Fermilab FERMILAB-CONF-09-041-E

JC
B

Operational Experience with the CDF Run II Silicon Detector

Ricardo Eusebi *
on behalf of the CDF Run II silicon group

Fermi National Accelerator Laboratory
Batavia, 60510, Illinois, USA.

Abstract

The CDF Run II silicon detector is currently the largest operating silicon detector in High Energy Physics. Its 750,000 channels,
spread over 6 m? of p-on-n silicon sensors, and allow precision tracking of charged particles and vertexing at the 50 ym level. The
CDF Run 1T silicon detector is fundamental for all branches of the CDF physics program. It played a critical role in the discovery
of Bs mixing and is used extensively for the current Higgs boson searches at the forefront of the energy frontier. Over the last 6
years, the detector efficiency has remained stable above 95 % after the Run II commissioning period. While originally designed
to withstanding up to 3fb~! of data, the CDF II silicon detector will have to last to the end of Run IT where 5-8 fb~ ! of data is
expected to be delivered. This letter presents the observed effects of infrastructure aging and the solutions implemented to prevent
them, followed by the assessment on radiation damage and expected performance to the end of the Tevatron Run IT program. The

radiation aging of such a large scale system is particular relevant for future silicon detectors in hadronic colliders as LHC.
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1. The CDF Silicon Detector in Run I1

Located at the Fermi National Accelerator Laboratory
the Tevatron collider is the highest-energy particle collider
in the world. The Tevatron is a circular synchrotron ac-
celerator with a radius of 1 Km that brings protons and
anti-protons into collisions at a center-of-mass energy of
/s = 1.96 TeV. The collisions happen in two points on the
Tevatron ring where two multi-purpose particle detectors
are located surrounding their respective interaction points.
One of these detectors is the Collider Detector at Fermilab,
or CDF.
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The silicon vertex detector is one of the core components
of the CDF detector. It is the sub-detector closest to the
interaction point allowing for precision tracking and ver-
texing. It is used in the CDF Silicon Vertex Trigger [1],
the first hardware displaced vertex trigger implemented at
a hadron collider detector. The CDF silicon vertex detec-
tor is one of the largest operating silicon detectors in par-
ticle physics. It comprises eight concentric layers of silicon
micro-strip sensors with a total of 722,432 channels read
out by 5,456 SVX3D chips [2]. The total surface area cov-
ered by the silicon sensors amounts to 6 m?. The detector is
distinguished by its physical characteristics into three sub-
detectors: Layer 00 (L00), SVX-II, and the Intermediate
Silicon Layers (ISL).
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1.1. L00

The L00 detector [3] is mounted directly on the Tevatron
beam pipe. LOO uses radiation-hard, single-sided sensors,
from Hamamatsu at a radius 1.62 ¢cm, and from SGS Thom-
son and Micron at a radius 1.35 cm. The sensors were fabri-
cated with design rules similar to those in use at the Com-
pact Muon Solenoid (CMS) silicon tracker. Its low amount
of material, of only ~0.01.X, and proximity to the interac-
tion point allow for precision position measurements before
charged particles undergo any significant scattering in the
detector material.

The strip pitch is of 25 pum but only every other strip is
read out. The breakdown voltage of the L.OO sensors starts
at 650 V, but the maximum applied bias voltage is limited
by the power supplies to 500 V.

1.2. SVX-II

SVX-IT [4] is the core of the silicon detector and is the
only component used in the hardware trigger for events
with displaced vertices [1]. The SVX-II detector has 5 lay-
ers of double-sided sensors located at radii from 2.5 cm to
10.6 cm. Three layers are made of Hamamatsu silicon with
the n strips perpendicular to the p strips. The remaining
two layers are Micron sensors with a stereo angle of 1.2°
between the p and n strips. The strip pitch varies between
60 pm to 140 pm, depending on the layer radius. The max-
imum bias voltages that can be applied to Hamamatsu and
Micron sensors are 170 V and 70 V respectively, limited by
the breakdown voltage of the integrated coupling capaci-
tors and other sensor-fabrication characteristics.

1.3. ISL

ISL [5] is the outer most component of the CDF sili-
con detector. It provides an extended forward coverage and
links tracks between the CDF wire chamber surrounding
the silicon detectors and SVX-II. The ISL detector has one
central layer at radius of 22 cm and two forward layers at
radii of 20 cm and 28 cm. It is made of double-sided sensors
with strips at a stereo angle of 1.2°, and a strip pitch of
112 pm. The breakdown voltage of the sensors is 100 V lim-
ited by the breakdown voltage of the coupling capacitors.
The power supplies can provide voltages up to 250 V.

2. Operational Experience During Commissioning

During the commissioning phase of the CDF Run II Sili-
con detector there were a number of operational challenges.
One of the first challenges was the discovery and repair of
blocked cooling lines in the ISL detector in which glue, de-
posited during the assembly of the detector, fully blocked
the cooling lines. The repair was complicated by the direct
inaccessibility to the inside of the silicon detector volume.

