2-crystal extension of this scheme, whereby orthogonal polarizations may be up-converted

coherently, thus enabling complete quantum state transduction of arbitrary states.

1 INTRODUCTION

There are many applications which would benefit from the ability to detect single photons in the infrared.

The physical characteristics of fiber optics lend themselves naturally to transmission at 1550 nm, and many

telecommunications applications have gravitated to this wavelength. However, for applications which re-

quire fidelity at the single photon level, 1550-nm light has shown to be difficult to work with. Telecom-

munications systems where distance is limited by attenuation in fiber could extend their range by using
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detectors which are sensitive to single photons[1]. In quantum information applications such as quantum

teleportation[2][3][4][5], quantum storage[6] and quantum cryptography[7][8][9], efficient detection of single

photons is critical, since detector efficiency directly relates to the distance over which one can securely send

messages[10][11][12]. Other uses of IR photon counters include infrared astronomy[13][14][15] and detection

of single molecules[16][17] that have transitions in the infrared.

Until now, the best means of detecting these photons has been with infrared-optimized APDs, usually

InGaAs or Ge. However, these detectors suffer from relatively low quantum efficiency, high dark counts and

the need for cryogenic cooling. Recent implementations of the BB84 key distribution protocol[18] using a

1550-nm source found the optimal efficiency of the InGaAs detector to be only 11%[19]. While detector

efficiencies up to 20% are attainable[20][21], the concomitant extra dark count noise reduces the final key

generation rate. Hence, the efficiency limits the bit rate and distance achievable by the key distribution

protocol, so any improvements over standard IR APDs would be beneficial for this type of application.

The nonlinear process of frequency up-conversion[22] can enable superior detectors of IR photons: By

up-converting an infrared photon to a visible one, we can use silicon APDs which have much lower noise and

higher efficiency for visible wavelengths. We are also developing a method of quantum state transduction

whereby a single photon of one frequency in an arbitrary polarization state can be faithfully up-converted to

a higher frequency while preserving the original polarization state. Such a capability is highly desirable, e.g.,

for distributed quantum computing. The transmission of qubits between quantum computers, especially

over large distances, would most easily be accomplished by photons at 1550 nm (which has the highest

transmission through fiber optics). However, depending on the scheme used for computation, the storage or

processing of qubits may likely require photons in the visible spectrum, e.g., corresponding to some atomic

transition, and so a method must be developed for converting between wavelengths at the single photon level

while coherently maintaining the polarization state[23].

2 Frequency Up-Conversion

To achieve high efficiency frequency up-conversion, we utilize an intense escort laser pulse, a very weak

input laser, and a bulk crystal of Periodically Poled Lithium Niobate (PPLN), quasi-phase-matched to the
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frequencies of the initial and escort photons. The resulting system up-converts one photon from the input

beam and one photon from the escort beam into a single output photon. Due to energy conservation, the

output frequency ωo is the sum of the input frequency ωi and the escort frequency ωe. The relations that

describe the nonlinear field evolution in a periodically poled nonlinear medium were given by Myers et al.[24]:
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where Ei, Ee, and Eo are the electric field strengths of the input, escort, and output beams, respectively;

ni, ne, and no are the indices of refraction at the three frequencies; dQ is the effective nonlinear coefficient;

and z is the longitudinal position within the crystal. ∆kQ describes the phase mismatch, here assumed to

be zero (i.e., perfect phase-matching).

Because we will operate in the non-depletion regime (Ei ¿ Ee), where the escort beam is not significantly

depleted from up-conversion of the input beam, we can approximate dEe/dz ≈ 0. Eqs. (1)-(3) then reduce

to two coupled first-order differential equations. Solving for Eo under the initial condition E0(z = 0) = 0,

we find a sinusoidal oscillation for the output field amplitude, which we can then convert to a probability of

up-conversion Po(z):

Po(z) ∝ sin2
(

A
√

Iez
)

, (4)

where A is a constant. [figure 1 should be about here] This evolution is essentially analogous to a Rabi

oscillation between the input and output states, which is mediated by the strength of the escort field. The

spatial period Lc for this process is

Lc =

√

π2ninoc2

ωiωod2
Q|Ee|2

. (5)

For a crystal of length Lc (where Lc implicitly depends on the escort intensity), the input light will be com-

pletely up-converted to the output frequency, and then down-converted back to the original input frequency

before leaving the crystal. For a given crystal length L, by choosing the escort intensity to give Lc = 2L, we

can achieve very high conversion efficiency from ωi to ωo, as shown in figure 1. Note that by varying the es-

cort power, we can also prepare photons in arbitrary superpositions of the “input” and “output” frequencies.
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Such non-degenerate states may be important in future quantum information applications[25].

