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Structure of the current KLLM detector

 Scintillator shape is flexible, easy to get good spatial resolution:

g = Width/
12

* Wave length shift (WLS) fiber inside scintillator to collect

photons and guide them to SiPM.

* Use SiPM at one end, small size, low cost, low operating voltage,

high gain and can work at high magnetic field.

[ 20

2005 |3

3208

Superlayer for good 2-D resolution

» Extruded scintillator: cheap in massive production, but the
attenuation length is only several centimeters.

» WLS: Kuraray Y11(200), a diameter of 1.2 mm.

» SiPM: Hamamatsu MPPC, S10362, 1.3mm x 1.3mm.

) Sc. strip

|

\

Fiber Connectors 2




CEPC muon system

CEPC : FUTURE LEPTON COLLIDER

® Higgs/W/Z bosons, top, BSM searches, etc.
® Precision jet measurement.

CEPC MUON SYSTEM

® Muon identification.

® Standalone measurements of the muon
momenta.

® Improve the identification of muons produced
inside jets.

® Improve the jet energy resolution.

SCINTILLATION DETECTOR:

® [.ow costs
® High efficiency

Endcap Barrel Endcap
Parameter Baseline
Ly/2 [m] 4.14
R, [m] 4.40 I
x.E
ﬁ.uu! [n-l] 6.03
L, [m] 1.72 L 4 Rex 21
js———=— 4
R, [m] 0.50 &
Segmentation in ¢» 12
Number of layers 8
Total thickness of iron 6.7A (112 cm)

(A =16.77 cm) (8/B/12/12/16/1620/20) cm
Solid angle coverage 0.98 xdr

. i Tt 2
Position resolution [cm]

a.: 1.5

Time resolution [ns] 1-2
Detection efficiency = 95%
(F, = 5GeV)
Fake(m — pu)@30GeV < 1%
Rate capability [Hz/cm®] ~60

Technology

RPC (super module, 1 layer
readout, 2 layers of RPC )

Total area [m?]

Barrel: ~4450
Endcap: ~4150

Total: ~8600

The structure of muon system at CEPC.




Hamamatsu MPPC and NDL SiPMs

Type EQRI5 11-3030D-S/E EQRI15 22-1313D-S/E
I MPPC (Multi-Pixel Photon Counter) $14160/514161 series et 15 pm
Element Number 1X1 21X2
== Electrical and optical characteristics (Typ. Ta=25 °C, Vover=2.7 V, unless otherwise noted) s )
Active Area 3.0X 3.0 mm’ 1.3X1.3 mm
P £ G $14160/514161 $14160/514161 $14160/S14161 T
arameter ymoo! -3050HS-04, -08 -4050HS-06 -6050HS-04 e — 40000 7396
Spectral response range A 270 to 900 nm
Peak sensitivity wavelength Ap 450 nm Breakdown Voltage (Vg) 28=02V 2802V
Photon detection efficiency at Ap*? PDE 50 %
Breakdown voltage Ver 38 v Temperature Coefficient for Vg 28 mV/°C 28 mV/°C
Recommended operating voltage™* Vop VBRrR + 2.7 \i
— oy 0.1
gﬁsn\:lae'}l:f:.?gnb: t;:gj Sct’s b:apx - 0.3 Recommended Operation Voltage VeV VetV
Typ. 0.6 1.1 2.5
Dark current Japx. Io 18 | 33 { 75 WA Peak PDE @420nm 454% 457%
Crosstalk probability - 7 % . 5 5
Terminal capacitance Ct 500 [ 900 [ 2000 pF B 4x10 410
F 6 -
1G-a|n : M 2:5x 10 Dark Count Rate (DCR) 2380 kHz 413 kHz
emperature coefficient of ATVo! 34 mv/°c
recommended reverse voltage P Terminal € N S0oF 10gF
erminal apacitance P
Ta=25 °C)
60 ( 0 EQR15 11-3030D-5
45 - -
R - N ] Ty . .
S \ = 40.] = o= » Lower gain and higher DCR.
= F 40 .
g 40 \ Z 354 " g8
8 5 1 " » Lower Vop and smaller
& T 30 [
@ E 1 n
§ 251 X Capacitan
S s 27 - apacitance.
o .4
je T 20 "
S 20 2 _ n . .
S 2 154 Overvoltage=8V » Very small pixel size.
(=] -
= =
(= 10
10 I=] = . ..
: TN 2 ;] » PDE curve is similar
| ]
0 i
200 300 400 500 600 700 800 900 0 I ! ' ! ' J ' J ' J
300 400 500 600 T00 aoo

Wavelength (nm)

Wavelength (nm)



