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YHAOEBHENSL, 3T PUoBEAOIREKRR (2) KE-THEENRSD, 22 Tm,
HEFORLEE, cEXEETH .,
foo019]
(% 1]
cmG—LHnJ-L——L— 2)
“\E E-E
(0020]

ChOLOBEPLH U HRB1 31, BREARERB1 1P CHr~R14aNary 7.

HEE-_LE-BEERA L. BEINWEY U BN BREUBRHEL 2 CTRIREIAE-HEER
EEPRAEBRICH LTHAN 2 0 0HERB LIS I LA NND, hoT, “DL>RE
SE2MULEHAL, R*-D0MAEbEEH L THEGYEY ., ThOLOMERNERY
BOIMBERDIE., ZOMNBRI VBRI 3OGEST ANBOBRTCHD, BROH

A, T 2bbA$EEOHEELLThIETIEL, ThonER VAR EREED I Z &

NTE, BWHETH UV ~REOEEMNEZRDA I ENTE B,

[o0021]

Hsix, @rxoVryr~REEBOBEFAZIIETHY, (a) FEL@E. (b)) FE
A, (c) IMEBRTHS, mEZL. ARACTCHFEHA TN ~BRBEBIX. S5 IZF
THREOCREBILROLILYT, VU~REOHEAERANBLZIILF—2RHETCEEZH <
BMBRHBTONAE, COII>LRHEBTCLHEATETH S, -

(002 2] ‘

RAOLSIEX, Y, ZEEFLBELCRAT 5, ORMBIX, THEaxbxcon
FREON  ~RBAHBER 200 AECEMRCAB SN -EEE2HRLELOTH 5,
ERBEOT U~ HBBHER200-FOXKARKIE, BdTREANaDOXFARHEREVWER
AV 721 HHEEER, ERERTEREALTWVWS, £, ERBMoOV U ~BREGS
20D0RAMPUWOEREICIK, BAd TCEENDDODYFAKLHEVEBA MY o7 2 2 BEHAE
CERERTEREATVWS, —HFOXREBOBEBBA LY v 7HBE (UF. BEBA LY v
TEWI) tEN, RAMORKEEOEEBRA MY v 7I3BRE (UF, BEX MY v 7 LW
7) ¢END, TOLIRRFERBEOA LV ~BRBHFERH 200 KRFELERICI. EVWIKER
TOHOFTMICEVIBEA MY v 72 1 LEBEBAMN I vy 72282 FhEBgABRTLNT
BY, Hor=REANV~~HBRELRBLOBEFARIAGEENRSRHINLIBEA LY
vy T ERBBAN) Yy TOMRBEEDLBEICL T, HMEEREEOKRKEIPRXYEERLS»E L
S>> TW3B,

[o02 3]

PTFTTHRH., —#lLT, a=39mm,. b=39mm, ¢c=20mm. d=3mmé&L
HYTBRAHPUOEREBE., RAIMOEBABREBE LEBlCL THBEAT L, B
FRBON U~ HRBRBER20RNICBIB YN HROBMEERSAOBERT»ODES
HEDOAMEDOI1 (Depth of interaction) ¥ R®H B FHEIZCHODWVWTHHET 3,

{002 4) : : : ‘

Mok, BERMAFRERYN  ~RREBBORB T BBV ~RBRHER L MEE
ALl BBRALMNI vy 7RUBREBAMNY vy 7o RETIHAEER2 Y IaL—FL
TETHD, BRLEGERAEEARACELDEVEBA NY vy 7RCRERA FY v 75
COEZETHE, Hy~BROMEFERADESHFMOME (DOI1) Ko TEEEREM
it 3,

[o025] 4

K73, 120RHFRBIESDWVWT, BEBEA MY v 72 1 TREIKAEERKTEOEER
BREOS 0%IETHIETOFMEBERTY v 72 2 TRIBESNZESEROIREM
BRMEDNDS50%KETIEITOBEMOEL, DO LOBEFE*HETLELDOTHS, -0
BHMZLDOI LN BIETEBRBEBRCH»I I ENSND, HoT. I7T0HFELIBELTE
CEFME SN ERHESR TOEBRCY TIRDEIIEIES2TDO L, ¥ AbLEEKER
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BN ~BRHERBRORELPLDEIZNDHIENTE D,

