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1. Introduction

The Fast Forward Detector (FFD) @ important part ofthe Multi-Purpose Detector

(MPD) setudor study of Au + Au collisions with beams of NICA coklidintheenergy interval
40,/s,, O 1 1.TGemain aims of the FFD are {@stand effective triggeng of Au+ Au

collisionsin the center ofthe MPD setupand (ii) generation otthe start pulse fothe TOF
detector

Fast triggeringof nucleusi nucleus collisions anthe preciseTOF measuremenwith
picosecond time resolution areportant features of all experiments RHIC and LHC
colliders. For thee aims a two-arm modular detector with fast Cherenkov or scintillation
counters is sed.

In the PHENIX experiment, the BeaBeam Counter (BBC) is used as the start detector
[1]. It consists of two arrays d34 Cherenkov quartz counters loedtvery close to the beam
pipeat a distance of\144 cm fromthe interaction pointlP) cowering a pseudorapidity
range of 3.& |d| < 3.9. A Hamamatsu R3432 fine mesh dynode PMT is wsddtect the
Cherenkov light and this PMT is capable of operation in strong magnetic fields. The fully
implemented and installed BBC of 128 channels sldoaveingle detector time resolution of 52
N 2atRH$C for 130 GeV per nucleon AtAu collisions [2].

The ime-zero Cherenkov detectoirs the PHOBOS experiment are locatedzpt|5.3 m
from IP [3]. The resolution of each readit channel waabout ® ps after corrections dhe
slewing effect [4] which causes a correlation between rdtordedtime and thepulse
amplitude

Two arrays of the ALICE TO detector [5] each consisting of 12 PMTs are located from IP
at a distance of 70 con one side, coverg thepseudorapidity range of 2.9 ¢| k 3.3 and at
370 cmon other side, coveringné¢ pseudorapidity range @f5 < ] <5. The 3.0 cm thick
quartz Cherenkov radiators are optically coupled to the fine mesh dyiidie FEU187,
produced byElectronCo., Russia. In test runs with a beam of negative pions and Kaons, a time
resolution of37 ps was obtained for the detector with- 8@ diameter radiator and better time
resolution of 28 ps was obtained with smaller- 21/ diameter radiator [6Recently anew
project of the TO detectd#IT based on MCPPMTs from Photonis has bepnoposed7, 8].
The goals of the detector upgra@dee (i) mprove the trigger efficiency by increasing the
detector acceptancéi) combine the functionality of T@etector(Stat Detector),VO detedor
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(two arrays of scintillatiowounter$, and FMD(Forward Multiplicity Detectorin one system
(i) extend the functionality (wide dynamic range, reaction plane, centrality determination)
and (iv) b get advaned detector respse and reducthe volume occupied by the detector

The STAR start detectovPD also consists of two identical arrays with 19 reatl
channels.Each reaebut channelconsistsof a Hamamatsu R5946ne mesh dynodePMT,
a 1- cm thickscintillator (Eljen E3J204), and a 6.4mm Pb convertef~1.13 X). The primary
photons hithe Pb layer and generate by pair production process some electrons which come in

the scntillator and initiatea light pulse The time resolution of single detector charetelnges
from 95 psto ~150psmeasured ilu + Au collisiors at /S, =39 and 62.4eV (2010) and

p + p collisionsatenergy of 590 GeV (20139].
NICA operates at much lowd&eamenergy than RHIC and LHC. It leads to rathaw|
multiplicity of particles produced in heavy ion collisions and thgarticles are not

ultrarelativistic (even the spectator protons)The kinetic energyand normalized velocity

(b = v/c) of the NICA beamsare shown in Fig.-1 as a function of/s,, -
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Fig. 1-1. The kinetic energy andormalized velocity of the MDA heavy ions as a function

ofﬁ.

The Monte Carlo simulation of the timing and trigger performance ofAlDthe detector
position i n zO026Gcmrom the centef of MPD GetupP showed sotegradation
of the time resolution and trigger efficiency with tistance. Finally, aosition ofz= 140 cm
was chosen for the FFD swletectors.

The timeof-flight spectra of detected charged particles arriyiogn IP to FFD position

of 140 cm fronthe MPD center are shown in Fig2Xfor Au + Au collisions at,/s,, =5 and

11 GeV. The time is calculated as the difference between the arrival time of photons and the
6



arrival time of charged parties. It is clearly seen that the delay of charged patrticle arrival
reaches of hundreds of picoseconds at the low energy ofdrehmore than 50 ps for majority

of particles at the highest energy.
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Fig. 1-2. The delay of charged particle arrival in FFDdules in comparison with arrival time
of photons for Au + Au collisions afs, =5 (red) and 11 (blue) Ge®nd FFD position of

140 cm: the solid curvésthe threshold of registration is 1000 Cherenkov photons, the dashed

curvesi the tireshold is 50@herenkov photons

As a resulteffective triggeringon Au+ Au collisions andpicosecond time resolution of
thestart signal are two nontrivial problems which must be sailvédPD project

It is the goabf the Cherenkowast Forward Dector to solve these problefgusing two
advancedmodular arrayswith large active areand picoseconds time resolutiofhis is
achievedby detecing both highenergy photons froni®decays andhe fasest charged
particles

The charged particle distributismnpseudorapiditfor Au + Au collisionsatmin. bias and

VJSwy = 5 and 11 GeVare shown in Fig. -B with intervals covered by the FFD arrayjihe

same distribubns but for emitted higlenegy photons are shown in Fig-4L Some primary
charged pionsspectator protons and deuterpasdhigh-energy photons come in thé-B

range and fornaresponsef the detectar
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Fig. 1-3. The charged particle distributis on pseudorapidity for Au + Au collisiofrsin. bias)

at\/Syy =5 and 11 GeV. ThEFD intervalsare indicated in red.
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Fig. 1-4. The same as in Fig-2 but forhigh-energy photons

A comparison of lie vertextrigger efficienciessimulated foran ideal detectorwhich
active area is a diskith a hole for the beam pipeithout dead zones, and fttrereal modular
FFD for Au +Au collisions at low and high energies is shown in Fi§. 1In both cases for the
central and senrentra collisions the efficiency is 100% and only for the peripheral collisions

one some difference appears.
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Fig. 1-5. The vertextrigger efficiencies simulated for an ideal detectvhich active area is
a diskwith a holewithout dead zones, and fttve real modular FFD for Au + Au collisions

at low and highenergies.

The energy spectra of photons emitted into the FFD acceptaAcet Au collisions at
Sy = 5 and 11 Gelare shown in Fig.-6. The maximum of photon spectrum for the low

energy of beam is ~200 MeV and it shifts to ~350 MeWtf@ highest beam energy. The
spectra overlap a wide energy range from ~50 to 2000 MeV and the FFD must register these
phobns with a high efficiency to provide the picosecond time resolution of the start signal
for the TOF detector.
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Fig. 1-6. Energyspectra of the photons emitted itb@ FFD acceptance in Au + Au collisions

at /Sy =5 and 11 GeV.

Some chracteristics of the vertex and start detectors of HI collider experiments and
FFD/MPD are given in Table-1 for comparisonit is clearly seen that the FFD has the largest

active area.

Table :1. Characteristics of the vertex and start detectors oblidier experiments.

Active Number of | Distance Time
Experiment Detector area* | channels | fromIP ||d|-interval| Photodetecto| resolution**
(cn) (cm) Ge (ps)
Hamamatsu
STAR/RHIC VPD 215 19 570 4.257 5.1 | mesh dynodg 95- 150
scintillation PMTs R5946
Hamamatsu
PHENIX/RHIC BBC 314 64 144 3.071 3.9 | mesh dynode 52
Cherenkov PMTs R3432
Hamamatsu
PHOBOS/RHIC| Cherenkov 79 16 530 PMTs R1924 60
counters
70 2.91 3.3 | Electron mest
ALICE/LHC TO 38 12 370 4.57 5.0 |dynode PMs 28
Cherenkov FEU187
Photonis
ALICE/LHC FIT 787 112 70 2.271 3.3 | MCP-PMTs ~40
(upgrade projec| Cherenkov| 674 96 370 38154 XP85012
Photonis
MPD/NICA FFD 625 80 140 2.771 3.9 | MCP-PMTs 44
Cherenkov XP85012/A1

*active areand number of charelsof singlesub-detector
**single channel time resolution
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2. General description of tHe-D

2.1.Requirements to the detector

The FFD sthekeydetector fofastandeffective triggeringpn nucleus nucleus collisions
at thecente of thesetup with approximately 100%efficiencyfor central and semicentral
Au + Au collisionsidentifying z- position of the collisionwith an uncertaintysmallerthan
°5cm.

The main requirementfor the FFDare

1 fast and effective triggering events of AlAu collisions inthecenter ofthe MPD setup

1 the detector must keble to see each beam crosqjing dead time must be les$ 75 ns)

1 generationof thestart pulsety for the TOF detectorwith time resolutionsi < 50 ps
(it corresponds to timef-flight resolution of 400 p3,

1 thedetector locatiomust be out ofheintervak-2 <d < 2and-125 <z< 125 cm (that are
reserved for thénner Tracker SystemTS),

1 the detector must operatetme MPD magnetic field oB=0.5T,

1 easyinstallation and dénstallation of the detector into the TPC inhdoe

Besidesthat, there aresomeadditional important tasks where the FFD might heseful
instrument. It carhelp inthe adjustment of bearheamcollisions inthe center ofthe MPD
setup withoperative catrol of thecollision rate and interaction point position during a run.