Photoelectron peak test of NDL & MPPC with laser

18000 _
- NDL MPPC
- 150000
13281480_y15 16000 NDL
(=} . —MPPC
MPE Gk C
14000
12000 5 1000007
o (a)
o r
S 10000F
o F 50000
O sooof-
8000
r 0
4000 10% MPRC
r NDL
2000 —
tAl o) | Lol E
0550040060000 7000 1200 1400 7500 1500 2000 2200 % .
Charge (ADC ch) £
7= o 1
10 : N DL & e
- * MPPC
10°
E . 1.0
T . MPPC
T 100 e (b) = 06 NDL
T F g°
¥ o '
o .. Tee 206
o 10 E 'o. O
£ * =
E . 8o
10°E % S
E .l. 0.2
= [ ]
L ° "o 00 *
10‘5 1 1 Lo PRI T T N T AU S N A AN AN 1 [ ’ T T T
1 2 3 4 5 6 4 6 12 14

Threshold(p.e.)

2
NDL (3 X 3 mm*) » High DCR and cross talk of NDL.

» Development ongoing.



Design of preamplifier

L o Gain: +20V/V
—F

© ~Te | Rmach Bandwidth(-3dB): 400 MHz
= Re RE Baseline noise(RMS): 300uV

» Performance test of preamplifier

(= V#39V i ‘
1800 - e V#33V —éﬂgﬁgﬁgigggﬁ)vpp) Vi (Hits)
| A V425V mv s s m s s e 22 150-‘
1600 1 um" 22 Frerpt o ] 160 1
14001 L] . 24 h G =2774 UV 18 - 140 < ﬁ j
o o ses 2o mean = 3.202 my 240MHz(-3dB) 426MHz(-3dB) ] | |‘
91200_ - ¢ 26 16 1207 J| |
§* SV ~l AR g 57 ey
3 00 .- :' “ ‘ ﬂ . = | 12 T o0 | | |‘ |)| #”
= 32 ' ~ ) 8 > g0 | |
E 600 s 1 1 o 10 4 1 i | |
< . -3-4 TRk \ m HI“ ‘MI I \ \H “ ’ I S w0 | | | }\_,‘ 1I'2|
400 - . . s o 8 1 \ {J lj |I \f'""‘\
200 - s 6 27 VIR A"V
«* - ) 0 N A bl e
0+ -4 »
0 20 40 60 8 100 120 140 160 180 B 0323r?slnf(d)lv 10 100 1000 _20 00 o 02 03
Inuput (mV) ' Freq (MHz) X: (V)
Dynamic range testing * Baseline noise test * Bandwidth testing ¢ SiPM photoelectron peak

Nucl. Sci. Tech, 34, 169(2023) 6




S1PM time resolution test

Waveform Digitization Off-line program CFD

Time resolution test setup
S$13360-1325CS 70 - —=— EQR10-11-1010
—— $13360-1350CS ] —e— S13360-1350
25 — 513360-1375CS —a— EQR15-11-6060
1 A60 7 —v— S$14160-6050 Small arca. (1 x 1 mm2 / 1.3x1.3 mmz)
n . .

2 o Photons > 5 , Time resolution < 50ps
T £ Photons > 40 , Time resolution < 25ps
© 151 3 40
£ o
= o)

ol £ 50 ] Large area: (6x6 mm?)
Photons > 20 , Time resolution < 50ps
| 20 5 .
° Photons > 70 , Time resolution < 25ps
0 10 T T T T T T T T T T 1
(IJ 1'0 2'0 3'0 4'0 5'0 6IO 0 50 100 150 200 250
Time (ns) N Photon

Single photon signal of SiPMs Time resolution varies with the number of photons 7



Test bench

Scintillator with
Reflective layer

WLS fiber SiPM

1.5 m scintillation detector Preamplifier



Light collection of scintillator detector

Wavelength-shifting fiber keeps good photon collection at
long distance, and time resolution is 1-2 ns .

