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Abstract: We present the results of our performance studies of the upgraded Cherenkov
time-of-flight (ToF) detector for the AFP (ATLAS Forward Proton) project. The latest version
consists of solid L-shaped fused silica bars, new customized ALD-coated micro-channel plate
photomultipliers (MCP-PMTs) miniPlanacon XPM85112-S-R2D2 with an extended lifetime
which operate at low gains (order of 10°), and an updated construction. The improvements were
aimed to increase the efficiency, the lifetime as well as the radiation hardness of the detector
which has been designed to operate in high radiation areas (above 400 kGy/year). The detector
was finally tested at the CERN-SPS test-beam facility (120 GeV n* particles) in August 2021
prior to its installation at the Large Hadron Collider (LHC) at CERN. Measurements proved the
detector kept its inner timing resolution of 20 ps despite the rather low gain of its photodetector
and reduced optical throughput caused by inevitable changes in the detector geometry.
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1. Introduction

The design and the physics motivation needed for the time-of-flight (ToF) subdetector for the
ATLAS-AFP project itself has already been described thoroughly in our previous papers: the
physics concept in [1-3] performance studies in [4]; simulation benchmark studies in [5]; details
of the optics in [6]; and timing studies in [6,7]. The ToF detector has been designed as a part
of the proton tagging detector AFP to decrease the background to central exclusive production
processes p + p — p + X + p where X stands for the centrally produced system, which could
consist of a pair of jets, a pair of intermediate vector bosons (W*W~), or a Higgs boson H. It
operates at high radiation levels above 400 kGy/year or 4 - 10'> n,,/cm? (the n,, stands for a
neutron equivalent dose of an energy of 1 MeV) at 5 mm from the beam centre.

For clarity, the geometry of the ToF detector is depicted in Fig. 1. The ToF assemblage consists
of a 4 X 4 matrix of L-shaped bars made of fused silica (SK-1300 by O’Hara, optical constants in
[5]). The outer dimensions of the matrix are a height of 73.3 mm, a width of 65.5 mm (in the
direction of radiators), and a depth of 25.2 mm. The dimensions of each bar are reported in [6].
Each bar serves both as a Cherenkov radiator and a light guide towards a fast multichannel-plate
photomultiplier (MCP-PMT) device (the sensor plane in Fig. 1). There is a thin mirror optical
layer on the 45° cut surface in the bar elbow.
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Fig. 1. Optical part of the ToF subdetector made for test measurements: (a) side view with
(b) top view together with position of the tracker and three positions of the SiPM trigger
used during test measurements. The trigger position is measured relatively to the edge plane
which is common for all the bars.

Besides this, the bars of the Train 1 are equipped with an extra polished surface, called taper,
to further enhance their optical throughput [5]. The rows of four bars along the beam direction
are called trains and are labeled with a number. The bars in each train are labeled with the letters
A, B, C, and D along the direction of the incoming particles. In this way, the bars in the Train 1
are labeled 1A, 1B, 1C, and 1D and so on for the other trains. The acceptance area of the AFP
detector is 16.8 x 20.0 mm?, given by the dimensions of a tracker module at the front [8] and its
tilt as illustrated in the Fig. 1. In the past, L-shaped bars were constructed so that the two arms of
a bar were produced separately and then glued together [6]. For the ToF upgrade, we decided to
make the bars solid (without glue) which made the production more complex. The glue-free
solution improved the optical throughput of the optical system by 18%, see also Fig. 4 in [6], and
the radiation hardness [9].

In our previous design, both the optics (bars) and the photomultiplier were placed inside the
Roman Pot which was evacuated to a rotary vacuum (5-50 mbar). It was necessary to treat the
photomultiplier and its high-voltage cables in a special way to avoid any accidental discharge
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spikes (we operated at the bottom part of the Paschen curve here). To remove this problem, the
upgraded ToF detector introduced a separation of the photomultiplier from the vacuum side, see
Fig. 2. The evacuated area is inside a Roman Pot covered by a detector flange on its open side.
Both ToF and tracker detectors are installed here, except for the ToF’s photomultiplier which is
inserted in a movable tube going through a hole in the detector’s flange. A 2.9 mm thick window
separates the photomultiplier from the vacuum side. The window is made of the same material as
bars (fused silica, SK-1300). It was coded by a simple anti-reflection layer made of 35 nm thick
MgF, and annealed at 300°C. It is an additional optical element on the Cherenkov pulse path
towards the photodetector resulting in a decrease of the total throughput of the ToF optics. The
movable tube allows for the easy and precise alignment of the whole ToF detector with respect
to the tracker thanks to a set of four precision screws mounted in the far end of the tube, see
Fig. 2. The vacuum tightness around the tube is achieved by means of a custom-made bellows
(by Mewasa AG, Switzerland).
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Fig. 2. AFP detector with the upgraded ToF detector: (a) schematic view inside the Roman
pot — area inside the Roman pot is evacuated, (b) real view on the assembly (without the pot).

