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Two modular Cherenkov detectors FFD and TO are developed for MPD and BM@N projects at
LHEP, JINR for the study of Au+ Au collisions. The aim of the detectors is the production of a start
signal for a TOF detector and an effective LO trigger for the collisions. The detector module design,
characteristics, and results of tests with a deuteron beam are discussed. The time resolution of the
modules for a single high-energy photon or charged hadron is o ~ 21—31 ps and it depends on the
method and electronics used.

1B MomynbHbBIX YepeHKOBCKHX AeTekTop — FFD u TO — co3n totes misg npoekrosB MPD u BM@N
B JI®BD OUAM g uzydenus: Au+ Au-cronkHoBeHH. H 3H ueHHeM JeTeKTOpOB SBISIETCS MPOU3BOJI-
ctBO cT proBoro curd a1 it TOF-gerektop u agdextusnoro LO-tpurrep cromkHoBeHnid. O6Cyxnm -
I0TCSI KOHCTPYKLIMA, X P KTEPUCTUKH MOAYJIEH NIeTEeKTOP U pe3y/bT Thl UCIBIT HUI H IIy4Ke JeHTPOHOB.
BpemenHoe p 3perieHne Momyneil ISl BBICOKOSHEPTETHIECKUX OTMHOYHBIX (DOTOHOB HJIM 3 PSKEHHBIX
JIPOHOB COCT BJIIeT 0y ~ 21—31 1c ¥ 3 BUCUT OT UCIOJIB3YEMOIO METOA U BJIEKTPOHUKHU.

PACS: 29.40.Ka; 29.40.Gx
INTRODUCTION

The TOF measurement with picosecond time resolution and effective triggering nucleus—
nucleus collisions with minimal background production are important features of any experi-
ment in relativistic nuclear physics. Nowadays there are some experiments in operation and
planning at RHIC, LHC, and NICA (under construction) colliders and fixed target experi-
ments NA61 (SPS, CERN), HADES and CBM (SIS-100, GSI), BM@N (Nuclotron, JINR).
The detectors solving the tasks of picosecond start signal for TOF and triggering collision
events are an important part of these experimental setups.

'E-mail: yurevich@jinr.ru
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About ten years ago a new large-scale project was started at JINR with a goal to design and
create a world-class accelerator complex based on heavy-ion beams of booster, Nuclotron-M,
and the NICA collider [1]. Parallel with the project, two large-scale experimental setups
are prepared for studying nucleus—nucleus collisions, BM@N experiment with beams of
Nuclotron-M at a maximum energy of 4.5 GeV per nucleon, and MPD experiment with Au
beams of the NICA collider at 4 < 5}\7/12\7 < 11 GeV [2,3].

Responsibility of our group is also to start LO trigger detectors, a TO detector for BM@N,
and a Fast Forward Detector (FFD) for MPD. The concept of FFD and the first experience
obtained with a detector prototype were published in [4]. The concept is based on registra-
tion of Cherenkov radiation induced by high-energy photons from 7°-decays and relativistic
charged pions produced in Au+ Au collisions. This must provide as excellent timing as
effective selection of the collisions in a wide interval of impact parameter by LO trigger.

In this paper, we describe our experience in developing and testing the detector modules
for such detector arrays with picosecond time resolution.

1. MODULAR DETECTORS

The FFD and TO detectors are designed as multichannel arrays where the main element is
a detector module based on MCP-PMTs XP85012/A1-Q from Photonis. This device provides
ps-timing, operation in strong magnetic field, and design of detector arrays with a small dead

Characteristics of multichannel detector arrays

Ch . Experiment, detector
aracteristics MPD. FED | BM@N, T0

Number of detector arrays 2 1
Number of modules 12 x 2 12
Number of channels 48 x 2 48
Required time resolution, ps < 50 < 50
Min. bias triggering Yes Yes
Triggering central collisions Yes Yes
Operation in magnetic field B, T 0.5 0.5

Fig. 1. Detector arrays: a) the FFD for MPD setup; b) the TO detector for BM@N setup
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area. The main characteristics of the detectors are given in the Table. The drawings of the
FFD and TO arrays are shown in Fig. 1.

The position of two arrays of the FFD is 75 cm from interaction point in the center of the
MPD setup. These arrays cover a pseudorapidity range 2.3 < || < 3.1. The 12 modules of
the TO detector are located around the vacuum pipe with a target in the center. The distance
between the target position and the front surface of the modules is about 6 cm.