2024 J. Inst. 19 P06020

60 & strip 1 60— & strip 1 [ 1800r
E strip 2 E strip 2 2000~ F & strip 1 F —&— strip 1
(2] - i w - i . [ .
- - strip 3 =2 0 -4 strip 3 N strip 2 1600 strip 2
© 90r A © 90F i L B =]
g_ F (a l) -+ str!p4 a - + 5“’!P4 1800 _=+~ k- strip 3 L —— strip 3
o 40f- +stp o a0 +stipS - 4 strip4 : F strip4
o 4 strip6 o —+ strip 6 #1600 +L § stip5 i i‘]— I strip5
« 30 o 300 = _{L - —+ strip & = :ﬁ: —+- strip B
o ° © - - © 1200
5 L o F 1400~ i, F jl:
57 £ : e : T
r r 1200 1000 ! l %
: 10:_ 2 "0:_ o (Cl) ——ZH: i (C2)
E ) Levil il Ll T T 1000, ) S N D N D
07720 20 60 80 100 120 140 07==20 20 60 B0 100 120 140 10 15 20 25 30 10 15 20 25 30 35
D(cm) D(cm) Number of p.e. Number of p.e.
Fa Fe 2200 |4 stip1 2200- | & stip ]
: " 3 3 v Fé & % % i VLo, E strip 2 E strip 2
098 . i ; 0.98F VoL, 20001 |- strip 3 dl 2000 |4 strip 3 12
r ¥ F _ oo F |-¥ stip4 ( oo |—F strip 4 (
0.96F - 0.96F- PO 1800 . 1800~ X
- E ¥ ' ; - r ; r |3 stip5 C |+ strip5
[§) r [8) r @ 1600 |3 i @ 1e000- |5 strip 6
= 0,94: & stip 1 ¥ = 0,94: % strip 1 i a I600: 4 stip B . a IGDD: 1 strp
O 092F strip 2 ' g 0.92F strip 2 i © 1400 ? © 1400 }
£ r . r . " E
o 4 strip 3 ¥ o I - strip3 - i E
09 +- strip 4 (bl) 09 + strip4 (b2) : '20“?3 1200E # i
0.88F —+ strip5 0.88F =+ strip 5 ' 1000F ¥ ‘IDOO}@
086:— —+ strip6 086:— —+ strip6 r C
T F F ; 800;‘.|‘.‘|".l.ul‘ul.‘.l.‘w. 800*_.‘“‘.\."l..‘l.‘m..‘l...m
0'840-'“&”')1”'(‘5”'&1‘"'llol 0'84(-]-I“2I‘Ililllélllé‘l‘ll(]l 20 40 60 BO 100 120 140 200 40 €0 80 100 120 140
TH(p.e.) TH(p.e.) Distance to SiPM (cm) Distance to SiPM (cm)

NDL MPPC NDL MPPC '’



RPC 1n SJTU and test setup

Efficiency test setup

I 50cm "l

;I

25cm

_y_
4 in total

> RPC

Scintillators




RPC 1n SJTU and test setup

e(1-¢)

- _ €max _
Fitto € = T IX(HVsgy-7): EITOr =

1 |

Ntotal

| T
[
=3
—_— |

308/12

0.9675 £ 0.0059 I
0.007206 = 0.0003546 /
6323 £ 7.944 /
/ B iimRPC

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

RV

0775800 6000 6200 6400 6600 6800 7000 7200

Applied voltage (V)

=
Ed

Efficiency (¢)

S

* Plateau efficiency > 95%
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Belle II Upgrade

Subdector Function upgrade idea time scale

PXD Vertex Detecror 2 layer installation short-term
new DEPFET medium-term

SVD Vertex Detector thin, doublesided strips, w/ new frontend medium-term

PXD+SVD Vertex Detector  all-pixels: SOI sensors medium-term
all-pixels: DMAPS CMOS sensors medium-lerm

che ‘Iracking upgrade front end electronics short/medium-term
replace inner part with silicon medium/long term
replace with TPC w/ MPGD readout long-term

TOP PID, barrel Replace conventional MCP-PMTs short-term
Replace not-life-extended ALD MCP-PMTs medium-term
STOPGAP TOl and timing detector long-term

ARICH PID, forward replace HAPD with Silicon PhotoMultiplicrs long-term
replace HAPD with Large Area Picosecond Photodetectors long-term

ECL 4, e ID add pre-shower detector in front of ECL long-term
Replace ECL PiN diodes with APDs long-term
Replace CsI(I'l) with pure Csl crystals lone-term

KLM K, p1ID replace 13 barrel layers of legacy RPCs with scintillators  — medium/long-term
on detector upgraded scintillator readout medium/long-term
timing upgrade for K-long momentum measuremeril medium/long-lerm

Trigger [irmware Improverents continuos

DAQ PCle4() readour upgrade ongoing
add 1300-1900 cares to HLT short/medium-term

Table 1.1: Known short and medium-term Belle T suhdetector upgrade plans, starting from the radially innermaost. The
current Belle 1T subdetectors arce the Silicon Pixel Detector (PXD), Silicon Strip Detector (SVD), Central Drift Chamber
(CDC), Time of Propagation Counter (TOP), Aerogel Rich Counter (ARICH), EM Calorimeter (ECL), Barrel and Endcap
K-Lone Muon Svstems (BKIM. EKILM). Trieoner and Data aquistion (DAQ). DAOQ includes the high level wringser (HLT).

What can a new KLLM do?
1. Improve the KL ID. Better identification and better neutrino veto.