[0026]

BEEROBBERY L ~HBRHEBANTH BB U~ BRUBGEHEERAT L. R
HBORE (FV~~BAHM) CRIONZEHEOBER LY vy 7 bESRRESND
N, HEEBARLRELVEVWMNBRLOEIBBRALN) y 720 REESNIESABERORER
R, MBI, BEBA M) vy 7LERXRTI2IOCLTHEBROEGRRIOALEEOR
BA MY vy 7 bRRAESNDIESL, HEEAACELVEVEEBA N vy 70 6RESH
ZEBENBEROERETT, T, BEOBBR MY vy 7OFRTCHESRENZERDOBGE
ALY vy 7OMNBLE., BEROBREXLN) vy 7O0FTCETREBXRERKOBEBANY v 7O
EPOHAEERAAOXYREBE B3 ENTELIN, BBEBAMN vy 73BAEHFTIED

TOFER Lo THAI LD TEXAMERAAOXBERCYEE T, ThZnEKXd
/2 (BFoFTiEd=3mm) OBREZEATWVD, TIT. UTKBRATIHEL X
D, HEERADOXYEELZEBAMN) vy 7OBI VNI RBETRET D,
[o027] ' v

M8k, Fov~BRERBRLIN VvV~ BROBMEERLAOBEFTAMLE, T2obbEHBA MY
I DERNIEBTAIMNBA2EREECRAET A FEL2RHUST I CTH S, EESHB TR
Ve BRBHBANTH BN~ BRREBERCEEER TS, BIRDO L IIC, RIBEE
DEBIRTON-EROBEA N vy 720 EEXREBEN, HEEARCELEVE
@zbvy7#6%$éh6%%ﬁ%k@ﬁ@%%?o@%K\@&%wﬁﬁmﬂﬁan
FPHEBOBRBRAMNY vy 720 bEENBRBERLIN, BEEARACELEVEBERANY ¥
THhLREINRIESEAERORBET T,

[0028]

8. BAKDPELSEE*FTEEA N vy 7ORBOBHBA MY v ST X » THRIE &
N2EEER2F LERCTHS, IBDEMD I/ 7 RERXKOESTRIELX TR TEEALLY
Yy TOEBOEERA LN v 7OEEER., AROYS 7RBEROEFREBL T TEER |
Yo 7OEBOBBEBA Ny TOESERTHLY., LHAHDOI=1mm, 5mm., 10
mmOeExrvIialb—varylerbOThsd, BEFARAD, B3mmOEH/A LY v
FodhLENLDFNE (TOI1 : Transverse position of interaction) X®£ TR LT
I1mmThd, EROBEERALN) vy 7OEERKORKEREA,, EROEBALY v
FTOEEEWMOBERRBLA_LLT, RRATRINBZIRIFIA-FSLEHET S,

[0029]
(% 2]
A, -4
[ =—— = 3
A, +A )
{oo030]

ok, TOI LK (3) TCEHELAEARTA—FLOBEBRZFRTRTHD. HIFRTD
I3, TOL ¢ERSGA—FLRBBEEROMEEAE TS, -oT. HODHEMFKZEREL
Thx, BAOESEBZ2FTTEBA N vy 7O0FBOERBA LN vy 7OESEE» O R
EENEEBA,, A 2B LICHBENSE R A—FLARIOBRIIETRADL I LI
LoTTOl.,. T hbbBEBEAN) vy 7ORIAKCEBT ISV ~ROBEEARKONEE
ERERCMAZENTES, THEXFACHEVEBEBERA MY vy 72 1IKEALTIT> Z &
CEIVHERRAAOYERNBLABEECRDDI LM TE, ELYFALARVEBR
FY o 72 2B LTHI T EREVHAFERAODXEEMEBL*EREILRDD I ENT
& D,

