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Abstract

The PMT-based Coordinate Detector, a scintillator hodoscope, is pre-
sented. It is made out of thin scintillator plates and replaces the GEM-
version of such a detector in the SBS projects. This report provides an
extended description, aimed at presenting in more detail the detector con-
cept, the design, and the expected operational performance. The projected
performance is obtained from simulations of the signals and the background.
We also present a brief description of the electronics and basic DAQ param-
eters.

Introduction

The key requirement for the SBS detector systems is the ability to operate
at the very high luminosity of the approved experiments [1], the highest be-
ing of 8× 1038 Hz/cm2 in the GEP, E12-07-109. The large acceptance GEP
experiment uses a segmented calorimeter as an electron arm (the solid angle
is of Ω=90 msr) and a custom magnetic spectrometer, SBS, as a proton
arm (Ω=35 msr) equipped with a double polarimeter. Required luminosity
means high background rates and necessitates the fast and highly segmented
detectors. The projected rates were calculated using the GEANT3 frame-
work with the event generator DINREG [2], which was validated in a number
of JLab experiments. A representative example of background calculation
is shown in Fig. 1. For the forward angle of 30 degrees and photon energy
above 3.16 MeV, the rate is of 1011 Hz in the full solid angle of the GEP
electron arm at the full GEP luminosity.

The concept of the GEP experiment event reconstruction takes advan-
tage of the angular correlation between the elastic electron and the recoil
proton momenta, which allows elastic process recognition in the presence of
high rates of physics and accidental backgrounds. The easiest to use and
most precise correlation in the elastic process is the one for the azimuthal
angles of the final state particle momenta (the electron and the proton)
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Figure 1: The rates of photons for the 11 GeV incident electron beam and
40-cm long liquid hydrogen target [2].
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around the beam direction. The vertical hit coordinate of the detected elec-
tron at the electron arm detector is used to reconstruct with high accuracy
(because of the small beam size) the vertical electron scattering angle, which
in turn defines a stripe-like area on the face of the first SBS tracker, where
the proton track should be searched. In terms of electron coordinate resolu-
tion, the width of the stripe is defined by the coordinate detector resolution
down to 1.6 mm (at 5 m from the target to the electron arm detector), while
below that value it is dominated by the multiple scattering. The calorime-
ter spatial resolution for a 3 GeV electron is expected to be of 6-8 mm. A
Coordinate Detector, CDet, was proposed to reach the desirable accuracy of
the electron hit coordinate in vertical direction. CDet will be placed directly
in front of the electron calorimeter. The original GEM-based CDet uses a
1.6-mm pitch of readout strips for the vertical coordinate. To reduce the
loads on the strips to a manageable level, a 20-cm aluminum absorber has
to be placed in front of this detector, which limits its resolution to about
2 mm. Such a plan for CDet was approved for construction by the DOE
review in November 2011.

The required spatial resolution in CDet is modest and allows application
of the scintillator hodoscope technology. In 2012 FNAL donated several
hundreds of maPMTs from a decommissioned CDF calorimeter and its HV
supplies to the SBS program, which enabled a concept of a highly segmented
scintillator version of CDet. The new version of the CDet [4, 5] is made of
two detector planes of 0.5 cm×3 cm×102 cm horizontal scintillator bars
(split into the left and right halves). The light produced in the scintillator
is collected via a 2 mm diameter wavelength-shifting fiber inserted into the
hole in the scintillator bar along its length. The 0.8-m long fiber delivers
the light to the 16-anode PMT.

The MC simulation of the CDet in the GEP configuration was presented
in the report [6]. A 15-cm polyethylene block placed in front of the scin-
tillator planes reduces the rates from the low energy photon/electron back-
ground. The position resolution of the CDet is projected to be of 1.3 mm.

An additional advantage of the proposed CDet is its reduced sensitivity
to the main physics background, a single pion photo-production. Indeed,
accounting for the material in front of CDet, the 15-cm polyethylene block,
the PMT-based CDet will have 24% detection probability for the photon
from π◦ decay, compared with about 83% for the case of the 20-cm Al block
used in the GEM-based detector.

The main performance parameters of the new CDet are shown in Table 1.
Important advantages of the PMT-based CDet are: 10 times better time
resolution, reduced sensitivity to low energy background particles, reduced
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sensitivity to the main physics background, improved energy resolution of
the calorimeter, and reliable and well established detector technology.

Table 1: Performance parameters of CDet obtained in MC simulations [6].

