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Abstract

ABSTRACT

Since Wilhelm Conrad Rontgen published the first X-ray imaging result in history,
particle imaging technology has profoundly influenced all aspects of productive life.
Except for X-ray, electron, proton, neutron, and y-ray can also be used as probes to
detect the inner structure of matters. Different particles are applied to different imaging
applications, depending on their penetration capabilities.

The basic principle of particle imaging is to detect the interaction between materials
and particles, and infer the density distribution of the imaging area by using laws of
interaction. In detecting nuclear shielding material, volcanoes, large-scale buildings,
etc., not only cannot artificial rays penetrate the materials but also cannot cover such
large areas. Consequentially, it is not easy to image these objects with artificial rays.
However, the following two aspects make muography an excellent way to solve this
problem. On the one hand, cosmic-ray muon could penetrate hundreds of meters of
rock due to its strong penetration ability. On the other hand, cosmic-ray muon is a
natural ray and exists everywhere in our daily life. It is harmless and convenient to
obtain, making cosmic-ray an ideal probe to detect large structures and heavy nuclear
matters.

Atpresent, many research groups have launched cosmic-ray muon tomography and
radiography experiments, which show the ability of muography to image large-scale ob-
jects and heavy nuclear matters. However, most experiments have the disadvantages of
long imaging time and low imaging accuracy, which cannot meet the needs. Research
on muon imaging facilities should be investigated more deeply to optimize the imaging
quality and time. Based on the requirements of cosmic-ray muon imaging, this research
carried out the performance analysis, readout electronics design, and imaging experi-
ments.

At first, a simulation model is developed to reconstruct the process of muography
with GEANT4 and CRY (Cosmic-RaY shower Generator) software libraries. The in-
fluence of spatial resolution on the imaging quality and material discrimination is well
studied by simulation.

A muography facility with better position resolution needs more readout electron-
ics channels and this will make the system more complicated and costly. Due to the low
flux and sparse hit of cosmic-ray muon, the encoding readout method is introduced in

this research. Moreover, a new encoding scheme based on Hamilton path is developed
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Abstract

and implemented. With this method, the needed channels of readout electronics can be
reduced in an order of magnitude in cosmic-ray muography.

Aiming at the complex application scenarios and large system volume of cosmic
ray muon imaging, this paper researches a general and scalable readout electronics sys-
tem. The system employs a discrete architecture of front-end and back-end electronics
and uses fiber optics cables with custom protocols to achieve communication between
different electronics, which can be adapted to different scales of imaging experiments.
A single front-end electronics board can read out 2048 detector channels with the en-
coding readout boards. The back-end electronics board completes gathering all the data
from the front-end electronics and distributes clocks and triggers. Besides, slow control
is realized on the back-end electronics. With exhaustive testing, this readout electronics
system can satisfy the needs of cosmic-ray muon imaging.

Then, an 8-layer muon tomography facility and a 4-layer muon radiography facility
were constructed. The imaging experiments and material discriminating experiments
were implemented with the tomography facility. Results show that this facility can
not only image objects with 2 cm size but also can distinguish lead, tungsten, iron, or
copper. By measuring muon flux from different directions, the radiography facility can
distinguish the area between the sky and buildings. All these test results indicate that
the readout electronics system can meet the demands of both muon tomography and
radiography experiments.

At last, this paper proposed some research goals for cosmic-ray imaging on both

technology and applications.

Key Words: muon image; readout electronics; encoding readout technology; Mi-

cromegas
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bk 7 RAERREIURZ AN, B W)R T 1% K A FEAR B, 3 e
] o HFHUCH AT AR (1) I e SORE i, PPRVRRZE . PPRHE BEFIN SR+ 30
e R M EUR A RN = FE R R . Z2IREREUR R — DAL R, U
A BN LA P10, BRSSP B A 352 oA o] LLUE DO IE R 0, AnifE
21 6(0,) MIEA 2, Hrh 6(6,) Ik (1.7) Prxl923-24, Kb z A SPRL T
M, p NASKFIEIE, fc NASTRFHIEEE, x N5 R e & 5
B, Xo NIRRT

=
7

o (8y) = MV 7 37X [1+0.038 In (x/X,)] (17)

AR, W T2 E, ARERELF=ZERR, Rtz T
PRI BN B 7 HR kg, EXMIEILT, BFEY T IR B R HR AT LU AT,
FEREH R TR R T E AR Z RECES . B 1.7) /T, T
FHFI DN SR, FEHIUR A1 00 0 A0 8 BE IR AU \/x/ X R IE B, 5 (8 6 B T
L@ (1.8) W5, Hd z WFE R T 5. 50 (1.8) ATLUELA Xy « Z72,
R T s R R s S K B . 45430 (1.7) ATRAEBILL R 4548 AR
JR RSN, HUR A A bR 22 S5 R P B0 LR IE T

A
 4aN,Z22 In (183/203%)

X, (1.8)
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A (] H R 5T AR 22 IR BEE A BT A R N, R SRE200 B3O R AT B, RTAT 45
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AR DX 35k (P O A AT gi vk, wT CASEIRA T X 0 A4S . il 3 GeV REEAIEE
T25d 10 em BEREMEIGE, HUN A AbsEZ N 11.53 mrad, Z8id A1 5] )5 B2 1 4l
MRS, B Ao AmbsiEZ N 28.82 mrad. FIHIX—Z 5, AT LA 5F #op A
R EAZ A BRI

FHALT B S BUR BN AR AR 0 & R G T B = K, A AR &)
SANER, MRS AT RE o H I 2 e i, NI X 0 JE R 2 T B

£ o
/ y RN 25
£ /
KZ8 % =Z¥ R
/
; /9> RITR N ES

16 ZTRUNRERERREE

1.4 FHZREZFHREGEARHERE
HAIE 1952 4, BIEFERIIARERE TR FEEAR, JHRE 7Ll
FI B (3% — 1 S v b g5 E T & 2], | T4 bk R AR K E A TR,
A S AR BEIRUR) T RE o BEERL TR AR R g, BFRigiX— kB e gz P
FE A SEE, [ bR b 2 A i 70 B BRI AN R R0 28 1 F8 T 27 I 72
141 BHRIEGHR

1955 4E, KF|W TFEN E.P. George 5¢ & 1 7 2 L35 — R BT A% 525,
%S 56 ) F 56 BT B e KR P Guthega-Munyang [ — /Mg iE #4700 &, @
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Bl1E % w
b F GBS TE N 1 4 1) 5 i el B AN R N ) S Aol B, DS B T BRTE
B E AR AR B 1970 45, i DURSASE L. W. Alvarez 55 AFI I KAE =,
TR AE R RSN S, KL RRM & FIENIEA
Ko e,

B8 &R R AR R R, kiR 2 0 AR AR T Bl S 21 7 27 B
BT . A, B2 AT @ T BRI B #uis H frmik, 2015 4 2 E B2 5K
#27 ScanPyramids %1128, #A R0 H AR RIS Ah % 7%, 3D
R EREOR, XIR L& ATIRN . K, 7% /NEE 2017 4 11 H
R RAT T ERMEE R W E w4, KT R STl AR
S 2R P21, XA IR WA FR A “ ScanPyramids Big Void”. B 1757~ N 1% SE4
MR R, o BN IR Z N E 2N E il g5 1m, 4 BRI 0 5%
HRRIMZFEES M. STRESEXNI, FEE L FEEN T — A2 s
BRI, BRI S iz AL Y Bk 2k, BIAFAE— DR A

9 T ¢

8 B s

7 7

6 6

5 ; 5
o

4 4

3 3

2 “—A M-

1 1

: : 0 SR 0

4 05 0 05 1 0 05 1

tan6, tan6,

B 1.7 HReEFERNER. AFHRCENERESNMTE, BRIV ENTEEME.
EEALRNESR, HEAGTRER, EEXEEFLRI—NERR AKX

LI TR E . BRHA SRR AT Micromegas —FPERINNES, FHraZ AL
EAET LN BN ARG, HARTN SRS IR =, ESLim bt R EE -
JT A AR E B H A R KRS (Nagoya University) i & #llAE T, f#
FRIKE A REE, (LT S 21 Ik — 2 R s (h ) RS TR A B0, 4
Al R I AR LR Z I, AR B R s ) 2 I8 R R B BT, AT %
NRLT AR . AR ERALE D HRATIA 1 pm, HBE i35 HoE a2
FEBONE I, AdEE N T RIS B8 Sk .