2. TOF-like to determine the momentum of a neutral hadron directly. Snowmass whitepaper: arXiv: 2203.11349

3. Contribute to dark sector search? FCDR: arXiv:2406.19421.
4. Keep the good muon ID.

12



The scintillators and S1iPMs

Solid scintillator (no WLS fiber) Multiple S1PMs
7y HAMAMATSU m BU'

SAINT-GOBAIN

4xS1PM 12xSiPM

» Thicker scintillators with longer attenuation lengths and large areas of SiPM can improve photon collection. 3



Plastic scintillator test using cosmic rays

10cm ADC1
T 1 — T2 _ htemp
MEPC TRGI MPPC 20 Entries 1366
arrays 1 arrays 2
MPPC MPPC 200 — Mean 57.88
arravs 5 [T Tr Scintillator BC420/GNKD Tp | - arravs 6 180 - Std Dev 34.79
y — y oo ¥2 I ndf 191.6/44
MPPC = Constant 1304 £57.8
T5 T3 arrays 3 TRG2 arrays 4 T4 T6 1o = MPV 4598 +0.34
120; Sigma 4.644 £ 0.162
100 £~
80—
60—
I 40—
Tri : 20—
T5+T6 neset T1+ T2+ T3+ T4 Hﬁ L , : e e
Trop = —— Logic and TO = 0 100 200 300 400 500
2 NN 4 ADCA
| oscillosope [« Energy spectrum of cosmic rays
_ — T1+T2  T3+T4 To_T
: S~ 5  —O0TrRG 07, 0 TOF — OTrop
=
S g [ AT=-2347.09 £1.4 £ " AT =-188.386 +0.96
_50 100 3 ol = 100.86 +0.90 S b 0= 8449 +078
: _140:;05 310 315 320 325 3a|u 33‘5 snltu_nmss(A‘ss Dpygﬁl; 800 _— 1000 :—
-100— L L
- C 800{—
- 600(— F
: : 600——
—-150(— a0l F
B C 400:—
—200— e :_ =
_II 400 600 800 1000 1200 ol R 2NN M 7 e e 71 Dl e LZ(I?Ol -.:4(%01 5
Time (160ps/div) Time Difference (ps) Time Difference (ps)

CFD timing of waveform orre = 100.8ps  or, = 50.4ps OTpor = 67.5PS »



Time resolution of long strip: GNKD new(2cm)

. @ 4
S: Series |
P: Parallel _
| 12SiPM(12P)
CH1 CH2 1ZSIPM(12P) ‘
2cm*5cm*100cm e 12_SiPM(3P4S)
& -
2cm*5cm*100cm s

. < > 8 F T _| T T ]
CH3 CH4  12SiPM(3P4S) Sem Saoof -
300l =
£ o0of= AT=-3528.27 +1.8 g 9005_ 1 AT:(')227°+2-12§ +1.3 200k E
3 - . _ 3 = . G= - r :

S £ 12P-12SiPM 0= 1048118 ° E 3P4S-12SiPM g
00— E 100 -
- 7002— E L ]
“F oo~ 4826
300:_ o = 104’pS 500— 0= 9OpS 2)400? ' .

I : 4 C
- = 400 — 300 -
o OTrg = 56ps wof OTrg = 56ps E E
Eo-long = 87pS 200%— O-long — 70pS ZOOi_ E
100:— ! . 100%— 100} .
Ozl.lJL,.llell_w‘r...|...|..+.*.L.A..|J“.|J.L.|J OE._lA_._lJ.._J_JL_._.L...|...|...4_L.h1A.h1.._..1.. E 15 ]

4400 4200 4000 -3800 -3600 3400 -3200 -3000 2800 -2600 -3600 3400 -3200 -3000 -2800 -2600 -2400 -2200 -2000 -1800 : PER S S B § S —
Time Difference (ps) Time Difference (ps) 100 200 300 400

ADCS8



Time resolution test for different position(single-ended)

T1[] Qo f~~"9 B~ "0 B---8 B~"70 . .
» Change the location of the trigger,
TF o . . i .
, — I — . we can get the time resolution of different position.
T30 UT4 b _ 0 bo__ 8 bo__4 L___2t
400 -
207 GNKD_1(1.5m) —=—GNKD_1(1.5m)
—— GNKD_3(1.5m) | —e— GNKD_3(1.5m)

—+— GNKD_3 Polishing(1.5m) —a— GNKD_3 Polishing(1.5m)

400 —— BC420(1.2m) / 300 - % —v—BC420(1.2m)
+— GNKD_2(1m) . +— GNKD_2(1m)
l . N
] A
" .

