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A new method of absolute calibration of photodetectors based on a nonclassical effect in nonlinear optics is
discussed. The combined influence of a monochromatic flux of pump photons and quantum vacuum noise on
a nonlinear crystal with no center of symmetry results in the appearance of rigorously correlated pairs of
photons with continuous spectral distribution in the spontaneous parametric scattering of light (spontaneous
parametric downconversion) process. The presence of an optical field in a broad spectral range created by the
two-photon states (biphotons) makes it possible to develop a new method of measuring the spectral distribu-
tion of the absolute value of the quantum efficiency of photodetectors, both in photon counting and in analog
regimes, that does not use any calibrated standard light sources (talons). The feasibility of the method is
demonstrated on different types of photomultiplier tube.

Introduction

There are two basic problems in photometry-calibra-
tion of photodetector sensitivity and measurement of
radiation brightness (i.e., spectral density and also
intensity, energy, and power). These problems are
usually solved by methods that use standard light
sources that are blackbody radiation models with tem-
peratures as great as 3000 K. Recently standard radi-
ometers have appeared. The basic elements of stan-
dard radiometers are self-calibrated photodetectors
and special detection systems with quantum efficiency
near 100%.1

In the mid-1980's some important new methods of
photodetector absolute calibration and energetic
brightness (spectral density) measurement were pro-
posed.2 These methods use optical fields with non-
classical statistics.

If coherent radiation of frequency o is directed onto
a nonlinear crystal without a center of symmetry, then
each photon of this pump radiation can spontaneously
disintegrate into two photons inside the sample with
some probability. The frequencies of these photons
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are both less than wo and occupy a broad spectral range
from the wo down to the frequencies of the crystal
lattice resonances. This effect was observed for the
first time more than 20 years ago.3 A detailed quan-
tum-theoretical treatment of this phenomenon has
been made4 in which this effect was called the sponta-
neous parametric scattering of light (SPSL) process.
This name, from our point of view, exactly reflects the
physical nature of this phenomenon, describing the
creation of optical radiation with continuous distribu-
tion in a broad spectral and angular range as a result of
the interaction of pump radiation with the nonlinear
crystal. The statistical properties of optical fields in
the parametric processes of nonlinear optics were also
investigated theoretically in detail.5 In later publica-
tions6 this phenomenon was called spontaneous para-
metric downconversion by analogy with the well-
known parametric generation process.

The interest in the phenomenon of SPSL comes
from its intrinsically quantum origin. Only a quan-
tum-mechanical treatment can provide a complete
and noncontradictory description of all parameters of
this process.47 The quantum nature of SPSL pro-
vides an opportunity not only for investigations of the
quantum properties of electromagnetic fields but also
for development of new methods for physics research
and for the design of new devices with properties that
exceed those of their classical analogs.

The SPSL process (in which the parametric cou-
pling constant k << 1) and the parametric conversion
process (k = 1) are the preferred processes now for the
realization of nonclassical effects in quantum optics.
The generation of sub-Poissonian photon flux has
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been shown.8 The possibility of the creation of
squeezed states of optical fields has been shown,9 and a
high degree of squeezing has been reached in prac-
tice.10 Using this effect provides good opportunities
to create Einstein-Podolsky-Rosen paradox condi-
tions,1' to test Bell's inequality, 2" 3 and to investigate
electromagnetic vacuum behavior in a nonlinear sam-
ple.1 4

The first experiments with SPSL'5-'9 showed the
existence of strong correlations of photons in space and
time that distinguish this effect from other processes
of light scattering. The methods of one-photon state
localization in time only20 and in both space and in
time2l were developed with the SPSL process. Using
this property of the SPSL, we developed a new method
of measuring the spectral distribution of the absolute
value of the quantum efficiency of photodetectors dis-
cussed in this paper. This method does not require
the use of conventional metrological calibrated stan-
dard light sources (6talons). It has, from our point of
view, great promise for widespread use and can be
incorporated into conventional optical metrology.

In this paper we discuss the main results and details
of the absolute standardless calibration technique.
The SPSL makes the best calibrations for photodetec-
tors in the photon-counting regime because when this
method is used the nonclassical properties of light in
the SPSL process are revealed with better contrast for
single photons. The photon-counting method is wide-
ly used to measure low level optical signals, especially
in astronomy and spectroscopy. We briefly describe
the theoretical background of this photon-counting
technique and then present results of the practical
realization of this new method for several types of
photomultiplier tube in the photon-counting regime.