[0031]
MEEBAILELEVWA NIy 7THEN, FOFEBOA N vy 7 THDI R, Thbd
DAY vy 7N LBLNAGEEREBOBVEETHNTEIZILENTES, BEEARK
BLEWVWARNY vy 7OEER, M6 THZXZES500nsDEZLSTHEAMNE100ILZ-
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TWHDEXHL, FEOR M) vy 7o ESRF, M8 THZIE300nsNEZALTH
BBOKZR>TWVWSE, FZT, ZOEFDOEVWAEZENTALDOETAWNE+2RELEHR
ThidmE*#BNTCE, DOLE2*RHTBEZHDALIY 7 (DOIRMY 7)) ThH?
, TOTA2RBHUT DDA v 7 (TOIRAFMY v 7)Y Thdrbnrsd,
[003 2]

H10i, FEARC LIV UV ~HREBREBOESLEROFAZ* TR IHB 7 o vy 7R TH
5, RHEHB1O0D1EE, 2BEARUIEBORHEBIO0L, 102, 103ixikkEE
BAHNOBUEZFTCRASINIAM I — AL F7 4 v I —CEEERTABH IR TS, 1
BEEORHFLIOILELRTONEBEOBEBEA N vy 7RUVEROBEBRANY vy 760
BEREANEFLOANBHEERICL--THIBING, RAKIC, 2BEEBO0REE L1 O 2 BT
bR BHBEOBEBAMN) vy 7RUBHOBREBANY vy 7000 ES. 3SBEBEORHEELO
SKBRITONTCHEHBEOBBBA M) vy 7RUVEROBREBRA MY vy 7 60ESELEAEFLD
AEEERICL > THEBEEINE, i, 1TEEORHELIOLIOBREBRINY vy 7RUE
BAM) y 7EEBRINATVWIRBHERZ., ThXhiiBHER I RCHBEHIEE3 T
KREIFETERFRL, 2EAORHBBLO2OBEBAN) vy 7RUBEBA MY v 7ICERES
NTVWLAMTEBEHEERY, TAEThIEHNERS 2R CITBHIES 4 TRAEISETESRL, 3
BEHEORULBIOZSOBREBAMNY vy 7RUBEBALNY) vy 7EFL SN TV I EBERNESR
ERENRIBHEEBESHS RV BHEHIES6 TRESETRELE,

[003 3]

TENENRNORBHEBEROHNESR. N1 12T TEELBERKE3 2ICARSH
2, COEFLEREI 2. AHESBDOI RN vy 70D ThotobifHAA
KERNVF—FEEEHAL, HATEHEESE2H AT S, DOI XY vy 7DLDTH
Mol RbITHNADESRTOIORERAMAEL, BATRCREE2HEALEV, B
11K TFTD L1, EELBERI2ICANIREEERA4SDKYITI LN, ZhFH
WHEAFHNEZA4 1, RIBRER4 2, RUWER43. TFALd4ICANSH S,

[003 4]

ST . HMIORURIIKEARLEGSEREROBMMEIIOVWTHEA TS, MENESES3
IXEMRCHEMBHEBERLFINILOT, Y Uo~HOoBEEAIC L TRERRIZ4E
MENDZBEHWRICHA LEEEBEOES 2T, ERAMNE4L 13, MBEHEER3I 1O
HMAOABER?., HD2BEL2BX-%E, 300n s“ELIHIBEBEEo-TVRITF—FES
EHAL, 25 TRTAEMBHEALAVEISIRESRTVWS, BEAEE4 243, &
BEHERI1IOHIO, BRELRINMEOXEL*HANTI2ERE CH D, REHIER4 3.
MEMESRS LOBRICHE LEBRBEOHNEBEREANTEED, €IV LT VR

DEBEERT D, COEBIZ, CROMMBDBEORKCRCOBNBEBRESE >R ITTE

Raehd. TFA (FAIv7 - T408 - ToF) 443, $#EBBEBCZ> TV
o SITHR, BRBEBOMERL50ns, BKBEBOHEKLEL500ns &L,
" [0035]

CFD45SE, avRFL b 7523y F4RA2YIFx—FERiITh3HERDME
BTHY, TOBHERBLEL 2L 9 BBT 2, (a) CRTANERS 1225199
(b)) RFFTEIE, ANERSB 1%t , FHBOLERERES52L. (c) KRT X5
KL ANEBS 12 RGBS YRBY (B LEIER5342K2, 20%. (d) KR4+ L5
KL ERS52LER532 R LObURIERS AR EDL, TORBMAO I/ BHR ¢
B ANBERS 1OBERBBEREO (B2 BMIC L, M EMIcR2S, 25 L
T UbER VBRI VRLETAYVEHROEEA2CFDRBAT LRI, BB
KED B2 ETCOEM*»MB L NTE 3,

