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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 efficieneg}{%) 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 Physid$$0003-695(99)00307-]

Experimental techniques for single photon detectionincident and the generated pulse heifHif In addition to
have made tremendous progress in recent years. High quathat, for the APDs that operate in Geiger mode for single
tum efficiency and low dark counidackground noigeare  photon counting, the entire diode breaks down upon detec-
considered to be the figure-of-merit in characterizing the pertion of a single photon incidence. Therefore, it is impossible
formance of a single photon detector. Photomultiplier tubeso distinguish a two-photon detection event from a single
(PMT9 and Si avalanche photodiodéaPDs)! have been photon detection event.
most widely used, while alternate technologies like solid  VLPCs feature noise-free avalanche multiplication and
state photomultipliers (SSPM3,% visible light photon the pulse height resulting from a single photon detection
counters(VLPCs),® and superconducting tunnel junctions event is very well definedi** Furthermore, the avalanche
(STJs* have recently demonstrated unique capabilities thapreakdown is confined to a small portion-20um diam-
PMTs and APDs cannot offer. The quantum efficiency re-etep of the total aredl mm diameterof the detector. This
quired for detection efficiency loophole free test of Bell in- means that the remainder of the device is still active for
equality (83% has been realized by the VLPCs another photon detection even if a single photon is detected.
(~88%).° STJs offer single photon detection capability with These properties open up a possibility for multiple-photon
some wavelength resolution~@45nm)?* In this letter, we  detection using VLPCs. Such behavior has already been ob-
report the capability of VLPCs of detecting two photons. served in previous experiments where the time resolution of
Such capability can be used for the test of Bell inequélity, the electronic circuit was podrso that more than two pho-
guantum teleportatiorj experimehtd also for the enhance- tons are detected by the VLPC as a single pulse. In these
ment of the security in quantum cryptography systéms. experiments, however, a difference in the arrival time of the

~ Single photon counters should have internal gain mech&g, 5 photons are reflected in the pulse height, which result in
nism to overcome huge thermal noise generated in the elegjgnificant broadening of the pulse height distribution. Exact
tronic circuits that follow. The noise in this multiplication quantum efficiency of the two photon detection and the bit-
process determines the distribution of pulse height generated, . ate for two photon detection event cannot be deter-
by the single photon detection eveiiSor the detectors with mined quantitatively from these experiments.
low multiplication noise, the pulse height originating from a We have used twin photons generated by a degenerate
single photon detection event is well defined and there is %arametric down-conversion process, where the delay in the
possibility to distinguish a single photon detection eVeNtarrival times of the two photons can be controlled precisely
r’by optical path length difference.

Figure 1 shows the experimental setup. We used 351.1
nm ultraviolet(UV) radiation from an Af laser to pump a

. . BBO crystal in type-ll phase-matching configuration. The
11
quantum efficiency can be achieved by APDs 76%), crystal was slightly tilted away from the colinear phase-

but the large multiplication noise in these devices Completel%atching condition, so that the signal and idler bedih

washes out the correlation between the number of photongt 702.2 nmare completely separated in spa&&ach of the

beams was collimated using a weak focusing lens. One of the
Electronic mail: jungsang@Ioki.stanford.edu beams was delayed, and the two beams were recombined
PJST-PRESTO “Field and Reactions”, A. T. R. C., Mitsubishi Electric using a polarizing beam splitter. The recombined beam was
Corporation, Amagasaki, Hyogo 661-8661, Japan. ’
9Also affiliated with NTT Basic Research Laboratories, Atsugi, Kanagawa,focused onto the surface of the VLPC through a narrow

Japan. bandpass filtefcentered at 702 nm, and bandwidth of 0.26

from a two photon detection event. PMTs have low noise i
the multiplication proces¥, but the single photon quantum
efficiency is limited to about25% and so the maximum
two photon detection efficiency should be only 6%. High
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FIG. 1. A schematic of the experimental setup.
0
nm full-width at half-maximum(FWHM)]. We have in- L ]
stalled the VLPC in a bath-type He cryostat where the tem- -10 0 10 20
perature is stabilized to within 0.005 K using active tempera- Time (ns)