Coordinate resolution, per plane 1.8 mm

CDet coordinate resolution 1.3 mm

Time resolution 0.8 ns

Efficiency per plane 99 %

Background rates (A>3.5 MeV), one bar 0.4 MHz

Online occupancy (TDC window of 50ns) 2 %

Electronic dead time (50 ns per pulse) 2 %

Detector concept

Application of the scintillator counters for tracking purposes is well devel-
oped. In the case of the SBS GEP experiment, the desirable level of coor-
dinate resolution in the electron arm (1.6 mm) allows us to use scintillating
bars with sizes of 3-5 mm. We took into account a very large difference
between the energy of the background particles, a few MeV, and the energy
of the elastically scattered electron of interest, 3 GeV, the latter having a
well defined direction of momentum. We selected scintillator bars with di-
mensions of 5 mm in the vertical direction and 30 mm in the direction of
the electron momentum. The longer sides of the bar’s cross-sections are
well aligned along the electron momentum, which reduces the probability of
double-bar events and improves discrimination between high energy electron
hits and background hits.

Monte Carlo simulation

The simulation was performed in the framework of GEANT3. An electron
beam energy of 11 GeV and a CDet ”central” position of 29◦ at 5.23 m from
the target were used (the GEP 12 (GeV/c)2 kinematical point). The model
includes a scattering chamber with a 40-cm long hydrogen cell and the CDet
detector in front of the calorimeter as shown in Fig. 2. Shielding of the CDet
from the target side is provided by a polyethylene block of 15 cm thickness.
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Figure 2: The top view of the GEANT model of CDet. Beam is coming
from the left.

The scintillator bars are tilted, as shown in Fig. 3(left), to align the longer
side of the bar’s cross section with electron tracks originated at the target.
The rate due to low energy background is shown in Fig. 3(right). The signal
amplitude distribution in one bar of the CDet is shown in Fig. 4(left) for the 3
GeV electrons which were scattered from the target. The signal produced by
the high energy electron track through the given bar is well separated from
the small signals produced by the tracks passing through the neighboring
bars. A threshold of 3.5 MeVee will be used in the experiment. High energy
electrons could produce signals in two bars due to the second order effects
of geometry or misalignment of the bars, as well as, in rare cases, when
an energetic secondary electron crosses the boundary between scintillator
bars (see multiplicity of the bars in Fig. 4(right) as a function of the energy
threshold). The detection efficiency of one bar vs. a threshold value for
the high energy electrons produced in the target is shown on Fig. 5(left).
The coordinate resolution is defined by the size of the scintillator bar and
also by the contributions from the scattering and shower of an electron
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Figure 3: Left: The side view of CDet with the 15-cm CH shielding block.
The CDet bar’s tilt is clear visible. Z-dimensions scaled by a factor of 10
to demonstrate the tilt effect. Right: The counting rate of a single bar vs.
threshold.
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Figure 4: Left: Distribution of the energy deposited in one bar. Right: The
average bar multiplicity as a function of energy deposited in the bar.

in the shielding block. The resulting resolution is of 1.9 mm as shown in
Fig. 5(right). Additional improvement of the resolution could be achieved
by using corrections on signal amplitudes in neighboring bars (see the red
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Figure 5: Left: The detection efficiency as a function of threshold. Right:
The coordinate resolution of CDet as a function of energy deposition in the
bar.

point in Fig. 5(right)).

Scintillator bar geometry

The selected bar geometry is shown in Fig. 6. It is similar to the one used
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Figure 6: Cross section of the scintillator bar.

in CLAS12 preshower and is based on the developments of the extruded
scintillator for the MINOS experiment at FNAL [7]. The cross section 5
by 30 mm allows extrusion with a hole for a 2-mm diameter WLS fiber.
The bar’s outer surface is coated with a white diffusive reflector (TO2) to
increase light collection by the fiber.

Due to the large vertical size of the detector, the electron trajectories
cross the detector plane at angles up to 16◦. The slightly trapezoidal shape
of the scintillator bar will allow us to achieve such an angle over 300 bars
from the middle to the extreme location. We plan to adjust the stacking of
the hodoscope elements by the use of thin shims if needed: The scintillator
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bar arrays must be oriented towards the target. The stability of the extruded
plastic bar dimensions estimated from Fig. 7 is on the level of 0.05 mm.

Figure 7: Dimensions of several (3369, 3374, 3384) bars of 10×50-mm2

nominal sizes along the length, per CLAS12 study.

Signal characteristics

On average, 6.5 MeV will be deposited per event in the bar, as can be
estimated from the 50% efficiency point on Fig. 5(right). The initial number
of photons in the scintillator is about 65,000. The conversion efficiency of
the wave length shifting material is about 86%, and caption probability
(numerical aperture) of the fiber is about 5.5%. The photons on average
propagate about 55 cm along a fiber which is about 1/6 of its attenuation
length (>3.5 m for the Y11 fiber), which means about 2700 photons strike
the PMT photocathode. Assuming quantum efficiency of 13.5% we expect
360 photo-electrons per event. This estimate needs to be corrected for the
fiber photon collection efficiency.