[0036)] :

FEHRER I 3T, ANEEORMERIIREBIVE,»-BE. F— 82
HAT 2B ThH2, Y~ MEBOREBEMMITETHS, 3 OORMBELIOL, 1
02, 103D5LDEND 2O TCHAY~HROMEEALRE LSRR AKHAD
BM33TERL., P-4/ 2mABT 2. WHEEGR35. ABFHME®KI 3IDOF— M a
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BHAE22AF—FEBHBLLTHEY, EELBEEREI 2O NT2EERERE 3 4 TELH
EHE ALY TREHBELTHEY, 24— B ERA MYy 7EFORMBMELRETIERBT
b5, EEEHEBI6IF. AIBEHARKISISOF - rEESRHAEIAhTWIED, EFL
BEK3I2OHNADEEOREBORAEL*ERTIERTH 5.

[0037)] :

RiIZ,. B1ORURL1IIEFTLAEGESLBEROBMEIC D W TIHAT I, EHFIE4 1
TH, ADENEEENDOILALN vy 7O LD THIN, £ TRVLIAABRAILA S,
LLDOIAMNY vy T TholblEF—LMEHEEZHAL, RBAER42O0HNESTZ
HALRWESIKT 2 LRI, AUHIERI3IRECFDA440HAEEE*HMAITES
Lo T3, i, DOI AN v T TChhotezbid, Y— MEBE2HAET, RER
E#H420HANEFTEHNTEILOICL, ABHIERLA43IRVPCFD44ntHANERE%
HWALARAWESIZ9 5, BIEMER4 2T, DOTI AN vy TR HERIZ. A
NEFOBEXRBELENEOENBEINABAINS, REREHI43INLHE., =X LF—
PRECHELLEROEENERSNS, TFA44TH, RAORAECE L-EFOIE
EREREND, TFA44DOHAIFZCFDA4SICADEN, EEDOKEKMEDS5 0%IZi
Sl EEILHAESTEERT 3.

[o0338]

FEELHEEELl, EELEBEEB 2RV ESLEERKREDEFTRADOI AL vy 7DHL0
TholhtTsre, TRNFTRhOHNTOESAABKHABMBKIZICANERS, ThAbO
ADEFOMOBMEN, bI3BxFEMIVbELomh o, ARHAEBERK3 3L S —
FESEMHAIh, BHEEGBISRVERLTRBIGCELEHI TS, HMETLEKSE S
SNDAby7EBSR. N TOES%2, BEEER3I4Z2BLTHELND, HELEKS 36
DANRIE, HHADEENADEN S,

[003 9]

LR LHS3CDOTRAMY vy 7DEFEHLTOR, EELERBI2OHATHEAN
ENhB, DY, BHAZZEER3ISD, DOIA M) v 7RARBTIF ¥y FALILOHT
— B ELNRD, ELT, T BEORBIZIY, EHREBRIE6DOT—FD 5L T,
IOF xRN IRHETET 2, TORBOF Yy XNDTF—F28HET 5, FHE
ERHBEISRUVEATEHERIO6DT— 21X, AIEBRILICa2 VP2 —F3 7T IC&EIH
EBREROTZODOLBNITObhE, BXIh2TFT—70ARARER L 3IZFRT,
[0040]

