#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 214206

¢ F A TG B 4 R A Bk i S X
FEF 1T E% M BB B 55 1

EIETE S N R

(@EBURER TE R, I 430072)

(2022 4F 3 H 24 Hik#; 2022 45 7 A 21 HEMESA)

JEHL AT (photomultiplier tubes, PMT) HA ¥ 90 i RALEE | (RIS 1150, AR5 Bk b 82, Bl 3z i
FF RT3 B i) Ol 13 8O a5 . PMIT 350 G 1 I A6 DX 8], 455 i 1o — 6 53l 2 it — 4> FL 3 ik
LN SRS S QUL SN N iV 8 SV NET) L U O BT (2 7 b B e o 1 = 349 SU LS AN TP
(K PR AT AE 5 22 . 5 BBk rhHE S B 52 IR, JESL TR PMT DG 1 B0 IS RY ) -l ok 525 R P &, 143
THEET PMT BDG 5RO Bk i A7 E DR 22 | I BEORS B2 AN [ SO L Bk 58, PMIT 4ai v 3~ K 9 LA KOG 1~ AR
SONBEZ AR FEE T 2T PMT BIBOLH L RSE, il 5 GM-APD KX L SEH ] 1 ik nffe B PMT
DG ROk I BE A7 A AN AT 280 (4 52 0. 25 18 B Jik oA B ) PMIT Ole TR B B BE AR 48 S 05 T PMT D613t

U IA BT, v 0 R 2R 9 B 00 FEORG R  E L

SR : LA, BRI, Jt POk, W

PACS: 42.79.Qx, 85.60.HA, 42.68.Wt

1 5

F RO T A BT R R
D ES VR A OGRS, A T et R O B
K, I ECR G055 ) B AF 5 50 B T DU
23 MEH, BT BRHOC R AN EE R Ry ) -4,
AT H FH I B TR AT 35 AU 35 i s
(GM-APD), i JGHAFIE S FOE RIS (photo-
multiplier tubes, PMT)P~7. Hrp 5 B A5 1445 38 1ok
Z PG REUE NG B A6 4k 7 WL LT
Wik, HE 25 Ak 1061078, i i T PMT A
SR A NN =9 1 QU LY VRS (1R e N ST WD 32
BraFReR e, Ay 1z is T4 T Wik B
(R B I AEF  HBORO G B ik v 1012,

ANTR) T 4% G0 1 75 B M B T 3R I 48 A
PMT 7E 58— G F AR B N 2 S5 A g ZE A T

i

t BIE1EE. E-mail: Is@whu.edu.cn
©2022 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.71.20220537

VR, ARIHBE SR REE I A RE 71, B L PMT
B YRR S E RSB (], PMT AR 00 3] — 4
SR Lt — A2 - ik v {5 091 H 2
PMT MG 5 R —E i B ALYE, T
TR PMT H S B BRI A A/ R, B
DL PMT i th 1) B 908 0k o A — 2 114 45p Z2 1 [
PMT X 2135 i [a] [1] B# /N T - 3t Dk v 22 st 1] 71
ZANTFH R, 2B ke S
TEAE K o OGN BE N F vh X IR G A w3t ok 1),
H T PMT % {55 HUEEE/ N Dk BE7E, PRI —fek
FH R ) 0 s E XS PMT B9% 15 5 3547 s 1)
Y. HL TR P ) ME R S U PMT Hi b ik v iy
WEAEL, T (A 2 AR 25 2 32 B Kk iR (B A2 AL 1Y
SR 101, SHEITSENE PMT S b R i .

