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PANDA is a fixed target experiment with antiproton beam up to 15 Getat will take place at
the future FAIR facility. ThePANDA experiment will allow the study of different physics topics
from hadron structure and quark-gluon dynamics to nuclagsips. The Micro-Vertex Detector
(MVD) is the detector closest to the interaction point, anht iequipped with pixel and strip
detectors. The MVD is designed to reconstruct the secongatices of the involved charmed
mesons, featuring good spatial resolution, limited matdrudget, radiation hardness, and PID
capability. The peculiar requirement to work in a trigges@nvironment asks for the capability
to handle very high data rates.

The hybrid pixel R&D program is in its final stage. Its desigrbased on thin epitaxial sensors
and readout chip developed in 130nm CMOS technology. Hexdatiest pixel detector R&D
achievements are presented.
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I ntroduction

ThePANDA (AntiProtonANnihilation atDArmstadt) experimenf][1] is one of the key projects
at the futureFacility for Antiproton and on Research (FAIR)[J2], which is currently under con-
struction at GSI, Darmstadt. The FAIR accelerators will deliver primaoggor and ion beams as
well as secondary beams of antiprotons or radioactive ions, all with Imigigg, high intensity and
high quality. The new facility FAIR together witRANDA will provide an excellent tool to address
fundamental questions on hadronic physics. The antiproton beam faggented intensity and
guality in the momentum range from 1.5 GeV/c up to 15 GeV/c will be stored in the Bigh
ergy Storage Ring (HESR) and will provide access to strange and ansarks and to a copious
production of gluons. The physics program offers a broad rangtudies that extends from the
investigation of QCD to the test of fundamental symmetries, providing a link leetivadronic and
nuclear physicq]3]. The genefANDA detection concept requires a coverage over nearly the full
solid angle, and it is based on two magnetic spectrometers:

e atarget spectrometer placed around the interaction region, equippedswipeeconducting
solenoid for momentum measurement;

e a forward spectrometer, with a large gap dipole magnet, will be used tosteaohand to
identify the high momentum particles emitted at angles6f and+10°, in the vertical and
horizontal direction respectively.

The combination of the two spectrometers allows the tracking of almost all partetber those
with small momenta going at large angles, or those with high momenta emitted in thedorwa
region due to the Lorentz boo$t [3].

1. TheMicro Vertex Detector

The MVD is the innermost part of the central tracking system, and it has/&r pomlar angles
from 3 up to 150. The main task of the MVD is a precise measurement of both primary and
secondary vertices. The most important requirements of the MVD are:

e Spatial resolution In order to resolve the displaced decay vertices of open-charm states
(such adD? andD*), the vertex resolution should be better than 100. At energies close
to the threshold the charmed mesons will be strongly forward focused, inabésthe best
resolution is required along the beam direction (z-direction). Along the kectibn the
resolution should be of a few tens p.

e Low Material Budget The MVD material choice is dictated by the compromise between the
system feasibility and the material budget, in order to avoid the deterioratitie dfacking
performances and to allow an efficient operation of the electromagnetidreater. The
total material budget stays below 10% in unit of radiation length and it is r&b&ppic.

e Timeresolution The PANDA choice of continuous data collection without external trigger
is a stringent requirement for the readout concept. The critical agipebe MVD data
extraction is related to the high interaction rates, which will exce€dp20p annihilations
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per second. For this reason the time resolution should be better than 10-deritogperform
particle tracking in a triggerless environment.

e Radiation tolerance In the MVD the expected fluence is strongly peaked in the forward
direction and it has been estimated to be of the ordanf N1MeVeq cm~2 per 10 years of
data taking and a 50% duty cyclg-€ p annihilations). The expected total ionizing dose is
below 100 kGy.

The momentum resolution of the global tracking can be improved by rougldgtarftwo
thanks to the MVD that defines important constraints to the tracking algorittatist&ting

the particle momentum determination. The momentum resolution achievable by thé ove
tracking will be better than 2% in the angular polar range betweéra@@ 140, and better
than 3% between T2and 20.

In addition the MVD can contribute to the overall particle identification, thankheode-
tector capability to perform energy loss measurements. As shown ifj Fig.M\fBecan
contribute to the global PID decision up to a momentum of 500 MeV/c for kandsug

to 1 GeV/c for protons, while no additional information can be given for gionuons and
electrons.
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Figure 1. Specific energy loss distribution in the MVD as a functionted mnomentum.

The MVD is divided into a barrel and a forward system, as shown irfJFigh. fifst layer is
located 2.5 cm far from the interaction point, while the central tracker limits ther ooaximum
diameter of the MVD to 30 cm. Along the beam direction the MVD extends rougd cm with
respect to the nominal interaction point. The barrel is composed of 4 ¢agkirdrical layers;
the forward part is formed by 6 layers of circular shape. The two innsrimarrel layers and the
forward disks will be equipped by silicon hybrid pixels, because of theicise space point mea-
surements, and also to cope with the high occupancy close to the interagiion. rBouble-side
silicon micro-strips will be used in the outer barrel layers and as radial coers on the two last
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Figure2: The MVD layout.

disks. The total amount of readout channels wilkb&0’ for the hybrid pixels and- 2-10° double
side micro-strips.

