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1 Scope of the document.
The document summarizes results on the electrical performance of forward modules read out with the ABCD3T
version of the SCT binary ASICs [1,2].

2 Performance goals of the modules.
The end-cap module electrical specifications are described in [3]. In brief, the modules need to fulfill the
following conditions:� Noise occupancy per strip < 5×10-4 after the full irradiation dose, 3×1014 protons/cm2, which

means that the minimum operational threshold needs to be set at 3.3 times the average RMS of
the noise. An operating threshold of 1 fC would require an effective noise, considering electronics
noise plus threshold spread, smaller than 1900 e- ENC, yielding a median signal over noise ratio
of 10:1, assuming a 3.3 fC signal at full depletion.� Tracking efficiency > 99%.� Capability to tag beam crossings.

These conditions translate into requirements on the module electrical and thermal stability, on the noise -to
ensure the proper noise occupancy level-, on the front-end timing and on the proper matching of the channel
discriminators in a single chip.

3 Available electrical modules.
In order to ascertain the electrical performance of the ATLAS SCT forward modules, a number of them have
been built. Table 1 lists all the built modules, specifying which tests have been carried out on each of them.

In all the measurements the ASICs are powered with the prototype SCT low voltage power supply, SCTLV3,
and readout electrically via an SCT CLOAC-MuSTARD-SLOG system [4]. The sensors are biased with the
companion prototype high voltage units (SCTHV). 

The amplitude of the calibration pulse issued by the ASICs needs a correction factor, referred in the following
sections as the calibration factor, that takes into account variations from the design value of the calibration

Module Type Hybrid type
Irradiated

 (3×1014 p/cm2) 

Data

Lab. tests Test beam System test.
Cal. factor

K5-300 Middle CICOREL
� �

1.093

K5-301 Middle CICOREL
� � �

1.093

K5-302 Outer CICOREL
� � �

1.150

K5-303 Outer CICOREL
� �

1.171

K5-305 Outer CICOREL
� � �

1.171

K5-308 Outer CICOREL
� � �

1.095

K5-309 Outer CICOREL
�

1.113

K5-310 Outer CICOREL
� � �

1.095

K5-312 Outer CICOREL
� � �

1.113

K5-400 Outer DYCONEX
� �

1.171

K5-402 Outer DYCONEX
� �

1.171

K5-304 Inner CICOREL
� �

1.171

K5-307 Inner CICOREL
� �

1.150

K5-313 Inner CICOREL
� �

1.095

K5-314 Inner CICOREL
�

1.150

K5-316 Inner CICOREL
�

1.150

Table 1. SCT Forward electrical modules.
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capacitor on the front-end. The correction factors are measured during the chip production testing on a wafer by
wafer basis. These values are also compiled in Table 1.

Six of the modules have been irradiated with the 24 GeV proton beam of the CERN PS using the SCT
irradiation facility [5]. The modules have been irradiated up to a fluence of 3×1014 protons/cm2. Half of them,
K5-305, K5-308 and K5-307 where irradiated in May 2002, while the other three in June 2002. One of them,
K5-307, was used for thermal studies and was not tested electrically.

4 Results from individual modules.
The characterization of a single module has to demonstrate its functionality, that the performance of the ASICs
does not degrade when assembled into the module, a stable performance of the module and that the
specifications are met. To this end, front-end parameters, like the gain, output noise, offset spread and timewalk
need to be measured and it should be verified that their values are uniform across single chips, as specified for
the ASICs. 

4.1 Gain, noise and noise occupancy.

For non-irradiated modules, the measurements have been made with a temperature on the hybrid thermistor of
about 35-40 oC. In order to compare the noise figures of the different modules, they have been normalized to the
operating temperature of the SCT, which is 2 oC on the hybrid thermistor. The noise slope versus thermistor
temperature, after applying the calibration factor, has been measured to be 5.5 e- ENC/oC for non-irradiated
modules. Both the thermistor temperature and the slope are not very precise measurements and the expected
accuracy on the noise figures is about 50 e- ENC. The validity of the temperature correction has been checked
by measuring the noise of two of the modules at 2 oC on the hybrid thermistor and the value obtained agrees
with the corrected value within less than 40 e- ENC. For irradiated modules the slope is 15 e- ENC/oC.

At the SCT temperature, the noise in all the modules has an average of about 1440 e- ENC for the outer
modules, 1345 e- ENC for the middle modules and 920 e- ENC for the inner modules, as illustrated in Figure 1,
where the average equivalent noise charge, in electrons, is shown for each of the 12 ASICs in all the modules
tested. Table 2 shows the average noise values as measured, together with the temperature of the measurement
for each unirradiated module. The value corrected by the calibration factor and temperature is also shown in the
table

Figure 2 shows a similar plot for the average gain on each of the 12 ASICs of the modules. The average module
gain is 48.9 mV/fC.  The average value of the gain for each module is listed in Table 2.

Figure 3 shows example plots of occupancy versus threshold for all individual channels from the first readout
side of an outer module. The smoothness and regularity of the curves are a very sensitive test of the intrinsic
stability of the module.
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Figure 1. Measured noise (e- ENC) on each of the 12
ASICs of all the modules tested. The values are corrected
by the calibration factor and normalized to 2 oC.

Figure 2. Average gain on each of the 12 ASICs of the
modules. Values have been corrected with the calibration
factor.
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ATLAS SCT Module Test  -  Thu May 02 16:55:27 2002  -  CERN/GE Setup 161   -  Module k5_308
Run 1247 Scan 45 Module 0 Link 0 - THRESHOLD (mV) from 0.00mV to 200.00mV in 5.00mV steps, total 41 points

Chip 0 Chip 1 Chip 2 Chip 3 Chip 4 Chip 5

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal0 Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal1 Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal2 Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

scurves cal3 Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal0 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal1 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal2 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      

THRESHOLD (mV)0 20 40 60 80 100120140160180200

0

200

400

600

800

1000

Nent = 0      scurves cal3 Nent = 0      



ATLAS Project Document No: Page: 7 of 26

ATL-IS-TR-0001 Rev. No.:  1

temperature, the average noise occupancy at 1 fC is ~10-5 for the outer modules, ~5×10-6 for the middle
modules and smaller than 10-8 for the inner modules.

For the non-irradiated modules, the electronics noise is below the expected 1500 e- ENC and the noise
occupancy at 1 fC is well below the 5×10-4 level. 