In a recent study of the preshower detector of CLAS12 with a WLS fiber
readout, the light collection was found to be of 7 photo-electrons per MeV
in one 1-mm diameter fiber [8] amid much longer fiber length. Collection
efficiency in CDet with a 2-mm WLS fiber should be at least as large as for
”CLAS12” bars, from which we are expecting a signal value of 100 photo
electrons. An additional increase in the signal could be achieved by collection
of the light reflected from the second end of the fiber, where the 3M-2000
reflector could be glued.

The signal amplitude will be of 0.6 mA with a 8 ns pulse duration at
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PMT gain of 3×105. The projected time resolution is of 0.8 ns based on the
emission time by the WLS fiber (8 ns) and the number of photon electrons
in the pulse. The coordinate correction for the light propagation time will
be made using the calorimeter hit coordinate.

Photo Multiplier Tubes

A total of 186 H8711 and 416 R5900-M16 Hamamatsu PMTs from the CDF
calorimeter were donated by FNAL to JLab in 2012. The PMTs have 16
pixels. Each pixel has a 4x4-mm2 sensitive area. The PMT provides a high
gain of up to 3×106 and a short pulse rise time of 0.8 ns. The rate capability
is up to 3 MHz per channel. The PMTs were tested by the SMU team for
uniformity of the gain between pixels, see the results in Table 2 [9].

H8711 R5900

Bad PMT gain

pixels Poor Average Good High Poor Average Good High

0 2 36 79 54 27 68 34 47

1 - 5 1 - 32 45 13 11

2 - 1 2 - 26 33 4 -

3 - 1 - - 11 22 - 2

4 - - - - 7 8 1 1

5 - - - - 4 4 - -

6 - - - - 3 2 - -

7 - - - - 1 - - -

Table 2: PMT test results.

In CDet the total number of channels is 2352, which requires 147 fully
functional PMTs. We decided to use only 14 pixels out of 16 in each PMT.
In this case a total of 168 tubes will be used. However, such an approach
allows us a sufficiently large pool of tubes in the categories of ”good” and
”high” gain.

These PMTs are relatively insensitive to the external magnetic field.
According to the report [10] the 30-40 Gauss field caused reduction of the
gain by 5-10%. At location of the detector in the GEP and GMN/GEN
experiments the projected value of the magnetic field is of 10 Gauss or less.
Because the field is mostly in horizontal direction a proper orientation of
the PMT will allow to reduce impact of the field even more.
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Front-end electronics

The 16-channel PMT will be connected to a custom 16-channel ampli-
fier/discriminator card, A/D, based on a NINO chip. The A/D card has
been developed by the University of Glasgow [11], see a picture on Fig. 8. A

LVDS

Thr 2
+1.25−1.9V+1.25−1.9 V

+5V

LinkLink

Ext Thr
Thr 1

Ext Thr

Inputs (50 ohm)

Int Thr 1

Int Thr 2

LVDS OR 1

LVDS OR 2

Amplifier Out

Figure 8: The NINO card prototype.

total of 28 cards will be mounted on the frame of each CDet module within
1 m of the PMTs. The card operates with negative polarity input signals
and 50 Om impedance. The input signal is shaped and fed to NINO chip.
The minimum threshold corresponds to the input signal of 0.02 mA. For
each channel the card produces two outputs: a logical signal on the LVDS
level for a 100 Om impedance twisted pair and an analog for a 50 Om load.
Considering the FWHM of the PMT signal of 15 ns and PMT gain 3x105

the signal amplitude will be 32 mV at maximum, which is 30 times above
the minimum threshold.

The logical pulse is produced when the input signal has an amplitude
above a threshold which could be adjusted. The duration of the logical pulse
varies from 10 ns for a shortest input pulse to 25 ns when the input pulse
stays above the threshold for 15 ns. In CDet the DAQ will use logical signals;
however, for the testing of the system and checks, the analog outputs will
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be very useful.
After propagation from the detector to the shielded bunker via flat cables

the LVDS signals will be converted to the ECL level using the JLab designed
level translator and fed into the 1877S TDC. The TDC will be programmed
to measure the time of the leading and trailing edges of the logical signal,
allowing an estimate of the PMT signal amplitude. The signals will be
digitized by 1877S TDC (200 of them were donated by Belle/KEK).

In commissioning studies of the detector, an analog output of the front-
end card will be used with the LeCroy ADC 1881m. The projected signal of
4.8 pC at the card input is large enough and could be transmitted to ADC
without significant amplification.