TN TR 25— BERL A SRR BRI 5 A Micromegas FRINES, 407 B H A
e RE IR S AL (KEK) Ak B 7 e A AR B U ZS 512> (CEA) Bl 22kl



Bl1E % w

INBRAATT ZIERIM AR — 3 4 12, B2 H 120 IR A PR S5 B, 13X Le AL AR
RIIKE N 120 cm, BIAA/NA 1emx 1 em. 4 2B A4, SRR 5%
PVEERL N MR A B2 ELHEA, AT idsohi it R AL E . BN SR SRR 0 22
RAWKAFCL, F = ER NFROL T H 2 SiPM (Silicon Photomultipliers) it
AT, BRAE T AL, FEE U B0 ER 8 ok, 115 2 KEK 31T
B4 53 1T . Micromegas R 2877 %8 tH Y JZ THIFR A 50 cm x 50 cm ] Micromegas &
MZEFI R, SLge A st 7, A T?j Class12 Micromegas
TR PR 28 M0 B st il 2 R B, R34S i@ — 3K 4 ) DREAM B2
1 e S A, AT ORISR, SR 5 18 H 218 ADC (Analog-to-Digital
Converter) JEAT BRI, B0 3k LUK WK SO0 A 2 i 331, %5256 s Th i
BT RGN TH ST, SR i T2 B R E 7 R e A, R
I TA AT, Bulg e B AR TR ETK

1994 4,  H AR 50K A BAL 22 0 50T (RIKEN, Institute of Physical and
Chemical Research) BX&TFJ& 1% H A OG- i X B L (Mt. Tsukuba) 1) BUE
S B4 FE IR SR 2, 2T 800 /NI, T SR Ak T AR 1L B
AR I AR . 2003 4, HARBRALHEE FCRT T 1 6 TR 1L (Mt. Asama) )
BB s, M sER IR B E . AR T AR L R s, HOETE
BRI RS FE AR TR K MR T, 2014 42, ERIRBRYIBR e S WL SR
7 I5 9B FLER /R <k 1l (La Soufriére lava dome) FMI & . SEEGZE R AR B, 7l
LR B — A DX AE S 56 9 (B A R & R B ekl e 2 =& H T BB 40 1 o
R FTEE R BT, il M6 IR 221 BUA% B8 16 50K P SE R KL A 3R
Yo s AR AN, R T B BURAE TS Kl A N D7 T RE ) R —I
B, EEPAS NS RETT T EXT 2 M1 (Puy de Dome) HIRGESEE, %5050 48 A
T IERLALRARFT GRPC PR AS [F] BRI 28508 LA AT &, L rp SR I R A4 1)
FRAR 4 R 1.8 B4,

aZ|muth B (deg)

B LS P DR B 5 0 L e 5 R
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ERE T R

Ak, FH LB T ILRE N A BN N TEESTERI . H R BRI %R
I HEWS ¥ EE A . I B VI K 2% (University of Brescia) | F 38R A KR4 Y6 25 A
SiPM (Silicon Photomultipliers), % [Jj 52 #4347 45 M 3R A R e 1k W s 142 9%
E i ae A BRI R 2R AR A 40 cm x 40 cm [ Micromegas X HAJF 5
FIT N B — B K S REAT A5, BT M X 43 /K B /K B 75 B i ROk S 131,

HARR RS H 2 w5 R D05 25 5 FEATL A 0 36 6] v 17 B iz 5 17 6] 5 sl s =
(Los Alamos National Laboratory) 58/ 7o HLA4 ] H SR N BRAA SR &5, X 48 & 7%
FEL Sl P R4S AR AT TR, A R 1.9FTR . BT A% S I A
I CL AT KR IIAZIREL, A S AT T AR SR A T AT AR AL A 143471,

etact: T o e
e i B
A
b= . "
Q a0 :
i
J
0 20
oid 15 -
-El 1 I 1 L L 1 I 1 Il 1 Il | | N ||III‘I\‘
-20 -10 0 10 20
) 7 40m — y = horizontal(m)

B 19 B SRR R B R R 4 R

1.4.2 BERGHAR

2003 4, J2 [E% Wb f7 5L 17 [E 5K 5256 = (Los Alamos National Laboratory) JT
RTE B THRGERYLES, I T 8 ZHMEE, &2 EEN—41,
b0 X Y J7 1A Aehs . @it A B I NSRRI 28 0 A D 2 18] f5
VR ARIE, 15273 [0 =4E R . LI as R 1.10FR, 7 BINSLIRfS 21
FHRAEIE I G &5 3R, 4 B A1E R Monte Carlo 7 VAR &5 . XSS
BRIt IR T 2T BUN BUR N AT 5. thah, SiERissE 72 HEUT L
141155 — AN PoCA (Point of Closest Approach) 5% 4],

2009 F, EOKHFIAG T PE K 2 A AR IE K22 1) INFN (National Institute for
Nuclear Physics) BAF]F CERN & CMS (Compact Muon Solenoid) SZ36HF & )22
THABIRI S (Muon Barrel), 1/ 121U AR SLE, L5 B A s 45 R
W LR B L1 PR APR 9T, Ry 20 em. SEEG A3 HT PRI % 0
R, KR E MR N— “Super Layer (SL)”, %4> Supper Layer Hi /Y
JRIERE ARSI . SR B EUE RIS AN TR I 25 % BH =A™ Supper
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Frequency
(arbitary units)

..“ l j;',\
__— " “1 -005 0 005 0.1 + L )
- . 0plane (rad) '

" Experiment " Simulation

B 1.10 Los Alamos RME R . Z£E: SLWREBRER, GE: HELER. ZRANYER—
AR (42 5.5 cm, £ 5.7 cm), BHE—MR A 35 cmx 60 cmx 1 cm fJ2E
BHR b, B aBANEER FEE —MERE L. BPERRIIE RS E R N
K, BRRETEFFEE)D, BEHEREW

Layer M, fESCIGARE M N 74N T MZEBIME Supper Layer A JZ CUA1E
FERIER, TERERAGII T, AT LS B A5 B SO 5t 87 s kAT RO,
SR, A2 PR TR A St 50, 122 T A kg B I [ & S - HPTDC Y
AT, RASSWER, AMTET RS ITE.

(a) =T IER A IO R 2 B (b) Xt 20cm JEH B Ak 15 45 R
B 1.11 INFN B\ s i s B K Ho ki fg 45 31 150

2011 &, IEKXEFHEA R AT (AEC, Atomic Energy of Canada Limited)
FF R T - AL DA R A TR I 38 1) 287 WU i A 2 A e 52330, s s
L12(2)fR. %3 E N 20 om B OAHGEAT R, B2WE 1.1200)F7R
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F1E % w
ghIR . SEIGR, X FECTH ER R R, 27 A% T DR A AR 23 1E] op
B A SE BRI oK . SRTT, IR T R B AL B R, 152U 4,
FHL 15 /NI

20 40 60 80 100 120 140 160 180 200

(a) J= T 2N R 28 I BUR iR G 25 B (b) % 20cm JEAH G 45 3

112 AEC AFZTREEE RIRGHER

VT AER, AR 84 B FH 31 1 2710 g Se 5 o A BB K % (Uni-
versity of Bristol) HJ—Miff 5T B BA ] T 2% F RPC (Resistive Plate Chamber) £8]
BB THUN UG R, 12208 8 68 X ot K R SR Ak

EEPA, EERRFEWITRE 73T MRPC (Multi-gap Resistive Plate Chambers)
PRI 2% 00 5 7 2 B A5 0 RN 52 1 28 G A T SR 7 195590 Sty s T N % 45
Rl L1307, ZREBRMEEN 70 cm x 70 cm. T B 2 #R A K, 15
FW T BB S R T 12 K.

TERREE R S AR TR 28 75 T, 36 % BLIAHE T %4B5% (Florida Institute of Technology)
# T GEM (Gas Electron Multiplier) ¥ #% FF & T A < (1 A% 2 36: 1000, 1 i A
AT R RIS A AR AT R . T SEIR AR PR, e R T
5cm x5 cm B DXIEHGHAT UER . AHECT 2 HT B9 S, IR AN S B8 FH A RS 22
NN B, P U T B AR RS BT DU B EK B 2. SR, BT S05e
FAFRIER, SELG HII A . Dy TR UG B8 oA N HAME, A8 B8 ks
FE BRI #5442k — B4 5 G 18], R B i &
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113 2T MRPC HZFRIRR G IR LR

1.4.3 RRIGSLIE 4

LR R, ARZ U S  Kls HsIE RRRRA R
o D & RIS AL . 3R 1 NI AR 3 2 ) 281 R AR S e 2
BRHATICE, SRR R, KLk 17 ARBIRIEA .
L1 RESERSHT

SIS R/ N HMFE RO (cmxcem)  BRHEER  ALEOPER
U 1L T B SRR} A PR A4 127 x 127 12 25 mm
T 1] Ll 56 1) 22V SNPURAN 100 x 100 40 cm &%
75 3 ELHIS 7R K 1l stz BO) 2V SNPURAN 80 x 80 64 50 mm
EZ/ IS Rl TR} N FR A4 100 x 100 256 2.5 mm
Z U155 162) GRPC 100 x 100 27648 4 mm
AR 5 S 0 AR E 95 % 50 NA 1 ym
AR 4 7 15 s g ) SRR} N R A 120 x 120 480 10 mm
W R G 5 i 6 29 Micromegas 50 x 50 512 0.5 mm
Sacaly 7K 55146 B33 Micromegas 50 x 50 512 0.5 mm
INFN #7) 53 % 51 B0 B 300 x 250 1598 0.2 mm
CRIPT 453 % 53] 16 LZER SN ERN 200 x 200 1542 3.2 mm
TR EEBUR B S5 1556465 MRPC 70 x 70 360 0.6 mm
FSU %)) % 73] 1601 GEM 5%5 512 0.13 mm

