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Inner Tracking System of the NICA MPD experiment HEP %@% <§> ELNP

Physics motivations

Hadrons containing heavy quarks are excellent
observables since they carry undistorted

information about the states of nuclear matter
arising during the collision of relativistic nuclei.
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Vertex detector makes it possible to study the processes of heavy
flavour production by reconstructing secondary vertices with high
precision.

Main requirements for the vertex detectors:

Low material budget

High stability of the detectors position

High stability of the detectors temperature and characteristics
High granularity

High counting rate capabilities

High radiation tolerance of the detectors, electronics and materials
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The concept of the Inner Tracking System of the
NICA MPD experiment (second stage of the MPD
experiment)

3 Inner Barrel
(1B) layers:
12, 22 and 32
staves.

2 Quter Barrel

(OB) layers:
36 and 48
staves
Total: 5 layers of Monolithic Active Pixel Sensors (MAPS) 3]
ALICE technologies:

for IB — ALICE Middle layer staves (900mm)
for OB — ALICE Outer layer staves (1500mm)




Monolithic active pixel sensors for ITS MPD HE| %ﬁf @) ELNP

ALPIDE using TowerJazz 180nm CMOS Imaging Process
ALPIDE pixel matrix

Shielding the other NWELLs
different from the collection
electrode, preventing them
from collecting signal charge
which then would be lost for
readout. Full CMOS within
the pixel

NWELL TRANSISTORS NWELL
DIODE NMOS PMOS DIODE

.‘ ) ."".

30 mm

High resistivity(> 1kQ -cm)
p-type epitaxial layer (25um) [5]

Low-resistivity
p-type substrate

(4]

Small n-well diode (2-3 pm diameter), ~100 times smaller than pixel = low capacitance

The gate oxide thickness of 3 nm = robustness to Total lonizing Dose

Possibility to apply back bias to the substrate can be used to increase depletion zone
around NWELL collection diode: S/N ratio increases, higher efficiency




The studies of the monolithic active pixel sensors
characteristics: experimental setup 1
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Temperature control:
infrared Camera

1. Different detectors types (telescope
geometry) with own DAQ boards.

2. Dark box with electrical earthing inside.

* detector protection against light and
electromagnetic interference

* Temperature control inside the box is
available

3. The water cooling (heating) system.

4. Radioactive source (yB) positioning system to
locate source. Has system for visualization of
central area of the source on detector surface.

5. Infrared Camera for detector heating
investigations.

6. Detector Power supply (current control).
Irradiated detectors:

Detector 1 — 60 krad (low dose)

Detector 2 — 300 krad (high dose)

Detector 3 — non-irradiated 6/13



The studies of the monolithic active pixel sensors
characteristics: electrical tests

| " I ! I i ! f ] Electrical testS:

a) On-chip Digital-Analogue Converter Test. The output
of the on-chip DACs is connected to monitoring pins of
the detector and measured by ADCs on the DAQ board.

_ b) Digital Scan. Scan generates a digital pulse in a
sl bt bditdad bl esbdasiudel st usiinisd— number of pixels and reads the hits out. The number of

o e injections per pixel and the group of pixels can be set.

c) Analogue Scan. A programmable charge is injected
into the preamplifier. The values of the injected charge,
as well as the number of injections per pixel and the
groups of pixels can be set.

% 200 00 600 200 1000

Threshold, sector 0 Noise, sector 0
[ hinesht

d) Threshold Scan. Scan performs analogue injections,

W !

N s o3 h e 1597 looping over the charge ranging from 7 to 350

"3 | | =t | electrons. The values of VCASN and ITHR can be set.

" | ] e) Noise characteristics of the sensor and its

o || 2000 . temperature dependence were studied. The scan gives

"’”‘_ | | "::: a selectable number of random triggers and returns the

we 0\ sonf | ] number of hits. The values of Vi, and Iy, can be set.
N NNV T B S o | e 1 | 7/17
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The studies of the monolithic active pixel sensors

characteristics: gamma source

Row

Pixel hits
S00
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1000
Column

Hit map, the source 133Ba was installed under the detector

800

600

Studies with gamma source. Cluster analysis
Gamma source: 133Ba (5.64 keV)

Measurements with other gamma, beta and alpha
sources are now being carried out.

gamma: 22Na, 60Co, 55Fe(5.9 keV), 137Cs, 152Eu,
241Am (13.9 keV),

beta: 90SrY, 204Tl,

alpha: 226Ra, 233U+238Pu+239Pu.
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The studies of the monolithic active pixel sensors

Experimental setup with a cryogenic
module.

