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Physics of Linear Collider demands the best possible
vertex detector performance

event rates will be limited
physics signals will be rich in secondary vertices

CCDs offer the most attractive avenue for achieving this
performance

A decade of experience with CCDs in the linear collider
environment of SLD has proven their
exceptional ability

VXD1 (1991) prototype
VXD2 (1992-95) compete detector
VXD3(1996- ) upgrade
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Advantages Offered by CCDs

- Intrinsically 3-dimensional

- High granularity

20 20" 20 nm® pixels

superb spatial resolution
< 5 mm achieved

- Thin

0.4% X, presently
low multiple scattering

- Large detectors
80" 16 mm’inVXD3
facilitates ease of geometry

- SLD Performance has been exceptional
CCDs are well matched to the Linear Collider
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Critical Issuesin Optimizing Flavor Tag;

b track resolution
* determined by technology:
CCDs offer very best resolution

P outer radius of vertex detector
* constrained by outer detector
compact, conventional, ??

P inner radius
* limited by LC parameters and detector B field
P beam backgrounds
P B-field needed to constrain the backgrounds

P radiation immunity
* design shielding to protect CCDs
* improve CCD tolerance
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CCDs current state-of-the-art

- SLD with 307,000,000 pixels

- 10 MHz readout of CCD (5 MHz operational)
- <5 mm point resolution

- exceptional efficiency and purity

33mMm
- . 3/2

s P =ommA
psnTq

|mprovements are desirable (if not required)
for the Linear Collider

CCD Vertex Detector
Jim Brau

Sitges

May 1, 1999



'™ &
- ¥
- o
Y ~
L
B b,
& @ w &
b e

e

o

Pl

TR

I &0 2

P NN

TN

[ ]

LN

irFresrN

iR R

e L

l-.rll.

bbbt

. T

o b

L™

Sitges

Jim Brau
May 1, 1999

CCD Vertex Detector



=

ng
-
=
-

0
2
L

16800

of Hemisphere

. 1400

Mo

1200

1000

5200

500

400

200

- SLD Preliminary

- ¥ Data

I — MC

AL

B @

- »

:F'-; —|_I_,__'_‘>

_IHI;!EE-" | J.' [ 1 1 J 1 1 — ! I L | 1 I_I 1 1 1 | e

0 1 £ 3 4 ) §]
Mass (GeV/c?)

CCD Vertex Detector
Jim Brau

Sitges

May 1, 1999



Vertex Detector Design

for the future Linear Collider

- Maximum Precision ( <5 nmm)

- Minimal Layer Thickness

(1.2% X, ® 0.4% Xo® 0.12% X))
SLD-VXD2 SLD-VXD3 Linear Collider

- Minimal Layer 1 Radius (28 ® 12 mm)

- Polar Angle Coverage (cosqg-~ 0.9)

- Standalone Track Finding (perfect linking)

- Layer 1 Readout Between Bunch Trains (4.6 msec)

- Deadtimeless Readout (high trigger rate)
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Radiation Hardness Tests of CCDs

Nick Sinev
Univ. of Oregon

Background estimates have varied from 10" n/cm?/year
to 10'* n/cm?/year
NOW- best est. 2 x 10° n/cm?/year (Maruyama)

Expected tolerance for CCDs
in the range of 10° (C. Damerell)
but more investigation is needed

In addition, can one develop procedures to increase tolerance

Radiation damage studies are called for
improve understanding of issues and sensitivity
improve radiation hardness
flushing techniques
supplementary channels
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Existing data on radiation hardness of CCDs
limited

S. Watts et al, 1995
at 3.6° 10° (10 MeV p)/cm? CTI increasesto 1072,
this corresponds to about 3~ 10 n/cm?

SLD Experience
During VXD3 commissioning,

an undamped beam was run through the detector, causing
radiation damage in the innermost barrel.

The damage was observed because we were trying to
operate the detector at an €l evated temperature
(»220 K).

Reducing the temperature to 190 K ameliorated the
damage
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Theory of Radiation Damage

The most important radiation damage in CCDs caused by heavy particles is displacement
in the bulk silicon.

1 MeV neutrons can transfer up to 130 keV to PKA. Only 15 eV is needed to displace an
atom from the lattice.

oz, TERMINAL CLUSTER(DE TAIL)

0,08 imigron

o

" TE R A
L LUSTER

Example of simulated tracks of knock-out silicon atoms from a primary
knock-out energy of 40 keV. (V.A.J.Van Lint, NIM A253, 453 (1987).)

Vacancy (V) and interstitial silicon (I) pairs are created as aresult of atom displacement.
More than 90% of such pairs recombine immediately. Those which are not recombined
diffuse until they form complexes of two or more vacancies (V2 or V3) or vacancy-
impurity (VP, V20 and so on). Such complexes are usually not mobile. Some of them are
able to bind electrons, and the bound energy for some of theseis about 0.35- 0.5 eV
below the conduction band. These may act as electron traps when empty. If the bound
energy is close to the conduction band, (shallow traps) the lifetime of the bound state is so
short, that the trapped electron will be released quickly and re-join the charge packet
before the packet passes through the trap region. In this case no charge transfer
inefficiency will be introduced by the defect.
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However, for the deeper levels (close to 0.5 eV below the conduction band)
the lifetime of the bound state, which is:

e(Ec' Eq )/KT

I =
S nCnnnNc

islarger than the inter-pixel transfer time, so trapped electrons are
removed from the charge packet and released after the packet passes
through the trap region. Thisleads to charge transfer inefficiency.
Such inefficiency may be cured, however, by cooling the CCD to alow
enough temperature, that the lifetime of the bound electrons in the trap
becomes very long, so that the filled traps remain occupied when the
next charge packet passes. Filled trap can't capture more electrons,

so this trap will not lead to charge transfer inefficiency.