w

o

o
1

Time resolution (ps)
Mean AMP (mV)
N
o
o

200 H ]
o,
&
100 \\
100 - .\. .
\&‘&A\ A
|
0 e res Tt : ) ' 0 e L B B I A L S e —
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time resolution of different positions of scintillator Signal amplitude at different locations of the scintillator

» Less light collection at the far end makes the SNR smaller, resulting in worse time resolution. 16



Time resolution test for different position(both averaged)

Backward  ____ L L ____ Forward
TB:TO_I_L;X < Lx X > TF=TO+%
Lo __ 4 T3[ HT4p___4 bL___4d b_o__=*
Unweighted:
Tr + Tg L ) ) 5
Tse = 5 =Ty + E Osc. = (0 +05)/4
Weighted average:
T T
F/ 2t B/ 2 1 1 1
F °B T, . related to hit position ‘x’
—— Both Averaged Calculated by the error transfer formula G;

—a— Forward End
—e— Backward End
180 - —4— Both Averaged
—v— TEST
160
» 140 -
o
™
O 120
=
o
100
80 7] /\
60 T T T T T T T T T T T
0 20 40 60 80 100
1 N 1 Zhit
ot o

—w— TEST Reduce the length of the Trigger (1cm) to reduce the 'x' uncertainty.
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Time resolution test for 1.35 m new GNKD scintillator(both averaged)

—®— Weighted
—o— Forward
—o— Backward J

[—
oL
=

[y
=)
)

[—
=
=

=
—
c.l_lII|III|III|III|III|III|III|III

Time Resolution (ps)
o
=)

£ C AT=-2535355+094 | £ AT=-29.19 +1.1 100
3 1200~ = 80.46 +0.80 3 - = 90.7 +1.1
(&) L () N T V. O 1000— (¢ B =it
1000_— -
C 800 (— 80
800_— I
- 600 —
600_— B 60
C 400/—
400—_ B 1 1 | | | | 1 I 1 | | | | 1 1 I 1 | | | | 1 1 I | | |
200 200(— 20 40 60 80 100 120
B X(cm)
Time Difference (ps) Time Difference (ps)

2
Middle position: o = \/(80.52 — (92—'7) = 66.5 ps
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Prototype Test

GNKD_1 75¢m . Logical Trigger . 'N"Tm""wjm’ii';’““""‘” 5] _‘Eﬂ DTS5742
AND .
6 - §' DRS4 chip
et e S B
- L

16 + 1 channel
12 bit @ 5 GS/s
BW: 500 MHz

16Ch
PreAMP

A 2 4

-1.5V ~ +1.5V

P

Prototype test setup Time Calibration of prototype DT5742 signal waveform



Prototype Test (Velocity of CR Muon)

T1f] [ 1119
T2 | |« I » | T10 Tscqa = (To+T0)/2 -0
[
T3 [ Tl Tgep = (Ts+T11)/2 - ATy
[
T4 I T12 Tscz = (Ty+T12)/2 - AT,
[
TS / TI3  Tsca = (Ts+T13)/2 - AT;
[
T6 | T14  Tscs = (Te+T1a)/2 - AT,
[
T7 | TI5  Tsce = (T7+T15)/2 - ATs
T8 L1/ [1T16
Track j
\ m  Scintillator position\ ®
‘«;;; 200[—
400 - . S 10 — Entries = 1497
- Voo =0.299582+0.00011 mm/ps "3
E 140 :_ Sigma 3.423 + 0.082
C -
S Eoun =3.120.4 GeV/c? 120
§2oo- 100—
s sof-
© -
._.=: 60:—
0~ 202—
97:)”— —10||I‘(IJ||I‘1I0I|I‘2IOIII‘30
Velocity(cm/ns)
~1500 ~1000 ~500 0

TIME DIFF (69) Muon velocity distribution of cosmicrays 20



Summary

» Good performance of the current design for efficiency.

» The time resolution is less than 1.5 ns for scintillator + WLS + SiPM system.

» A preamplifier with time resolution of 20ps is designed.
» The combination of series and parallel can improve the time resolution of multiple SiPM arrays.
» The GNKD plastic scintillator (1.35 m) achieves a time resolution of 65ps.

> The prototype of scintillator realizes the energy measurement of cosmic ray Muon (3.1+0.4 GeV/c?).
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Events(/10ps)
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& ¢ [ ILayer1 é’ l: * Data

- 38, tayerz | . ,00F — Fit Result

2 (LA™ CLayer3 7 1400— it Resu
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= ¢ [ ILayer8 1000—

5 . Layer9 -

E . Layer10 i

- ¥ ¢ [ ILayer11 o :

5 ¢ [ILayer12 B

e . Layer13 600—

2 *o Layer14 B
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Cuts Number

Nevents 5x 10*
K} Decay in KLM Detector 4.79 x 10* (95.8%)
Scintillator Signals > 0 4.76 x 10* (95.2%)

The rough estimation of K; ID may be great than 90%.