The mechanics and geometry of the FFD mustdesigned and integrated withiime MPD
setup.

2.2.Concept of the detector

To realize theaboverequiremerd at thelow energies oNICA, we develop twadentical
modularsub-detectors FFPand FFQy with large activearea placed close to the beam vacuum
pipe at a distance of 14in to the left and to the right from IPgente of the MPD setup. They
cover thepseudorapidit interval of 27 < |d| < 4.1 and effectively detegthotons from neutral
pions decays, chrgedparticles and low mass fragmerspectatorgproduced in Au + Au

collisions as it is schematically shown in Figl 2
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Fig. 21. A schematiwiew of the FFD.

The FFDefficiently detectsthe high-energyphotons by theirconvesionto electrons ira
lead plate with thickness a0 mm corresponding te2 Xo. The similar method was realized in
the STAR start detectof.he electrons leave the lead plate and pass througlaréz qadiator
generating Cherenkov light with excellent time characteristiecs Cherenkov light is collected
on aphotocathode omultianode MCPPMT XP85012 Planacoh from Photoniswhich is
suitable folargedetector arrays with goagtanuhrity andimmunity to magnetic fielgroviding
excellent time resolution.
Each FFD arrayconsists of20 identical modules Frontend electronics board of each
modulehas fourindependent outputhannelswith pulses from MCHPMT anode pad# front
view of the FFD array an@#FD layout in theMPD setup areshown inFig. 2-2 and Fig.2-3
respectivey. The inner diarater of the modular array is ~8#n, the outer diameter 1860 mm.
The position ofthe FFD suthet ect or s at N1 40the MRD Setupowas t h e
chosen taking into account the following constraints:
i theinterval-125 <z< 125cm is occupied by the ITS,
1 alonger distance leads to degradation of time resolatidnvertextrigger
efficiency,

9 the FFD position is close tbe end of active area of the TPC and interactions of
particles with FFD materials produce only a small lgeaknd in the TPC (see
Chapter 3.

12



Fig. 22. Afront view of the FFD array.

CPC
Tracker

Fig. 2-3. The FFD layout in the MPD setup
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2.3.Fast vertextrigger

The fast vertextrigger, provided by FFDis the main signal of the LO trigger of MPThe
fast ceterminatiorof z-position of collisiorpointby the vertexequiregsheappeaance opulses
with high amplitudesin both subdetectorsFFDe (East side)and FFDQyv (West side)and it
defines therigger efficiencyFor this aim the pulsed each sukiletecor arefed to subdetector
electronicaunit. Two- threshold method is used to get a good time resolution LMis pulses
with lengths above a threshold valymikses with largamplitude$ are used for production of
subdetector pulseTe andTw. The time of generation of these pulses is defined by appearance
of the first good pulse from suetector moduleshe aim of vex unit is fast measurement
of

ol = Tel Tw
and checking a condition
g <ti(z) 1 t2(2) ,

where the intervalg, z;] defines a selected interval of collision points in center of MPD setup.
The variation of path lengths from interaction pointliferent FFD modules leads to the &m
uncertainty less than 7 ps.

The trigger efficiency for Au + Au collisions at NICA energies was studied with Monte
Carlo simulation (Chapt 3). For all energy range BiiCA and impact parametebs< 11 fm
the efficency of ~100% was obtained.

The testmeasurements (sectiérb) and MonteCarlo simulation (sectio8.2) showed that
the expected vertex time resolution is ~100 ps (sigma) that correspord® tm resolution
in thez- position

2.4. Startsignal for TOF

The start signal for TO8etecto requireghe appearanas at least one pulse from all FFD
channels with good timing and pulse height characteriskiossepulses areused foroff-line
determinatiorof the start timeio. The timeresolution improves by a factof N2, whereN is
thenumber of tle pulses But & the NICA enggies in comparison wittRHIC and LHC the
number of pulses with good timing is smaifidthe picosecond timeesolution ofa single
detectorchannels really important taskvhich isrealized in the FFD project.

The time resolution of timef-flight measurements is

S = (STZOF +5t20)l/2’
14



whereliror i the time resolution athe TOF detector andy 1 the time resolution othe start

signal. Thevaluelstaris calculated as

stO = (SIEFD + [x?h)l/z,
wherelrrp T the time resolution of FFD channgldied experimentally (se€hapter % , tm o
i the time uncertainty of the first hit the FFD (see Chapter)3There are several different
contributions to the timresolution of FFD channel

2 1/2

— 2 2 2
SFFD - (S mod +$el +sread0ut+smeth) ’

wherelimod T the resolution ofFFD module itself{le T the conribution of FFD electronics and
cables freadoutl the contributiorof readout electronics, anghen i the contribution of method
used The time resolution of FFD module and contributions mentioned above have been studied
experimentallysee Chapter 3.2nd 5.4).

Obviously, the smiker the total time resolutiogivesthe better the PID performancé&his
means that both the TOF time resolutiérof) and the timezero resolutionie) have to be as
small as possibldn the MPD project, requirements tioe total time resolutiorof the TOF
system andhe timeresolutionof to pulse arelo< 100 ps andio < 50 ps.

2.5. The FFDsubsystens

A number of various and important elemeatsd subsystemsare needed for stable
operation ofthe FFD and realizatiorof the detector goals in MPD. The main parts of the
detector are schematically showrFig. 2-4.

The FFD system consists of two arr&y<De and FFLQyv which modules are equipped with
front-end electronic{FEE) producing output analog arL,VDS pulses two units of sub
detector electronic€SDU) processing th&VDS pulses Thesepulses are used for generation
of the sub-detector itme signal transfeed tothe vertex electronicsinit (VU), estimation of a
multiplicity of fired channels, antheyarealsofedto MPD readout electronigsTDC72VHL.

All analogpulses of the detector modules are fecdnalog multiplexer and then tolecal

readout electronicsased on CAEN digitizes mod. N67d42edfor detector operation conttol

The picosecondaser calibratiorsystem is used fothe iming calibration and test of all FFD

channels. Theow voltagepower supply for fronend electronics is a part of the SDA.

multichannehigh voltage power suppprovides required high voltages fqyeration of MCP

PMTs in the deector modulesAll information provided by FFD suldetectors is accumulated
15



in LO trigger electronics producing a LO trigger pulse as the first and fastest information about

nucleusi nucleus interaction in center of the MBEBXup.
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Fig. 24. Ablock-diagramscheme of the FFD system.

The detector control systenDCS) makes a control othe FFD suksystemsand
communication with the global slow control system of MPD. The FFD module description and
test results argiven in Chapters 4 and 5. Other maiements and stgystems are described

in details 10.n Chapters 6 0
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3. Detector performance

3.1.General dscription

The FFD performance was studied by meafisMonte- Carlo simulation with QGSM
[107 12] + GEANT4 codesThe following experimentalconditionswere taken into account
the MPD magnetic fieldB of 0.5 T, the vacuunbeam pipemade of aluminum tubewith
1- mm thicknessthe FFD geometry anahaterials(20 + 20 modules A fired channeimeans
that thenumber of Cherenkov photonspluced in a single quartz bartbéradiatorby a high
energy photon ol charged particlexceedsa thresholdset in Cherenkov photonsThe
simulation was fulfilled for collisions in intervab0 <z< 5 0 ¢ p¥ 2&dmt ilmsonie cases
results were diined for a fixed position af= 0 cm and it is indicated in figure captions.

The vertex and time resolutions were estimated as a timadspiréne first detectguhrticle
in the FFD sukdetectorsThe time resolution oftart signal is obtained in elihe analysis of
FFD data where the position of collision point is well reconstructed using information from the
track detectors. Here, for all the[BEells (quartz bars), the tinoé particle arrivais corrected
on difference in paths from collisioropt to the cells. More simple correction procedure is
used in oAine determination of & vertex where the arrival timegsrrected on difference in
paths from the MPD center to the cellbemain items for study werthe detector occupancy,
the vertex trigger efficiencythe vertex resolutionthe ime resolution of start signal for TOF

For more realisticestimationof characteristics expected neal experiment, the time
resolutionobtained in tests with detector prototypedhwall chain of cablesand readut
electronics was used.

The study of backgroundetected by FFD and background produced by interactions with

FFD materials in TP@ also presented and discussed in this chapter.
3.2. Particle detection andFD performance

Here the results fochosen distande = 140 cm are presented and discussed as a function
of the impact parameter of Au + Au collisions. The mean number of detected charged particles
in a single FFD array is shown in Figl3The distribution depends on the collision enetfyy

for the low energy this value increases from central to-semiral collisions by factor of 3

17



with maximumabad 8 f m t hat for the highest energy

parameter anfftomba 6 f m it f a b.Inthecentrd dollisions the rmeamsnunber

of detected charged particles chanfyesn 12 to 50with increasing,/s,, from 5 to 11 GeV

but in peripheral collisionsthe differenceis not visible. he observed peakbitda 8 f m f o
Jsw = 5 GeV means that the contribution from spectators exceeds the contribution from
emitted hadrons. In the high energy range the number of generated hadrons into FFD acceptance

essentially increases thaads to the observed distribution,f,, = 11 GeV.
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Fig. 3-1. The mean number of detected charged particles in a single FFD array as a function of
the impact parameter of Au + Au collisiof@ two energies,/s,, = 5 and 11 GeV and two

thresholds of 500 and 1000 Caekov photons.

