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Abstract Lig.Ar calorimeter 700 t, Tile calorimeter 4000 t, Muon cham-

Silicon microstrip semiconductor tracking system (SCT) wilers 500 t, the solenoid 3 t, Air-core tor0|ds_1300 t, and the sup-
be in operation in the ATLAS detector in the large hadron ¢8RS 500 t. The concept of the detector is to measure (with
lider (LHC) at CERN. Challenging issues in the SCT are the FA&Or goals in parenthesis)
diation tolerance to the fluence of 2%£01-MeV-neutron- 1. the momentum of muons precisely in the outside of the cal-
equivalent particles/c?nat the designed luminosity of 130 orimeter with the magnetic field generated by the air-core
cmi?/s of the proton-proton collisions and the speed of electron- superconducting toroidal magnets (for measuring the Higgs
ics to identify the crossing bunches at 25 ns. The developmentgarticle decays, H» JUU),

and the status of the SCT are presented from the point of ViEWye electromagnetic particles, such as electrons, positrons,

of these issues. Series production of the SCT will start in theandys, precisely with a radiation tolerant calorimeter (for
year of 2000 and the SCT will be installed into the ATLAS de- measuring H- yy)

tector in the year of 2003-2004. o ) ] ) )
3. the missing hadronic energy with a hadronic calorimeter

(for identifying SUSY particle decays, SUSY normal

I. INTRODUCTION . e
particles + missing energy), and

The large hadron collider (LHC) is under construction zt . o . . .
; - . . the charged particles, inside the calorimeter, with a solenoi-

CERN, using the existing LEP tunnel of 27 km circumference, dal magnetic field (for identifying b- and tau- particles, and
in order to accelerate protons to 7 TeV and to make head-on col- 9 9 b '

lisions at the center-of-mass energy of 14 TeV with a luminosity event topologies).
of 1034 cmi%s1[1]. The ATLAS detector, one of the two major

general purpose detectors in LHC, was approved as an experi-

ment in 1994 and is planned to be in operation in 2005 [2]. | Muon Detectors
tracking detector near the interaction point, the inner detectc
was approved to proceed for construction in 1997 [3].
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The inner detector tracks charged particles inside a solen
dal magnet, identifies particle trajectories and measures I
mentum in the magnetic field. Required precision in the spati
resolution, radiation tolerance, and particle separation have ¢ .
manded to use semiconductor devices in the inner part and g
drift chambers with transition radiation capability (TRT) in the
outer part. The semiconductor devices are further split into ti
Silicon pixel devices (Pixel) in the inner-most and the Silicol
microstrip devices (SCT) in the middle part between the Pix
and the TRT.

The issues, the status of developments, and the schedule _.

the SCT are described based on the development in the barlgel 1: Overview of ATLAS detector at LHC
section of the tracker. igure 1. Dverview o electora

roroi Inner Detector ' i i
EAG L Hadronic Calorimeters Al

[I. DETECTOROVERVIEW B. Inner detector

A ATLAS Although tiny compared to the full ATLAS detector, the in-
. ner detector is still large and complex: 2.3 m in diameter, 7 m in
An overview of full ATLAS detector is shown in Figure 1length. The detection elements are, from the interaction point,
The full detector is 22 m high, 46 m long, and weighs 7000 tdPisel detectors (3 layers), Semiconductor tracker (SCT) which
which comprises approximately of the inner detector of 4ig,based on Silicon microstrip detectors (4 layers), and Transi-
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tion Radiation Tracker (TRT) based on the straw drift tubes o(rg) 0(80um)/(/12)/(2) = 16pm
with interleaved transition radiator made of polypropylene foils Optimization in cost and the double-occupancy in a strip re-

(64 layers or more). The layout is shown in Figure 2. sulted in using two near-square sensors daisy-chained to form a
The function of the inner detector is to track the charged pstrip length of 12 cm. One microstrip sensor has a size of

ticles in the 2 Tesla solenoidal magnetic field. The major iss&6 mm (width) x 64.0 mm (length) with the strip length of

in the tracking are: 62.0 mm, which is a maximum size made out of a 4-inch Silicon

1. Precision measurement of positions, in order to identify tHéafer- The layout of the sensor is shown in Figure 3. A number

trajectories, measure the momenta, and identify the Char&ggiducial marks are implemented in the surrounding edges for
of particles, where the precision is defined to identify the alignment and identification. There are 768 readout strips, with

charges up to 500 GeV/c integrated AC-coupled readout metals, in the sensor.

