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STUDY OF PbWO, CRYSTAL FOR ePIC EmCal PROTOTYPE
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The study presents the characterization of PboWOQy crystals intended for the
prototype of the EmCal electromagnetic calorimeter of the ePIC detector, which
is being constructed at the Electron-Ion Collider in the Brookhaven National
Laboratory at the USA. Measurements were performed on 20 crystals produced
by “Crytur” company, each of which was then thoroughly examined under a
microscope. Transversal transparency measurements were made at the center
of the crystals, as well as at several fixed points equidistant from the center to
the right and left sides to study uniformity. The average transparency of the
crystals is 21.3%, 65.6%, and 71.7% for wavelengths of 360 nm, 440 nm, and
600 nm, respectively. The transmittance measurements repeated 10 times in
the center of each crystal show that accuracy of our measurement is better than
10%. The light yield of PbWO, was estimated to be an average 16pe/MeV. The
optical characteristics of Crytur crystals meet the requirements of the EIC
electromagnetic calorimeter. After performing all the necessary measurements,
16 crystals in good condition were selected for the calorimeter prototype. A 4 x4
prototype of EmCal was designed, constructed and tested with cosmic muons.
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Introduction. The Electron-Ion Collider (EIC) is a particle accelerator de-
signed to study the quark-gluon structure of protons and nuclei, to clarify the origin of
nucleon spin and mass, as well as to investigate physical phenomena related to dense
gluon systems [1]. Before the design of the EIC, the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory was the main platform for studying quark-
gluon plasma. Through collisions of polarized electrons with protons, deutrons and
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ions at EIC, scientists aimed to uncover the structure of proton spin, origin of nucleon
mass, and many unsolved problems of physics beyond the Standard Model.

To address these challenges, as well as a number of other important issues,
three different detector proposals were developed: ATHENA (A Totally Hermetic
Electron Nucleus Apparatus) [2], ECCE (EIC Comprehensive Chromodynamics
Experiment) [3], and CORE (a COmpact detectoR for the EIC) [4]. All three proposals
were presented to the EIC Detector Proposal Advisory Panel (DPAP) and were
thoroughly reviewed.

Following the DPAP recommendations (March 2022), all three collaborations
united their efforts to form the ePIC (electron Proton/Ion Collider) collaboration,
based on the ECCE detector proposal, in order to complete the design of the first
detector for the EIC project.

The ePIC detector consists of three main components: the central detector
(“barrel”), the forward endcap, and the backward endcap systems (Fig. 1). The
ePIC central detector has a cylindrical geometry, based on the BaBar/sPHENIX
superconducting solenoid magnet.

Experimental Part.

Problem Statement and Objective. The primary objectives of this work are:

e to study and evaluate the physical and optical properties of PbWO, crystals
for their application in the electromagnetic calorimeter of the ePIC detector;

e to improve the efficiency of the equipment and enhance experimental
precision.

The main focus is on assessing transparency, transverse optical properties, and
the impact of radiation. These studies aim to address the challenges associated with
the production, quality assurance, and experimental application of PbWOy crystals in
high-energy physics experiments.
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Fig. 1. The schematic diagram of the ePIC detector.
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Description of PbWQ, Crystals. The best resolution for electromagnetic
calorimeters can be achieved through crystals. The general properties some of heavy
crystals used in calorimetry are presented in Tab. 1. Based on the results of the many
studies, the PbWOy crystal was selected for the EmCal.

Table 1

General properties of heavy crystals for calorimetry

Parameter Lead Tungsten Lead Fluoride Bismuth Luterium-Yttrium
(PbWO4) (PbF2) Germanate (LSO/LYSO)
(BGO)

Density (g/cm®) 8.28 7.66-7.77 7.13 7.2-74
Rad. length (cm) 0.89 0.93-0.95 1.10-1.12 1.16
Refractive index 2.20 1.82 2.15 1.82
Emission peak (nm) 420 ~310, ~280 480 420
Moliere radius (cm) 2.19 2.22 2.15 2.07
Radiation type Scint. (~13% €) Pure Cer. Scint. (~1.6% €) Scintillation
Timing property 5 (73%); 14 (23%); Fast, <30 300 40-50
T (ns, %) 110 (4%)
Effective Z 73 77 83 65
Hydroscopicity No No No No
Interact. Length (cm) ~20.7 ~21 ~22.7 ~20.9
Rad, hardness (krad) ~20-50 ~50 ~1,000 >1,000
Light yield LY (photon/MeV) ~140-200 ~2-6 ~5,000-10,000 ~5,000-30.000
d(LY)/dT (% °C) -2.0-2.5 No -0.9 -0.2
Critical energy (MeV) ~9.6 8.6-9.0 7.0 9.6

