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CTaTbs NOCBSALEHA CPaBHEHUIO
XapaKTepUCTUK AeTEeKTOPOB OAMHOUYHbIX
doToHOB NnpoussoguTenent QRate (Poccusn)

v ID Quantique (LLiBerinapus). B paboTe
nccnepoBaHbl UX KBaHTOBble 3G HEKTUBHOCTH,
4YacTOThbl TEMHOBOIO CHeTa U BEPOSITHOCTU
nocaenmMnynbCcoB. Pe3ybTaTbl TECTUPOBAHUS
nokasanam B3aMmMo3aMeHseMOoCTb
[eTeKTOpOoB, HECOOTBETCTBME 3apy6eXKHbIX
AeTeKTOPOB 3asB/IeHHbIM XapakTepucTukam
M NpOAEMOHCTPUPOBAN NoTeHUMan
oTeyecTBeHHOM pa3paboTKMu.
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BBEAEHUE
Poccurickast KommnaHus QRate, pa3paboTUHK U IIOCTaB-
IIMK KOMIIJIEKCHBIX  alIlapaTHO-IIPOrpaMMHBIX
peleHuH 11si obecriedeHHs: HMHPOPMAIIMOHHOM 6e3-
OMAaCHOCTH C IIOMOIIbI0 KBAHTOBBIX TeXHOJIOTHH,
COBMECTHO O crenuanucramu AO «JIJIC» Ha 6asze
CBOEH Hay4YHO-HUCCIe0BaTeIbCKON 1ab0paTOPUH IIPo-
Bejla TeCTUPOBAaHMe IeTeKTOPOB OOUHOYHBIX POTOHOB
(O®D) cobcTBeHHOTO ITPOM3BOACTBA K ITPOM3BOJCTBA
ID Quantique (IlIBeHAapus).

Ha Bce JJO® momaBaauch KOTepeHTHBIe COCTOSIHMS
co crtaTucTukoi 0,1 doTtoH/MMnynsc. T.e. B cpegHeM
Ha 10 mpuxomsamux Ha JO® CBETOBBIX HMMIIYJIbCOB
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The article is devoted to the comparison of
specifications of the single photon detectors
manufactured by QRate (Russia) and ID
Quantique (Switzerland). Their quantum
efficiencies, dark count rates, and afterpulse
probabilities have been examined in this
work. The test results have showed the
interchangeability of detectors and non-
compliance of foreign detectors with the
declared specifications and demonstrated the
potential capacities of domestic development.
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INTRODUCTION

The Russian company QRate, a developer and supplier
of comprehensive hardware and software solutions for
information security using the quantum technologies,
together with specialists from LLS SC, have tested the
own-produced single photon detectors (SPDs) and those
made by ID Quantique (Switzerland) in its own research
laboratory.

All SPDs were provided with the coherent states with
the statistic value of 0.1 photon/pulse. On average, 10
light pulses received by the SPD correspond to one pulse
with 1 photon and nine pulses without any photons. The
SPDs under study are designed in such a way that, by
using the electronic avalanche gain effect, they generate
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IIPUXOIUJICS OJMH HMIIYIbC C 1 GOTOHOM M [IeBsTh || a current pulse at the output when even a single photon
UMITyIbcoB 6e3 ¢oToHOB. Hccmenmyemsle JO® ckoH- || is absorbed by the photosensitive detector area.
CTPYHPOBAHBI TAKUM 00pa3oM, 4TOOBI 33 CUET UCIIO/b- The objectives of study included a comparative descrip-
30BaHUS 3¢deKTa TaBUHHOIO 37IeKTPOHHOro yMHOXe- || tion of domestic SPDs and foreign analogues and exami-
HUSI TeHePUPOBATh Ha BBIXO/e TOKOBBIM MMITY/IbC IpK || nation of the real specifications of foreign SPDs.

IIOIVIOIIEHUHU JasKe ogHOro GoToHa GOTOUYBCTBUTEIb- Four models of detectors were used in the tests:
HOM 06/1aCThIO IETEKTOPA. + two QRate models:

HensaMy HCCIeIOBAHUS SB/ISUIKCh CPaBHUTE/IbHAS QRATE-SPD-CENI-FR and QRATE-SPD-GEN2-FR;
XapaKTepHu3allhsl oTeueCcTBeHHbIX [JO®P c 3apybex- + two ID Quantique models:
HBIMHY aHaJ0TaMHU U M3y4YeHHe PeajbHbIX XapaKTepH- IDQube-NIR-FR-MMF-LN and ID230.

CTHK 3apybeskHBIX JJOD.
B rtectax mpuHHMasno ydactue dereipe mogenu || SYSTEM DESIGN

IeTeKTOPOB: AND OPERATION ALGORITHM
« nBe momenu QRate: The single photon detectors were tested using a special
QRATE-SPD-GENI-FR 1 QRATE-SPD-GEN2-FR; automated measuring set-up, specially designed to
« 1Be Momenu ID Quantique: measure the SPD operating parameters. The set-up
IDQube-NIR-FR-MMF-LN u ID230. included the following:
 synchronization system;
YCTPOWCTBO CUCTEMbI « laser pulse source;
n AIFTOPUTM PABOTDI + beam splitter system (BS);
TecTHpoBaHHUeE [I€TEKTOPOB OJUHOYHBIX HOTOHOB IIPO-  system of controlled optical attenuators with the
M3BOJU/IH C IOMOIIBIO CIIeIIHaJbHOIO aBTOMAaTH3H- adjustable output power;
POBAaHHOTO HM3MEPHUTEJIBHOIO0 CTeHIA, CIIeLHaIBHO  tested SPD;
pa3paboTaHHOTO [Isl U3MepPeHHs 3KCIUIyaTal[MOHHBIX « frequency counter;
napameTpoB JO®. CTeH[ BK/IIOYaeT B cebs: « oscilloscope.
(O e =y —