Photonis produced four new photomultipliers miniPlanacon XPM85112-S-R2D2 for us: S/N
9002196 (labelled as #2196, MCP resistance 44 MQ); 9002199 (#2199, 35 MQ); 9002200
(#2200, 27 MQ); and 9002201 (#2201, 55 MQ). They have a fused silica entrance window and a
Bialkali photocathode. Their two-stage multi-channel plate (MCP) was ALD-coated (resistive
and secondary emissive layers) by Arradiance to achieve an extended lifetime above 10 C/cm?.
The PMTs #2196 and #2199 have a standard anode gap of 2.9 mm. The PMTs #2200 and #2201
have a reduced anode gap of 0.6 mm. The backend electronic circuits of all photomultipliers were
redesigned to reduce electronic crosstalk between anode pads (pixels) and to adapt to the new
preamplifiers of the first stage [10]. Like the original design by Photonis, the back-end electronics
were realized by two printed circuit boards (PCBs): the bias PCB and the anode PCB, each with
a size of 32 x 32 mm?, see Figs. 3(a) and 3(b). In the bias PCB, the original MCP-OUT bias
resistor was removed because it caused crosstalk between the anode pads and it had no meaning
for separate readouts of pixels. We also optimized wires lengths to make the same propagations
delays among the channels. We enlarged auxiliary connecting Nickel strips to reduce parasitic
impedances as well. The default output pinout on the anode PCB (pin header) was replaced by an
equally spaced grid of 50 Q RF MMCX female connectors, Fig. 3(c), to connect the new coaxial
one-channel preamplifiers PA-a, Fig. 3(d). Having lower MCP resistance, the PMTs #2199 and
#2200 were candidates for installation to the ToF and here we report mostly on the results of
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using these devices. The #2196 was used as a backup and for future test measurements. The
#2201 PMT was considered for radiation hardness tests.

Fig. 3. Snapshots from the construction of a prototype of the modified version of the
photomultiplier XPM85112: (a) the bias PCB equipped with a black HV input block and
four Nickel strips for grounding connection with the anode PCB; (b) the anode PCB with
MMCX female connectors; (c) assembled prototype with both PCBs; (d) coaxial one-channel
preamplifier stage with MMCX connectors (Pa-a).

The PA-a preamplifiers are current-to-voltage converters with the conversion constant of 25
mV/mA and a voltage amplification of 20 dB (10x). They are equipped with MMCX male
connectors on the PMT side and a 1.7 m long coaxial cable with the same MMCX ending on the
other side. This solution ensures better protection against outside electromagnetic interference,
an easier replacement of a damaged PA-a, and improved heat removal through the body of the
detector. The PA-as are supplied from next voltage-to-voltage preamplifiers - PA-b modules.
PA-bs are in the form of NIM modules. Each NIM module consists of a control motherboard
and eight one-channel daughter boards with two stages of voltage-to-voltage preamplifiers with
the total gain of 39 dB with available attenuation by 31.5 dB. Note that the gain varies among
individual channels with an uncertainty range of +1dB (+10%). Each channel is provided with a
low-pass analog filter with a cut-off frequency of 1.4 GHz for noise rejection (LFCG-1400+ by
Mini-Circuits).

This latest version of the ToF detector was subject to several performance measurements. It is
known that the gain of the MCP photomultipliers decreases with increased repetition frequency
(rates) of incoming light pulses [11] depending on the initial gain (at low kHz rates). We plan
to use our photomultipliers on the gain of around 2000 based on our preliminary tests (it is ten
times less than in our previous ToF detector). We refer to this gain as the DC gain because it
was measured by a producer in a so-called DC mode [12]. Such low gain allows us to suppress
the negative effect of high rates on the actual gain of the photomultiplier at the cost of a worse
timing resolution. As the ToF detector will run in the LHC with an expected event rate of 20
MHz per train, we needed to address the behavior of the photomultipliers at high rates. These
rate measurements were done in our laboratory on a setup with a pulsed picosecond laser. The
results are reported in [10]. We found out that there was no significant gain deterioration of the
PMTs #2199 and #2200 at the rate of 20 MHz and their timing resolution was 23 ps and 16 ps
respectively (for 25 photoelectrons). The gain of the #2196 dropped by 42% at a 20 MHz rate
and its timing resolution got worse: from 23 ps to 40 ps.

