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Quantum optical information technologies such as key distribution systems for secure communications, which 
are based on the discrete and quantum properties of photons, are now commercial products. Market take-up 
of these and other developing quantum technologies will be compromised unless there are traceable 
measurements to validate the performance of these devices. We highlight some ongoing collaborative 
research that will provide the required high accuracy techniques for the few and single photon regime, 
including operation at telecom wavelengths. 
 
This overview of ongoing collaborative research to develop a metrological infrastructure for quantum optical 
technologies addresses the fact that these technologies are based on the discrete and quantum properties of 
photons. We discuss progress in developing a technique for calibrating photon-counting detectors, the 
measurement of the uniformity and linearity of such detectors, and the development and characterisation of a 
new source of correlated photons operating in the telecom band. These topics also illustrate the mixture of 
‘classical’ and ‘quantum’ techniques required to develop metrology for this field. 
 
Measurement of detector quantum efficiency 
NPL has been developing a technique which can provide an absolute calibration of detector quantum 
efficiency (q.e.) in the photon counting regime, using correlated photons produced via spontaneous 
parametric down conversion (SPDC) in non-linear media1. The uncertainty with which the technique is 
currently realized is believed to be better than 1% 2,3. 

NPL is collaborating with the Czech Metrology Institute (CMI) to measure the detection efficiency of a 
photon counting detector using a conventional trap detector and a CMI/NPL–developed switched integration 
amplifier (SIA)4. This will enable a comparison to be made with the correlated photon technique. The trap 
detector has been calibrated against the current, conventional primary standard for optical radiation, the 
cryogenic radiometer. 
 

 

Figure 1 – set-up for ‘classical’ measurement of quantum efficiency 
 
The trap detector has close to 100% external detection efficiency and near unity spatial uniformity. It also has 
a large active area, being comprised of three ~ 10 mm square photodiodes. It is typically used with a 
transimpedance amplifier (TIA) and allows high accuracy measurements in the high photon flux regime, 
typically 1012  photons s-1 (mW). The noise floor (~60 fA at amplifier gain 109 V/A) of this combination limits 
its use to the high power regime.  

The SIA offers a number of significant advantages over the TIA for operation with large capacitances at low 
power levels and high gain above ~ 107. There is no Johnson noise from a large feedback resistor, and noise 
due to the shunt resistance of the detector is averaged over many integration cycles. In addition, for detectors 



 6

such as large area silicon photodiodes (~ 18 mm square) and trap detectors which have a high capacitance, the 
SIA does not have the susceptibility to oscillation that the TIA exhibits. The high gain (109 – 1012), low noise 
(<10 fA at amplifier gain 1011 V/A) performance of the SIA enables a reference trap detector to be used at low 
power levels (50,000 cps).  

In preparation for this comparison, we have investigated the noise characteristics of a cooled trap detector 
with an SIA. The objective is to improve the ability of the trap detector to measure a low photon flux by 
reducing the dark current. Two trap detectors were temperature stabilized and the dark current was measured 
at a range of temperatures. The temperature stability of the diodes was better than 0.1 K, measured using a 
Tinsley bridge and Rh-Fe connection to the trap photodiodes. The temperature stabilization minimizes the 
signal long-term drift and this can be critically important for low photon measurements.   
The dark current measurements were carried out overnight in an enclosure to shield the traps and SIAs from 
variations in the lab temperature. Figures 2 and 3 show the expected exponential temperature dependence of 
the dark current (Hamamatsu data sheet5). In figure 3 we can see the saturation level of the trap and SIA 
combination due to the high gain setting of 1011.  
 

       

y = 1E-12e0.0892x

1.00E-12

1.00E-11

1.00E-10

1.00E-09
10 12 14 16 18 20 22 24 26 28

temperature degrees C

lo
g 

[D
ar

k 
cu

rr
en

t (
A

)]

                  

y = 2E-12e0.0833x

0.00E+00

2.00E-12

4.00E-12

6.00E-12

8.00E-12

1.00E-11

1.20E-11

1.40E-11

1.60E-11

10 12 14 16 18 20 22 24 26 28

Temperature degrees C

Da
rk

 c
ur

re
nt

 (A
)

 
Figure 2 : Temperature dependence of trap1 with SIA gain 109 Figure 3: Temperature dependence of trap2 with SIA gain 1011 

The noise floor of the detectors was also measured at the different temperatures. The noise floor was 
determined by taking a moving standard deviation over the dark current data over an interval window of ~ 10 
minutes. The results (not shown) demonstrated that the noise, ~10 fA, did not vary significantly with 
temperature. This could be due to the the fact that noise due to the shunt resistance of the detector is averaged 
over many integration cycles, i.e. any change is averaged out, or because the SIA is the dominant noise 
source. In the latter case the most likely causes are temperature fluctuations causing changes in the integrating 
capacitor and/or bias current. The change in voltage across the shunt resistance when switching from readout 
to integration mode may also have some effect. Further investigations are planned. 

The results of the conventional calibration, and any further characterisation of the SIAs, will be reported. 
  