R13kBWT, t, bt, IKRMELKBISOF—FThHd, t, KUt 3#K
AIRHEBOBBANI vy Z7RUVBEBARN) vy 7OF -2 THD, t, ROt , FRAHKEH
BOBEBAMN) vy 7RUBEBAMN vy 705 —82Thd, ThEhoTF -2, Fy v
INERBRETA OO IDBERLEFOF Y 2B KENAICRs TRESHL
TWwW3, E, UBREARZREB3I 60T -4 ThHsd., E, RUOPE, IHKIBREBTOLTL T
NEBRUBEODOI ANy 7Lk 37F—42THH, E, RUE, 3BRMRHBOZ
NZhEBRUOBEODOI AN vy TRREDBTFT—FThHd, A, KA | _ 1%, B
RUEBOREBEBODOIRAMNY vy 7O0@BOALY v 7 (TOLAR) 7)) RELBTFT—4
THhd, A, , RUTA, _iX, ANREBOBREBEODOI R Y vy YOBBEDOR LY v 7
(TOIRAFY ) KLBAF—4ThHhd, Ay ., RUA, _ i3, HABRHBROBEDOD
OIAMNY vy 7OFEBORXIY vy (TOIRAMY 7)) RLBF—#Thd, A, , &
A, _ i, BTAIRHBOBEODOI A MY y7OMBEDORINY v (TOIL ARV vy
) WKL BF—EF2ThbB,

[0041]

AP F3T7EAEF—2Z20RBOHFENER14A4KETRT, ZONEBE., REFLRD
BETRIVERERLITOPNE, RFv 71 1ETTF— 4 %28A2RrAAEOL, 27 v712TH
MR-V OREX*1TTY, CORMBAY—OREER, RAZEHEB3ISOT—FI2XD
T5, FRHIZERERISDHEZF YV RNMIT—EIBEHELEEES. TOT—FORER
22 Y v FIRXDOITI ANV T ThaTZl EWld, ZZ T3, BARHBHBE TR
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RHBOETNThOBRBRUBEBOR LN vy 7095bTEAENR1IDEINDOT X R
YT THo2EBARDLRODLBIED, REBCRABE 280N B8R ART ZA Y
LTDOIAMY v 7DEEN2OULERSLEBAE, TOERRBEOBWILOBRAT S
o KK, A7 v 713 KEBVTIRXIAXF—DOREXTHY, TOTRXAX—ORER. BEA
LFEB/IG6NDE, RPE , 2>T1T 5, E, LE, DRABHON = BOTRL¥—
EELVBALDLAROLBILEL, AT vy 7140DO 1 OKEEIR., HHAZLREE3S
DTF—F#FE->TITI, t, ¢t, DEIPOLBABRHBICBTIBDOI NHEEL, t,
Lt , OENPLBRNBREBICBTIDOINHEEINS, IKC AT vy 71 5DTO1NHE
i, BmEEBI6DT—F2E-THI, TR, BEONBOFMEXF B, B
BOZEOLIMEYFMET R, A, , RUPA, _ o BARHBOXFHEOTO 1 MKE
BEh, A; , RUA, _ »oHEARKEBOYFRADOTO I RNHBEND, REICL T,
A, s RUA, _ 20 RIRBHBOXFMOTOIRHESH, A, , RUA, _ bR
RREFBOYHFEOTOIRNHAERD, I5LT, BRARHBPLRNBRHBFPTOM
EFRARKBRECROLOND, RIZ, AT v 71 6IC#L, BRABRHECRHIAE
FAOF—E, LRRBRHBETRESNEZEZRAF—E, 2R (2) KETRHTar
FUoBEABOEHEAET S,

[0042) ‘
IHLTHEODRHERNDEZEREK, BRAREBT TOMAEERAA. RRBEHB DT
ODHEFAR, 37 rHEAAIORERZVENFHARFLAEL) ZAMELIHBE SN
5, EIT, BHEN LA BRRXRNVFX¥—E (=E, +E,) "bR—EE»LKES
NIEAVBRICERT O LHBEINIFLEED, T0FEREOLA BT 2N$EHmLEL
DILR I TEDOHBEOFENMBEIRDLIZ LN TE, BEOCZEMOSH LB L LTET
TAHRIENRNTE B,

[0043)

E, E, ORMBPFERS > TH U~ RBLELTHEOBERFEET 2B, a7
P BEOEGHF CTHHEIN-AMEE T AIAX Lo THEEKC /L —7{LL. Fh

FROBBIER LIRS L THEEL ERA L L (ABBOEENE S ML TR

HBEIENTE B,

[0044])

