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Abstract

The first experiment for hypernuclear spectroscopy by the (e,e’K™) reaction was
carried out with the best energy resolution of 600 keV (E89-009) at Thomas Jefferson
National Accelerator Facility during March — May, 2000. We have developed an ar-
ray of silicon strip detector (SSD) as a focal plane detector of the scattered electron
spectrometer. Radiation hardness of the SSD is one of key issues for the success of the
experiment, since counting rate of the 80 cm focal plane detector is expected to be 10°
Hz and the integrated dose during 3 months runs to be as high as 10 kGy.

We tested the radiation hardness of the SSD by directly irradiating it by the 200
MeV electron beams up to 170 kGy at Laboratory Nuclear Science Tohoku University.
The leakage current, efficiency and noise level were measured every 10 kGy irradiation.
Any degradation of the efficiency was not observed up to 50 kGy, which corresponds to
the dose 5 times larger than the maximum expected one for E89-009. Even above 50
kGy, the efficiency was recovered by increasing the bias voltage up to 100 kGy. Although
the leakage current and the noise level increased linearly to the dose, those changes were
within acceptable level.

No degradation of the performance was observed during E89-009, in which the esti-
mated dose was less than 10 kGy. We could operate the SSD with the efficiency greater
than 97 % and the S/N ratio better than 100.

In conclusion, the SSD developed for E89-009 can be operated for a long period
without any degradation of the performance under high-counting environment.
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Introduction

1.1 A Hypernuclei

AOODOO 1115.68MeVOOOOOOOOOO %ﬂ]DDDDDD oobobbOobOooboonog
u,d,s00 0000000000000 -1000000000A000000000 2.63x1071%
0000000000000000000000 pr~ 000 nA%000000

0000000 AD X0O0O00O0000O0O00O0O000000O0DODo0bO0oooooooDod
000000000 DO000D00000000O0O0ODO0O000OD ADODODDOADODOODOO
gbobooogoobooobooobobobooobobuoboooobooboboobobg
gobogoboooooboo

goboboobboobobbbooooobobuoboooooboobooooobooobo
gooooboboobooboobooooobboooooobbbooboooooooon
gbooooboobboobobooboboooooobooboobboouoboobobobo
gboobobobboobobbboboooobobooboboboobobooobob boob
goobbdoooboboboobbobobbooobbbboboobobbboobobooba
gogbgoooboobooboboboooobbbobooooooooouoooboboooboon
0000000000000 00000000O0O 0000000 bO0DDOO0DOODO ADDO
00000000 AOOOO0O sshellmodelDO0O00OO00O0OO0ODOOO0OOODOOODOO0O
gobooooobobbbobg isobboobobobobbobbooboobonoooogon
goobobooooooboobboobooboobboooobbooobooooboboo

gooobboooobooobobobbooobbobbboooooboooooobon
0000000000 DOO000ODODODODOO0O0DAOODODOODOOODOOOOOO0OO ADO
000000000000 0D0 A0ODODOO0OOODOO0ODOODODODOOOO0DOODOOODOOO
0000000000000 00000O00O000bO00ACO0DDODOOODODODOOODOO
gogbobboobooogobobboooooooobobooooobooboboboboooooo
0000000 (Gmatrix00 )0 00000000000 0OOOOOOOOOOOCOOOOO
00000 AODQOODOO0OOODOODODODODOOO0ODOO00DO0OOODOOODOOOODO
000000000000 GmatrixDO0O0O0OO0OO00ODO0OODODOO0ODOOOOOOOOOO
gboobooooboboboooooooobobooboboobboobobobbobboon
gooono



2 CHAPTER 1. INTRODUCTION

1.2 Background of Spectroscopic Study of A Hypernuclei

1.2.1 History
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00000000000000000000000000000000000000000

0000000000 CERN [2] 0 BNL[3]000000000 (K;,_ g7 ) 00000
0000000
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00O000(K,
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gooooooobbbobooooo b0 bbb bDobOoUoUbL:KEKOODODOoo
(KEK-PS)0 00000000000
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00000000 (CEBAF)OOOOO (e,/KT) 0000000000 DODOODODODOOO
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1.2.2 Characteristic of the Reaction to Produce A Hypernuclei

000000000000 AODODOOODOODOOO0ODO JLABOOODODOOODOOODOOO
Ooobb0ob0obbo0obDO0oO0d Table1l.1 O OOO

Table 1.1: Characteristic of A hypernuclei production

reaction oooog | As,Al gooog |oo
(GeV/c) (MeV/c)
in-flight | n —>A | ~0.8 As=0 q < 100 recoilless, 1 0 00O
(K=,77) Al=0 ooooooOood
substitutional state 0 00O O O
stopped |n— A |0 As=0 q = 250 oood
(K=, 7°) Al =0,1,2.. 000 stated OO
(7T, KT)|n—A|~1.0 As=0 q > 300 recoil 000000
Al=0 high spin,streched state 0 0 O O O
(e, KT) | p—A|py= As=0,1 | qg> 300 0000 recoil O
(v, KT) 1.0-1.5 | Al=0 high spin,spin-flip,streched state 0 0 O

gbooooooooobooooood
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Chapter 2

Spectroscopy of A Hypernuclei by
the (e,e’KT) Reaction

2.1 Introduction

00000 A0O0ODOODOODOOOOOD 2000000000000 000DOODOOO
0000000000000 00000O000000bLO00OU0O 2MeV(FWHM)OOO OO
goboobboboobbooooooooboobooboboooobboobbooboooo
ggoooood

19900 000000000 OThomas Jefferson National Accerator Facility(JLAB) O 0 O
0000000000 Countinuous Electron Beam Accerator Facility (CEBAF)0 000000

Table 2.1: Specifications of CEBAF

Beam energy <4.065GeV *
Energy spread < 10~4(FWHM)
Beam current < 200uA
Radio-frequency 499MHz
Beam bunch separation 2 ns
Beam bunch width 1.67 ps
Beam emittance 2x107%mm mrad
Duty factor 100%
Beam mode CW /Pulsed