The detector performance was studied by MC simulation based on URQMD + GEANT?3
and QGSM + GEANT4 codes. The efficiency of triggering Au+ Au collisions in MPD and
BM@N experiments via registration of high-energy photons and charged particles by the
FFD and TO arrays depends on centrality and corresponds to ~ 100% for a range of impact
parameter b < 10 fm as is shown in Fig. 2.
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Fig. 2. Efficiency of registration of Au+ Au collisions as a function of impact parameter: a) by the
FFD with colliding nuclei at energy s}\{?\, = 5 GeV for three cases — by a single FFD array (dashed
curve), by two FFD arrays with a function OR (dotted curve), and a function AND (solid curve);
b) by the TO detector at a beam energy of 2A GeV

Since 2009 three versions of detector modules were designed, produced, and studied in test
measurements with LED, cosmic rays, and deuteron/proton beams of the Nuclotron. In this
paper, the results obtained in the last run with 3.5-GeV deuterons are discussed.

2. CHERENKOV DETECTOR MODULES

The detector module includes a lead plate of converter, a quartz radiator, MCP-PMT,
a FEE board, a module housing, HV connector, signal SMA connectors, HDMI connector
for LVDS signals, and LV for FEE as is shown in Fig.3,a. The size of the module is
64 x 64 x 130 mm. Four such modules prepared for study with a beam are shown in Fig. 3, b.

The incoming photons are converted to electrons in a 7-mm aluminum front panel of
module housing and a lead plate 7-10 mm thick. The escaping electrons pass through a quartz
radiator producing Cherenkov photons which are registered with UV-sensitive MCP-PMT
XP85012/A1-Q. For test study with a beam we used a quartz radiator 59 x 59 x 15 mm which
covered all MCP-PMT front surface including a photocathode area 53 x 53 mm and a dead
area over perimeter of MCP-PMT. The radiator consists of four equal bars 29.5x29.5x 15 mm
each. All surfaces of the quartz bars were polished and the side surfaces were covered with
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Fig. 3. a) FFD module content: / — the lead plate; 2 — the quartz radiator; 3 — the MCP-PMT; 4 —
the FEE board; 5 — the module housing; 6 — the HV connector; 7 — the SMA connectors for analog
signals; 8§ — the HDMI connector for LVDS signals and LV; b) FFD modules prepared for tests with a
beam

aluminized mylar. The MCP-PMT window adds 2 mm of quartz. The choice of thickness
is a compromise between minimization of time jitter for Cherenkov photons arriving at the
photocathode and increasing statistics of photoelectrons, that is important for good time
resolution. Our choice is 17-mm thick quartz which is close to the optimum value and gives
the best time resolution [5].

The number of quartz bars (2 x 2 bars per module) defines the granularity of the detector.
The 8 x 8 anode pads of XP85012 are transformed into 2 x 2 cells by merging 4 x 4 pads of
each cell into a single channel. Thus, each module has four independent channels plus one
common signal from the second microchannel plate of MCP-PMT. The FEE board with five
channels of a fast shaper-amplifier plus a discriminator sits directly on MCP-PMT connectors.

The amplification of pulses is split between MCP-PMT (~ 10*—10°) and FEE amplifier
(~50). Each channel of FEE produces the output analog pulse with a rise time of ~1.2 ns
and a width of ~5 ns and the LVDS pulse which length depends on the pulse height. The
output analog signals are transported through 50-Ohm SMA connectors and 2-m cables. The
5-m high-quality HDMI cable is applied for transport of all LVDS signals plus low voltages
needed for FEE operation. The module operation is checked with a pulsed light source
developed on the base of fast LED connected with optical fibers inserted into the module
through the holes in the front surface.