2.1 Quasi-Phase-Matching in Periodically Poled Crystals

Maximizing the nonlinear coefficient is important since the length of crystal required to achieve conversion

is inversely proportional to dQ. We chose to utilize a periodically poled nonlinear crystal rather than a

traditional bulk nonlinear crystal because the former allows one to achieve quasi-phase matching and thereby

take advantage of larger elements in the nonlinear susceptibility tensor[26]. In any nonlinear process, both

energy and momentum must be conserved, implying the following phase matching conditions:

ωo = ωi + ωe (6)

noωo = niωi + neωe. (7)

Because all nonlinear crystals are also dispersive (i.e., n = n(ω)), it is impossible to satisfy both conditions

simultaneously if all three beams are polarized in the same direction. Traditional phase matching overcomes

this obstacle by using crystals which not only have a nonlinear response, but are also birefringent. For

example, by properly orienting the optic axis of the crystal and making either one or both of the input

and escort beams have ordinary polarization, the output beam is polarized in the extraordinary direction.

This is known as Type-I (ordinary + ordinary → extraordinary) or Type-II (ordinary + extraordinary →

extraordinary) phase matching. One problem with such birefringent phase-matching is that nonlinear crystals

generally only very weakly couple modes that are polarized perpendicular to each other, i.e., the second-

order nonlinear coefficients which dictate these processes are very small. For example, for stoichiometric1

LiNbO3 the largest coefficient relevant to traditional phase-matching (Type-I or Type-II) is d31 = −4.64

pm/V[27]. In contrast, the d33 nonlinear coefficient, which regulates the coupling of three extraordinarily

polarized modes, is typically much larger than the coefficients which govern Type-I and Type-II processes.

For LiNbO3 d33 can be as large as -40 pm/V, almost an order of magnitude higher than d31[27].

In order to take advantage of this larger tensor element, we must have a way to satisfy momentum

conservation when all the interacting fields are identically polarized. This can be understood by noting

1Stoichiometric LiNbO3 refers to LiNbO3 which has a molar ratio of Li/Nb=1.0, as compared to “congruent” LiNbO3 which

has a molar ratio of Li/Nb=0.946.
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that in Equations 1-3, where ∆kQ is taken to be the parameter which describes the regular phase-matching

condition, the sign of dEo/dz changes every time z changes by π/∆kQ. Consequently, any increase of Eo

in the first π/∆kQ length of crystal is immediately canceled out by the second π/∆kQ length of crystal. In

quasi-phase-matching, the crystal is “poled” to create periodic ferroelectric domains, which contribute to

the momentum, thus adding an extra term to Equation 7. The process of periodically poling a crystal uses

a photolithography technique to create a mask of evenly spaced regions (ideally spaced at π/∆kQ) running

perpendicular to the optic axis of the crystal. An intense electric field is then applied to the regions exposed

by the mask[28]. The electric field flips the direction of the nonlinear susceptibility of the crystal, which has

the effect of changing the sign of the nonlinear coefficient. Consequently, the sign of dQ is changed every

π/∆kQ length of crystal, thus canceling out the overall sign of dEo/dz (figure 2). By properly selecting Λ,

the poling period of the crystal, we can create a quasi-phase matching situation which allows us to take

advantage of the larger d33 nonlinear coefficient. The phase-mismatch is then given by

∆kQ ≡ ko − ki − ke −
2π

Λ
= 0, (8)

where ki, ke, and ko are the wavenumbers of the three beams in the crystal (i.e., k = ωn(ω)/c).

[figure 2 should be about here]

3 Experiment

3.1 PPLN Crystal

We are using 15-mm and 45-mm long multi-grating PPLN crystals [HC Photonics] to perform up-conversion

(figure 3). The crystal is housed in an oven which heats it to 95◦C (stable to within 0.1◦C); at this temper-

ature the 11.4µm poling period satisfies the quasi-phase-matching condition for 1550 nm + 1064 nm → 631

nm. Once the photon has been up-converted, it must be separated from the escort pulse before detection.

