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Single photon counting technique is used for measuring céntinuous light fluxes of very low intensity suitably .
modulated. Demodulation and integration processes usually made in conventional synchronous detectors on analog
signals are here performed with drift free digital operations. The main advantage of this procedure is the possibility
of improving the signal-to-noise ratio by very longintegration times which are not limited by drifts of the electronics
following the detector. An analysis of the noise filtering properties of the device is given. Raman light angular
distributions obtained by this technique are reported as an example and noise characteristics of the device are
measured and compared with the results of the theoretical analysis.

1. INTRODUCTION

N some optical experiments (for instance Raman or
Brillouin scattering or harmonic generation) resolution
both in angle and in frequency is limited by the require-
ment of a sufficient amount of input light in the measuring
device, in order to obtain a good signal-to-noise ratio. The
problem occurs more generally in any spectroscopic. in-
vestigation, from low frequency to the optical range, and is
usually solved either by frequency domain filtering, i.e.,
narrowband detectors, in connection with modulation and
demodulation systems (synchronous detectors) or time
domain filtering accomplished for instance by averaging
techniques.

In the optical range a single photon can release a sizeable
amount of charge at the output of a photomultiplier and,
at Jow light intensities, contributions from single photo-
electrons are resolved in time, so that the signal can be
extracted in a digital form by counting techniques. We

have exploited this possibility in a device which performs .

the operations of demodulation and time averaging by
digital techniques.

2. SYNCHRONOUS SINGLE PHOTON
COUNTING DETECTOR

The block diagram of our synchronous single photon
counting (SSPC) detector used in a low intensity light
flux measurements is shown in Fig. 1. Excitation source ES
can be either a light source (as in a Raman or Brillouin
scattering experiment) or any other source which, interact-
ing with cell C, gives rise to the low intensity light flux L
at the input of the detector PM. This flux is modulated
either closing periodically the optical path from C to PM
or interrupting periodically the interaction between the

* Work partially supported by the C.N.R. (Italian National Re-
search Council).

T After this work was completed T. A. Kovaleva, A. E. Melamid,
A. N. Pisarevskii, I. V. Reznikov, and S. S. Shushkevich, “Method
of Statistical Recording of Luminescence Spectra at the Single Elec-
tron Level” appeared in Pribory i Tekhn. Eksperim. 2, 150 (1965)
[English transl.: Instr. Exptl. Tech. (USSR) 2, 398 (1965)]. The
device shown there is based on the same principle as ours.
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excitation source and the cell. Detector PM is a high gain
photomultiplier with a single electron response (SER) suit-
able to drive a standard pulse shaper circuit at its output
which triggers for pulses above a set threshold level A.
(For instance, photomultipliers Philips 56 AVP, as well as
RCA 7265 can be used for this purpose). An electronic
gate with a standard duration 7 is opened synchronously
with the chopper by means of a suitable driving signal
(derived from photodiode P looking at source S through
the chopper wheel). An electronic switch actuated syn-
chronously with the chopper sends the pulses coming out
from the gate to the “add” or “subtract’” input of a bi-
directional counter (BC). The complete timing chart is
shown in Fig. 2. Note that the “add” and ‘“‘subtract” in-
tervals are made equal by the same timing device actuating
the electronic gate.

The operation of the system can be described as follows.
During the “open” time of the chopper the photomultiplier
output consists of signal pulses with average rate f,(4)
due to the emitted photoelectrons and of noise pulses with
average rate f,(4) coming from thermal electrons emitted
either by photocathode or by other electrodes (dark cur-
rent). All of them are sent to the “add” input of the BC.
During the “close” time of the chopper only noise pulses
are present and they are sent to the ‘“‘subtract” input of
the BC. The output of the BC is the average number of
signal pulses. After a measuring time 7" the average reading
of the BC is .
S=fmT, n

where n=17/1, is the ratio of the two equal counting inter-
vals 7, alternatively used for the add and the subtract
operations, to the chopper period 4 (n<3).

The rms deviation e, of the BC reading is given by

2

Lo

en=[(2/ntfnTD, 2)

and therefore the signal-to-noise ratio is
S/5n=fa(’7T)%/(2fn+fs)-% (3)

With no input signal the counter reading is in average
zero, its position is affected by noise which gives rise to a
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“random walk” in the counter reading with a rms devia-
tion en.

Apart from the procedure of continuously alternating
signal and noise measurements to reduce drift and fluctua-
tion effects, our system is equivalent to a flux counting
procedure as used in nuclear physics, where two successive
measurements of flux plus background alone are made for
equal time intervals. It is well-known that this is the best
subdivision of the measuring time when the background
rate is much larger than the signal rate (f.>>f,).