AT, ATPAS R RS it
. ﬁﬁ?ﬁﬂ%ﬁﬂ%f%ﬁ A% 2 87 HE SR &5 7 T R B s AN, O KRR
VIR A I A S s B UG I Ak e Vi, JC AR S AZ W R I
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F1E % w

] P L S 77
o JSUG R BAE UG 5T B AN SR T 75 I8 TR) 7 TR S8 1 AN R R 77 oK o & 59 B
S 8 W T O A, A DURI A BB R AR L s B A8 5 1
JUNEE 2 LR BRI 8], I BB AEAE UG TE W AN = sk fe, PR 7 3
FERZ 2 A A I AT i S H
G R R EZ IR T RGALE 7 AR, LB e, Mg &
FEBRIT s AR, BB T I TR . PRI, el e R e B OKTHTAR
BT HE RS, BOAGIR)— KBk
AR, TUEE AR BRI SR S AT 7R &g, JLH 2 Micromegas #R
s 2 TSI 500 mmx 500 mm [ AT AR PRI A% 5 [R] I 3 ] DL 42 5 5 2k
PR K AR R, &S T2 7RG R 5T 298, KA Micromegas
PRI 2% 2 717 SR oL T 7 208 IR G K A, X T R GRS TR
LB K

1.5 K NHEETE

FHEZT UGN T Z e MACK RV T8 g, BAA BRI R .
AR ICHT Micromegas FRIMEF I T = B TR RGBT 01 58, BAE
BT 58— B0 2 SN AR A R B s 0 ke B OIRIEITH A1 ie, HELN
uSTC——muon Scattering and Transmission imaging faCility). & T1Z3E, A
FEIE e T FREAH L SR R 328 35 AR S 56

ARSI 22 T

8, MR RBEARKATFHAZ TR R, U5 H 28 E
PR EE ;s IR YE O HISELS, IR 5= w7 2R R 1 B oK s S B AT 5 RN A
21 g i B AT AT ST 2.

W, WFEHEBERGHAT N, ASEI AT B A, B
A BUG I T 0 e PRI SR T AR JFR T RG TR R AR I 2345 50 1L, JRIT I
H 7 R

W=, MIEFHLSTHOIRR S, JPRBESHERMA, IHRE—8
T A BB B E R DR

FVUE, Xl RE RG TR, BATIEN . W RS BT A R S
i, JETE R LT RGN S ST

SHE, T EAE 2 PR Micromegas R #8515 2 & 2 7 UL FEAL,
T U AR SR 56 A S AR S5 58 B AR R SR SR B8

FONE, RASREY, WAZTHG IR TR R DT
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B A, RN BRI, P SR R R . SR, R A E
PR A T T AR RIS T, BN R G A B EERTRAS o MU
WA ARG, GEA B HER TR br A T2 1 AR T T AL . A F K
MERBR N A FE R, i 27 R R G/ BRI B o B M AR R s, IRt
SR T AR R

21 BEARZTESERSH

MHTSCHI B AT HT, ASFEZ T AR R G0 AL E 7 28  LAS JEK 2 LA
KANEE s AT T2 50 AR S, B AR S5 X 7 B A 2R () R B ey T T
AT LI £ FE X B R R G 7 B AL B 7 2R AR AR AT 17 H

MAHEAER A1, B5 G B A28, B g 3 2 AH 5
VEFH T2 2 IR a3 56 AR ) 32 BEAH TAE R REE AR o % UG ot 5 R R A
KEJRZR 2 RGN B HEARAR, X N5 AS[R] )352 H 38 2O e th L1277
%o ik, AT R CERN JF & OB T FE {5 8 F 1 GEANT4, %t -r
BRI AR BEAT O B, SE AN [RI 7 B 20 7 23060 AR 5T B R

GEANT4 #& H HibL 54 PR OU N H B 2 B4 LR IF B, ATLAS. CMS.
ALICE %5 KBS # K | GEANT4 1E 77 S50k T B . #8807 SR 3 20
PLF 4 PR

1 IR B 2R R B B RN 2 I SRR, R
i H i QGSP_BERTRI fE 90 i) B 7 .

2. G XNFTRLF: RS BRI 47 B 2K 5L 55 % (LLNL, Lawrence Livermore
National Laboratory) 1 & )5 k% 7 4= & CRY (Cosmic-ray Shower Li-
brary) B /E BT P AR ZHAEE AT DARYE A FIZEEE . AN [FlHg4R AR B
SEPI ) B PR =00 A == 1 2 B T S ST S A

3. EXIRM BRG] : FERA 5 mm ERESAERNRBE, XL 5 4
FHER I 5 PR AL X R — 5.

4. Fi s BB TP RINEGEA EIDs IR, H T R EE.
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$2% BTHIR ARG
211 YIRRIGHE

Yot UG T B R T — SR IRAZ AT BRI, RR 8 A% 22 A A I AT Y — fy 4l
FOR: ARG I R G 7T EEAE 10 73BN FERL 4 T SC HRIRFIRAZ A4 KL (SNM, Special
Nuclear Material) #:0l], $FFRAZ AR T B S8 280 Al LR R AR [41,

PRI, AWk sE 4 T 5o KAAPRME S HARPRE, 358 5007 ALY 454
B 2. 005, B R AR R A 10 em, 4B K A S em®.

AR R G AR R 1 NAE S AR5 LA, I8N 255 R AR R G AR B
B HBWCEAFRRE . A RERER, RERELEHE TEEN O
(K] 10% ~ 20% 1. Ry 71513 UG 45 A Z U T4, BUR R G 20 7 2
Imx 1 m, #FESHTRNBSHREEN | m?. % ERGBR S SO,

PRI a4 H P BN 10em.
}ﬁﬁ?ﬁeiﬂﬂ%ﬁ

}Tiﬁ?ﬁiiﬂﬂ%ﬁ

Bl 2.1 fERILKA 5 om M RIBE I BAGR EARR, HAPOaK uSTC THOARRE K

[&F

/

/

100m§

FEAE A, ] CRY PA2EARS T 10 4 IS B M BT CigF 1 38 B 7 i
BpEEZN 1 em™2 - min= 61, A H A peA%E B S PoCA 517 5 &
GER T E .

N TR TOALE PR AR S5 R, 78 B RO I3 Frn g5 5 b 43 5l
SIMAF A BN =R, B xp = X,eq + Axs HHA x,, ) WESEHHAE, Ax
HEENLSE . fFH PoCA BiEHAT RS B F A EE, T2 7 HHaEA
HasE B, oA Mo EE SRS E, HEESUN AT EHEXRR

D FSg bk EHIABIZA 5 om x 5 em x 10 em.,
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F2w BYRERGEST
02 (0rec) = 0° (Bigear) + 2 - 62(40), FLrf A0 Jyfir B 515 2 75 K 1 45 100 B i 5%
Ao PRI, 0F S EEAT IR N R A 3K, 15T R B s

10min origin 10min 200 m

s B 8 &8 8
2 B 8 & 8

2 8 8 & g

s B 8 &8 8

100 200 300 400 500 60D 700 80O 900 1000 o 100 200 300 400 500 60D 700 80O 900 1000
X (mm) X (mm)

(c) &N 400 pm {7 B 25 (d) B0 600 um £ & 5

10min imm

8

2 8 8 & g
3 B 8

100 200 300 400 500 60D 700 80O 900 1000
X (mm)

(e) Z11 800 pm fi2 & 2.5 () & 1 mm £7 B %35h
K22 BMARMENERZFET, FIH 10 282 FREENE 21884 R

AFELLE D HERFA T, IR RN 2.207R . FEHIERLER, MRE R
gen] LU b B A U o BEE AL E 0 AR A AR, B E B AR =
AALE RO 1 mm I, R B0 SR HL B R L, M LARR Z O R
AR, I, 35 EALE 10 2B e T E BRI RRR, RGO B 7 H R
BNEAWOKES . MBI PR, AR T RITRGHRWE.