BS 47%
50/50 (0]0) ,"'\\
VICTOYHU v 8 LN\
K T
JIa3epHBIX OA AP
UMIIY/IbCOB 53%

CrcTeMa yIIpaBIseMBIX
ONITHYECKHX ATTEHIATOPOB | |

3% ' C PeryJIupOBKOI BEIXOJHOMN
5S MOIITHOCTH
9713 '
MHOrobOTOHHBI ,"/\\\\
JeTeKTOp Ny Ocuwnnnorpad

Puc. 1. [MpuHuUNuUanbHas cxema asmomamu3upo8aHHoz0 U3MepumeAnbH020 cmeHda napamempos JO®
Fig. 1. Functional circuit diagram of the automated measuring set-up for SPD parameters
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* CHCTeMY CUHXPOHH3ALIUH,

* MCTOYHUK JIa3epHBIX HMITYJIbCOB,

e CuCTeMy cBeTonenurenei (BS),

* CHCTeMY yIpaB/IsieMbIX OITHYeCKHX aTTeHIaTo-

POB C peryaupyeMou BEIXOAHON MOIITHOCTBIO,

e UCHOBITBIBaeMbirl OO,

* 4YacToTOMep,

» ocuusorpad.

B KOHCTPYKUMH CTeHJa IIpefyCMOTPeH IOIOIHH-
TeJIbHBIM ONTHYeCKUM ajganTep (OA) [ysi OpraHu-
3alMM IIapajUle/IbHBIX HM3MepeHuH IByx JO®. Bce
KOMITOHEeHTBI 3TOM CHCTeMbl ympasisworcsa I10, cos-
IDAHHBIM B cpezie LabVIEW.

The set-up design provides fir an additional optical
adapter (OA) for arranging parallel measurements for
two SPDs. All components of this system are controlled by
the software developed in the LabVIEW environment.

A functional circuit diagram of an automated mea-
suring set-up for the SPD operational parameters is
shown in Fig. 1. Thick black links indicate the contact
of two devices using the HF coaxial cables, thin ones
indicate the optical fibers. Fig. 2 shows the individual
units of the automated measuring set-up for the SPD
operational parameters.

The laser pulses and strobe electrical signals are
generated in the same frequency grid, and the phase

ecee®
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~
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/|

Puc. 2. OmdenbHble y3bl ABMOMAMU3LUPOBAHHOZ0 LU3MepLUMeAbH020 CMeHAd IKCNAYamauuoHHbIx napamempos JO®: a) 610K
c ammeHioamopamu; b) uacmomomep (Keysight 53230A); ¢) UCMOYHUK Ad3epHbIX UMNYAbCOS; d) cicmema onmu4eckuUx ceemo-
denumeneli; e) ocuunnozpag (Lecroy WaveMaster 830Zi-B-R); f) ucmouHuK numaxus; g) naama cuRXxpoHusayuu; h) uccredyemili

Fig. 2. Separate components of the automated measuring set-up for the SPD operational parameters: a) a unit with attenuators;
b) frequency counter (Keysight 53230A); c) laser pulse source; d) optical beam splitter system; e) oscilloscope (Lecroy WaveMaster
830Zi-B-R); f) power supply; g) clock board; h) SPD under study; i) computer with the software
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[IpuHIMIIMAaAbHASA CXeMa aBTOMAaTHU3MPOBAHHOTO
M3MEepPHUTEeIbHOIO CTeHJa 3KCIIIyaTallMOHHBIX I1apa-
MmeTpoB JO® mokasaHa Ha puc. 1. YToillieHHBbIe
YepHBIe CBA3K 0003HAYAIOT KOHTAKT [BYX YCTPOICTB
C HCIIoNb30BaHMEeM BY-KoaKCHaJIbHBIX Kabemer,
TOHKHe - OIITHYecKHe BOJIOKHa. Ha puc. 2 mpen-
CTaBJIeHBbl OTAE/bHBIE Y3JIbl aBTOMAaTH3HPOBAHHOIO
M3MEepPHUTEeIbHOIO CTeHJa 3KCIIIyaTallMOHHBIX I1apa-
meTpoB JOD.

JlazepHBle HMIIYIbCHL U CTPOOUPYIOIIHE 3JIeK-
TPUUYECKHUEe CHUTHaJIBl TeHEepUPYIOTCA B OJMHAKO-
BOM YaCTOTHOM ceTKe, a (a30BBIM CABUI MEXAY
HUMHU KOHTPOJIHUPYeTCsl CUCTeMOM CHHXPOHHU3ALIUU.
CucrteMa CHHXPOHH3ALHMM IIpefCTaBiseT coboi
IIporpaMMHUpPyeMyI0 JIOTUYECKYI0 HHTerpaJbHYIo
cxemy (IIJIMC), mcmonb3yeMyio B KadecTBe TeHe-
paTopa OMOPHOM YaCTOTHI [/ BBICOKOUACTOTHOIO
AparBepa nasepa U JO®. OTHocHUTenbHYIO da3sy
MEXIYy JIa3epHBIMH HMMIIyJIbCaMH W CHUHYCOMUJAJIb-
HBIMHU CTpObHpyOmMUMHU UMITyIbcaMu JOP MOKHO
BapbUPOBaTh [JISI OOCTH KeHHS MaKCHMaJIbHO BO3-
MO>KHOI CKOPOCTH CUeTa IIPHU HeHM3MeHHBIX [IPOYHX
napaMeTrpax. CaM /a3sepHBIM HCTOYHHK SIBIISIeTCS
JIa3epHBIM AUOJOM C LIeHTPIBHOM JJIMHOMN BOJHBI
1550,12 HM, CMOHTHPOBAaHHBIM Ha [pPaKBepHYIO
wIaTty (pUc. 3) U HacTpauBaeMBIM 4epe3 KOHCOJb-
HYIO CTPOKY Ha KOMIIbIOTepe.