Table 3 summarizes the front-end parameters of the irradiated modules. They have been measured with
temperatures on the hybrid around 1 oC. K5-305 and K5-308, irradiated during the May 2002 period, show a
higher noise (>2100 e- ENC) and threshold spread (~600 e- ENC), together with a smaller gain than the
modules irradiated in the June 2002 period, which have a threshold spread of ~500 e- ENC, and a gain value
within the expectation. The contribution of noise and threshold spread yields, however, a noise occupancy at
1 fC of ~10-3, above the 5×10-4 level. Nevertheless, the nominal noise occupancy would be reached, both in K5-
310 and K5-312, with a threshold of 1.09 and 1.06 fC. The higher threshold spread and electronics noise of K5-
305 and K5-308 could be explained by a higher dose compared to the June 2002 period. An increased dose
would produce a bigger threshold offset and a higher β drop with, consequently, a higher noise.

Module Type Cal.
Factor

Gain
(mV/fC)

Thrs. 
Spread  @ 1 fC

(e- ENC)

Temp.
(oC)

Noise  (e- ENC)

Meas. Corr.

Noise Occupancy @ 1fC

Meas. Corr.

Masked 
channels

K5-300 M 1.093 47.8 167 38.0 1407 1340 1.28E-05 5.74E-06 0

K5-301 M 1.093 50.1 160 40.0 1421 1351 1.50E-05 5.62E-06 10

K5-302 O 1.150 47.5 188 38.0 1419 1433 7.79E-06 9.99E-06 4

K5-303 O 1.171 48.5 168 33.0 1382 1442 6.50E-06 1.67E-05 8

K5-305 O 1.171 48.1 193 35.0 1393 1426 1.49E-05 3.62E-05 0

K5-308 O 1.095 46.8 183 47.0 1552 1449 4.83E-05 1.53E-05 4

K5-309 O 1.113 47.9 160 33.0 1435 1388 4.00E-06 3.37E-06 12

K5-310 O 1.095 47.4 140 40.0 1514 1449 1.66E-05 6.36E-06 0

K5-312 O 1.113 49.0 228 46.0 1524 1454 6.14E-06 5.93E-06 10

K5-400 O 1.171 49.0 160 33.0 1370 1434 2.09E-06 5.23E-06 3

K5-402 O 1.171 46.7 143 46.0 1484 1501 2.03E-05 2.45E-05 4

K5-304 I 1.171 51.5 118 43.5 1204 937 < 1.0E-07 <2.0E-08 1

K5-307 I 1.150 47.5 127 48.2 1276 984 < 1.0E-07 <2.0E-08 16

K5-313 I 1.095 50.5 150 43.5 1190 940 < 1.0E-07 <1.0E-09 10

K5-314 I 1.150 51.1 124 41.4 1134 885 < 1.0E-07 <9.0E-09 4

K5-316 I 1.150 51.8 142 41.9 1119 867 < 1.0E-07 <8.5E-09 4

Table 2. Front-end parameters as measured for the non-irradiated prototype end-cap modules. The values are
corrected for the ABCD calibration capacitance variation where needed. For the noise and noise occupancy, the
column labeled as Meas. shows the measured value and the column labeled as Corr. the value corrected and
normalised to the SCT operating temperature. 

Module Type Gain
(mV/fC)

Thrs. 
Spread  @ 1 fC

(e- ENC)

Temp.
(oC)

Noise  (e- ENC)

Meas. Corr.

Noise Occupancy @ 1fC

Meas. Corr.

K5-305 O 27.6 614 1.0 2052 2408 5.48E-03 8.80E-03

K5-308 O 32.2 573 1.0 1990 2185 2.11E-03 4.40E-03

K5-310 O 33.8 490 8.0 1843 2068 4.18E-04 1.27E-03

K5-312 O 37.7 534 -1.0 1717 1928 3.31E-04 1.05E-03

Table 3.  Front-end parameters as measured for the irradiated prototype end-cap modules. 



ATLAS Project Document No: Page: 8 of 26

ATL-IS-TR-0001 Rev. No.:  1

4.2 Threshold and gain uniformity.

For the binary architecture, one of the most critical issues is the uniformity of the parameters of the front-end
circuit and, especially, matching of the discriminator threshold and the gain. In order to minimize the impact of
the threshold non-uniformity on the noise occupancy, the ABCD3T implements an individual threshold
correction in every channel using a 4-bit DAC (trim DAC) per channel with four selectable ranges. One can,
therefore, minimize the threshold spread in the chip at the operating threshold.

Figures 4 and 5 show the threshold spread, for the non-irradiated and irradiated modules, respectively, after
trimming the threshold at 1 fC for all the channels. The unirradiated modules have an average threshold spread
of 160 e- ENC. This is to be added in quadrature with the electronics noise to obtain the effective noise that will
produce the measured noise occupancy. For the irradiated modules the matching of the discriminators degrades
and, therefore, a wider range of the trim DAC is needed to reduce the threshold spread. With this range, the
average spread is 590 e- ENC. Tables 2 and 3 show the average threshold spread for each module.

4.3 Power consumption.

The power consumption at 1 fC threshold, for both irradiated and unirradiated modules, has an average of 5.5 W
as measured during the noise occupancy scans, with a trigger frequency of 100kHz. The maximum value is
6.5 W, at the highest occupancy. This also includes the currents drawn by the opto-chips and the hybrid itself. 

4.4 Timewalk.

In order to ensure a proper beam crossing identification and to reduce the inefficiency produced by the
assignment of hits to the wrong time slot, the time-walk should be smaller than 16 ns [1,2]. Here the time-walk
is defined as the maximum time variation in the crossing of the time stamp threshold over a signal range of 1.25
to 10 fC, with the comparator threshold set to 1 fC. Figure 6 illustrates the procedure for a non-irradiated
modules (a,b) and an irradiated module (c,d). Figures 6b and 6d show the efficiency curve versus the delay in
DAC units between the trigger and the clock edge. The width should be 25 ns and its value in DAC units is
related with the speed of the digital part of the ABCD3T (the higher the faster). It can be seen that after
irradiation the digital block is slightly slower.

Figures 6a and 6c show the variation of the delay for the efficiency plateau with increasing input charges.
Smaller DAC values correspond to the plateau being reached later. The difference between the delay at 1.25 and
10  fC input charge gives the time-walk of the comparator. Non-irradiated modules have, typically, a time-walk
of the order of 10 ns, while the irradiated modules have about 13 ns. This corresponds to a peaking time of the
order of 22 ns and  30 ns respectively. 
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Figure 4. Average threshold spread, in e- ENC,  on each
of the 12 ASICs of the non-irradiated modules.

Figure 5. Average threshold spread, in e- ENC,  on each
of the 12 ASICs of the irradiated modules .
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4.5 Bit-Error-Rate testing of opto-links.