2. Enhanced electron identification,

3. Speed of electronics, in order to tag the bunches which Outer dimension: Fiish (afer dicing)
crosses every 25 ns,

Strip marks (10 pum height)) and strip numbers (25 pm height) Unit: pm
(o: every 10, +: every 100)

4. Radiation tolerance to the fluence of charged and neutra

particles liberated from the primary interactions and from T S — ]
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(4) Bonding pads of strip 0 and 769 are required if the metal is not connected
to the bias ring permanently

(5) Use "Row C" pads for probing

(6) Dicing tolerance: +25 um to fiducial marks and +25 pm overall

Figure 3: Layout of the Silicon microstrip sensor in the barrel sec-
tion of the SCT

Figure 2: Layout of the inner detector
D. Radiation tolerance

C. SCT (Silicon microstrip semiconductor tracker) At the designed luminosity of 1x3bcni2s? of the proton-

SCT, covering the pseudo-rapidity range of -2.5 to +2.5 wiFoton collisions, z_ayearly fluence of charged and neutral parti-
four layers of cylinders in the barrel and a pair of 9 layers @fS has been estimated. The fluence, expressed as the fluence
disks in the forward section, requires an area of 8afrsilicon Of neutrons of 1 MeV kinetic energy giving equivalent non-ion-
microstrip sensors. Precision of the SCT is achieved with a stfi#9 damages, is shown in Figure 4. The expectation has a sys-
pitch of 80um, a pair of sensors being arranged to have a snigipatic uncertainty of 50% due to the uncertainties in the

stereo angle of 40 mrad in a layer, which results in a resoluff§RON-Proton cross sections, etc. The cumulative fluence over
of the pair 10 years can be calculated by assuming the LHC operation of a

low luminosity of 1x183 cni?s in the first 3 years and a high



luminosity of 1x18* cm?st in the rest of 7 years. the radiation damage to the p-in-n sensor and development in

At the inner-most radius of the barrel section of the chq,e structures withstanding the high bias voltage and the high
r=30 cm, the yearly fluence is ~1.8%80/cn? /yr/ L=10%4. In electric field around the strip edges showed that the damaged p-
10 years, with including the 50% uncertainty in the fluence, i sensors still works after the SCT fluence. Charge collection
1-MeV neutron equivalent fluence is ~244@/cn?. Since the measurements in a beamtest and with a beta-source, noise meas-
damage by protons of more than several GeV/c is about 6¢'fMeNt, etc., have confirmed the performance of the p-in-n
70% of the damage by 1-MeV neutrons, the fluence of protGif&1SOrs to satisfy the requirement of SCT. The SCT collabora-
of ~3x10* p/cn? must be considered in testing the radiatidiP" has finally decided the p-in-n sensor for its choice.
tolerance with protons. An example of the leakage current characteristics of the lat-

est design, the wide-metal p-in-n sensor [4], is shown in
Figure 5. Ten sensors were irradiated for 3%Ifotons/crA,
annealed to be equivalent after the 10 years of operation [5], and
measured at -18C. The figure shows 6 samples. The leakage

0 currents are, although gradually increasing, smooth up to the

w00 E bias voltage of 500 V. All 10 samples irradiated showed the
180 LR similar characteristics.
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[1l. DEVELOPMENTAND STATUSOF SCT . ; '
N Detectors in metal boxes, lia: nj
.. - . . [ v
A. Radiation-hard Silicon microstrip sensor 50
The SCT collaboration has been involved in the developmer o b
of the radiation-hard Silicon microstrip sensors for years. De D0 T e 0 e ()

velopment in understanding of the radiation damage, develop- _ _ _
ment in the sensor designs, and understanding of the cost, Ig@Hre 5: Leakage current vs bias voltage of the wide-metal design
lead the collaboration to reach the final choice. of the p-in-n sensor of the SCT, after 3X1protons/crd damage