The same distributions but for detected photons in whole FFD are shown inZigha
photons are mainly produced in decay of primary neutral pions generateccwilitions. The
numbers of these pions and photons increase with theiaolenergy and fall with impact

parameter with maximum in the central collisions. The maximum mean number of the detected
photons increases from 6 to 33 with increasifsg,, from 5 to 11 GeV.

The trigger efficiency for both energiessBown in Fig. 33. An important conclusion is
that the efficiency is 100% in an impact parameter interval from 0 to 11 fm and it does not

depend on the collision energy (only sonifgedence is observed for peripheral collisions).
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Fig. 3-2. The mea number of detected photons in whole FFD as a function of the impact
parameter of Au + Au collisions for two energiésNN =5 and 11 GeV and two thresholds of

500 and 1000 Cherenkov photons.
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Fig. 33. The trigger efficiencys a fungbn of the impact parameter of Au + Au collisions for

two energies,/s,, =5 and 11 GeV and two thresholds of 500 and 1000 Cherenkov photons.

A fast coincidence of pulses of the FFD sidiectors calleertexsignal is an origirof
the LOtrigger pulse. The obtained vertex uncertainty by detection of the photons and charged
particles in FFD arrays is shown in Fig43lt is better than 1.5 cm for the central and semi

central collisions and the worst case is observed in periptwlhiaions at,/s, =5 GeV.
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AuAu, L=140cm, -50 cm < Z < 50 cm
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Fig. 3-4. The vertex uncertainigs a function of the impact parameter of Au + Au collisions

the blue points correspond {fs,,, = 5 GeV, the red pointsto./s, = 11 GeV.

The timeuncertainty of the first hit in FFD shown in Figh3 itrs< 2@mps in the impact
parameter rangds< 8 fm andb < 11 fm at,/s,,, =5 GeV and 11 GeV respectively where it

has a small dependence lmnThen the time resolution degradeshatand for the peripheral

collisions at the low collision energy it becomes worse than 100 ps.

AuAu,L=140cm,-50cm <Z <50 cm
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Fig. 3-5. The timeuncertainty of the first hih FFD as afunction of the centralitpf Au + Au

collisions the blue points correspond ﬁ: 5 GeV, the red pointsto /s, = 11 GeV.
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3.3. Estimationof time resolutiorfor real detectors

Forestimation otherealisticstart signalnd timeof-flight resolutiors we useherequired
time characteristice®f the FFD andTOF detector$ thetime resolution othe FFD channel

Urrpd@ 5 Dangbtise time resolution ¢fie TOF detectofirord 8 OThepobtained results for

JSwy =5 GeVand 11 Gelareshown in Fig. 36, and Fig. 37.

The time resolution of thstart signais tod 5 @t inppact parameteb < 8 fm for the
low energyand atb < 11 fmfor the highesenergy. Together witthe TOF detector resolution,

it gives the time resolution of tiref-flight measuremes & a bit less of 100 ps &t< 9 fm for
VSwy =5 GeV andatb < 12 fm for /s, = 11 GeV. The worst case peripheral colkions at
the low energy wheré increase with the impact parameter 200 ps.

Thus the estimation carried out fdine real detetors proves that the FFD performance

correspondso the requirements tine LO trigger andhe start detector ehe MPD experiment.

2071777 T T T T T T T T
180 - .
160 - -

140 |- .

5 GeV

a0 L 11 GeV =

O.I.I.I.I.l.l.l.l.l.l.l.l.l.

0 1 2 3 4 5 6 7 8 9 10 11 12 13
b, fm

Fig. 36. The start signal resolution for Au + Au collisions @6, = 5 and 11GeV for the real

FFD detector as a function of the impact parameter.
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Fig. 3-7. The timeof-flight resolutionfor Au + Au collisions at /s, = 5and 11GeV for the

real FFD and TOF detectors as a function of the impact parameter.

3.4. Background in FFD

Background particlesand photons appearingfter 10'2s (1 ps) from the moment of
Au + Au collision can also be detected in the FFD modules. The sources of this background in

MPD are shown for the collisions qtsNN = 11 GeV inFig. 3-8 and Fig. 3-9 for charged

particles and photons respectively. The observed background consists of (1) secondaries
producedin decaysof unstableparticles (the areabetweenIP and FFD location) and
(2) particles produced in interactions wMPD materialsifeam pipe, ITS, TPC, etc.).

The contributions obackground charged particles and photonshtsoFFDe + FFDy

response, the number of fired channels, are shown sepairatelg. 3-10 and Fig.3-11
respectively as a function of the impaetrameter for tw@nergies,/s,,, = 5 and 11 GeV. The
number of fired channels increases with the beam energy by a factor of 5 for charged particles
anda factor of 6 for photons icentral and sententral collisionsand in sum the backgrodn
reaches of ~1fired channels for the threshold of 1000 Cherenkov photons in avédtrgiees

~11% contribution to the FFD response. The most of backgreecwhdaries arrive to the FFD

during 10 ns after the collision time.
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Fig. 3-8. Saurces of background charged partiaietected in FFD modules for minimubras

Au + Au collisions at,/s,,, = 11 GeV.
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Fig. 3-9. The same as in Fig-B4 but forbackground photons
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Fig. 3-10. Themeanmnumber of fired channgin FFQx + FFDw induced by background charged
particles for Au + Au collisions a{/s,, = 5 and 11 GeV and two thresholds of 500 4660

Cherenkov photons.
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Fig. 3-11. The same as in Fi§-16 but for background photons.

3.5. Backgrouml inducedin TPC

In this section the production ofbackground hits irthe TPC by secondary particles
generated in nuclear anelectromagnetic interactions imaterials of the FFD arrays is

discussed.
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The efficiency of track reconstruction he TPCfor primaries and secondariegth and
without the FFD was simulated for min. bias Au + Au collisiats=0, i 11 Ge\, ad
smallL = 100 cm(the worst case)The results are shown in Fig12 as a function of partiel
momentum and pseudguidity. It is clearly seen thahére is novisible influenceof the FFD
on the results

The number of fired time bin cells of TP@igits, was calculated for min. bias Au + Au
collisions at two energiggi  5and 11 GeV and FFD distante= 140cm. These results
are shown in Fig.-33 as a function of TPC layer (a row of pads in TPC sgkto

It is clearly seen that for both energies the contribution of background particles coming
from FFD (blue points) is small for all TPC layers. This is s@ene precisely from the ratios
i b a ¢ k gdigits uonad digit® s h o wn -1#4 for nfni s and3for central Au + Au

collisions.
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Fig. 312. The efficiency of track reconstruction in TPC for primaries and secondaries with
ard without the FFD for minimumbias Au + Au collisionsat z=0, pi 11 GeV,

andL = 100 cm as a function of particle momentum and pseudorapidity.
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Fig. 313. The number of fired bin cells as a funatof TPC layefor minimumbias Au + Au

collisions at two energiggi ~ 5(a) and 11 GeV (b).
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For minimum bias everg the background contribution varies fran®% to 6.5%. For

central collisios the background contributionnsuch smallerit is only ~0.4% at 5 GeV and

~1.5% atthe maximum energy.

Thus, one may conatle that the FFD matials assource of background fone TPC give

rather small contribution tdPC response at any layees]lision energy and centralit
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4. FFD module

4.1. General description

The modulesof the FFD arrays ar€herenkov detectorfor high-energy pbtons and
charged particlesThe FFD module must be compact with cross section clodd@®-PMT
size to reduce dead spaceFFD array. The FFD modules must providbee required time
resolutiontho O50 psandproduce signalfor the vertex and_0 trigger electronics. Also, the
detector modies musbperate itheMP D6 s mag wiéhBE@S5T. i el d
The modul -eellteasignand thd maid elements are

10-mm lead plat¢~2Xo) of high-energy photon converter,
Cherenkov radiatdr 4 quartz bars,2 I 28 3kacil 5 mm
photodetectoMCP-PMT XP85012/A%Q (S),

frontend electronics board (FEE),

= =4 4 4 -2

module housing with connectors.

4.2. Module design

A module scheme is shown inFigl4aT he modul e si ze 3ithe m&s$

is ~1.5 kg. The quartz raator with cross e ¢ t i o n nurf giveés@he dccupabicy of 72%.

The module elements are shown in Fi®.4

MCRPMT

HV div. XP85012/A
R 4 quartz barf radiator

HV connector .
Alhousing

AN

Optical fiber input

SMA connectors

HDMI connector
& cable

Pb 10 mm plate

FEE board Black rubber

Fig. 41. A scheme of the FFD module
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Since 2010 several versions of module prototype were designed, produced, and tested with
a lasser LED, a deuteron beam of Nuclotron, and cosmic rays. Several module prototypes were
produced and tested in 20042016, one unit is shown in Fig-& The finalproduction of 40
units of the FFD mades will be made in th20187 2019period

Fig. 4-2. A photo of some elements of the FFD module: the plastic box, the FFE plate with HV
divider, the MCPPMT, the quartz radiator, the plastic frame of theiator.