The Bit-Error-Rate (BER) for the SCT opto-links has been studied with a K5 hybrid, populated with DORIC4A
and VDC chips [6]. A plug-in opto was used for the data and Timing, Trigger and Control (TTC) links. 

There is no evidence of cross-talk between the data and TTC links and the 90%CL upper limit for the BER on
the TTC link is 1.9×10-11. The measurements were done obtaining the BER as a function of the optical power of
the VCSEL in the readout crate. The results are shown in Figure 7a. As for the data links, Figure 7b shows the
variation of BER as a function of the receiver threshold on the readout crate. The 90% CL upper limit for the
BER on the data link is 1.6×10-10, which is well below the specification of 10-9. Further tests should be
performed on a K5 fully loaded with ABCDs.

(a) (b)

(c) (d)

Figure 6. (left) Timewalk curves for all the channels in a chip of a non-irradiated module (a) and on an
irradiated module (c). The difference between the highest and lowest point in the curve gives the timewalk in
DAC units. To convert DAC units to ns, the efficiency curves versus DAQ delay are used, as shown on the right
figures (b non-irradiated, c irradiated). The with of the plateau should be 25 ns. The conversion factor is
related to the speed of the digital part of the chip.

(a) (b)

Figure 7. BER scans for the TTC (left) and data (right) links.
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5 System test and first results.

5.1 General Description

The systemtest simulatesa sectionof one of the SCT forward disks in all its detailsof mounting,cooling,
supply and shielding. Details on the sector prototype can be found in [7].

Thesectorcanaccommodateup to 33 modules;13 outer,10 innerand10 middle modules.Figure 8 showsthe
outerandinnermodulemountingpositionson the front of thedisk; Figure 9 showsthebackof thedisk where
the middle modulesaremounted.The mountingpositionsaredenotedO1-O13for outerand I1-I10 for inner
positionsstartingat thefar left of Figure 8. ThemiddlepositionsaredenotedM1-M10, countingfrom theright
of Figure 9. Figure 10 shows the sector with four outer modules assembled.

The disk is held at eachend via metal bolts to an aluminiumsupportframe,shownin Figures 8 and 9. The
carbon-fibredisk is thereforein electricalcontactwith thesupportframe.Thesectoris housedin a copperbox
to representthe thermalshieldat theSCT.It shouldbenotedthat thecover is not electricallyor geometrically
similar to theplannedATLAS SCTthermalshield.Combinedwith blackoutcloth andadry nitrogensupplythe
copper box provides a dry and dark atmosphere, with a relative humidity of 20% or less, whilst running. 

Separatecooling circuits are usedfor the threemoduletypes.The inner modulesareservedvia a CuNi pipe
4mm OD with 70µm wall thickness,while the middle and outer moduleshavealuminium pipes3.6mmID/
4.0mmOD. Thecooling blocksaremachinedAl blockswith copperplating at thepipe block join. Theblocks
were soft solderedto the cooling pipe. On the outer cooling circuit 4 of the high cooling blocksare carbon-
carbonwith a Cu plate(positionsO3, O5, O7 andO9). The third carbon-carbonblock hada final gold flash to
preventoxidation. An ethanol-watermixture is pumpedthroughthe pipes;a commercialchiller controls the
temperature of this cooling mixture.

The low masskaptonpower tapes(wiggly tapes)wereproducedat Ljubljana. They weremadefrom the old
design,with Al tracksandwiths varying from 21 mm at theouterdiameterof thedisk, narrowingto 14 mm at
the module. Becauseof the expenseof producingdifferent shapesof tape, only 9 different designswere

Figure 8. Sector Front view. Figure 9. Sector Back view

Figure 10. View of the sector with 4 modules assembled.
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produced.Therefore9 positionshavethecorrecttapelayoutandtheremainingpositionshavetapeswhich have
beenmade to fit aswell aspossible.Thewiggly tapescontainthepower,select,resetandtemperaturemonitor
lines for themodules.The communicationof clock, commandsanddatato andfrom themoduleis performed
via theopticalplug-insin theforwardopticalharness.Eachharnessserveseither5 or 6 modules.At theedgeof
the disk the harnessconnectsto 25 m long fibres, which transmitthe datato the DAQ system,illustratedin
Figure 11.

The SCT prototypeVME power supplies(SCTLV3s) power the module'sASICs and opto-components.The
detectorsarebiasedwith the companionprototypehigh voltageunits (SCTHVs). The individual channelsof
eachpowersupplyarefloating with respectto eachother.It shouldbenotedthat thereturnlines of theASIC
analogueanddigital linesandthedetectorbiasline areconnectedtogetherat thedisk in a fashiondependenton
the particular grounding and shielding scheme implemented, which are described later.

Figure 11. A schematic layout of the forward SCT system test.
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Themodulesarereadoutusinga CLOAC-SLOG-MuSTARD-OPTIFsystem,with theOPTIF[4] providingthe
electrical-opticalinterface. The DAQ used is in place of the final read-outdrivers, (ROD). The hybrid
temperatureis readoutvia theSCTLV3 modules.A ROOT-basedSCTDAQ softwarepackageis used,running
on a Windows-NT PC connected to the VME crates via a National Instruments interface card.

Control and monitoring of all voltagesand currentsis carried out through the DAQ software,althougha
prototypeDCS systemis usedto monitor hybrid temperature,environmentaltemperatureand humidity and
control the cooling unit.

All patchpanelsusedareascloseaspossibleto theplannedfinal ATLAS design,exceptfor extraprovisionsto
allow testingof variouscouplingschemes.Fromthepowersupplies30 m long conventionalcablesrun to PPF2
via a commonmode choke.Thesechokesare intendedfor use at PPF3but PPF3is not representedin the
systemtest.BetweenPPF2andPPF12.5 m long kaptontapeswith 100µm thick Al tracksareused.Thekapton
tapesbetweenPPF1andPPF0are3. m long with 50µm thick Al tracks.A schematicdiagramof thesystemtest
is shown in Figure 11.

5.2 Grounding and Shielding in the System Test

Thesystemtestbasesit's groundingandshieldingschemeon the proposaloutlinedin [8,9,10]. Thesediffer in
theway themodulesarereferencedwith respectto eachother.Themainelementsasappliedin thesystemtest
are describedbelow, with any differencesnoted.Variations to this schemeare being investigatedto seek
improvedperformance.At the SCT low voltagepowersupply,the conventionalcableshield is AC connected
via a 10 nF capacitor to digital ground.