OnrTuvyeckyue HMIIYJIBCH C KMCTOYHHKA IIOCTY-
[IAaIOT Ha BXOJ, CBeTOHEIUTeNs, I'e PacllerIsioTcs
Ha JBe KOMIIOHEHTbl C WHTEHCHBHOCTBIO B COOT-
HolleHHUH 97/3. CBeToHe/NUTe/lb UCIIONb3YeTCd I
TOTO, YTOOBI C ITOMOIIPIO JEeTeKTHUPOBAHUS HYaCTH
MOIIIHOCTH, Iaflalollerl Ha MHOTOQOTOHHBIN JleTeK-
TOP, UMeTh BO3MOKHOCTb YIIPaBJIsITh GOPMOM, OIU-
TeJIbHOCTBIO M YacTOTOM IIOBTOPEHHS Ja3epHBIX
MMIIYJIbCOB B CIaOOMONIHOM OIITHYECKOM ILIede.
Ha Bxon cucTeMbl M3 [OBYX I10C/eJOBATeJIbHO Coe-
JUHEHHBIX YIPaB/lseMBbIX aTTEHIOATOPOB IIOCTY-
IaeT CBeT 3HAYMTe/NbHO MeHbllIel MHTEeHCHUBHOCTH.
ITOCKOJIBKY MOIIHOCTh CBETOBOTO M3JIyYeHMS, IIPO-
IIeJIIIero depe3 IIePBBIM ATTEHIOATOP, MOXeT OBITH
H3MepeHa, a BTOPOM aTTeHIOATOp HMeeT QUKCH-
POBAaHHBIA KO3QPHULIHMEHT 0ocaabiieHHs, BHIXOLHYIO
MOIIHOCTb JIa3€PHBIX MMIIYIbCOB MOXKHO Perysm-
poBaTh M IOAAEpPKHBaTh paBHOM HpuMepHo 0,1
doToHa B mMmynbce. TakoM CUTHaI U IoIlafiaeT Ha
Bxon JOO.

BBIXOMHOM 3/IeKTPUYeCKUU CUrHal ¢ JOP mocTy-
ImaeT OSHOBPEMEHHO Ha YaCTOTOMEep M OCLMJIIO-
rpad mocpencTBOM JeMMUTessl ITeKTPUYeCKON MOII-
HOCTH. M3 IoKkasaHUM 4acTOTOMepa OIlpellesiIoTCs
3¢ PeKTUBHOCTD NeTeKTUPOBAHUSA GOTOHOB, KBAHTO-
Basg 3¢ PpexTuBHOCTH (PDE mnu QE) ¥ yacToTa TEMHO-

g g

Puc. 3. BHewH Ul 8ud Aa3epHo20 ucmo4HuKa (0uod +
dpaligep)
Fig. 3. Appearance of the laser source (diode + driver)

shift between them is controlled by a synchroniza-
tion system. The synchronization system is a field-
programmable gate array (FPGA) used as a reference
frequency generator for the high-frequency laser
driver and SPD. The relative phase between the laser
pulses and the sinusoidal strobe SPD pulses can be
varied to achieve the highest possible count rate with
the unchanged other parameters. The laser source is
a laser diode with a central wavelength of 1550.12 nm,
mounted on a driver board (Fig. 3) and configured
using the console line on a computer.

Optical pulses from the source are sent to the beam
splitter input, where they are split into two compo-
nents with an intensity in the ratio 97/3. The beam
splitter is used in order to be able to control the shape,
duration and repetition rate of laser pulses in a low-
power optical arm by detecting a part of the power
incident on a multiphoton detector. At the input of
two series-connected controlled attenuators incident
light of much lower intensity. Since the power of light
transmitted through the first attenuator can be mea-
sured, and the second attenuator has a fixed attenua-
tion ratio, then the output power of laser pulses can
be controlled and maintained at about 0.1 photon per
pulse. Such a signal enters the SPD input.

The output electrical signal from the SPD is fed
simultaneously to the frequency counter and the oscil-
loscope through an electric power divider. The photon
detection efficiency, quantum efficiency (PDE or QE),
and dark count rate (DCR) are determined based on the
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Boro cueta (DCR). Ha ocuuiorpage 0T06pa>1<aeTc51
TUCTOrPaMMa KoJIH4YecTBa CpabaTblBAaHUM BO Bpe- SDA 830Zi-B-R 30 GHz Sera Dt Anshyzer 4
MEHH, 10 KOTOPOU OIIpefe/sloTCsI MepTBOoe Bpems
(DT) 1 BepOSITHOCTD IOC/IEMMITYIbCOB (AP).

KAJTIMBPOBKA CUCTEMbDI

B Hauase paboThl MCTOYHHUK JIa3epHOIO H3yde-
HUS HYXIaeTcsi B KanubpoBKe. YacToTa ciefgoBa-
HUS ONTHYECKHUX MMIIYIbCOB, a TAKXKe UX JJIKTEJb
HOCTh QUKCHPYIOTCA C MOMOIIBIO ocCHM/IOrpada
¥ MHOTOQOTOHHOIO OeTeKTOpa ITOCPeACTBOM IIOJ-
KJIKYeHUs ONITHYECKOTO BBIXOAA jIa3epa K [eTek-
TOPY, KOTOpPBIM, B CBOIO Ouepelb, IIOAKIIOYeH
K ocuyiorpady (puc. 4).