1pizel 20 p m)——=

o

_,_____
—
| Y

chammel where charae travels

width ~ 0. 1 m
depth ~ Ipin

Microscopic pictute of radiation datnaged CCD
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Nov 98

Dec98
-Jan 99

Mar 99

Apr 99

History of Exposures

(spare SLD VXD3 CCD)
~27 10°n/cm? room temperature
Pu(Be)
<E.>» 4 MeV
Annealing study 100° C for 35 days
~37 10°n/cm? room temperature

reactor neutrons
<E,>» 1MeV (~1" 10°n/cm’ lower energy)

~15" 10°n/cm’ dry ice cooled (~190K)
reactor neutrons
<E,>» 1MeV (~1" 10°n/cm® lower energy)

Total exposure~6.5" 10° n/cm?

mix of source and reactor

* UC Davis (G. Grim et al)
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before irradiation — red, after irr. with 2¢10° n/cm® — blue, T=215K
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Defect Results from Exposures

#defect (> 6 €)
800,000 pixels
Prior to exposure 125
Nov 98 exposure 916
~27 10°n/cm?
source
Mar 99 exposure 5476
" 10°n/cm?
reactor
Apr 99 exposure 7036
+~15" 10°n/cm?
reactor

# defect (>20€)
800,000 pixels

24

160

442*

298*

* this surprising decrease
IS not understood
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T=157K, after dose of 2107 wiem ¢
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T=187K dose 210 Y wem £, cleaning charge
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Signal Loss Results from Exposures

~27 10°n/cm* ~6.5" 10°n/cn?

T = 185K, cluster sum 4.05% 29.1%
no flushing light

T = 185K, cluster sum 1.5% 18.0%
with flushing light

T=178K 11.0%

Note (*) - flushisonly partially effective due to required delay
between flush and readout (1 second)
In LC detector — much reduced loss
-will estimate in future tests

CCD Vertex Detector
Jim Brau

Sitges

May 1, 1999



e(EC- E, )/KT

S nCaNy NG

[ =

0.g

0.6

0.4

C.2

—.

0.G3
0.04
0.03
0.02
0.01

—0.21
—0.GZ
—0.03
—0.04
—0.05

—

Detennining traps lifetime

zingle exp. T=0.1625
_____ o R B i e i
.......... Ty =L 0ER m=0,205 0,=0.2 2t

s e Bl

)

107" 107

Relative traps copacity vs. time since charge injecticn

7 =0.1175 7,=0.33 0,=0.65
----- Ty=0.10E5 7,=0.205 n,=0.2
.......... 7=0.14 T,=0.56 a,=0.85 H

=

OI IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII

2 1

10 10

Same as deviation from best single exp. fit

CCD Vertex Detector
Jim Brau

Sitges

May 1, 1999



0.75

0.5

0.25

—0.25

—0.5

=075

& &

[ &

i §

[ &

[ +

B ¢ + first irradiation (zource)

- #* second irmaiotion (reactor}

(% O third irradiation (ragctor,celd CCDs)
- L ower energy reactor neutrons appear to create

: faster decaying traps

i (will investigate further)

: 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
o 0.2 0.4 0.8 OB 1

Felative traps capacity vs. time since charge injecticn

CCD Vertex Detector
Jim Brau

Sitges

May 1, 1999



C.8

0.6

.4

L.2

Irvestigating into trop nature — annealing

(100° C after 2 x 10°)

relative trap capacity ws annealing time (days)

=
L ;\\R fit = = 22, fann. froct. 0,52
- --\_\_\_‘_\_\_\_\_\-‘_\_\-\-
g 5
¥ = 10 15 20 25 20 35

CCD Vertex Detector

Jim Brau
Sitges

May 1, 1999




1dentl; ying the Nature g the Radiation Damages

By measuting the trap lifetitmes at two different temperatures,

T1 and T2, the eneryy levels can be derived for the simple relationship:

In{ <12 )=

(Eeo-Ftr) ( T2-Tl

R

)

From this it 1% casy to find Ec-Ett, can be compared to
energy levels of known defects.

Defect identity Hrerpry level Defect type

YO Ec-0.17 acceptor

Y20 Ec - 0.50 acceptor

Wi BEc-0.23 acceptor
Ec-0.42 acceptor
BEv +0.25 dohor

YP He - 0.45 acceptot

CL BEc-0.17 acceptor

) Ev +0.36 donor
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Conclusions

Vertex Detection is quite a mature technique, but the unique
physics opportunities afforded by the next Linear Collider could
benefit from further advances.

CCDs offer a proven technology with the best possible
performance demonstrated by SLD at SLC.

Radiation hardness studies of CCDs are demonstrating advances
in our ability to deal with the environment of the higher energy
Linear Collider.

Radiation induced defects can be amelioriated with flushing
techniques, where traps are filled, allowing signal chargesto
pass undisturbed.
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