At PPF2,the conventionalcableshieldspassthroughthechokesandarecommonedat the kapton-tapesideof
PPF2.FromPPF2to PPF1the6 thick kaptontapesperPPF2arebundledtogetherandwrappedwith aluminium
foil. At PPF2theshield is connected,via jumpers,to thealuminiumfoil wrappedaroundthekaptontapesand
takento PPF1.PPF1is electricallyshieldedinsideanaluminiumbox, connectedto the kaptonaluminiumfoil
shield. PPF1 is equipped with jumpers to allow AC connections of all lines to the shield. VCC and VDD are AC
coupledto their respectivereturnlines via 4.7 µF capacitors.HV andHV returnareAC coupledwith a 10 nF
capacitor.All powerandreturnlines (including Pin biasandVCSEL lines),senselines andthe selectline are
AC coupledto theshieldvia 1 µF capacitors.No connection(AC or DC) is madebetweentheHV andtheHV
returnlines to the shieldat PPF1.From PPF1to PPF0the thin kaptontapesarebundledtogetherin setsof 3,
with eachset wrappedin aluminiumfoil. The shield connectioncontinuesvia the aluminiumfoil aroundthe
thin kaptontapesthroughthe sectorhousingto PPF0.The shield is held in good electricalcontactwith the
copperbox at the entry point. The disk’s aluminium supportstructure,inside the copperbox, is electrically
connected to the disk’s carbon fibre skin via copper tape and via supporting screws into the structure of the disk.

Figure 12. Detail of on disk and PPF0 grounding and shielding scheme.
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Theshieldat PPF0is connectedto a 50µm thick annularAl foil ring, oneon eachfaceof thedisk at theouter
radius.Theseringsareconnectedtogetherandto thecarbonfibre of thedisk with conductiveepoxyandcopper
tape.On eachdisk facetheannularfoil is connectedvia threeradial foils to annularfoils runningjustabovethe
coolingblocks,(2 foils on thedisk front and1 on theback),thathavefoil tabsconnectedto eachcoolingblock.
Connectionsare madebetweenthe foil and the cooling block using either conductiveepoxy or the cooling
block’s fixing screws.In this mannerall thecooling blocksareconnected,via Al foil, to theouterannularfoil
and thus the shield at PPF0. At PPF0 the shield is connected to DGND, via jumpers fitted to PPF0. The shield at
PPF0 is also connected to the aluminium support structure via short pieces of copper tape. 

The prototype K5 modules used in the system test have an integrated shunt shield at the module mounting point.
This is shortedsothatthemodulepowerreturnsareDC connectedto thecoolingblock at themodulemounting
point. A schematic representation of the on-disk-grounding scheme is shown in Figure 12.

Figure 13 illustratesthemainfeaturesof thegroundingandshieldingscheme.Thereddottedline representsthe
shield;while only theVDD andDGND linesareshownin reality bothanalogueanddigital linespassthrougha
choke and are AC coupled to the shield at PPF1. 

Variationsto thegroundingandshieldingschemeincludetheuseof a shuntshieldbetweenthemoduleAGND
andthecooling block, implementedat the cooling block. Themodulegroundandthecooling block arenot in
intimate electricalcontactwith eachother.The shieldconnectionat PPF0to DGND is maintained.Thusthe
cooling circuit is connectedto the modulesdigital return via a long path consistingof the wiggly tapesand
PPF0.At PPF1theHV line is AC coupledto theshieldvia a10nFcapacitorandtheHV returnline is shortedto
the shield. 

The second variation requires the module grounds to be held together as tightly as possible and referenced to the
cooling circuit. The DC connectionbetweenshield and DGND at PPF0is removed,resulting in a single
connection of module ground to shield via the cooling circuit.

All the variationsof the groundand shieldingschemesinvestigatedgaveequally good performancefor the
systemin the absenceof artificially generatednoisesources;the resultsare discussedin section3. Section4
reports on the first measurements made with an artificial noise source injected into the system.

5.3 First results for the Forward system test.

Whena modulearrivesat thesystemtestit is verified to be in goodworking order,andmountedon thesystem
testsector.A standardcharacterisationsequenceis performedpoweringonly thatonemodule. Its performance
is comparedto theresultsfrom themodule’sconstructionsiteandanydifferencesarenotedandinvestigatedif
possible. The module is now considered ready to be included in multi-module tests. 

Sofar, six modules(two middleandfour outermodules)havebeenusedin thesystemtest;detailedin Table 1.
All themodulesshowedapproximatelythesamenoisevalues(within about100ENC) whenrunningaloneon
the sector as they did on the bench. 

A typical multi-moduletest is to measurethe gain,noiseandnoiseoccupancywith manymodulesrunningin
parallel. This hasbeenperformed,using a three-pointgain calculationand noiseoccupancyscans,with the
moduleson thesector.At presenteitherthe two middlemodulesor the four outermoduleshavebeenoperated
together,but not all six at once.For examplethe4 outermodulesweremountedin positionsO10to O13(O11

Figure 13. Grounding and shielding scheme that utilises DC connection between the AGND of each module and its
cooling block, and a DC connection between shield and DGND at PPF0.
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and O13 being high blocks) as shown in Figure 14. The modules were communicated with via a single opto-
harness. Details are given in Table 4.

The measured noise values of the ASICs on the modules, with either all 4 outer modules or the 2 middle
modules operating together are shown in Figures 15a and 15b. The input noise was corrected for the correct
calibrate capacitor value and for a hybrid temperature of 2C. The input noise is consistent with the values
obtained when the modules were electrically readout in a test-box. 

A scan of noise occupancy as a function of threshold was performed; illustrated in Figure 16 for one module.
Good agreement in the noise measured by the 3point gain and the noise occupancy runs were obtained. Figure
17 shows the noise occupancy measured for the 4 outer modules when operated individually and together on the
sector and in a test-box. It should be noted that this data does not include the calibrate capacitor correction
value, except for the test-box data of module k5_402. The noise occupation was within specification with a
measured value below 5x10-4.

Noise occupancy as a function of time was measured with the threshold set to 1fC on all modules. The duration
of a noise occupancy measurement was about 1 minute, with a 2 minute interval been measurements. 100
measurements were made. Figure 18 shows the observed decrease in noise of one module as a function of time.
This effect, which has also been observed in barrel modules, has been attributed to the change in the inter-strip
capacitance of the detector as a function of time after the initial bias is applied to the device. The time constants
are detector dependent and for some modules can be as long as an hour. This imposes no implications on the
running of the SCT. However, the system test has to be left biased for at least an hour for comparative studies of

Figure 14. modules & cooling pipes in a 4 outer multi-
module run

Module Cooling block Opto plug-in Temperature (oC)

K5-302 O10 3 34

K5-402 O11 4 37

K5-400 O12 5 35

K5-303 O13 6 (only link1 working)
�

37

Table 4. Multimodule tests on 4 outer modules.�
All 12 ABCDs were read using a single link.

