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Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider

Physics motivation
Investigations of the properties of nuclear matter occurred in relativistic heavy-nuclei

collisions

Investigations of the processes with heavy flavor hadrons formation

ste The Phases of QCD
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The studies of the hadron yields containing heavy quarks
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e An efficient identification of strange and charmed
. particles in N-N collisions plays a key role in the
analysis of possible phase transitions.

baryonic density p/p,

=0,16fm-
V.Kekelidze, CERN seminar, 14.09.2018 \1,

Also at the relatively low NICA energies it is possible to
study clusters of dense nuclear matter arisen inside the nuclei

L

The detector systems are needed to reconstruct the decay vertices of short-lived multi-
strange and charmed hadrons, at high pointing resolution 3




90 Outer layer (OL) Example: ALICE Inner Tracking System
T~ 54 Middle layer (ML)

Staves

. ' Staves (900mm)

Total staves:
48 (IL) — Inner Barrel

4° 48 Inner layer (IL) 54(ML) and 90(OL) — Outer Barrel
Staa\égs (290mm)

Wgﬁ&_ Stave consists of :
gﬁﬁ‘ﬁ 1. Hybrid Integrated Circuit (HIC)
drad? 2. Cold plate

3. Space frame

Barrel: 7 layers of Monolithic
Active Pixel Sensors (MAPS)

Quter Barrel

Beam pipe

New ITS:
12.5 G pixels

The ALICE Collaboration:“TDR for the Upgrade of the ALICE Inner
Tracking System”. In: J. Phys. G41 (2014), p. 087002 4



Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider

MPD tracking system: TPC + ITS
| stage of the MPD experiment: TPC only

TPC —> accurate reconstruction
of particle tracks and their momenta,

+

identification of charged particles by
measuring their energy losses
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Time projection chamber for multi-purpose detector at NICA,
Nucl. Instrum. Methods Phys. Res. A 958 (2020) 162793,

|1 stage of the MPD experiment: TPC + ITS



Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider

We don’t want to reinvent the wheel! 11 stage of the MPD experiment

Geometrical model of the MPD vertex detector.

STAVES
12
22 Inner Barrel
32 IB
36} Outer Barrel
48 OB

Stave consists of :

1. Hybrid Integrated
Circuit (HIC)

2. Cold plate

3. Space frame

Barrel: 5 layers of Monolithic Active Pixel Sensors (MAPS)

ALICE technologies:

for IB — ALICE Middle layer staves (900 mm modified to 750 mm )

for OB — ALICE Outer layer staves (1500mm)




Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider
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Our proposal:
Five detector layers (for beam pipe D=40 mm)

Inner Barrel (fan-like arrangement): the first
three layers (located as close as possible to the
| beam pipe). These layers are needed to reconstruct

' the decay vertices of short-lived particles
| (charmed mesons)

Outer Barrel (staggered arrangement): the two
next layers. These layers are needed for the
reconstruction of longrange particles
(multistrange hyperons) decay vertices
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Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider

Why such configuration is proposed?

1) The diameter of the innermost detector layer is limited by the size of the beam pipe.
The diameter of the beam pipe can vary from 40 to 60 mm;

2) The diameter of the outermost detector layer is limited by the dimensions of the TPC,

the inner radius of which is 270 mm (A.V. Averyanov, et al., Time-projection chamber development for
the multi-purpose detector in the NICA project, Phys. Part. Nuclei 49, 2018)

3) The ladders of the pixel detectors forming cylindrical layer should be partially
overlapping to avoid insensitive areas;

4) The number of cylindrical layers is determined by the minimum distance between
them, which is limited by the dimensions of the ultra-lightweight carbon support
structures and cannot be less than 50 mm;

5) The number of ladders in each layer is determined by the transverse dimension of the
MAPS of 15 x 30 mm?

