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Bias	
  current	
  measurements:	
  	
  SE	
  Cold,	
  Mar	
  8,	
  2012	
  	
  

I(SE5A,B)=	
  0.2	
   I(SE5A,B)=	
  0.2	
  

I(SE5A,B)=	
  0.6	
  
I(SE5A,B)=	
  0.7(1.0)	
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Bias	
  current	
  measurements:	
  SE5-­‐A(B)	
  Hot,	
  Mar	
  8,	
  2012	
  	
  

I	
  =	
  	
  0.2	
  -­‐>	
  0.3	
  

I	
  =	
  	
  0.5	
  -­‐>	
  0.9	
  (1.1)	
  

I	
  =	
  	
  0.6	
  -­‐>	
  1.1(1.5)	
   I	
  =	
  	
  0.7(1.0)	
  -­‐>	
  1.5(2.3)	
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Temp.	
  dep.	
  of	
  Bias	
  Current	
  

•  Bias	
  currents	
  almost	
  
doubled	
  w/	
  LV	
  ON	
  
–  ST0	
  cooler	
  than	
  others	
  

•  Temp.	
  change	
  w/	
  LV	
  on	
  
–  Increase:	
  ~10C	
  	
  
– Wedge	
  Temp	
  ~	
  30C	
  	
  

•  Safe	
  to	
  operate?	
  
–  S/N	
  remains	
  large	
  
–  Temp	
  not	
  too	
  high	
  ~<50C	
  

I = A !T 2 !e
"
1.15eV
2kB!T

kB !1K = 8.6#10"5eV

I(30 0C)
I(20 0C)

= 2.3 0.2µA$ 0.5µA

I(40 0C)
I(20 0C)

= 4.9 0.2µA$1.0µA

I(50 0C)
I(20 0C)

=10.1 0.2µA$ 2.0µA

I(60 0C)
I(20 0C)

= 20.0 0.2µA$ 4.0µA

It	
  seems	
  FVTX	
  sensors	
  are	
  operaAng	
  at	
  T	
  =	
  ~30	
  C	
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RadiaAon	
  damage	
  and	
  Bias	
  current	
  

•  Increasing	
  “cold”	
  bias	
  current	
  	
  
– PHENIX	
  IR	
  T	
  increasing?	
  	
  
– RadiaAon	
  damage?	
  

•  extra	
  background	
  from	
  nose	
  cone?	
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Delivered	
  luminosity	
  @PHENIX	
  IR:	
  	
  30	
  pb^-­‐1	
  	
  	
  	
  Tues.	
  Mar	
  6,	
  2012	
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FVTX	
  RadiaAon	
  fluence	
  @L=30	
  pb^-­‐1	
  
Ming’s	
  calculaAon:	
  (FVTX-­‐list,	
  Mar	
  7,	
  2012	
  )	
  
	
  
Total	
  p+p	
  luminosity	
  =	
  	
  10	
  pb^-­‐1	
  
p+p	
  cross	
  secAon	
  =	
  	
  40mb	
  
	
  
Total	
  number	
  of	
  collisions	
  =	
  40mb	
  x	
  10	
  pb^-­‐1	
  =	
  
400	
  x	
  10^9	
  
	
  
ParAcle	
  mulAplicity	
  per	
  collision	
  =	
  dN/dy	
  ~	
  3	
  for	
  
pp	
  @200GeV	
  
	
  	
  
Total	
  parAcle	
  flux	
  per	
  unit	
  of	
  rapidity	
  =	
  	
  	
  3	
  x	
  400	
  
x	
  10^9	
  =	
  	
  1200	
  x	
  10^9	
  	
  	
  
	
  
FVTX	
  coverage	
  in	
  rapidity	
  =	
  1-­‐2,	
  	
  area	
  =	
  	
  pi*
(R_2^2	
  –	
  R_1^2)	
  =	
  3.14	
  x	
  (17^2	
  –	
  4.5^2)	
  cm^2	
  =	
  
840	
  cm^2	
  
	
  