(a) (b)

Figure 15. Comparison of the measured noise (e- ENC) of each ASIC per module measured on the system test sector
when the modules were operated individually and as part of a multi-module run and with electrical readout in a test
box: (a) outer modules (b) middle modules.
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noise performance. There were no peaks detected in the noise occupancy versus time plots. Had peaks been
present this would be indicative of inadequate shielding. 

An initial run of a correlated noise data taking macro for the 4 outer modules with one million triggers and a
0.8fC threshold was taken. This resulted in a low number of events and therefore large statistical uncertainties
in the value of the correlated noise. However, the noise calculated from the correlated noise measurement
agreed with those from the 3pt gain scan, while the amount of correlated noise found was low and consistent
with zero.

Figure 16. An example of ln(Noise Occupancy) as a function of threshold squared (fC2) measured
in a multi-module run

Figure 17. Comparison of the noise occupancy per chip measured with all 4 outer modules
operated together on the sector, individually on the sector on in a test box. The red line indicates
the limit imposed by the specifications.
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5.4 Noise injection studies with shunt shield grounding option

Experiments are ongoing to investigate the robustness of the grounding and shielding against injected noise.
Noise is injected either into the cooling pipes on the disk or the thick power tapes (between PPF2 and PPF1)
with the use of ferrite rings to induce an AC current into the system. The ring was placed around the tapes
between PPF2 and PPF1 or around a cable connected to the cooling pipes outside the copper enclosure. Both
the magnitude and frequency of the injected signal were altered and the effects noted.

Single threshold scans with a 2fC injected charge pulse were taken. The noise was obtained on a strip-by-strip
basis from the threshold scan s-curves. Assuming a fixed gain of 55mV/fC the noise as ENC in electrons was
determined. The average noise per chip was then computed. Each set of measurements was comparative in
nature and therefore a reference set of data was taken without noise injection followed by the measurements
with the noise source. The difference between the two sets was plotted. 

Figures 19 and 20 illustrate the dependence on the noise pick-up as a function of frequency, for injection into
the tapes and the cooling pipes, respectively. A strong peak in sensitivity between 6-10MHz was observed, as
expected from the front-end band-pass characteristics. Increasing the magnitude increased the injected signal
size, which is shown in Figure 21 for an 8 MHz AC noise signal injected into the kapton tapes.

The structure in the noise is module position dependent and it is greater where the modules overlap each other
and overlap the cooling pipes, and power tapes. Module k5_402, which is in a lower module position, shows
increased sensitivity to noise pick-up probably due to its closer proximity to the cooling pipes and power tapes.
A difference in the amplitude and distribution of the excess noise is observed between the tape and pipe
injection methods. Noise rejection was observed to be better with the default grounding option compared to the
two variations described above.

It should be noted that these measurements are very preliminary and on going. Further improvements in the
grounding and shielding schemes are continuing to yield improvements in noise rejection and further study is on
going.

In conclusion the system test has shown that the modules are within specification when operated together
(although in very limited numbers at present) without the deliberate injection of noise into the system. The noise
injection studies have resulted in no conclusive answer to the exact ground and shielding scheme and, therefore,
to the requirement or otherwise of shunt shield.

Figure 18. Noise Occupancy as a function of time.
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Figure 19. Excess input noise (e- ENC) due to noise injection into the kapton tapes, as a function
of signal frequency.

Figure 20. Excess input noise (e- ENC) due to noise injection into the cooling, as a function of
signal frequency.
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6 Module Test-Beam results.

6.1 Introduction.

Testbeam measurements have been performed to evaluate the tracking performance of a number of the
prototype SCT end-cap modules. The measurement program was designed to investigate the response of
individual modules to single high-energy particle tracks through a range of systematically varied operational
and environmental parameters. These results may then be used to study the expected performance in ATLAS at
much higher trigger rates and track densities. Two of the modules tested were those irradiated previously with
24 GeV/c protons at the CERN PS T7 facility to the SCT reference dose of 3×1014 p/cm2. Related beamtests
have been performed in previous years on barrel SCT modules (which have much in common with SCT
forward modules, including basic detector technology and the same readout ASICs)[12,13], and prototype end-
cap modules [12].

6.2 Facilities and setup.

The beamtests were performed at the ATLAS testbeam facility at the CERN SPS H8 beamline. A collimated,
parallel beam of 180 GeV/c pions with some muons, about 1cm across, traveling in air, is passed through a pair
of trigger scintillators and an inline array of silicon detectors as shown in Figure 22. The particle type and
energy is chosen for negligible multiple scattering within the SCT setup while allowing adequate beam
intensity. Beam intensity is set to around 20,000 particles per second for the duration of the SPS spill, 4.8
seconds in a 16.8 second cycle. Around 10 SCT modules-under-test are arranged one after the other, presenting
approximately the same aspect to the incident beam. The modules are mounted on a rack which rotates each
module about its own axis through a range of about ±15o from normal, the whole array being always at the same
angle to the beam. Each SCT module is contained in its own module box of a standard design incorporating
liquid cooling to the main cooling block which is not split. In the case of the middle and outer modules, the end
cooling block is also cooled by conduction through the aluminium frame. In the case of inner modules, the end
block is thermally insulated. The boxes are covered by perspex sheets to present minimal material to the beam
while enclosing each module in its own thermal environment. The modules and their associated mechanics are
all contained within a larger thermal enclosure flushed with cold nitrogen gas. The liquid coolant and the gas
are maintained between -10 and -20 � C in order to keep the module temperatures low. The irradiated modules
were cooled by dedicated chillers, measured at the hybrid thermistor to around +5 ��� on the irradiated modules
in May/June, and -2 oC in July after extra measures were taken. The unirradiated modules were somewhat
warmer.

In addition to the 10 SCT modules, the SCT testbeam facility is equipped with four X-Y pairs of tracking
detectors forming a silicon telescope. These are arranged in pairs immediately upstream and downstream of the

Figure 21. Excess input noise (e- ENC) due to an 8MHz AC noise signal injected into the kapton
tapes, as a function of signal magnitude.
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thermal enclosure. Their function is to provide high spatial resolution, ~3 µm, space points from which
independent, high resolution tracks through the modules-under-test can be reconstructed.