*2000000000000000

Table2.10 CEBAFOUOOUOOOUOCEBAFOO OO 4GeVO DO OO OO (duty factor 100%)
0 AOBOC300000O0O0OO0ODOOO0OODOODOODOODODOOOOODODOO 2000A000
OO0D00D0CWO Countinuos Wave 0 0 000 CEBAF OO Beam Energy Upgrade 0 00 O
000000 12GeVO beam energy 000000 OO

00000000 000ooO0o0DO0O000O00000oDoU0ooDoOoOOoDooDOobODogo
0000000000000 JLABOODOOODOOOOO pshelOOO ADOODOODOO
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0 (Eg9-009)0 0000000 O0DO0O0O0ODOOODOOOLOOUOODOOUDOODOOUOUOOOOO
000000000000 0000 (HKS:OOOoOoO)oooooooood (E97-008:p-shell
& above p-shell) 000000000

2.2 Electromagnetic Production of A Hypernuclei

2.2.1 Kinematics

(e, KY)ODODODODOODDODODOOOOO
y+p— KT +A (2.1)

Fig.2.1 0 0 00 Feynman Diagram [0 0 OO

S v KT

Yvirtual L’

€ 4 o

Figure 2.1: p(e, ¢ KT)A Feynman Diagram

Table 2200 00000000000000000000 atn—AKTOK ™ n— Ar— 0O
O0000O0OD0OADDODODOODOD 2000 3000000000000 ODODODOOOOO
goboobobobboboooooooooooobooob b obooboboobooba
ggooooooooobodgd

Table 2.2: Cross section of A hypernuclei production

Reaction cross section | Beam intensity [s~!]
[do /dSY) X Puien

in-flight (K —, 7~) (recoilless) | 200mb/srx10~2 10%

stopped (K, 77)* 5mb /srx 1071 10*

(nt }(+) 0.5mb/srx 1073 10°

(e,’KT) 0.5ub/sTx 1073 1013

Pgyicr O A O sticking probability
*stop K-ODOOO - 000O00O0O00OO (~100msr) O
00000000000 0000000000000000000
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000 kinematics [
e<pev Ee) + p(pp7 Ep) - e/(pe/v Ee/) + A(pA7 EA) + K+(pK7 EK) (22)

00000 00Fig.2.20 kinematics 0 O 0 O O O virtual photon O ¢ = (q,w)0q = p, — p, O
w=E,—E,0000000

e+p— e +K" +Y( A, %) A

/ ‘ X
KWpKE@ x

e’ Pe’ Ee) Qe

VA
/ yv(q, ) / Plpe.Ep)
oot W\Epv Ev)

scattering plane

reaction plane

Figure 2.2: Kinematics of the electroproduction

00000000 effective virtual photon energy E., Ovirtual photon flux I'0 vitual photon
O transverse 0 longitudinal O polarization e ey, O

2

E.—w+£@ (2.3)
_Zéﬁi%e%/ 24)
€= (1 + Qgiftaﬁ %) B (2.5)
€L = 3—226 (2.6)

00000000000 0000000m,0 proton000000¢?=w?—-q?%=-Q?0
oo
0000000000000000000000/(11]
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-7 oL 235 + /21 (1 o 2.
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d3c dor doy,
= == —— 2.
dELd A0, [dQK+€dQK] (28)
dorp,
_ T 2.9
0 (2.9)

000000000AO0O0O00O0OO0 virtual photon lux 0 K+ O photo production 00 O O
ooooooooon
virtual photon fluxd . OO0 0000000
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. e
2Ee2 + sin® —

47w AE2E"? 2

E'm2w? [ m2w? . 90 -
T AEBER + s o
& &

AR2E" 2
—1
(Be+ ELD? [ w? .o 0
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Figure 2.3: Virtual photon flux I'
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Fig240 v — KtAODODO KtO0OOOOODOOODOOOOO yp— K000 photon
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Figure 2.4: vp — KTA, yp — K+ total cross section [14]
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Hyperon Recoil Momentum (MeV/c)

SPECTROSCOPY OF A HYPERNUCLEI BY THE (E,E’K*) REACTION

800~

600[~

qy

400

200

NN— A (N K')

%\n
0 | \ | \

3.(0
Plab (GeV/c)

1.0 2.0
Projectile Momentum

Figure 2.5: A recoil momentum [10]

2.2.2 Kaon Background

Table 230 ANOOOODODODOOOOO KTOOOOO E, threshold0 O OOFE, > 1 GeV O
00000000 Kt0000000000000 E,<1GeVOOODDO Fig2400000
gooboooboooboboooboa

Table 2.3: K photoproduction threshold

Reaction Gamma threshold(MeV)
yp — KTA 911
yp — K50 1044
yn— Kt~ 1051
vp — KTA(1405) 1451
vp — KTA(1520) 1691
vp — K*T(892)A 1680
vp — K*+(892)%° 1846
(K*F — K*)
+p — $(1020)p 1575
(60— KK

E,000000000000000000O000000000O00O00000 Orecoil momen-
tum 000000000000 OO0O00O0OOODObObOOOn
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2.2.3 Electron Background

o°c0obO0bo0oobobooobobobobbooboboobobobooobooobD g
goboobooboooooboboboobooon

beam energy E [GeV]Ophoton energy k [GeV]OO 000 O N,Otarget thickness d [mg/cm?
O0000E — knin ~ E — kmee 0000000000000 N, 00DO0D0DD00[8]

A kme 4 4 dk
N — 4 4 2)dk 9.12
g Xo/k (3 3Y Y > i (2.12)

min

N. = N,N, (2.13)

000 y=k/ED Xg[mg/cm?] 0 target O radiation lengthO0 0000 0°00000000
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2.3 Experimental Setup and Condition