Crystal calorimeters provide high resolution and detection efficiency, making
them ideal for the EIC. Below are the summarized key physical and optical properties
of PbWOy crystals [5], with more detailed information available in [6]. The selection
of PbWOy for calorimetry is justified by several important factors that highlight its
advantages over other materials, such as the remaining blocks. PbWOQy is characterized
by a small Moligre radius (Ry; = 2.0 cm) and high density (p = 8.3 g/cm?), which
enables high spatial resolution. In addition, the device has a very fast response time
(< 2 ns) and strong radiation resistance, which is extremely important in high-radiation
environments. All these properties make PbWOy the best choice for calorimeters,
ensuring fast and accurate data collection even under intense radiation conditions.
Prior to constructing the calorimeter prototype, we studied the physical properties of
the crystals and evaluated their quality control, as it is crucial to pre-examine, measure,
and analyze the optical characteristics of the crystals used in calorimetry.

Crystal Characterization. The studies were conducted at the A. Alikhanyan
National Science Laboratory (AANL). Measurements were performed on 20 crystals.
The goal of measurements is to select the best crystals that meet the requirements for
constructing the calorimeter prototype.

The following equipment was used during the work:

e Ocean Optics DH-mini Deuterium Halogen Light Source.

e Flame — the Next Generation of Miniature Spectrometers.

e DPX MS8O0 Digital Microscope.
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Mechanical Dimensions. Longitudinal (Z) and transverse (X,Y) dimensions
of the crystals were measured with a high-precision caliper (with accuracy better than
50 pwm) and a Mituito Electric Digital Height Gage sensor (with accuracy of 3-5 yum).
The measure geometric parameters of the 20 crystals are presented in Tab. 2.

Table 2
The average dimensions of 20 PbWOy crystals
I L L R L
20.52 20.50 199.95
20.35 20.54 199.84
20.43 20.53 199.98
20.45 20.49 199.90
20.44 20.43 199.98
20.51 20.45 199.99
20.52 20.53 200.01
20.54 20.51 200.01
20.52 20.54 200.02
20.55 20.53 200.02
20.50 20.50 200.00
20.52 20.51 200.03
20.50 20.48 200.01
20.49 20.49 200.01
20.48 20.53 200.02
20.50 20.49 200.00
20.51 20.49 199.99
20.49 20.57 197.97
20.46 20.48 199.98
m 20.46 20.43 200.19

Visual and Microscope Inspection of Crystals. The crystals were rectangular,
with nominal dimensions of 20.5 x 20.5 x 200 mm?.

Visual Inspection. The samples were inspected visually to identify macro
defects and inhomogeneity that may be visible to the eye. All surfaces of the samples
were polished and no further surface treatments, other than simple cleaning with
alcohol, were carried out before the measurements. We did not find any crystal with
significant defects, e.g., cracks or bubbles in the bulk volume.

Inspection under Microscope. After the visual inspection and dimensions
measurements, all crystals were examined with a DeltaPix digital microscope. The
DMPX ZOOM 8X system is equipped with a high-quality 8x magnification lens and
an HDMI camera, along with compatible software, providing a powerful platform for
precise measurements, image capture, recording, and smooth high-speed live image
inspection and measurement. An example of the damaged surface of the crystal is
shown in Fig. 2.
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Fig. 2. The damaged surface of the crystal.

Optical Transmittance. The transversal transmittance of the crystals was
measured using the 402 OCEAN-ART (FLAME-S-XR1) optical spectrometer. Its ope-
rational range encompasses ultraviolet to visible light (UV-Visible, A =200-1025 nm).
We used the OceanArt Software application, which allows for measurements of
absorption, transparency, and reflection.

Transmittance Measurement Includes Three Simple Steps:

o Initial measurement (performed with the light on, without the crystal).

e Dark current measurement (with the light on, but the Shutter is closed).

e Transparency measurement (with the Shutter open, the crystal in place,
between the input and output fibers).
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Fig. 3. The results of our transparency measurements of 5 PbWOy4
crystals and their averaged results.

For each crystal, measurements were taken 5 ¢m from the right, 5 cm from
the left, and from the center of the crystal. The obtained data were then averaged.
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The results of our transparency measurements of 5 PbWQ;, crystals and their averages
are shown in Fig. 3.

