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High-efficiency photon-number-resolving multichannel detector
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A balanced eight-port photon-number-resolving detector is developed. The employed scheme is based on an
optical-fiber time-multiplexed device with the unique total optical transmittance reaching 93% and a pair of
avalanche photodiodes. The balanced operation is achieved even for imperfect unbalanced fiber splitters used
in the time-multiplexed device. The complete characterization of the detector for both classical and single-
photon signals is presented. High-speed photon counting at the rates of 100 kHz with the total detection

efficiency exceeding 50% is verified.
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Photon-number-resolving detectors are capable of distin-
guishing the number of photons in an incident light mode.
Detection with photon-number resolution represents a crucial
technique for many quantum optics applications, especially
in the emerging field of quantum information processing.
The method of linear optical quantum computing [1,2], for
example, relies fundamentally on the preparation and detec-
tion of single photons. Further, in quantum cryptography the
quality of used single-photon states strongly affects the se-
curity of the transmission [3,4]. Single-photon states can be
conditionally prepared using the process of parametric fre-
quency down-conversion [5-9]. They have also been gener-
ated recently by single-photon emitters [10-15]. Successful
high-fidelity conditional preparation of single-photon states
and other nonclassical states as well as their characterization
require detection with photon-number resolution. Particu-
larly, in schemes without postselection, the precise knowl-
edge of photon content is crucial. Unfortunately, common
on-off photodetectors such as avalanche photodiodes and
photomultiplier tubes are not able to distinguish among
photon-number states, in particular between states of N and
N+1 photons even for small N. Several strategies have been
studied to reach the photon-number resolution, at least an
approximate one in a limited range of photon numbers. The
superconducting transition-edge sensors and quantum calo-
rimeters [16,17], detectors based on atomic vapors [18,19],
and visible light photon counters [20-22] represent several
suggestions of detectors with an approximate photon-number
resolution.

Using several on-off detectors without photon-number
resolution, the photon-number resolving detector can be
emulated. After dividing an incident light signal uniformly to
several spatial modes, they can be detected by an array of
on-off detectors [23-26]. An intensified charge-coupled de-
vice (CCD) camera has been recently used as the detector
array in the limit of a large number of spatial modes [27].
The number of used on-off detectors can be reduced by
means of time multiplexing instead of the spatial one. An
initial light pulse is repeatedly split and delayed using either
a storage loop and a single on-off detector [28-30] or a time-
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multiplexed multichannel device and a pair of on-off detec-
tors [31-33]. The compound detector retains the high quan-
tum efficiency of commercially available on-off detectors
reaching 75% [34] and yields an approximate photon-
number resolution.

In the present paper, the photon-number resolving multi-
channel detector is developed adopting a technique of time
multiplexing. The basic element of the design is a balanced
splitting stage that divides an incident optical signal into two
parts with the same energy. At the quantum level, the prob-
abilities of a photon passing through the first channel and the
second one are equal. After being divided, the signal is de-
layed in one channel by time delay 7. The splitting stage can
be conveniently realized by a four-port (2 X 2) fiber splitter,
where the signal is injected into one of its input ports. The
first output port of the splitter is directly connected to the
next splitting stage, while an optical fiber with a proper
length is inserted at the output of the second port; see Fig. 1.
The next splitting stage is constructed in the same way but
with the time delay 27, i.e., using an optical fiber twice as
long in one output port. Repeating the splitting stage m
times, the M =2" distinct channels separated by time 7 occur
at the output of such a time-multiplexed multichannel device,
one-half at the first output port of the last splitter and one-
half at the second one. The signal at the output ports is de-
tected by two on-off photodetectors with single-photon sen-
sitivity. The optical delay line of the last stage can be
replaced by electronic delay after photodetection.
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FIG. 1. (Color online) Scheme of the eight-port multichannel
detector based on an optical-fiber time-multipled device and a pair
of avalanche photodiodes (APDs). The device consists of three
splitting stages realized using fiber splitters and single-mode fibers.
See text for details.
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The balanced operation of the multichannel detector im-
portant for the optimal measurement of unknown photon
content [30] is not easy to achieve due to imperfections of
commercially available fiber splitters, different insertion
losses of fiber components employed in the time-multiplexed
multichannel device, and different detection efficiencies of
the on-off photodetectors. The balanced multichannel detec-
tor developed in this work is based on the time-multiplexed
device design presented by groups of Walmsley and Franson
[31-33]. Unlike the Walmsley-Franson scheme, the fiber
splitters and other fiber components are used in a specific
order and orientation that considerably improves the unifor-
mity and makes the whole multichannel detector almost per-
fectly balanced even in the case of unbalanced fiber splitters
and other mentioned imperfections. The uniformity of the
multichannel detector is characterized by relative entropy,

