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Multiphoton detection using visible light photon counter
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Visible light photon counters feature noise-free avalanche multiplication and narrow pulse height
distribution for single photon detection events. Such a well-defined pulse height distribution for a
single photon detection event, combined with the fact that the avalanche multiplication is confined
to a small area of the whole detector, opens up the possibility for the simultaneous detection of two
photons. In this letter, we investigated this capability using twin photons generated by parametric
down conversion, and present a high quantum efficiency (;47%) detection of two photons with
good time resolution (;2 ns), which can be distinguished from a single-photon incidence with a
small bit-error rate (;0.63%). © 1999 American Institute of Physics.@S0003-6951~99!00307-1#
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Experimental techniques for single photon detect
have made tremendous progress in recent years. High q
tum efficiency and low dark counts~background noise! are
considered to be the figure-of-merit in characterizing the p
formance of a single photon detector. Photomultiplier tub
~PMTs! and Si avalanche photodiodes~APDs!1 have been
most widely used, while alternate technologies like so
state photomultipliers ~SSPMs!,2 visible light photon
counters ~VLPCs!,3 and superconducting tunnel junction
~STJs!4 have recently demonstrated unique capabilities t
PMTs and APDs cannot offer. The quantum efficiency
quired for detection efficiency loophole free test of Bell i
equality ~83%! has been realized by the VLPC
(;88%).5 STJs offer single photon detection capability wi
some wavelength resolution (;45 nm).4 In this letter, we
report the capability of VLPCs of detecting two photon
Such capability can be used for the test of Bell inequalit6

quantum teleportation experiments7 and also for the enhance
ment of the security in quantum cryptography systems.8

Single photon counters should have internal gain mec
nism to overcome huge thermal noise generated in the e
tronic circuits that follow. The noise in this multiplicatio
process determines the distribution of pulse height gener
by the single photon detection events.9 For the detectors with
low multiplication noise, the pulse height originating from
single photon detection event is well defined and there
possibility to distinguish a single photon detection eve
from a two photon detection event. PMTs have low noise
the multiplication process,10 but the single photon quantum
efficiency is limited to about,25% and so the maximum
two photon detection efficiency should be only 6%. Hi
quantum efficiency can be achieved by APDs (;76%),11

but the large multiplication noise in these devices comple
washes out the correlation between the number of pho

a!Electronic mail: jungsang@loki.stanford.edu
b!JST-PRESTO ‘‘Field and Reactions’’, A. T. R. C., Mitsubishi Electr

Corporation, Amagasaki, Hyogo 661-8661, Japan.
c!Also affiliated with NTT Basic Research Laboratories, Atsugi, Kanaga
Japan.
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incident and the generated pulse height.12,13 In addition to
that, for the APDs that operate in Geiger mode for sin
photon counting, the entire diode breaks down upon de
tion of a single photon incidence. Therefore, it is impossi
to distinguish a two-photon detection event from a sin
photon detection event.

VLPCs feature noise-free avalanche multiplication a
the pulse height resulting from a single photon detect
event is very well defined.9,14 Furthermore, the avalanch
breakdown is confined to a small portion (;20mm diam-
eter! of the total area~1 mm diameter! of the detector. This
means that the remainder of the device is still active
another photon detection even if a single photon is detec
These properties open up a possibility for multiple-phot
detection using VLPCs. Such behavior has already been
served in previous experiments where the time resolution
the electronic circuit was poor,3 so that more than two pho
tons are detected by the VLPC as a single pulse. In th
experiments, however, a difference in the arrival time of
two photons are reflected in the pulse height, which resul
significant broadening of the pulse height distribution. Ex
quantum efficiency of the two photon detection and the b
error rate for two photon detection event cannot be de
mined quantitatively from these experiments.

We have used twin photons generated by a degene
parametric down-conversion process, where the delay in
arrival times of the two photons can be controlled precis
by optical path length difference.