0o N oo 0o A W NP

Fig. 4-3. Prototype ofFFD module:1 i theleadplate 2 i the quartzbars 317 MCP-PMT
XP85012/A1 41 theFEE board571 themodulehousing 61 theHV connectoy 71 the SMA
outputs of analog signal8i theHDMI cable (LVDS signals + LV for FEE)
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4.3. Photodetector

The appearance &lanacori13, 14] provoked a wide developmentadvanced detectors
with picasecond time resolutiofor present and future experimengsg.BaBar [15], ATLAS
[16], Belle [17],LHCDb [18], and PANDA [19. Thisdevice shown in Fig. 44, is sensitive to
visible and ultraviolet lightlt hasarectangulashapewitha p h ot o c a t58mndteat o f 5
occupies 81% of the front surfacthisis very important for fast Cherenkov detectors with
dense packing of PMTs into a largeale detectaarray

Carelul experimental tests with pisecond lasers, relaistic beams of singleharged
particles, ad in magnetic fields with ramping up from zero to 1.5 T were carried out by different
groups with aim to study the most critical characteristics of the IARIFs for developing
new gaeration of detectors with gasecond time resolutiofL7, 19, 20, 21].These studies
showed the following: (i) signals from anode pixels are characterized by a fairly flat response
with variation factor of 1.5 and rather low cross talk, (ii) the single photon time resolution does
not depend on the magnetic field, (iii) PlanacXP85012 has stable operation up to single
photon rates of ~1 MHz/chat gain 16, (iv) the lifetime depends on the integrated anode
charge.

Fig. 4-4. A view of MCP-PMT XP85012/A1(Photonis).

Main charateristics ofXP85012A1-Q are listechelow

A Planacon size: 59593 24.5 mni
A Photocathode of 5853 mnt occupies 81% of front surface
A 2- mm quartz input window
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A Sensitive in visible and ultraviolet region

A 838 multianode topology

A Chevron assembly of tWdCPs

A MCP pore size: 25nmm

A HVmax: - 2000 V

A Typical gain factor: S1®10°
A Rise time: 0.6 ns
A Transit time sprad, sts: ~ 37 ps
A Low noise, dark current: 1 33nA (typical)
A High immunity to magnetic field

A Mass: 128 g

The tests carried out ke DIRC group fromthe PANDA experimet at FAIR showed
that the gain of XP85012 decreases onlabgctor of10%with increasing anode charge up to
100 mC/cm (moreover gxperts of Photonis inform that lifetime of Planad®&vices has been
recently much increasgdrhis leads tathe concluson thatthe FFD modulebased on MCP
PMTsXP85012 will operate without significaohange of characteristics during about 10 years
of beam time. This estimation is based on the beamitcamziplannedor MPD/NICA, results
of our simulation, and low gairgime of the MCHPMT operation.

Operation of Planacon at low gain demonstrates good time resolution and gives some
advantages. It is better for aging and rate issiéso, by loweringthe gain the detector
becomes sensitive only to relativistic chargeatticles traveling througlthe Cherenkov
radiator It does not see thieackground with a few photoelectoh r o 4nays.cAdditional
amplificationis provided by fast froréndelectroncs (FEE).

The sudy of results obtained with various photaaors in other laboratories [Pi@d us
to the conclusion that MGPMT Planacon XP85012/A®@ is the best solution foour
application and it covers all requirementstie photodetector of FFDadule.

The high immunity tomagnetic field of thelCP-PMTs isa crucial factorin our case
because the FFD will function the strong magnetic field of the MPD wit=0.5T.

The quantumefficiency of XP85012/A1Q is shown in Fig. 4 and adewvce drawing is
shown in Fig. 46.

The list of MCRPMTSs purchased for FFD isshowninTablée4 The types wit
RSO mean the Planacons wi t h thdow:fQé quarta and $nat er
i sapphire. Both types have good transparenceMnregion but the photodetectors with
sapphire window have better protection of MEMT vacuum against helium.
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Table 41. Status of purchase MCP-PMTs

# Type Date Units Comments
1 XP85012/A1 03.2010 2 used in the firstests

2 XP85012/A1Q 09.2012 6 used for tests with prototypés reservé
3 XP85012/A1Q 09.2013 20 used inmodules of théFDe sub-detector

4  XP85012/A1S 10.2015 1 used for testéin reservég
5 XP85012/A1S 08.2016 20 used in modules of tHeFDy sub-detector

4.4. Lead converter

The photons are detected in the FFD module via conversion to electrons in #atead p
placed in front of the quartz radiator. The efficiency of photon registration depends on the
converter thickness arnte photon energyThe efficiency of photon detectidoy FFD module
was studied with MC simulation for different thickness of the le@d/erter in photon energy
interval covered by the energy spectrum of photons produced in Au elisions and shown
in Fig. 1:6. The converter thickness was varied fron®@ 20 mm. The obtain results are shown

in Fig. 4-7 for two thresholds of 500 arid00 Cherenkov photons in quartz bar.
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Fig. 4-7. The efficiency of photon detection as a function of the photon energy for six
different thicknesses of the lead converter from 3 to 20 tinenleft figurei thethresholdof
500 Cherenkov photons, thght figurei thethresholdof 1000 Cherenkov photons

Finally,a 106 mm lead convertervas chosenlt provideshigh detection efficiency both in

the range of maximum of the photon spectrum and for higihergies of photons
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4.5. Radator

In accordance witthe2 T celstructure of FFD module, tmadiator consistsfa set of
four quartzbars.The radiator has to be thignough to get &arge number of photoelectrons
Npe from thephotocathode. The measurements performed by seyrergds[20] show thathe
time resolution degrades very rapidlyNgsgoes down for shorter radiator length and one needs
at leasta 10- mm thick radiator plua 2- mm thick window, oiNpye ~ 30 photoelectrons, to get
good time resolution at low gain.

We chooseaa 15- mm thiknessfor the quartz bar aa compromise value becausether
increasingof the thicknesgives worse time resolution due tige larger time dispersion of
Cherenkov photon arrival aine MCP-PMT photocathod¢20]. The 160 quartz radiator bars
281 281 15mm® with polished surfaces and thin aluminum laf@rphoton reflectioron the
side surfaces were produced from high quality optigahrtzKU-1 by i F | @doQo. St.
Petersburg.

Silicon oil from Dow Corning Co. with high transmittance for UV photonsised as
optical grease betweehequartz bars anthe quartz window of XP85012/AD.

A high-energy photorcanproducerom one toseveral energetic electronstive leadplate.
Some of heseelectrons pass throughe quartzradator and generate a laghumber of
Cherenkov photons’he Cherenkov photon multiplicityas studied with MC simulation for
different energies of incoming photons 50, 100, 200, and 500, Me\resultsare shownn
Fig. 4-8.

The first peak at ~1850 Cherenkov photons correspangsgle electron escaping the
lead converter and passing through the quartz radiator. The distribution depends on a photon
energy and for 500MeV photons the maximum number of Cerenkov photons resz®@00.
Thus, the dynamical range tbfe pulse heighgererated by photonis equal to ~ 10.

The time resolution improves with the number of photoelectrons produced by Cherenkov
photons in MCFPMT photocathode. The aim is to increase this number as asupbssible.
The rumber of Cherenkov photons producedairadiator with length. by charged particle

with Z =1 andb = 1is calculated by formula

1.1

nz(/))Fd/

I
Nph =2p dlﬁl-

/1
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The estimation olNpn in the UV region and the region of XP85012/@1sensitivity is given in
Table 42 together with the phogtectran numbeMpe

Events
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Fig. 48. The simulated distributions of Cherenkov photon number for different energies of
incoming photons 50, 100, 200, and 500 MeV.

Table 42. The estimation ofNph and Npe for UV region and a region aKP85012/A1Q

sensitivity.
Number 170<a< 270nm 170<a< 670nm
Nph, photons 979 1909
Npe , photoelectrong 147 278

It is clearly seen that the contribution of UV regitmnCherenkov detector response is
~50%.
In a real detectosome fraction of th€herenkov photons is loand thisleadsto some

decrease ahe number of photoelectrons.
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4.6. Frontend electronics

In accordance with thEFD designthe MCRPMT XP85012/Aloutput of64 arode pads
is transformed into 4- channel photodetector loyergindl 6 p a d snto @ dinglichadngl.
The common MCP output is usddr control of the FFD operation Thus, the fronend
electronics board (FEE) has1 independent channelsroducing analog antbw-voltage
differential signaling(LVDS) pulses.The LVDS pulses of allchannels arded to the sub
detectorelectronicsunit (SDU) and after splittingone branch is transferred TDC72VHL
modules of readd electronicsand other is processed in correspondence with an interaction
trigger logic. The analogpulsesare fed tadigitizers CEAN ma. N6742 foradjusting of FEE
characteristics and HV values and éontrol ofthedetector operatian

A functional scheme of a singi=E channel is given iRig.4-9. The mairelements are a
low-noise input amplifiewvith BFR93A transistora pulse shapeninimizing signal to noise
ratio, a RC chain filtering signal frequencyfaast amplifier of ~40 dB gaiwith MAR-8 chip
of DCi 8GHz bandwidth, and LMH7220 discriminator (IGHz, Low Distortion Operational
Amp).