RadiaAon	
  flux	
  F	
  =	
  1200	
  x	
  10^9/840	
  cm^2	
  =	
  1.4	
  x	
  
10^9/cm^2	
  	
  
	
  
For	
  30pb^-­‐1:	
  	
  	
  F	
  =	
  4.2	
  x	
  10^9/cm^2	
  
	
  
	
  

Jon	
  K’s	
  calculaAon:	
  (fvtx-­‐list	
  Mar	
  7,	
  2012,	
  corrected	
  Mar	
  9)	
  
	
  
The	
  relaAonship	
  is	
  simple	
  and	
  linear.	
  I(leakage)	
  =	
  alpha	
  x	
  F	
  
	
  
I	
  (leakage)	
  is	
  A/cmE3	
  	
  	
  	
  alpha	
  is	
  a	
  damage	
  constant	
  2E-­‐17	
  
A/cm	
  	
  	
  	
  	
  F	
  is	
  the	
  fluence	
  in	
  N/cmE2	
  
	
  
I	
  use	
  700	
  nA	
  as	
  the	
  increase	
  in	
  current	
  for	
  an	
  enAre	
  
detector.	
  
I	
  divide	
  by	
  the	
  area	
  of	
  a	
  large	
  sensor	
  (~21.7	
  cmE2)	
  x	
  the	
  
thickness	
  (0.03	
  cm).	
  
Then	
  divide	
  by	
  alpha.	
  
	
  
2x(5.4E-­‐7	
  A/cmE3)/2E-­‐17	
  A/cm)	
  =	
  5.4E10	
  N/cmE2	
  

1.  In	
  my	
  calculaAon,	
  I	
  only	
  take	
  into	
  account	
  
parAcles	
  from	
  IP!	
  No	
  other	
  sources.	
  

2.  There	
  could	
  be	
  significant	
  radiaAon	
  dose	
  
from	
  back	
  splashed	
  low	
  energy	
  neutrons	
  
and	
  charged	
  parAcles	
  from	
  nose	
  cone!	
  

3.  In	
  this	
  case,	
  ST3	
  is	
  the	
  worst,	
  ST0	
  is	
  the	
  
best	
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Back	
  scarered	
  parAcles	
  from	
  nose	
  cone	
  
-­‐	
  could	
  significantly	
  affect	
  ST3	
  	
  
-­‐	
  add	
  “sot	
  neutron	
  absorber”	
  (5	
  cm	
  borated	
  polyethylene?)	
  in	
  front	
  of	
  nose	
  
cone	
  to	
  absorb	
  albedo	
  neutrons?	
  	
  
Remove	
  ~	
  5cm	
  of	
  nose	
  cone	
  to	
  get	
  extra	
  space	
  at	
  next	
  shutdown	
  

Add	
  neutron	
  absorber?	
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=
1µA
30 pb"1

# I(L = 300pb"1) =10µA



RadiaAon	
  Damage	
  in	
  ST3	
  FVTX	
  wedges:	
  
Low	
  energy	
  (~	
  1MeV)	
  albedo	
  neutrons	
  from	
  Al	
  big	
  wheel	
  and	
  nose	
  cone	
  ?	
  …	
  



RadiaAon	
  Damages:	
  CDF/D0	
  
•  Two	
  effects:	
  

–  Bulk	
  current	
  (dominant)	
  
–  Surface	
  current	
  

•  Flux	
  @inner	
  most	
  SVX-­‐II,	
  R	
  =	
  2.5cm	
  
10.4	
  +/-­‐	
  5.1	
  x	
  10^12/cm^2/v^-­‐1	
  
(=10.4	
  +/-­‐	
  x	
  10^9/cm^2/pb^-­‐1)	
  	
  

•  Compared	
  with	
  Ming’s	
  esAmate	
  for	
  FVTX	
  	
  
1.4	
  x	
  10^8/cm^2/pb^-­‐1	
  

enough data to test this prediction and also to draw
conclusions on the point of inversion for layer 0 and the
potential lifetime of this layer (see Fig. 4). The current data
predict type inversion to take place around 2:9 fb!1 and
layer 0 of SVX-II to outlast the current Run-II luminosity
goal of 8 fb!1.