2. Hybrid Pixel Detector

A scheme of the?ANDA hybrid pixel is shown in Fig]3. The hybrid pixel detector is com-
posed of reverse-biased epitaxial pixel sensor connected by 4mldgr bonding to the frontal
readout cell of the ASIC developed in 130nm CMOS technology. Thisnaly will be glued on
a carbon foam layer, in order to improve the heat dissipation towards ttiegsystem.

The high granularity request and the simulated benchmark physics ¢hgasexplained in de-

Figure 3: Schematic view of the hybrid pixel fa*ANDA.

tails in [B]) suggest a pixel size of 100m x 100 um [A]. The high radiation hardness of the
epitaxial silicon sensor, the possibility to obtain thinned pixel sensor (remgdtie Czochralski
substrate on which the epitaxial silicon layer grows), and the effort tocethe material budget
make the choice of a 100m thick sensors the best compromise together with the possibilities to
perform energy loss measurements and to have a good signal to noise ratio
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2.1 Sensor Technology and R&D

ThePANDA sensor will be made of epitaxial silicon layer with high resistivity (a f&vdm),
grown on a Cz substrate with a lower resistivity (10-20+m). Most of this substrate is removed
starting from the side opposite to the epitaxial layer.

Displacement damage tests of several epitaxial diodes have beempedfaith neutrons, from

the nuclear reactor TRIGA MARK 11 of Pavia (LENA laboratory), in orde study the behavior

of the depletion voltage and of the leakage current as a function of theamgtime.

The samples feature different values of the resistivity and of the epitayiai thickness, see T@p.1.
Before and after irradiation C-V and |-V measurements were performbd.reached equivalent
fluence wad.5- 10 nimeveq cm 2. After the irradiation an annealing phase at 6tarted; during

this period additional measurements of the C-V and I-V were performed.

The full depletion voltagesMg.p) of the studied samples before the irradiation are reported in
Tab[]. As expected thé,., decreases for the high resistivity diodes, since the depletion voltage is
inversely proportional to the resistivity, while tNg., increases with the thickness.

In Fig[4 the trend of th&/4, during the annealing phase is shown. The values reported at time
zero represent they., immediately after irradiation and before the annealing phase. The higher
values of theVqe,, in the middle and high resistivity samples are explained by a reverse annealing
effect occurred before the 6@emperature phase. In the low resistivity specimen the type inversion
occurred only after few days of 6@emperature phase.

Diodes | Resistivity [Q-cm] | Full Dep. Voltage [V]
Epi-50 4060 (HR) 4.35+ 0.06
Epi-75 4570 (HR) 5.6+ 0.1
Epi-100 4900 (HR) 5.9+ 0.2
Epi-50 3114 (MR) 4.91+ 0.07
Epi-75 3224 (MR) 8.2+ 0.3
Epi-100 3609 (MR) 10.4+0.6
Epi-75 461 (LR) 42.6+ 1.3

Table 1. Pre-irradiation full depletion voltage values. HR= Higlsistivity, MR=Middle Resistivity and
LR=Low Resistivity.

The damage parameter= AJ/ ¢ (whereAJ is the diode volume current difference before and
after irradiation, andp is the equivalent fluence), ranges between 5 an@ 8’ A/cm. A leakage
current of 13 nA/pixel has been extrapolated from the diode volumetutaking into account the
foreseen pixel volume of 100x100x1@0n3. Since the frontend electronics is able to compensate
the leakage current up to 60 nA/pixel this value is acceptable.

In Fig B the first full size sensor prototype, that is foreseen to be p-imshown. On the left side
the wafer, with the pixel sensors and the diagnostic structures at theigdggorted. On the right
side a partial view of the 10m x 100 um pixel matrix is visible, the white circles are the pads
for the bumps. Along the columns the pitch is 106, meanwhile along the rows it is alternatively
50 um and 150um.
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Figure 4: Behavior of theV,,, as a function of the annealing tinﬂ: [5].

(a) Picture of PANDA wafer. (b) Part of a pixel matrix. The white
circles at one corner are the pads for
the bumps.

Figure 5: Pictures of the first designed full size sensor prototype.