Therefore two possible configurations of the vertex detector with 5 and 6 layers were
considered



Vertex detector of the Multi-Purpose Detector (MPD) setup for the registering of
rare events in Au+Au collisions at the NICA collider 5 layers at beam pipe 40 mm

1000 —

Why this five layers ??

900 [+

Model: VD5-40
Pions -red
Kaons - green
Protons -blue |}

Our estimations of Pointing resolution 800 |
for the different models of the vertex detector

700
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In the framework of the semi-analytical

model developed by ALICE collaboration
(A. Mastroserio, et al., Simulation Tools for the ALICE
ITS Upgrade, ALICE Internal Note QCD-09-010, 2012)
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Vertex detector of the Multi-Purpose Detector (MPD) setup for the registering of
rare events in Au+Au collisions at the NICA collider

_ _ 5 layers beam pipe 40 mm
We need beam pipe diameter 40 mm

Example for pion track pointing resolution

1000

00 T o “pions ___§ | The 5-layer vertex detector,
- PV i i VD5-40 - red n i i
800 ? """ """""""""""""" """"""""" VD5-50 - green """" d_e5|gned for a beam plpe
=3 mit A Ut VD5-60 - blue i diameter of 40 mm, can
= = B T A - R significantly improve
O : o o o
£ 600 the pointing resolution for
? I R ; .+ i+ 1 1 particles with a small
@ 500 [\ N\ oo oo s S e e o
= AN | g | .+ . ¢ i transverse momentum.
| H H H H H H H H H H H H H H
400 ET R e e R e i
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(For further information see also report of V.Kondaratiev and N.Maltsev, SPbSU ) 10



Vertex detector of the Multi-Purpose Detector (MPD) setup for the registering of
rare events in Au+Au collisions at the NICA collider

Yield of strange and charmed particles (at threshold particle energy)
in nucleus—nucleus collisions at energies of the NICA collider Sqrt(Sy,) = 4-11 GeV (Au’*)
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Estimation of the expected yield of D mesons in

the MPD experiment.
(estimations by V.Kondaratiev, SPbSU )

>Interaction rate 8 kHz for Au-Au
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V.Kekelidze, CERN seminar, 14.09.2018

concept of 5 layer MAPS

central collisions

one month of collider work

efficiency of D-mesons registration by the MPD
tracking system — 2%

The multiplicity of D mesons (M) in Au + Au
collisions at NICA energies was estimated in the
framework of the hadron string dynamic model

(HSD) M = 1072 meson/event [W. Cassing, E.
Bratkovskaya, et al, Open charm production in relativistic

for D" Santk- (9.2%): =~ 38 000 mesons  nucleus-nucleus collisions, Nuclear Phys. A 691, 2001]

for DO—>7t+K- (3.9%): ~ 16 000 Mesons For mort_a read see: V.I. Zr_\erebchevsky,_\/.P.

Kondratiev, V.V. Vechernin, S.N. Igolkin, Nuclear 11
Inst. and Methods, A 985 (2021), 164668.



Vertex detector of the Multi-Purpose Detector (MPD) setup for the registering of rare
events in Au+Au collisions at the NICA collider

With NICA collider parameters it becomes possible to study clusters of cold and dense

guark-gluon matter inside the nuclei.
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Estimations of the yields of cumulative,
pions and protons with large transverse momenta
outside the p + p kinematics at central rapidities

In Au + Au collisions at NICA collider were done
(estimations by V.Vechernin, SPbSU )

Cumulative particles yields during one hour of

Interaction rate [Hz]
2

103; s B8 STAR BES Il
02% / /*/NA e the collider operation
1 E i 2 : E £

& 7 RV > | Particle | Yeld at Sqrt(Syy)= | Yeld at Sqrt(Syy)=
10% enejfy region o; mak Z) GeV 8 Gev

1L bfiiyonic depsity |

1 10 T 50 2:1073

Collisionfenergy VS _ [Ge
Y S, [GeVl p 70 9-10°7

The observation of cumulative
particle production with is more
favorable at the lowest possible
energies of the NICA collider —
Sqrt(Syy)= 4 GeV.

