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Critical Performance Issues

Acceptance and efficiency/fake rate

Optimal placement of detector planes vs. radiation environment

Rate of noise hits/efficiency (vs. radiation environment)

Mass resolution

Material

Vertex resolution

Material

Optimal placement of detector planes vs. radiation environment
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ABCD3TA

0.8um DMILL, binary readout

ENC = 600 + 65*C e-/pF
at nominal input current (250 uA)

SCT strips are ~15pF for ~1550e- ENC.  
280um silicon results in MIP deposit of 
21.5ke- for S/N = 14.0

RunIIb strips will be 12-14pF before 
irradiation.  320um silicon results in MIP 
deposit of 24.9ke- for S/N = 17.8

May be able to reduce noise slope by 
increasing input current at the cost 
higher heat load.
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Where’s the Rub?
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Figure 4.15: Schematic of the readout ASIC for the SCT detector, showing the successive signal
processing steps.
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Figure 4.16: The efficiency (circles) and noise occupancy (triangles) for SCT barrel modules mea-
sured in a test-beam before irradiation (left) and after exposure to a dose of ∼ 3×1014 p/cm2 in a
24 GeV proton test-beam (right). The nominal operating threshold is 1 fC. The dashed horizontal
lines represent the nominal module performance specifications in terms of efficiency and noise.
The vertical lines represent the range of thresholds over which these specifications are met after
irradiation.
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Binary readout makes this tricky business.  Threshold selection is a one shot deal. 

But these are SCT sensors, we have additional headroom, right?



For RunIIb Sensors

In SCT sensors, most tracks near normal incidence 
deposit all of their charge on a single strip.  

Ensures good efficiency

Well matched to binary readout.

In RunIIb sensors the majority tracks, including 
those at normal incidence, deposit charge on 
multiple strips.  

Optimizes resolution for “analog” readout.  

For binary readout, this does nothing but spread out 
and discard signal (~15% of signal on intermediate 
strips goes to backplane).
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Charge Sharing Eats Into “Safe Zone”
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In order to ensure good efficiency, threshold will have to be much lower.

Thinning sensors makes things worse
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Figure 4.15: Schematic of the readout ASIC for the SCT detector, showing the successive signal
processing steps.

Corrected threshold (fC)
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Ef
fic

ie
nc

y

0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

N
oi

se
 o

cc
up

an
cy

10-6

10-5

10-4

10-3

10-2

10-1

1

Corrected threshold (fC)
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Ef
fic

ie
nc

y

0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

N
oi

se
 o

cc
up

an
cy

10-6

10-5

10-4

10-3

10-2

10-1

1

Figure 4.16: The efficiency (circles) and noise occupancy (triangles) for SCT barrel modules mea-
sured in a test-beam before irradiation (left) and after exposure to a dose of ∼ 3×1014 p/cm2 in a
24 GeV proton test-beam (right). The nominal operating threshold is 1 fC. The dashed horizontal
lines represent the nominal module performance specifications in terms of efficiency and noise.
The vertical lines represent the range of thresholds over which these specifications are met after
irradiation.
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Efficiency Comments and Material

Binary readout makes this a very tricky business.  Parameter tuning must 
be perfect.  One cannot run with low thresholds and then come back later 
to re-cluster more carefully.  Once the data is taken, it’s done.

Do we need 99% efficiency?

Imagine 4 stereo planes with all needed for good purity: 
(0.99)8 = 92% tracking efficiency, (0.92)3 = 79% reconstruction efficiency.

➡ The option to high efficiency is redundancy, AKA here as “extra material”.
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Is There an Option?

CMS APV25

Used throughout CMS tracker: 
(~75K chips total)

0.25um CMOS improves noise 
performance

Analog readout also improves 
single-hit resolution, especially for 
alternating-strip readout

dead-time limitation of peak mode 
is adequate for most, if not all, of 
our acceptance.
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groups of bonded channels showing higher noise
as expected, there is a clear slope across the chip.
The observed slope can be explained by the
different length of the tracks from the input pad
to the input FET (Fig. 2). At room temperature
and with the given shaping, a series input
resistance Rseries gives a contribution to the noise
equal to ENCseries=3.5Cd[pF]

ffiffiffiffiffiffiffiffiffiffiffi

RðOÞ
p

: The esti-
mated variation in Rseries from 13 to 70O across
the chip matches well with the measured values of
ENC. The layout of the input tracks has been

improved following this observation and the
second version of the chip will cure this problem
(see Section 4).