The number of Cherenkov photons with wave lengths from A; to Ay escaping in a radiator
with length L and produced by a charged particle with z = 1 and 3 = 1 is calculated by the
formula

A2

1 1

A1
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As the time resolution depends on statistics of photoelectrons from a photocathode, one has
to increase the photoelectron number as much as possible. The MCP-PMT XP82015/A1-Q
has a good sensitivity in a wave length interval from 170 to 550 nm. In this region we get
Npn ~ 1800 photons where about a half of this value lies in UV range 170 < A < 270 nm.
Only a part of these photons produce the photoelectrons from photocathode, the loss is due
to reflection, absorption, and low quantum efficiency of photocathode QF ~ 20%.
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Fig. 4. Distribution of Cherenkov photon multiplicity in the quartz radiator induced by a single ultrarela-
tivistic charged hadron (/ — with a contribution from delta electrons, 2 — without this contribution) (a)
and a single high-energy photon with energy of 50 MeV (/) and 500 MeV (2) (b)

Additionally, the Cherenkov photon multiplicity was studied with MC simulation. The
obtained distributions for incoming single ultrarelativistic charged hadron and a high-energy
photon with energy of 50 and 500 MeV are shown in Fig.4,a and b, respectively. Here the
thickness of the lead converter is 10 mm. In Fig. 4, a, the two distributions with a strong peak
at Ny, ~ 1860 photons are shown for charged hadrons, the solid curve presents the number
of Cherenkov photons with contribution from delta electrons and the dashed curve, without
this contribution. A high-energy photon can produce in the lead converter a single or several
electrons which enter the quartz radiator and generate Cherenkov photons. It leads to a broad
distribution with peaks from high-energy electrons passing through the quartz bar of the ra-
diator. The first peak corresponds to the same position as the peak in Fig.4,a. The second
one corresponds to a pair of electrons which is much more intensive for 500-MeV photons
than for 50-MeV photons where the first peak dominates. As one can see, the high-energy
photons produce a much broader distribution of Cherenkov photon multiplicity than a single
relativistic charged particle.

The MC simulation showed that the detection efficiency for photons depends on their
energy, and for photons with energies 50, 100, 200, and 500 MeV the efficiency of detector
module at a bias of 500 Cherenkov photons is 36, 56, 69, and 75%, respectively.
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3. EXPERIMENTAL SETUP

The study of detector module performance was carried out with a 3.5-GeV deuteron beam
of the Nuclotron at LHEP, JINR. The measurements were performed in 2013-2014 at a novel
external beam channel specially created for test measurements with prototypes of sub-detectors
of MPD and BM@N. The beam intensity varied from 10% to 10° deuterons per 2-s spill. A
scheme and a photo of the experimental setup at the beam line are shown in Figs.5 and 6,
respectively.

MWPC1 RPCs MWPC2

S1 DI D2 H D3 D4 S2
Beam

LVDC signals + LV Analog
(HDMI cables) signals
Uil []TDC32VL | [DRs4 v4|[DRs4 v4|[ v
__ﬂ H power supply
il VME
| | crate
LV control HV control

e

To computer

Fig. 5. Scheme of the experimental setup for study of detector modules: S1, S2 — the scintillation
counters; MWPC1, MWPC2 — the multiwire proportional chambers; D1-D4 — the tested detector
modules; RPCs — the resistive plate chambers of TOF detector

Fig. 6. Detector setup at the MPD test channel for the run with 3.5-GeV deuterons
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Two pairs of detector modules were installed for the test along the beam axis. The
modules did not contain lead converters. The first pair of modules D1 and D2 were placed
behind the first MWPC, the second pair D3 and D4, at a distance of 2.7 m behind the first
pair. The prototypes of RPCs of TOF detector were located in the middle of the experimental
setup. The distance between the modules in the pairs was ~ 22 cm.

Two scintillation counters were used for trigger pulse production for each beam particle
passing through the experimental area. The information from MWPCs was used for track
reconstruction.

The LVDS signals from modules D1-D4 were fed via HDMI cables to a special board
which aim was (i) production and control of low voltages for FEE and (ii) transport the
LVDS signals to inputs of the VME module TDC32VL, 32-channel 25 ps multihit time
stamping TDC [6].

The analog pulses were fed from the modules to two digitizers Evaluation Board DRS4 V4
designed at PSI [7]. This device is based on a DRS4 chip which is a switched capacitor array
digitizing at sampling speed 5 GS/s that corresponds to 200-ps binning. It has SMA connectors
for four input channels and USB 2.0 port for data readout, control, and power voltage.

Thus, two different readout methods were applied in the time-of-flight measurements for
estimation of time resolution of the Cherenkov detector. In the first approach, used also
for TOF RPC detectors, the LVDS signals were fed to TDC32VL modules. The length of
LVDS pulses brings information about a pulse height used for time—pulse length correction
in off-line analyses. The second method was digitizing form of the analog pulses. The rise
time of the pulses after FEE corresponds to 6 time bins on the front slope of the pulses. It is
enough for a good interpolation and finding ¢( position on the time scale in off-line analyses.