4.2. Bias current measurements

This measurement exploits the fact that the bias current
increases linearly with luminosity. CDF uses 95 pb!1 of
data taken in May/June 2004 for this measurement. The
Tevatron beam was slightly off-centred with respect to
silicon during this period, which is taken into account in
this study. The main limiting factor for this measurement is
the knowledge of the sensor temperature. For the CDF
silicon modules the temperature is only measured close to
the hybrid at the end of the module. The temperature
gradient curve for the entire module had therefore to be

derived from a finite element analysis, which lead to large
uncertainties. All these effects were taken into account and
the measured bias currents show the expected linear
dependency (see Fig. 5). From the measured bias currents
one can derive the particle flux and the leakage current.
CDF obtains a flux for the innermost layer of the SVX-II
of 10:4" 5:1# 1012 particles/cm2 fb!1. In order to make
predictions for S=N evolution of the sensors depending on
the luminosity, the model described in Ref. [6] was used.
The model assumes a constant amount of signal and an
increase in the noise in both sensors and electronics both
due to the received radiation dose. This allows CDF to
make projections for the S=N development (see Fig. 6).
The differences between the Hamamatsu ladders (layers 0,
1 and 3) and the Micron ladders can be clearly seen, as well
as the expected radial dependence of the S=N degradation.
Using these predictions, CDF expects no problems with the
S=N ratio of its sensors for the entire Run-II.

4.3. S/N measurements

An alternative approach used by CDF is to measure the
S=N ratio directly using data from J=c ! mþm! data. In
this case the signal charge is measured for hits on tracks
and the noise is taken from calibration data taken between
stores. For this measurement CDF processes a large
fraction of the entire available Run-II data set which
corresponds to 1:7 fb!1. In order to predict the evolution of
S=N for the entire Run-II period, a simple model for the
luminosity dependence has been used. The signal compo-
nent is assumed to decrease linearly with luminosity, while
the noise is assumed to increase with the square-root of the
luminosity. This simple model gives a reasonable descrip-
tion of the data. Using this model CDF makes again a
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Fig. 5. CDF: The linear dependence of measured bias current with
integrated luminosity for the 95 pb!1 used in the bias current measurement
for a sample ladder.
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Fig. 3. CDF: Depletion voltage versus luminosity for one module in SVX-
II layer 0. This plot includes data up to a delivered luminosity of 1:8 fb!1.

Fig. 4. CDF: The bias scan results for L0. The encircled line indicates the
actual depletion voltage evolution with increasing luminosity. The three
lines indicate the model predictions as described in Ref. [6].
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enough data to test this prediction and also to draw
conclusions on the point of inversion for layer 0 and the
potential lifetime of this layer (see Fig. 4). The current data
predict type inversion to take place around 2:9 fb!1 and
layer 0 of SVX-II to outlast the current Run-II luminosity
goal of 8 fb!1.

4.2. Bias current measurements

This measurement exploits the fact that the bias current
increases linearly with luminosity. CDF uses 95 pb!1 of
data taken in May/June 2004 for this measurement. The
Tevatron beam was slightly off-centred with respect to
silicon during this period, which is taken into account in
this study. The main limiting factor for this measurement is
the knowledge of the sensor temperature. For the CDF
silicon modules the temperature is only measured close to
the hybrid at the end of the module. The temperature
gradient curve for the entire module had therefore to be

derived from a finite element analysis, which lead to large
uncertainties. All these effects were taken into account and
the measured bias currents show the expected linear
dependency (see Fig. 5). From the measured bias currents
one can derive the particle flux and the leakage current.
CDF obtains a flux for the innermost layer of the SVX-II
of 10:4" 5:1# 1012 particles/cm2 fb!1. In order to make
predictions for S=N evolution of the sensors depending on
the luminosity, the model described in Ref. [6] was used.
The model assumes a constant amount of signal and an
increase in the noise in both sensors and electronics both
due to the received radiation dose. This allows CDF to
make projections for the S=N development (see Fig. 6).
The differences between the Hamamatsu ladders (layers 0,
1 and 3) and the Micron ladders can be clearly seen, as well
as the expected radial dependence of the S=N degradation.
Using these predictions, CDF expects no problems with the
S=N ratio of its sensors for the entire Run-II.