Ha puc. 5 usobpaskeHa oCLU/IIOIPAaMMa OIITH-
4YeCKOro MMITY/IbCA JIa3ePHOT0 MCTOYHMKA. Ilo He:n
MOJKHO OIIpedenuTh, YTO HmapameTrp FWHM paBeH
npuMepHo 40 mc. Ilo puc. 6 XOpoUIO BHAHO, YTO
YacToTa CJIe[0BaHMs Jla3epHBIX MMIIY/JIbCOB paBHA
100 kI'1. 3Hag 3Ty YacTOTy, MOSKHO BBICTABUTH Puc. 4. Modkato4eHHbIl K 0CYUAN02pady MH020GOMOHHbIL
TpebyeMyI0 ONTHYECKYI MOIIHOCTb IIPH IIOMOILHU demekmop
aTTeHIOATOpa TaKUM ob6pa3zom, 4TobbI Y4YHTHIBA- | Fig. 4. Multiphoton detector connected to the oscilloscope

frequency counter readings. The

128,8 oscilloscope displays a histogram
Sl of the number of operations over
88,8 - . .
ol time that determines the dead
> 488 |- time (DT) and the after-pulse prob-
28,8 |- ability (AP).
8,8
Ll SYSTEM CALIBRATION
' ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ The laser source needs to be cali-
-250 200 -150 -100  -50 0 50 100 150 200 250 brated at the commencement of
" operation. The repetition rate of
Puc. 5. OcuyuAanozpamma odUHOUH020 ONMUYECK020 UMNYAbCA Ad3epPH020 UCMOYHUKA optical pulses, as well as their dura-
Fig. 5. Oscillogram of a single optical pulse of a laser source tion, are recorded using an oscillo-
scope and a multiphoton detector by
connecting the laser optical output
128.8 to the detector Fhat in turn is con-
108.8 - nected to the oscilloscope (Fig. 4).

88,8 |- Fig. 5 shows the oscillogram of

68,8 the laser source’s optical pulse. It

= can be used to determine that the
ZZ’: i FWHM parameter is approximately
11 40 ps. Fig. 6 clearly shows that the
31,2} repetition rate of laser pulses is
e 0 s 0 s o . 0 s 2 . 100 kHz. If this rate is known, it is

. possible to set the required optical

Puc. 6. Ocyunn0zpamma nocaedosamenbHOCMU ONMUYECKUX UMNYAbCOB Ad3ep- power using an attenuator in such
H020 UCMOYHUKA a way that all losses in the fiber-
Fig. 6. Oscillogram of the optical pulse sequence of a laser source optic line are considered and, as

a result, the detector receive such
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Puc. 7. 3asucumocmp 8eAu4uUHbl cpedHel onmu4eckol Mouy-
HOCMU 0M 4acmombl cAe008aHUS ONMUYECKUX UMNYAbCO8
0451 2eHepauUL K02epeHMHbIX COCMOSIHUL coO cmamucmukou
0,1 pomoH/umnynbc

Fig. 7. Dependence of the average optical power on the repeti-
tion rate of optical pulses for the coherent state generation
with the statistics of 0.1 photon/pulse

JIUCh BCe IIOTEepPHU B BOJIOKOHHO-ONTHUYECKOM JIUHUU
U I[I0 UTOry B [eTeKTOP BXOAW/A TaKasl ONTHYe-
CKasi MOIHOCTh, KOTOPAsl COOTBETCTBOBAJIA OBl reHe-
Pallil KOTePeHTHBIX COCTOSIHUH CO CTAaTHCTHUKOM
0,1 doToH/MMIIyNIBC. 3aBUCHUMOCTb CpefHel OIITH-
YeCKOM MOIIHOCTH OT YaCTOTHI CJIeJOBAHUS OIITHYE-
CKUX HMIIY/IbCOB [JI TaKOLK IeHepalluH IIpefiCcTaB-
JIeHa Ha pUC. 7. B KadecTBe OMOPHBIX TOYEK ObUIH
B3ATHI 4acToThI 10 KI'11, 100 KI11, 1 MI'11, 156,25 MTI'1g
u 312,5 MI1. B1>160p IIOCAeOHUX OBYX YacTOT o6y-
cnoBneH pabotort meTekTOopoB QRate Ha OAaHHBIX
YyacToTax.

il 4

optical power that would correspond to the generation
of coherent states with the statistics of 0.1 photon/pulse.
Dependence of the average optical power on the repeti-
tion rate of optical pulses for such generation is shown
in Fig. 7. The frequencies of 10 kHz, 100 kHz, 1 MHz,
156.25 MHz and 312.5 MHz are used as the reference
points. Selection of the last two frequencies is due to the
QRate detector operation at these frequencies.

After calibration, the source of laser pulses is con-
nected directly to the SPD under study. During all fur-
ther measurements, the frequency is set to 100 kHz and
the relevant average power is 4.75 nW at the detector
input.

MEASUREMENT RESULTS

The measurements were taken for all four detectors.
The test results for the photodetectors were summa-
rized in the tables, and a typical image of the count
stacked column chart is shown in Fig. 8.

To adjust the overall scale and visibility of the
entire data series, the first peak on this and all sub-
sequent column charts was reduced by 100 times. The
column chart in Fig. 9 clearly demonstrates that the
dead time in the detector (in this case, it is the test
result of QRATE-SPD-GENI-FR) is 40 ps.

The time-dependent stacking and presentation of
counts were performed both for measuring the dead
time duration and for calculating the afterpulse prob-
ability. To calculate the afterpulse probability, we took
the number of signal photon counts in the zero peak
and the number of counts occurred between the first
and second pulse peaks. A hundred times the ratio of
the number of counts in this range to the number of
counts in the zero peak provides an approximate value
of the afterpulse probability.