To cope with the short shaping time of the ABCD3T chip and given that the SPS fixed target beam is not
synchronous to the ABCD3T clock, the set-up is equipped with a 0.2 ns resolution TDC and an SCT CLOAC
trigger synchronisation module. The CLOAC delays the propagation of external triggers both for the integer
number of clock cycles required for the pipeline and for the fraction of a clock cycle required to synchronise the
trigger with the internal latching of the discriminators. This fractional clock delay is measured by the TDC
allowing offline selection of timing windows.

Data acquisition uses the standard SCTDAQ setup, including the SLOG, MuSTARD and CLOAC SCT VME
modules and the ROOT software package, extended to handle synchronised triggers, event-by-event recording,
and to read the telescope and TDC. Modules are electrically connected to the readout system using their spy
connectors via the Melbourne patch and support cards rather than optical readout. Low and high voltage power
supplies are also the standard SCT VME modules.

The modules are calibrated using the internal calibration circuit of the ABCD chips immediately before the start
of the test beam once the modules have stabilised at their operating temperatures and nominal bias voltages. In
the case of the irradiated modules, a lengthy characterisation process to optimise the front-end settings after
annealing and while at operating temperatures must be performed. Characterisation is repeated several times
during the beamtest to check reproducibility, though in general the calibration constants are not changed unless
clear errors are found. A number of bad channels identified during the calibration are masked online (so never
resulting in hits), while a varying number of additional channels are masked during the offline analysis. The
results presented below are based on an analysis of the remaining "good channels". The effect of masking on
the overall efficiency is evaluated in Table 5. In all cases the efficiency loss due to masked channels is less than
1%.

The detector bias voltage of the irradiated modules was up to 450V in May/June, and up to 600V in July. In all
cases the total leakage current was less than 3mA resulting in a voltage drop across the 11kΩ of the bias filter
circuit of at  most around 30V. 

Figure 22. Beam line sketch for 2002.
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module mask Off-line
mask

Efficiency loss (%)

K5_304(I) 1 9 0.7

K5_301(M) 1 4 0.3

K5_302(O) 1 1 0.1

K5_310(O) 0 0 0

K5_312(O) 10 0 0.7

K5_305(irr O) 6 7 0.8

K5_308(irr O) 7 6 0.8

Table 5. Channels masked in hardware and software on all modules. The last column
lists the resulting efficiency loss under the assumption that the tracks are uniformly
distributed over the module.
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6.3 Measurement goals and Program.

The basic testbeam measurement of SCT binary modules is a scan of the input comparator thresholds resulting
in s-curves of particle detection efficiency versus threshold. Several tens of thousands of randomly timed events
are taken at each threshold point. Each event is analysed for matching telescope tracks and optimal timing
efficiency to determine an efficiency. From these data, the efficiency around the design operating threshold, 1.0
fC, can be determined, as can the median charge response, defined as the threshold at 50% efficiency.
Measurement of the median charge response allows an absolute calibration of the internal charge injection
calibration circuits of the readout chips. By studying the same data as a function of timing window cuts, the
pulse shape can also be mapped. Combining the median charge response with measures of the noise allows
signal-to-noise ratios to be determined. Combining the experimentally determined charge scale with separate
noise measurements allows a determination of the expected noise occupancy at operating thresholds along with
a measure of the operating margin. Analysis of a large number of events at the operating threshold also allows a
determination of the spatial resolution and mean cluster size.

The set of modules included in the May/June beamtest was largely determined by the availability of the two
irradiated Outer modules, k5_305 and k5_308. Two unirradiated Outer modules, k5_310 and k5_312 were
therefore also included for direct comparison. One inner (k5_304) and middle (k5_301) module were also
included, as were two previously measured barrel modules as reference samples. The two irradiated modules
were again studied in the July beam  period.

The first goal of the beamtest program was the measurement of these important module parameters for a
minimum ionising particles at normal incidence to the silicon planes. This configuration is the reference
configuration for comparison with other beamtests and for parametrising the basic module performance. The
detectors were biased at the nominal operating voltages, measured at the high voltage supplies, of 150 V for the
unirradiated modules and 350 V for the irradiated modules representing the extremes of radiation history. Due
to the voltage drop in the hybrid bias resistor the voltage on the detectors of the irradiated modules was up to
30 V lower than the output of the power supplies. Therefore, some important results will be reported for a
power supply output of 400 V, corresponding to approximately 370 V on the detectors.

A second goal was the measurement of the bias voltage dependence of the modules, especially the irradiated
modules, since this is important operational information. This measurement consists of repeated threshold scans
at several bias voltages from which the shape of the charge collection, noise, and signal-to-noise versus bias
curves can be determined.

A third goal was a mapping of the position dependence of the module performance. This was performed at
normal incidence by taking threshold scans at several positions around the silicon sensitive area. This included
positions near and far from the end-tap electronics hybrid position, to study effects of the distance from the
readout amplifiers as well as of the varying strip pitch, as well as several positions across the module to look at
the chip-to-chip variation .

In addition, measurements at angles away from normal incidence were attempted with the Atlas testbeam
magnet switched on (at 1.56T nominal) and off. This study was not completed, but initial measurements
confirmed expectations from previous barrel measurements.

6.4 Results.

6.4.1 Efficiency and noise occupancy.

In the test beam, the tracking efficiency is measured by requiring a hit in the binary module closer than 150 µm
from the position of the track as extrapolated from the analog telescope. Efficiency versus threshold curves or
S-curves are reconstructed by scanning the discriminator over a large range of values, corresponding to charges
of 0.7 to 6 fC. The noise occupancy is counted in dedicated noise events taken with a software trigger in the
out-of-spill periods.

Figure 23 shows the efficiency versus threshold curves averaged over both links of all non-irradiated modules,
and Figure 24 the s-curves averaged over the four links of the irradiated modules. The error bars represent the
standard deviation of the efficiency measurement over the full statistics. 
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SCT tracking specifications require high, 99%, tracking efficiency and a noise occupancy below 5×10-4. Figures
25,26 and 27 provide a closer view of the efficiency around the envisaged operational threshold of 1 fC. The
noise occupancy is presented on a logarithmic scale in the same figures. The specifications for the efficiency
and noise occupancy are indicated as straight lines.

Table 6 lists the modules tested with a summary of the results for the most important operating parameters. The
last two columns show the threshold at which the efficiency is 99% and the threshold at which the envisaged
occupancy is reached, respectively. The noise occupancy at the nominal threshold meets the specified 5×10-4

with quite some margin for all non-irradiated modules. The noise on the inner module is significantly lower due
to the lower capacitive load of the single detector on the amplifier. The noise occupancy dependence on
threshold is compatible with a gaussian noise.  