Events(/0.01)

300 g 600_—
L. = F
B ® - ?
250 g 500:_ Eg&
200 400 , i
150 (— 300 # \
: Eﬁ' C LI
50— #¢ 100 # é*
: n ~
- »
0 0.2 M 0._ tol s rbagsleaals ‘M
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Peac/P P
The distribution of P,,,./P for events that K; undergoes The distribution of P, /P for events that K; undergoes

hadronic showers in the ECL detector. hadronic showers in the KLM detector.

P.,i1c: The reconstructed momentum of K; .
P: The momentum of K; emitted (1.5 GeV/c).

P.q1c/P 1s supposed to be equal to 1.

/P
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Introduction

K-long & Muon Detector upgrades

» Replace remaining RPCs in barrel with scintillator strips.

» Re-design electronics layout, high-resolution timing for K; momentum via time of flight.

| ¥ O i i I " I o |
TOP VIEW

The structure of Belle II KLM

Snowmass whitepaper, arXiv: 2203.11349 2




Efficiency measurement

efficiency

The efficiency of GNKD 150cm at far end.

|

> —— N
. Q
1':&'33&6@******* 5 __@ ® ] @ ) &) g » ¥ " "
B m| S8, L . S ~ - = 2 I
L A g " 5 — . :
= B oao * * 0. \ L . /
— 0
0.8 0 ot? e - -
o o i 0.8—
n hi¢ & ~ o
i o ©° ¢ . - O o ,
061 o} & ¥ 0.7—
L = . ° L. — - o o
L m| o ¥ . 0.6E o
£ O
0.4 __ O © J4 * 3 - -
- o] & & " : —&— strip1: one fiber @)
- o o & LI 0.5— —— strip2: one fiber MPPG#1 U
- — | o 4 s b - strip3: two fibers O
—S— str!p1: one fiber O O & — —&— strip4: one fiber with glue#5 [
02| —E— str!p2. one fiber M.F'F'C#1 O O 2 & A 0.4 — strip5: one fiber with glue + teflon
—Zx— strip3: one fiber with glue#6 | O () b — —¥— strip6: one fiber with glue + teflon =]
—&—— strip4: one fiber with glue#5 O 8] 0 o & s —
strip5: one fiber with glue + teflon o O O © o [oXe) & & £ O 0.3— =]
——— strip6: one fiber with glue + teflon Oo Oo O ©o 8 8 e 9 I
O 1 11 1 | 1 1 1 1 | 1 1 |D|D| 1 Ialﬁlﬂlalﬁlalglgl ‘i_ 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | | | | | |
0 5 10 15 25 30 35 0 2 4 6 8 10 12 14
TH(p.e.) TH(p.e.)

The strips with optical glue and Teflon have highest efficiency, keeping upon 98% at
threshold of 10 p.e.
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K; & muon detector in Belle

» CR testing with two strips

» High efficiency

> Time resolution: < 1.5ns

WLS fiber  limits  the
improvement of time resolution

100

E T - ! £ [ AT = 4964 =47
95 3 oo o= 1727 +45
90— i
85; so_—
£ soi i
g 75? 60:—
E o SD-TiO2 o
85 SD-Teflon -
60— ' 20—
ss. Remote end can also ensure high efficiency - s }
g : ; 5y
gL L L e s Oslgpsssin Jiaé%m““ L ﬁnéﬂﬂ&“{njm“ g
2 ¢ 6 Threshfld(p.e] 10 2 1 Time Difference (ps)
SiPM output signal Keeping high efficiency at 10 p.e. threshold Time difference of two channel
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Time resolution upgrade

Scintillator for detection

Precise measurement of the four-momentum of neutral hadrons
* Uncharged

* Complex hadron shower

Scintillator detector

* High time resolution

* Fast time response components in hadron showers

* Flight velocity: from the collision point to the KLM detector

& solid angle and particle identification information

L
p="7mv= — if L=2 =3 =~ 1.5 GeV/
Vi2eZ — L2 1 m, y=3, p=15GeVsi
ﬁ__mQLQ __msz 0t=100ps  soop=0.19 GeV/c
op  t-p? P’ Relative error ~ 13%

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system  calorimeter calorimeter system

photons
—_—

electrons

—_—

muons
—_—

protons
Kaons
pions
—

neutrons
0
KL




Time resolution of long strip: GNKD(3cm)