2.2 Readout ASIC in CMOS 130 nm: ToPix

The MVD requirements dictate the specifications for the readout electroR@seach hit a
simultaneous position, time and charge digital information have to be providdteASIC. The
electronics has been designed with selectable input polarity to be able tothgeip-n and n-in-n
sensors. Th®ANDA triggerless operation requires a higher system clock of 155.52 MHz (time
resolution of~ 6 ns and 1.85 ns rms). The electronics will be able to handle an expected maximu
event rate of about-60° hitss~*cm~2. The main ASIC specifications are:

e readout cell size of 10fim x 100 um, due to the geometry of the pixel sensors to whom
the readout cells must be individually connected through bump bonding.chip size is
11.6x14.8 mr;
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e input range up to 50 fC;
e noise level < 0.032 fC (2007¢;

e measurement of dE/dx with a resolution of 12-bit with the Time over ThresHol®l)(tech-
nique;

e power dissipation < 80W /cm?;
¢ radiation tolerance up to a 10 Mrad in 10 years (50% duty cycle);
e tolerance up to a fluence ®0*n1peveqcm 2 in 10 years (50% duty cycle);

Fig 8 shows the analog readout part of a pixel cell. The detector is modsladariable current
source representing the actual signal, a constant leakage cumiece smd a detector capacitance.
The architecture is based on the Time over Threshold (ToT) techniqueh ahows a good lin-
earity over a wide charge range even with a saturated amplifier. Thenténwen the detector is
integrated in a Charge Sensitive Amplifier (CSA), charging the feedbaphaitorCs; the ToT
technique consists in reconstructing the injected charge by measuring thehioteisvnecessary
to discharge the capacitor through a constant current feedbacle &insC coupling with the sen-
sor is not possible due to strict space constraints, a second feeddiaakkis used to compensate
the leakage current. It consists in a low pass differential amplifier, wienkes the difference be-
tween the CSA output and the reference baseline voltage; the differamipdifier drives a current
source which injects the compensating current in the input node of the T8ACSA output is
then compared with a user defined threshold value, which is fixed exteindlly can be fine-
tuned on a pixel by pixel basis with a 5-bit DAC. The comparator genesapesse whose width,
the Time over Threshold, is proportional to the amplitude of the sighal [6].
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Figure 6: Analogue readout part of a pixel cell.

2.2.1 Thethird prototype: ToPix 3

The third prototype of the ToPix chip has been designed and td$ted [@@vets a die area
of 4.5 x 4 mnt and contains 640 pixel readout cells, arranged in 2x32 and 2x128eloolumns.
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The 128 cells columns have been folded in four 32-cells sub-columns @ teéimplify the die
handling. Bump bonding pads have been used in the pixel cells for doenections to the detec-
tor. All the flip-flops in the configuration registers are fully static, and d& protected using the
triple-redundancy. The end of the column control logic has been implementedanalogue and
digital part occupy the same area of 50 x 10@2.

The ToPix3 prototype has been tested on a bench at the INFN-Torilkskhap to verify its perfor-
mances. The experimental setup foresees a testing board housing @oRia3Xilinx evaluation
board equipped with the Virtex 6 FPGA. A LabView software is used asisitign system. An
internal calibration system is implemented on the chip; then it is possible to stimutdtgea|
using a voltage input signal through a capacitor featuring a nominal ikapee of 36 pF.

Fig [l shows the reconstructed signal shape as a function of the ingyégsin charge values. The
fast rising edge and the slow discharge at constant current carsbevell from the obtained shape.
In the left part of FigJ8 the charge to time overall transfer function for tilecharge input range is
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Figure 7: Reconstructed signal shape obtained with a threshold swhdifierent input charge values.

shown, and a good linearity is obtained even when the signal is saturatgigpwn in Fig[]7. On
the right part of FidJ8 the trends of the ToT output as a function of the inparge (up to 6 fC) is
plotted, the linearity is good down to almost 1 fC.

The pixels baseline distribution is shown in [jg.9, before and after theatimme Before the
correction, the baseline dispersion was 5 mV corresponding to4égwvalent charge dispersion.
Using the on-pixel 5-bit DACs it was possible to correct the baseline salaltaining a final
dispersion of 0.65 mV corresponding to less than 62 e

Total lonizing Dose test has been performed on two chips using the Xrealyation facility
at CERN with a dose rate of 400 rad/s for a total accumulated dose86fMrad. After irradiation
an annealing phase at8bas been followed. In Fig.JLO the experimental points corresponding to
the mean value of the measured baseline distributions are reported. Etiadasean values of
the two tested chips both present a similar trend during the irradiation and ilealary phase.
The two 32-cell columns at the edge of the readout cell matrix are not edludthe evaluated
average since their behavior during the irradiation is still under investigadinraverage baseline
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Figure 8: ToT linearity performance. On the left the transfer funatio the full range. On the right the
transfer function for a nominal feedback current (0.6 fCrgha
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Figure 9: Baseline distribution before (left) and after correctioglgt).

dispersion less than 1.4% has been observed. Besides in both the pretibypritial average
baselines are restored during the annealing phase.

3. Conclusions

The PANDA hybrid pixel R&D phase is in its final stage. The sensor technology choice
has been demonstrated to be feasible. The third ToPix prototype cheatibderis ongoing, the
preliminary test results show a satisfactory electrical performance.
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