In an historical order, the single-sided n-strip readout in the
n-bulk Silicon, the n-in-n sensor, was chosen between the n-inThe inset of the Figure 5 shows the strip structure of the
n and the double-sided sensors. The basic arguments fortige-metal sensor. The passivation layer made of 8v@r the
choice were the understanding of the full depletion voltage b@p surface is not shown in the figure. The strip edge is where
ing over 300 V for a 30Am thick Silicon wafers after the SCTthe electric field concentrates. If the electric field strength ex-
fluence, mutation of bulk from the n- to the p-type, and a higeeds the avalanche breakdown voltage of the material, it will
voltage to the integrated AC coupling or floating one side of tgenerate the leakage current and electric noises: the onset of the
readout electronics in the double-side sensors. The n-in-n 8ierodischarge [6]. A tiny defect at the edge also makes the
gle-sided sensor provides operation of null voltage to the Aigld concentrate and initiates the breakdown much earlier than
coupling and capability of partially depleted operation since tie global one. The SCT operates the implant and the metal
p-n junction is in the strip side after the type inversion. A$trips in the same potential. In this case, when the metal is wider
though the n-in-n sensors have a good operational margin intft@ the implant strip, the concentration of the electric field is at
radiation tolerance, it has required a double-side process. the edge of the wider electrode which is inside the, 8ibose
/alanche breakdown voltage is an order larger than that of Sil-

The Silicon microstrip sensors commonly used are the: . . i
on. The wider electrode over the implant strip is also known

strip readout in the n-bulk Silicon, the p-in-n sensors. The p- “field plate”
n sensor has cost advantage over the n-in-n sensor sinc@?htge 1€ld plate-.
backside process is simpler. Development in understanding oPther characteristics confirmed in the irradiated samples



were: long-term stability of leakage current over 24 hrs., whi@ Readout electronics

had no surprise; number of shorts in the AC couplings, WhIChAnother challenging area in the SCT is the readout electron-

was also excellent. The number of shorts in the samples is sum-

marized in Table 1. A single sensor has 768 strips and an a{/CeSr-WhICh Is put next to the sensors. The architecture of choice

X . the one threshold readout, called as “binary” readout, for sim-
age fraction of the shorts was slightly above 0.2%, even afier. . . k
. plicity and cost. The major goals to the electronics are:
applying the 100 V voltage.

1. Signal-to-noise ratio > 12, with the noise < 1500 e,
Table 1. 2

Number of shorts in AC coupling . Speed for tagging the 25 ns bunch, which sets the time walk

<16 ns,
Irradia- | Before After After 3. Double pulse separation, < 50 ns, for minimizing the dead
tion (1ov) (100V) time,
Sample 1 April 99 0 0 0 4. Threshold uniformity < 4% (1 sigma) for assuring low
noise occupancy,
Sample 2 April 99 0 0 2 -
5. Stability of the fully-loaded module, and
Sample 3 April 99 0 0 1 6. Radiation tolerance.
Sample 4 June 99 0 1 1 A schematics of the functionality of the front-end electronics
sample 5 June 94 0 3 3 is shown in Figure 6. A channel is a chain of two blocks: the

first block of amplification, integration, uni-polar shaping, and
Sample 6 June 9¢ 1 1 3 discrimination, and the second block of buffering the on/off sig-
nals in a memory of 132 depth, until the readout trigger comes,
and a readout buffer. A chip is made of 128 channels and control
sections. The control sections receive the clock, commands, and
B. Silicon microstrip sensor production readout triggers, and also set the voltages and currents for the