The calculations predict new effect in this cumulative
region: the yields of the = will dominate over yields of

the 1p.

The MPD setup with vertex detector should allow us to
verify the theoretical ideas about the mechanisms of
cumulative particle formation.

12



New pixel sensors for the Inner Tracking System of MPD

experiment: ALICE Pixel Detectors (ALPIDE family)
Main motivation
Improve tracking efficiency and p+ resolution at low p

Requirements for the optimal tracking system
1. Good impact parameter resolution

a) First detection layer closer to the beam line A e » . |

b) Reduction of material budget: min. radiation length
per layer

c) Increase in granularity (smaller pixels)

d) more layers A b | e

2. Fast readout

readout Au-Au interactions at 8 KHz (for the NICA
design luminosity of 10 cm2 c1in the most central Au + Au
collisions at \sy, = 11GeV) ->

Also:

time . >

lower power consumption and optimized scheme for the

distribution of power and signals; L.Musa, ECFA High Luminosity LHC
Experiments Workshop, 3-6.10. 2016 and
F. Reidt, PIXEL2016, 5-9.09.2016

13



Development of the Inner Tracking System (I1T) concept for
the Multi-Purpose Detector (MPD) at the NICA collider

For the Inner Tracking System (IT) concept we should take into account:

1. First detection layer closer to the beam line

2. Reduction of material budget
3. Geometry and segmentation

4. Read-out time
Detector should read the data related to the event rate of minimum bias interactions of
about 8 kHz for Au-Au collisions

5. Radiation hardness

14



New pixel sensors for IT-MPD: ALICE Pixel detectors
(ALPIDE family)

L.Musa,
ECFA High
Luminosity

15m
MAPS using TowerJazz 180nm CMOS Imaging Process

512 x 1024 sensitive pixels

High resistivity(> 1kQ -cm)
p-type epitaxial layer (25pm)

LHC oo
Experiments QN
Workshop,
3-6.10. 2016

low-resistivity
p-type substrate

COMP

Chip architecture | [,

Small n-well diod¢ I N

(2-3 pm diameter), (H OO DO (DO 1

thanplxel—>low ol o ol b als I

capacitance

Th t ide thick f3 ool B it I o e

e gate oxide thickness of 3 nm

—robustness to Total lonizing Dose DTD DTD DTD DTD
Appling the back bias to the substrate one can increase | —
depletion zone around NWELL collection diode: In-pixel:

S/N ratio increases, higher efficiency

amplification, discrimination, hit buffer

15



Study of the ALPIDE sensor characteristics at SPbSU

Characterization, tests, studies of the irradiated sensors
1. Electrical tests:

a) On-chip Digital-Analogue Converter Test.

b) Digital Scan.

c) Analogue Scan.

d) Threshold Scan. —

—

>— EXxperimental set-up |

2. The noise characteristics of the sensors (also at different } Experimental set-up |

temperatures) were studied Experimental set-up 11

4. The characteristics of irradiated sensors at different . _ - .
temperatures, including cryogenic temperatures were studied Xperimental set-up

pixel detectors at different temperatures (including nitrogen

5. The possibilities for cooling of new generation ultra-thin
Experimental set-up 111
cooling) have been investigated

(For further information see also report of D.Nesterov, SPbSU )
16



Study of the ALPIDE sensor characteristics at SPbSU

Experimental set-up |
~— l: - y

Experimental
set-up 11 with
1998 cryogenic
¥ b module

|||||

......