AEHAON  ~BREEBZES> L, BEVWZRAALF—DH <RI Y a s RS
Tarv7hrrBELEN, BEAShET Bl oL~y ABRHEBTRIEBEENLS,
—H BT ERAAF DA RIEIL) I CREBEFBLRTLARBDOT. RBY O
2HOT V2 sRHBRE LI TR T 22N TEE, Zhick->»T, 100k e
VEREOEI AL —DH U B 2Me VEEODBEZAIAX—DH L ~BRETHEHSE
THRHT A ENFAREIZES,

[0045)

ST AREARLI-TEORE, RHDRAKETZ222FBLA-FA*F+., M1 5
KARLIEA Y~ BBRHBOMEIEDEIZSDWVWT, YUy ~ROREREPE®ELE, @15
(a)m\K%%@ﬁyvﬁﬁmﬁﬁﬁﬁﬁLt&&%®ﬁ&ﬁbﬁfb0\I&EO&
HBERXES 1 O0mmOY)arhrbhy), 2BEBEORHEERIEZI L OmmOD LA ~w=1 A

SEBORHBRIEZI 20mmoSfr~=0shbhdbne L, 15 (b) it.
LREION ~RBREEBEZTL, 1 BRBOREBEESI 1 OmmO Y arnbhy,
CEREEBORHBIEZI 20mmo S r~=oahbhsd, 15 (c) b, LB OH L
vHRBEEELRL, 1REORHBRIEZI 1 OmmO A= adhbizl, 2BED
&m%uﬁézommwfwvzﬁAwatéowfh@%éb‘&M$®m-ﬁ®#E
HE39mmX39mmé L, RHBOHBIR3IOmm, Y o~BERIBRBORHEDH
H30OmmoOBIRHDELE,

[0046]

B15IRLASRHBOBAGDEIL VT, AL ~BEMOHKMENS 100k e
VEVR1000ke VOH U< REBRLEBEOREDRLPELFHIAL T L I al—1
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a3 o THEBELE, 163V Ly ~ROZRZAF—2H100ke VOBAORHPE
ZFRL.B1 7RI V=BOZAX—H1000ke VOBALOREIRLZRILTWVD

[o0047)]

M16RUVUR1 700D (Ge+Ge) HE15 (c) KRLAKLBAON Y BRREE
B, [Si+Ge)] HE15 (b)) CRLEEzAAX—RAoY r~BRUEKE., TLT
[Si+Ge+Ges BE15 (a) WRLEEXREHILLIZN  ~BRR{HEBEZF T, #
VRBROZAINF—H100keVNEE, Get+tGCGeNMAALEORHEBRIRED
BRELLETFLTVEN, Si+Ge+GCGenAESbEORHERBIZS i +Geni
LEAEDLEORHMEBLRAZOREDBRABOADIZENbNE, £, RO RNV
¥—M1000keVOHE, ARAORMEBIIS i +GePMAEDLEORBERIC
HRT2EULEOBRHEDBEBOATWVWS L ERbME, 2TH72LT, ABHIZIDE, =
FAE—NHPF100keVhbeMe VOBHEHON vy~ HE, BREE  BDRTHAET
AL EBE VTR IATHATCERT I LN TE D,
lo0438]

M18i, AR LAIN V~HRBBHEB CRBELEFAL., FORBECHRAG DY
CYDIIRBEETCHEEARNEZISZ 2RI THD, BPDGel +Ge 2, Si+
Ce2RUSi+Gel3ZhF*h2BBEL3KE; 1BAL3IBEBRV1IERAL 2EKH
ORHBOBVASOLEATT, TXAX—H100ke VOFERIIT94. 28%MS i+
Ge |l THAEFEAMNMBE-. -THY, 3SREBEORHBOFSI IV, LrL., =2 VT —
H1000ke VDOPEEIE, 63. 44%MHGel+Ge 2 CHAEANEZ TS
LR bMrb, 20, TORHRL LT, BEx X ALX—DOoEBI AL —ETRHEDHRN
HEBINDZENDN DB,

[ o fi B A2 58 ]

[0049]

[R1) 27 o B&EDARBRRBEZHRATHIHE,

(2] ¥Yre—vsafERei Y arvabisdsaryr7 b rBEADERBRBLERLD
BEsroBFE R LEE,

(3] AR LISV~ HBREBEBCBII VNV~ BRREBOBE L T ITHAR,
(H4) 2ARBFRL L3V~ RBREBORHEBOBBHERAR . H U ~REORKRERE
L7 HE,

(R5)] AZACLIIEELBERIERY  ~RBUBOBESF 2T TR,

(6] EEBABBERY V ~HRBHBOBBRUVBBOHANESTE2 Y Ia—Ta sl
&, ’