Table 240 0 00000O0O0O0ODOO0ODOO

Table 2.4: Kinematical condition

Beam energy 1.864 GeV or 1.721 GeV
Beam current 0.2~ 1.5 puA

e scattering angle 0°

E! 268-367 MeV or 242-358 MeV
K™ scatterin angle 2 ° (central)

Dr+ 1.24 GeV/c or 1.12 GeV/c

2.3.1 HyperNuclear Spectrometer System: HNSS

Eg9-0090 0000000 Hall CODO SOS(Short Orbit Spectrometer) 0 HMS(High Momen-
tum Spectrometer) 0 000 000000000000000000OESY-00900000000
O00D0KtO00D0O0D0O00000000000000000000000000000000
0000000 Target 000 Splitter Magnet 0 000 OK+TO0O0000O SOSOODOOOO
0000000 ENGE spectrometer 10 0000000000000000000O0OOO0O
system 00000 HNSSOOOOOODOOOOOOOOO 600keV(@'2C 010mg/cm?) 00
0000000000000 OTable25000000000000000000000000
000000000000

Table 2.5: Expected energy resolution

Item Contribution(FWHM)
Beam momentum 172 keV
SOS momentum 560 keV
Enge momentum 60 keV
Scattering angle(13 mr) 240 keV
Target 17 keV
overall 636 keV

Target 0 '2C(10 mg/cm?)0 Beam energy 1.72 GeV OO0 000 O

Fig.2.6 0 HNSSOODOODOOOO
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Side View

Q Target

Splitter
— Magnet Electron
SOS Spectrometer(QDD) / Beam
,,,,,, 1.721 or 1.864 GeV

N Focal Plane
( SSD + Hodoscope )

Enge
Split-Pole
Spectrometer

Beam Dump 0 Im

Figure 2.6: Top and side views of the HNSS
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2.3.2 Kaon Arm : SOS Spectrometer

SOSO0 KTOOODOOO etOxt0p0 00000000000 O0K 00000000000
000000000000 00O0000 (Particle Identification :PID) 0 O O O O Table 2.6 [17]
000000000 SOSO000000DDOO0 Uacceptanced OO OO Splitter magnet O O
0000000000000 00D0O0DO000O000D0O000000DO T Table 2.70 E89-0090
O0000obOdobDdd singlesrated 00O

Table 2.6: SOS specification

momentum < 1.75 GeV/c
Horizontal acceptance 120 mr

Vertical acceptance 80 mr

Solid angle acceptance < 11 msr

dp/p 5 x 10~4(FWHM)
Momentum bite + 20%

Dispersion 2.7 cm/ %

Focal plane dimention 40x 120 cm?
Total path length 10 m

KTsurvival rate 33 %

Table 2.7: SOS particle singles rate

Particle singles rate [s7]

KT 0.17
7t 1400
P 140
et 10%

Drift Chambers

0 00 Drift Chamber 0 Focal plane 00 000000000 OOOOO Drift Chamber O cell
size lem OUUVV'XX'OOO0O0000000O00O0000OO0O 200umO0 00 Ar:CoHg=50:50
Oooooooooooooooo

Hodoscope Arrays

SX10SY10SX20SY20 0 0000000000 DOO0O0ODOODOOODO ODODO0OD OO0 OTrigger
Counter 00 0000 Time of Flight Counter 00 00000000 0OSX10SY1O SX20SY2
00 1.5mO0000000O000O0O 120ps™
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Cerenkov Counters

PIDOOO0O0O0O0ODOOLOOOODOUOOOUOUODOO nODO ,3>%DDDDDDDDDDD
0000000000000 n00000DOO000ODO0OODOOOODOOOSOSOOODOoOn
00 e"O04TO0KTOpOOOO KTOOOODODOOOODOODOOOOOOO0OOO0OO Gas
Cerenkov(GC)0 et 000000000000 DOO veto counter OO0 O Lucite Cerenkov(LC
:n=149)00 p00000000O0 proton 0000000 OO OAerogel Cerehnkov(AC :
n=1.034)0 "0 "0 0000000000000 Oveto counter 00 000000

Shower Counter

000000000000000000000000000000000000 et0000D0O
00000000et00000000000D000D000O0D0OO0OO hadton 000000
00 threshold 0000000000000 e 00000000

SOS Detector Package

SX2 S Hodoscope Arrays
Yo — TOF counters

sx/l

Figure 2.7: SOS detector package

N
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2.3.3 Electron Arm : ENGE Spectrometer

000000°000000000000000000000000000000000000
0000000000Eq21300000000 1pA 2C 10mg/em?(Xy = 42.67g/cm?) 00 O
000000000 2x108Hz00000000000000000000045°000000
000000000000000 (FWHM)600keVOODOOODODODOO0OO0O0D0O0000D
0700ymO0000000000000000000000000000O0O000 Silicon Strip
Detector (SSD)0 0000000000000 0000000000

Enge Spectrometer O split-pole magnet 00 00000000000 OODOODOOO0O
Silicon Strip Detector 10 000 000000000000 0000000000000000
000000000 SSh000D000000000000000D00000000D0D SSD
000000000000000000000 (See Fig. 2.8)

000000000000 singlesrate 2MHzO0D000000000000000 1pA
000000000 Table 2.8 0 Enge Spectrometer 00 00000
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Figure 2.8: Focal plane detector
O0000oo0oooooood

Table 2.8: Enge spectrometer specification

momentum ~ 300MeV/c
horizontal acceptance 25 mr
vertical acceptance 20 mr
total length 5m
momentum bite + 20%

focal plane length 74 cm

dp/p 5 x 10~4(FWHM)