Many contemporary photodetectors work in the an-
alog (dc) regime, which often has some advantages over
the photon-counting regime. We have developed a
method of absolute measurement of quantum efficien-
cy for the broad class of photodetectors working in the
analog (charge-accumulation) regime. The present
paper contains this result, also. In our conclusion, we
discuss the status of present developments and im-
provements of proposed methods.

Theory

The method of absolute calibration of photodetectors
is based on the rigorous space and time coherence of
photons in the SPSL effect. We refer here to the
supercorrelation of photons (compared with the classi-
cal Hanbury Brown-Twiss correlation for thermal
light sources) and to the existence of a biphotonic (two-
photon) optical field. The theory of this method was
proposed and developed by Klyshko. 2 Here we dis-
cuss only the basic idea necessary for interpretation of
experimental results. The first realization was carried
out with photomultiplier tubes in the photon-counting
regime.'6 Recently some experiments were made and
results obtained by using this method for the calibra-
tion of avalanche photodiodes in the Geiger-mode re-
gime at one spectral point. 2 22

Let pump radiation of frequency wo and wave vector
ko be directed toward the nonlinear crystal with a
nonzero value of second-order nonlinear susceptibility

2 In each scattering event a pump photon is convert-
ed into a pair of photons with frequencies w, and W2 and
wave vectors k, and k2. The probability of this effect
has maximum value in directions determined by the
phase-matching conditions

l 1+W2 =(o, k1+k2 =k0 . (1)

This distribution of radiation in space depends on the
dispersion of the refractive index of the nonlinear sam-
ple and on the mutual orientation of the pump wave
vector ko and the optical axis of the crystal (z).

The nonclassical character of the scattered radiation
can be revealed with the best contrast in the photon-
counting regime by the correlation technique. The
statistics of photocurrent pulses have been thoroughly
investigated.2 3 -26 The probability of the creation of a
photocurrent pulse in the ideal photodetector is de-
fined by27

pi = cqi J dAi j dt' (E(-)E(+)), i = 1, 2, (2)

where mi is the quantum efficiency of the photodetec-
tor, A is the photodetector area, T is the interval of
measurement in time, and Ei(-) and Ei(+) are the nega-
tive and positive frequency components, respectively,
of electromagnetic fields of frequency wi.

The probability of photocurrent coincident pulses
for two ideal photodetectors is then 2 7

C2 ~~r T ~t+T
PC 7112 I dA1 | dA2 | dt1 | dt 2 (El(-)E2(-)Ej(+)E2(+)),

(3)

where r is a delay time between two channels.
In the SPSL process the probability that the photo-

current pulse will emerge in one detector is defined
by2' 5

(4)P1 = 7 1 (Nj),
nI

where nj enumerates the field modes inside the detec-
tion volume and (N,) = (al+al) is the mean number of
photons in a mode of scattered radiation of frequency
wl. The same is true for the second photodetector that
registers photons of frequency CW2.

The probability of the photocurrent coincident
pulses in our case is

(5)Pc = ' f712 (N 1N 2 ).
njn 2

It can easily be shown2 5 that, as a result of the nonclas-
sical rigorous correlation of pairs of photons in the
SPSL process, in the case of coherent pump radiation
in the absence of losses we will have

(N1) = (N 2) = (N 1N2 ). (6)

Thus, if the photodetector to be calibrated (detector
1) is capturing all spectral and angular modes of the
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optical field parametrically conjugated by the phase-
matching condition [Eqs. (1)] with modes registered by
detector 2 (the reference photodetector), and if for
these modes '12 is constant (usually Acl << AW2 ) then
from Eqs. (4)-(6) we can obtain the value of the quan-
tum efficiency of detector 1:

71 = PC/P2

150.

=60
t/ =58
q' =560100.1

(7) 50

Hence a simultaneous measurement of three quanti-
ties, Pc, Pl, and P2, allows one to determine quantum
efficiency for both detectors because all these results
are symmetric with respect to interchange of index
labels 1- 2.

The result of the measurement can be expressed
both in percentage form and in natural absolute units
(electrons/photon or counts/photon).

