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Research on single-photon imaging detection system and
algorithms based on MCP/sCMOS
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Science and Technology University, Beijing 100192, China)

Abstract: For single photon counting imaging technology to detect weak target signal, low signal-to-noise ratio, and unclear target area of
the obtained image, serious background noise and other problems, a single-photon detection system based on solar-blind ultraviolet is
designed by using 270+5 nm solar-hind UV filter, microchannel plate image intensifiers ( MCP) with irage gain >10° and scientific-
grade complementary metal oxide semiconductors (sCMOS) with a mazimum resolution of 1 504x1 504. The system uses time sequence
control to obtain single-photon spot images. To highlight the target area in the image, the improved morphological top-hat transformation
algorithm is used to enhance the spot target area. Then, the image is binarized by the triangular threshold method, and the coordinates of
the target area are extracted by using the connected domain. Finally, the area extremum algorithm is used to count single photons in the
target area of the original image. The article conducts a series of imaging with a single exposure time of 80~ 100 ns and data processing
experiments on ultraviolet light sources. The results show the feasibility of the designed single-photon imaging detection system and
photon counting algorithm.
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H AT A Z R8I0 &8 15 H 76 7 3 BUSUR R I, 41
WG A% 3 45 ( photomultiplier tube, PMT) | Hi, {51 Hy,
Tk & 4% 14 (electron multiplying charge-coupled device,
EMCCD) . 1% 58 U d, fof #8 & #% 1} ( intensified charge
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coupled device, ICCD) OB R ( single photon
avalanche diode, SPAD) [4%1 1 B #h 4 J& A 4L 9 2 T4k
( complementary metal oxide semiconductor, CMOS) %"
Hor | PMT J24% G2 1Y 06 3+ ER I 4571, 28 B I [ A
5 5% F 3 4L (time-correlated single photon counting,
TCSPC) H A F PMT i 58 6 535 B ] | BT 44
TG I B 18] ) T o A AR R R —E
Bl BRI ST AR ZR (RIS (] 43 HE ) B A PR Bk
FGHR AR R w5 ARk | B b A4
PR R e | BT (i S AR R 5 5 A CCD L CMOS 45 4]
PBAL RS & ANy OB W%, E &k
ICCD #t /2 4% MCP 5 CCD #% #F 4 e — 4> B e L,
ICCD 1 EMCCD #=FE8 FI &% (HEN TR R A S i
L2218 2 BERA BRI SPAD B SI BAT Rz B0 4% A B
SRR N RE ST (T LR, HAR R RS AX BOR, &
A PR AR, 5 SPAD FESIHMI H, CMOS 4K i
NERE T BATIR 2R (B REF BT | RRAS SR AL T 47 Y 25 8] 43
Pl

BT MCP M BAL ARG T BUSR 748, 78
M BEDEFF 55 BT Z R TR AE X R AT
FIEOMT ., LG M TR A TR % T AR i
5%, Castro %1 JF & T 3T MCP-CMOS Z5 #4196 F
THECRI 5 RRASLULAS , 01T S-square BT AE NG
TR (ERLOIE R R IE A TR

Wang 2 Fl| i1 3 T Te-Cs B X MCP 48 4M 4 34
S8 4% FT NSC1105 B CMOS 6 FitBUR 48, 4 1 T
T AR DX A R I ) 73 6 7 B s, ] e
PGB R GIE A L B 3T 2 i — A~ bk e ] 40 PN 3 2
SR 38 % 2 TU TR [R] DX SR R A 09 X e AT
D i 7 3 € e I 6 W = W0 b e =R L S SR i
A0 a7 5 A Bl Ak B P A R L AR 5 D I 320 12
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Fig. 1 Single photon imaging system based on MCP/sCMOS
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B3 HT , B R PR AR IETEZR Ry 270 nm, SEUR R SE
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Fig.2 Diagram of the single photon imaging detection system
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Fig.3 System sequence diagram

e THEAHLXT sCMOS IR 48 21 A G A7 AR B Ak
R A SR SEA R SR A O T

2 RFHBEE

2.1 HB#rigse

P F—0 4 M s A E b DX 3 0 R AL ARG, A6 55
BB (AL BE S |, A BT —AE AR AL B, W b B S
EIGATE 2 Hh B A W 5 % S B2 IS 2R = A= s
b, 22X BGHEAT —AHA AL B 1, TR X B Ry B
FRIX ST R AN B AR SOR FH—Fh etk iy B T4 B
A2ETTIR B R MR AR T H AR T

TR BT A E R, 45 oo
R HEGEGNES — B RES, B d
¥ 0 2 A SR bR AR -8 T8 B 5 D e G A7 A G
a5 IR B JE G AR AT A i H L 3R IR BHR
MFRIEH f(x,y) , R ITCE RFR S B(u,v) Fos,f
B W€ L5 D, M D, BUHIREF A B H
TR .