212 YIREMNHE

BF WU A0 57— R R TR S, R BT R R A s
ARG S5 AR, AT LLSEEA R X 4y o 0BT HIUR A A X IR A2 P A (3%
O MO, o F o, L, KM 0. HYRIERESE 107 X, ~ 102 X, 8
B I, 0, F1 0, IRAFRHEZE N o (6)) MIES 3. o (0p) AsE—H = (1.7) FiR,
SRR BRI SR FO R B D% o X 0, AT IH— 1R AL B, 4 0y, = 0,/0 (6,),
T B, BRMBFAEEZS 040 WA N ABF N BIREIRE S b, 13— e vy
M XN X, K (2.1) Fin. EAFEBE B0 MMETHR T, X A EHE
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28 BERERGEM
NN BR34BT B A BN 0, N KR, BUR A RIREATT
Z (2.2) FirR. & A=X -0 (0y) 2N, AT LMEHEIN (2.3) B R, |
A RFE A R BUR I IREA TS 2 62(0). IR, AT DURI AR R 51 B f 45
G RITATHIMEST, £ B EAS SIS AF TR I BT ) ey AT R B . 5 &
FHEAB TIhESMGE, X AHRMNEIT 040, HamR s Bt £ia, =
SRR AR AEZE (B 2D AR IB AT DUAE P X 2 B 14

N > (9;’ + 921')
x=Y (62 +62 )= / 2.1)
; ( Oxi 0y1> - (00)
- INi(6-0)° 36
o(0) = ~ === 2.2)
N 2 2
X - 0 Zi= ext + 0 i
i X ) 1< y) = 62() 2.3)

2N 2N
BOERIRT N IRE L, S0 AR R AOAS I 2R 40 7 B AE 2 0 Bl AL 1 4 T
WA R, BRAIRNT 5%, ik, DU RME IR B AR, H5 5 W%
PR EMR AT O AR B b, 2 4-Bh i 21 BE S R B A A 22 i3
P E. DT EARRANE 230, T AMEHEERIN 10 em, FiEN 4 T3,

B 23 k. SN =MAOREAT Y REN R, MRERN 10em, HEN4 T

MR (1.7) BLEBR. #Y . S =R R B 10, 76 3 GeV B 7B 44T,
BRI AnR2. 1 0, BHAARROLN, o] LSEI =R X 7 £E KPR

26



B2m BYHRERGS
RIS, T2 rahEnn. M BN E RS MGTHKE SR =P, 27500 A
PRl GAHMEATAE — BRI AT tk, XK 23BN T 2 T &, 15
B =R IR AR EZE AT, HRAE 95% MBS BE T v bR R A R
®21 Xk EVRAREUR T RBEE

MR R BNKE (om)  JEE (em) o, (mrad)

R 26 1.757 10 11.53
By 82 0.5612 10 21.23
il 92 0.3166 10 28.82

AN EERERANFM T, =R KOS AAREZE A 2.4Fh7R
BRANGH Z 8] KT ESC R e 22 AT B R, WO BASE A X 70 B ANl 2 T) i A
fbrHEZ AT A /D EE S, W, A 2.1% KSR A

6000 = :
I £n
5000 | M =
[ 1%
4000 F i
- B 1
S 1
3 3000 F - B
© 1
1
2000 F 1
1
1
1
1000 |
0 ' .
10 15 20 25 30 35 40

o(0) (mrad)

B 2.4 ABMEDRSNN, 4 T8 HMKE 2 253 TIRNF4 TR 2B A bn
ER, BT RAIAREUN AT EE 95% BEXEK_ES

LIS B, AR ) S Bk B A R ELE T . TR

Y IR B A R A EL ST 1), DL X 4R oA, R = (2.4) BT

P N SR A28 ) D5 T A S AR 308 AR T AR L MLST, AT AR A T 22 ok R Ak
(2.5) Fiow, B4R B SR 5h 15 28 2ok B hn 2 fa i 7 2,

0

=0 0 (2.4)

x incidence ~— Yemergence

62 (gx) = 62 (00) + 62 (gincidence ) + 62 (eemergence ) (25)
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B0 1 mm AP EEHERE, =R AU A A 2,507, ER
HRFUNETRI LU 4.6%, CEFEIR 5% A2 MG FHUE.

6000 — T T
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4000 [ M1 m
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S 1
3 3000 L B
|
|
2000 1
[
[
[
1000 -
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o(0) (mrad)

Bl25 &1 mmBER, 4 TIEH. SRKE 2 002 T RSHF4 TRRBE AR
HEZI A, BIFRBEAL, SEUH A THERE 245K,

PRI EEALE 7 e 5P 2 th & i 2.6, 45 EAE 2 70 Bh N SEIEk . 4
AT 7, AR RGENIALE 0 AR N 2 0F T 1 mme B L AR S8 o i o B
IR G, RN LT A S 7 oK

N
N

[
o

—e— iR

- = - -
N £ [«2] ©
T T T T

RAIER %)

o N L [«2] 2]
T T T T

L 10 1 1 1
0 0.5 1 1.5 2 2.5

NLESNHE (mm)

B 2.6 ANRMESHRFMT, RsiRADEHE )
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2% BTRIRRGON
2.1.3 EHRIGHE

50 375 St PSR ) 32 B DR K R R SR T AR, T RRGERK 1) R R G e 6 72 T 4
(R[] P4 56 B2 S BRASAT 55 o 3B 5 S R SR B 7 230 B SR A U % BRI
XA AR R B 53 RS 22 PR 28t AT FH 32 S A 1 DR R

Sl b 7 S R AR S 06, AT RS T R 2.7 R B0 B 5 ELAE F
PRMZSTHE AL A 40 cm x 40 cm, A 30°; 15 H b AREE MBI ESRY), 2
BB T 2x 6 X 10 A5 TE (o Bl IE XYZ = AN 77 [ HEARD, 84N 5 ]
K TEN S5m, FAN3m, B5E 20 cm; % RS 5 EFYEE RN 50m.

30m

5

£
S
»

‘\{ﬁ 50m

2.7 EH GG EER, FNBSHAETA 40cm x 40cm, BN 30°

FE 24 /NI Tl BN, P RS RN 2.8P7R,  HENS G oh L i
. IR LLEIR &R, AR 1 mx 1 m BN, RKBETE 4 /NN
SEREFI A .

newhist

B 2.8 24/PREBTHEEXFT, BHREIELER

O ST LA, RAEBUN USRS S AL b, SERIN A A EAMIE R SE R, RE
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$28 BERIZRGS
21.4 RIGRGIEFEDH

R FRPTEM S IR, AR TR RG HR: BB RS FE
10 438 N 58 AR ARSI 5 A8 s IO SR 28 48 75 72 250N INE P 58 00t 2 S A A
RIS . N T SEIZ B AR, AR RSt 7 220 2 a0 T F8hx:

o ZRMMEAR: 1 mx1m;

« MLEDHIE: AHCKER;

o BYHROIEREE: HT 95%.

LR PRI T AR AL B 53 R T b i O 1 Bl R A S T, S A
RIgPR@E 2 JEZ RS LI . N T SRR 25 203, B g 3 B 1
8 ERINES (b, FWpliithe 4 B), &4 gk B 4 Emne ©,

2.2 Micromegas iFillzS

AR, TS SRIRN A R Eid, HEAEMESHER., miln. =
PR Rty ST HESIS, S in cCoMPASSI, cms(al,
ATLAS!31 PandaX IITHY 25 K R4 2R 526 Fp A5 28 o AR ) Micromegas $R1
w BA G SRR E &5 ARSI, A 745 R IR Micromegas #R12%
BEIEF] 200 pm LLR AL E 0 #ERISTRT 1 m x 1 m PAERA 20m A e, &4 H
TIRE T B 5T

2.2.1 Micromegas M NE

Micromegas Rl 25 B H 25 FHPEEE A T B b . JE2 7% FE A A
AR, A E N 2,957k S8 b g i 2 N B AR s AR, LTI %)
AL % B Ak EOTHEAT — B E A R B BRI FEAR, FE mBEATRE BT 8y
SIMURCE SR, SO BT R E (Micro-mesh). o 2 ATRH P H AR 22 Ta] )
(A EE— RN 25 um ~ 150 pm, FRONEFTBORIX, B 5THBR T8 SCRHEDRIE T 25 3 T
KX —8tE. TN E BT AR Bl B F ARk 0 2 2 (8] B TE) BE — A
3mm ~ 10 mm, XX EFRCAER X T,

ER WA R HVL, WM EEA SR HV2 (BdE B [HVL] > [HV2]),
BHAE R AR Rl AEME TARHR R, ERX RIS — RN LA Viem, &3l
KRIX B EL 358 EE ] LLIA $] 30 kV/iem PA b B2z B i X, A2 X A 25 A
X A H g AT A AR A — A AU 5 HL gy s 1T 7E 22 W B i SE I A2 IX ) —f, Fidg
o MR TR TEAR, AT WESEER X BT, BRI 5 XS

DU R B A 95% WL, 4 EHRINA R 3 Za &b 5 5 AT Edad, WU g s s deg
N 97.2%, B G H BRI E RN 98.6%. U = ZRIEE, AT EE R HE 85%.