Chapter 3

Silicon Strip Detector (SSD) and
Readout Electronics

JLAB ES9-0090 000D DODODO0ODODO0OOO0OODOODODDOODODOODOODODOOO
SSD O 00 00 00O Silicon Strip Detector (SSD)0 0000000000000 OOOOOO
googboboooooobobbooooooobobobooobboooooboboboboo
gbboodooooobooooobobobbobo 2embooobooboonobbooon
gooboobobooooooon
goboobogoobooboooooobooboboboon

e ~700 ym O OOD0DOODOO
000000 DDO0O0O 600 keVO Enge spectrometer O 100 keVO OO OOODOOODO
ooobobobobb oo pmO0OoobOoooooOOO

e High rate 0 O 10® Hz/80 cm (focal plane)
0000000000000 000000 beam intensity 1 pAOtarget 0 12C 10 mg/cm?
0000 2x108H2000000000000000000MM 000000 strip pitch
=500 pm 0 000 10° Hz/strip1]

e focal plane 00 00O electron D00 400 ~ 600
Enge split-pole magnet D 00000000 40~60°000000000O00OO

000000000 Drift Chamber 00 000000000000 O0DOOODOODODOO
0000000000 0O000000Od Vertical Drift Chamber 0 rate0 D000 O0O00ODOO
000000000000 000000O000oO0oDOObODO00OO0ObODOO SssbooOd
O00000D0O00D0O000OSSbO00O0000OO0OoDO0ogoOogoossbgoooooooo
00000 SSboooooooo

3.1 Operation Principle of SSSD

SSbO0O0000000000000000000O0NDODOOOOOOOOODOO Strip0000
OpOO000O0OO0OOOOOOOOCOOOOOOOOOCOOOOCOOOOOOOOBOOO
POOODOONOOOOOOOOD (pnjunction) 0000000000000 O0O0ODOOO
00000 (depletion layer) OO0 00 carrier 0 00 000000000000 O0O0OOOO
000000000000 000000000000000O0O0C000O0O0O0O000OO0B00O0
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000 electron-hole pair0 D000 D0O0O0OO0O0OOOANO electrond holeO O DO ODOOOOO
000000000 DO0ODO0D0DOO0D000OO000D0DO000DOO000DOoOOoOoooooOg
O0000000{)ehpair0000000O0 (2)00000 carrier 00000000000
0000000000000 oooooooodbOooooooooooooooogoooag
0000000000000 00000000000O000DbO00000OFig.3.10 SSDOOO
0dooooooood

depleted region

Figure 3.1: SSD status

oooooo (O kQem,Np ~ 102 em™3)0 NOODOOODDODOOOOO PO OOO
00000O00oOSSboOOOOO0O0O0OODODOOO0ODODOO0ODOODODOODOOODOOO Vg

viooooo
2ee
Weepl = 1/ 0 Vi &~ 36um+/ Vg (3.1)
QeND

O00O0ONpO nOODOOO donor 000000000000 DOOO0OOO 300 mOODO
O0000000000000 (full depletion valtage) D0 OO 70 VO OOOOOOO

U00000ob0oooouobuoobobDDbOd electrond holeD DODODODODOODOOO
goobbdboobooobodbooooobbbobobooobobuoobbbOod pm
gooboboooooboobbooboooobbbboboooboog
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Metal Semiconductor
Oxide

V<0
° ap @ @D @ o V>V

Vv — :@ G° G @ o@ 0@ @ — Accumulation layer
e @B @ ed =
® @0 ® S d V=Vio

vV — d & @ ®oerd @ ] flat band condition
D B0 F®a| =
© @ o d e & V<Vio

V ® O @6 o & 1 depletion layer
©® 0 d o 9 & —

® acceptor o electron

Figure 3.2: States of n-type MOS structure

electron 0 hole0 000D DO OO0 O mobility 1,0 ¢, 000000000 (00DO0OO0O0ODO
D0000000 p~4kQem) 000000000 p, ~ 1350 ecm?/ Vs, p, ~500 cm?/V-s
000 9U0o0000o0oo000o00 3kV/em00 000000000000 0OOOOO
0000000oDooOo00o0bDOoooOog 300 pmO0 O thee = 7.4 ns 0 electrond holed O O
(~1lps) 0000000000 0ODODOOOODOOOOODOOOOODOODOOOOOOOO

PTO0 Strip00000000000000D000D00D00000O0D0O0DO Stripd0 SiOy
000 pPoly-SiDODODO0OOODOODODOOOODOOODOOODOOODOOODODDODOO
oooooo

0000000000000 000 pnO000D000O00D0O0O0DO0000O00000O0
0000000000000 0000000 (accumulation layer) 000000000000
00000000000 0000DO00ODO00OO000ODODO0O0O000000000 flat band
votage (V) D00 D0 O0O0Fig3.20 000000 SSDOOOOOO0O0O0O000OOOOOOO
O0000000000000V,,=0000000000000000 flat band voltage d O
00 AV, 0000000000000(22]

edos

AVig = “°CAN,, (3.2)

do;0e0AN,, 00000 SiO,00000000000DO000O0O0O0DO0DO0ODOO0Od
Fig3300OOO0OO0OO0O0O0OO SSbOoOoOoOoonogoo
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Guard-Ring

Bias line

Bias Resister Bias line

] L”_ﬁth L] Poly-Si

U ’/-’/

p//

L]

Side view

|

Bias line

//
Wire bonding
Guard-

Readout

Bias line

RiNg

Figure 3.3: SSD genetral view
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3.2 Radiation Damage

3.2.1 General Radiarion Damage Effect

E89-0090 00 SSODOODO0ODOOD0O0ODOODO0ODOOO0ODOOOOoOooOoDOooODOooooOg
ggoboobdboboobobodoobooobbbbooobobobobobobbbobobo
googobobbobobbooobooboooboobon

Surface damage

SShbOO0000000000000 ionizationOOO0O0O0O
O0o0ooO0oboO00oo0oooOoOoO0OboOoOO0ObOOO0OO000OO0O0O00O0O00O0OOO00O0O0000
O000000 e-hpair000000000O00O00O0O000DOO electrond holed OO0 O O
OOobo0OO00O00ooooooooboOobelectronO00O000O0O0O0O0OOO0OO0OOOO
000000 holeD0ODODODODOODOODDOOOODOODOODOODODOD Si/Si0, 00000
000000000 0O000000000000000O0O0O0000000