‘‘‘‘‘‘
''''''

g

e

_:\ Experimental set-up 111
&= @ Cold nitrogen flow
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Study of the ALPIDE sensor characteristics at SPbSU

Characterization and tests

Row Digital Scan
500 == 250
400 — 200
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200— 100
100:— 50
Du_ ' 260 ' ' 4(‘)0 ' ‘ 660 ‘ 860 S 10!30
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Pixels
E hThreshi_copy
900 Entries 20991
E Mean 1045
800/ StdDev  15.33 Pixel hits
700 500 T TR _ :
800 g Ty fhath
E 400
500— N
aoof- < 300/
soné o g
8 Y 200}
200 B
100 100F
E Ll Me L L L L C ¥
% 100 200 300 200 500 600 GO_ pfit i A
Threshold [e] 200 400 600
Pixels
C hNoise1_copy Clusters X-position
- Entries 20991
5000 Mean 4.84 C
e Std Dev 1.047 =
r >0
5000— (&] r
E C
- D
4000—
E >
E (o |
30001~ O 104
B -
2000[— LL
1000:— . L L
M 0 200 400 600
of e bl M I B P
0 10 20 40 50 80

30
Noise [e]

To exclude hot pixels the mask was applied
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Study of the ALPIDE sensor characteristics at SPbSU

115 ey . : i
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Study of the ALPIDE sensor characteristics

at SPbSU i
Beam tests in JINR Ee);pe”r\]/e?gil AR |
November 2018 (run 1) el
_ the NICA MPD
April 2019 (run 2) Inner Tracker '

Accelerator: LINAC-200
Beam: electrons ~ 50-60 MeV
electrons ~ 150 MeV

Geometry
Al: 50 um Al: 7um [ )

ALPIDE: 50 um
A

Beam 1300 mm |20 mm} 50 mm 50 mm}50 mm
q < > — 1 >
1320 mm

< I 1
foil foil Det.1 Det.2 Det.3 Det. 4

« »

. : 1;, ;
;\\\7/' _’_T‘,,.‘ .;.l'

| Cooling (water, air),
-« Two scintillators for the trigger,
- Precise X-Y movement
( 3 synchronized moving stage)

GEANT 4 calculation of the
doses on the detectors
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Study of the ALPIDE sensor characteristics at SPbSU

Beam tests in JINR Correlations of pixel clusters between the detector planes:

First results ={Frequency
X4
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x_correlation
Entries __3.306170408
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Beam i ntensify 200 ~10 0 200 400 600 800 . 1000Y‘i
Gate on correlation
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Study of the ALPIDE sensor characteristics at SPbS Cluster hits (Det. 3)
Beam tests in JINR R 5

High beam intensity!
And low energies

600 800
Cluster hits (Det. 4)

600 800
Column

Water cooling was replaced by air cooling

For the next track finding we will adopt the Cellular Automaton method

Next plans for the beam tests:
tracking, calorimetry (lead absorber), GEANT simulations

22



Study of the ALPIDE sensor characteristics at SPbSU

Tracking with the cosmic rays T
E 14{\\ \ _ \
> 12 T — X ' ' R
10 e \x////
8- \/// \\
4 | T NN |
0 ;S;\/' \\ _
o o N e
First attempt to the tracking + FIC w
c 20 X
track corrections ¢ 0 o g ¢
E C - - T 0
5 14_— YZ pI’OjeCtlon 5 g X7 projection
12— - B |
103— TN e » _;fﬁ,fi— 20% —
8;‘ = ,./::'-'" // 15—
o : )
_ 107
= - - e -
- r
2_— L
OZ P I PRI BRI BRI ol o: | | I P | L0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Z [mm] Z [mm]

For the next track finding we will adopt the Cellular Automaton method
23



Study of the ALPIDE sensor characteristics at SPbSU

NICA MPD

CPC
Tracker

TPC \Cryostat

T Inner
V. Golovatyukl, V. Kekelidze et.al. Eur. Phys. J. A Tracker

(2016) 52
/

One of the possible solutions:
1. Use ALICE MAPS - ALPIDE
2. Use carbon ultra-lightweight support

High vertex resolution

Fast readout (for Au-Au collisions
the luminosity will be 1027 cm2s1)
Low material budget