30



28 BTREREI

XK I eSS, Hon & E A 2.10 R 18100,

2 ok

Drift gap

amER

PR AR

& 2.9 Micromegas SR EE

IR I

CONVERSIONGAP(Bmm) | | | " 1" 11 | 1
Edrift 1-5KV/em

I/ - T N I/
YONTT
TR | H
A
NS
s
tiH

P

hickness
um
R ﬁﬁ_ i g
AMPLIFICATION GAP (100pm) | HHH i
Eampliﬁcation 30-50KViem A I HW
5 L T REIEL
jﬁHHlHF i Strips OV

& 2.10 Micromegas £RIlI 3% A 2B HE IR EE 1

YNSERE T NTRIMIER I, AR DX A R R, ) s AR Y T
] VRS E R HRENS 0 BOK X o fESR I RN, TR o 0 T
TS, PHAERKBR R T-E TN, B R AR s IR R R, PR 2%
R — NN ERHITRAE S FHES 7 m) 22 XSRS, IR (AN B N =4,
BER 2% IR — AN 9 FD 98 BE 1) s fer kb 5 5o AL, BEARZR AR RIRIE S
FEC LI FE 15 5 RS 1 B 5 B B Ml  HA5 S p i 211 51RO,

55 B UK X A FLZ 3R B 5K, Miicromegas $R I 2% (114 25 414 10% ~ 10°,
FESEBRRF 38 I VA RS ORI OR X R g L, SR 38 2 AT T . LA
EFIX AN 5 mms 55 B XA BEA 100 pm BIERIES A, FH LB 75 55

GRS FC BLEA £C 208, {55HK5Z40 100 ns1,
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F2E BTHEBRGSI

0.05

Sigjnal Afrrival Timej

T 1T

-0.05

-0.1

Voltage (V)

0.15 Amplitude

\l.

-0.2

1T T TT LI TTTT 1T
o8 0 0 o o 000
© 00 eossse

0.25 Loy L L L L L L
340 360 380 400 420 440 460 480
Time (ns)

B 2.11 Micromegas HRIEFHRAHE S, KL Micromegas FRI 254 H 55 12

222 EFHEETZR Micromegas RN

HAT, EPr £ Micromegas SRS @ T A2 W70, Hr, SEEREAE
ARRZEAZ IR 5 4% 2 [ 55X B 3 S50 A 1) 1) Micromegas FRINAS, MHAET1%
G T ZHARN S, KA B B o PiE . NI SR, 51
IR A1) 1 Sty o 122230 ACHIF U3 T 2R 2 JR T

Stainless steel mesh Germanium film

Thermal bonding film

spacer \ ________________
Upper strip/ / l
Lower strip (Y) R‘ea>ut PCB
(a) Micromegas Rl 2% (b) TR 23040 RN L H B AR 25 4

B 212 ETHRERTZHIER Micromegas FRJI & >

2.12@) s N HE 56 BRI 28 e A, I ERIZR BTN 15 em x 15 cm,
] — /NI 2% AT DLSE R XY PRESEH . 1 2.12(b) Jy BRI 48 BH B AR AL B, FH AR
W RIAH — ZEA R BRI BR P R, TSR BERA R sy s 7ERH M FAl N —
BT TR AR %, O EEN 400 um, 255808 80 um, K HE SR X
Jilals PR — )24 5E0N 320 pm B H A%, HAAHLEEHE 400 pm, B HE X
NY BT . RIS RS X RN S mm, S A BOKIX AR Y 100 pm, TAES,
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25 BTHRB RGN
PR R SR S BRIR AN U4 (Ar @ CO, = 93 1 7). 90 NGTRLFIEVRRS X 7=
PEHLEIN, SR R B TR RN AR XORRT Y Rl 2% B AR N AR
e B E, KA BRI AL

2.3 EHEBFEEXK

BUER RS H bR A2 SCIL AR T ORS00 B, AT SRR DN 2 v ) 2 2
FHHEFALE . BT Micromegas R AL H KB A, B TRE5] M IEYH
B AfE 2R L, H R b B T V0 HL 0k P AT Micro-TPC
Ji 0,

TEARWFLH, R EOE A BRI, HEHREmE 21300
N, NEREALER ONIEIE S, HARFRON RN B AT . BT AN EE S
FE G i 2 AR 2% B A AN IR B IS FL ey, M FH A% FaeT B AT A )
HETEMR 2.6) i, Hb x, i E, O, N E I, AIEIED.

1 2

4 5

3
BERS

B 213 HFELNEEERAER

e = (in : Qi) I;
1 20
PRI, 32t 5 B H AR AR S B C B 15 5 e vl TE AR I R
B . N T RBX—F PR SRR HAR, BT RgHEnGEiE 2, Tk
XF T R G T T

(2.6)
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B2 BTRIE ARG
231 EESSEEFRAE AT

HL 22 V0 B B R s B T U BE B - A R L Y L, B, E AR
B ZTFAE 5 mm @S FUOREERLE 214011, ﬁ%%%%ﬂﬂm
BN 0.2keV ~ 3.5keV, LIRS *ﬁ L, R R T A A A
N12 fC ~ 190 fC. JRHI B /- MR 2 ~ 5 AR &85 b, #
ANHFEFRIE S ﬂﬁ%wwc~%fa

TEHAT il R FAFHIN TR BT, S T A R IX 7 BRI S, N M3 A2 3+ 0pgice <
24 fC, HH o5 NEEFE S AIBRHEE, RIATIR T 2208 = 75 /T 0.8 £C.

4
25210

Count

0 0.5 1 1.5 2 25 3 3.5 4
Energy (keV)

K214 BERHENASHETE S mm BRI TURERD A

232 BEERBEEESH

AT SCO T, B RIGEET 4 Z3RNE, BUTRGEET 8 EZHRIN
o N A E T, N T XNEFNEhERE EHTIE, LFEEFN 4 23R
M. EEFHLZ TGN Y, wWNSENZEEEER 4~ 12 2.

H 87 R 28 25 T8 #E A 400 ym, THIFAR N 1 mx 1 m. KA XY P4ES1E
HJ7 %, BZEHIEEECA 5000 B%, U RS EEIEECN 20000 ~ 60000 .

233 MERRGZGFKIH

fih e R GEHIAE AR R ER 5 B, HERRIGE S TP 5 A R o
THE HAT, 27 RS PRl AR R AMARRT B . Ak 5 3G
A ISR N BR A AT S 2RI &, TR B SRECR Ge A i im i 72 4R i A 5 5
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H i & TAFJ7 2R 2 A A il 7 2R B B, B A S AR SRR
FA, e A U TR A L SR AR RS T, PR R
FEZ T BAR MBI R, A (75 3URE NS TE HER I 08 A 2], (HAR R
ERANAT SRS o B bR K AR T AT ZEAMR RN A% AH R 7 B R AR
A 2 AN, G TN SRS KR TSR &. B, R RSt
BT 7R B B b R A S M A b AR DT K

2.3.4 TR

g BT, BRI E T RS RGN B R R A AR

1. ZhATEH: 24 fC ~95 fC;

2. 5. /N 0.8 £C;

3. RUEEE: 20000 ~ 60000 #;

4. v BA WY MA@, feid RIAS R R s A g o7 2

5. VAR E ik RN Ak AR AR

N TS S AR AR T R RIS S T, SR F RS TS
SRS TR &, RSzt A I F S S O L, I L SRR S
TR B JE AR 4 22 5 v B 72, RS i FE T S0 Sl AT i — P b 5 47
fite T U, ABFRREKZ TR RGBT Z WK 215075

Mi cr omegasFRilES ES#E  HiRETE

|
=1 -
: F ’mf Port T
5 174 AsIC 1
£ 2 J 1| msars
] L1
; Z ; || - Port |
[ o]

“— Port || FPGA | | Interface @@
= — = —
= e o R TAESh/ MR

: — -
= 174
[ 174 J [
& Z ] [T
= |

B 215 BHETZERETEREHE

24 KENEGE

I BT BT UG N A s Sk, 38 GEANT4 1/ B A5 3 275U %
G S20G . WX 43 S0 AN B RS ST 7R B A A IR AR . IR T AR, 42
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H T 2T U RGBT H bR

Micromegas IR 2 LI 1 U RGN EUFIE D, AR FEHET Micromegas
RINZRAS SR FHRB T HOR A, 1B T2 TR RF L HETEFR K.

SR, B4 R = 7 H . KINARZ 1 R RGNS H 77K, I8 IS PPk -
TR B BN R A RS, BT R RSB HEIE RN 20000 ~
60000 i, HoEEHAH YT — & /NS IR R, HRINRGDIFE. BAFE
FERMEL 2, X2 HATZ 1 G R G KRR — o AR %36 A
RGN, BT G RS E SRS AME, FER B 2R B A
SRR P T4 R A R 3 1

AR SCHE T SR A 24 R R TRk R LR A L R T R
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FH P s o LA iy B - #ds mT ORI R 72 1t 75 SRR 2 AN [R] | R 4D TE , %)
JE AN 5] B B S L 2B, R A i T S R T S AR 1T B D 3.2Gbpss K
ISR K B 32 bits, [ AT MRS (FEC, Forward Error Correction) X 1%
ot B 48 AT RS

FEARTT S, FATEARAN AT HER S M, RO AR wi b B 22 iR &
FHN B IEIE, AR S5 4% AT fr & BRI A0 v F 2P o Ao L7~ AR AT
B e BRSO I e A, P ) A R B I TE S N B

4.2.3 [RimETFZEMR

BT SE R, B PR R AR 50 7 5203 B T & 1 A L Hahs ZR A 1R i
I

1. BEHEERMR

FERHE R M, R 5 S LT S AR R B BRSO i e B R e v A
PR N A R s, RIE R AR R O, SNSRI B A o
T RSO R 25

£ USB #fLim s b, 1HEEs TAEAE 50 MHz I8 . 24 USB (& v |k
1T FIFO HEJR, THEEsRESEm USB WO R iE e . AU TAEAE “ A
F-E P E” BN (PEILB), X USB & FAES 4T HIBr A4 . 20l
K A E M, EARBIEMT, FHBELmET 190 MB/s, IEHI RS
JOE AR AR EIBAT o

TE Rl AT B L AE S 7 28 b, A R 2R i T s = A s, v T
RA] R/ 5 PH 28, JeR R BI B A7 R AL, SRS Foor H R AT 1
. EAZEMIFRMT, P8R £LHZEN 200 MB/s.