3. NOISE FILTERING PROPERTIES AND
THRESHOLD OPTIMIZATION

Further contribution to the noise due to the statistical
average performed by the BC [see Eq. (2)] can arise from
fluctuations in the average rate both of signal and noise
pulses. Moreover any fluctuation in the analog elements of
the detection chain, such as the threshold level 4 of the
pulse shaper or the sampling time 7, results in a fluctuation
both in the signal and noise average pulse rate.

~ Assume that the average signal rate f, is affected by
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Fi6. 2. Timing chart of the SSPC detector.

F16. 1. Block diagram of the synchronous single photon counting detector.

some perturbation s(¢), with power spectrum s(w), so that
fo(1)=fe,[1+5()]. Due to the modulation and demodula-
tion processes the signal pulse rate at the counter input is
given by (notation of Woodward! is used as reported in
the Appendix)

ft(®)=f:(t) rep,, rect(t/7),

(where vo=1/ly is the chopping frequency) and the as-
sociated power spectrum is

fe2[1? comb,, sinc?(wr/2m)+s+(w)],
where

sH(w) =n[s(w)+s(w—2mv,) sincy
+s(w—4mpo) sinc?2n+--- 1. (4)

The number of signal pulses expected in the measuring
interval is

~+T
Sl B A OL

¢

an analysis of its statistical properties leads to the following
expression for the variance of the accumulated signal
counts, in terms of the ensemble average S and variance
e of S,

e?=¢2+8. (5)

Assume that the average noise pulse rate f, is affected by
some perturbation #(¢) with power spectrum #(w) so that
fa=fn[1+n()]. Due to the demodulation process the
actual noise pulse rate at the add input of the BC is given
by ,

Fuit ()= fad1-H()] reps, rect(t/7).

The number of noise pulses expected at the add input in

1P, M. Woodward, Probability and Information Theory wilh
A pplications to Radar (Pergamon Press, Inc., London, 1953), pp. 28-30.
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F1G. 3. Amplitude distribution functions of signal and noise pulse
rates for a 56 AVP multiplier phototube at room temperature. The
figure of merit of the SSPC system versus threshold amplitude 4
is also plotted and compared with the one obtainable with a conven-
tional synchronous detection system.

the interval (¢, (+7) is

=T

Nyi= fat(@)dt,

t

with an ensemble average N;. Similarly the noise pulse
rate at the BC subtract input is

fart ()= fuo[14+n ()] repy, rect[ (t—to/2)/7].
The number of noise pulses expected at the subtract input
in the interval (¢, 4 7T) is given by

T
N,= Szt (@)dt,

¢

with an average N ;. The power spectrum of fn1™(f)— f,,z"' ®
is given by

fro[n? comb,, sinc? (wr/2m)2(1—% coswio) +nt(w)],
where

1+ (w) = 4n[n(w—2mv,) sincp~+n(w—6mvo) sinc?3y
+n(w—10mvg) sinc25g+-«- 1. (6)

As for the signal it is easily shown that the variance of the
accumulated noise counts is

e?=en v 2+ N1+ N, @)

where ey ,—w, is the variance of N1—NV,. Variances ¢, and
ev v in Egs. (5) and (7) are evaluated in terms of the
signal and noise power spectra through the Wiener-
Kintchine theorem; the final variance of the accumulated
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counts in the time 7 is

- cosz
ev’= et el = S—I-Zf,,o/ s+(w) dw
o °° 1—coswT
Rt Nt 2t [ 7+ (@)
0 W

If perturbations s(¢) and #(¢) have zero ensemble average
this yields

en*= (fooF-2fno)nT

— OSwT

+2 / L@+ futr @) o, (8)

The first term is the statistical contribution typical of
Poisson distributions. The second term is due to the signal
and noise rate fluctuations and corresponds to the power
spectra foi?st(w) and f.i?nt(w) filtered by the integration
over a time T. The effect of this integration is that only
the low frequency components of st(w) and #*(w) in a
bandwidth 1/7 are important. Taking into account Egs.
(4) and (6) one can conclude that substantial contributions
to the integral in Eq. (8) are given only by low frequency
components of s(w) and components of #(w) centered
around 27y,. This suggests orientative criteria for a proper
selection of the chopper frequency »o which has to be far
from frequencies where #(w) has relatively high components
(such as multiple of the line frequency or of the possible
perturbing frequencies). Working at low intensities
(fs0<fno) the noise statistical term is the most important.
The next order contribution is due usually to s(w) which
becomes important when

1—cosoT
fso / st(w)————dw>nfaT.