1) e
S=(lnﬁ> 2 peln p, (1)
k=1

where p, are relative probabilities of photon detection in in-
dividual output channels. A perfectly balanced multichannel
detector yields the uniform probability 1/M of individual
detection channels and thus S=1. The relative entropy deter-
mines a distance [35] between two probability distributions,
namely, the true channel-probability distribution and the uni-
form one. Due to convexity of the distance, it possesses only
one maximum, which significantly facilitates the optimiza-
tion of the detector design and the comparison of different
multichannel detectors. In this work, the optimal configura-
tion is determined as the one with the maximal relative en-
tropy (1), though other designs are possible depending on the
application of the detector. Comparing the true probabilities
of the channels and the ideal ones yields an alternative mea-
sure of the multichannel detector uniformity—the maximum
relative deviation of channel probability,

dp=M max (2)
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Besides the uniformity, the efficiency of detecting a pho-
ton by the multichannel detector represents another impor-
tant parameter that is crucial especially for the detection of
nonclassical light states. The total detection efficiency of the
multichannel detector is given by the transmittance of the
time-multiplexed multichannel device and by quantum effi-
ciencies of the employed on-off photodetectors. The trans-
mittance T of the multichannel device can be measured as a
ratio of the total optical power in all output channels to the
input optical power. Further, the average transmittance
Tstage=r€“‘7’ of a splitting stage is defined, which facilitates the
comparison of multichannel detectors with a different num-
ber of stages. The total detection efficiency of the multichan-
nel detector can be alternatively determined by means of
absolute calibration using correlated photon pairs produced
by a nonlinear process of parametric frequency down-
conversion [36-40].

The multichannel detector developed here consists of
three splitting stages yielding M =8 channels. Nevertheless,
it is easily scalable due to the stage topology. The fused 2
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X 2 single-mode fiber couplers designed for a wavelength of
830 nm with a typical relative deviation of 6% from an ideal
balanced 50:50% splitting ratio (OZ Optics) are used for the
splitting stages. The time delay between the channels is re-
alized by 15- and 30-m-long single-mode optical fibers with
a cutoff wavelength of 780 nm. The fibers are terminated by
common ferrule connectors with physical contact (FC/PC)
connectors. To achieve the minimum insertion losses of each
fiber interconnection, the connector lock is removed and the
connection is adjusted for the maximum power throughput.
The output signal from the multichannel device is detected
by two commercially available avalanche photodiodes
(APDs) operated in Geiger mode with a typical dead time of
50 ns (Perkin Elmer SPCM-AQR-13-FC). Dark count rates
and quantum efficiencies of the APDs are 150 s~!, 120 s7!
and 58%, 55% at the wavelength of 825 nm, respectively. An
electronic TTL signal from each APD consists of four chan-
nels separated by 7= 73 ns. The signal from the second APD
is delayed approximately by 37 ns with respect to the first
one using the coaxial cable with a proper length. The output
signals are summed yielding eight equidistant time channels.

The time-multiplexed multichannel device is character-
ized by measurements of the uniformity of the output chan-
nels and the total optical transmittance using strong coherent
light signals. The laser diode (Sharp LTO015) driven by a
pulse generator (Avtech AVO-9A-C-EA-EW) serves as a
source of input optical pulses with a wavelength of 8§24.5 nm
at a 100 kHz repetition rate with a 4 ns pulse width. The
average power of the source is stable within +0.01% during
a measurement run taking approximately one hour. The uni-
formity of the output channels is measured using a fast p-i-n
photodiode (Thorlabs DET200) instead of the APDs con-
nected to the multichannel device. A voltage from the pho-
todiode coupled by a 50 () load resistor is acquired by a
digitizing oscilloscope (LeCroy WavePro 7200A) working in
a memory segmentation regime. An area of each output pulse
in the kth channel (segment) is measured and then statisti-
cally averaged over 10* input pulses. The normalized aver-
age pulse areas represent the probabilities of the output chan-
nels. The measurement yields the channel-probability
distribution with entropy (1) of 0.999 +0.002 and the maxi-
mum relative deviation (2) of channel probability &p
=0.13*=0.01. The total optical transmittance 7" of the multi-
channel device is determined by comparing the total output
power and the input one measured by a power meter (Coher-
ent FieldMaster GS) with a detection head (Coherent LM?2)
based on a silicon p-i-n photodiode. The detection head is
placed instead of APDs and in the position of the first fiber
connection at the input port (see Fig. 1) for the output and
input power measurements, respectively. The power-meter is
connected to a personal computer through RS232 serial in-
terface and the measured power is recorded every 0.5 s for
2 min. The measured total optical transmittance 7T
=0.9285*0.0002 of the developed multichannel device can
be directly compared with the similar three-stage multichan-
nel device [31], which reaches a transmittance of 0.56
through an optical-fiber time-multiplexed system. The aver-
age transmittance of one splitting stage is 0.9756 =0.0001 in
our case, which is the best result achieved so far to the best
of our knowledge.
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FIG. 2. (Color online) Measured response function of the time-
multiplexed multichannel detector to weak light pulses; see text for
details. The mean detection probabilities in 5 ns time bins (dark
bars, green online) are clustered to form eight distinct detection
channels (gray). Data standard deviations are shown as the corre-
sponding error bars. The uniform é probability distribution is plot-
ted by a solid line (black).