The shadowed rows correspond to the irradiated modules. Both of them, especially K5-305, show an excess of
noise that is consistent with the noise levels measured in the laboratory. There is, however, for K5-308 a
threshold window between 1.2 and 1.3 fC in which the efficiency and noise occupancy specifications are met.
The deterioration of the signal at this bias voltage results in a signal over noise ratio of between 7 and 8, with a
larger spread in the median charges. The signal over noise ration is expected to be somewhat higher in the case
of middle and, especially, inner modules.

In the binary readout scheme the region right in between two strips is the weakest point in terms of efficiency,
as charge sharing reduces the effective deposited charge on each strip. Figure 28 shows the dependence of the
efficiency on the position of the track with respect to the two strips. For threshold higher than the nominal,
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Figure 25. Closer view of the
efficiency vs threshold at nominal
bias voltage. Averaged over all non-
irrradiated K5 modules. The noise
occupancy at these thresholds is
plotted in the same figure.

Figure 26. Closer view of the
efficiency vs threshold at a bias
voltage of 400 V (370 V  on the
detectors). Averaged over both
irrradiated K5 modules. The noise
occupancy at these thresholds is
plotted in the same figure.

Figure 27. Closer view of the
efficiency vs threshold at 450 V (420
V on the detectors) . Averaged over
both irrradiated K5 modules. The
noise occupancy at these thresholds
is plotted in the same figure.
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Figure 23.Efficiency vs threshold averaged over all non-
irrradiated modules. The solid line represents data taken
with a detector bias voltage on the power supply of
150 V, the lower and higher s-curves are from 100 and
250 V, respectively.

Figure 24. Efficiency vs threshold averaged over both
irrradiated modules. The solid line represents data taken
with a detector bias voltage on the powe supply of 350 V,
the lower and higher s-curves are from 300 V and 450 V
respectively. 
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charge sharing leads to a dip in efficiency in the center. In the non-irradiated modules no significant structure is
seen at 1 fC threshold. In the irradiated modules, that have less charge margin, the efficiency deteriorates
slightly in the central region between the two strips.

6.4.2 Charge collection.

The median charge is computed as the 50% efficiency point of the s-curves. The signal-to-noise ratio is
obtained by dividing the median charge by the equivalent noise charge (@ 2 fC) obtained in the in-situ
calibration. Note that the noise was measured at the nominal detector bias voltage. A possible dependence of the
noise with bias voltage would not be taken into account in the S/N measurement. Table 6 lists the median
charge and the signal over noise for the different modules. 

Calibration variations from one chip to the next can be estimated from repeated measurements with various
beam positions on the modules. To this end, the chips are analysed separately and the median charge is
reconstructed on each of them. The spread in the observed charges on the non-irradiated modules is around
0.1 fC (or 4 %, standard deviation) for chips on the same module, consistent with the measured spread in the
calibration capacitors which is thought to be the dominant contribution to the calibration uncertainty. Within
errors, the signal coincides on the three types of modules and with the signal found on a barrel module [13].

On the irradiated modules the observed spread in the median charges from different chips is quite larger: 0.2 to
0.3 fC, nearly 8%. This is true even for chips from the same wafer. The signal to noise ratio is generally much
more uniform.

The detector bias voltage is an essential parameter in the operation of the module, especially so after irradiation.
During the test beam, the performance of the modules was measured in a range of bias voltages. Figure 29

module Eff @ 1 fC NO @ 1 fC Qmed (fC) S/N Thr Eff Thr NO

K5-304 99.6 3×10-8 3.3 20.6 <1.24 >0.78

K5-301 99.7 7×10-5 3.3 13.8 <1.20 >0.87

K5-302 99.7 7×10-5 3.3 13.2 <1.72 >0.92

K5-310 99.5 9×10-5 3.4 14.4 <1.69 >0.90

K5-312 99.7 5×10-5 3.5 13.8 <1.69 >0.90

K5-305 98.7 7×10-3 2.8 7 <1.03 >1.38

K5-308 99.5 2×10-3 2.8 7.7 <1.31 >1.20

Table 6. Benchmark results for the modules tested in the May 2002 beam test. The response to perpendicularly
inciding MIPs is measured at nominal bias voltage. Note that the actual voltage on the detectors of the
irradiated modules is around 325 Volts. Shadowed rows correspond to irradiated modules. The last two
columns show the threshold at which the required efficiency and noise occupancy are reached.

(a) outer (b) outer irradiated

Figure 28. Efficiency versus inter-strip position (in units of the pitch) for a non-irradiated and an irradiated outer
module. The round markers correspond to a threshold of 1 fC. The remaining lines correspond to 1.6, 2.2 and 2.7
fC.Incidence of the beam particles is perpendicular.
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shows the median collected charge as a function of the corrected bias voltage (the voltage drop across the bias
resistor on the hybrid is subtracted from the nominal value set on the HV power supply). Non-irradiated
modules collect a nearly constant charge from around 120 Volts. Below that, ballistic deficit of the shaper leads
to a moderate charge loss. 

In the irradiated modules the voltage drop over the 11kΩ of the bias filter circuit can not be neglected. Also,
much higher bias voltages are necessary to retrieve a similar signal. At the nominal detector bias voltage of
350 V around 85 % of the signal of the non-irradiated modules is collected by the irradiated modules. The
signal-to-noise of the two modules is very similar at the highest bias voltage (450 V), see Figure 30 , but starts
to diverge at lower voltages. This seems to indicate a different depletion voltage in both modules.

In the SCT most of the charge is collected on a single strip. Signal clusters comprising more than one strip make
up a small fraction of the total and are concentrated in a narrow region in the center between two strips. The
amount of charge sharing between neighboring strips is measured most sensitively as the average cluster size of
signal clusters. Particles that traverse the detector at an angle have a longer path length through the silicon,
leading to a larger energy deposition. When the projection of the path on the surface of the detector has a
component perpendicular to the strips, charge sharing (and thus the probability of creating of two-strip clusters)
increases. The cluster size in Table 7 shows the expected dependence on module type (pitch) and incidence
angle.

6.4.3 Spatial resolution.

In the test beam, the spatial resolution is determined by measuring the width of the residuals - the difference
between the track position (extrapolated from the telescope measurements) and the center of the binary cluster.
For 1-strip clusters the spatial resolution is expected to be given by pitch/√12. The presence of multiple-strip
clusters leads to a slight improvement of the resolution. The results for charge and resolution for perpendicular
incidence and 8 degrees are listed in Table 7.