2. IRBSERN

7t USB Hdfa L4077 Z2 b, WA e Oy BE AL — 2k 1 5172 4= 2% (PRBS, pseu-
dorandom binary sequence) J*4E, WiZEHE KX BEIEA LR D, R AT
R . BENLET 5@ et S R A 7 7 4% (LFSR, linear feedback shift register)
FEAE AR s 1 D BEALECE 2 T X3 + X2 4+ 118, AT R
ZHMANAEE, B EAHLE AN A B FE AT RS . SIS TR 80
ANEF, SPIBHRAIA Y 190 MB/s, FLAk% 4.6 x 10' bits il WA RIE]R
. PRk, 75 99% M EEME N IRILENT 1x 1071,

FEEE BT RS T R, SRR R B YR FH BB 21 TR (RS Code,
Reed-Solomon codes), HZud ML A TN S . R, s i AT 32 D AR S i)
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P45 R THRGHIR
e o] LR P BEALT 51, AN 7 2 P S O BE LB A2 88 o AR BE R AR I 12
B, AL 0 RO AT, A B S S TE R A TR R R B R
ML BRI 2R . B AT RN 4.8 Gbps, IR 27 /NEF, H64%% 4.66 x 101 bits %
o, WEKRNBRY. Bk, 4 99% MBS M REE/NT 1 x 10714,
IR AR B i T AR AE I R AR SRR, B R TAEfR e
AP R AR e M, R 521 R B T UG SR 56 K i TR IR 7R R

4.3 BlmEFFRIZITSEH

431 BIRETFEIITOH

HU it L 27 B AT B RO A% . UL HL . RAE RS . BB e ri s .
Bk SR, Bl r= A, a2 i AEds bR R, HerREn
B 49078 DIBRE R 43 5L, AT DU B S B 7 27 0 B 7350 40 IR 4D 50 40
BT

<= R E <

i & S I

HlimE 1R

B 4.9 Al TEREHREE

7580y T B AL R ok BRI RRORE B AR E S T T, E
FPGA . HHim i vz TR B 21 i FEL B 2H R . FPGA T4 11 ASIC (Application
Specific Integrated Circuit) TAFIRE, FRALMLIZIH . BT KEDRE.

BEAES 7 75 E0 Rl (S 5 1 AT AR B TR, i B A AR
E46 )G, AR RS IBIERI AT, TR RAIERE . BLRT
W2t B ASIC X RIS Sttt . BAT, S0 R NE s,
A 25 ASIC G Al ik £, F4.2%1028 7 4971 °] T2 1 BUR 5256 1 i i L 1
2 ASIC.
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Ha4E FEHBETHRGHR
42 WHTFZBFRELRAES ASIC RESH

SR ARR R i WEE sk (1] i e K E HL kT
PASA4 e 160 ns 0.16 fC(25 pF) 150 fC
VMM A /ISR 25 ns ~ 200 ns 0.8 £C(200 pF) 2 pC
AFTER[ W 100 ns ~ 2 us 12 fC 600 fC
AGET! I 50ns ~ 1 us 0.088 fC/pF 120 fC ~ 10 pC

STAGE!®! I 60 ns ~ 8 us 0.088 fC/pF 120 fC ~ 10 pC
4.3.2 AIImEFFIRNE

I AT, BT AR R IE S SIE N 24 fC ~ 95 fC, K
MR /NT 0.8 £Cs M4, A B TS ARod MR bR Dy RE . T2 BB TR K BT
Uiy F 2R, 3T T2 g L.

HAT, ASCVEH e s = R 1 T sh /SR BRI 45 8 FH L 27 11 o 152 1
BEEL (FEC, Front End Card) #f 70119200, LA A4 Th A5 & 52 A7 28 A% Rl o FL T2
JrEDiaE. BRI, A0 AR AE R i8R 2 5 48 B R o 3t FL T 2R AR
FU¥X FEC BOZ R DI RE AT AR T, A0 2 F i & 21 g L 7 oK

@ssas [ i@%%% I @;e& I E*iéi%

LI e LLLL D LILL o LLLL LLIL --- 11LL  LLIl - ILLL
N mmwj T m%w T m'”wu T mmwu :

ADC Clock ,1\,1\,1\4\ ADC ¢
D lock
SCA Clock pLL 5 Clodk

SYS Clock

’P /F ASIC

Calibration

RX FEC

SFP

A 4.10 FEC R FEHEINEE

Bl 4.100T 7858 FEC iREEMIMER], fH FEC IREERR T 4 J ASIC &5 5, R
G5 SR A FEC R, &R R FEHI 1% & ASIC #HT7K
Ky BOEFRFE . ASIC BHURFHE 55 2= — v 8 ADC & fr g7 B 4%
e, B S EORE IR ER _E FPGA (Xilinx A7-200T) #BHAT4LAL, 16156 i 5
I YT 8] 5 i TR . (FEC FR 8 WA ST SR G
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Faw RHET¥RATR

T IHA % FEC SRS 04T 70 B 5/ 4

1. Alim ASIC

FEC #Rff /] T —3 4% N AGET (ASIC for General Electronics for TPC) 1]l
ui; ASIC, HHIEHE IR 7 R A1 B ACREYR ZE (R 25 1) Saclay F 78 H 0o NSRRI #5352 Hh
Wk. HET, AGET & C&fFr™, Kl &Mt — 4~ STAGE
(Second sTep AGEt) ff1:0s AT I#F, STAGE J& AGET WA, fEahu
A U TR RAR IR A 5 5 T EAT T ALY, AGET {5 il STAGE 5 4
BHIEHOA, EATHISEIR AR, A T R B M ], AGET Al STAGE
O A BN B E R

STAGE & 45N 4. 11077, B8 64 ANkl @il & 2 H00]
DL $E 1 IE VRS 5 B0 AR MRS 5. 3O BRIl H FE Aoy R C (CSA,
Charge Sensitive pre-Amplifier) . R FAHH HEE (PZC, Pole Zero Cancellation)
S&K JEH A% (Sallen-Key Filter). H- I8 HLZREF (SCA, Switched Capacitor Array )+
o0, ) s . LB S S 0 ko

|
p
y

- ( ¥ |
| » } SEK Filter

|

- |

: PZG |

| |

e

N

I

-

Buffer

[Trigser]
Hit register
J

Vth0

. Single channel

Bl 4.11 AGET /STAGE i Fr ZE F4E & 18]

O AT ¢ AR BB XS OB TR JG WS ‘5 #EAT R A, RFEZARALE 1 MHz ~
100 MHz & [ N FT . 4RSS AR B2 5, mT DO R AEE 5 3017
B AEUE I AT S G S HIVEF TS, RAE AR S 508 — RS B — X% %
SPEL, %R ADC X AHME T BT Rt

FERMEMT B, STAGE & it Rede fihfik 155, LUE FPGA Hllre &5 4
HE S . BHEIERRIEE SR T8 SCA RFEZ 4N, %5 —Ar i & R{E L
BARHAT O, AE S BIE, XS N8 E ) A 748 (Hit channel register)
KE 1

O 7 SRS RN B3 P Bk Bt 7 =X, FEA A tHASE U, 88 R A A
RAG SR BE T4 Z - E M, 2RSS 1R AE KN 5k 3 8 28k
bl 1L AMERE) ADC X BAME 53T KA, RG2S S IMRAE, 7T DAHIWE —
SE I ) e P )i BB TE S, SCHVEURS I B ik DhRe . fERCTF AR, aE
G B A A, RS S B S = 0B H LVDS B, RS S

71



¥4 HETERAHA
5% FPGA ", FPGA ] DU ) b & 75 A7 AE i [
25 b, STAGE &7y IR SN K43 PR,
£ 43 Stage & REIERESE

SH TR Bl
2E 120 fC (240 fC,1 pC, 10 pC)
e <0.13 fC (120 fC EFE)
THIEE 64
IR U ] 50ns ~ 1 us (16 4MH)
PR EIES 1 MHz ~ 100 MHz
Bz AR 20 MHz ~ 25 MHz
KEEH T H 512
RIS < 1 kHz

2. MIARIRIP

TR AR I o, BN R B R AR e v, B 1 e T BRI 2R 4T ki
J T BB AR o B TS R R S A 4120, NS 5 4 Ha Bl
JG 5 =X A I, FEE AR E ARG RNE . BRI I
TAEREILS, MANGUS S BERE DN T SR IE A Sl B, MR R
BIAbFAUEIRAS, BRIES B SR R A, # Pl e A
PRMER R AIT KIS, N R R IEE R, e — s 5, KR E
L2 2 M R AT E —0.7 V ~ 0.7 V 2 I8, SEI BSR4 Th RS .