The solution was to blow the glue deposits using a powerful
laser connected to a fiber optic that was inserted through
the cooling lines to the point of blockage. Details of this
procedure can be found at [9].

Another challenging problem was related with wire-bond
resonances. It was found that during special data-taking
conditions a few SVX-II chips lost their powering of their
“z” side. This was then traced to the fact that the wire-
bond carrying the power was oriented perpendicular to the
magnetic field permeating the silicon detector. As a con-
sequence, and depending on the synchronicity of the read-
out, the wire-bond resonates and eventually breaks. The
implemented solution was to stop data-taking if the SVX-II
readout frequency becomes synchronic. See[10] for details.

Among the major operational challenges was that of
beam incidents. The condition of the beam and its trans-
portation around the Tevatron ring can have a major im-
pact on the life of the silicon sensor. In one particular in-
cident the beam lost control in such a way that magnets
on 16 of the so-called “houses” of the Tevatron loose their
superconductivity. This beam incident resulted in the lost
of a few readout chips of the CDF silicon detector. Many
preventive steps were taken, including the installation of a
special collimator close to CDF, the installation of a new
beam monitoring and abort system [11], and the require-
ment of special procedures to guarantee the safe operation
of some key elements of the Tevatron.

3. Infrastructure Aging

The infrastructure supporting the operation of the sil-
icon detector is a complex system, involving fiber-optics,
power supplies, cooling systems and data acquisition elec-
tronic. Aging occurring to these systems can reduce the
operational efficiency.

3.1. Cooling System

In May 2007 the pipe cooling the optical transmitters
reading out one half of ISL /L.00 suffered a leak, making im-
possible the operation of that part of the system. It is sus-
pected that the leak was caused by the acidification of the
coolant during the 2006 shutdown, which was only identi-
fied in March 2007 when the pH had reached 2 and conduc-
tivity rose to 3300 pSi/cm. The ISL coolant, composed of
10% glycol on water, was neutralized by draining and de-
ionizing it with a resin bed bringing the pH to 5 and the
conductivity to 5 uSi/cm.

Ton chromatography analysis shows that the main source
of acid was the oxidation of glycol into carboxylic acids,
mainly formic acid. The repair was performed from the in-
side of the pipe using medical equipment such as boroscopes
and catheters, and small custom-made brass wires to de-
posit DP190 epoxy in the corroded areas. To fix the prob-
lem from inside the pipes was the only solution since the
access to the outside of the pipe, well inside the CDF detec-



tor is virtually impossible. After a few weeks of repair work
the full system could be successfully operated and readout.
Is it interesting to note that the SVX cooling system, run-
ning 30% glycol in water, and at a temperature 10 C° lower,
never had this problem and has always stayed above pH 4.

3.2. Power Supplies

The power to the chips and the optical transmitters for
the silicon detector are supplied by CAEN modules. A to-
tal of 114 CAEN power supply modules are used to power
the detector. The modules are located in 16 CAEN SY527
crates inside the CDF Collision Hall, and are therefore ex-
posed to the radiation field.

During last year a failure mode of these modules was
detected. For some of the channels and power supplies
modules, the voltage delivered started to drop slowly over
time becoming erratic after some weeks. The problem was
tracked down to aging of one kind of 10 uF capacitor in
the power supply boards. Each power supply module draws
310 V from the crate backplane which is stepped down to
72 V in a central supply for all the layers of the module.

Secondly, in each layer board these are further stepped
down to 5V and 12 V. These voltages are used to power
the analogue and digital parts of the SVX3D chips as well as
the optical transmitters. For each layer, 3 capacitors were
found to age for each of the chip voltages, and 6 for the
optical transmitter channels. This made a total of 36 bad
capacitors for each PS module. Although all the capacitors
are of the same type several more are present in various
non-critical circuits of the PS modules.

A total of 60 power supply modules were extracted, re-
paired on site, checked, and reinstalled in the system since
the 2007 shutdown. All the modules with this failure mode
have been repaired.

4. Radiation Damage

To this date, the total integrated luminosity delivered
by Tevatron is of 3.8 fb~! per experiment. This amount
already exceeds the design specification for the silicon de-
tector to be radiation hard up to 3 fb~!. The accelerator
will run through 2009 with the expectation to deliver from
5.8 fb~! to 6.8 fb~L. The option to run in 2010 is currently
under discussion having been recently endorsed by the lab-
oratory and the two experiments.