Parameter ALPIDE
Performance
Silicon thickness 50 um

Chip dimension

15 mm x 30 mm

Spatial resolution 5um
Power density 40 mW/cm?
Max. integration 10 ps

time

Detection efficiency | >99%

Fake-hit rate

<<<10% /event/pixel

Total lonizing Dose

Up to 500 krad

and cooling structures developed for the upgrade of ALICE at the LHC\ 24




Extra Lightweight Detector Support Structures AL ICE Outer Barrel Stave
for a New Generation of Vertex Detectors

Power Bus

St. Petersburg
University

Flexible Printed Circuit _
2 x 7 Pixel Chips

. Module Carbon Plate

=
Cold Plate

|pprine Cold plate transversal section:
Ty

;y'
"’ji Rubysphere 3.9 $ i @9-5 % Graphite foil (~ 30 ym)

Carbon fleece (~ 20 ym)

Cooling pipe (ID = 2.670 mm)

ReferencePlane ... Plate: K13 D2U fibre (~ 120 ym)

he End-Wheel
onthen oe Carbon fleece (~ 20 pm)

The ALICE 30 mm
Collaboration: “TDR”,
J. Phys. G41 (2014)




Extra Lightweight Detector Support Structures for a New Generation of Vertex

St. Petersburg
University

Detectors

ALICE
Outer Barrel Stave
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S.N. Igolkin, G.A. Feofilov,
V.M. Dobulevich, O.I. Stolyarov:

=7 — V=
/ /

} o v . O P VAV
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Summary

1. The concept of the Vertex detector of the Multi-Purpose Detector (MPD) setup for the
registering of rare events in Au+Au collisions at the NICA collider has been proposed.

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

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

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

For more read see: V.1. Zherebchevsky, V.P. Kondratiev, V.V. Vechernin, S.N. Igolkin,
Nuclear Inst. and Methods, A 985 (2021), 164668.

Next plans
1. Modernization of Experimental set-up for new beam measurements at JINR.

2. Studies of the ALPIDE characteristics using electron beams (LINAC-200) and
NUCLOTRON beams in JINR

3. Studies of the ALPIDE characteristics at Petersburg Nuclear Physics Institute
(Gatchina) 1 GeV protons primary beam. Secondary pions 750 MeV/c

4. Studies of the ALPIDE characteristics at the loffe Physical-Technical Institute of the
Russian Academy of Sciences Cyclotron: heavy lons up to 6 MeV/u, from pup toAr. 27



Extra Lightweight Detector Support Structures at SPbSU

28
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BACK-UP SLIDES
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Physics
Secondary vertex determination

Improve primary vertex reconstruction, 0
. Example: D° meson
momentum and Impact parameter
Resolution Point DY reconstructed
ointing momentum
Angle 8 o

Reconstruction of secondary vertices from ¢ decays K-
with high resolution

secondary

-+

A A vertex
:’ |
’f 1
|
I Q
- ;"‘ = i
=3 j' E 1
8 / .‘1-0:
— i %
2 i A 0
i : .9
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ALPIDE chip architecture | e ﬂ

A
TH A

In-pixel amplification
In-pixel discrimination
In-pixel (multi-) hit buffer

collection electrode

Zero suppression
zero suppression
zero suppression
Iero suppression

T

Buffering and Interface

The zero suppression is performed within

the matrix. Address-Encoder Reset-Decoder
circuit is employed. It can either be controlled
by an external trigger signal or operated in
continuous acquisition mode.

Power consumption 40 m\W/cm?
Contains a matrix of 512 x 1024 sensitive pixels 2



Study of the ALPIDE sensor characteristics at SPbSU

Characterization, tests, studies of the irradiated sensors
1. 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 number of pixels and reads the hits out.
The number of 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.

d) Threshold Scan. Scan performs analogue injections, looping over the charge ranging
from 7 to 350 electrons. The values of the threshold can be set.

2. Noise characteristics of the sensor and its temperature dependence were studied
The scan gives a selectable number of random triggers and returns the number of hits.