The uniformity of the pipeline is of great
concern for this circuit. For every channel and
every location, the pedestal and the gain have been
measured. For every channel, a rms pedestal has
been obtained over all the locations. The distribu-
tions (Fig. 9) of the rms for both the peak and the
deconvolution mode are well confined and centred
around 130 and 160e# rms, respectively. The gain
distribution for a single channel has a standard

Fig. 6. Calibration curve and linearity in peak mode.

Fig. 7. Equivalent noise charge as a function of the input load
capacitance in peak and deconvolution mode. Measurement
done on channel 109 (see Fig. 8).

Fig. 8. Noise as a function of channel number.

Fig. 9. Distribution of the standard deviation of the single
channel pipeline pedestal for one chip. (a) Peak mode, (b)
deconvolution mode.

M.J. French et al. / Nuclear Instruments and Methods in Physics Research A 466 (2001) 359–365 363

pulse on one channel is clearly visible. As in
previous versions, the APV25 has no direct output
from the shaper. The analogue waveform can be
reconstructed by reading out the analogue output
from a single channel while changing the phase of
the calibration pulse with respect to the 40MHz
clock. This measurement can be done for both
peak and deconvolution modes. In the curves
shown in Fig. 4, the measurements have been
repeated for values of the input load capacitance,
varying from the bare stray capacitance up to
22 pF, i.e. higher than the capacitance of an
irradiated CMS detector. Loading the input does
not change the shape significantly. The output in
peak mode fits well to a 50 ns CR-RC with no (or
very little) undershoot.

In order to test the linearity of the circuit,
signals ranging from –2 to –1 and from +1 to
+7MIPs in 0.5 MIP steps have been fed to the
input. The results are shown in Figs. 5 and 6. The
linearity is very good up to 3 MIPs and remains
better than 5% up to 5 MIPs. The results for the
deconvolution mode are similar.

The equivalent noise charge has been measured
as a function of the input capacitance. Typical
curves are shown in Fig. 7 for a particular channel,
and for both peak and deconvolution mode. The
noise at 0 pF is 246 and 396e! rms with the slope
being 36 and 59.4e! rms/pF in peak and deconvo-
lution mode, respectively. The noise in deconvolu-
tion is higher than the one measured in peak mode
as expected from the theory. For an input
capacitance Cd of 18 pF, the noise is slightly less
than 900 and about 1500e! rms in peak and
deconvolution mode, respectively. These values
represent a significant improvement with respect to
previous versions of the APV [3, 9]. The noise (in
ADC counts rms) as a function of the channel
number is shown in Fig. 8. Apart from three

Fig. 3. Example of an output frame on one line of the
differential output.

Fig. 4. Response of the APV25 as a function of the input
capacitance (peak mode).

Fig. 5. Response curve of the APV25 as a function of the input
signal. (a) Peak mode, (b) deconvolution mode.

M.J. French et al. / Nuclear Instruments and Methods in Physics Research A 466 (2001) 359–365362
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APV25 Availability and DAQ

100% perfect APV25 available at 
CERN for 28CHF (~$27) each.

For an 8-plane tracker, becomes a 
$10K-$12K item.

May be more flexible in terms of 
rest of DAQ.  Only other item at 
detector is analog optical 
transmitter.  Digitization can take 
place well outside  tracking volume.
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Summary 1

The ABCD3TA will work adequately with fresh RunIIb silicon

Resolution will be (30-60 microns)/sqrt(12) = 9-17um depending upon noise, 
but MS still dominates. 

Binary readout allows one shot: once you’ve set it, you can forget it!

Combinations of other factors will create problems:

increased noise and signal loss from high radiation doses

thinned silicon

The APV25 addresses these concerns at a cost.
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Radiation Tolerance

Some misunderstandings regarding radiation tolerance have crept into the 
design.  It’s a tricky (and evolving) business!

Two critical details:

Misunderstanding of sensor specifications

Misunderstanding of corrections to NIEL scaling hypothesis for electrons

How far can these sensors be pushed?

What kind of sensors could we push further?

11



Limitations of RunIIb Sensors
Sensor specification calls out maximum operating 
voltage of 350V

Correcting Vdepl for thickness (α t2), sensors should 
be fully depleted up to Φeq = 6×1013 cm-2

Assuming NIEL scaling, this is equivalent to 
7.2×1014 cm-2 1 GeV e-

However, studies with 900 MeV electrons have 
shown that NIEL scaling is broken for electrons: 
damage is ~1/3 of expected value at fluence

Surface effects negligible (overcome at 20-30V bias)

Actual equivalent dose: ~2.2×1015 cm-2 1 GeV e-  
(5.5× previous assumption)
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Stretching the Limits
RunIIb sensors were (I believe) 
prototyped by HPK with same design 
features as Layer 00 sensors.  

Many of these sensors are likely 
capable of operation at 1000V.  If so, 
finding them is easy.