We use prisms which have been cut at the Brewster angle to separate with very low loss the single 631-nm

photon from the ∼1013 1064-nm photons in each pulse. In combination with an additional 10-nm wide

(FWHM) interference filter (transmission = 70% at 631 nm), the prisms are also effective in filtering out the

spurious 532-nm light which is created in the crystal from second harmonic generation of the escort beam.
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After filtering, the up-conversion photon is detected using a silicon APD [Perkin Elmer SPCM-AQ 222], with

a measured efficiency of 41 ± 5%, and a dark count rate of 400 s−1. [figure 3 should be about here]

3.2 Escort Laser

Because of the intense electric field required of the escort laser (on the order of a megavolt per meter) we

employ a pulsed laser.2 We use a Nd:YAG “Nanolaser” [JDS Uniphase #NP-05011-110], which provides

high intensity pulses (6µJ over ∼500 ps; see figure 4a) at 1064 nm, at an approximate repetition rate of 7.2

kHz. [figure 4a and 4b should be about here] For a crystal length of 15 mm, with poling period Λ = 11.4µm,

and a 13-kW escort pulse, we use a numerical model based on Equations 1-3 and the measured profile of

the escort laser (figure 4a) to calculate that the peak conversion efficiency of a 1550-nm photon to a 631-nm

photon should be close to 100% (as indicated by the near unit conversion efficiency peaks in figures 4b and 6).

Furthermore, as long as this process operates in the non-depletion regime where Ei ¿ Ee, the relationship

between input power and output power is strictly linear. This means we can scale down the input power to

the single photon level (or less); moreover, the output photon statistics should match the input statistics,

but at the higher frequency, as has been previously demonstrated[30].

3.3 High Intensity Measurements

We have measured this up-conversion process, and have verified that it is linear as a function of the input

intensity. Figure 5 shows a graph of the output intensity measured using a silicon photodiode [Newport

818-SL] at various 1550-nm input powers from 50 µW to 1.3 mW. In this experiment the escort beam is

pulsed while the input beam is continuous, creating an output beam which is also pulsed. The absolute

conversion efficiency from input to output is thus very low, since most of the input light passes through the

crystal in between escort pulses. From the escort intensity profile (figure 4a) and the pulse repetition rate

(∼7.2 kHz), we can estimate a conversion efficiency over the FWHM of the escort pulse of 80 ± 15%.

[figure 5 should be about here]

2Another option, which is being pursued by Albota, et. al., is to employ a high-finesse power buildup cavity for the escort

laser[29]. This has the advantage that one does not need to synchronize the photon to be up-converted. The disadvantage is

the added complexity to achieve low loss coupling of the 1550 nm photon into the actively stabilized cavity.
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3.4 Single Photon Measurements

In addition to measuring the up-converted intensity for a classical input beam, we have also measured high

efficiency up-conversion at the single photon level. By using a series of neutral density filters, we attenuate

our 1550-nm source such that, on average, less than a single photon overlaps with each escort pulse. Note that

while this attenuation produces a weak coherent state and not a single photon Fock state, if the coherent state

is weak enough such that the mean photon number is less than 1, the state is effectively a superposition of the

single photon state and the vacuum state (which cannot initiate the up-conversion process). By taking into

account the Poissonian weights of the two states, we can extrapolate our ability to up-convert a true single

photon state by measuring weak coherent states. While up-conversion of true single-photon states (e.g., from

a spontaneous parametric down-conversion source[31][32] or a quantum dot source[33][34][35][36]) remains

an interesting experimental goal, the immediate application of IR up-conversion at the single-photon level is

likely to use attenuated coherent states, the traditional source for fiber quantum cryptography systems.

During single-photon operation, by counting 631-nm photons in a 1-ns coincidence window around the

escort pulse, we estimate a conversion efficiency at the single-photon level of 80±15%, in agreement with our

previous measurement. The detector is an EG&G SPCM-AQ 222 avalanche photodiode, with a quantum

efficiency of 41±5%. The 15% uncertainty in the conversion efficiency is a product of the uncertainties in the

detector efficiency, the intensity of the weak-coherent pulse (whose uncertainty in turn arises mainly from

the difficulty in precisely calibrating the 12 orders of magnitude optical attenuation to produce the 1550-nm

photons) and the intensity profile of the escort pulse. We estimate the efficiency based on the escort intensity

by integrating the conversion efficiency profile (figure 4b) over the duration of the pulse, which gives the

total “conversion time window” for the input beam. Multiplying the time window by the input photon rate

yeilds the mean number of up-converted photons.