The timing performance of the whole ToF detector was the goal of the measurements made at
the CERN-SPS test-beam facility (120 GeV n™* particles) in August 2021 prior to its installation
at the Large Hadron Collider (LHC) at CERN. Our first measurements with solid (glue-free) bars
were performed in 2019 in DESY (Hamburg, Germany) in an electron beam with the energy
of 5 GeV [9]. But the characteristics of such a beam are rather different from that of an LHC
proton beam. We therefore focused on measurements with the 120 GeV 7" beam which had very
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similar effects on our detector as the LHC proton beam (mainly a high production of secondary
particles on the DESY beam).

2. Simulation studies

The overall optical throughput of the upgraded ToF optical part changed if compared to the
previous version. Removing the glue from the bars resulted in an increase of their optical
throughput by at least 23% due to an additional increase of the wavelength region from 165 to 235
nm [9]. On the other hand, the separation window introduces extra losses due to its attenuation
and the additional two optical interfaces of glass-air (authors are not aware of an optical grease
suitable at high radiation levels of 400 kGy or more). The performance predictions of the new
optics on the SPS beam were simulated in the Geant4 simulation framework [13]. The transverse
geometrical profile of the passing pion beam was a square 3 x 3 mm? (particle positions randomly
scattered in it) to mimic the acceptance window given by the size of the trigger used in the beam
test measurements, see Fig. 1(b) and the next section. The ToF model embodies all optical parts
and a model of the photocathode of the photomultiplier using experimental values of its quantum
efficiency (QE) [14]. The spectral range of Cherenkov light was restricted to the range from 160
nm to 650 nm. The lower limit was due to the absorption edge of the glass SK-1300 and the
upper limit due to a low QE of the photocathode above 650 nm. As there are no known values of
QE below 200 nm, we assigned the value 0.16 at the lowest known wavelength of 200 nm to the
region down to 160 nm. The collection efficiency 7 of the photomultiplier was set to 0.6 (set by
producer). A model of the separation window was used in the simulation which included the
anti-reflection layers on both sides of the window.

As the measurements were focused on the Train 2, results for the Bar 2A (the first one)
and 2D (the last one) were investigated in the simulation studies. Hereafter, when we speak
of a bar performance, we mean the whole channel including the bar, the photocathode, and
a corresponding pixel of the photomultiplier. The results of the simulation showed that the
presence of the separation window decreased the total optical throughput by 16%. This is
caused by attenuation in the window itself, but it is mainly due to Fresnel losses at additional
air/vacuum-glass optical interfaces.

Regarding the comparison of glued and solid bars, Table 1 summarizes the number of
photoelectrons produced on the photomultiplier’s photocathode for the glued and the solid bars
of the Train 2. The results presented are valid for the trigger position at the edge, 5 mm, and 9
mm from the edge, see Fig. 1(b). The following observations can be made:

* Solid bars benefit from the presence of deep UV photons. For all types of bars (A-D),
the solid bars produced more photoelectrons than their glued counterparts by a factor of
1.7-1.8.

* Among solid bars, the Bar 2D produced more photoelectrons than 2A by a factor of 1.2.
The multiplication factor was the same among the glued bars.

* Bars A always produced fewer photoelectrons than Bars B, C, and D because the bars
upstream the beam receive the part of the Cherenkov light leaking from the downstream
bars [7]. However, this effect depends on the distance of the passing particle from the edge.
It is pronounced for large distances from the edge as seen on ratios 2X/2A in the table.