Signal-to-noise ratio is a function of the threshold level
A of the standard pulse shaper connected to the PM.
Let us denote by C,p,(4)=—df.(4)/dA the amplitude
distribution function of noise pulse rate, C, being the total
rate of noise pulses, and $,(4) the associated normalized
amplitude distribution function. Similarly let C,p.(4)
=—df,(4)/dA be the amplitude distribution function of
signal pulse rate due to photoelectrons. Due to the con-
tribution of dark current pulses not coming from the photo-
cathode, $,(4) differs from p,(4) (see Bertolaccini and
Cova? and Tusting et al.?). There is an optimum value A
for the threshold level which can be easily determined by
differentiating Eq. 3. When f,(4)>>f,(4), the maximum

2 M. Bertolaccini and S. Cova, Energia Nucl. 10, 259 (1963).
3R, F. Tusting, Q. A. Kerns, and H. K. Knudsen, IRE Trans.
Nucl. Sci. NS-9, No. 3 118 (1962).
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F1c. 4. Block diagram of the
measurement of the Raman light
angular distribution, with a He-Ne
laser as the excitation source.
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The optimum value 4, which satisfies Eq. (9) depends
only on the shape of the distributions $,(4) and p,(4).
The shape of p,(4) is very sensitive to the operating condi-
tions (photocathode temperature and operating voltage),
therefore the optimum value of threshold 4 has to be
determined experimentally by plotting f,(4)/[2f.(4)J
at the operating conditions. As already observed, this
optimization is significant only if, as usually happens, in
the measuring time 7" the major contribution to the noise
is given by the first term of Eq. (8). This threshold level
optimization results in an improvement of the signal-to-
noise ratio obtainable with SSPC which is peculiar to this
counting technique. As an example Fig. 3 shows the ampli-
tude distribution functions of signal and noise pulse rates
—dfs,(4)/d4 and —df,(4)/dA for a 56 AVP multiplier
phototube, together with the figure of merit

(Z/nT)(Sz/e,?)(C,,/Caz)=/ pR(A)dA// Ppa(4)dA,

as deduced from Eq. (3), vs threshold amplitude 4. In
the same figure, the horizontal line represents the figure of
merit

(4/ 'y (Sz/ ) (Cn/ Caz)

[ /0 i Ap,(A)dA:r / / gy,

Gate Standard

Switch pulse shaper

which corresponds to a signal obtained by synchronous
detection of the total phototube current followed by an
integration for a time T'. Such a device is taken as the model
of the conventional synchronous detection system.
Further improvement of the SSPC technique could be
obtained by adding a third channel. A monitor beam can
~ bederived from the excitation source and sent to the photo-
multiplier through a three intervals chopper wheel. Pulses
appearing at the photomultiplier output during the three
time intervals correspond, respectively, to noise, signal
plus noise, and monitor beam plus noise. Two BC and a
three way switch are also required to have a measure of
signal intensity and meonitor beam intensity with auto-
matic noise subtraction. Information on the monitor beam
intensity takes into account all possible sources of drifts
in the measuring chain, such as fluctuations of source in-
tensity, threshold, gate time, and photomultiplier gain.
The monitor signal can be used as a normalization param-
eter which can act automatically by stopping integration
time at preset values of monitor signal counts.

4. COMPARISON BETWEEN SSPC AND ANALOG
SYNCHRONOUS DETECTORS

The main advantages of SSPC over analog synchronous
detectors*® (lock-in amplifiers) are due to the essentially
drift free operations of the electronics following the photo-
multiplier and the standard pulse shaper. This allows

*R. Andrew, Nuclesr Magnetic Resonance (University Press,
Cambridge, England, 1965), p. 43-44.
& G. Feher, Bell Syst. Techn. J. 36, 480 (1957).
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F1c. 5. Angular distribution of the 992 cm™ vibrational frequency
of benzene obtained with SSPC detection technique.

very long integration times (of the order of hours) limited
only by the stability of the preceding analog parts of the
electronics.

As far as gate duration 7 is concerned, only short term
stability is required (with respect to times of the order of
several £y) due to the important feature of the SSPC that
the time duration 7 of the gate during the ‘“‘open’” and
“close” time of the chopper is determined by the same
physical element. This allows an almost perfect demodula-
tion process avoiding unbalance effects or nonlinear
response.®

Threshold stability affects both signal and noise pulse
rates; residual fluctuations can be corrected with addi-
tional monitoring techniques described in Sec. 3. All these
fluctuation terms can be taken into account in the noise
analysis of Sec. 3 inserting suitable components in the noise
signal power spectra.

A disadvantage of our system is the need of a high gain
photomultiplier in order to perform single photon counting
while a lock-in amplifier can operatewith any analog signal,
moreover single photon counting technique has an upper

limit for intensities due to the requirement of no appreci-

able counting losses. Its use is therefore restricted to low
light intensities (<10° photoelectrons/sec).