1) fzhk
(f@ B) (x,y) =max{f(x,y) + B(u,v) \

(a,b) € D,,(u,v) € D, (1)
2) i
(/8B) (+.y) =min|f(c.d) - B(u.r) |

(c,d) € D;,(u,v) € D} (2)
3) ik
(fB)(x,y) = (fOB) @B (3)
4) BB H
(f+B)(x,y)=(fDB)OB (4)

,ﬁ\:tfj,a=x—u,b=y—u,c=x+u,d=y+vC>

FEAEGE R, R A Top-hat 83 A1 Bot-hat 48
PR AEAT SRR H bR X S b3, o Sanh .

TH(x,y) =f(x%,y) = (f B)(x,y) (5)

BH(x,y) = (f+ B) (x,y) = f(x,y) (6)

T iz SR S U8 T iz B AU ik i 5 Be 6 L R
BONEY A SEA0 T, O H bR XA K EE A 1T AR X
S R AN 3Zsg i, Y MR 4ot s e Je vl DA
3 LR LY DK B B R S AR AR B H bR KB, #
A A~ W7 13 A8, D00 i 5 0 o s b ) Dy o 5 A 9 H
b X 48

B s e, B R R KEE AN
TH, BRI R J, 4 J < TH, WACEREXT R 58 T
H s X3k,

AR SCR AN 2k R38040 7 1

DR — DK L x LEE D W, W i+
flx,y) BEMEEREA,

2) AN H W R R KB ERKAE W, FlR/ME
Wois
3 EAAE O W, W, B2EE, IR
T — T EUR , A GCM

4) FIH GCM W F-I1H mean g, FIBRUER o, , FF NN
AW S 6, RT3 8= (7) Brams iy W BME J,

J =meany,, +6 X o, (7)
A, & ATARE B AR KR ESE Gl A S e [0,10], 4
H AR IR FEE BN, W8 B /IME; B8 AR
B0 e, 2l #F A9 Top-hat 7% 4t ( morphological top-hat
transform , MTH) 11 T fff 7w .

MTH(x,y) = max(f(x,y) = f° B(x,y),J]) —J (8)

EIME GCM s 50 | H AR B, H AR X i 23 #
YA, o TR R E AR X, 7R A DR K B
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ZIF BB/ SR XIS s T2 B R 1Y TH %
INTF GeM, BT LS Se 2% 0 X3k TH N T EE g, B
S(x,y) =feB(x,y) /N,

R LA B0, =X (8) AT, 35 S oeip Xz i ik
J& 1 Top-hat 845, BB R O, NI HF S 4= gl o3
Ab, BRSSO R/ NG B sE 4y, el JFis 58 5 ok LBk, i
PLHAR X S 8 585 KB H AR ALK, TH R T K
53 GCM TR T BE J, B0 f(x,y) —f o B(x,y) KT
Jo RHEIR(8) R, Zid Top-hat A8 #e s , H AR X 5 4 {8
KT 0, T HARDC AR B . R, il GCM A5 3
P FNT A J > A, ] s e i v v W B3 vk T LA
FIHH J R FNWEAE 0 H bR X
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[F) 3R, AR A5 B itk B Bot-hat 28 ( morphological bot-
hat,MBH) , W"F {7 .

MBH(x,y) =max(f+ B(x,y) = f(x,y),]) =J (9)

I AR A MTH w4 VAR 0 H A X, AR 48 MBH
AR AR AR S DX, PR, bR R AR AT DR
D&/

S (x,y) =a X f(x,y) +B X MTH(x,y) -
n X MBH(x,y) (10)
K. a B Hln HMNAR, HFo0<a<1,8=1HH
n =1, HL(10) AI15, 4 o BN B K 7 BERE £,
rh E AR DX B B, S M RS A R BN B ¢
13 BARX IS Bk, EARSCRAME LT, BFrX
SRS 5% DX X L B K A5 B4R R B 1 14 ik, [) i) vk
TE L RR IX I 1 (It £ K e 5 i a0
2.2 BRREBEXIEIRN

HaoR AL PR T H bR DX K A, B O
B G PR vk 25 7= A T R 22, BT LA 75 7 SRR
st ) B AR XA TG, RIe, B bR sR Ak
SURAHAS H bR X8R 75 22 ] 9 22 B G O IF o 2 R g
GINEE: L0 NP RS I R Rt [y i5h=A ISl i 2
Jr P iR AT H A AR
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JE MBS Va7 IH — L Ab B 78 e a1 # E RS Y
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Fig. 4  Grayscale histogram
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Fig.5 Triangular threshold method
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Fig. 6 Eight connected domains

PR S R AR

1) AREEG, RS AMEE N B E,

(D) BZAG R m B BAE R JFx i rhmi, A
BE X2 5 AR ) B ARMR R A TAR I 5

(2) LASBIR B FRG R AFh 8L RS A T4

(3 EEAR(2) , HEBA LA HAME R A

2) BE ) THER, EARic MG ERHELE
boid, EEFRE R, A R)E 18 2 KR b e e
FI b X ek )22 3 3
2.3 B#RXiEitE