4.3. S/N measurements

An alternative approach used by CDF is to measure the
S=N ratio directly using data from J=c ! mþm! data. In
this case the signal charge is measured for hits on tracks
and the noise is taken from calibration data taken between
stores. For this measurement CDF processes a large
fraction of the entire available Run-II data set which
corresponds to 1:7 fb!1. In order to predict the evolution of
S=N for the entire Run-II period, a simple model for the
luminosity dependence has been used. The signal compo-
nent is assumed to decrease linearly with luminosity, while
the noise is assumed to increase with the square-root of the
luminosity. This simple model gives a reasonable descrip-
tion of the data. Using this model CDF makes again a
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integrated luminosity for the 95 pb!1 used in the bias current measurement
for a sample ladder.
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Fig. 3. CDF: Depletion voltage versus luminosity for one module in SVX-
II layer 0. This plot includes data up to a delivered luminosity of 1:8 fb!1.

Fig. 4. CDF: The bias scan results for L0. The encircled line indicates the
actual depletion voltage evolution with increasing luminosity. The three
lines indicate the model predictions as described in Ref. [6].
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the forward region between 1ojZjo2. All modules use
small-angle stereo sensors. For the readout, the SVX3D
chip is used again; there are 296 modules altogether.

The L00 detector [3] is located on the inside of the
SVX-II and is mounted on the beam pipe. It provides
another high-resolution tracking point and compensates
for a potential failure of the inner layers of the SVX-II due
to radiation damage. It consists of two concentric hexagon
structures, the so-called wide and narrow sensors. Alto-
gether, there are 72 actively cooled single-sided modules.
For L00 the hybrids are not mounted on the sensor but
outside of the interaction region. For L00 the same readout
chip as for SVX-II and ISL is used.

3. The DØ Silicon detector

The DØ Silicon Microstrip Tracker (SMT) [4] has
roughly half the sensor area of the CDF silicon detector
and consists of six barrels with four layers.2 Each layer has
two staggered and overlapping sub-layers. Additionally
there are two sets of silicon disks, the F- and H-Disks
(see Fig. 2). For the barrel detector, the sensors in layers 1
and 3 have rf and rZ sides in the central barrel and single-
sided sensors in the outer barrels. Layers 2 and 4 are made
of small angle stereo sensors. All sensors were manufac-
tured by Micron. DØ uses the SVX-IIE chip for readout
throughout the SMT. Similar to the SVX3D it has an
analog pipeline front-end, a digital back-end and 128
channels but is not capable of deadtime-less operation.
Altogether, there are 432 modules in the barrel part of the
DØ SMT. The 12 F-Disks are located between the
individual barrels and as an end module of three disks at
each end of the SMT. They consists of small-angle stereo
sensors manufactured by Micron and Eurisys. There are
144 modules in the F-Disks altogether. The four H-Disks
are located up/downstream from the F-Disks to provide
tracking up to jZj of 3. They consists of two single-sided

sensors made by ELMA that are mounted back-to-back.
Altogether there are 192 H-Disk modules.
In the 2006 shutdown DØ added an additional layer of

silicon inside layer 1 of the SMT. Its main purposes are to
compensate a potential degradation of layer 1 and to
provide another precision tracking point before the SMT.
The DØ L0 [5] has been operated successfully since June
2006, but as it is a very recent addition, there are no results
concerning radiation damage yet.

4. Radiation damage studies at CDF

For the radiation damage studies, CDF focuses mainly
on the L00 and the inner layers of the SVX-II, since those
are most affected by radiation damage. CDF studies both
the evolution of the depletion voltage and the signal-to-
noise ratio (S=N) in the sensors. For the study of S=N, two
approaches have been made. CDF both measures the
evolution of the bias currents and also studies the S=N
using J/c data.