(R7] BEREEHEHICE TS, EEEFOREABRREOS 0%ILETIETCORMO
Z:rDO10oEFEETRTHE,

(B8] A v~BROHBMEERAOKIFMOMNBOREELEORHARK,

[B9)] TOI ¢tEE6TEHELEATA—YOBEKRETTRH,

(M10) ARXBFRIZF V~HBBEEBOESLEROFAEZFTHB 0y 7 K,
[B11)] EELBEROFEMEA, :

(R12) CFDOBKEREBELXRATIN,

[R13)] avba—FREREENBT—FZOARETTR,

(K14)] avba—F L7 —4R_BDODT7a—Fx¥— b,

[(H15)] V¥or~RREEBOEASNZTT R,

[M16)] ¥o~RRHEBORHBDBLAHEBLTFLERN,

(R17) ¥o~BRHEBORBDELHBLTRLERK,

(18]l HEKALL-RBBOBRALAEDLEORHAK,

(B oH®A]

[0050] :

10 RIMH. 11 HARKRKERE, 12 BRKRHB, 13 HAr~HKK. 14, 15:H4
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YRB, 20 HAU-BBHEER. 21 BEXMNY YT, 22 BEBAINY YT, 31
CAIEMES, 32 EELAEEK. 33 ARHBIEK, 34 BEEEK. 35 : B
ZRLEF. 36 HEEEEE, 37 22—~ 41 EREUWUE. 42 EEBRE
4. 43 REMWMESBL. 44 : TFA, 45 :CFD., 101 : 1EEBORHEE. 102
C2EBOBRHE,. 103 3BEORHE

(X1} [ 4]
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500 kev
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[ 95 1 15 2 25 3

BEBOMS [om]
(X 2]
08
E = 100keV
H
goe [X 5 ]
b 2
e Si
= - /
ﬁ 04 ' _/ZO
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‘I'} 0.2 To z l
| )
% v @

05 1 185 2 25 3
BHEOXE {cm] 21

d . 20
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Low noise Double-sided Silicon Strip Detectors

for hard X-ray imaging spectroscopy

Shin’ichiro Takeda, Tadayuki Takahashi,
Nakazawa, Shin Watanabe, Hiroyasu Tajima, Takaaki
Tanaka, and Yasushi Fukazawa

Kazuhiro

The low noise double-sided silicon strip detector (DSSD) tech-
nology is attractive for future astronomical missions or/and
medical imaging as a high quality hard X-ray imaging device.

A photon counting imaging spectrometer for hard X-rays (10~
50 keV) is critical to realize focal plane detectors of next gener-
ation hard X- ray telescopes. CCDs (Charge-Coupled Devices)
with exquisite energy resolutions (down to ~140 eV at 6 keV)
have been widely used for X- ray imaging below 10 keV in as-
tronomy. Efforts have been made to extend the energy cov-
erage to hard X-rays by developing fully-depleted CCDs with
>300 pm thickness. However, still, this would not provide suf-
ficient efficiency for hard X-rays while also increasing the back-
ground duetoa larger detector volume. Besides sufficient device
thickness for higher energy photons, good timing resolution (<
1 ps) is essential in order to minimize backgrounds (and achieve
high sensitivity) using an active anti-coincidence shield.

P+ strip side

N+ strip side Al

Figure 1: Cross section view of a DSSD. The orthogonally im-
planted n and p strips on both sides of the detector provide
two-dimensional coordinate measurements.