Tlocne KAJ'[I/IGPOBKI/I HCTOYHHK

JIa3epHBIX UMIIY/IbCOB MTOJKII0YA- 250

eTCsl HeIlOCPeCTBEHHO K HCCIIe- »a0 L

ayemomy JO®P. Bo Bcex manbHeH-

IIMX 3aMepax bOblIa yCTaHOBIEHA 150 |-

vactoTra 100 K1l ¥ COOTBETCTBYIO-

mast CpeHsIs MOLTHOCTD 4,75 HBT 100 -

Ha BXOJie B IeTeKTOp. sol

PE3Y/IbTATbl U3MEPEHUI 0 .
0 10

H3MmepeHuUs 6bUTH POBEAEHBI IS
BCeX YeThIpeX JeTeKTOPOB. Pe3yib-
TaThl TECTUPOBaHHUs GOTOHETeK-
TOpOB OBUTH CBefeHBl B TaONIHIIBI,
a THUIINYHOe H300pa’keHKe THCTO-
rPAaMMBbl HaKOIIJIEHHUSI OTCUETOB
IIpeJICTaB/IeHO Ha PUC. 8.

Puc. 8. luazpamma HakonAeHUst omc4emos pomoHos8 npu mecmuposaHuu JOD
ORATE-SPD-GENI-FR Ha ompe3ke 100 mKc

Fig. 8. Diagram of the accumulation of photon counts during testing of the
QRATE-SPD-GENI-FR DOP on a segment of 100 ps

20 30 40 50 60 70 80 90 100
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Puc. 9. luazpamma HakonAeHusi omc4emos pomoHos
demekmopa QRATE-SPD-GENT-FR. Hyaegol nuk ymeHbLueH
8100 pa3 dns ydobcmea gusyanusauuu. Mepmeoe epemsi
demekmopa ycmaHoeneHo Ha 40 mKC

Fig. 9. Photon count stacking diagram of detector QRATE-
SPD-GENI1-FR. The zero peak is reduced by 100 times for
visualization convenience. The detector dead time is set

to 40 ps

0 2 4 34 36 38 40 42 44 46 48 50

Puc. 10. luazpamma HakonAeHuUst omc4emos ¢pomoHos
demexkmopa QRATE-SPD-GEN2-FR. Hyaegol nuk ymeHb-
weH 8 100 pas 045 ydobcmea susyaausayuu. Mepmeoe
8pemsi 0emeKmopa ycmaHo8AeHo Ha 35 MKC

Fig.10. Photon count stacking diagram of detector ORATE-
SPD-GEN2-FR. The zero peak is reduced by 100 times for
visualization convenience. The detector dead time is set

to 35 ps

[ moAcTporiku obiiero macmTaba v HaArIAL-
HOCTH IIpe[CTaBJIeHUS BCEero psiia AAHHBIX Iep-
BBIM IIMK B 3TOM U BCeX ITOCJIeAYIOUHX TUCTOrPaM-
Max 6bL1 yMeHbIIeH B 100 pa3. M3 ruCTOrpaMMEBL
Ha pHC. 9 XOpOIIO BHUIHO, YTO MepTBOe BpeMs
B JeTeKTope (B HAaHHOM cCJiy4ae 3TO pe3yabTaT
TecTupoBaHusi QRATE-SPD-GENI-FR) cocTaBisieT
40 MKC.

HakomseHHe W THUCTOTPAaMMHUPOBAHHUE OTCUe-
TOB B 3aBHCHMOCTH OT BpeMeHH IIPOU3BOJU-
70Ch KaK AJIs H3MepeHHUs IJIHUTeNbHOCTH MepT-
BOIO BpeMeHHM, TaK M [/ pacdeTa BepOsITHOCTH
IIOCIeMMIIy/JbCOB. [l pacdyeTa BepOSITHOCTH
IIOCTIEMMITY/IBCOB 6pasock 3Ha4YeHHe KOIH4YeCcTBa
CUTHQJIBHBIX OTCYeTOB GOTOHOB B HYJIEBOM IIHKe
M KOJIMYeCTBO OTCUETOB, IIPOM3OLIEAIINX MEeXIY
IIepBBIM M BTOPHIM IIHKaMH HMIIYIbcoB. CTO-
KpaTHOe OTHOIleHHe KOJIHYeCTBa OTCUETOB B 3TOM
JHama3oHe K KOJIHYeCTBY OTCUETOB B HYJIeBOM
NUKe U JaeT IPUMEPHOe 3HaUeHUe BEPOSITHOCTHU
IIOC/IEMMITYJIbCOB.

OeTtekTop QRATE-SPD-GENT-FR

Ins merekrtopa QRATE-SPD-GENI-FR (30851 ciemy-
IOIIMe IIpelyCTAHOBKU K pe3yIbTaThl BEIYHCIEHHH
(tabm. 1).

140 POTOHMUKA TOM 17 N22 2023

600
500 -
400
300 |
200 |-
Lo 50 MKC
[N
0 [ ) b Lol | I
01 2 3 50 51 52 53 54 55 56 57 58 59 60 61

Puc. 1. Juazpamma HakonaeHusl omc4emos GomoHos
demexmopa IDQube-NIR-FR-MMF-LN. Hyaegoli nuk
ymeHbLieH 8 100 pas das ydobcmea gusyanusauuu. Mepm-
80e 8pemMs demeKkmopa ycmaHoeAeHo Ha 50 MKc

Fig.11. Photon count stacking diagram of detector IDQube-
NIR-FR-MMF-LN. The zero peak is reduced by 100 times
for visualization convenience. The detector dead time is set
to 50 ps
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Tabnumua 1. XapakTepnucTmkm npeayCcTaHoOBKM 1 pesyib-
TaTbl BblYMCNeHUM ans getektopa QRATE-SPD-GENI-FR
Table 1. Preset specifications and calculation results for
the QRATE-SPD-GENI1-FR detector