The CDF silicon detector is located in an intense radi-
ation field. Measurement of the ionizing radiation dose at
various points of the detector was done early in Run II [6]
by means of more than 1000 thermal luminescent dosime-
ters spread over the entire detector volume. An extrapo-
lation of the measured dose using an inverse power law
in r gives an estimate for the ionizing radiation dose of
300 + 15 kRad/fb ! at a radius of 3 cm with a 20 % varia-
tion over z.
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Fig. 1. Measured signal to noise ratio for each of the 5 SVX layers as
a function of the luminosity. Good trigger efficiencies are expected
for overall signal to noise ratios above 8. The b-tagging efficiency is
expected to be good for values above 3.

This means that LOO and the inner layer of SVX-II have
already received doses of ~ 3.8 MRad and ~ 1.5 MRad,
respectively during Run II. The flux to luminosity factor
has been measured using the increase of leakage current of
the sensors themselves.

The performance of the readout electronics located in-
side the detector is not expected to be seriously compro-
mised by the integrated radiation dose. The SVX3D chip
[2] noise is predicted to increase by 17 % after 8 fb~! while
the light output from the Dense Optical Interface Module
is expected to degrade by 10 %][7].

Radiation damage affects the operation of the silicon de-
tector in two ways: via the degradation of signal and in-
crease of noise, and via the increase of the depletion voltage.

5. Degradation of Signal and Increase of Noise

Defects in silicon crystals due to radiation damage lead
to an increase of the sensor leakage current and, as a con-
sequence, to an increase of sensor shot noise. In addition,
signal quality degrades as crystal defects cause degradation
of charge collection efficiency via trapping and changes in
the time response of the sensor.

The performance of the silicon sensors can be quantified
by mean of the signal to noise charge ratio. Performance
studies indicate that a good trigger efficiency is achiev-
able with overall signal to noise ratios above 8, while for
b-tagging efficiency the ratio must be over 3.

The signal charge is the amount of charge left by a mini-
mum ionizing particle in its pass through the sensor, and it
is obtained by using a clean sample of tracks from data col-
lected with J/¥ triggers in normal physics data. The tracks
are associated with a strip on the sensors and the charge
deposited in the strip is considered from real-particle sig-
nal. The signal charge distribution of signal forms a Landau
distribution.

The noise is estimated using special calibration runs with



beam in which data is collected at random, and the charge
distribution in the collected events is expected to be com-
ing from noise. Figure 1 shows the measured signal to noise
ratio for the 5 SVX layers as a function of the luminosity
along with extrapolations [8] that suggest appropriate val-
ues up to 8 fh 1.

6. Increase of Depletion Voltage

Damage to the bulk causes the number of effective charge
carriers to change, gradually decreasing the voltage re-
quired to deplete the sensor until type inversion, after which
the depletion voltage increases. To continue having fully
depleted sensors the voltage needs to be raised to keep up
with the radiation damage until one of either two things
happens: the voltage get too close to the breakdown volt-
age of the sensor, or the power supply maximum voltage is
reached. These section shows that the sensors will be fully
depleted until the end of Run II.

For a given luminosity the depletion voltage is measured
with a special run in which the sensors are biased in incre-
mental steps from 0 V to a maximum voltage that depends
on the type of sensor. From this data the most probable
charge value is obtained as a function of bias voltage as
shown in Figure 2 for a L0O sensor. The plot is fit to a sig-
moid function, where the charge of the plateau is identified
the voltage corresponding to 95 % the charge of the plateau
is defined as the depletion voltage.

The evolution with luminosity of the depletion voltage
for one LLOO module is shown in the inset of Figure 3. The
lower depletion voltage at a luminosity of about 1.1 fb ™!
indicates the moment in which the module passed inver-
sion. The solid (red) curve is a polynomial of 3" order fit-
ted to the data points used to estimate the moment of in-
version. The dashed (blue) curve is a linear fit to predict
the evolution of the depletion voltage as a function of lu-
minosity. The main body of Figure 3 shows the predicted
voltage as a function of luminosity, the breakdown voltage
of the sensors, the maximum voltage the PS could provide,
and the linear extrapolation for all the sensors composing
the L0OO detector. This plot shows that the increase in de-
pletion voltage from the data will not reach the breakdown
voltage nor the maximum power supply limit of 500 V and
will survive throughout the life of Run II.

7. Summary

The operation of the CDF Run II silicon detector has
overcome important challenges, from clogged cooling lines
and acidic coolant to wire-bond breakups and aging of the
power supplies. The two inner layers of the CDF silicon
detector have passed type inversion but predictions indicate
that the sensors will continue to perform well through the
end of Run II. Today the CDF Run II silicon is running
with 92 % of all sensors and with a data-taking efficiency
greater than 97 %.
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Fig. 2. Most probable value of the charge distribution from hits
collected with one LO0 module as a function of applied bias voltage.
The vertical (red) line indicates the measured depletion voltage.
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Fig. 3. LOO depletion voltage vs Luminosity. The inset shows the
measured depletion voltage vs. luminosity for one L00 module. The
main plot displays the linear extrapolations up to 8 fb~! from fits
to data after inversion for all LOO modules.
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