The double-sided silicon strip detector (DSSD), which was
developed as a charged particle detector in particle physics, is
one promising candidate for the hard X-ray detector. The ba-

e
y K
[ ST
M Y. 8

5 10 15 20

Figure 2: A shadow image using X-rays from '**Ba in an energy
band from 20 to 40 keV.

sic strip geometry, orthogonally implanted n and p strips on
both sides of the detector (Figure 1), provides two-dimensional
coordinate measurements for absorbed particles such as X-ray
photons. The 500 um thick device is practical (described later),
and has ~ 40 % photo-absorption efficiency for 20 keV. The im-
provement of efficiency for higher energy photons is possible by
stacking fully depleted DSSDs. If a total thickness of 1 cm is
obtained by stacking 20 layers, above 70 % efficiency for 40 keV
can be achieved. However, one issue for hard X-ray detection
is noise performance since the signal generated by a hard X-ray
photon is much smaller than that by a charged particle. In or-
der to achieve the required noise performance, we optimized the
geometry of the DSSD and read-out electronics.

The DSSD geometry is carefully optimized to minimize strip
capacitance since the strip capacitance is generally larger than
the pixel capacitance due to a large inter-strip capacitance. The

Continued on nezt page
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strip pitch varies from 100 pm to 400 um depending on the
plate scale and the point spread function of the telescope. A
wider strip gap reduces the strip capacitance while also causing
higher electric field concentration at the edge of the p-n junc-
tion. We impose an upper limit of 100 um on the strip gap to
minimize the possibility of the junction breakdown. Similarly,
the optimization of the DSSD thickness is a trade off between
the interaction efficiency and the depletion voltage. We chose
500 pm for the DSSD thickness in order to keep the operation
voltage below 200 V.

Another key technology to realize a low noise DSSD system
is low noise front-end electronics. We have developed the low
noise front-end ASIC' (Application Specific Integrated Circuit),
VATA series, in collaboration with IDEAS ASA, Norway. The
geometry of the front-end FET and the shaping time (~ 4 us) is
optimized for input capacitance of 6-10 pF and leakage current
of less than 0.1 nA with a power constraint of 0.2 mW /channel.
The typical noise performance is 50 e~ (RMS) at 0 pF load and
180 e~ at 10 pF, which corresponds to 1.4 keV (FWHM) in Si
with 2 us shaping time. The electronics channel is DC-coupled
to the silicon strip to avoid degradation of the noise performance
due to extra components associated with the AC-coupling.

Figure 2 shows the '**Ba line image integrated in the en-
ergy band from 20 to 40 keV. The classic style car mask, made
of 0.3 mm thick brass, was mounted 3 mm above the DSSD.
The DSSD used here is 4 cm wide with 300 um thickness and
400 um strip pitch manufactured by Hamamatsu Photonics,
Japan® (The thickness of the this DSSD is thinner than the
optimum for testing purposes). The position resolution is con-
firmed to be consistent with the strip pitch of the DSSD. Fig-
ure 3 is the sum of the *** Am energy spectrum for all 96 strips
on p-strips. The energy resolution is measured to be 1.5 keV

Figure 4: Newly developed DSSD stack module consists of four-
layer DSSDs with a pitch of 2 mm.

(FWMH), which is consistent with the value calculated from the
VA32TA noise performance and input capacitance (~12 pF).

As a next step, we tried to develop the stacking technolbgy of
the DSSDs, which is a key to obtain sufficient efficiency in the
higher energy band. Figure 4 shows the prototype of a DSSD
stack module. Total four newly developed DSSD boards, which
consist of one 2.56 cm wide and 300 um thick DSSD and the
read-out ASIC mounted on each side of the DSSD, are stacked
with a 2 mm pitch. All layers are successfully operated with the
high energy resolution of 1.6 keV (FWHM)®. We also checked
the improvement of the efficiency which corresponds to a total
thickness of 1.2 mm (300 um X 4 layers). It should be noted
that this technology is scalable, so that a total 1 ¢cm thickness
is practicable with 10-20 layers.

We have demonstrated the performance of a low noise DSSD
system. The characteristics such as fine energy and position res-
olution, good uniformity and good timing resolution are attrac-
tive features for high quality hard X-ray imaging spectroscopy.
We also fabricated the technology of a high-density compact
DSSD stack, which is a key to improve efficiency. The flight
model development of the DSSD system for the Hard X-ray Im-
ager onboard the NeXT mission®, the planned 6th Japanese X-
ray satellite, is on going. Imaging detectors in 10-100 keV would
be attractive in various fields such as astrophysics, medical and
nondestructive inspection. For these purposes, the development
the next generation Compton Camera is now underway® ®.
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