CUrHasbHble
oTcyerThl, Iy,
Signal
counts, Hz

[MporpammHas
npeaycTaHoBKa
Software

DCR, 'y,
DCR, Hz

PacyeT QE
QE calculation

preset

t=—45°C

1500

380

DT=40 mMKC

JJIsi pacdeTa BePOSITHOCTH IIOC/TIEHMMITYIbCOB (AP)
ObLIa cenaHa 3KCIIO3ULIMS Ha MIPOTSDKEHUH 5 MUHYT.
3a 3To BpeMs CHCTeMa HaKoIlula 23763 0TC4eToB $oTo-
HOB B HYJIEBOM ITHMKe U 177 0TCYETOB MeXKIy IIOC/Ieny-
IOIIMMH UMITYJIbCAMH. B COOTBETCTBHUH C OIIMCAHHOU
BbIIIe GOPMY/ION HMeeM:

177

———-100=0,74%.

AP=2363

JOetekTop QRATE-SPD-GEN2-FR

AHQJIOTUYHO QJITOPUTMY pacyeTa IIapamMeTpoB [Jid
QRATE-SPD-GEN1-FR 6bUIM IOJy4YeHBI CaeAylolIre
manHble 019 QRATE-SPD-GEN2-FR (Tabii. 2).

DeTtekTop IDQube-NIR-FR-MMF-LN
s pacIIMpeHHUs] OLeHKHU [eTeKTOPOB JAaHHBIe IS
JO® ot ID Quantique CHUMaNHCh s pasHon QE.
Takke ObUIM CHSTHI 3HAYEHMs HAIPSDKEHUS CMe-
MEeHUS IS KaKIOHM KBAaHTOBOM 3POEKTHBHOCTH
(tabim. 3).

Ha puc. 12 oTpaskeHO U3MeHeHHe YK Cla TEMHOBBIX
U CUTHAJBHBIX OTCYETOB B 3aBUCHMOCTU OT H3Me-
HeHHs KBAaHTOBOHM 3)PeKTHBHOCTH. OKMAAeMO ypo-
BEHb OTCYETOB PaCTeT IPOIIOPLIMOHATIBHO APYr APYry
[I0 Mepe yBeJIHYeHHSI KBAHTOBOU 3PPeKTHBHOCTH.
OnHaKko IPU pacyeTe pea/ibHOM KBAHTOBOM 3bdeK-

6200 -

— Ortcuertsl (N), Ty

5800
5200 -
4200 -
3200
2200
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Puc. 12. 3asucumocmp 4acmomsl MemMHo8020 cHemad
(DCR) u KoAu4ecmea cuzHaAbHbIX OMCYemos om eeAu-
YUHbI KBAHMosoU 3P dexmusHocmu Ha demekmope
IDQube-NIR-FR-MMF-LN

Fig. 12. Dependence of the dark count rate (DCR) and the
number of signal counts on the quantum efficiency value of
detector IDQube-NIR-FR-MMF-LN
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Puc. 13. 3agucumocmb ycmaHoeAeHHOU U pacHémHol K8aH-
mosol 3ppexmusHocmu Ha demexmope IDQube-NIR-FR-
MMF-LN om HanpskeHus cmeuleHust BCMmpoeHH020 Ad8UH-
H020 pomodu0d

Fig. 13. Dependence of the established and calculated quan-
tum efficiency on the IDQube-NIR-FR-MMF-LN detector on
the bias voltage of the built-in avalanche photodiode

Tabnuua 2. XapakTepuUCTUKN NpeayCTaHOBKU U pe3ynbTaThbl BbIYMCIeHNI Ana aeTekTopa QRATE-SPD-GEN2-FR
Table 2. Preset specifications and calculation results for the QRATE-SPD-GEN2-FR detector

CUrHasibHble oTcyeThl, 'y

Signal counts, Hz

PacyeT AP
AP calculation

Pacyet QE
QE calculation

[MporpammHas npeagyctaHoBKa DCR, Iy,

Software preset DCR, Hz

t=-45°C
85

DT =35 MKc

1950

587 .
D305 100~18%
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Tabnuua 3. Pe3ynbTaThl MU3MEPEHUI HAMPSXKEHNS CMELLEHNS 1N PACHET KBAHTOBOW 3P beKTUBHOCTM A5 AeTekTopa
Table 3. Bias voltage measurement results and quantum efficiency calculation for the detector

YcTaHoBneHHasa QE DCR, Iy, CurHasbHble OTcYeThl, Iy PacyeT QE

Determined QE DCR, Hz Signal counts, Hz QE calculation

10% 63,9 280 1300 10,2%

15% 64,6 440 1830 14,1%

20% 65,4 700 2450 17,5%

50 MKC

25% 66,5 1100 3200 21%

30% 67,5 1650 3930 22,8%

35% 69,2 3600 5800 22%
TUBHOCTHU U €€ CPABHEHUH C YCTAHOBJIEHHBIMH 3Ha- Tabnuua 5. Pe3ynbTaThbl pacyeta KBAaHTOBOW 3P deKkTnB-

YeHUSMU Oblyla BBISIBIEHA [erpafallusi PeaabHOTro
3HavyeHus1 QE Npu OPUONHKEHHUM K MaKCHMAJIbHO
JOIIYCTUMBIM B I1O BeTMUMHAM (pHc. 13).