Absolute Calibration of Photon-Counting Detectors

A schematic of the experimental setup is shown in Fig.
1. The apparatus consists of two parts: a biphoton
field generator and a two-channel correlation scheme
for the registration and processing of the signal. The
biphoton field generator includes an ultraviolet radia-
tion source (a cw He-Cd laser with average power of 5
mW at a 325-nm wavelength), a parametric downcon-
verter (a 1 cm X 1 cm X 1 cm cube of LiIO 3 crystal), and
a lens with a focal length f = 100 mm and relative
aperture 1:3.5. Such a generator provides a flux of
biphotons (photon pairs) with continuous spectral dis-
tribution from 400 to 1000 nm with a density of 108
pairs per second in a spectral range of A = 10 cm'. 28

The scattered radiation in the lens's focal plane con-
sists of a sequence of concentric colored rings. The
ring thickness is defined by the value of the spatial
coherence of radiation and by the value of the focal
length. 2 Figure 2 shows a group of 01(X1) [ 2 (X2 )]
curves that define the distribution of scattered radia-
tion in space (in the focal plane) depending on its
frequency. The angle o between ko and the crystal
optic axis is a variable parameter. The case w = 0)2 =

(wo/2) corresponds to the frequency-degenerate re-
gime of photon pair generation. Continuous spectral
and smooth angular distribution of scattered radiation

300 500 / I 900 A (m)

.504

-10°.1.

-150+

Fig. 2. Spectral-angular intensity distribution of light emerging
from the LiIO3 nonlinear crystal pumped by radiation with wave-
length X0 = 325 nm. Here Oi = (kiko) and (p is the angle between the
pump wave vector ko and the optical axis of crystal (z); photons
conjugated by condition (1) are depicted by and 0.

(see Fig. 2) is convenient for the absolute calibration of
photodetectors. Conjugated by the phase-matching
conditions [Eq. (1)], photons in each pair (denoted 
and 0 in Fig. 2) are divided into two different channels
and counted by the photodetectors (4). In the mea-
suring channel (1), photons pass only through the exit
border of the crystal and the lens. The lens trans-
forms angular dependences 01,2(M) into linear depen-
dences r, 2(w) in the focal plane. This element of the
scheme is not necessary; however, it greatly simplifies
the procedure of positioning and provides a better
filtration of biphotons with a given relation between
frequencies and wave vectors. The spectral device (3)
placed in the reference channel (2) is used to measure
the spectral distribution of the quantum-efficiency
value ?,(X).

The electric signal-processing and registration
scheme consists of two identical channels amplifying

Fig. 1. Schematic of the experimental setup for the absolute standardless calibration of photodetectors: 1, nonlinear crystal; 2, focusing lens;
3, spectral device; 4's, photodetectors; 5, coincident count scheme, 6's, counters.
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Fig. 3. Quantum-efficiency spectral distribution for three samples
of a Soviet photomultiplier tube, type FEU-79 (multialkali S-20
photocathode). The integral sensitivity Sx of devices 1, 2, and 3 was
306, 210, and 143 uA/lm, respectively.

and forming the photocurrent pulses from the detec-
tors, a coincidence scheme, and three devices for data
storage and indication. Electrical pulses after the
photodetectors (4) and amplifiers have a rise time of -

= 3 ns. They are fed to the coincidence counting
scheme (5) and to the data accumulator (6). The time
resolution of the registration scheme, i.e., the maxi-
mum interval between the entrance two pulses, was < 5
X 10-9 s. The dynamic linear range for the counting
frequency was > 106 s-. The density of the two-
photon flux was made so weak that the time resolution
of the electronic scheme was much higher than the
average time between photon pairs to reduce the influ-
ence of dead time on the result of measurements. Real
photon pair flux did not exceed 105 s-1.

Our research shows the reliability of the principles
and the method of this new type of calibration scheme.
In particular, we observed good recurrence properties
and small sensitivity to variation of experimental pa-
rameters. For example, the 71, value remains constant,
with an accuracy no worse than 1%, when the pump
power value is changed by 2 orders of magnitude. We
also observed no influence on the result of the quan-
tum efficiency n7 measurement from the insertion of a
new spectral device, from the insertion of additional
sources of losses in the reference channel, or from the
replacement of the reference detector (detector 2) by
another having different parameters.