The length of the LVDS pulses deperaisthe pulse height of the MEPMT signal.
The pulses with maximal width correspond to signals with the largest amplitudes. The FFD
modules operate at MGPMT gain of ~18 and FEE amplifier gain of ~380. The analog

pulse rise time is ~1.3 ns and the LVPdse widths of accepted signals are al®wus.

quartz Analog output

4x4 pads
! BFRO3A dF/d MAR- s> LMH7220 ——=" LVDS output
i T VA B R e
I
| VT
| Low noise input Amplifier Discriminator
: and shaper
MCP-PMT

Fig. 4-9. A functional scheme of a singi=E channel.

35



5. Test measuremendsd results

5.1. Generatlescription

Many differenttests withFFD module prototypesvere carried outvith a laserLED,
cosmic muonsadeuteron beam of Nuclotrpand ina magnetic field The goal of the tests is
to study thanodule characteristics and module performance. The items of this study are

1 Optimal gperation regimeHV andFEE gain)

9 Detector response

1 Timeresolution of FFDmodules

1 Time resolution of FFD RPC (TOF detectoy)

1 Influence of cable and electronics chamtime resolution,

1 Detector performance imagnetic field

Two different methods of readout weused in the test measurements: Elpluation
Board DRS4digitizer [22] or CAEN mod.N6742igitizer based on DRS4 chignd (2)time-
to-digital converter§ DC32VL orTDC72/VHL, VME modules produced in LHEPINR [23].

In 20147 2015period,main experimental results were obtained with readout elecsron
E. B.DRS4 V4digitizerand TDC32VL. Since 2016 novel modules of readout edadds, E.

B. DRS4 V5digitizer, CAEN digitizerand TDC7%/HL are used in our tests in laboratory and
with beams of NuclotronContribution of these readout electronics e time resolution
measuredwith FFD moduleprototypeswas estimated as

~3.5ps fortheE. B.DRS4 V5,

~14 ps fortheE. B.DRS4 V4 (it depends on delaged),

~15 ps forthe CAEN digitizer,

~20 ps forthe TDC32VL and TDC7¥HL.

The TDC72VHL modues will be used aseadout electronics for the TOF detector and
FFD in the MPD experiment.

Two special rooms in BIRO1 LHEP were rebuilt and equipped for detector production
and experimental testExperimental studies with deuteron beams of Nuclowere carried

outat beam channels of MPf@st area and BM@N area.
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5.2. Tests in laboratory

The test measurements in laborgtwere carried out with LED pulses and cosmic rays.
A view of the experimental stand with tested FFD modules is shown in BigMajority of
the tests wer perbrmed with the E. BDRS4digitizers Forthe E. B.DRS4 V5digitizer the
time resolutiordependence on the delay between pulses was studied with a generator, a laser
LED, and variable cable delsyThe result is shown in Fi§-2. The obtained time resolution

of 31 4 ps is negligible with respect to the expected time resalatié-FD modules.

v ] -Q
- ?,:W;‘ 5 ' B

: 7 7 !
S | ;

Fig. 51. Test of FFD modules in experimental room.

The time resolution of FFD modules was measured with two module prototyipaad
D2 using analog and LVDS pulseBor this purposeshot light pulses were produckd a fast
LED into a bundle ofl- m optical fibers used for light transport to the detectors. A separate
measurement was made to study the influence of cable lengdlie esolution. The obtained
results are shown in Fig-3%as a function of the pulse height. In bo#ises, analog and LVDS
pulses, the time resolution ofsangle detector becomes better tlhaguired50 ps when the
pulse height exceeds 15@®00 mV dw to better statistics of photoelectrohke measurement
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with the LVDS pulses gave a bit worse resnlcomparison with the result obtained with the

analog pulses. No influence of cable length on the result was found.

10 ———— 7

0 5 10 15 20 25 30
Delay, ns

Fig. 5-2. Time resolution ofhe E. B.DRS4 \5 digitizer as a function of delay.
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@® D1-D2 (analog)
1201 O D1-D2(LVDS)
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- == = Single detector (LVDS)
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Fig. 5-3. Time resolution measured with LEEDd module prototypes D1 and D2.

5.3. Beam tests

A study of detector module performance was carrieduitht external beam of deuterons
of the Nuclotron at LHB/JINR. Theenergy of deuterons was 3&eV in measurements at
AMP-Dest 0O

beam channel and 3.5
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The number of Cherenkov photomsoduced inour detector bya high-energy deuteron
corresponds to a response for a reldiwisingle charged particle such as protorelectron.
The result ofMC simulationfor 3- GeV protonsis shown in Fig. 8. The maximum of
distribution corresponds to ~1860 Cherenkov photons and it corresponds to the first peak in
Fig. 4-8 showng the puse height distribution for detected photamgerms of the number of
Cherenkov photonsThe deltaelectrons give an additional contribution and increase the

response.

proton 3GeV proton 3 GeV +3 electrons

h

Events
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1400 1600 1800 2000 2200 2400 2600 2800
optPhotons

Fig. 54. The pulse height distribution for- ZeV protons in terms of Cherenkov pbios
produced in the quartz radiator.

In studies at MPBest beam linehe beam intensity was varied front°16 13 deuterons
per 2 s spill. A photo and a scheme of the experal setup at the beam line are shown in
Fig. 55 andFig. 5-6, respectiely.

Two pairs of detector modules were installed along the beam axis. The modules did not
contain the lead converters. The first pair of modules D1 and D2 were placed behinst the fir
MWPC, the second pair D3 and D4t a distance of 2.7 m behind thefipair. RPC prototypes
of the TOF detector were located in the middle of the experimental setup. The distance between

modules in the pairs was ~22 cm.
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Fig.55.Thel ayout of F FDM tagetheruvitheother @efectdss trebeam line
of MPD-test area.

MWPC1 RPCs MWPC2

Sl DI D2 D3 D4 52

Beam

LVDS signals + LV Analog.

{HDMI cables) signals
Ll | |TDC32VL IDRS4 V4 IDRS4 v4| HV
—_: power supply
i VME
o crate
LV control HV control

I

to Computer

Fig. 5-6. A block-diagramscheme of the experimental setup for study of detector modules:
S1, SZi the scintillation counters, MWPC1, MWPQG2he multiwire proportional chambers,

D1 Dai the tested detector modules, RRGke resstive plate chambers of TOF detector.
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Two scintillation counter§1 and S2vere used for trigger pulse production for each beam
particle passing through the experinardarea. The information from MWPCs was used for
track reconstruction.

The LVDS signad f r o m mo Ddwere fed ViaIHDNMI cables to a special board
whoseaimwas (i) production and control of lovoltages for FEEand (ii) transport the LVDS
signals to inputs ch VME module TDC32VL.The analog pulses were fed from the modules
to twoE. B. DRS4 V4digitizers

Thus, two different readout methods were applied in the-tifi¥feght measurementt
estimate théime resolution of the Cherenkov detector. In the first approach, used alséee for
TOF RPC detectors, the LVDS sigeatere fedda TDC32VL modules. The length of LVDS
pulses gives information about thelse heighthat isused forthe slewing effectorrectian in
off-line analyses. The second method wagtizing the analog pulses. The rise time of the
pulses after FEES ~1.3 nsand itcorresponds to sittme bins onhe front slope of the pulses.
Thisis enough for a good interpolation and findtagosition by off-line analyss.

In the measurements with. B. DRS4 V4 digitizer we studied (i) the form ofletector
pulses, (i) tle pulse height distribution for beam patrticles hitting the back surface of module,
(iii) the cross talk, and (iv) the time resotutiof single detector channel.

Typical responsesfo t h e d e tD4aretslowrsifriddo37 fod 10 events induced by
3.5 GeV deuterons. Here the deuteron tracks pabsedghthe central area of quartz radiators.
The rotati on ¢édstd detreasirtg the pulbeyhein 8 fackor of-3.

Thus,in areal experimenbackground particles will mostly give mustaller responses which
can be rejected by a discriminator.

The measurements showeedegligible contribution afross talkbetween module channels

to the detector response

Resuls of the TOF measurements with two pairs of FFD modules is shiowrig. 5-8.
A linear fit of the pulse frontwas used foto finding. The obtained TOF peaks are well
approximated by a Gaussian distributon with 3 3. 5 ps.

The uncertainty of the beam velocity gave only a few picosecond spread that is negligible
contribution.Taking into accounthe time jitterof E. B. DRS4digitizer, onecan estimate the

time resolution ofFFD moduleitselfmesd 2 1. 5 ps.
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Fig. 57. Analog signalsof FFD modules for

digitizer.
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Fig. 5-8. TOF measurements with two pairs of FRiddules and E. B. DRS4 V4digitizer
(run 2014): DI D2 (left) and D3 D4 (right).
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Next test vas made with pair of modules CD1 and CDZlebeam line of BM@N setup
whereTOF measurements with 3.&eV/n deuterons and CAEN mod.N67d@jitizer were
carried out. Th results are shown in Fig-:% The data were obtained fthre four individual
channés of the modules. The time resolutionas$ingle detector channel with electronics is
Urrp = 330 36 ps that is worse thahe results earlier obtained wikh B. DRS4 V4digitizer

but it also satisfiethe requirement.
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Fig. 59. The TOF peakshtained with pair of modules CD1 and CD2 ahe CAEN

digitizerin measurement with 3.%eV/n deuteron beam.