Jns momenu IDQube-NIR-FR-MMF-LN pacueT Bepo-
SITHOCTH IIOCTI€MMIIY/IbCOB IIPOKM3BOAMIICS IIO TOH >Ke
MEeTOIHUKEe, YTO HCII0Jb30BaIach Aj1s1 JOP QRATE-SPD-
GENI-FR (puc. 14). XopoIlo BUIHO, YTO BepOSITHOCTh
[IOSIBJIEHHS IIOC/IEMMIIYJIbCOB TaKyKe pacTeT II0 Mepe

Tabnuua 4. Pe3ynbTaThl pacyeTa BEPOSITHOCTM NOCeNM-=-
nynbLCcoB gns getekrtopa IDQube-NIR-FR-MMF-LN

Table 4. Calculation results for afterpulse probability for
the detector IDQube-NIR-FR-MMF-LN

HOoCTW Ans getektopa D230
Table 5. Quantum efficiency calculation results for the
ID230 Detector

YCTaHOB/IEH- DCR, I'y, CUrHasbHble Pacyet QE
Has QE DCR, Hz oTcyeThl, Iy QE
Determined QE Signal counts, Hz = calculation
10% 6 370 3,6%
15% 22 1350 13,3%
20% 38 1855 18,7%
25% 80 2280 22%

Tabnuua 6. Pe3ynbTaThl pacyeTa BEpOSTHOCTM NOCIeNM-
nynbCcoB Ans getekrtopa 1D230
Table 6. Calculation results for afterpulse probability for
the ID230 detector

YcTaHOB/IeH-

raomenance WIS Moo

B E Zero count’s, Hz = Afterpulses AR

10% 7690 55 0,7%
15% 7721 59 0,76%
20% 7977 111 1,39%
25% 7776 165 2,12%
30% 7621 260 3,41%
35% 7724 500 6,47%

Hynesble

Mocnenm-

Haa QE OTCYEThI, LT. NybCbl

Determined QE = Zerocounts,Hz = Afterpulses

10% 7301 1 0,013%
15% 7815 24 0,3%
20% 7820 11 0,14%

Tabnuua 7. CpaBHeHWe NapamMeTpoB MOAENEN AETEKTOPOB OAMHOUYHbLIX POTOHOB MPOM3BOACTBA KOMMNaHNUM QRATE
Table 7. Comparison of model parameters of the single photon detectors produced by QRATE

Mopaenb CUrHanbHble oTcHeThl, M PacyeTHasa QE PacyeTHasa AP
Model Signal counts, Hz Estimated QE Estimated AP
QRATE-SPD-GEN1-FR 380 1500 11.2% 0.74%
QRATE-SPD-GEN2-FR 85 1950 11% 1.8%
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Tabnunua 8. CpaBHeHMe NapamMeTpoB MOAeNen AeTeKTOPOB OANHOYHbLIX GOTOHOB MPOM3BOACTBA KOMMaHMM QRATE

1 ID Quantique

Table 8. Comparison of model parameters of the single photon detectors produced by QRATE and ID Quantique

Mopenb DCR, 'y CurHanbHble oTcHeThl, 'y, PacyeTHas AP
Model DCR, Hz Signal counts, Hz Estimated AP
QRATE-SPD-GEN1-FR 380@QE=11% 1500 0.74%
QRATE-SPD-GEN2-FR 85@QE=19% 1950 1.8%
IDQube 440 @ QE=15% 1300 0.7%
1D230 22@QE=15% 1350 0.14%

yBeJIMYEHHUs] 3HAUEHUS] KBAHTOBOH 3deKTHUBHOCTH
(tabim. 4).

DeTtekTop 1D230

B oTin4Me OT HCCIeIOBAHHBIX paHee [IeTeKTOPOB,
JO® 1D230 uMeeT MPUHIIMIIMAIBHO JPYTYH CHCTEMY
oXJIaKAeHHUs], obecmevynBawmylo 6ojlee HH3KYIO
TeMIlepaTypy i1 GOTOUYBCTBHUTENIBHOIO 3/eMeHTa
(tabn. 5, 6). DTo cka3piBaeTcsi Ha bosee XOPOIIMX
3HAaYeHHUSIX TeMHOBBIX OTCYeTOB (puc. 15) 1 HAMHOIO
bonee HU3KUX 3HAYEHHUSX BEPOSITHOCTH IIOCIEHM-
1y/6CcoB (puc. 16).

BbiBO/bl

IIo UTOry HpOBeleHHBIX HCCAeLOBAaHHUM CHeNIaHo
3aK/II0YeHHe, YTO IIPU PAaBHBIX YCIOBHSX SKCIIyaTa-
uuu getektopel QRATE-SPD-GENI-FR u QRATE-SPD-
GENZ2-FR MMeEIOT IIOYTH PaBHbIE XaPaKTEPUCTHKU II10
KBAaHTOBOM 3)PeKTUBHOCTH, ofHaKO y QRATE-SPD-

Detector QRATE-SPD-GENT1-FR

There were the following presets and calcula-
tion results for the QRATE-SPD-GENI-FR detector
(Table 1).

To calculate the afterpulse probability (AP), an
exposure was used for 5 minutes. During this period
of time, the system accumulated 23,763 photon
counts in the zero peak and 177 counts between the
subsequent pulses. In accordance with the formula
described above, we have the following:

Detector QRATE-SPD-GEN2-FR

Similar to the parameter calculation algorithm for
QRATE-SPD-GENI-FR, the following data were obtained
for QRATE-SPD-GEN2-FR (Table 2).

Detector IDQube-NIR-FR-MMF-LN
To broaden the evaluation of the detectors, informa-
tion relating to the SPDs made by ID Quantique were

L 6,47

AP, %

10 15 20 25 30 35

YcraHoBneHHas QE, %

Puc. 14. 3agucumocmb 8eposimHOCMU 803HUKHOBEHUS
nocAeumMnyAbcos om ycmaHosAeHHoU K8aHmMosou 3pdex-
mueHocmu Ha demexkmope IDQube-NIR-FR-MMF-LN.
Fig. 14. Dependence of the probability of occurrence of
post-pulses on the established quantum efficiency on the
IDQube-NIR-FR-MMF-LN detector.