The systematic uncertainties of the measurements were determined by repeating
multiple transparency measurements in the same position for the same crystal. In our
case, the crystal was PbWQO4-202771 and the transverse transparency was measured
10 times at the center of the crystal. To estimate the relative error of the measurements,
we divided all the data (7;) is based on the average value of transparency 7, T;/T,
where T is calculated as

7o I+L+T+---+To
10 ’

The data presented in Fig. 4 show that the measurement accuracy is better than
10%. The homogeneity of the crystal was evaluated by recording the variation in its
transversal optical transparency near the wavelength corresponding to the transparency
value of T = 50%. The transversal transparency of the crystal (2 c¢m thick) was
measured at several points, at distances ranging from 5 to 195 mm from its front
surface. The average transparency of the crystals is 21.3%, 65.6%, and 71.7% for
wavelengths of 360 nm, 440 nm, and 600 nm, respectively. The results show that the
crystal is homogeneous.The optical characteristics of most Crytur crystals meet the
requirements of the EIC calorimeter.
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Fig. 4. The relative accuracy of the transparency
measurements of the crystals.

In Fig. 5, the measurement results of Pb WOy, crystals are presented (transmit-
tance as a function of wavelength):
a) CMS ECAL PWO crystals (2005);
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b) AANL EmCal prototype PbWO crystals (2022).

This comparison demonstrates that our data align with the results of the
2005 CMS collaboration studies, confirming the consistency of modern production
processes with earlier research findings.
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Fig. 5. Transmittance of a) CMS ECAL PWO crystals (2005) [8];
b) AANL EmCal prototype PbWO crystals (2022).

Light Yield. The light yield (LY) is measured by the number of photoelectrons
registered for 1 MeV of energy absorbed in the crystal (pe/MeV) (Fig. 6). At the
AANL, the light yield of the PbWOy4 crystal was estimated using cosmic muons
passing perpendicularly through its 2 cm thick surface. The light yield of PbWO4 was
estimated to be an average 16 pe/MeV. One of the front surfaces of the crystal was
coupled to the input window of a photomultiplier tube (PMT) with Bicron BC-630
optical grease, while all other surfaces were wrapped with one layer of ESR reflective
film and one layer of black Tedlar film. The light yield measurements were conducted
using two different PMTs, Hamamatsu H6533 and Hamamatsu R4125.

The measurements revealed that the photocathode of both PMTs only partially
covered (v~ 50%) the front surface of the crystal (4 cm?). Therefore, this must be
taken into account when comparing with other known data.

To generate triggers from cosmic muons, two identical scintillation counters
were used, positioned at a small distance from each other (the active dimensions of
the scintillator are 1.0 x 1.0 x 5.0 cm?.

The signals from these counters, passing through a threshold of 20 mV on
the “CAEN 16 Channel N843 CFD” module, generate NIM standard signals with a
duration of 40 ns, which in the subsequent “N455 Logic Unit” coincidence module
create a gate (Gate) of 150 ns width for the QDC charge-to-digital converter.
The anode signals from the PMT were directly digitized using the charge-sensitive
12-bit integrating type CAEN V792N QDC analog-to-digital converter.

The data acquisition and recording program is based on CAEN The general
code written in the C programming language for the company is intended to work
with QDC, TDC, and discriminators through the “CAEN VME to USB 2.0/Optical
Link Bridge” module that controls the electronic system. In our case, the program is
adapted to work with the QDC. It is located on a computer running the Fedora Linux
operating system, connected to the control module via a USB cable. Data recording is
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activated as soon as the QDC emits a LAM signal. All 16 channels of the QDC are
read, and the data is written to a file in text format.

i

Fig. 6. The light yield (LY) is measured by the number
of photoelectrons registered.

This output file is subsequently read by a program operating under the ROOT
data processing software package, which generates histograms of the QDC signal
distribution. The data can be processed in parallel with the collection.

Design and Construction of EmCal Prototype. A prototype calorimeter
consisting of 4 x 4 PbWOy crystals is being designed, constructed and preliminarily
tested at the AANL (Fig. 7).

Fig. 7. Schematic diagram of the calorimeter prototype
and some of construction parts.