The values of threshold current (ITHR) and threshold voltage (VCASN) and also chip
temperature can be set.

3. Studies with a variety of gamma and beta sources were carried out
The scan gives the number of hits using the selectable number of random triggers.
Radioactive source measurements are needed to study the uniformity of hit-maps and to

evaluate cluster shape and size. The noise mask is prepared before the scan and can then

be used in measurements. 33



New pixel sensors for the Inner Tracking System of MPD experiment:
ALICE Pixel Detectors (ALPIDE family)
1. Two different chip types (telescope geometry) 2. Detector Power

with own DAQ boards were installed. supply(current control).

3. Dark box with electrical earthing inside. 4. Radioactive source (yp) positioning
Temperature control inside the box. system.

5. The water cooling(heating) system Experimental set-up |

was implemented.
6. Thermo-camera for detector
heating investigations.

O Auto

33.20C /o
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£833.20
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ALPIDE Chip

55-22.00 -100%  ==1.0 All generations of ALPIDE chip: pALPIDE-1,2,3 and
2/11 2:33: final version were studied 34




Study of the ALPIDE sensor characteristics at SPbSU

1. Cryo-box.
2. Irradiated ALPIDE chip + DAQ board.

3. Chip was mounted on cooled platform.

4. Three thermocouples (1 copper-constantan,
2 chromel-alumel) mounted on cooled platform.
Each thermocouple has own controller and DAQ

5. Dewar vessel with heater system.
6. Source holder.

7. Analytical balance

With using liquid Nitrogen
the chip can be cooled till -110 °C

With using “heater” the chip
can be heated till +60 °C

35



Study of the ALPIDE sensor characteristics at SPbSU
Experimental set-up for in-beam ALPIDE characterization

| Four ALPIDE chip now + 2 additional places

Il Cooling

1) Cooling system with water (ITS-2 staves 30 mm)

2) Alir cooling system:

dray air and the radiator with Thermoelectric Cooler (TEC)
has been used for air cooling

111 Two scintillators for the trigger
IV Precise X-Y movement ( 3 synchronized moving stage)

First beam tests were done
at JINR in spring 2019
(150 MeV e).

Now we are using this set-

up for the cosmic rays
detection. Tracking.
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Study of the ALPIDE sensor characteristics at SPbSU

The performance of irradiated sensors at different temperatures,
Including cryogenic temperatures

Detectors ALPIDE (final version)

Detectors were irradiated by:
X-rays (from X-ray machine)

}

Chip W8R22 - 60 krad (low dose )
Chip W7R12 - 300 krad (high dose)

Before irradiation Chip W7R12 was measured at lab.

All measurements were done at back bias voltage VVbb = -3V
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Development of the Inner Tracking System (ITS) concept for the
Multi-Purpose Detector (MPD) at the NICA collider

Geometry of a 5-layer vertex tracker design

12 22.4 26.7 750
22 40.7 45.9 750
32 59.8 65.1 900
36 144.5 147.9 1500
48 194.4 197.6 1500
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Results for high dose irradiated chip Noise Occupancy Scan

Chip W7R12 (high dose) | * -105€C

t © 191 The number of pixels to
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3. For low dose irradiated chip and non irradiated chip fake-hit rate DID NOT change
over the full temperature range: from -115 to +30 °C
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A comprehensive scheme for the pixel front-end circuit
Including all possible variations

For pALPIDE-1,2
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Study of the characteristics of ALICE ITS pixel detectors

Threshold Scan

The operational thresholds for a certain set of
detector’s pixels depending on the charge
delivered to the chosen pixels was determined

In order to extract threshold a number of charge
Injections with different amplitude are performed

(50 points with 50 injections per point). A probability
distribution of fired pixels measuring a pixel responseo

(S-curve) has been obtained.

Eﬂ;HitSISO Injections

f = % Erf(l,0)

.
=
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Error function fit
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