1000V operation gets you to 
5×1015 1 GeV e-

If under-depleted, depletion depth 
α sqrt(Vbias).  Each factor of 2 in fluence 
costs you almost same factor in signal 
once Vdepl > Vbias

Having extra S/N to burn = extra 
radiation tolerance
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Toward super radiation tolerant semiconductor detectors for future elementary particle research 
 

31 

6.1 Results for hadron irradiation 
 
As the change of the effective doping concentration Neff with fluence as well as its annealing be-

havior is rather complex (see above), it was found useful to perform rapid comparisons of the radiation 
hardness of detectors processed on different material almost online during the irradiation experiments. 
However, larger fluences imply also longer irradiations and normally simultaneous damage and anneal-
ing cannot be avoided. In order to overcome these problems a special recipe had been devised giving re-
sults, which are rather independent on the irradiation history. Making use of the fact that the annealing of 
the damage-induced change of Neff  follows a rather flat dependence around 10 days storage at room tem-
perature, corresponding to about 4 minutes at 80 oC (equivalent to 80 minutes at 60 oC, see Fig. 10), a so-
called CERN-scenario measurement was used. After each successive irradiation step the device under 
test is stored for 4 minutes at 80 oC and then the normal C/V technique is applied for measuring the de-
pletion voltage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 shows a comparison between standard, carbon- and oxygen enriched silicon as irradiated 

by 24 GeV/c protons at the CERN PS irradiation facility. The minimum in these curves for |Neff| is dis-
playing the fluence for which the material becomes type inverted, and the increase at higher fluence val-
ues is almost linear. The slope of this branch is a very good measure of the radiation tolerance. It is 
clearly seen that oxygen enrichment reduces the slope considerably by about 1/3 of that for standard sili-
con while carbon-enrichment proves to have an adverse effect. However, although pion and proton irra-
diation exhibit the same improvement of DOFZ material, neutron damage does not result in a similar re-
duction.  
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Fig. 12. Reverse annealing amplitude after neutron (open symbols) and proton irradiation (filled  
                                                                  symbols) [19]. 
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Fig. 11. Influence of carbon and oxygen enrichment on the change of Neff as function of  
           fluence (see text). Multiply the fluence values by 0.62 for getting !eq. [31]. 

Breaking the Limit

Defect engineering: oxygenated 
silicon reduces slope after 
inversion

Increases radiation tolerance by 
approximately a factor of 3.

Thinner: lowers depletion voltage.

Same situation as under-
depletion: each factor of two 
thinner buys you slightly more 
than factor of two in fluence
... but without the material!
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Resolution Limitations

From John’s estimates:

σd0 = 22 ⊕ 66/p µm

Δm/m = 0.0035 ⊕ 0.008

Both of these problems are 
attacked by thinning upstream 
of the second measurement.

15

Term from angular resolution at vertex.

N.B. Refitting tracks with vertex constraint should 
improve this somewhat 
(on order of 30-40% for three tracks)



Thinned Layer00 Sensors
CDF Layer 00 used radiation-tolerant sensors

300 micron <100> p on n silicon

50(25) micron readout(sense) pitch

Micron produced oxygenated sensors
1/12 of the detector uses this silicon

Purdue used masks (Gino Bolla) for ILC R&D 
on fabrication of sensors on thinned wafers

150um, 200um, and 300um thick sensors 
procured from Micron

Preliminary results were very encouraging

Sensor parameters as expected

Charge collection with SVX4 as expected

These sensors (6.4mm wide, 78mm long) could 
be great in the first plane pair.  Under discussion...
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Figure 1: Corner of a thin silicon microstrip sensors. The photo shows the guard ring, the biasing

scheme, the strips and the bond pads.

In summary, the results already at hand are extremely promising and indicate that further

studies with a readout chip are the next logical step. Measurements of the pixels sensors have

still to be conducted.

Future R&D for thin silicon sensors

A critical step to fully evaluate the feasibility of thin sensors for the LC is to determine the

Signal to Noise ratio (S/N) and the charge collection efficiency. In a silicon detector, the signal

for a charged particle depends on the path length the particle traverses in the silicon and so

S is inversely proportional to the thickness. With currently available electronics the noise is

expected to be low enough that reducing the silicon thickness from 300 µm to 200 µm would

still allow a S/N above 15. For example, the SVX4 chip has a noise of 900 electrons for a

capacitive load of 20 pF while the most probable signal for a 200 µm sensor is 14,440 electrons,

yielding a S/N of 16. However, in a thin silicon sensors there is also an increased capacitive

coupling between the two sides of the sensor, which might increase the noise. Maintaining an

acceptable S/N is critical for the long ladder design proposed for SiD[3]. The charge collection

efficiency, which also is sensitive to the capacitive coupling to the backplane, has also not been

measured for thin silicon sensors.