(Ileakage current 0 00 D000 000000000000 O0DOO shot noise000000O0O
(2)flat band voltage 0 D 00 00000000000 OOOOOO

3)0D00000000 Ssio, 00000000 0Do0ooo0oooo0o0oDooooonon
0000000000 [20]

Bulk damage

SSD 000000 non ionizing energy loss(NIEL) O O OO0 0O

000000000 SSbO00ooO NIELOODODOSio0o0o0ooooooooooooad
0000000000000 0D000b0D0 ehpair OO 0ODDOOODOOODOODOOOODOO
(1) 000 (Bulk leakage current) D 000 Noise 00000 OO

(2) 000000 acceptor 10000 NOOODODO POOOOOOOODDOOOOOOODOOO
ooooooboobon

3.2.2 Expected Damage for E89-009

Fig.3.40 ODOUOODODOO Electron UNeutron Proton O NIEL O 00 O Displacement Damage
O000DO0OD00O0 300keV O electron D00 NIELO Hadron OO0 ODOO0OODOOODOO
O surface damage 0 00 000 bulk damage 0000000000000 DOO0O0O00ODOO
0000 surfacedamage 00 0 0000000000000 OO0O0OODOOOOOOOOOO
0000000000000 O0SSbh0ddoooopoOO0O0oooOoO0oO0oDooDoooDoDoO
E80-0090 0000000000 DOOODOO Surfacedamage0 0000000000 0OOO
000000 O0SSbO00ooUoO0oOOoOoOn 10~20kGy (3 months)DOOOO OO
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Figure 3.4: Non ionizing energy loss

3.3 Structure of the SSD for E89-009

Ego-0090 000 0obbo0oobooobboboobboboobobobooboboogo
goobooodoboobbobbboobobboobboobooobobobo
SShbO0O00O0oooDOo0O00o00o0ooOobO00oo0oooooooogooooooooo
gooboooobooboboooboooooouoooobbooobooboooboboo
000000O00oO0oOoSSbhoooOobOOoOooooooooooooo

3.3.1 Readout Types of SSD
DC coupling Readout or AC coupling Readout

Fig3500000000ACODODODOOOODCOOOOOOOOODODODOODODOOODOOOO

ACO0OOODOOOOSSDO AlDDDOO Si0,000000000SSb0d0n0OD0 O leakage
current 0 0000000000000 DOO0OODODOOleakage carrent 0000 OO0OO0OOOO
00000000000 ACO0O0000 000000000000 00000o0oooO Pt
oobooooogboboobooboboooo
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Read out Al Read out Al

DC coupling Readout AC coupling Readout

Figure 3.5: Readout method 1

All-channel Readout or Charge-division Readout

000000000 DOO00d All-channel Readoutd Charge-division Readout 0 00 0 OO0
000000000 All-channel Readout 000000000000 DOOOOODOO OCharge-
division Readout 0 00 000000000000 ODODODOOONO Readout electronics 0 0 O
000000000000 DO00000O0000ODO00O00000ODOO0O0DO D All-channel
Readout 0O OO OOOO

Readout Al

All-channel Readout Charge-division Readout

Figure 3.6: Readout method 2
cooo0oooooACOODOOoooDOoOoDOoOoOoon
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Single-sided or Double-sided

SShbOO00000O00DO000DO0000o0o0OoDoo0oooDooopooo Sssboooooag
00000010000000000000000000 PTO0000O0O0O00OOO0OO0
00200000000000 PTO0O Stripd0 0000 NTOO Strip0 00 ON*Strip OO
O Strip0 00000000 Pstop UOOODODOOODOOOO[23]000000000O0OO
gooboobobbooogboobobouobouoobooboooboobobo

Strip pitch , Width of Strip and Width of Readout Electrodes

Strip pitch O PO Strip OO0 W OO UOOO OW/POOOOOO Full depletion voltaged O O
00000000 0ow/PO0O0O0O0OOOOO AlOOOO CapacitanceD 0000000 OO
0000 NoiseDDOODODOOOO23 0000000000000 Strip pitchd 700p 000
oooooood

00000000000 0DoO0000 W =360pmOP =500umO0000000O0

Readout AlO O OO0 Strip00000O0O00O0O breakdown OO0 O00O0O0ODOOOO0O
0000004 00000W =360um0000 AlODOO0O 352um 00 OP*Strip 00
Bias line 00000000 O0OOODOOOOO

3.3.2 Bias Method

SShOO 0000 PTOO0NTOODOOOODODOOOOODOO

AlO0O0O PreempO000000000D00ODOOOCAIODDOOODOOOOODODO GNDOO
0000000PTO000000O000O0O SiO,000 BiasOODODOOOOOOOOODDOO
0000000000000000000NTOOO0O00O0000 PrO0O0O0OO GNDOODO
0000000000 PTO-AlO00O0O0D0OD0O0O0O000OOO0O0O0OOOOO0OO0O0OO00
00000000000 000 GNDODODOOOOOO AlD0DO00OO0OODOODODoOoOOo0o0ogo
goboobobooooooboboooo

P*O00 GNDOOO Poly-SiDO00000D000000O0O0O0O0OOOO0O Noised OO0
O00OD00O0 leakage current 0 OO0 DO OO0 OODOO0OODODOOOODOOOOODOOODOO
00023000 SSDOOODO Poly-SiODODOOOO 10MQUOODOOOOCOO

0000000000 DO0O0000110kQ 00000000 0D0D0ODO Oleakage current O
goboboboboobobouoboobooobod

+V bias
ﬁ — —
i P

iiter < Mh— =
1

[—— preamp
Poly-Si

— —"T—— preamp

Figure 3.7: Bias method
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3.3.3 Guard-Ring Structure