Further, the uniformity of the whole photon-resolving
multichannel detector is measured using a weak coherent
light signal with Poissonian photon-number statistics. The
laser-diode-based source of optical pulses is completed by
two attenuators, the coarse mechanical attenuator (OZ Optics
BB-200-33-830-S) and the precise digital one (OZ Optics
DA100). The laser pulses are attenuated to a mean photon
number of approximately one photon per pulse at the input
port of the multichannel detector. There are equal probabili-
ties of zero and one photon per pulse and multiphoton prob-
ability higher than 26%. The time-multiplexed multichannel-
detector signal consisting of TTL pulses from the employed
APDs is fed into the STOP input of the time-of-flight spec-
trometer (Fast ComTec TOF7885) that is connected to a per-
sonal computer through a multichannel buffer. The TRIG-
GER output of the laser-diode pulse generator serves as the
START signal of the time-of-flight spectrometer. The STOP
pulses are acquired during 1280-ns-long measurement
sweeps with 5 ns time-bin resolution. The relative-frequency
histogram of the events in the registered time bins is mea-
sured over 7X 10° START pulses. The measurement run is
repeated ten times, which yields a mean probability as well
as a standard deviation of the detection probability in every
time bin; see Fig. 2. The eight distinct well-separated detec-
tion channels are apparent in the time-of-flight data. The de-
tection probabilities of the particular channel span several
time bins due to the time jitter of the light source (0.5 ns),
the jitter of the APDs (12 X 0.35 ns), and to a large extent the
time uncertainty of the time-of-flight spectrometer (2.5 ns)
given as the half-width of the time bin. The total Gaussian
width (rms) of about 2.6 ns of the detection channel corre-
sponds well with the mentioned contributions. The mean
probability of photon detection in the particular kth output
channel is computed by summing the probabilities from six
time bins around the corresponding center of gravity of the
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channel positioned at time (2.3+36.7k) ns, k=1, ...,8. The
probabilities of the channels yield the entropy S
=0.9991 * 0.0045, and the maximum relative deviation (2)
from the ideal uniform distribution reads op=0.100 = 0.005.
A slightly better uniformity of the channel probabilities is
reached in this case compared to the measurement of the
multichannel device only (without APDs) using the strong
light signal. It is an obvious consequence of considering the
different quantum efficiencies of employed APDs in the
entropy-maximization process described above. The result-
ing uniformity of the multichannel detector exceeds the uni-
formity of the devices presented recently [31-33]. The mea-
sured raw data can be further corrected to afterpulse
probabilities [37], dark counts, and other imperfections. Such
processing yields a small improvement of the multichannel
detector uniformity comparable in size to the standard devia-
tion of the measurement, and it is not presented here.

In conclusion, the photon-number-resolving multichannel
detector based on an optical-fiber time-multiplexed device
and two APD photodiodes working in on-off Geiger mode is
presented. The detector yields eight almost perfectly bal-
anced output channels with the maximum relative probability
deviation of 10% from the target uniform distribution. The
high uniformity of the detection channels has been reached
in spite of employed imperfect unbalanced four-port (2 X 2)
splitters and APDs with different responsivities. The total
quantum efficiency of the multichannel detector is given by
quantum efficiencies of used APDs and by the total optical
transmittance of the multichannel device. The transmittance
of (92.85+0.02)% has been measured, which yields the
quantum efficiency of the whole multichannel detector ex-
ceeding 50%. Using carefully selected APDs with as high
quantum efficiency as possible [34], the quantum efficiency
of the multichannel detector can easily reach 65%. Thus, the
detector can be directly used to generate and measure highly
nonclassical states of light, for example, the photon-number
Fock states and states with oscillating photon-number statis-
tics. Further, the precise knowledge of the multiphoton con-
tent improves significantly the security of quantum cryptog-
raphy protocols. Besides the efficiency, the response time
and maximum possible repetition frequency are important
for applications in optical communications. With a propaga-
tion delay of approximately 40 ns of the first detection chan-
nel and a jitter lower than 0.5 ns, the developed multichannel
detector meets requirements of modern high-speed commu-
nication applications. The detector has been tested for an
input pulse repetition frequency of 100 kHz, though it can
work up to 3 MHz without any changes. The optical-fiber
design of the time-multiplexed device can be further minia-
turized and the whole multichannel detector can be on-chip
integrated [41] yielding a compact photon-number-resolving
detector.
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