HBRITR TR D R T R E
X3, AT5IH 25 8 BOGF T B AR B B A I O, A



248 & L £ ¥ W

a4t

F2 P e S B R e b T, I S A TR
F— AT A R B 2%, TG R AT S
Rtk R BIDOESE I, NS 5 AR ) B
L 23 1) 8 il OB l— > — AN e 5E . BT LAFE H
T DI PN G B O 189 K B (B B A, R U T ] L 3k ik, o
F7(a) B, B, 2T = 4iss [ fs a2
FEHEARIC A LR 5 I I B A L 3 o ) DRy — e 32 5
B BLLROR BEARAE R X 53 A LA T, R E 23
—NATREOEEE , N = 2 ST AR M R JEBE AT T AL
E 7(b) iR,

A
(a) PR AL (b) =4 kA
(a) Top view (b) 3D Stereogram

7 SthREE
Fig. 7 Diagram of spot
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Fig. 8 Contrast before and after target area enhancement
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HE 8 H(c). (e) fLIFEH . R&id —(Hikab B sk
FIbrig oAb 3, JF AN RESE 4 S BRME A OS2, J5Lhn [R11R
o3 HARHE RS, #5 SR A A5 2 T ARG A (HIF R 58
2THBR . A R R PR AS B0 Y B0 84T 8k Ak 3
J&i , P LAAR G- 1 8 B H AR IR A0 ) BT A e 38 2ok X L
OIAT UESE TR A B
3.2 BARRETHEELRRIER S

H 22 b 15 5 R4 BORT 45 21 B4 H A DX i A2
Pl fE b iR R B AT T BORE R, & 1 s
RAEESOCIEA RO IR AT, R A SCR LS 2
D 8

®1 FREXBTARFIHTHIHRER
Table 1 Experimental results of photon counting

under different light conditions

SO T LR T4 % SO T
62 20 11
76 10 5
76 19 2
71 22 8
50 17 3
62 22 6

HIZE 1 AT LU 7RSSO R OB IR AF T O
TR, HAEARRDEIAE T T8
FIA K, B BAIE T RGEFL AT,

2 T i T S WG s AR U PR DX S
Sk D R A 0k 3 R RA A SR R s 3 OISR
(G SP A g S Y e

*2 ARAXBTAREEZAFITHIRER
Table 2 Experimental results of photon counting with

different algorithms under different illumination

HF %
SRR - R iR U BIR EIES
U hY § . ;
X (A LI[ERERR
[P 47 50 63
R 27 28 31
CED it 8 8 8

HIZE 2 AL, 255 OGBS I, 3 Fh Bk 45 2R
i, Bl TR S BEOLIES AL TBb i LS8
SEABAEIT , PEAT HAR XS 5k S US|, HOE 7 Bfe i
R 3530 i T DXt AL ) kR vh AT T F AR s

R ARG T X, K B B 5 B ok, R A
I BRI BOR BEEAR TR, TooRAAE , BT O 7%
i P DX AEL I A5 1 T RO P, 2 /D 5 T si 4 U 14
BTG 1 DX, AT T £ B DIl (L P A, i AR X
T, e TR L 28 ERTA R A bR
DS T RORE Al RO i B9 A

3.3 RFIHHBMERSHRIE

PRI S50 7E 68 /N IS ] (B] B P, 4 2B Dl =1
FUG 27 RN A" RGO, B AR AR — OG- 18R
RIRM(O=1) 43452 R4 K — RO o =5 A B R
(BPERIN B — A6 1 AL ) 55 SR 16 Ay 58 2 0k [1R] [1)
& Ac BOE L BV .

P(1,Ar) = alAt (20)

Horf T RIRAGHEIR o F7R HLB R EL, FIERI 25 1
T RORAASE . IEAA KA G S R HE R (BRI
FDG TR AT AR R

P(0,At) =1 - alAt (21)

BEIFIR] T 3053 1 N A 2% /N B I T] [T B A, DA
N=T/At, BEEETEARTSHB IR A NEDEHE S
P RANE ST R BE LR BT Ar 298/ TR Ac Y5 TN
PRI BN PTG LR ED S 0, MR A8 AL 2850 A e 35 24 2K
AT DAHE S TR ] T N B A — O R Sk ST i AT
N AS T N R DUSSRSE8 IS 4 REPL 5 A KA kIR
FEF I (BDERIN R & BT RIHESR) SR LA N
NP R ZH — 3534

P, (k)= (]Z) (aIT)*(1 = adT)"™* (22)

HURIHA AR % N 1 BHLAS A TS5
oI T {35

limp, (k) = (3o (23)

R, SRR f e T, B SR
5 kAT BRI S EO lT TR, 25518
AR B A B 38 1) T (23) o

9 1= [ 1C0) de BERR S A SEGHRAERT I 1(0) 1Y B

SRS

ARSCAEANTRDE BEASF TR 20 ) R 46 P IR PET A5, D
ARSCIE X 2R 46 B 1) AR A7 6 531 %0k i, IR
MATLAB #EA7 1 #ER 20 A 0, 15 2 806 1 B R o A
i aniEl 9 e, ol L& BT A5 0 F BOR A A in ke
o



250 Bowm o E ¥

#H 44

Ko Seriantan e

Fig.9 Fitting of photon number poisson distribution
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