Metal-Oxide Semiconductor 0 0 (MOSOO)0000O00O0O00OO0O00O0OOO0OOOOOOO
000000000 0DO0d0o0o0O0O0DOODOODO0OO00OobOO0OoDOooOobOOOoOoooo
00000 0Oleakage cwrrent 0 000 0000 0ODOO0OOOOOODOODOODODODOOOO
0000000000000 00000DO0DO0o000OD StipdODOD0OOD0OOO0OODOOOOO
000000000000 leakage current 000000000000 Guard-RingOOO0O 00O
00 Guard-RingO OO OOO0O0O

3.3.4 Total Design

Fig.3.80 SSDOO0ODOODOOOODOOD BiaslineOO GNDOOOOOOODOODOODOOOO

ggd

NW\ Bias line
g

Figure 3.8: Equivalent circuit network of SSD

SShbOOD0ODO0O Fig. 380000000000 ODOO0O0ODOO

e Coupling Capacitance: C,
ACreadout 0 AlDODOOO0OO00OOOODODOOODOOOO

e Interstrip Capacitance: C;
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00000 SstripO000D0D0OOO0ODOOO

Ci=Choc+————+ 3.3
¢ AC 1/CD0—|—2/CC ( )
O0000000Csc0 AlD0D0O0000O00CpeO PHStrip0000000
e Body Capacitance: C
SSDO PPN~ 0000000
e Load Capacitance: Cy
D0000o0oooooooooooooooad
Ca = Citotal + Cp (3.4)

O00000D0OCiutq 0 readout pad D 00000 readout pad 0 DO OO0O000O0O0O0O00OO

C.O000 Strip000000DOOO0DOODOOOOOD O feedback Capacitance 0 CpcO Gy
000000000000 00000b0000oc,0000o0oo0boong noised 0000
ogooooo

Table 3.10 SSD chipO0 OO O0OOOOOFig.3.90Fig.3.10 0 SSD chipO OO O OO0

Table 3.1: SSD specification

Chip size 74 mm X 52 mm
Active Area 72 mm x 50 mm
Thickness 325 £ 15 pm
Readout Method AC coupling
Number of Strip 144
Number of Readout Strip 144

Strip Pitch 500 pm
Strip Width 360 pm
Readout Al Width 352 pm
Bias Resistance(Poly-Si) 10 M2
Breakdown Voltage > 150V
Total Capacitance < 20 pF
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Bias Ring Poly-Si Resistor
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Figure 3.9: SSD structure (top view)
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Figure 3.10: SSD structure (Side view)
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3.4 Readout Electronics

SSD Readout Electronics 0 E89-009 0 000000 OO0OO Houston OO O OOOOOODO
goognd

3.4.1 TEKZ Chip

000D000000bOO0o00ooOoDooOoO000b0oDO0D00oDOoD0ooOooDoDogoDoDOOon
000000000000 DO0 shaping amplifier O 100ns 0 00 O O shaping time 0 0 O O
O000000O0Ocharge 00OO0OO0D00OD0ODOO Strippitch 0000000000 O0O0OO0O
0000000000000 ws/strip000000000OOOOOU0DODOOODOODOOOO
0000000000000 Strip pitchD0000D0O00ODO Binary 0000000 OOOO
00000000000 PreampdShaper( Discriminator 0 00 TEKZ chipOOQOOOOOO
TEKZ chip O California0 0 Santa Cruz 00 00000000000 (ZEUS)ODODOOOO
000SSbO00o00ooDoO00O TEKZODODOOOOOOOOOoODOoODoOoOoooooooaOd
00000000 DOO0000OSSbO00O0O0O0DO00O0 Scintillator Hodoscope 0O 0O 00O O O
SSDOO0ODOOO Hodoscope OO ODOOO0OOOODO 10nsO00000O0O0O0OODOTEKZ
0 O Discriminator threshold D000 0000 OOOO threshold O OO O remote control [
0oooooooood

TEKZODUODO Table 32000 0000000000 3110000

Table 3.2: TEKZ specification

Size 5.385 x 4.904 mm?

Number of channels 64

Shaping time 32 ns

Gain 164 + 7 mV/fC

Output pulse width 40 ns

Output pulse height 800 mV
Comparator

10pF I ouTt

Vin

f

CAL 100fF

Figure 3.11: Functional circuit diagram of TEKZ
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3.4.2 Front End Board

SSD 00 TEKZ chip O Front End Board (FEB) 00D 0000000000000 OOSSDO
0 O readout channeld 144 ch OO0 OO0 0000 SSDOODOOOODOO TEKZ chip 00O
O00OO0OTEKZOOODODOODOOOO TEKZ chip100O0OO 100 64 pin flat cable 0 00 O
ECL Driver Board 0 00 O OO

SSD bias DO OOFEBOOOOOOOO (+6 V)OTEKZ O threshold controll 0 0 OO
64pin flat cabled ECL Driver Board 0 00 000000 OO (threshold D000 SSDO OO 0O
00 channel00)

FEBOOOOODOO flat cable connector 0 0 O 0 0O 0 TEKZ thresholdd SSD bias 0 O O
O0000000000000000 threshold OO0 0OO0O0O0O00OO0OO0OO0DOO0OODOOOOO
ood

3.4.3 ECL Driver Board and Multihit TDC

00000000000 DOOD00OD0O0ODOOTDCO Multihit TDCOOOOOES)-0090 000
TDCO LeCroy OO FASTBUS Multihit TDC (1877) 0000 01877 TDCO ECLOOOO
00000000 ECLOD0O0ODOODO0ODOO0DODOO00000O0000 dual ECL driver chip
(MAX906) 0 O 00O TEKZ logic signal 0 ECL logic signal 0 00 00 000 chipO flip-flop
0000000 clockD ANDOOODOODODOOODODOODODO100 chipd 200 signal
0O ECLsignal0 000 OO0

000 ECL Driver BoardOO O OO 48 channel 00000000000 2400 ECL Driver
chip 0 50 MHz clock 00000 chipO0ODOOODOOOODOOODO SSD biasOFEBOOODO
threshold controlO 00 00000 O0CO0OO0OO0DO0O0O0O boardDODODOOODOODODOO
oo0ooood