One geometry of Silicon microstrip sensor is enough to Co\ggt;eshold and front-end transistors. The buffers and readout cir-

the cylindrical geometry in the barrel region of the SCT efﬁ-:_wtrles are clocked at the same frequency of the LHC, 40 MHz.
ciently, while 5 wedge geometries of sensors are required for

the disk geometry in the forward region. SCT has chosen a thin-

ner sensor, 26@m, in the inner-most part of the barrel and the

forward, and a standard but slightly thinner, 8% sensors for

the rest of layers, in order reduce the depletion voltage. The s )

sor mnemonics, thickness, and quantity are listed in Table — Clock

Production of 19,440 sensors are shared by Hamamatsu pho > J\ L [ ‘ "““
ics, SINTEF, CiS, and CSEM. Pre-series production of 5% is

be evaluated by Aug. 2000 and full production to complete | amp-shaper-Discri : RIO bufter
the fall of 2002. e « 128 channel/Chip

S -
Number of Silicon microstrip sensors in the SCT including 20% T

spares FE current Threshold T Litrigger 7Data out
DAC

Average fraction 0.02% 0.11% 0.22%

Compress, Format, Control

Barrel 10,560 Command buffer 40 Mriz
Clock, Command/Trigger
Bl 260pm 1,920
B2 285 8,640 . _ _
Hm Figure 6: Schematics of the functionality of the front-end electron-
Forward 8,880 ics
wi2 260um 1,000 The former part of amplification in high speed is best suited
W21 285um 1,400 for Bipolar technology while the latter part of the memories and
controls is suited for CMOS technology. Development of radi-
W22 285um 1,600 ation tolerant front-end electronics has been pursued in two
paths: full functionarity in one BiCMOS process, the one-chip
wal 285(m 2,340 solution, and separated functionarity in a Bipolar and a CMOS
W32 285um 2,340 processes, the two-chip solution. The chips in the former path is
labelled as ABCD and the latter as CAFE/ABC, in the SCT col-



laboration. mal runaway in the sensors. The baseboard is also used as a con-

In the ABCD design, after the feedback from the 1st geneﬁjét'-Ctor tq provide a bias yoltage to the backplqne of the sensors.
tion chips, the threshold uniformity was improved by introdua_-he choice of the r_‘natenal for the baseboard is a Carbo_n. mate-
ing extra voltage, 4 bit DAC channel-by-channel, to the mdig! called TPQ which has a very good thermal conductivity of
voltage, in order to fine-adjust the threshold. The 2nd genetd90 W/m/K in plane [7].
tion chip is called as ABCD2T. An example of the threshold The hybrids which carry the front-end electronics are set near
uniformity is shown in Figure 7 from the barrel module showhe centre of the module. The top and the bottom hybrids are
in section D. The sigma of uniformity is 3.2 mV, which is abogbnnected at the far-end with a wrap-around inter-connection
6% at the 1 fC threshold with the gain of about 55 mV/fC. Theaad connected to the external world through the inter-connec-
are a number of channels out of the uniformity band whichtiisn at the cooling end. Although not too visible in the figure, an
one of the remaining issues in the final design. unique feature of the module is that the hybrid has a steps at end

and is bridging over the sensors; the hybrid is not glued on the
surface of sensors. Electrical connections between the sensors
and between the sensors and the hybrids are done with Alumin-

400 o ] ium-wire bonding. The concept of the construction of the for-
fﬁjéﬁiﬁ éﬁarge; 2fc 1 ward modules is the similar, but the hybrid is set at the end of
Sigma:;3.2 mV (excl. zero) ;| the module and cooling contact in the middle of hybrid to match

300

the constraints in the disk geometry.
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Figure 7: Uniformity of threshold in a module with 1536 channels

Mean threshold [mV]