After measuring the light yield, we tested the PMTs and their high-voltage
dividers for the selected PbWOy crystals. The side surfaces of the crystals are wrapped
with one layer of high- quality ESR reflective film and one layer of black light-isolating
Tedlar paper. One of the two open front surfaces will be optically coupled with R4125
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photomultiplier tubes (PMTs) using optical grease, while the opposite side will be
used for the LED light monitoring system. The crystals are placed very close to each
other (100 — 200 um apart), and their positions are fixed by two plastic grids made
with a 3D printer, one at the front and the other at the end of the crystals. Following
this is the iron part that holds the 16 PMTs, with hole diameters of 19.5 mm, allowing
the R4125 PMTs, wrapped with electrical insulation paper and magnetic shielding
u-metal sheet, to easily slide into the hole and be pressed against the crystal. Signal
and high-voltage cables, as well as the necessary electronics and DAQ systems for
prototype testing, are being prepared. The prototype was tested by cosmic muons.
Muons, passing through all four layers of the calorimeter, lose a total energy of
~ 100MeV (~ 25 MeV in each block). As a result, they generate ~ 700 — 800
photoelectrons, which is ~ 7 — 8 pe/MeV. This value is almost two times less than
the measured value of the light output of PbWOy4 [9] because of the partial coverage
of the end surface of the crystal with the PMT R4125 photocathode.

In Fig. 8 are shown the distributions of the total number of photoelectrons
produced by muons in the prototype, derived with such calibration.
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Fig. 8 Distributions of the total number of photoelectrons produced
by cosmic muons in 4 columns of the prototype.

Summary and Outlook. The detailed studies of PbWQ, crystals presented in
this work show that they meet the stringent requirements for the construction of the
electromagnetic calorimeter of the ePIC detector. The measurements of transmittance,
uniformity, and light yield conducted during the research are crucial for accurate
energy measurements in the calorimeter. Measurement accuracy is better than 10%.
The light yield of PboWO,4 was estimated to be an average 16 pe/MeV.

Comparing our measurements to the studies conducted in 2005 by the CMS
ECAL group (see [8]), we can conclude that our results align with the main findings
of that research: Optical Transmission: Similar to the 2005 studies, our measurements
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indicate that PbWOQ, crystals exhibit high transparency of approximately 80% for
wavelengths beyond 400 nm, meeting the crystal requirements. LY-T Correlation:
Our results confirm the existing correlation, particularly around the 360 nm region,
where a strong relationship between the light yield of the crystals and their optical
transmission is observed. Variation Analysis: Likewise, our measurements validate
that the efficiency of light production in the crystals fluctuates around the average
value by approximately 25%. For homogeneous batches, these fluctuations reduce
to around 5%. This comparison demonstrates that our data are consistent with the
findings of the 2005 studies, affirming the compatibility of contemporary production
processes with earlier research. Furthermore, it supports the quality control processes
of CMS ECAL crystals.

We also aim to conduct detailed testing with cosmic muons in the future,
followed by experiments using the LUE-75 electron beam and the C18 cyclotron’s
proton beams. The LUE-75 electron linear accelerator, operated at the AANL is the
only electron accelerator in Armenia and neighboring countries that functions in the
energy range of 15 to 75 MeV [7]. Linear accelerators, including the LUE-75, have
a straight linear design where particles are accelerated step by step. This structure
ensures more efficient energy transfer and enables the achievement of high velocities
in a very short time.

No studies have yet been conducted below the 80 MeV energy range, and our
research will be among the first to address this issue. Our primary objective is to
irradiate the crystals with an electron beam, investigate how energy resolution changes
in the low-energy range, and calculate the energy lost by the incident electrons within
the crystals.

The analysis of the results demonstrates that the crystals exhibit excellent
optical uniformity and stability, ensuring consistent measurements. The selection of
the crystals and the construction of the prototype reinforce the possibility that the ePIC
detector will achieve the necessary accuracy and efficiency for measuring complex
processes in electron-ion collisions and for exploring new physical phenomena.
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PbWO,4 A3NFBED NFUNFULUUPMNFE-8NFL
ePIC EmCal LUUShMb SUUUN