Fure control. Since the .VLPC .iS .eXtremely Se.nSitive t.OFIG 2. Real-time trace of photon detection signal recordgdils GS/s
In.frarEd photons, extensive radiation shields with a‘Crylchigit.izir.lg oscilloscope. The time delay between the two beams is changed
windows were used to prevent the room temperature thermal, modifying the optical path length. The traces are shifted vertically for
radiation from reaching the detector while keeping transparelarity. (a) Single-photon detection signdb) 5 ns delay(c) 3 ns delay(d)
ency at ~97% for 702 nm photons by antireflection Zero delay.
coating® The reflected light from the surface of the detector
(~16%) was recollected using a spherical refocusing mirrothe excess noise fact@ENF) for the multiplication process.
and the net reflection loss was reduced~t@.5%. The out- From the pulse height distribution obtained in the experi-
put signal was amplified by a room temperature preamplifiement, we can calculate the meaiM)) and ENF(F) of the
(MITEQ AUX1347) which has a bandwidth of 500 MHz and gain, and use these values in Ef)) to generate the dotted
provides electrical pulses of 2 ns in width when a singlelines of Fig. 3. For Fig. &), the mean two curves were
photon is detected. generated separately to fit each peak, which were then added
Figure 2a) shows an electrical pulse resulting from ato give the dotted line shown. The excess noise factor de-
single photon detection event. The width of the puB®s  duced from these pulse height distribution was 1.026 for the
does not decrease even when the bandwidth of the amplifigingle-photon pulse height distributidim both Figs. 3a)
is increased, indicating that it is limited by the capacitance otind 3b)] and 1.012 for two-photon pulse height distribution,
the VLPC (~14 pF) and the input impedance of the ampli- indicating almost noise-free avalanche multiplication. The
fier (50 ). Figures 2b) and 2c) show the cases when the bit-error rate P, for distinguishing a two-photon detection
optical delay between the two beams is 5 and 3 ns, respeevent from a single-photon detection event is given by
tively. The heights of the pulses are almost identical, indicat- y
ing that the number of electrons released per single photon — * T
detection event is well defined. Finally, Fig(d? shows Pe r?/in[ fvTPl(V)dVJrf wPZ(V)dV}' @
when the optical delay is reduced to zero. The two pulses
resulting from the two photon detection events completelywhere P;(V) and P,(V) are the normalized pulse height
overlap in time, and the pulse height is twice that of a singledistribution for single-photon detection events and two-
photon detection event. photon detection events, respectively, &ids the threshold
Pulse height analysis can be performed to estimate theoltage used for the discrimination. From the two distribu-
bit-error rate for the two-photon detection event. Figure 3tions given in Fig. 8), P, is minimized to 0.63% wheN+
shows the pulse height analysis of the cases when only orig chosen at-54mV. It should be noted that the discrimi-
of the beams is incidefifig. 3@)], and when both beams are nator levelVy for two-photon detection and the bit-error rate
incident on the VLPC[Fig. 3(b)]. For the two-beam inci- Pe can change slightly depending on the relative size of the
dence case, there is a second peak in the pulse height distivo peaks in Fig. @).
bution, centered at twice the value-74 mV) of the center The narrow bandpass filter used in front of the VLPC
of the first peak 37 mV). The theoretical expression for had transmittance of about 50% at 702 nm, and such one
the pulse height distribution for the VLPC is given by the photon optical loss is responsible for the small two-photon

gamma distributioh detection peak compared to the single-photon detection peak.
The net quantum efficiency for two-photon detection can be
1 M estimated if such optical loss is subtracted. We used two
1/ 1 M \YFD e"”(‘ﬁm) single photon counting moduld$SPCMS; single photon
P(M)= M (m ﬁ) 1 , counting detectors based on avalanche photodiddeshar-
F(ﬁ) acterize the optical loss and the quality of the two-photon

(1)  source. Large are®00 um diametey APDs are employed in

our SPCMs, and the quantum efficiency of these detectors

whereM is the statistical variable that describes the multipli-are ~50+ 5% near the measurement wavelength of 702 nm.
cation gain{M) is the average dfl, andF=(M?)/(M)?is  We placed two SPCMs at locatioAsandB indicated in Fig.
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1 06 TABLE I. Count rates, dark count rates, and coincidence count rates for the
L L two-photon source using SPCM detectors. All numbers are given in units of
=10 (a) counts per secongtps.
[ 3 A 3
(13 3 E
@ s ’\ ] Quantity Measured counts Dark counts Net counts
nwil0 E b , |
~ ; .1. \ ] A 1.22x10° 2.59x 10° 2.38<10° (Ag)
2108 ° ] B 8.41x 10* 1.37x 10¢ 1.41x 10° (Bo)
5 2N " c 1.13x10¢ negligible  4.5%10° (C,)
2 -
010 L | v o0 .
: “
1o b NS mental value forR,/R; can be found from integrating the
6 20 40 60 80 100 120 . N R, )
Pulse Height (mV) pulse height distribution curve in Fig(l3, and is found to
1 0 S be 8.5 1072. Using these data with the values &5, By,
(b) ] andC, in Table I, we can deduce the two-photon detection

quantum efficiencyy,=47%. The maximum value expected
for a two-photon detection quantum efficiency is given by
N2.ma— 7/§=49%, and the two-photon detection quantum ef-
ficiency in our setup is limited by the single-photon detection
quantum efficiency within the measurement accuracy.

Counts (5 sec)
O&- °U|

'

5 /

1

-t
o
(2]
T
o
d

10° _ [ Lt In conclusion, we report here a photon detector based on
‘. VLPC that can distinguish between a single-photon inci-
10 (;. : '2'0' P - 01&20 dence and two-photon incidence with high quantum effi-

ciency (47%), good time resolutioi2 ng, and low bit-error
rate (~0.63%). The performance of the detector was tested
FIG. 3. Pulse height distribution for the detected photons. Counts Wel’ﬁuantitativeh{ using a two_photon source emp'oying twin

integrated fo 5 s ateach point. The dark circles are experimental data, and : _
the dotted lines are theoretical fits using Ef. () Single beam input(b) photons generated by a degenerate parametric down

Two beam input with zero time delay between the two beams. conversion process.
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