. ﬂm £
P -

Allows us to cool detectors down to -120°C. By using an additional module it is also possible to heat detectors up
to +60°C. (6]



The studies of the monolithic active pixel sensors: noise s
P ¢ OELNE

characteristics
Detector 2 — 300 krad (high dose).

the current of the detector digital part vs. back bias voltage (Vbb).
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Starting at a temperature of -60 °C, for irradiated (high dose) detector the digital current at

Vbb=0V has the same values as before irradiation;

Annealing effect doesn’t affect the current (Ip) corresponding to the digital part of the

detector;

Applied back bias voltage decrease the digital current to value, one had before irradiation. 10/17



The studies of the monolithic active pixel sensors: noise

characteristics

Detector 2 — 300 krad (high dose).

FHR limit
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[5]

FHR=

1. The number of noisy
pixels to be masked to
achieve certain fake-hit
rate increases with the
lowering of temperature

2. Fake-Hit Rate (FHR) also
increases with decreasing
temperature

* For low dose irradiated detector
and non-irradiated detector fake-hit
rate DID NOT change over the full
temperature range: from -105 °C to
+30°C

number of hits
number of pixels-number of events”
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The studies of the monolithic active pixel sensors: noise s
HEP ELNP

characteristics

Detector 2 (high dose) Detector 1 (low dose)
2 t .
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The results are:
1) The threshold for high dose irradiated 2) For non-irradiated detector the threshold
detector stay almost the same; goes up faster (as in Vbb=0 case).
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Mechanic and cooling systems ﬁf (OELNP

’ ~ 54 Middle layer
Staves (900mm)
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Mechanic and cooling systems HEP %”g (OELNP

Cold plate

| ion:
Cold plate transversal section Garbon fleece (~ 20 pm)

95 , 11 9.5 / Graphite foil (~ 30 ym)
$ N

N\ Cooling pipe (ID = 2.670 mm)
Plate: K13 D2U fibre (~ 120 ym)
Carbon fleece (~ 20 ym)

30 mm

[7]

Power Bus
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Flexible Printed Circuit
2 x 7 Pixel Chips
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Mechanic and cooling systems

_ The first samples for the ITS MPD
have already been constructed.

r k.7 i Y4 )
Space Frame Cooling plate SUpport
. , structure
production production .
assembling
technology technology e
from SPbU from SPbU &Y
\_ J\_ fromSPbU
Space Frame Cooling plate
production, production,
SPbU JINR (Dubna)

§ 3

Space Frame + Cooling plate = Support structure
assembling,
SPbU and JINR




Summary

* The characteristics and properties of new pixel sensors: ALICE Pixel Detectors
(ALPIDE family) were investigated in context of the MPD NICA tasks;

 The Extra Lightweight Detector Support Structures were proposed for Inner
Tracker of MPD NICA;

* Experimental set-up for the characterization of ALPIDE MAPS for the NICA MPD
Inner Tracker has been developed, constructed and tested.



Thank you for your attention!
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Pixel matrix of ALPIDE
l< 1024 pixels >

ALICE Pixel Detectors (ALPIDE) - %“%‘f (OELNP
[2]

1024 pixel columns AMD  COMP ll

oOMooe0y =
00 |00 00
OO 00 00
HOChe OO OO
00 (00 100

TD UTD DTG DT

Bias, Data Buffering, Interface

suppression

512 pixels

alnlninluls

512 rows
000000

I‘

The pixel matrix is divided into 32 regions.

30 mm In the space between each pair of double
columns is a priority encoder circuit that
performs the asynchronous reading of a

15 mm signal from the pixels in these columns.

The edge of the detector also presents
Periphery logic, Analog and Digital pads
and Power circuits. 20/13




ALICE Pixel Detectors (ALPIDE family)

onlﬂ [ Explorer )\_> pixels and 60x60 array of 30x30um pixels.