Donovan 5 16 $2& 1 T — N ESRIARIAR 17O
THAHES X PMT AT iHECR B, FFF5E
SR T O IHECR S YR | 55 FECZ

http://wulixb.iphy.ac.cn

214206-1


http://doi.org/10.7498/aps.71.20220537
mailto:ls@whu.edu.cn
mailto:ls@whu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 214206

KA, HRANERAA—AT7 P IR PMT %5
AR K el 20 1 kb B TR AR B {E AR
BN ZI 5200 Chen 45 0T 421 T —4> PMT 173E
IREZRVB IR, (HRAZAI 518 T A 77
7] 27 X ) 390 3k ik o {02 P X6 10 1 45531
FRISEIR, 220 16T FIAME A I BENLIE; Zhang
S ISR T A Y BRI B R AN 2 0 20 SUH IR T
PMT Jkfrsfi 85 R B SE DRV, IFAIESE T HA G
FAPRGEHOCINEE A2, (H AT 200 T ik o
B (E AR A XS5 FF SR I 2 2. H AT >
T PMT BOE TR S 7E i AL S 5ot 1
PRI BRI PMT BOETRIBER, IFR%
JEF R B XL SRR RN, S EOE S
RINTPRGIR SATAE—E M ZE. fem PMT 6T
HHECE L RS R, T3 0F58 PMT W1 ik &
FIGF A I ) 22 (] Y 5 R

ARSCIIHT T PMT 77 Az 53 Jk v 4 2 4 5
e, B2 T — B R AR PR vp fE B X PMT
TR R AN, SRR 2 05 55 T
Jok e e 2 P S R ) B g B A 5 2 A
S BE RS2, I SR A TR IE. T IR,
AT RAE PMT OGRS BB B R 4502
BOATIEA, Fe R FRBZ I8N K i 2Bty e ) I 5%
22, T R GTAII RS B2 AR L.

2 PMT T4 HEE D

FE 1 PR PMT % 3 Dk b o 3 %
TR, I rh & 556 T, AR
Pl PMT f536 9% 7= A= 7, W (il 28 o140

L5 TR b T B 52 A A G SR S
e AR I e W i 5 GM-APD 4
ERMLGEHOE TR G A, PMT %A Y B
DI T, R 8% 0 B BT A5 A 906 5~ PMT it 4
RG22 ZRATIE R AR R TR, SN E]
PSS T RO AN Rl 2 520 PMT % Hh bk ol (9
R{EAN ], PMT 2% 455 O BR EDR th 21
Tk b AN A, BE B T KA R (AR 2
KA, TSN B 50 T2 s ] 2531,

M1 AT LU 426 e [a] 4 %
FIEIE, PMT fa i B9 2Tk b2 A 3 &
IR A B B L IR (55, {55 I
AR R BN b LT RAS . A 8 B 2005
i, XA AR AE A G A S Z R 5 A
WOMO KT E R ZE .

2.1 PMT RFiFENHEERER

RIAEFROCTR R R, BRI g8 FR U 3 A4 B ik
M IS FH N, ol

1 A
N, = anmr%néQTvzpcoset, (1)

H, EGEBOGR R IKhRER, h SO o
WO, ho HEASETRER, AHEBOLE R
LR, n W ERGRCE, p h BRI, 68
WOC RS REHE ) 5 H AR 1012 10) 77 18] ) I £
R HARIEES, T, AOEHE RS B R Z A A B R
SABEREA, ng R 6 FIRINACR. 4 B
AR5 Wkl Ry b ik b, R g2 5 =0k
TAEM )34 il AR N

N, _(=t)*

S(t) = e @)
JSF) LU K i, S €0 S Sy k) 50 I A, R V2o
Photon 123 Photon 4
[ X ] [ ]
Receiving photon \\\ \
SN Pulse pileup
PMT electron \ Electron
flow output PADIRD ¢
BNSEA
59 2Ra\ >6 X6
> o | Time discrimination delay /2
Digital signal W Pulse walk error w
output
Time