A more careful study of th@etector characteristics and how they deperiti@hit position
in the quartz radiator was carried omta specialrun on the beam line of the MPRest area
with abeam of deuteron®etectorsvere equippeavith quartz radiat@591 59 mn¥ (4 units
of 29.51 29.5 mnt quartz bar) which arequal tothefull size of XP85012 The LVDS pulses
were fed tofrDC32VL. Two MWPCwere usedor finding track position of each beam particle
ontheradiatos of tested moduke The tracking allowed the study of detector pulses and time
resolution for selected virtual cellsi t h s i z e & Aschiemelothéquartz bér layomt
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with a setof 41 4 virtual cells used for detector response analyss shown inFig. 5-10.
The distributions of LVDS pulse length obtained for the different virtual catls shown in
Fig. 5-11 The TOF peakshown in Fig. 512 wereobtainedas atime interva between pulses

in the same cellsf the detectors.

XP85012/A-Q

Photocathode

il
|
I
[
a}

Quartz bar
29.529.5 mm

Fig.5-10. A scheme of 29.5 29.5 mnt quartz bar layout with a set ofi 44 virtual cells.
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Fig.5-12. TOF peaks obtained with two detectors for different virtual cells.

The results of the test measurements show a degradation of pulse height (pulse length) and
corresponding time resolution in the virtual cells placed atbagerimeter of XP85012. The
reason of this effect is decreasing of the number of photoelectroespionses of cells located
close to the edge of radiator because these cells lay over the dead area-BMNIGIAd
photocathode efficiency decreases oviperimeter. The sigma of TOF peak changes from
~50 ps to ~80 ps in the righdbwn corner that corsponds to ~35 and ~57 ps for the single
channelof FFD module

Taking into account the results of the test measurements, the final size of the qsartz bar
of 281 281 15 mn? was chosen. It provides the requitede resolution with large active area
of FFD module.

5.4.Testswith realistic chain of cables and electronics

Before we discuss the results obtained in test measurements with FFD modulgesototy
where the analog and LVDS pulses from FEE were dyréetl to different readout electronics
by means of rathreshot cables with length froa to 5 m. In this section we describe the
experimental studywith a realistic chain of cables and electroniegpested in the MPD

experiment
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The experimental setupvith two modules of FFD on MPiest beam line is shown in
Fig. 513. The measurement was made with deuteron beam in Dec. 2016. The LVDS pulses of
detector modules, on a way to TDC72VHL (DAQ), pass rmOHDMI cables, suinletector
electronics unit, and-5m Molex cable. This scheme reproduces real scenario of transport of
FFD signals in MPD. The obtained time resolutioh the TOF peak shown in Fig-B! is
62.5 ps which corresponds to-4% resoluon for single individual channel of FFDhis result
IS close to the value obtained with short cables shown in Fig. 9hus, n@ssentiainfluence

of cable length and detector electronics on the time resolution was found.

Fig. 5-13. The experimentasetup with two modules of FFD on MP®st beam line.
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Fig. 514. The time resolution of the TOF peak obtained with two FFD modules and realistic
chain of cables and electronics.

46



Thus, the results of experimental studies with Ff@totypes lead us the conclusion

1 the contribution of individual channel of FFD module itself to the time resolution of
start signal iflmodd 21.5 ps,

1 the measurements with shoables and different readout electronics gave
Urro & 24 pswith E. B. DRS4digitizer, 34 ps withCAEN mod.N6742igitizer,
a n d44 @ with TDC72VHL used in MPD DAQ,

9 the time resolution of individual channel of FFD module with cables and electronics
used i neddRDps angd itis better than 50 ps regdir

Some results obtained in he test measurementsave been reported and published
elsewhere if24 1 30].

5.5. Tests in magnetic field

Operation of FFD modules inagnetic field was studied with tiEM@N magnet. The
modules werglaced insidehe BM@N magnebne opposite¢o theother dong thefield axis
reproducing the FFD locatian the MPD. The tests were donith light pulses ofaserLED
andE. B. DRS4 V5digitizer was usedor readout Typical shapes ahe pulses withouaaind
with magnetic fieldf 0.5 T are shown in Fig-55.
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Fig. 515. Typical pulse shapes of FFD modules without and with magnetic field of 0.5 T.

Some delay of electron transport through MEMTs of the detectoravas observed. It
increases with magnetic field but the result does not depetite detectororientaton (on or
oppositethefield axis) because bothe detectors showed the same temeas it is shown in

Fig. 516 (a). As a resultthe time interval between Dhd D2 pulses does not dependtbe
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magnetic field ashown in Fig. 516 (b). This meansthat the MPD magnetic field doest
affectthetime (vertex)measured between pulsestoé FFD suldetectors

The time resolutiomn a magnetic fieldof B = 0.5 Twas estimated iTOF measurement
with two detector®1 and D2 The measurement shedthat the resustlightly improves with
the high voltage of MCAPMTs. For asingle detector the time resolutidsd ~ 406 50 psfor

individual channed.
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Fig. 516. The detector pulse delaffeft) andthe time interval between D1 and D2 pulses

(right) as a function of magnetic fielsl

The detector showed good performance in our tests with magnetic fietdBup 0.9 T.
But for operation in so high field MGPMT requiresadditional ~100 V of HV magnitude.

5.6. Special stand for testgith cosmicmuons

A special standvas created in the laboratofgr final test measurements of the FFD
modular arrays with all ettronics, cables, arte control detector systeshown in Fig. 2.4.
Aim of the stand is study of FFD performanegljustmentof electronics and sufystems,
development oélgorithms of cabration, monitoring, and analysik the measurementthe
cosmc muons induce the pulses in FFD modules and simultaneously in strips of four
scintillation planesused for generation d trigger pulse and information about the muon
trajectories. A scheen of the stand is shown in Fig-15. Each scintillation plane Ilsa
dimensions 5501 1 cn? and consists of 10 strips with width of 5 cm. Crossing of the strips
of X- and Y- planes on the top and bottom of the stand provides information about dirdction o

incoming cosmic muong.he scintillation light in the strips etected with two SiPMs 6 6
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mm? (Micro FG-60035SMTf r om Sens | ) pl ac &he puses are summesl t r i |
and fed to input of FEE amplifieProduction of the scintillation planesshown in Fig. 5L8.

The 10 cm lead layer deletes the soft qgoonent of the muons
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Fig. 517.A scheme of the starfdr tests with cosmic muons.

Fig. 5-18. Production of the scintillation planes
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6. The FFDelectronics

6.1. General description

The electronicsof FFD pulses processiragpnsists of threeelatively independent parts
Eastand Wesbranctes ofSubDetector electronics Urat(SDU),a Vertex Unit (VU) and LO
trigger module, and readout electronics of MPD DAQ (main) and FFD DAQ (Id¢ed)FFD
electronics is located in a special rack out#ideMPD magnet. The length of cables from FFD
array to the electronics is approximgtef 8 m.

The SDU consists o& farrout of LVDS and analog pulsesming fromoutputs of FFD
modulesa counter of the number of fired channels of FFDdetector 20 dscriminators with
high threshold adjusted by tii¥etector Control System (DCSinda pulse processing logic
generating a pulse for the VU.

The LO trigger pulse is generated only if required conditions are met: time interval between
subdetector pulses dand My is into a selected interyahe numbeof fired channels ifFFD
arrays exceeds a threshold settled, a NICA pulse is in coincidence with the FFD pulse.

A functionalscheme of the FFBlectronics is shown in Fig-B.

MPD DAQ

TDC72VHL

NICA pulse

FFDg electronics crate

Sub-Detector Unit FFDg : ;TE :
pulse : Vertex Unit|— 10 trigger ——>L1 trigger
LVDS Pulse | }TW :
30 oh 0 Fanout [ processing Multiplicity| @ ; 3
FFDg ¢ : of channels [ Hovtvtvamonanon vy | —
: | :
20 modules ? LV power : Nech
g 1 Multiplexer Multiplicity] Ninod
supply of modules| -
5 e
O I Nom
80 ch
Analog sgses
multiplexer Digitizers
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Fig. 6-1. A functionalschemeof the FFDelectronics
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6.2.Sub-Detector Electronics Unit

The SDU has a modular structure, it contains a set of modules placed in a VME crate
having a custom baglain see fig. . The SDU is able to handle up to 24 FEE boards. The
set of modies includes a LV power supply Module (LVM), a Signal Processing Modu
(SPM), a Central Processing Module (CPM) and an Interface Module (IM).

To provide fast FPGA configuration file downloading each module containing FPGA is
equipped with the FPGA Configation Loading Module (CLM) connected directly to a serial

link interface.