Radiation damage

The radiation damage of the CDet plastic components was evaluated using
the MC data of the GEP experiment. For example, from Fig. 4(right) we
found the rate of 8 × 106 Hz at deposited energy above 0.5 MeV in the 77-
gram bar. The dose rate is 0.73 mRad/second or 3 kRad for the duration
of the experiment. The dose is small because of protection by the shielding
block and low absorption of the radiation in the plastic. This dose does
not present a problem for the Y11 WLS fibers or the scintillators for which
reported limits are of 10 MRad.

Design of the detector

The CDet consists of two planes with sensitive areas of 102 cm × 294 cm.
Each plane includes three modules, see Fig. 9, that can be separated me-
chanically, but at the same time are attached to each other without dead
zones. In every module will be 392 scintillator bars with individual readout.
A detailed engineering design of a prototype CDet module can be found in
Reference [12].

2352 scintillator plates, each with a cross-section of 0.5 cm×3 cm and
51-cm length form the sensitive part of the detector. The bars will be tied
to the front plate in groups of 28 bars with plastic straps. Two plates and
the side bars create the light tight enclosure. Each PMT will be glued to
the individual PMT holder shown in Fig. 10.

The light is collected by WLS fibers [13] coupled to the 16-channel multi
anode PMTs [14]. The fiber is connected to the PMT at one end. At the
second end a 2-mm diameter 3M-2000 reflector disk could be glued to the
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(13), the adapters (3) to the PMTs (4). One detector plane consists of three
modules.

Figure 10: The design of the PMT holder.
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polished fiber. 14 bars are coupled to each 16-pixel PMT leaving 2 free
channels (and fibers), which allows us the selection of the most efficient
pixels in the available PMT pool. The fibers will be glued to the fiber
holder shown in Fig. 11. The PMT and fiber holders will be attached to the

Figure 11: The design of the fiber holder.

opposite sides of the side bar (shown in Fig. 12).
In the summer of 2013 a module prototype was constructed, see picture

on Fig. 13. It will be used for the checks of the PMT and fiber installation,
the bar’s mounting and alignment, as well as the module light tightness.
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Figure 13: The prototype of the CDet module.

Data collection and analysis

In the GEP experiment the CDet will be used for off-line analysis. The data
will be recorded using a multi hit TDC 1877S with a 50 ns sparsification
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window which reduces the TDC channels’ occupancy to 2%. On average,
per event 50 channels will have hits with the leading and trailing edges’
timing information of 0.5 ns per bin.

During analysis the electron hit candidate will be determined using the
total energy of the cluster in the lead-glass calorimeter. The coordinate of
the calorimeter hit will be obtained with an accuracy of 6-8 mm in both
vertical and horizontal coordinates. The CDet bars within ±24 mm (three
sigma) of the calorimeter hit location (10 bars) will be examined for the
time correlation with event (determined by HCAL with 0.5 ns accuracy).
The timing window of 10 ns will be used for selection of the hit candidates.
These 10 bars result in a probability of 4% of an extra hit in each CDet
plane.

Each hit combination provides an event candidate to be checked. The
candidate’s information will be used to construct a likelihood parameter
using the hit times and correlation of coordinates in both planes with a hy-
pothesis of the track origin at the target. We are assuming a non-correlated
nature of the hits in two planes for now. Accidental combinations will have
a uniform 48 mm wide distribution in the relative coordinate and 10 ns wide
uniform distributions in the time for each hit. The cut on the likelihood will
result in a background rejection factor of 70 and in a very low probability
of incorrect hit selection in CDet and just a 1% probability of losing a cor-
rect combination (in three ±3-sigma cut): The CDet will have capability to
operate even in case of much higher background level.

Projected budget

The component budget below is based on quotations and the cost of catalog
items. With the addition of manpower cost (including the 1.47 university
overhead factor) the total budget for CDet was found to be $319k [5]. Such
a relatively low cost is, in large extent, due to benefits from the reuse of
donated PMTs and TDCs.
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Table 3: CDet component construction budget.

Item (detector/DAQ) Quantity Source Cost (k$) Comment

Design 1 ISU, collab. ISU funds in progress

Scintillator bars 2400 m FNAL 70 quotation

WLS fibers 2600 m St. Gobain 16 quotation

Fixtures, tools, supply - vendor 5 estimate

Mechanics, frame 6 vendor 12 quotation

Plane support 2 vendor 10 estimate

Front-end cards 168 UK vendor 20 quotation

Cables + connectors 168 x 2 McMaster 30 catalog

Level translator 168 JLab 12 quotation

DAQ CPU 6 GE 21 catalog
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