B 1 PMT it e 7 30k ol 2 i X 7 =5 2 26 501 1 5

Fig. 1. Influence of PMT output electron flow pulse pile-up on photon-events discrimination.
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Fig. 2. (a) When the number of incident photons is 1, there
is a systematic error v between the PMT photon-events
identification time and the peak time of electron flow pulse;
(b) the blue curve and the orange curve are the electron
flow pulses output responsed by PMT for the photon arriv-
ing at time w1 and po respectively. The yellow curve is
the pile-up of two pulses, and w(,, ,,) is the pulse walk
error generated by the pile-up of the tow electron flow

pulses at time g1 and pa.
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Fig. 3. Difference of probability distribution between PMT single-photon detection model and traditional single-photon detection

model: (a) N; = 0.5; (b) N, = 2; (¢) N, = 4; (d) N, = 10.
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Fig. 4. Comparison between PMT single-photon detection model and traditional single-photon detection model on ranging walking

error R, and ranging accuracy I,.
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Fig. 5. Relationship of ranging walk error R, and ranging
accuracy I, of PMT detection model to incident signal
photon number under different Gaussian pulse width J, of

electron flow.
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Fig. 6. Relationship of the ranging walking error R, and
ranging accuracy R, of the PMT detection model to the

identification threshold of photon-events.
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Fig. 7. Schematic of the photon-counting radar system.
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Fig. 8. (a) Photon-events identification circuit without RF amplifier; (b) photon-events identification circuit with RF amplifier.
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Fig. 9. (a) Relationship between PMT output pulse normalized amplitude and average number of incident signal photon; (b) incid-

ent signal pulse measured by APD.
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Fig. 10. (a) Experimental results of PMT detection probability distribution with RF amplifier varying with the number of incident
signal photons; (b) experimental results of PMT detection probability distribution without RF amplifier varying with the number of
incident signal photons; (c) experimental results of GM-APD detection probability distribution varying with the number of incid-

ent signal photons.
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Fig. 11. (a) Simulation results of PMT detection probability distribution with RF amplifier varying with photon number of incid-
ent signal; (b) simulation results of PMT detection probability distribution without RF amplifier varying with photon number of in-

cident signal.
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Fig. 12. Comparison of the simulation model and experi-
mental data of the ranging walking error of the three de-
tectors. The solid orange line is the R, theoretial curve of
GM-APD, and the orange “+” is the R, experimental data
point of GM-APD. The blue solid line is the R, theoretial
curve of PMT without RF amplifier, and the blue “0” is the
R, experimental data point of PMT without RF amplifier.
The solid yellow line is R, theoretial curve of PMT with RF
amplifier, and the yellow “x” is R, experimental data point
of PMT with RF amplifier.
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Effect of pile-up of electron flow pulse from photomultiplier
tube on ranging by photon counting
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(School of Electronic Information, Wuhan University, Wuhan 430072, China)
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Abstract

Photomultiplier tube (PMT) features single photon level sensitivity, low dark count, and low afterpulse
probability, and are widely used in photon-counting lidar in the visible spectrum. The PMT has no photon
detection dead time, for every photon it responds to, it can output an electron flow pulse, these pulses of
electron flow are likely to pile up into larger pulses. When using threshold identification method to identify
photon-events, the stacked pulse will introduce additional pulse walking error, directly affecting the ranging
precision of photon-counting ranging method in the practical application of laser ranging. Considering the
influence of pulse pile-up, a new theoretical model of PMT photon detection is established to describe the
influence of pulse pile-up on the detection probability of photon-events by analyzing the relationship between
the detection time of photon and the identification time of the PMT final output photon-events. Through
Monte Carlo simulation, the relationship among the ranging walking error, ranging accuracy, incident laser
pulse width, PMT output electron flow pulse width and photon-events identification threshold is obtained. In
order to verify the correctness of the theory, a PMT-based photon-counting lidar system is built. The
comparative experiment with GM-APD proves that the influence of pulse pile-up on PMT photon-counting
ranging method cannot be ignored, and that the experimental results are in good agreement with results from
the theoretical model. The PMT photon detection model based on pulse pile-up can guide the design of PMT

photon-counting radar and improve the ranging accuracy and precision of the ranging system.
Keywords: photomultiplier tubes, pulse pile-up, photon-counting, ranging
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