4.1. Bias voltage scans

CDF regularly conducts scans of the depletion voltage of
the sensors. Two different approaches are used, the signal
bias scan and the noise bias scan. For the signal bias scan
the charge of hits on tracks is measured as a function of the
bias voltage. For each bias voltage point, the peak of the
charge distribution is derived fitting a Landau convoluted
with a Gaussian resolution function. Then all these points
are fitted using a sigmoid function. The actual depletion
voltage of the sensor is then defined as the 95% amplitude
of the fitted sigmoid function. This approach works for all
sensors; however, the disadvantage of this method is that it
requires beam time. The noise scan uses the dependence of
the n-side noise on the bias voltage. It requires the use
of double-sided sensors; hence, it can be applied only to
SVX-II or ISL module. The bias voltage is varied and the
depletion voltage is defined as the point where the noise
reaches a minimum. The bias scan results for one SVX-II
ladder in layer 0 are shown in Fig. 3. CDF assumes that the
layer 0 of SVX-II is the most critical layer for the detector
lifetime, as L00 is a more radiation-tolerant design due to
its actively cooled sensors and its ability to work with
higher bias voltages. A prediction of the detector lifetime
has been made in 2003 [6] and CDF now has accumulated

ARTICLE IN PRESS

Fig. 1. Endview of the CDF Silicon detector with ISL, SVX-II and L00.

Fig. 2. Sideview of the DØ Silicon Microstrip Tracker.

2DØ SMT layers are numbered from 1.
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!I
!L

=
6µA
90pb"1

=
2µA
30pb"1

~ 1µA
30pb"1

(FVTX)



Fig. 2. A cutaway view of one quadrant of the inner portion of
the CDF II detector showing the tracking region surrounded by
the solenoid and endcap calorimeters.

Fig. 3. A side view of half of the CDF Run II silicon system on
a scale in which the z coordinate is highly compressed.

Fig. 4. An end view of the CDF II silicon system including the
SVX II cooling bulkheads and ISL support structure.

Fig. 5. End view of the innermost three layers of the CDF Run
II silicon system, showing Layer 00 along with the "rst two
layers of the SVX II region. The Layer 00 electronics (not shown)
are mounted beyond the active volume for vertexing. The SVX
II electronics are shown just outside and just inside of each of the
layers drawn.

Figs. 3 and 4. The side view shown in Fig. 3 is
a cross-section of one-half of the silicon tracker,
using a compressed z scale. Fig. 5 shows an end
view of the CDF II silicon system including the
SVX II bulkheads and ISL support frame. The total
amount of material in the silicon system averaged
over azimuthal angle and z varies roughly as 10%
of a radiation length divided by the sine of the polar
angle in the region of pseudorapidity ! between
0 and 1. The average material traversed by particles
increases to roughly twice this value for 14!42
due to the increased likelihood to encounter cables,
cooling bulkheads, and portions of the support
frame.

3. The SVX3D readout chip

All components of the CDF II silicon system
achieve their data readout through a set of
128-channel custom integrated circuit chips with
the designation SVX3. The design of this chip is

A. Sill / Nuclear Instruments and Methods in Physics Research A 447 (2000) 1}8 3

SVX-­‐II	
  
R~2.5cm	
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Radiation Damage 

Two basic radiation damage mechanisms: 
Displacement Damage 

Incident radiation displaces silicon atoms from lattice sites. 
Also referred to as bulk damage. 

Energy absorbed by electronic ionization in insulating layers, 
typically Si02, liberates charge, which drifts or diffuses and is 
eventually trapped either in the insulator layer at interfaces. 
Also referred to as surface damage. 

Ionization Damage 

Both types of damage occur both in detectors and transistors/lCs. 

Minute concentrations of defects and impurities have significant on 
diode characteristics even without additional radiation damage. 

o i o  20 30 40 50 60 70 ao 90 100 
Reverse Bias Voltage [VI 

Even this state-of-the-art diode (450 pA/cm2) has leakage current 
1 Ox larger than the theoretical value. 