4. RESULTS OF TEST MEASUREMENTS WITH THE BEAM

In the measurements with DRS4 digitizer we studied (i) the form of pulses from analog
outputs of detector modules, (ii) the pulse height distribution for beam particles hitting the
back surface of the module, (iii) the cross talk response, and (iv) the time resolution of single
detector channel.

Typical responses of the detectors D1-D4 are shown in Fig.7 for ten events induced by
3.5-GeV deuterons. Here the deuteron tracks passed the central area of the quartz radiators.
The rise time of pulses is 1.3 ns, the pulse width is 6 ns.

The rotation of detector by 180° leads to decreasing the pulse height by a factor of ~ 3.
Thus, in a real experiment background particles will mostly give much smaller responses
which can be rejected by a discriminator.

The measurements showed a small cross talk between the module channels with the
negligible contribution to the detector responses.

The result of the TOF measurements with two pairs of detector modules is shown in Fig. 8.
The linear fit of pulse front was used for ¢y finding for each detector pulse. The obtained
TOF peaks are well approximated by Gaussian distribution with ¢ ~ 33.5 ps.

The beam velocity spread was less by a few ps and it gives a negligible contribution.
The time jitter of the DRS4 digitizer increases with delay between pulses fed on different
inputs and our estimation gives oprs ~ 14 ps for the test measurements with the beam.
Taking into account these values, one can estimate the time resolution of the detector module
oy ~ 21.5 ps.
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Fig. 7. Pulses of FFD modules for ten events measured with the digitizer Evaluation Board DRS4 V4
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Careful study of the dependence of the detector response on the position of deuteron track
in the quartz radiator was carried out using the LVDS signals and the information about track
position obtained with MWPCs. The cross section of a single quartz bar was split into 4 x 4
virtual cells of 7.4 x 7.4 mm. The pulse width distributions obtained for these cells are shown
in Fig.9.

Here the upper-left distribution corresponds to the center of MCP-PMT photocathode,
the bottom and right rows correspond to the perimeter of MCP-PMT where the fraction of
Cherenkov photons is lost in the dead area. The worst case is the result shown for the
bottom-right corner where a lot of photons are lost in the dead area out of the photocathode.
The shown results lead to the conclusion that for the central part of radiator, where the pulse
width (amplitude) distribution is a rather narrow peak, one may expect to get much better
time resolution. The time-of-flight results confirmed this expectation. For TOF peaks obtained
with the LVDS signals, we got o ~ 50, 62, and 80 ps for the central cells, the perimeter
cells, and the bottom-right cell, respectively. This corresponds to o, ~ 31, 40, and 54 ps for
the single detector after subtraction of the contribution of readout electronics.

Thus, one comes to the important conclusion that the extension of the radiator cross section
up to total area of MCP-PMT XP85012 decreases the time resolution because of loosing an
essential fraction of Cherenkov photons on the dead area of MCP-PMT. We decided to use
the quartz radiator with cross section of 53 x 53 mm in the final version of the detector
modules. Additionally, quality of polishing and aluminum layer on side surface of quartz
bars will be improved to get better statistics of photoelectrons.

CONCLUSIONS

The beam tests showed that the developed modules of the FFD and TO arrays provide
the required time resolution o; ~ 21—31 ps and it depends on the method and readout
electronics used.

The MC simulation showed that an ultrarelativistic single-charged particle produces about
1860 Cherenkov photons in a 17-mm quartz radiator in the wave length interval covered
by XP85012. Also the simulation showed that the detector modules have high efficiency
of registration of high-energy photons from 36% for 50-MeV photons to 75% for 500-MeV
photons.

Nowadays we are ready for final production of the modules and the first 12 modules will
be produced for the TO detector with 10-mm lead converters and 53 X 53 x 15 mm quartz
radiators. Additionally, the quality of polishing and the aluminum layer on the side surface
of quartz bars will be improved to get better statistics of the photoelectrons.

For study of Au+ Au central collisions we expect to get with FFD or TO detector much
better time resolution. For these multihit events with N signals from the detectors, the
resolution of start pulse is improved by a factor of N'/2 and for the central collisions the
estimation gives oy < 10 ps.
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