Radiation tolerance has been extensively evaluated: ioni
tion damage with gamma rays of a dose of 10 Mrad and ni
ionization damage with 1 MeV-equivalent neutrons of a fluen
of 2x104 n/cn?, which is done with 24 GeV protons of 3340
plcn? and 10 MeV neutrons from a reactor of 2X1@/cn?. _
The major radiation damages in the chips are: degradation Bgure 8: Construction of the barrel module
beta in Bipolar-Junction-Transistors, ¥hift in MOSFET'’s,
and increase of resistance in resistors. Results are that ABCD2A full module has been fabricated, using ATLAS specifica-
and CAFE chips almost met requirement, and still being evdiion Silicon microstrip sensors, ABCD2T chips and a Kapton
ated whether all requirements are fully met, such as noise, cligiorid. The Kapton hybrid is a four layer lamination of Copper
nel-to-channel matching, time-walk, etc. Studies with moamd Polyimide films, which allows one-piece construction of

Bottom hybrid

statistics are also under way. hybrids and cables, thus eliminating vulnerable connections and
. i assuring good continuity of conductors between hybrids and ca-
D. SCT Silicon strip barrel module bles. The fabricated modules is shown in Figure 9, in an Alu-

An unit of Silicon microstrip sensors and the front-end ele@inium frame and connected to a communication card for
tronics is called the module. The basic construction of the mé@ting. The module, although not irradiated, shows a good per-
ule of the barrel section is shown in Figure 8. Two 6.4 d®rmance, the uniformity of threshold as shown in Figure 7, and
square sensors are aligned to form a 12 cm strip unit. The ptgble operation down to the maximum of the pedestal noises.
is aligned and glued on the top and the bottom of the central
core, the baseboard, at an angle of 40 mrad to make a stergq designing the module, major issues are three stabilities:
measurement in the module. electrical, mechanical, and thermal. The new is the thermal sta-

The baseboard acts as a mechanical core and also to traR#fét In the SCT microstrip sensors, the leakage current in-
the heat of the front-end electronics and the sensors to the cgf§lases several order of magnitude from the very low initial
ing pipe touched at the cooling-end of the baseboard. A g&&drent, together with the increase of the full depletion voltage
heat transferring capability is critical in order prevent the thég-several hundred volts, at the end of 10 years of operation, due



Figure 9: Fabricated barrel module being set in an Aluminium
frame together with a communication card for testing

Figure 10: Thermal finite element analysis of the barrel module
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Number of modules in the SCT

Table 3

500

600

to the radiation damage. The Silicon microstrip sensors are tp be Barrel 2112
operated around -7C, in order to reduce the leakage current :
and to minimize the increase of full depletion voltage. Layer Radius [mm] Modules

Because of the positive feedback of the temperature and the B1 300 384

leakage current, although the module is to be operated cold|the

L . . B2 373 480
current and the temperature will increase rapidly into the so-
called thermal runaway unless cooled below a critical tempera- B3 447 576
ture. A thermal finite element analysis (FEA) has been madeto
the barrel module. The hottest temperature in the sensorg are B4 520 672
shown as a function of the heat flux, normalized &€ Qin Forward+Backward 1976
Figure 10, parameterized for several coolant temperatures. .

Thermal runaway occurs when the temperature is about 10 Disk Z [mm] Modules
°C higher than that of the null heat flux in the sensor. The heat D1 835 264
flux required to raise the temperature by°*@depends on the
coolant temperature. The nominal heat flux normalized°at 0 D2 925 184
is about 10QW/mn at a bias voltage of 350 V. In order to ex- D3 1072 264
pel the thermal runaway above 200//mn?¥, the coolant tem-
perature must be below -16. D4 1260 264

The number of modules required in the SCT is summarized D5 1460 264
in Table 3. The SCT system is made of 4088 modules in totat;

2112 modules in the barrel and 1976 modules in the forward D6 1695 264
section. A 10% of spare modules are to be fabricated, in agdi- D7 2135 184
tion. Production of the modules is scheduled to start in 2001 and
complete in 2 years, at 4 assembly sites in the barrel and 3inthe D8 2528 184
forward sections. The production speed would be about 8 mod- D9 2778 104
ules per week per site to meet the schedule.