GNKD: 4 x 3 x 150 cm’
Without polish and light guide

i  Trigger WA

5 6
7 8
.
E]  Triceer A O-Trg = 73ps

r =
l !
— ¥ ol

. . L L £ L
Lo g g L 0% G “Tooa

S-G 0),,,=87 ps

GNKD
* Longer strip
* Shorter attenuation length

ADC5:ADC6 I

‘% F AT=-6484.28 +3.2 o e

— Q —

8 ™E 6= 260.0 £2.6 g 80 l
600— mf— |
5003— 50;— |

E = |
E - 50—
4oL T1234 T56 = I
E 40—
300:— E I
F 30—
200— E I
E 20—
100 E |
E 10—
b caeits [ B |
Ogdss o-placs '"77000'"'43500""43000'. Tssoo'JL' ﬁ‘“‘H1|0'H‘2|0'Hlalol"'4|0lH‘5|0Hl‘6|0‘“‘7|0‘|”8|0‘| |
Time Difference (ps) ADC6
. * .
O 249ps SiPM*12 in parallel |
long ]

_______________________________________ —-—

£ AT=-1372.36 2.3 ADC7-ADCS \l

3 - o= 188.9 +1.8 " '

wof g F I

B = |

aoo_— 60;_ |

C T12347Tsg 50— I

400|— 40?— I

L auf— |

200— =

B 20— |

i E |
Oldetetedetaesonade® 0 0 Ly | e g e u 10— el

-2500 —2000 -1500 -1000 ] -500 ) 0 a s ¢ | | | | | ‘ ‘ I

. Tlme leference (ps) 11 10 R T T 0 R T B 1 0 [ T 1 20 R T S 0 T R 50 T R 75 T T 30

O-Iong' 174pS ADC8 |

. * . . I

SiPM*12 in series 30 |

_______________________________________ —-_—



Influencing factors of time resolution

SPTR 5000

3mm length
O [ps]

PDE=55%, LTE=68% | Fa Ity
500 F-- —F— -+ '

e Coincidence time resolution (CTR)

T4: scintillation decay time

p n,: the number of photons detected [
p 50ps }
 the contribution of electronic noise on SPTRI?!: : 10
5 |
5. — Onoise Onoise . the RMS of baseline noise
t dV /dt dV/dt : The slope of single photon waveforms 0-502 R e 1
V1 SPTR influenced by: S E:g?up:e%hotons
//_ E— (electronics. SiPM) single photon time resolution (SPTR)!
- —— =
/
Vru 1 scintillator: 3mm length LSO:Ce,Ca(0.4%) crystal
0 - - /2{ l
' I : .
nowe I -—— |1 To improve CTR of scintillator:
Ll > * Reduction of electronic noise
O T * Selection of scintillators --short decay time
* Increase photon number collection (high light

* Improve the rise time — High bandwidth, high swing rate (>350MHz)
* Readout electronics noise reduction — Low-noise transistors, filter circuits™
(<ImV)

yield)

[1]Stefan Gundacker, ect Measurement of intrinsic rise times for various L(Y)SO and LuAG scintillators with a general study of prompt photons to achieve 10 ps in TOF-PET[J],2016,61(7). 31

[2]Joshua W Cates,ect Improved single photon time resolution for analog SiPMs with front end readout that reduces influence of electronic noise[J],2018,63(18).



5000
gFETR 3mm length _ - CTR X \/ Td / np
ps] PDE=55%,LTE=68% | Near:d(y
4 500 EEEEEEEEEEE || FWHM Oy
; = 100 p—
| | 6T du/dt
S50ps ¢ U/
: 10 V A
5 -
/) — — — —
i

05 L A0 1 Vru 1
02 2 20 200 2000 - - /2.' !
Onoise I 1 1

—p PrOMpt photons
produced 11

v
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With Tin foil

2

./

SiPM PRE-AMP(3 = 4)-Han

12 SiPMs in parallel

Counts

1
Li trigger2 || 6 ]

Saint-Gobain (5 x 3 x 120 cm3)

600

500

400

300

200

100

AT=(T1+T2+4T5+T6)/4-(T3+T4)/2

lo

Time Difference (ps)

Time Difference (ps)

AT between 2+6 and 4 (left), or 145 and 3 (right)

£ a0 AT =-2466.15 +2.0
S 350? o= 1133 1.7
300?—
250;
QOOE— o __ _____
12 SiPMs in B : cjlong 87 Ps |
parallel 190~ S ]
1005—
50% #
C #
j 00 — ‘gﬁLdOd‘I ‘ I—‘TSLOO‘ s ‘—TUOO
Time Difference (ps)
F AT=-7.00+26 g AT=-4924.82+2.7
; o= 170.9+1.9 § E o= 1743+%1.9
- o Spatial resolution according
- wf to AT between 3 and 4
i i 300: 30
- / - | should be ~0.17 X — cm,
E - j which is 3.4cm
Eoo‘ 500 e - RERanac - anae OE daeies S A}:F’\:;g‘ e %500
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e oh5