104
e 1855 2280
103 -
o 370
=
QE; 102 - i 80
g »
10~ 6
1 I I I |
10 15 20 25

QE, %
Puc. 15. 3asucumocmb 4yacmomsl memHo8020 ciema (DCR)
U KOAUYecmea CUzHaAbHbIX 0mMc4emos om K8aHmMo8ol
appekmusHocmu Ha demekmope 1D230

Fig. 15. Dependence of the dark count rate (DCR) and the
number of signal counts on the quantum efficiency of detec-
tor ID230
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Puc. 16. Hecoomeemcmeue ycmaHosAeHHoU U pac4emHou
K8aHmosol 3pdexmusHocmu Ha demekmope 1D230

Fig. 16. Discrepancy between the determined and calculated
quantum efficiency for detector ID230

GEN2-FR Habniomarotcs 6osee XOpOILIMe YaCTOTHI
TEeMHOBOI'O CYeTa, YTO HeCOMHEHHO SBJISIeTCS IIPOSB-
JIeHUEeM YCOBEPIIeHCTBOBAHHOI TeXHOJOTUH H3IO0TOB-
neHud nerekropa QRATE-SPD-GEN2-ER (tabim. 7).

HccrenoBaHue [1eTeKTOPOB IIBEHIIAPCKOrO ITPOH3-
BozcTBa OT ID Quantique IoKasaso, YTO B psifie 3asiB-
JICHHBIX I1apaMeTpPOB eCTh HEeKOTOphle, KOTOphle He
COOTBETCTBYIOT YKa3aHHBIM I1ACIIOPTHBIM JAHHBIM . ITO
KOCHY/IOCh IJIABHBIM 00pa30M KBaHTOBOM 3$deKTHBHO-
CTH JeTeKTOpOB. MMeIOTCS 3HauuTe/IbHble IIPOCafKHU
Ha MaKCUMaJIBHO AoIyCTUMBIX I10 3HaueHuax QE.

Ecnu cpaBHUBAaTh OETEKTOPBI POCCHUICKOIO ITPOH3-
BozcTBa 0T QRate c meTekTopaMu oT ID Quantique Ha
OIHOM KBaHTOBOM 3bdeKkTHBHOCTHU (mopsika 10-13%),
TO MOXKHO CKa3aTh, YTO JeTeKTOopbl QRate B OCHOBHOM
PaBHO3HAYHBI M B3aKMMO3aMeHseMbl I10 OTHOILIEHHUIO
K Mogensim cepun IDQube. KoHe4HO, MX Heb3s CpaB-
HHUBATh C Mofe/bio ID230, Tak KaK B ITOCAeTHEeH HUCIIOb-
3yeTcsi MHOM IOAXO[ K OXJIaKAeHHIo, obecreduBaro-
IIUH WHBIE XapaKTePUCTHKU JleTeKTopa (Tabir. 8).

BNATrOAAPHOCTU

HEkeHepsl KoMITaHUK AO «JIJIC» 6raromapsit Koyier
13 KoMmIaHuu QRate 3a mpemocTaBlIeHHYIO IJIS IIPO-
BeJleHUsI pabOThI CUCTEMY B CBOEH HCCIIe0BATEIBCKOM
nabopaTopuu, a Takke 3a 6osbLIyIO ITOMOLIb B 06pa-
O0TKe JAHHBIX U ITOATOTOBKE MAaTEPHAJIOB.
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obtained for various QEs. The bias voltage values for
each quantum efficiency were also obtained (Table 3).

Figure 12 shows changes in the number of dark and
signal counts depending on the changes in the quantum
efficiency. As expected, the count level is increased pro-
portionally to each other as the quantum efficiency is
grown. However, when calculating the actual quantum
efficiency and comparing it with the determined values,
degradation of the actual QE value was found when
approaching the maximum allowable values in the soft-
ware (Fig. 13).

In relation to the IDQube-NIR-FR-MMF-LN model, the
afterpulse probability was calculated using the same
method as for the QRATE-SPD-GENI-FR SPD(Fig. 14).
It was confirmed that the afterpulse probability was
also heightened as the quantum efficiency value was
increased (Table 4).

Detector ID230

As opposed to the detectors studied earlier, the ID230
SPD has a fundamentally different cooling system
that provides a much lower temperature for the pho-
tosensitive element (Tables 5, 6). This feature leads
to the better values of dark counts (Fig. 15) and much
lower values of the afterpulse probability (Fig. 16).

CONCLUSION

Based on the results of the studies, it has been concluded
that, under equal operating conditions, the QRATE-
SPD-GENI-FR and QRATE-SPD-GEN2-FR detectors have
almost equal specifications in terms of quantum effi-
ciency, however, QRATE-SPD-CEN2-FR has better dark
count rates that is undoubtedly a result of the improved
production technology of the QRATE-SPD-CEN2-FR detec-
tor (Table 7).

The study of Swiss-made detectors made by ID Quan-
tique has showed that the declared parameters include
some specifications that do not correspond to the speci-
fied rated values. This phenomenon has affected mainly
the quantum efficiency of the detectors. There are signif-
icant drawdowns at the maximum allowable QE values.

If we compare the Russian-made detectors by QRate
with the detectors made by ID Quantique at the same
quantum efficiency (about 10-13%), then it is possible to
say that the QRate detectors are almost equivalent and
interchangeable with the IDQube models. Obviously,
they cannot be compared with the ID230 model, since
the latter uses a different cooling approach that provides
the exceptional detector specifications (Table 8).
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