High speed FPGA downloading
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S483
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Fig. 6-:2. A blockdiagram of the SDU.

The backplane contains a parallel bus to contromaltiules located in the SDU crate
usingfull-duplex multidrop RS485 serial line and intBrodule connections for fast signals

and LV power lines between LVM and SPM.
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The LVM provides power for 6 FEE boards and contains 6 groupsnafependentV
power sipply channels.
All output power lines g through a backlane to the corresponding SPM and then go to

HDMI connector, see fig.-8.
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channel® out 1:2
individual

Signals to DAQ —

Fig. 6-3. A blockdiagram connection of LVM and SPM

Each LV powerchannelis monitoredand controlled with high gcision andcould be
switched On or Off independently. The Power supply module uses MCU STM32F103 to
control LV channels.

Thepower supply unitechnical specifications are as follows:

1 the negative voltagehannel provides current up to 100 mA@&aB V,

i two positive channels provide current up to 150 mA in a voltage range from 4.0 V
to 8.0 V and could be adjusted with-+V step,

1 the voltage setting is done by-bt DACs and reading back of values of it
voltages and currents are performed bybifADCs

The control of LVM MCU and reading back of actual voltage and current values is done
via backplane RS485 serial link.
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The SPM receives LVDS signals from up to 6 FEE boards and sends to the Central
processing module a number of lighted FFD celivitthal signals and a number of lighted
FFD modules strobed by the first received pulse with some delay.

The HDMI standard connector has been chosen as a low cost high quality standard
industrial solution fosignal and power distribution.

The simplifieddiagram of a SPM is shown in fig-%6
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Fig. 64. A simplified blockdiagram of SPM.

SPM has @ (plus4 in reservelhannels and each of them contains following elements:

1 afanrout 1:2with Micrel chip SY58608U with jitter < 1 ps.

1 A precise adjustable delay atign delays in all inputs. The delay value could be
set with accuracy 10 picosecondsabpCS. The delay control board is built as a
mezzanine card and contains delays for 4nokds and one microcontroller
STM32F103 communicating to DCS by a serial link. The SPM contains 6 delay
control boards.

1 The pulse width discriminator (PWD) is incorpted in the SPM FPGA. The
PWD allows to reject signals with low amplitude and therefaxertg short signal.

This PWD could be adjusted with ~0.7 ns step by the DCS using the serial link.
We expect that & ns rejection time could be good enough to swgspsnall
amplitude pulses.

1 Summing unit is used to calculate the multiplicity of signalsndividual FEE
channels and in FFD modules. The output of this unit is latched by the delayed

and shaped fastest input signal generated by ORing of all inputdodivcell
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signals. The values of multiplicities are transmitisdBbit parallel code togther
with the strobeao the SDU Central Processing Module via bptdne.

1 Counters are used for FEE monitoring and for the FEE signals alignment. The
counters are reout from FPGA by the serial link.

1 All communications between SPM sufibdules like delayoard or a signal
processing FPGA and the FFD DCS is performed by the RS485 serial link via the

crate baclplane.

The SPMis connected td DC modulesvia cable with Molex 761050585connectos.

All key points of theSPM FPGA are connected to the outputtiplexers inside the FPGA
The output pulseare fedvia SMA connectorgo coaxial cablesransferring the pulses @
scope or CAEN digitizex This feature is used for the SPM operation monitoring and for the
input signal alignment during the FFD adjuent. Multiplexers are controlled by the back
plane serial link.

The CPM collects information from all SPMs of SDU and sends sum number of allilighte
subdetector FFD cells and modules to the Vertex processor and to the LO Trigger processor
via a cable wth Molex 761050585connector. The same module is connected to a TDC.

In addition, this module builds multiplicity distribution histograms for SP&tlnles and
counts SPMs strobe signals.

The CPM is also controlled by the via bgakne RS485 serial link.

The Interface Module is used to provide communication between SDU modules and a
DCS computer. We plan to use mudtiop RS485 fullduplexserial line with moderate speed
of 115200 Bauds. IM has RJ45 connector at the front panel for this link and iniscted to
the serial interface with a standard network paiotd cable.

The IM is able to communicate with DAQ system via optical linketteive commands
and reporting its status to DAQ.

In addition, the IM should monitor the crate LV power voltagebattate baclplane.

The CLM is used to download FPGA configuration "in the flight". Since the SDU is
located in a restricted access altea special attention has been applied to provide fast FPGA
configuration downloading.

The CLM is built as a mezzare board with JTAG interface connected to FPGA and
RS422/RS485 serial link connected to the DCS computer. The board contains-a high
performance microcontroller STM32F405 and a mi&D card which is used as a local FPGA

configuration library, see fig.-B.
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Fig. 65. A simplified blockdiagram of CLM.

The micreSD card contains FAT32 file system and the content and a structure of a file
system could be browsed by the CLM server at DCS computer. TMes€lver is also able to
download FPGA configuration files to SD. We plan to 1ss# format for FPGA cofiguration
files.

The set of CLMs allows parallel downloading of configuration files to local CLM libraries
or directly to FPGA and gives a possibilgtart parallel configuration downloading from local
CLM libraries to corresponding FPGAs by one broaticammand.

To improve configuration loading speed the RS422/RS485 link baud rate is set to
921.6KBaud.

CLMs are able to run being connected in a daisgin or having individual lines to a
serial interface. Switching of connection mode is done $yiech at the CLM board.

As a Serial Line Server tfHdOXA NPort 565016 module is used. It has 16 selectable
RS232, RS485 or RS422 ports and the Ethernetemtion to the host computer.

The FFD sukdetector also contains Analog Multiplexer Modules (AMMs)mMonitor
individual FFD module channel signals. AMMs are built as NIM module and they are located
in the NIM crate. Each AMM has 20 input and 5 output SédAnectors at the front panel. The
inputs are connected to individual analog channels and outpuectrs are connected to
CAEN digitizer inputs. To transmit selected input to outputta-2 analog multiplexer chip

with low open channel resistance igds
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AMM is controlled by a STM32F103 microcontroller. All AMMs are joined together in
a daisy chai with multidrop RS485 serial link connected to the Serial Line Server. The serial
line is done using couple of RJ45 connectors situated at the AMM baek gae AMM
number is selected by a switch at the AMM's front panel. The baud rate is set to BA&GA00

All AMM interconnections are done using a standard network padoth

6.3. Vertex electronics

The FFD is the main detector providing fast identifioaatd nucleus nucleus collisions
in center of the MPD setup by fast vertex analysisigiials generated by the SDUs of EFD
and FFDQy. Sincethe beams crossing occurs every Agbthe time needed for vertex analysis
and generation of pulse fab triggerelectronics must be less thab r7s.

The Vertex Unit (W) uses preprocessed data cogriitom the both SDUESDUg, SDUw).

The VU consists of a Vertex Unit Module (VUM) and an Interface Module located in a
VME crate with a custom backplane. During futueselopment the VU could obtain additional
modules places in the VU crate.

TheVUM performsthefollowing jobs:

1 TheVertex processing

1 The generation of pulse for LO trigger ussignalsfrom theSDUs andSDUw,

1 The control and monitoring of the PiLas pieoend &sercalibration system,

1 The acumulation of thetrigger monitoring information like trigger counts and
multiplicity histograms whiclis sent to the VU server running at the DCS PRBEy22
serial link

To provide connection between VU and other MBY&tems the/UM has a set of
mezzanine cards providing connectors at the frodtack planes.

The set of VU mezzanine cards includes

1 50OhmTTL i LVDS converter cards

1 LVDS buffers.

1 50-Ohm TTL out board

1 Ethernet interface board

1 Optical link board

A block diagram othe VU is shown in Fig. 6.
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Fig. 6-6. A Block-diagram of the VUM.

Preprocessed common signal from each SDU passes programmable delay controlled by
DCS via FPGA. It has a programmable delay chip IC SY89296&84S296133 (the same
chip is used in SDU) which provides quite stable adjustable delay in a range from 3.2 to 1
ns with 10 ps step and a small time jitter.

The vertex processor is shown in FigZ.6The length of cable coming from the RBide
is as short as possikédad its signal arrives to VU before the signal of EBle. The pulse of
the right branch isised as the start signal for vertex coordinate processing and it generates the
"Vertex gate signal”. The arrival of the left branch signal during the "Vertexsigiial” means
that the interaction takes place inside an acceptable range in the centeD cfellip. The
geometrical boundaries of the acceptable interaction area are selected and tuned by the
adjustable delays of the first branch signal and gate length

The VU FPGAs are equipped with the CLM providing fast FPGA configuration loading.
CLM is comected to a Serial line server with RS422 high speed line.

The control of delay lines is done with STM32F103 MCU.
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Fig. 6-7. A Block-diagram of the veeix finding logic.

6.4. Readout electronics

The main readout electronics &FD and TOF detectors msed on TDC72VHL (25 ps
multi-hit time stamping TDC developed and produced in Laboratory of high energy physics,
JINR). Each FFD suletectorhas 80 LVDSihes plus 2 lines for calibration purpose and it
requires twahe TDC moduledixed in a nearesYME crate The LVDS pulses are faéad TDC
inputsusing cables Molex P/N 11102512xx with connecModex 761050585

The FFD localDAQ, which scheme is shown Fig. 68, is based on 5GS/s 16inputs
digitizers CAEN mod. N6742 shown in Fig. €9. Four theg modulesare required for
adjustment and control of the detector modules and electronics. For this ptirpesifferent
pulses of each FFD modudee £d to digitizer inputs: common analog pulse, common logical
pulse (NIM), and analog pulse from orfda@ur individual FEE channel3.he digitizer modules
are fixed in a NIM crate located in rack of stétector electronics.