Counts

Pile-up

2000
1800;
1600;
1400;
1200;
1000;
800;
600;
400;
200;

0_

— Without PAC

— With PAC

VAN

—-200

Rise time (ns)

PZC

-

300KHzZ

Trigger

|
[

e

200ns/div
e

| | | |
"‘\‘1‘\1 M;ﬁ ;ﬂlrr‘{' MFHW " rJMI\{ | M' VA ’Ww’ wl"l' ‘mw ) *Mb WM F.‘W | !'i"“iﬂ.w‘*f"\‘v*U*'.HWMWM,’ W

100ns/div
—>

¥

10MHz

40ns/div
R

20ns/div
.+

) .




S1PM readout electronics performance test

DTS5810B > Trigger 250 - —— Rise time: 2ns
‘ ] —— Rise time: 7ns
s —+— Rise time: 11ns
E: AMP 200 -
CH1 AMP ]
A=
p 150
2
» 5 I
o)
g 100 \
o) ]
£
= 50- NG
| \ \R. —— 20ps
D B ———a
I I I I I
0 20 40 60 80

risetime : Ins fall time : 100ns o, = Onoise
signal amplitude: 2 —80mV (dV/dt)MAx
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Prototype Test

» Using aluminum foil as the reflector can improve the signal amplitude, thus improve the time resolution.

200 ~

Prototype test setup

F. 00my % 100my A J[4U.0n$

2.5065/s
W+¥18.40000ns 1000 polnts

.)C . 13 Jul 2023
4.68 W 14:56:14

Trigger signal waveform

—u— None 170
. 160 e Alfoil
—~ 150 ° AN \ .
2 \ | e » 8150
2 \ A 2 130ps — 120
2 \'/ \\. [ ] _g 140 4 p p
c (7]
100 " 75mV — 125mV ° . . .
= € 130 " =
n " m =
YAV e . 5
y u n 120 4 ° °
50 ¢
T T T T T T T T T T T T T T T 1 110 T
0 2 4 6 8 10 12 14 16 1 2 3 4 5
Scintillator No. Scintillator No.
Tek Fun 11 | Trig? -
. ﬁ . \\\
B

DT5742 signal waveform
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T1+T,+T3+T, D
T'rre = 4 =To+o—
T, | x | Dx [|T;
_ X X L-x
Tp=To+ v < > | < >
T3 Ty
v
Unweighted: Weighted average:
Tr—x/v Tg—(—x)/v
T +T, I (Tr—x/v) 2 4+ Tg=( = x)/v) /02 -
Tyv¢ = —5—=To + 5 Tave = i B _
2 2V AVG 1 1 (P
2 2, 2 /O-FZ " /Ulg o
OpvG = (O-F + O-B)/4 g-moo-
D - L 1 1 ig-zooo_
AT = Trpg — Tave = 2 O'/%VG = s + s slb
F B -4000

2 2 2
OAr = O7Rg T Oapg

|= 68 ps/cm

L—x
TB = TO +
v
= Time (ps)

FIT
Equation y=a+b*x
Plot Time
Weight No Weighting

Intercept
Slope

Pearson's r

Residual Sum of Squares

R-Square (COD)
Adj. R-Square

2135.02889 £ 60.17318
-68.062 +1.03028
60928.70349
-0.9992
0.9984
0.99817

0 20

40 60
Distance (cm)

T T
80 100



Light collection of scintillator detector

Light collection Adding fiber to
improved by Tin improve light
foil collection
o 40r 2 =
2 F —e— Without Tin foil g —o— One fiber
B S5 s b
= 305_ —=— With Tin foil & E —= Two fiber
- o
25— ol
- f =
= N - i T ECS R
15: \ e ) :
@ T B
10 ) i < —T
55_ 10:—
OOZII|2|(JI|'4|0|IISIDIIIB{C}III1£|)0|||12|0|||1JOII 0:"""""""""""""""
0 20 40 60 80 100 120 140

Distance to SiPM (cm) Distance to SiPM (cm)
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Light collection of scintillator detector

50
45
40
35
30
25
20
15
10

% Without optical glue

% With optical glue

Optical glue: dowcorning 184
(Corrosion-free and light-transparent)

gl

P

number of fired pixels

‘\:L\\___/_/E]
L 9\—\—*

|||||||||||||||||||||||||||||
0" =% 20 60 80 100 120 140

Distance to SiPM (cm)

48h room temperature curing

Completely wraps the scintillator
to reduce light leakage
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1 IR R R R
10 15

.2\0. L
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25 30

Time resolution test o ]
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‘%1600

© 1400
1200
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