The principle of operation of the two types of detectors
is quite similar: The main differences are digital demodula-
tion and integration in the SSPC against analog demodula-
tion and analog integration (i.e., bandwidth narrowing) in
the lock-in amplifier. Noise filtering properties are also
similar,apart from the larger integration time equivalent to
a narrow bandwidth achievable with the SSPC and the
additional improvement of the signal-to-noise ratio with
threshold optimization. No phasing of the reference signal

6 Automatic noise subtraction can be affected by an error due to

deadtimes of the counting chain. They give a different contribution -

during the add and subtract periods, as the average counting rates
are different due to the presence of signal pulses in the add channel.
This effect is however of no importance in the more interesting case in

which f,& /.

is necessary as the gate time is precisely located inside the
“open” and “close” chopper time intervals, to avoid errors
due to mechanical imperfections of the chopper wheel.

The SSPC technique can be either applied with a single
signal channel scheme or with a multichannel system to
allow measurements on different signals (different wave-
lengths in a spectroscopic analysis for instance). In this
case the operation in connection with an Enhancetron’:3
seems to be very promising. A memory channel of the
Enhancetron can be used to store noise pulses and another
one to store signal pulses. If these two memory addresses
are switched synchronously with the chopper, and noise
automatic subtraction is then accomplished, the system
performs the demodulation and integration processes in
digital form. With this feature added a two channel
Enhancetron behaves just as our system. A third memory
cell can be used for the monitor signal while all other cells
are available for storing pulses from different signals and
performing automatic subtraction with a convenient scan-
ning cycle.

5. EXPERIMENTAL RESULTS

A measurement of angular distribution of Raman light
has been performed with the SSPC detector. The experi-
mental setup is shown in Fig. 4. A laser beam is focused in
the sample cell C filled with benzene and the Raman scat-
tered light is observed at 90° with a 7265 RCA photomulti-
plier. The beam polarization can be rotated without
changes in intensity by rotating the polarizer P inserted
in the beam path after a A/4 plate. In Fig. 5 the angular
distribution of the 992 cm™ vibrational frequency of ben-
zene is reported for observation in a direction parallel to
the polarization plane (see Damen e/ @l.%). Photoelectron
rates as low as 10 pulses/sec were measured after an
integration time of 1 min in the presence of 500 noise
pulses/sec, with a signal-to-noise ratio of 10. A 10 mW
He-Ne laser at 6328 A was used as an excitation source and
the photomultiplier was operated at room temperature.

As a further test of the sensitivity and lack of drifts in
the system a % h run of operation was recorded with a noise
pulse frequency 7f, of 2700 pulses/sec and the ‘“random
walk” is contained within the limits of the statistical noise.
This is a proof that analog drifts and average noise pulse
rate fluctuations are unimportant at this noise level. A
light signal giving a pulse rate nf,=10 pulses/sec was then
added and after a % h of measuring time it could be clearly
detected with a signal-to-noise ratio of 6. Similar results
are reported in Fig. 6 where several ‘‘random walks” are
recorded with a noise pulse rate nf,=33.5 pulses/sec with-

7 M. K. Klein and G. W. Barton, Jr., Rev. Sci. Instr. 34, 754 (1963).

8 G. F. Mayers and R. T. Schneider “Spectroscopic Investigations
of Plasma Properties,” Quarterly summary Rept. No. 3, pp. 9-28,
Contract No. NASw-992 EDR 4125 (1965).

9 T. C. Damen, R. C. Leite, and S. P. S. Porto, Phys. Rev. Letters
14, 9 (1965).
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Fic. 6. Random walks of the counter reading and theoretical noise parabolas with no signal pulses (upper graph). Noise pulse rate n/f,=33.5
pulses/sec and integration time T'=12 min. In the lower graph a signal with a pulse rate f,=1.1 photoelectrons/sec was added.
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out signal pulses (upper graph), and in the presence of a
very weak signal (yf,=1.1 photoelectrons/sec) (lower
graph), which can be detected after 12 min of integration
with a signal-to-noise ratio of 3.6. The chopping frequency
vo was set at 125 cps. The bidirectional counter has both
a digital reading, and an analog eutput for operation in
connection with a strip chart recorder.
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APPENDIX

The notations! used in the text for the noise analysis of
Sec. 3 are reported in the following table. '

Function f(2) Fourier transform F(w)

L W<
rect(¢/7)= 7 sinc(wr/27) = r[sin(wr/27) ]/ (wr/27)
0, |i/r|>%
1ep,g%(t) = "E: u[t—(n/v0)] vo comb, U (w)
=y :Ejm U (27nv0)8 (w—2mnv0)

() U(w)