Total 4088

E. Barrel cylinder assembly

The fabricated modules are to be positioned precisely on loyeencoding the geometry in the Geant4 program [8]. In order
cylinders in the barrel and on the disks in the forward sectiotgsprevent a hole in detecting the particles from the interaction
A graphical view of a barrel cylinder (B1) is shown in Figure 1doint, adjacent modules are overlapped about500n each



end. The adjacent modules in a row are staggered with a sgp&8Schedule
ration of 1 mm in radius. The modules are tilted &ttbCallow

. . The construction schedule of the SCT, as of November 1999,
overlaps in the adjacent rows.

is shown in Figure 13. In order to meet the turn-on of the AT-
Since the clearance between the modules is tight and [tA& detector in 2005, the installation of the inner detector is

number of modules is large, a module-mounting robot is beigitheduled in the summer of 2004, and the installation of the

developed. Photo’s of the robot and the robot in action &ET into the inner detector is in the spring of the same year.

shown in Figure 12. The function of the robot is not only carry-

ing the modules into the final positions targeted by CCD cam-

eras but also placing and tightening the dowel screws with a pr=

determined torque. The robot is made of 6 linear motions, 2 r

tations, and 4 pressure-driven strokes. Two linear motions aj|Mecceasensy D,SKR&LM,MJ%

one rotation are programmed to move simultaneously, 3-ax|  saeiswuouersp & manectg

motion, in order to carry the module into the final position pre Cooing Phasedl pvicvd
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Figure 11: A graphical view of the barrel cylinder (B1). The car- RoBITTE production [ A P
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Figure 13: Construction schedule of the SCT, as of November
1999. The date in the top row is in day/month/year.

Major items of the construction of the SCT are grouped in
four categories: Macro assembly, Modules, Off-detector, and
System test. In the macro assembly, installation of modules on
the cylinders and disks is scheduled to begin in the fall of 2001
and complete by the fall of 2003. In the fabrication of modules,
pre-production of Silicon microstrip sensors starts in the end of
1999, the series production in the fall of 2000, and complete by
the fall of 2002. IC’s of the front-end electronics is following
the sensor production but completing earlier. Module assembly
is following the series production of sensors and IC’s and com-
pleting by the spring of 2003. The verification of the SCT with
prototype setups, the system tests, are scheduled in 2000 in or-

Figure 12: Module-mounting robot for the barrel cylinder. Top  der to start the above construction in the beginning of 2001.
inset: overview together with a section of a dummy cylinder for
development, and the bottom inset: the robot in action, holding a
dummy module and moving toward the final position.

IV. SUMMARY
ATLAS detector, exploring physics of Higgs particles and



others in TeV energy region, is under construction. One of the
precision charged particle tracking devices near the interaction
point inside a solenoidal magnetic field is the SCT, based on the
Silicon microstrip sensor technology. Understanding and devel-
opment in Silicon microstrip sensors have shown that the p-re-
adout microstrip sensors in the n-bulk Silicon can survive the
radiation damage of the fluence of 2 X4a-MeV equivalent
neutrons/cri

The front-end electronics is on/off “binary” readout with
buffering memories having stored the signals till the readout
trigger comes. Three types of radiation-hard LSls are under de-
velopment: full functionarity in one chip, ABCD by BiCMOS
rad-hard process; analog functionarity in one chip, CAFE by Bi-
polar, and a digital functionarity in the other chip, ABC by
CMOS rad-hard processes. Although still more work is re-
quired, all the chips have come to the level fulfilling the most of
the requirements, including radiation tolerance.

A fully loaded module of the barrel section, with the ATLAS
specification Silicon microstrip sensors and the latest ABCD
chip, ABCD2T, has been built and shown a successful stable
operation.

The SCT is in it's final design phase and moving rapidly to
the construction by 2001. A total of 19500 Silicon microstrip
sensors are to be produced in 3 years and 4500 modules in 2
years. The SCT will be completed and installed by the spring of
2004, and the ATLAS will be ready for experiment in the mid-
dle of 2005.
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