6.4.4 Timing performance.

The timing performance of the module can be evaluated by reconstructing the response of the module as a
function of time. The reconstructed pulse shapes yield an effective rise time that depends both on the electric
field strength on the sensor  (and, hence,  the detector bias voltage) and on the intrinsic speed of the front end.
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Figure 29. Median collected charge versus corrected
detector bias voltage for both irradiated (open markers)
and un-irradiated modules (filled markers).

Figure 30. Signal to noise ration versus corrected
detector bias voltage for both irradiated modules. Open
markers correspond to K5-305 while filled ones to K5-
308.

Module type Average pitch in
the beam region

(µm) 

Perpendicular incidence 8 degrees incidence

Clusize @ 1fC Resolution
(µm)

Qmed (fC) Clusize @ 1fC Resolution
(µm)

Qmed (fC)

inner 1 65 1.14 2  0.01 18.3 2 0.3 3.3 2  0.1 - - -

middle  1 78 1.09 2  0.01 22.6 2 0.3 3.3 2  0.1 1.21 2  0.01 20.6 2 0.2 3.2 2 0.1

outer 1 82 1.072 2  0.004 23.7 2 0.1 3.4 2  0.1 1.18 2  0.02 22.0 2 0.2 3.3 2 0.1

outer irradiated ~82 1.14 2  0.04 24.4 2 0.3 2.6 2  0.2 1.19 2  0.03 23.9 2 0.2 2.3 2 0.1

Table 7. Angle dependence of a number of observables related to the spatial resolution. The average size of signal
clusters (within 150 µm of the track) is a good indication of charge sharing. The resolution is relatively unaffected. .
The inner module did not participate in the rotation. The beam is in the furthest wafer for both outer and middle
modules. 
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Figure31 showsthepulseshapereconstructedin a non-irradiatedmoduleat different biasvoltagesandFigure
32 showsthe pulseshapein an irradiatedmodule.The irradiatedmodulesshow a clearly longer pulse,see
Table 8 , dueto a combinationof changeddetectorpulse(typeinversion)anda deterioratedperformanceof the
front-end. 

The increasedvaluesfor the peakingtime arein qualitativeagreementwith the increasedtime walk measured
with the chip's internal calibration circuit.

6.4.5 Preliminary results from the July beam test.

Somemeasurementsof theMay beamtestwererepeatedandextendedin theJuly beamperiod.On thebasisof
laboratorymeasurementsdone in betweenboth beam periodsa new set of optimal front-end settingswas
chosen.Moreover,the analogsupplyvoltagewasraisedto Vcc=3.8 V. Improvementsin the way the module
wascooledallowedfor a hybrid temperatureof -2 degreesandfor the biasvoltageto be raisedup to 600 V,
sincethe modulewasthermallystable.Preliminaryresultsfrom thesetestson theK5_308arereportedin this
section.

Figures 33 and 34 show the tracking performance,efficiency and noise occupancy,of module K5_308 as
measuredwith perpendicularincidenttracksin theJuly period.Table 9 summarizesthebenchmarkperformance
parameters.Giventhechangesin theway themodulewasoperatedtheagreementwith theMay resultsis rather
good.

Module type outer inner Irradiated outer

peaking time (ns) 23.2 3  0.8 22.7 3  0.4 29.2 3  0.6

Table 8. Effective peaking time at an HV supply voltage of 150 Vols for non-irradiated modules and 350 V
for irradiated modules (note that the detector voltage is around 320 V).
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Figure 31. Pulse shapes reconstructed from a non-
irradiated module. The solid line corresponds to the
nominal bias voltage of 150 V. Dashed curves
correspond to 100 and 250 V.

Figure 32. Pulse shapes from an irradiated modules.
The solid line corresponds to a bias voltage of 350 V.
Dashed curves correspond to 300 and 450 V.

module Eff @ 1 fC NO @ 1 fC Qmed (fC) S/N Thr Eff Thr NO

K5_308 99.4 4×10-3 2.7 7.5 <1.20 >1.20

Table 9. Preliminary benchmark results for the K5_308 module tested in the July 2002 beam test. The response
to perpendicularly inciding MIPs is measured at a bias voltage of 400 Volts at the power supply. Note that the
actual voltage on the detectors is around 370 Volts. The last two columns show the threshold at which the
required efficiency and noise occupancy are reached.
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The improved cooling allowed to go up to higher voltages and study the charge collection up to 600 V. The
charge and signal to noise ratio of K5_308 are compared to the response of non-irradiated modules in figures
35and  36.

During the July and May beam test data were taken routinely with the beam inciding on the wafer closest to
the hybrid (W31). In July, a number of threshold scans at different bias voltages were repeated after changing
the position of the beam to the further wafer (W32). As the beam still falls on the region read out by the same
chips, this measurement does not suffer from the uncertainty in the calibration present when comparing results
from different chips. The influence of the pitch on the collected charge is expected to be small. Therefore,
these scans give an idea of the variation of the collected charge between detector wafers. From the two pairs
of wafers on K5_308 one yields results that agree to within 0.1 fC. The other pair, however, a charge is found
in W32 wafer that is 0.3 fC higher than in the W31 wafer.

The shaper pulse reconstructed from the test beam data is now significantly faster than when it was measured
in the May test beam. The pulse shapes in Figure 37 correspond to supply voltages of 350, 400 and 500 V.
The effective peaking time at a bias voltage of 350 V is approximately 26 nanoseconds. 
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Figure 35. Median collected charge versus corrected
detector bias voltage for both irradiated (open markers)
and un-irradiated modules (filled markers).

Figure 36.  Signal to noise ratio versus corrected
detector bias voltage for both irradiated (open markers)
and un-irradiated modules (filled markers).
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Figure 33. Closer view of the efficiency vs
threshold of K5_308 at a bias voltage of 400 V (370
V on the detectors). The noise occupancy at these
thresholds is plotted in the same figure.

Figure 34. Closer view of the efficiency vs threshold
of K5_308 at a bias voltage of 500 V (470 V on the
detectors). The noise occupancy at these thresholds
is plotted in the same figure.
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7 Summary.
The SCT end-cap modules satisfy the electrical performance goals described in [3], with the exception of a
slightly higher final post-irradiation noise value. However, noise occupancy and efficiency specifications are
met for three out of 4 modules selecting a slightly higher than 1 fC operating threshold, which has no
consequence on the final tracking efficiency and reconstruction. The modules can be operated in a stable
fashion at more than the nominal 500 V detector bias voltage. The first results from the system test are
encouraging.
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Figure 37. Pulse shapes for an irradiated module. The solid line corresponds to a supply voltage
of 350 V. Dashed curves correspond to 400 and 500 V.
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