Ntypugnuypnipymbp bhpuyugbmyd £ PbWO4 pjniptiniiiph pbnipugpnudp,

npnbp bwpiunptiuguwd b ePIC ntptilpypnph EmCal Likyppudwgihuwljub Guynph-
dtapph Gwhuunphyh hwdwp, npp juemgymd £ QUL-h Apmphwytiih wqquyh
jwpnpupnphwh Ejappnb-hntughtt npuynbipmd:  Quithnudtipn G0 Jupupyy
“Crytur” plytipnipjui Ynnihg wppunpjud 20 pymptinitiph ypw, npnighg
Jmpupwbsgnipt wybnithtyp Jwbpwypypyp htipugnpyty £ dwbpunpypwyp qhuy:
Luythwyh puthwbghynipyub swthnuibbtp &b uypunyty pyniptinbtiph Yagppnbnuy,
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hswtiu twlt Yayppnthg niyh we L dwh Ynnuitp hwjwuwp htinwynpnipjub
Ypw gqupiynn dh pwbh $hpudwd Yptipnud dshunpuwynipyniap nunwdbwuhpbyne
hwdwp: Aympbtnbtph dhohi puthwighympymbip juqimd £ 21,3%, 65,6%, L
71,7% 360 nm, 440 nm L 600 nm: Snipwpwhsjnip pymptinh Ybyppnind 10 wbqud
ynloynn hunnpnnibwynipyub swhmdttipp gniyyg G ypwihu, np dbp swhmdtbph
Sognupnipynibp wytth qwy £, pwd 10%: PbWO4-h nyuh Gjpp qhwhunpyty k
dhohtin 16 pe/MeV: “Crytur” pjmptintph oupphlufub pimpwugpbpp hwudw-
yuwypuwupwinud G0 EIC Layyppuiwgbhuuub junphdtipph wwhwbettiph:
Pninp wihpwdtoyg swhndbiipp Juypuptinig htitpn uynphdtapph dwpougphugp
hwdwp pogppgty G0 quyg Jhdwymd qupinn 16 pyniptinttin:  EmCal-h 4 x 4
Owhiunphyp twpiwgdyby, junmgyty b thnpawnpydty £ yphtigipuub dymnbbtpny:

A. C. AKOBSIH, JI. I. XYPIIV/ISH, A. I. MKPTUSIH

NCCJIEAJOBAHUNE KPUCTAJIJIA PbWO, 1JIS ITIPOTOTUITA
QJIEKTPOMATHUTHOI'O KAJIOPUMETPA EmCal JETEKTOPA ePIC

B uccienoBanuy npejcrapieHa XapakrepucTuka kKpucrainios PbWOy,
[IpEIHA3HAYECHHBIX JIJIsI IPOTOTHUIIA IJIEKTPOMArHUTHOrO Kajiopumerpa KEmCal
nerexkTopa ePIC, KOTOpBI cTpoWTCsT Ha 3JIEKTPOHHO-MOHHOM KOJLIaiijiepe B
Bpykxeitpenckas nanuonaabHoi jgaboparopun B CIITA. MsMmeperust mpoBou-
juch Ha 20 Kpucrajuiax, NpOu3BeIeHHBIX KoMmianueit “Crytur’, Kaxkiplii u3
KOTOPBIX 3aTeM ObLI TIATEHLHO UCCJIEIOBAH O] MUKPOCKOIIOM. V3MepeHust
MOTIEPEYHOI TPO3PATHOCTU ITPOBOJAUINCH B IIEHTPE KPUCTAJLIOB, a TAK¥XKe IJIst
U3ydeHUs OJHOPOJIHOCTU B HECKOJbKNX (DUKCUPOBAHHBIX TOYKAX, DPABHO-
yAaJeHHBIX OT IEHTPa B IPABYIO U JIEBYIO CTOPOHBL. CpesHsisi MPO3pavyHOCTh
KpuctaJuioB coctasasger 21,3; 65,6 m 71,7% nna mmun Boan 360, 440 u
600 nm coorBercrBenno. IM3mepenusi nmponyckanus, nosropenubie 10 pa3 B
IeHTpe KaXKJO0ro KPHUCTAJIa, ITOKA3bIBAIOT, YTO TOYHOCTH HAITNX W3MePeHUi
npesbimasa 10%. Ceerosoit Beixos; PbWO, onenusasics B cpejinem 16 pe/MeV.
Onruyeckne xapakKTepucTuku KpucTasiop “Crytur’ cooTBETCTBYIOT TpeboBa-
HusiM  3jiekTpomarautaoro kasiopumerpa  EIC. Tlocse mposenenusi Bcex
HEeOOXOIUMBIX U3MEPEeHUit ObLTH 0TOOpaHbI 16 KPUCTAJIIIOB B XOPOIIIEM COCTOSTHUN
A7 IPOTOTHUIA KaJopuMeTpa. DB cIpoeKTHpoBaH, IOCTPOEH U UCHBITAH C
KocMuaeckuMu MiooHamu mpororunt EmCal paszmepom 4 X 4.