Explorer-1,2

20

May-2014 [ pALPIDE-1 J—b

May-2015 [ pALPIDE-2 )—}

Two submatrices: 90x90 array of 20 x 20um

Each sub matrices is divided in 9 sectors with one variant of
collection electrode(analogue readout). Investigations: pixel
geometry, starting material, sensitivity to radiation.

13 { PALPIDEss il Matrix with 64 columns x 512 rows of 22um x 22um pixels.

(in-pixel discrimination and buffering). Study priority encoder
and the front-end electronics

Full-scale prototype to study system effects:
1024 columns x 512 rows of 28um x 28um pixels.
Four sectors with different pixels.

AR AP PRURE PR RN

Four sectors with different pixels. Optimization of several circuit
blocks. Allows integration into ITS modules

Oct-2

Eight sectors with different pixels. Final interfaces, more

015 [ pALPIDE-3 ]—V

features including 1.2 Gbit/s output serial link.

ALPIDE - Final Version (4]

Jul - 2016 —J>|
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ALICE Pixel Detectors (ALPIDE family)
Pixel detector general requirements

(from Technical Design Report for the Upgrade of the ALICE ITS)

Parameter Inner Barrel (IB) | Outer Barrel (OB) | ALPIDE
Performance

Silicon thickness 50 um 100 pm

Chip dimension 15 mm x 30 mm 15 mm x 30 mm

Spatial resolution 5 um 10 pm 5 um (IB), 5 pm
(OB)

Power density < 300 mW/cm? < 100 mW/cm? 40 mW/cm? (IB),
30 mW/cm? (OB)

Max. integration time = 30 ps 30 us 10 us

Detection efficiency @ >99% >99% >99% Upper limit!

Fake-hit rate - <10°(TDR),<10* /event/pixel for IB and OB = <<<10° /event/pixel

Total Tonizing Dose | 270 krad 10 krad, Up to 500 krad

2.7 Mrad* 100 krad*

Non-Ionizing Energy 1.7 x 1012(TDR), 1.7 x 1011 (TDR), Upto 1.7 x 1013

Loss (1 MeV n./em?) 1.7 x 1013* 1.7 x 10" |

radiation load integrated over the approved program (™~ 6 years of operation) [1]

*revised numbers with respect to ALICE TDR (factor 10)

NI
N
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hy
Full-scale Pixel Detector prototypes (pALPIDE -1,2,3) EP %’% ( §2 ELNP
SPb SU ]

A comprehensive scheme for the pixel front-end circuit
Including all possible variations

For pALPIDE-1,2
Veuse B | Vooa .
Cini ] Mo s M4
gl SOURCE (:\/_ hue C'D[ |DBM7<D 1004
IN ] e P= +——P HITb

Vooa
: M8 IE
2 4 | Vewen

WVCASN2 |~ :

- ] .—2| M9
| |

I

P Vssa -,
F""""':O"':
For pALPIDE-3 § £! For pALPIDE-3
for sectors: 3,4,5,7 E M'; i for sectors: 0,3,4,5,7
add VCLIP ilvcuplt add VCASN-2 (M9)
) 5|
\ o|!
[6] | Al
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Study of the characteristics of full-scale Pixel Detector prototypes
Threshold Scan

The operational thresholds for a certain set of so.Hits/50 injections
detector’s pixels depending on the charge :

&
TTITT

delivered to the chosen pixels was determined f= N Erf(u,0)
p)

In order to extract threshold a number of charge i o

| A : i 4 Error function fit

injections with different amplitude are performed o

(50 points with 50 injections per point). A probability
distribution of fired pixels measuring a pixel response 1
(S-curve) has been obtained.