To study these effects we will use in the first instance, the laser test stand already in place

at Purdue to conduct studies with the SVX4 chip developed for Run 2b of the Tevatron.

This chip is not optimized for LC applications but is suitable to compare the performance of

sensors of different thickness.
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Table 1: Comparison of DC characteristics of 300, 200 and 150 µm thick sensors measured at
Purdue University. We follow the same notation used in the text with leakage current (Ileak),
interstrip capacitance (CIS), the coupling capacitance (CC), the interstrip resistance (RIS) and
bias resistance (Rbias). We define two different grades to the sensors according to their Ileak. Grade
A (B) sensors have a ILeak at 2× Vdep < 50 nA/cm2 (4000 nA/cm2)

Ileak CC CIS RIs Rbias

pF/cm pF/cm GΩ MΩ
Specs Grade > 10 <1.2 > 1 1.5± 0.5

< 10 % variation
300µm 3 Grade A > 15 < 0.9 > 1 0.5± 0.2

2 grade B < 5 % variation
200µm 3 Grade A > 20 < 0.9 > 10 1.8± 0.10

2 Grade B < 10 % variation
150µm 7 Grade A >15 < 0.9 pF/cm > 10 1.8± 0.10

0 Grade B < 10 % variation

Ultimate functionality and performance characteristics will be established in a test beam. We
plan to take advantage of the MT4 test beam facility at Fermilab and to measure the charge
collection efficiency, position resolution, and signal to noise ratio in the beam.

The mechanical aspect of thin silicon are frequently overlooked but they are equally challeng-
ing and will require a similar amount of time to develop. There are three issues:

1. Acceptable yield

2. Handling post manufacture at HEP labs

3. Mechanical support

We address (2) and (3) here, the vendor is responsible for (1). We will produce thin silicon
sensors which will be wire-bonded to existing electronics. These structures will be used with
prototype mounting schemes. Full Finite Element Analysis models both mechanical and
thermal will be developed. CTE mismatches are more serious for thin silicon sensors and
so one example of the studies that will be performed is temperature cycling of the silicon,
electronics and the mounting assembly. The mechanical studies will have an impact not
only for microstrip sensors but also for CCDs, MAPS (Monolithic Active Pixels Sensors) and
HAPS (Hybrid Active Pixels).

Finally, in parallel and in conjunction with other groups in the US, Asia and Europe we will
study with Monte Carlo how to optimize the tracker design.

Unique Facilities at Purdue

The proposed effort builds upon our experience in design and testing of silicon micro-strip
and silicon pixels for CDF and CMS. We have access to CADENCE design tools and DESSIS
simulation tools. The mechanical aspects of the project build upon our experience in the
mechanical design, fabrication, and assembly of the silicon detector for CLEO III, and the
mechanical design and prototyping of parts of the CMS forward pixel detector.
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And What About Cooling?
Radiation damage increases bulk current

I α (thickness)

I α log(temperature): doubles every 7C

Sensors generate heat according to P=IV,
factors cancel so that:

at Vdep = 350V fluence (T=-8C): 1.6mW/cm2

at Vdep = 1000V fluence (T=-8C): 11mW/cm2

For RunIIb sensors at 350V, cooling from edge of 
sensor is sufficient.  At 1000V cooling at edge 
may be sufficient depending upon spatial 
distribution of radiation damage

Less clear for thinned silicon.  Very thin layer of 
unidirectional CF may be necessary.
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Bulk Current Density at T=20C



Summary 2

We clearly have 5× more radiation tolerance than previously assumed.

With careful selection of RunIIb sensors, we should have of 11× more 
radiation tolerance than previously assumed.

With a lower-noise chip we might buy another 1.5× - 2× more radiation 
tolerance by simply running under-depleted at the end.

An ideal (but still realistic) setup might be 150 um oxygenated silicon, 
which would result in radiation tolerance to 3×1016 1 GeV e- 
(66× previous assumption!!)  This clearly requires a different readout chip.

How far we push has consequences for cooling design.
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Conclusions

The APV25 is an attractive option here 

more headroom in S/N

analog readout safer with rapidly changing operating point of irradiated sensors

choice of modes, chip-by-chip, depending upon occupancy

better ultimate resolution with intermediate strip

it’s not free

We can design more aggressively w.r.t. radiation tolerance

Minor changes can deliver significant improvement

Working hard on the first plane-pair can deliver major improvements in 
mass resolution and radiation tolerance.

Cooling is in a regime that allows for creative, low-mass solutions
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