The length okignal cables frm FFD modules to the readout electronics is 8 m.
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Fig. 6:8. A scheme of FFD local DAQ faontrol of FFD operation.

Fig. 6-9. A view of CAEN mod. N6742ligitizer.

7. High voltage power supply

To provide HV power to the MGPMTs of FFD modules high voltage system produced
by ISEG and WIENERcompanies (Germany) is usddconsists of three T@&hannel modules
with multiple floating ground and controller module from ISEG which are fixed in Mpod mini
cratefrom WIENER Photos of HV module aniipod mini cratewith two HV modules and

controller are shown in Fig-Z.
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Fig. 7-1. A view of thel6- channeHV module anHV cratewith 2 modules and controller

The HV module characteristics are

HV range up te3 kV,

Current upo 3 mA,

Low ripple and noise,

Voltage and current control per channel,

Hardware current and voltage limits per module,

= =4 -4 -4 - -2

Programmabile trip parameter,

T 24 bit ADC and 10 bit DAC.
Main featuref the Mpod mini crate with thimtegrated Mpod controller caate

1 19" x 5U mini bin with module cage for 4 HV modules, with birltow noise primary power
supply and supédblower ventilation fan,
MPQOD controller with Ethernet, USB and CANs interface,
4 slots for HV modules,
built in primary power supply (600Wlpw noise and ripple,
integrated cooling fan,
Mpod controller card wittEthernet 10/100, CANbus and USE interfaces, Interlock
connector, optional with ISEG CC24 controller (linux OS with iCS web service, EPIC's IOC,
OPC and SNMP).

The HV systems contolled bythe FFD [etectorControl System (DCS) described in
Chapter 8The central DCS will be allowed only to switch ON/OFF all chassietultaneously

and to select and download existing predefined HV configuration from the local repository. The

= =4 -4 -4 -

actualvalues of voltages, currents etc. will be published to central DCSrimvieg data from
low-level server.
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8. Detector control system

8.1.Gener&functions

The Detector Controlygtem (DCS) provides the control and monitoring of
the HV power supplieof MPGPMTS,

the LV power supplies for frondndelectronics,

theFFD module operatign

the SDUs and VUogic operation,

the laser calibration,

= =4 4 4 A -

the local DAQ for calibration and monitoring of the FFD.

8.2. Concept

Each subsystem has its own low levedver handling communication between a control
PCand a subsystem. The server also provides GUIs for subsystem state presentation and for
the expert level control and monitoring of subsystem.

The relevant server information is published by each serveslim@d memory as a text
having JSON structure.h€ information update is followed by triggering of "Named event".
This information is taken by a FFD DCS server and passed to the DCS tree of whole detector.
The general interest information archiving is\pded by the central DCS system. Servers also
coud provide archiving of private information to local files at the DCS PC.

Some fraction of the information could be published by a privatesgeker running at the
DCS PC.

The general FFD DCS scheme is shawFig. 81.

The FFD experts could have full control of all systems and MPD shifters should have
limited control on subsystems. Shifters will be able to switch On/Off channels and select and
download predefined configurations of subsystem parameters.

Cortigurations files are generated by experts using server GUIs. These files are stored as
local files and could be only reamlit by the MPD DCS server for publishing and archiving.

The subsystem DCS servers publish all relevant information for the FFD D@$ ard

receiwe limited set of commands from the FFD DCS server.
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Fig. 81. The diagram of the FFD DCS.
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8.3. Hectronicsand software

The DCS PC rung/indows as operation system. The servers are written using Delphi
and MS VS development platforms.

The prototype othe FFD DCS webserver has been developed and tested. To provide
data presentation inraattime mode we use AJAX technology. We expeett thur single
server will be able to provide connection to tens of http clients.

To provide a stable work of servers the "Watch Dog" Windows service program has
been developed. This service checks presefaé servers in a PC memory and if a server
process is missing then the service restarts the server.

The electronics of DCS has been described above.

A serial link (RS232, RS422 or RS485) or Ethefvesed TCP/IP protocd used as the
main communicatin protocol A WizNet W53)0 chip which has been ted witha prototype
boardis used as the TCP/IP node hardware

We got a communication speed up to 3.5 Mbytes/s at a-feptint connection.

Microcontrollers of STM32F and STMB8L families from ST Midextronicsare used as
the base microcontroller selfmade boards

8.4. Interaction with slow control system of MPD

The FFD DCS is a setfonsistent system and it will not have any internal partitioning.
It could be partitioned only at FFD/MPD intecta

The states of FFD FSM will follow standard MRBEheme. FFD DCS will publish some
fraction of internal information to MPD DCS and it will receive a limited set of commands
from MPD DCS including commands to switch On or Off power supply channels and
commands to download predefined named configuratioa sobsystem. Used channels of
FE, LV or HV should be defined inside the configuration file.

Shifters will have a possibility to switch off tripped channels and to suppress error

messages from blocked chreels to continue
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9. Calibration system

A special method for precision time calibration of FFD chanaal$monitoring the
detector operation is requireor this purposave develope@ system based on PiLas laser
with 30-ps pulse width and 405 m wavelength. The laser amgptical systenfocused the
laser beam on the end of a fiber bundiere produced and delivered Advanced Laser
Diode SystemgGermany). Main parts of the system are

1. the PiLas control unit,
2. the box with laser head and opticassm,
3. the quartz fiber bundles,
4. the referenc@hotaletector.
The optical system was specially designed for our application. By means of this system

the laser beam is input into quartz fibers with a low loss of the beam power and good
uniformity over the ibers. Total number of the fibers is 130 units. They are split in three
bundlestwo equal bundles with 60 fibers and length of 7.5 m and one short bundle with 10
fibers.The long bundles are coming to patch panels of the FFRistgdztors and then only
20fibers with minimal scattering of pulse amplitudes are used for transferring the laser pulses
to the subdetector modules by means of optical cablé® connectors at the ends of optical
cables are fixed ioenterof front surfaces of the module housir{gseFig. 41) andby this
waythe laser pulsesimultaneouslylluminate all four quartz bansith light spot of ~10 mm
in diameter. For this purpose, the lead converters have special hales in the Teafidrer
bundlesand optical cableweremanufaturedby CeramOpteco. using mulinode optical
fibers WF100/140/300N NA 0.22 The test carried out with 15n fiber andPiLas laser
showed that the width @lulseincreased from 4psto 90 ps FWHM) after passing the fiber.
The length of ouoptical linesis 18.5 m.
A photodetector MCAPMT PP0365G from Photonis is used as the reference detector.
The characteristics of thghotodetector are

1 MCP double, chevron, with-&m pore size

1 quartz window

1 photocathode diam.17.5 mm

9 rise time: 200 ps

fsesitivity in U3%Y ange, QE: a 25
ftypical g.ain: 7710

A view of these elements (besides the optical fiber bundles) is shdvig. By 1.
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A scheme of the calibration system is showikig. 9-2. The laser beam ifocused on
fused end of optical fibebundle which isplit intotwo branches transported the beam to the
quartz radiators of modules of both sigtectors FFPand FFLQy. Additionally, some short

fibers are usetbr reference detectors.

Reference
MCP-PMT

Fig. 91. A view of the PiLas control unit, the »oavith laser head and optical system, and
the photodetector MGPMT PP0365G.
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Fig. 9-2. A scheme of the calibration systemth PiLas laser.
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Distributiors of pulse amplitude ove80 fiber outputs in the West and East bundles as ratio
to the mean magtude are shown in Fig. 8. The measurement was made with a reference
detectorThe red and green lines mark 10 and 20 % dehents from the mean magnitudes. It

is clearly seen that 20 units with scattering within ~1i@%rval can be found for both &
bundles.

Fig. 9-3. Distributions of pulse amplitudeover fiber outputs in the West and East bundles as
ratio to the mea magnitude.

The module response with laser pulse was stUdieithree different cases:
A laser pulse in center of the firstaytz bar Q1,
A laser pulse in centers of two quartz bars Q1 and Q2,
A laser pulse in center of module (center corners of baiis@4).
All these cases are shown in Figd 9The distance from fiber end and the quartz radiator is 19
mm and total thickness otigrtz in front of the photocathode is 17 mm. The light spots on the
photocathode for these three cases are shown as bles euith radius of 6.7 mm that is close
to anode pad size of XP85012.
The pulse shapes measured withgtizer CAEN mod. N674are shown in Fig.%. For
the last case, the pulse was normalized on a pulse hEghfirst two measurements gave
equal pulse shapes, the third measurement gave similar rise tilhegpafse but a bit shorter
its width becausea pulse width inappliedFEE electronics increases wilpulse leight.

The time resolution obtained with Q1 and Q2 pulses was 40 ps (sigma) or 28 ps per
channel.

66