We have also measured the background, defined as the probability of a false count (detection event when

no 1550-nm signal is present) occurring during a 1-ns window. We observed 3 × 10−4, and anticipate that

further design improvements could reduce this background by another order of magnitude. One source

contributing to the background is down-conversion of the bright 1064-nm beam into a 1550-nm photon (and

a 3393-nm photon), followed by subsequent up-conversion with the 1064-nm escort into a spurious 631-nm
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photon. Although phase-matching conditions for down-conversion from 1064 nm into 1550 nm and 3393 nm

are far off resonance, there still exists some probability for this process to occur. In particular, if only one of

the roughly 1013 1064-nm photons in each pulse were to down-convert into 1550 nm + 3393 nm, our signal

would be completely overwhelmed by the resulting background. This spurious down-conversion process is

only one of the sources of background. The remainder of the background is due to detector dark counts,

ambient background light and fluorescence from the 1064-nm pulse off optical surfaces. We have observed

the fluorescence effect to have a peak at the time of the escort pulse, followed by a ∼100-ns decay. This

allows much of the fluorescence background to be excluded by coincidence gating around the escort pulse

arrival time. Determining the precise relative composition of these background sources, and techniques for

reducing them, are subjects of future investigations.

4 Discussion

Since the conversion efficiency is a function of the intensity of the escort pulse, in order to maximize the

up-conversion probability it is necessary to make the single photon wavepacket somewhat shorter than the

escort pulse, such that in the region of overlap, the escort intensity looks relatively constant. The total

conversion efficiency due to pulse overlap is given by

Poverlap =

∫ +∞

−∞

Po(Ie(t))Ii(t)dt, (9)

where Ii is the normalized input pulse profile (
∫ +∞

−∞
Ii(t)dt = 1), and Po is given in Equation 4. We are

helped by the fact that the conversion efficiency’s dependence on escort intensity Ie varies like sin2(
√

Ie)

(figure 1). This function actually flattens out the conversion efficiency near the peak, as shown in figure

4b, and so it is not necessary for the single photon wave-packet to be drastically shorter than the escort

pulse. In fact, because the spread in frequency (and hence momentum) is inversely proportional to wave

packet duration (assuming a transform-limited pulse), if the duration is too short, it will not be possible to

completely satisfy the conservation of momentum phase-matching condition (7), and the conversion efficiency

will actually decrease (see Fig. 6). We must balance between making the escort pulse appear constant (short

signal-pulse duration) and keeping the frequency spread to a minimum (long pulse duration) in order to
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achieve maximum conversion efficiency. For our system parameters we calculate an optimal pulse width of

100 ps, with a corresponding conversion efficiency of 99.4%; however, for all widths in the range 10 ps to

450 ps, the conversion efficiency is still predicted to be greater than 90%. One benefit of using a pulsed

escort (as opposed to one that is always on, as, e.g., in [29]) is that one may rely on the fact that efficient

up-conversion only occurs if the signal photon arrives within a very narrow time window. In this way one

can realize a “gated” detector where time resolution is limited only by the escort pulse duration, and not

the time resolution of the final physical detector used to detect the visible photon. [figure 6 should be about

here]

5 State Transduction

The scheme described above operates on only one of the polarizations of the initial photon, since it must be ex-

traordinary in the PPLN. However, in many quantum communication protocols, it may be desirable to faith-

fully convert an arbitrary state of polarization. For example, realization of quantum teleportation[3][4][5]—a

necessary ingredient in creating quantum repeaters[37][38][39]—over long distances through fibers could

require entangled photon transmission at 1550 nm, the maximum transmission wavelength for telecommu-

nication fibers. However, the requisite Bell-state analysis is, at present, substantially more efficient and

accurate using visible photon counters. As a second example, the coupling of distant quantum computers

to form a quantum network could similarly require transmission of optical qubits at telecom wavelengths.

However, the energies of these photons are unlikely to be commensurate with the transition energies of the

non-optical quantum bits in the computing nodes. Therefore, frequency conversion of the telecom qubits to

match the computing qubits will be necessary.

To faithfully convert an arbitrary polarization state we propose to employ a second PPLN crystal in

series with the first, but oriented such that its optic axis is rotated by 90◦ around the propagation direction.

By using an escort laser polarized at 45◦ (i.e., with equal horizontal and vertical components), we can up-

convert the horizontal component of the input photon in the first crystal and the vertical component in the

second, as shown in figure 7. [figure 7 should be about here] As long as the group-velocity dispersion effects

do not lead to a time-labeling of the conversion processes (i.e., as long as the process of up-conversion in one
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crystal is indistinguishable from up-conversion in the other3) these two processes will occur coherently, and

an arbitrary initial quantum state can be up-converted. Dispersion and birefringence effects in the PPLN

crystal will cause the final up-converted photon to have an additional phase φ between its horizontal and

vertical components. However, using an appropriate birefringent element to compensate for this phase, we

believe we can prepare a high-frequency photon which has the same polarization state as the initial photon,

with very high fidelity. Moreover, if the initial photon were entangled to another photon, the entanglement

would be transfered to the higher frequency photon.