D1¥
RSB m— AN, | | > HEBMA
R DZf C

Bl 4.12 AR BEFEMASR ESD {97 HER S5

3. ADC Hi g

STAGE :t5 i W58 i T %F Micromegas #R M 8315 5 UK O AR
B, REEGHIE S N —XF 20 B s o %45 5 10 o i Al AT L@ R 5 F f
RS WET R, HAvrEEETEREN 1.5V ~ 165V, ZEHEERH N
—1V ~ 1 V. RIESHFMER, FEMAH 12 bits DL SRR 25 MHz 1)
ADC. [, FEC R _E#it T — F #iBiE ADC AD9235221 % ASIC HE4l46 Hi
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Bam EHETERGH

1T RFE . Hf i RFER Y 65 MSPS, BINESVERA 1V,_, ~2V,_,, L ASIC
OB H R R

4. FPGA

ERNFEES R, FPGA EEEMC AL EAE S Bt filogr= 4
iy By BARITERIE ., dr 2 fENTSEThRE. FEC AR FRH T Xilin 2 A1
W ELEE R 1) Artix-7 2251 FPGA 1B N A B 724 =305 Ao

X H R 2T R N, w5z H S R A A i L 2R AR T A
0.8 m? ] Micromegas ¥R &%, 4% FHMHLE TiEETE, B0 EG
LN 133Hz. FEAALNE RGO, E5F0 R AN FHH 2
/D E RN EEE . AT T 15, Micromegas PRI #S ) B =4S 5 70 A1
WL 2 ~ 5%, HERFHEZ TR SmIE, o b PR &5 i 1E
AL 154, S —EfaEHIEfLE, FHESTHFRIEIERL A
4.5 Mbps. K, 1% FPGA B8 £ 2T A% 5256 7 5K

5. kB RENO

FEC it BEmt ik 55 i ADN28151231, %500 Fr BE MO 27 8% i o it i)
PRANERATHEE . Horb, BBt FPGA 36 % PLL {5 AD9522024 i, PLL 72
(RIS B R IR 245 ASIC I ADC AR RAFERI i By B3 AT 80l B A\ 3] FPGA,
ML FPGA 58 B H J 4% R B 1) il 2 AT

4.3.3 HIREFFIREEINEER T

A LT 2 B Dh e W vt 2 AHE . ASIC & R L E . SCA L5 #Hi]. if
GY R A T BRI LA AR B EAL SR, &4 DR HE ] 4.13
INo FeHt B B AN A A RN R T W DIRE, ASCANETRLEN A, T X
Hif 3y FEL 27 1) — e B RE AT A i AiAL T

1. B %

FEC R[] CDR & J R MOGEF RS, A Hh HH s i FEL 5 I8 ) HR AT I
B, iZI B4 0t FPGA A EB ) MMCM (Mixed-Mode Clock Manager) 231 4345 5 1
HNARGENEMER, R FPGA i 1Z S #i 4t 2 FEC AR B/ PLL «& A 1E NS
Bl FEC A_EfY PLL A5 RGEAC B S 40 2L SCA RFER AT ADC ) A
Bl FHRE S BB ] FPGA E 3% ASIC SRAEAT ADC RECZ 1) TAER 8.
TELRUE SCA RAER 81 A ADC I8P Az e PRI RTHE T, SCIL R GEI 8 R

2. fih&k ErafniElk

NT S e RGN, ASIC SO A S T el A e AR . S E R
fil &AL, STAGE &5 R id IS Sl 2 — X EZ0E 5 E M, dHid kIt
TRl EA SR AR BT, PR A — MRS 5 R 0E 2 5 I B 1
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| 1
From PLLl l ¢T° PLL
SCA Clock <«—ro|
RS %

ADC Clock €——

el
BiEmRS
SCA Clock —]
r

SCAIEE 21| Bl i VPN

iﬁlm J B bfg

ADCHE3H J
BIE %
& FPGA

B 4.13 AU T EEE RO HER

Ji ity FR SRR B il R 2 5, R R AT W, 2 5 ) A B R o T
N RARAE T o AT L R ik R BRSO 30 IS i R B il R AR 5 0, 5 LR
F SCA HIRFEERE, FFIAN AN IBIE K] SCA AT H

Fritz 4b, FEC MR e — A EIMR 8, 2z DU EIfl & 5
J&, FEC ¥ n) 5 i 122 KR AlUR 5 5 .

3. SCA iEEwH|

4 ASIC & FHIUEAL5E UG, E FPGA [ T, fERES ) SCA 5155,
ULAS7E A 4h PLL $2 45 RAER Bh RSN R . ASIC 5 F N SCA —H AT “5”
WA 512 MR T IR R, AW HOR SO 5 RN #8145 5 i
1TRFE, H2| FPGA W B G o kR (55 . WBIRRE S )G, S5k
f71E5 SCA, FFIEXT ASIC RAFE AT I H o R4S TR, F1REE,
SCA WfaEHfEm N —/ MRS, ZHASZ)EM 511 ANEELE T 512 4
KA BOCAS 5% . 232 SCA 55 ML $ i 4sH T, SCA W& ik
T IERZIEIE . BHRANT . RS E S EE, FFE ADC X5
PUME T AT RFF

4. BHRTHIAFN LR

WA, FHEZTE ST ERR, PRHEG R/ ERIN S EE
LN EAES, AR ASIC MATEBIEMRA HHES. AT RE
SRR AT 1 — 2 8, A2 S LTS b e R AT R, SR
T O A i 2 s i L

ANIF )58 3 G AR ZS 2640 T, 22 A T e AR, R AE BRI S
i, ¥ BUERERN 0, REIFTEIEERE, HE TS, RESLE
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JIT e B TR AR T, I i H - AR IR A B B T B S . S HUR i ik
Jo, AT RARK R - ek D> 17 o L -2 B R B BB =, IR A BN 43 A A

FPGA F K52 B 12 18 B o SCHsa) Ja o H 722 0%, T8RP sk
TIPS = 2VEr L RS IR SINES DEA = A s N Sk N R DRl e s X 17 = N A I S i
CRCOV 645 ., HHim 40 A7 R P AR AR fr R 5 368 55 A [R] Al ity H 1 24 AR 11 4615
REEBIEWIA & A5 BIES . ADC AB{EM CRC KEeAH; BT AR il
HEE R H AN, AR R R W BEAN R, PR A A R 3 B il
J&, B AR L s, BRMIES TR E BRI R AR AT REE
BN L AR A R S 0 55, iR S BB i S ROk R I o S
HERAERES, M FAAGSFIREEE, DME S b s 25000 5 o B2 40k
BEAT AL BE

5. BEIZIENEE

RIEAF R SAZ S, 25 g 24000 R o8 8- Hemium 754, AT
PRAE TS FL 722 B3 S M, 7R B R H o F T SR T 2 B . T SEe AR
FERT I 72l B 2, % B U A E A s T A R TE . AR SR
1E 2 HT AR 7 e 38 F F8 1 Bh %0 7 w7t BT, B LGS Mo 5 v DUV A &
STAGE it i I ZI

i 4.14f7x, STAGE & R 2 ZIEEE I, 700 SCHRAMEZI FE R 2 A0
WNEBZIFZBRAEMF T EZET, N7 745 BSARNEE 5 U 57 f e
Bk, ZIERBRFEAEANRE S, ISR RAN i, BOXMRE
SMEE N AV, ZIFE R KINN Cpyr WIAE LR ) — bl 23 BN L fef A
Q = AV - C,,; WA« ASIC O X 1ZAE 5 = AR R, 100 B 5 4 N LA O
RENE R B4 R .