We measured the quantum efficiency of several
types of photomultiplier tube in the photon-counting
regime. The statistical error of the measurements did
not exceed 1-3% with the time of data accumulation at
T = 100 s. We measured the quantum efficiency of
photomultiplier tubes with both multialkali (S-20)
and bialkali photocathodes, with different numbers of
diodes and their configuration, and with different time
properties. We show the results of quantum-efficien-
cy spectral distribution measurements of a few sam-
ples of Soviet photomultiplier tubes: FEU-79 in Fig.
3, fast FEU-77 in Fig. 4, and quantacons FEU-130 and

600 640 680
(nm)

Fig. 4. Spectral distribution of quantum efficiency for three sam-
ples of a Soviet fast photomultiplier tube, type FEU-77 (S-20). The
integral sensitivity Sz of devices 1, 2, and 3 was 220, 160, and 78 ,A/
lm, respectively.
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Fig. 5. Spectral distribution of quantum efficiency for RCA
C31034A (GaAs photocathode) and FEU-130 (bialkali photocath-
ode Sz = 60 ,uA/lm) quantacons.

RCA-C31034A in Fig. 5. S is a value of the integral
cathode sensitivity expressed in (microamperes per
lumen) and usually published in the datasheet of pho-
todetectors.

We compared several results of quantum-efficiency
absolute measurements with data received by the con-
ventional method of photometry.2 All results coincid-
ed well within the limits of statistical error. It is
noteworthy that the accuracy of conventional methods
based on the use of secondary light 6talons (incandes-
cent lamps with tungsten bands that imitate radiation
of an absolute blackbody) is -10-15% in this spectral
range and for these intensities.

Absolute Calibration of Analog Photodetectors

The photodetectors working in the analog (charge-
accumulation) regime are widely used now for a variety
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Fig. 6. Spectral distribution of quantum efficiency for photomulti-
plier tube FEU-79 (multialkali photocathode Sz = 238 gA/lm) in the
analog regime of charge accumulation.

of purposes. In some cases, if one analyzes the com-
bined sources of errors for both methods (the level of
the inherent dark noise, the absolute value of quantum
efficiency, the dead-time value, etc.), they have advan-
tages over the photon-counting devices.29 30 An opti-
cal signal intensity Io exists for which registrations by
both methods are of equal accuracy. When the inten-
sity of the optical signal is higher than Io, the charge-
accumulation method is more advantageous from the
point of view of the signal-to-noise ratio, and in the
opposite case-for an intensity lower than I-the
photon-counting method is favored.

We also developed a method of absolute calibration
of analog photodetectors. For our first experiments,
we used a photomultiplier tube in the classical charge
accumulation regime. The same optical scheme as
shown in Fig. 1 was used. The practical realization of
this method is different in several important details
from the method for the photon-counting devices.
The information about the biphotonic character of
radiation reaching the photocathode is now carried by
the continuous photocurrent fluctuation. The electri-
cal signal after the photodetector can be expressed as a
sequence of overlapped photocurrent pulses:

i(t) = q(t t (8)
n

Here f(t) describes the shape of pulses with random
amplitude q and random moment of emergence t.
The theoretical analysis shows2 that, if the shape of
pulses in both channels is the same [(t) = f2(t)], then,
by analogy with the photon-counting calibration
method [Eqs. (4)-(7)], we can derive the following
expression for the quantum-efficiency value:

771(qj) = 2 (q2) (il2O (9)(i2i2)

Here (qi) is the mean value of the random pulse ampli-
tude in each channel, and ( = (q1

2 )/(qi) 2 is the coeffi-
cient dependent on the statistics of amplification coef-

ficient fluctuations. The coefficient (j determines the
difference between the amplitude distribution of pho-
tocurrent pulses and the Poissonian one. These pa-
rameters can be measured easily with good accuracy.31

The measured value of quantum efficiency can be ex-
pressed either as a percentage or in absolute natural
units (coulombs/photon).

The procedure (i 2 ) was carried out by an analog
current multiplier device with 1% linearity in the dy-
namic range from 10 mV to 10 V. The output signal
was fed to an analog-to-digital converter, whose output
was accumulated by a counter. The results of quan-
tum-efficiency measurements of a photomultiplier
tube with multialkali (S-20) photocathodes in the
charge-accumulation regime are shown in Fig. 6. The
statistical accuracy of the measurements was -6-8%.
The main contribution to this error was the statistical
fluctuations of the electrical signal in the charge accu-
mulation regime, which are 2(1 + t) times greater than
in the photon-counting regime in identical conditions
of measurement because of the non-Poissonian distri-
bution of photocurrent pulse amplitudes.29 However,
this problem can easily be eliminated by increasing the
signal-accumulation time.