6 Conclusions

Infrared single photon detection through frequency up-conversion using periodically poled LiNbO3 is shown

to be a viable alternative to traditional InGaAs and Ge APDs, which suffer from high noise, low efficiency,

and the need for cryogenic cooling. By poling the ferroelectric domains of a nonlinear crystal to satisfy

the quasi-phase-matching conditions, we can efficiently convert a 1550-nm photon into a 631-nm photon,

which can then be detected by a silicon APD4. Further avenues of research include attempting to convert

an arbitrary polarization state using the 2-crystal scheme described above, and investigating the use of a

waveguide structure to increase the conversion efficiency. In the latter case, the benefit could be a reduction

in the required escort power by several orders of magnitude, due to the much smaller mode volume (implying

a higher electric field for the same optical power)[46][47][48][49]. In particular, it was recently demonstrated

that waveguides can be created in nonlinear crystals without disturbing the ferroelectric domain poling,

using a soft proton-exchange method[28]. If sufficient gains on the conversion efficiency can be made, it may

even be possible to employ a CW escort beam[29], which would enable up-conversion of photons arriving at

arbitrary times.

3The reverse process—mapping the polarization state of a pump photon onto two correlated down-conversion photons—is

now a standard method to prepare high fidelity polarization-entangled photon pairs[40]. See also the recent work on complete

Bell state analysis by Kim, Kulik, and Shih[41]
4One option to further increase the net detection efficiency would be to detect the visible photon using solid state

photomultipliers[42][43] or visible light photon counters[44][45]. These devices operate using impurity band to conduction

band excitations, and may have single photon detection efficiencies in excess of 90%.
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Figure 1: Up-conversion efficiency of a weak input beam versus the intensity of the escort light, as given by

Equation 4.
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Figure 2: Electric field strength of output light versus longitudinal position, assuming no birefringent phase

matching. For the case of no poling, the output field increases a small amount before the phase mismatch

reaches π, at which point the output field decreases back to zero. This evolution is described by Equations

1,2, and 3 when ∆kQ 6= 0. These alternating regions of increasing and decreasing output field cancel each

other out, yielding at best a very small net conversion probability. By reversing the ferroelectric domain

every π/∆kQ, thereby setting the effective ∆kQ for the poled system to 0, we achieve an initial steady growth

in the output field, as long as the output field is much smaller than the input field. Since the typical period

for complete conversion to the output field is on the order of thousands of poling domains, the evolution

of the output field is well characterized by a sine function of the longitudinal position, i.e., we can ignore

the small fluctuations illustrated in this figure and approximate the full up-conversion process for the poled

system with Equation 4.
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Figure 3: Scheme to efficiently convert an infrared initial photon to a visible wavelength final photon. An

initial photon at 1550 nm and a 1064-nm escort pulse are sent into a sample of Periodically Poled Lithium

Niobate (PPLN). For appropriate crystal and escort pulse parameters, there is a near-unity probability of

up-converting to a 631-nm photon.
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Figure 4: (a) Measured intensity profile for the 1064-nm escort laser (solid line) and the extrapolated Gaussian

pulse profile (dotted line). We believe the measured intensity diverges from the Gaussian extrapolation at

∼1 ns because of limitations of the fall time of the detector [EOT ET-3500 10GHz InGaAs Photodiode]. (b)

Predicted conversion efficiency (solid) using our extrapolated escort pulse profile (dotted). This is the result

of applying Equation 4 to each point of the intensity profile.
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Figure 5: Output intensity of 631-nm light, as a function of input 1550-nm intensity. The dotted line is a

linear fit to the data. Note that the implied efficiency is very low because the initial light was CW, i.e., most

of the time there was no escort light.
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Figure 6: Conversion efficiency as a function of signal pulse width, assuming a Gaussian escort pulse with

FWHM = 500 ps. The curve illustrates the trade-off between using signal pulses shorter than the escort

pulse (to prevent averaging over different conversion probabilities) and minimizing the spread in frequency,

and consequently in momentum (to satisfy the phase-matching condition). The peak theoretical conversion

efficiency is 99.4% and occurs for an input pulse width of 100 ps.
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Figure 7: An arbitrarily polarized initial photon and an escort laser polarized at 45◦ are sent into two samples

of PPLN, which respectively up-convert the H and V components of the initial photon. After the escort

photons are filtered out, and the phase between the H and V components is corrected, we are left with a

single high-frequency photon whose polarization state matches that of the initial photon.
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