Fig. 3.120 SSD chipO FEBOO OO OO



3.4. READOUT ELECTRONICS
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Chapter 4

SSD Irradiation Experiment

E8-0000 000000000 SSDOD0 000D OOoODDOOO0DOO0O000ooOooonod
O000oooooooooooooosSSbooooodoooooooooooooooon

0000000000 DDOO0O0OD0DODOOO0O0Od full depletion voltage 0O 0O O O O leakage
current 0000000 Poly-SiDODOODODOODOOODOOOOD BiasOOOOOOOO
0000 full depletion voltage 00000000000 BiasOOOOOODODOOODOOOO
oooooooooon

Full depletion voltage 0 OBiasO 000 Cie 0O OSSDODODOODODO BiasODOOOO
leakage current 0 0 0 0000000 OO0O0OO0O0D0ODOOCDOODOODODOODOOOOODOOOO
oooooooooooooooo

0000000000000 00000000O0ONoeiselevelDO0DO0O0O0O0DOOOOOO
Secondary Emission Chamberd Beam Profile Monitor 0 0000 00000 O00OO0OOOOO
00000000010kGyOODO0OO0O0000 PSr (3MBq)OOOOOOODOOOOOO
0000000 DORandom noise DO OO O Noise Level D DO D ODOOOOODODODOOOO
ooooooooooooooooooooooo

4.1 Experimental Setup and Method

000000000000 00O000000000oOoooOoOn 200 MeV electron beam (pulse

mode) 000 UO0O0O0OO0OOUOODOOUOOODOODOO Fig. 410000
O0000000000D00DO0D0000D0ONoiselevelDODOOOO0O0OOOODO
O0O0O0000000oOO0ODbO oft000bOOSShbOO Bias100VOOOOOO

4.1.1 Radiation Dose

0000000000 o0000000o0D0ooo00oo000oo000000Fie 4100000
OOSEMOBPMOOODOODODOOODOODOODOOOODOODOO

SEM : Secondary Emission Chamber

0000000000000 0000D00000000000D0D0O000 Current Integrator
000 107°Cco0000000000000N00O00No0o0NoNo0NOooNononooooon
0000 10%0000000000 1 nC/signalll

BPM : Beam profile monitor

Chamber 00000000000 DOOODODODOO127TmmO000000O0OOOODO strip
000000000 000000000 Buffter 00000000 OO0OOOOBufferdf0gng
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Concrete
Shield | SEM

SSD .
. Homlme
I

I
I

BPM

Figure 4.1: Setup during irradiation
SEM:Secondary Emission Chamber as a current monitor,
BPM:Beam Profile Monitor as a beam size monitor
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Figure 4.2: Beam profile measured by BPM
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googooboboobbboboboobobbobbobbooobooobuoboobbo

e Gy
0000000000 000000000000000OGy=J/kg

e rem
100 rem=1 Gy

e particles/cm?
Jo0oooobbboo0ob oo obb oo ooobooooon

000000000000 Gy0ODOOODODODO0O particles/em? (e~ /em?) 000000

Dose Calculation

QnC:0 0000 SEMOOS[em?:00000 plg/em?:00 dlem]:00
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Mesurement Method
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ggogoobooogoooooboooobbbobobbooobobobbooog
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Figure 4.3: Beam profile
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Figure 4.4: SSD Bias
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Table 4.1: Dose of each irradiation and dose of integration

good Q 00 Q Total Dose Total Dose
nC]  [nC] kGy] [x10'3e~ /cm?]

1 15024 15024  10.65140.048 3.334+0.03
2 15026 30050  21.30440.096 6.66+0.06
3 15020 45070  31.95340.144 9.9940.09
4 15042 60112  42.61740.192 13.32+0.12
5 15024 75136  53.26840.240 16.65+0.15
6 15013 90159  63.91140.288 19.97+0.18
7 15029 105188  74.56640.336 23.30+0.21
8 15035 120223  85.22540.384 26.63+0.24
9 15017 135240  95.87240.432 29.96+0.27
10 15034 150274 106.53040.480 33.29+0.30
11 15011 165285 117.17240.528 36.62+0.33
12 15065 180350 127.85340.576 39.95+0.36
13 15023 195373 138.50340.624 43.28+0.39
14 15050 210423 149.17340.672 46.62+0.42
15 15042 225465 159.83740.720 49.95+0.45
16 15049 240514 170.50640.768 53.284+0.48

4.1.3 Comparator Threshold

TEKZ chip 0 0000 O Comparator O thresholdVy, mV]OOOOO0O0O Ve mV]OOO
0000000000000 O0O0DO|2e]

Vin = Vo +

1257 [mV] — Ve

2
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(4.9)

Vo UUOUOUOUOUOOUOUOUOODOoOoDOoOoOgyg threshold DO OOOOOUOFEBOOOODOO

goobooooooo wobbobuooobuoboooobgoo

TEKZ chip 000000 gain g0 160 mV/fCOO000O0O0O0O00OO0OO offset voltage
Vopp (0000 000D0O0O000O00)000000000000000 SSDOODOO Vyyy
0 140 mVO OO Othreshold 00000000 Cy, [fC/O0O0O00OO0OOCOOO0OOOOOO

Vin — Vorr

Cy, = (4.10)
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4.2 Efficiency Measurement

000000000000 00O Oleakage current 0 O O O full depletion voltage 00 00 00O
00000 Oleakage current 00 00 00 OO Bias Resister (Poly-Si) 0000000000
0000000goSSbo000ooOdOooooOO00o0oOoO0o00oooooooooooooog
0000000000000 D0000000ODOODOOo00ODO00oDOOoOooODOoDOd

4.2.1 Method

08r0 O (3MBq)UUOO 000000000 S mme 000000000000 OTDCO
LeCroy 3377(Multihit TDC) DD 00 00SSDOOOOD 40000 2mm 01.6 x 1.6 cm?
0000000000 DOO0O00DODOD 0000 Trigger 0 0 TDCO common stopd 0000
0 DACO OO0 Oonline 0 TEKZ discriminator threshold 0 0 0 O O O threshold 0 0 0 O O
00000 oooooooooo00o0oooooon