[
In_cal SoRcal
01 _—
—:UKI |

L
External =
Capacitor —A— o— =I
100f | 0
I—{O— se_cl<1> b, < sc_cl<I>.
In_testfonc 200f ¢ [sc_test+
( ) ._ I—/O— sc_cal]
. Channel 1
|| (O— I CSAin
I
—
4 2 -|E:
(6]

sc_cl<64: & sc_cl<64>.
[sc_test+
sc_cal]
Channel 64

CSAin

Bl 4.14 STAGE R ZIEEHEE AR
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4.15() s NEE TGS KA AL ZI Bk T %, R R
SMEE S RSN RN IRGE S . BEET C# &S MRS E S &
A AT R, UL S RS 5 R AR AR IR AL, RIS IE R R AR
XN R EARE , SRIN E BN BT RE

Kl 4.15(b)Fr s AR b B sh ik 2 B d g R B R S B, {8 DAC (Digital-to-
Analog Converter) /A F8 € I HIm B, JFK S WidbmE, 1% i R¥ 2% i gs
C, 7H: HHAE FHHEEERER, ¥ITK S, WE, BA LR AR DU P
TS o) i FLASE, AT ™ A2 — A 7 T B o B e, s o 2 B9 K R s 1 T BR T ]y
=R, -Cy, HHMEMARFEEMEL N 0.7 2 ~1.0Q, FA 1 nF FIHEZEA L
PAAETNBEVEN 1 ons BIBTERK . 7R 20 B H i A A MR B I T Amp, 1
58 DAC WERBNHEE J, AT —A> & 58 1IE i Amp, FZ1 15 5 K30 2 &8
(R ZI P A

BAEN Rore >> R1 >> Ren
/'I_/"_o = GX AV
AR D
EPTE I o "IN
FxRA& =
h [~ 1
ch2 o  EEEE K Ty=R*G
7 FsES LEEEN ¥ \J \J \
| 1
e w2 FREF 1)z R, * ¢
(@) 2T (5 SV 14 B L2 7 S T (b) 2T DAC [y H AN T7 SR B

B 4.15 4% STAGE & HHMZE T RrEE

4.3.4 HimEFFHRMIR

1. ELEETHEEMIR

K 416/ 78 N2 E AT N2 STAGE O Fid s I E, i ik i) a]
BCE A 1 us, SCA KFEREHZE N 5 MHz, SCA IR 8H B N 25 MHz. ME
PEA AT, BB 4.16()nI 43, X T A Hfar &, 508 7 AN A BRd i A B i — 38
PE, JE OB B3 28 — B T =0T B 4.16(0) AN A HL e RN 2%
PEF, [F—M 7Sl R TR, GRREXNAFR ARG S, SHEE
72 A T N

B 417 R NN &N 18 fC I, ANEIEKUERRIZMA T, &R idx5
FIRMEFBIE . WA, SCA HIRFEN#h B 100 MHz, SCA 3L H! I 4
WHE N 25 MHz. BT ATz g5 530 UE 1 i o L 2785 (RIS Wi () 5 D Re (16
ANIKUERT [R]RETATY, JEHLT 5 AMEWER T2 ED.
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®
3
S

4000
AGET SCA waveform at 12fC
750 3500 -
700 -
_ 3000
£ 650 £
o Q 2500 -
g 600 - g
§ 550 § 2000
Esoor E 1500
450 1000
400
500 -
350 . . . . .
0 50 100 150 200 250 80 90 100 110 120 130 140 150
SCA cell number SCA Cell
e L3 ey - 1 e L T
() AN RVEN 12£C Hifr EEIEE (b) AN IEIEAN[F] FLf T ]

B 4.16 STAGE & L FIhRENAR S R

900 T T T
Peaking time:1014ns
Peaking time:760.3ns
Peaking time:541.3ns
800

Peaking time:279.7ns
Peaking time:69.67ns

~
o
S

Amplitude (ADC bin)
o (2]
o o
o o

IS
8

300

\ . . , \ . . \ .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ns)

417 AEHXIER W E5 2/ STAGE $#E

2. BEEAM

Hil i L3-S I S 2B ASIC i Fr H B R ADC W s 3 o A R, P
G0 7 AR > BN - DRI A 0 BT 9 1 70 M 7 ) BEAT UK
I S HL 1 S I A UK, RS B e B DL 170 i A AR B M U A o e
REFRFE PR RS R, it LA, /53] STAGE 'O F [

O e A ARG SR & 41817, B 4.18(a) Ak BN FE 7 27l T R 2 R 4T
Gt mai R, RS AT AT G, A SR br i 22 BN E Fr (e
FEFHEZ TR SER T, RYEIE LSS5 F A1 P AR A 22 e B A L A fi
RBIE - B 4.18(b) A A — B Ao FL 7 AR B IE R Lebr 2 Tt a5 R, AE
TEAGEOL T, STAGE (O F KE /- @IE A T 5 A ADC i3 1H.
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120

[ i

[ Pedestal of single channel
Gauss fit

f(x) = a1'exp(-((x-b1)lc1)2)
700 a1=740.9
b1=365.2
c1=4.875

355 360 365 370 375
Pedestal (ADC Code) RMS noise (ADC bin)

(a) PRIBIEFELL A0 (b) —H FEC R 5 Rift 22 /3 AT
B 4.18 B HE AR R A MRS 3R

3. BRZIE

BT RO SCRH I B BRI LR, A RS S VR B I LT AR AT S
132040 & 419077~ ) STAGE 35 v ZI B2 i 2. AR HEZ 20 [ 2k, A3 i 7~ # AR
ADC TS AR B RN Code 4 pe = 28.7023 X Charge + 28.4706. HRHEX
— 2R, RTLOCK ] 4.18(b)Wl B AT 2 TR M 7 6 BT R e R, BRI 95% A Y 7S
bHEZ/ANT 0.2 £C, TR BT R TR TR,

4000

3500

3000

2500

2000

1500

Amplitude (ADC bin)

1000 -

Gain=28.5 ADC Unit/fC

500

0 20 40 60 80 100 120
Charge (fC)

B 4.19 STAGE S ZIELER
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H4E RHATERAGTR
4.4 HBTZFRGGIKE

AT S RITSC U T 1R S LT SRR R S L T SRR R R I I T AR,
P 2 FE TS RS B2 M AR e A P RS

4.4.1 IngeMln

FER A, ORE i L 2 A R AR i L SR, BT AT S 1 S B L
ST HE SOOI BR BE RS . & 4.20 5 D9 i S FEL S0 8 BT S L T
BEAT R Y, B I H A o M TS I T s M R e A AR AEAS R R R T 8
AE LEAA T (8 BT A A L S AR » IS TR) I SRR, i s L 7 22 A1 g
TR A TAEIEH

500

T T
[ Histogram of noise
450 i

400
350
300 -

250

Count

200

150

100
50 [
0 . _—

0.05 0.1 0.15 0.2 0.25 0.3
Noise (fC)

B 4.20 JEimE TN 8 AN TR A RS TR

442 RBBENMK

17 i EEL - 2 B R i L AR 2 TR I [ 5 SO B F AT @i, N T3
TR DRI RE, BT %8 DT BRI R IR . B 4.2 IR ISR MR HOR
BE, SHZHA C + X2+ 1 BN 5 A 2 50, EH PRBS Gen
RO = AR S I DA BE LT 51 o 5 B T 5 AR AR I D BE AL &S 2 i R AT
SRR 3K ZE BT T, 38id PRBS Check B H N HOBE #EAT AR, 350t
RS RIS BOEAT V. RIS, A T2 ¥ PRBS Gen BEUIE =25 O BEATLEL
FEA % EAT B3 AT IR . {8 Xilink FPGA $2 4L VIO Thigxt PRBS Jl 1)
FeAE R R TR, JF Hadid VIO IS AR ID AL
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PRBS Check H LR @ HERiE R PRBS Gen
PRBS Gen H| FH it

BTiRE T3 @ T3 @%H <—| PRBS Gen
S T N et 5
(Q & 35H% |—> PRBS Cheok iﬁ
PRBS Check |<— S | L x8 ;
PRBS Gen |—{ JFeaet > B IFFH || PRBS Check
BIREE 5

K 4.21 REREAREE

WIARSLA2. 27N Firak, NATBERK 45 %8 8 200 Mbps, AT 85 #% 11 50 4
400 Mbps, —FER T 208 N/, FATEERS SLAL T 1.498 x 101 bits #idE, 4T
BB AR 2.995 X 101 bits $fE, A KIS IRAD . HLPE 5 R 28290, 7 959
MBS, MMTEESRIRIEENT 21071, AT RIS RN T 1x10714,

N BRI ) A BB RS, IO BRI 8] D9 -+ L3 B 31 LN ANEE
FER UG I T 2 8 LK. Bk, IR GRG R ARz e PR e B, 5 fE T2 RE
3 /2 B RSB 7oK

4.4.3 A MEREME

TERSBTH, T ARUEAS [F AT o SR R0 R SR e, RSk (5 S
FH i it FEL 25 R 1 i P 52 R o AR RS A, A5 HE T 2R ) 01 2 E
[F]—ANBT 5 E A FRIEE A0, R E SR AR F i 7 2 AR 0 il R (5
S TN, BIANEEE iR .

K 4.22 Fr 7 9 /A [ i i L 22 ARCPE LE [R] — ik & A5 -5 21K B I 20 0 215 2]
(IR, O BRI TR ¥ B A 69.67 ns, SCA FKFEFREE N 100 MHz. K &) )
PG5 S BH A A i FE T AR A R IR AR e S A, L ik A v I [E) 22 /8T 10 s
T B RUGR,  fil DRe R0 fid AR B 0 2 S8 75 K
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Board0
Board1
Board2
Board3
Board4
Board5 -
Board6
Board7 -

[$)] [«2]
o o
o o

Amplitude (ADC Unit)
3
o
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