Measurement of detector uniformity and linearity 
The spatial non-uniformity is a critical aspect of the cross validation as we cannot be sure that we are 
irradiating the same area of the detector in the two techniques. The linearity of a detector must be measured 
to assess the true photon flux arriving at the detector.  

The NPL spatial uniformity and linearity facility has recently been upgraded to allow operation in current 
mode and photon-counting mode. The facility uses aluminium coated reflective optics (OAP mirrors), which 
allow it to operate at wavelengths down to 200 nm. Wavelength selection is by narrow bandpass interference 
filters. The longest wavelength it can currently operate at is 20 µm. This limitation is only due to the 
bandpass filters being used.  Pinholes whose diameters range from 22 μm to 2 mm are being used to generate 
spots of identical diameters on the active area of the test detector. The probe spot is progressively moved on 
the active area of the test detector so the responsivity of the detector is sequentially mapped.  The linearity 
capability incorporates the use of a double-aperture system. The operation of the facility is fully automated 
and has been used to evaluate the spatial uniformity of response of various types of detectors before selecting 
the best detector samples. 
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Figure 4 : NPL Spatial uniformity of response measurement facility 

The figures below are examples of spatial uniformity maps of two off-the-shelf photon counting detectors 
with active areas of 5 mm diameter and 200 μm diameter respectively, carried out at 633 nm. 
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Spatial uniformity of response of a 5 mm diameter active area photon 
counting module generated using quasi-monochromatic radiation of 633 
nm wavelength, measured with a 50 μm diameter spot. 

Spatial uniformity of response of a 200 μm diameter active area photon 
counting module, generated using quasi-monochromatic radiation of 633 
nm wavelength, measured with a 22 μm diameter spot. 

Figure 5: NPL Spatial uniformity of response measurement facility 
 
The facility is currently being used to assess the uniformity and linearity of infrared photon counting 
detectors operating in the 1064 nm region, and these results will be presented at the conference. 
 
A new source of correlated photons for the telecom wavelength region 
Most of the work with SPDC sources has been in the visible/near-infrared region because of the high 
performance of silicon avalanche photodiode detectors. There is, however, a demand for telecoms wavelength 
correlated photon sources for use in quantum schemes using distributed fibre networks, and improvements in 
detectors for this spectral region are making telecoms wavelength experiments more tractable. 

In collaboration with the University of St. Andrews, an optical resonator pump-enhanced high-flux source of 
correlated photons in the telecoms region has been built using periodically-poled potassium titanyl phosphate 
(ppKTP) as the downconversion medium. Degenerate, orthogonally polarized photons pairs produced at 1584 
nm can be coupled into a single spatial fibre optic mode at a rate estimated to be ~ 6.2 × 104 s-1 mW-1 pump 
power using the optical cavity, giving an order of magnitude improvement on the generation efficiency 
relative to the non pump-enhanced setup. 

A half-wave plate was used to rotate the polarization of one of the pair photons, and Hong-Ou-Mandel (HOM) 
interferometry6 was used to characterize the indistinguishability of the resulting photon pairs. The measured 
HOM dip visibility was (77.8 ± 1)% when the interferometer was sourced by pump-enhanced generated 
photons and (77.1 ± 6)% for the photons generated in the absence of the cavity. The HOM measurements 
suggests that the inclusion of the pump enhancement cavity does not degrade the suitability of the correlated 
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photons for quantum mechanical experiments. The design and characterisation of the source will be further 
described. Work is currently under way to incorporate of the source into a device that generates polarisation 
entangled photons. 
 

 
 
Figure 6. Schematic of pump enhanced source                                 Figure 7. Phase-matching configuration for pump enhanced source 

 
 

 
 

Figure 8. Measured HOM interference from pump enhanced source 
 
References 

1. Penin, A.N. and A.V. Sergienko, Absolute standardless calibration of photo detectors based on quantum 
two-photon fields, Applied Optics, 30, 3582-3588 (1991) 

2. Cheung, J.Y. et al., The quantum candela: a re-definition of the standard units for optical radiation, J. 
Modern Optics, 54, 373-396 (2007) 

3. Polyakov, S.V. and A.L. Migdall, High accuracy verification of a correlated photon-based method for 
determining photon counting detection efficiency, Optics Express, 15, 1390-1407 (2008) 

4. Mountford, J.R. et al., Development of a switched integrator amplifier for high-accuracy optical 
measurements, Applied Optics, 47, 5821-5828 (2008) 

5. Hamamatsu, Photodiode technical information, cited 2009; http://sales.hamamatsu.com/assets/html/ssd/si-
photodiode/index.htm 

6. Hong, C.K., Z.Y. Ou and L. Mandel, Measurement of subpicosecond time intervals between two photons by 
interference, Physical Review Letters, 59, 2044-2046 (1987) 

  
Acknowledgements 
This work has been supported by the Department for Business, Innovation & Skills, the Engineering and Physical 
Sciences Research Council, and the European Metrology Research Programme. 

792 nm 1584 nm

PPKTP 

Λ = 46 μm

Ti-Sap

Isolator

Phase
modulator

Si PD

Pound -
Drever - Hall
electronics PPKTP in 

enhancement 
cavity

Mode matching 
lens

Collimating lens