Figure 1 shows the experimental setup. We used 35
nm ultraviolet~UV! radiation from an Ar1 laser to pump a
BBO crystal in type-II phase-matching configuration. T
crystal was slightly tilted away from the colinear phas
matching condition, so that the signal and idler beams~both
at 702.2 nm! are completely separated in space.15 Each of the
beams was collimated using a weak focusing lens. One of
beams was delayed, and the two beams were recomb
using a polarizing beam splitter. The recombined beam w
focused onto the surface of the VLPC through a narr
bandpass filter@centered at 702 nm, and bandwidth of 0.
,

© 1999 American Institute of Physics
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nm full-width at half-maximum~FWHM!#. We have in-
stalled the VLPC in a bath-type He cryostat where the te
perature is stabilized to within 0.005 K using active tempe
ture control. Since the VLPC is extremely sensitive
infrared photons, extensive radiation shields with acry
windows were used to prevent the room temperature ther
radiation from reaching the detector while keeping transp
ency at ;97% for 702 nm photons by antireflectio
coating.5 The reflected light from the surface of the detec
(;16%) was recollected using a spherical refocusing mir
and the net reflection loss was reduced to;2.5%. The out-
put signal was amplified by a room temperature preampli
~MITEQ AUX1347! which has a bandwidth of 500 MHz an
provides electrical pulses of 2 ns in width when a sin
photon is detected.

Figure 2~a! shows an electrical pulse resulting from
single photon detection event. The width of the pulse~2 ns!
does not decrease even when the bandwidth of the amp
is increased, indicating that it is limited by the capacitance
the VLPC (;14 pF) and the input impedance of the amp
fier ~50 V!. Figures 2~b! and 2~c! show the cases when th
optical delay between the two beams is 5 and 3 ns, res
tively. The heights of the pulses are almost identical, indic
ing that the number of electrons released per single pho
detection event is well defined. Finally, Fig. 2~d! shows
when the optical delay is reduced to zero. The two pul
resulting from the two photon detection events complet
overlap in time, and the pulse height is twice that of a sin
photon detection event.

Pulse height analysis can be performed to estimate
bit-error rate for the two-photon detection event. Figure
shows the pulse height analysis of the cases when only
of the beams is incident@Fig. 3~a!#, and when both beams ar
incident on the VLPC@Fig. 3~b!#. For the two-beam inci-
dence case, there is a second peak in the pulse height d
bution, centered at twice the value (;74 mV) of the center
of the first peak (;37 mV). The theoretical expression fo
the pulse height distribution for the VLPC is given by th
gamma distribution9

P~M !5
1

M S 1

F21

M

^M & D
1/~F21! expS 2

1

F21

M

^M & D
GS 1

F21D ,

~1!

whereM is the statistical variable that describes the multip
cation gain,̂ M & is the average ofM, andF5^M2&/^M &2 is

FIG. 1. A schematic of the experimental setup.
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the excess noise factor~ENF! for the multiplication process
From the pulse height distribution obtained in the expe
ment, we can calculate the mean (^M &) and ENF~F! of the
gain, and use these values in Eq.~1! to generate the dotted
lines of Fig. 3. For Fig. 3~b!, the mean two curves wer
generated separately to fit each peak, which were then ad
to give the dotted line shown. The excess noise factor
duced from these pulse height distribution was 1.026 for
single-photon pulse height distribution@in both Figs. 3~a!
and 3~b!# and 1.012 for two-photon pulse height distributio
indicating almost noise-free avalanche multiplication. T
bit-error ratePe for distinguishing a two-photon detectio
event from a single-photon detection event is given by

Pe5min
VT

H E
VT

`

P1~V!dV1E
2`

VT
P2~V!dVJ , ~2!

where P1(V) and P2(V) are the normalized pulse heigh
distribution for single-photon detection events and tw
photon detection events, respectively, andVT is the threshold
voltage used for the discrimination. From the two distrib
tions given in Fig. 3~b!, Pe is minimized to 0.63% whenVT

is chosen at;54 mV. It should be noted that the discrim
nator levelVT for two-photon detection and the bit-error ra
Pe can change slightly depending on the relative size of
two peaks in Fig. 3~b!.