Semiconductor Detectors, Part 2 
SLUO Lectures on Detector Techniques, October 30, 1998 

Helmuth Spieler 
LBNL 
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Particle proton proton neutron 
Energy 1 GeV 50MeV 1 MeV 
Re I at i ve 
Damage 1 2 2 

Displacement Damage 

electron electron 
1 MeV 1 GeV 

0.01 0.1 

An incident particle or photon capable of imparting an energy of about 
20 eV to a silicon atom can dislodge it from its lattice site. 

Displacement damage creates defect clusters. 

For example, a 1 MeV neutron transfers about 60 to 70 keV to 
the Si recoil atom, which in turn displaces roughly 1000 additional 
atoms in a region of about 0.1 pm size. 

Displacement damage is proportional to non-ionizing energy loss, 
which is not proportional to the total energy absorbed, but depends 
on the particle type and energy. 

X-rays do not cause direct displacement damage, since 
momentum conservation sets a threshold energy of 250 keV 
for photons. 

6oCo y rays cause displacement damage primarily through 
Compton electrons and are about three orders of magnitude 
less damaging per photon than a 1 MeV neutron. 

Relative displacement damage for various particles and energies: 

Semiconductor Detectors, Part 2 
SLUO Lectures on Detector Techniques, October 30, 1998 

Helmuth Spieler 
LBNL 

Impact	
  of	
  Bulk	
  damages	
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2. Changes in Effective Doping 

The processes leading to a change in effective doping are extremely 
complex and poorly understood, so the results are only summarized 
briefly. 

It has been observed by many groups that the doping of n-type 
silicon initially decreases, becomes intrinsic (Le. undoped) and then 
turns p-like, with the doping density increasing with fluence. 

This phenomenon is consistent with the notion that acceptor sites 
are formed by the irradiation, although this does not mean that 
mobile holes are created. Indeed, the states formed seem to 
require an electric field to release charge. 

Initially, the effective doping level Nd -Na decreases as new acceptor 
states neutralize original donor states. At some fluence the two 
balance, creating “intrinsic” material, and beyond this fluence the 
acceptor states dominate. 

N,, = I O l 3  ~ m - ~  

N,, = 1 0l2 cm3 

0 , 
, 0 , , 

l o l l  1Ol2 1013 1 014 1015 
Fluence [cm-2 ] 

Semiconductor Detectors, Part 2 
SLUO Lectures on Detector Techniques, October 30, 1998 

Helmuth Spieler 
LBNL 
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Displacement damage manifests itself in three important ways: 

1. Increase in reverse bias current 

The bias current after irradiation has been shown to be 

where l o  is the bias current before irradiation, a is a damage 
coefficient dependent on particle type and fluence, 
fluence, and the product of detector area and thickness Ad is the 
detect o r vo I u m e. 

is the particle 

For 650 MeV protons a = 3.1 0-17 Ncm 

1 MeV neutrons a = 2.10-17 Ncm. 
(characteristic of the albedo emanating 
from a calorimeter) 

The parametrization used is quite general, as it merely assumes a 
spatially uniform formation of electrically active defects in the detector 
volume, without depending on the details of energy levels or states. 

The coefficients given above apply to room temperature operation. 
The reverse bias current of silicon detectors depends strongly on 
temperature. 

Even after rather low fluences the generation current dominates, so 
the reverse bias current 

The effective activation energy E= l .2 eV for radiation damaged 
samples, whereas unirradiated samples usually exhibit E= 1 . I  5 eV. 

Semiconductor Detectors, Part 2 
SLUO Lectures on Detector Techniques, October 30, 1998 

Helmuth Spieler 
LBNL 

2.	
  Change	
  in	
  doping:	
  ~<	
  10^13/cm^2	
  

3.	
  Charge	
  loss	
  due	
  to	
  trapping	
  

1.	
  Increase	
  in	
  bias	
  current	
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