Conclusion

An experimental realization of a new way to measure
the absolute value of quantum efficiency for photon-
counting and analog photodetectors without using any
specially calibrated light sources (talons) has been
discussed. This technique is based on the nonclassical
statistical properties of light in the nonlinear process
of spontaneous parametric scattering of light (sponta-
neous parametric downconversion). The results of
our experiments provide a hope that this new method
of standardless calibration of photodetectors can be
widely used, especially to extend the capability of con-
ventional photometry.

The investigation of the influence of different physi-
cal processes on the results of calibration allows us to
speak about the possibility of reaching 0.1% and great-
er accuracy in measurements in photon-counting re-
gime devices. The quantum efficiency of photomulti-
plier tubes (both ordinary and microchannel) or of
avalanche photodiodes can be measured in this regime.
The measurements of the quantum efficiency of ava-
lanche photodiodes at one spectral point (532 nm in
Ref. 12 and 650 nm in Ref. 22) carried out by other
authors confirm the reliability of this method in the
photon-counting regime. Thus a new method pro-
vides an easy way to measure in the laboratory the
spectral distribution of the quantum-efficiency value
for each sample of photomultiplier tubes from a manu-
factured batch. This measurement is useful when one
wishes to choose a suitable detector for the registration
of ultralow-intensity optical signals, especially in as-
tronomy and spectroscopy.

We propose combining the apparatus for photode-
tector calibration by biphoton fields and by a high-
efficiency self-calibration photodiode device to build
an absolute radiometer with a broad dynamic range.
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For example, from Ref. 1, a photodiode device with
100% quantum efficiency is characterized by a high
noise level-up to 10-8 A. Such a level of noise limits
the measured intensities to the level of 1011 photons
per second (for the center of the visible spectrum it is
10-8 W). The noise of photon counters (for example,
photomultiplier tubes) is much lower, -1-10 photo-
current pulses per second, which is equivalent (if the
current amplification coefficient is 106) to the photo-
current 10-13 A. For the quantum-efficiency value n =
10%, such a noise level guarantees the registration of
photon fluxes down to 10-17-10-18 W.

The analog calibration method for devices that work
in a classical current regime, despite the higher statis-
tical error in equal conditions, has a broad range of
uses. The main advantage of the analog method of
photodetector calibration is its broad application. It
is possible, based on this method, to calibrate practi-
cally all types of contemporary photodetector, includ-
ing the photon-counting devices, in a wide spectral
range (the reverse is not true for the method of photon-
counting detector calibration). It can be used for the.
calibration of spectral sensitivity for practically all
kinds of photodetector, such as photomultiplier tubes,
avalanche and ordinary photodiodes, multilayer pho-
tosensitive semiconductor structures, and charge-cou-
pling devices, in broad spectral and dynamic ranges.
These broad capabilities are based on the ability to
create biphotonic (two-photon) fields with the re-
quired intensity in the extended spectral range from
0.35 to 5 Atm with the help of the SPSL process. The
accuracy of the analog calibration method can be im-
proved easily by cooling the photodetector and in-
creasing the data-accumulation time.

The rigorous space localization of photons in pairs
(see Figs. 1 and 2) also permits development of a meth-
od of absolute measurement of the two-dimensional
picture of absolute sensitivity of image-intensifier de-
vices such as a silicon-intensified target and charge-
coupled device cameras. For the matrix photodetec-
tors, calibration of each pixel is possible in principle.

It should be mentioned here that, all other things
being equal, the new method works better (higher ac-
curacy, shorter time of measurement, etc.) the higher
the absolute value of the quantum efficiency.

We have shown in our experiments the feasibility of
a new method. Many problems relating to the utiliza-
tion of biphoton fields in metrology still remain un-
solved; however, the utility of the method is obvious.
It will be useful to compare our results with the results
of measurements done by well-known metrology tech-
niques including the precise thermal calorimeter and
silicon photodiode self-calibration methods. We hope
to make further developments and to improve the
accuracy of our method in collaboration with other
organizations interested in this problem.
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