The narrow bandpass filter used in front of the VLP
had transmittance of about 50% at 702 nm, and such
photon optical loss is responsible for the small two-pho
detection peak compared to the single-photon detection p
The net quantum efficiency for two-photon detection can
estimated if such optical loss is subtracted. We used
single photon counting modules@~SPCMs!; single photon
counting detectors based on avalanche photodiodes# to char-
acterize the optical loss and the quality of the two-pho
source. Large area~500mm diameter! APDs are employed in
our SPCMs, and the quantum efficiency of these detec
are;5065% near the measurement wavelength of 702 n
We placed two SPCMs at locationsA andB indicated in Fig.

FIG. 2. Real-time trace of photon detection signal recorded by a 5 GS/s
digitizing oscilloscope. The time delay between the two beams is chan
by modifying the optical path length. The traces are shifted vertically
clarity. ~a! Single-photon detection signal.~b! 5 ns delay.~c! 3 ns delay.~d!
Zero delay.
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1 with narrow bandpass filters in front of each detector a
measured the single photon count rates of two beams@A and
B, in units of counts per second~cps!# independently, and the
coincidence count rate of the two beams (C). Given the dark
counts of the SPCMs~which is measured by blocking th
input beams! and the quantum efficiency, we can estima
the net photon flux at the SPCM inputs (A0 andB0) and the
net coincidence input (C0) ~Table I!. These three number
characterize the one photon loss rate of the two-pho
source made up of a parametric down converter and all
optical components used, including the narrow bandpass
ters.

Once these properties are known, we can estimate
two-photon detection efficiency of the VLPC. The ratio
the two-photon detection events and single-photon detec
events is given by

R2

R1
5

h2C0

h1~A01B022h1C0!1D0
, ~3!

whereR1 and R2 denote the single- and two-photon cou
rates,h1 andh2 denote the single- and two-photon detecti
quantum efficiency, andD0 denotes the dark count rate o
the VLPC. Independent measurements at the same oper
conditions yield the valuesh157065% and D051.7
3104 cps for the single-photon detection quantum efficien
and the dark count rate, respectively. Single-photon detec
quantum efficiencyh1 was degraded by about 5% because
saturation effect caused by a relatively large input pho
flux (;5.63105 cps) used in the experiment.5 The experi-

FIG. 3. Pulse height distribution for the detected photons. Counts w
integrated for 5 s ateach point. The dark circles are experimental data,
the dotted lines are theoretical fits using Eq.~1!. ~a! Single beam input.~b!
Two beam input with zero time delay between the two beams.
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mental value forR2 /R1 can be found from integrating th
pulse height distribution curve in Fig. 3~b!, and is found to
be 8.531022. Using these data with the values forA0 , B0 ,
andC0 in Table I, we can deduce the two-photon detecti
quantum efficiencyh2547%. The maximum value expecte
for a two-photon detection quantum efficiency is given
h2,max5h1

2549%, and the two-photon detection quantum
ficiency in our setup is limited by the single-photon detecti
quantum efficiency within the measurement accuracy.

In conclusion, we report here a photon detector based
VLPC that can distinguish between a single-photon in
dence and two-photon incidence with high quantum e
ciency~47%!, good time resolution~2 ns!, and low bit-error
rate (;0.63%). The performance of the detector was tes
quantitatively using a two-photon source employing tw
photons generated by a degenerate parametric do
conversion process.
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TABLE I. Count rates, dark count rates, and coincidence count rates fo
two-photon source using SPCM detectors. All numbers are given in unit
counts per second~cps!.

Quantity Measured counts Dark counts Net counts

A 1.223105 2.593103 2.383105 (A0)
B 8.413104 1.373104 1.413105 (B0)
C 1.133104 negligible 4.533104 (C0)