0000000 Fig4b0000

‘)OSr
o +Bias
corimator
SSD ECL Threshold control DAC
Driver ‘
Board :
3 ECL cable x9 | MultiHit
SCSI cable 1 TDC
<3 Fan in common STOP 5
. .. Fan out x5 :
p <— scintirator
l PMT
v delay=500ns delay=10us
¢ | Interrupt
Discri —> GDG GDG : Register
veto T
stop Output
HV GDG : Register
start : -
width=latch “ICrate
controller

Figure 4.5: Circuit diagram to measure SSD efficiency
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4.3 Noise Level Mesurement

O000Dbb0OooDoDDdleakage current DO OO OO OO shot noiselO0 D O0OOOOOOO
00000000 Capacitance 00000 Noise level 0000000 DODOOOOOSignal O
O000ONoise 00D O0ODO0O0O0OOODODODOOODODODOOO0OODOOODOODOOOStrip
00 10° Hz O signal 0 00 ONoise rated 1%000 1kHzO0OOODODOO0OO0OO0O00000O

TEKZ threshold V;;, O 00 OO0 OOOO0O Noisecountrate NOOOOOOOOOOOO
00 [21]

_ 2 c2
N — Noexp (_((‘/th 2V02ff)/g) ) — NOG_Q_Ut%
Un

Ny O shaping time 7, D000 07, =32ns000 44 MH200O0O0OOO0OO0O00OOO o(fC)
000 Noiselevel 000000100 kHz20000000O00OS/NOO 1000000000
00 Noise count rateJ 1 kHzO OO OO OOOO OO OO Othreshold O 340 mV O OOO
o, <05 fCOOOOOO0O
Noise level 0, [e” ] DOODO0O0 000000000000 0O0O0O0OOOTKKZOODOODOO
00 SSD O capacitance(Ciotr) 000 000 O OO O leakage current (igmp) 0000000
O000CwaqODO00O Noiselevel 000000000000 O0DOOO0OO0OOOOOOOOO
0 0 [25]
oc(C) =650e” + 43 x Ciotal [e7] (4.11)
SSD O tatal capacitance 0 20pFO0 000000000000 O00DOO Noise level O 1510

e (0.24fC)0DOOODO
OOobDDbO0Od leakage current U D DD OO0 DO DODOO0O0OO shot noise0O0O0OO0OOO

Doooe2ly
y
Gi(iamp) = ,/@ (4.12)

7,0000000007=32nd 0000000000000000000000 demp=1 pA
00000 Onoised 630 e~ (~0.1 fC)000000
0,0 0c00;00000000000000

on =\ 0% + o} (4.13)

Citad 00000000000 4amp0 20p,kA00000 05fCOO0000O00000O0OO0

4.3.1 Method

000000 1ch0000000D0O0O0DODO OMultihit TDCOO OO O OLeCroy 3377 TDC
000 32usUdepth 160 D00 DO O0ODOOIMHz2OODODODOODOODODOODODOODODOOOO
O00Osetupd Fig. 450 000000000000 0O0O0O Trigger UOOUOODOOOOooooQ
pulser U0 000D signal D00 O0OO0OONO noiserated 0 0000
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4.4 Result

Fig.4.6 O 0 kGyO 18 kGyO 110 kGy 00000000 Bias OO SSD OO0 OO O leakage
carrent 0000000000000 D0OO0O0OOODODODO Fig. 3.700 100kQ 00000
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Figure 4.6: Leakage current vs applied bias voltage

Fig. 4.7 0 threshold D 0D OU0D0O0OO0ODOOOOOO0O0ODODOOOODDOODDOODOOOO
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Fig. 48000000 threshold 340 mVUO OO UOODOODOOOODLOOOODODODO
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Figure 4.8: Efficiency v.s. dose



4.4. RESULT 43
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Chapter 5

SSD Performance at ES9-009

00D0000000SSb0o0oOOoO0oo0ooODOO0DOO00O0O0DO000OoooDOooOoooo
0000000000000 0ooo SSsboooooogo

5.1 Monitoring System

Leakage Current

SSDO00O000OD0DOO0 CAENOOO HV supply module A504 00 00 000 O module O
remote 0 000 000000000000 O00OO00ODOO0OOODODOODOOOOOODOOODOO
oooooooon

Table 5.1: CAEN monitor specification

CAEN A504
V monitor resolution 0.04 V
I monitor resolution 10 nA
I monitor minimum 10 nA

Table 5.1 000 module DO DO ODOODODODODO

Efficiency

SShbODO0OD0O0ODO0 ofine0 00000000000 DOOO0OOOODODOOOODOOOODOO
gooobooboooooooboggd

Noise Level

beam OO OOOO pulser 0000000 OO0ODOOOO O Orandom noise rate [0 threshold
00000 ONoiselevel DO OO OO
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5.2 SSD Performance

Fig. 51000000 SSDOOODOO0OOFig. 5.20 SSD O hit pattern 000 00 OO 1440
ch O missing channel 0 OO0O0 3ch0 000000

Plane4 0 SSDOOODOO0OO0OO0OOO0OODOOOOOOOODODODODODODOmMOODOO
000000DbO0O0DO0000oooooooooooOo
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ch144

o

Figure 5.1: Alignment of the scattered electron focal plane detector
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Figure 5.2: SSD hit pattern
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5.2.1 Leakage Current

Fig. 5.3 0 0 SSD O Bias line 00 00O leakage current 00000000

leakcage current 0 000 00000000000 00000000OO00OO0OOOODOOO
000000000 SSDO leakage current 0000 00000000000 DDODOFig. 5.2
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Figure 5.3: leakage current during E89-009
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5.2.3 Noise Level

Fig. 5.5 0 plane 00O Noise level DD 000000 ODO0O0ODOODOODDOOO0ODODODODO
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Summary
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