300
1200~ —a—s Charge fe]
0 |— zw' N - number of injections, u - threshold value o-

= tor 2
i Sector 3 temporal noise value (threshold dispersion)
800 i o F Soctor 0
7)) L L ‘ 600’ Sector 1
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wr | 1] E (| W g el
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;_Lgl_a_t_Lu—_.:::’:_i._ il o Linatan) . EsooE | } for 8 sectors
O ~"50 100 150 200 250 300 350 400 200~ ‘*
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Pixel threshold distribution 1005 A[)1 |}
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Study of the characteristics of full-scale Pixel Detector prototypes

(OELNP

Results for high dose irradiated chip Threshold Scan
Chip W7R12
%l s W7RI12(26.12.2016) " W7RI2(26.12.2016) .
' » *  W7RI2(17.02.2017) w4 | ® W7RI2(17.02.2017)
‘ *  W7RI2(28.12.2016) 2 _WRiZes 1200 -
54 4 n .
l =
52 -
O El
v a el
= 350+ v
[} = v
Z . -3 1"
é - u .- = 8 - L] b
. ..
ok ] .. s "
" [+ "
44 - " . 5 ‘ - ] -
:-' e i - s 0 2
24+ rrrT T T T T T T T T T T T T WY R L Rl (TRl GRH DR PR TRLCD R BELEN REJE BN i T FLEE TR SR
120110100 90 80 70 60 <50 40 =30 20 <10 O 10 20 30 40 50 &0 =120-110-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Temperature, 'C Temperature, 'C
Before irradiation the threshold was ~ 85 e, Before irradiation the noise was ~ 6 e,
after irradiation (300 krad) after irradiation (300 krad)
the threshold was ~ 45-50 e the noisewas ~ 14 e

The threshold goes up both with increasing temperature and with lowering temperature,
but initial value (before irradiation) of the threshold is not reached.
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The ALPIDE characteristics studies

Results for high dose irradiated chip
Source test + Cluster analysis

ep €4 CELNP

Triggers: 2000000

Chip W7R12 Masked Vbb = -3V
Pixel hits Cluster hits
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e E T 35 § b 25 :
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200 15 200 :
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100 100
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ALICE Pixel Detectors (ALPIDE family)

[1]
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A general block diagram
of pALPIDE-1,2

All the analogue signals required by the front-
ends are generated by a set of 11

(for pALPIDE-1,2) and 14 (pALPIDE-3)
on-chip digital-to-analog converters (DACs).

The region readout units contain multi-event
storage SRAM memories.

Hit data from the 32 region readout blocks are
combined and transmitted on a parallel 8-bit
output data port.

A top-level Control block provides full access to
the control and status registers of the chip.




ALICE Pixel Detectors (ALPIDE)
ALPIDE chip architecture AMP  COMP

ONooNoof oono W

- e S e — In-pixel amplification
o N | [ In-pixel discrimination
In-pixel (multi-) hit buffer

Advantages

J 1. Analog signal is no longer driven over the
column lines = reduce power consumption

‘! } and increase readout speed.

Zero suppression
Zero suppression

zero suppression
zero suppression

o o , 2. The realization of in-pixel discriminators:
HHILH AR Il H R F i opportunity of readout, in which the digital
T T T outputs of the pixels are scanned by an
Buffering sad interface | encoder circuit that directly produces the
address of hit pixels as output.

The zero suppression is performed within —3 3 The circuit works in a way that the pixel hit

tI.1e n.ma.trix. Address-Encode_r Reset-Decoder register is reset after the read operation and
circuit is employed. It can either be controlled  {he circuit will move on to the next hit pixel to
by e external trfg.gfer signal or operated in encode its address. The procedure is iterated
continuous acquisition mode. <€ until the full pixel matrix is read out.
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Multi-Purpose Detector (MPD) HEP %%”% @) ELNP

The ALPIDE sensor will be used also for the NICA MPD project.

Clean Room
{Detector Electronics) SPD

BM®@N (Detector) (Detector) %
elecior

Extracted beam

Collider

E-cooling
Internal torget

Heavy lon linac

CPC ECal SC Cail
Tracker H ' X

lon source

LU-20

<3

\

MPD Inner Tracking System

The MPD was designed as a 4mnt spectrometer
capable of detecting charged hadrons,
electrons and photons in heavy-ion collisions
at high luminosity in the energy range of the
NICA collider.

The main aim is to study nuclear matter
properties in the region of the maximum
baryonic density. (8]
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Mechanic and cooling systems
Extra lightweight detector support structures for the IT
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