Note the relatively high standard deviations which correspond to the low number of photoelec-
trons with high fluctuations produced in general. The Cherenkov pulse is generated within 27 ps
by a passing relativistic pion in a bar (or proton in the case the LHC). The pulse stretches out
on its way to the photocathode due to the geometry of the bar and a significant dispersion of
its refractive index in the ultraviolet region. Figure 4(a) shows how wavelengths of incoming
photons are distributed in time on the sensor for the solid Bar 2D (but relevant for all solid bars
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without glue). The pulse length is 500 ps in the case of the solid bars. The glued bars suppress
the light below 235 nm resulting in the final pulse length of 250 ps. The time distribution of
produced photoelectrons on a photocathode is in Fig. 4(b) where photoelectrons are counted in
25 ps wide time slices. A small spread of produced photoelectrons in time results in a better
shape of the falling edge and a higher amplitude (in absolute value) of the output signal from the
photomultiplier. This has a positive impact on the timing performance in general. From this
point of view, the light dispersion in bars affects the timing resolution rather negatively. It is
assumed that the falling edge of the signal is mostly formed by photoelectrons produced in the
first 250-300 ps. From this point of view, photons from the low ultraviolet end of the wavelength
spectra do not contribute to the final timing performance of the detector. In the first 300 ps
however, the solid bars still produce 1.7 times more photoelectrons than their glued counterparts.

Dispersion of photons on photocathode (solid Bar 2D) Distribution of produced photoelectrons in time (Bars 2A & 2D)
= 650 S —25
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2 550 -.-.;.';'-."; : 10 ® 20 —+— 2D glued (10.5 p.e. in total)
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Fig. 4. (a) Simulated time dispersion of the Cherenkov pulse for the solid Bar 2D, and
(b) time spread of produced photoelectrons in the Bars 2A and 2D, solid and glued, calculated
in 25 ps wide time slices (results valid for the beam 7% 120 GeV, QE in [14], =0.6, presence
of the separation window, and trigger position at 5 mm from the edge).

Table 1. Number of photoelectrons produced in the Train 2 with glued or solid bars. The
parameter S/G stands for the ratio solid/glued of number of photoelectrons (results valid for
the beam =* 120 GeV, QE in [14], 7=0.6, and installed separation window).

Edge 5 mm 9 mm

Bar Glued Solid SIG Glued Solid S/IG Glued Solid S/IG
2A 9+3 164 |1.8+0.7| 6+2 10£3 |1.7+£07| 62 10+£3 | 1.7+£0.7
2B 11+3 19+4 |1.7+06| 9+3 15+4 | 1.7+£07| 6+2 10+£3 |1.7+0.7
2C 11+3 19+4 |1.7+06| 10+3 18+4 | 1.8+0.7| 9«3 16+4 |1.8+07
2D 11+£3 19+4 |1.7+0.6| 103 18+4 | 1.8+£0.7| 10+3 17+4 | 1.7+0.6

ratios

2B2A | 12+£05|12+04 1.5+0.7|15+0.6 1.0+£05|1.0+04
2C12A | 12+£05|12+04 1.7+0.7|1.8+0.7 1.5+0.7|1.6+0.6
2D2A|1.2+05|1.2+04 1.7£0.7|1.8+0.7 1.7+0.7 | 1.7+ 0.6

Estimation of the signal characteristics Photoelectrons produced in the PMT’s photocathode
and accepted in the first multi-channel plate (MCP) are then multiplied in both multichannel
plates of the PMT. As mentioned above, the DC gain G of the PMT embodies its collection
efficiency of 1. For simulation purposes, one needs to use a gain valid for a single-photoelectron
input which is not affected by 1. Here, it is called the single-photoelectron gain Gspg (it is
labeled as Gpgp in [12]). Roughly, G = nGspg where 1 ~ 0.6 (given by the producer). All used
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photomultipliers (#2196, #2199, and #2200) were operated on the high voltage of 1545 V. The
G values of the photomultipliers were: 1800 (#2196), 2300 (#2199), and 2100 (#2200) with
an uncertainty range of +15%. The charge generated at the MCP output is then drained away
through the backend electronics of the PMT and is then measured as a voltage drop on an anode
resistor in the first amplification stage. The preamplifier thus serves as a current-to-voltage (A/V)
converter. An equivalent electrical circuit of our photomultipliers is shown in Fig. 5 together
with the input part of the first stage amplifier (PA-a). It includes impedances of real components
as well as parasitic impedances (in gray). The frequency response (transfer function) of this
description is shown in Fig. 6(a). The circuit acts as a low-pass filter with a cut-off frequency
of 2.2 GHz (#2200 with a reduced anode gap of 0.6 mm) or 2.5 GHz (#2196 and #2199 with a
regular anode gap of 2.9 mm). The current-to-voltage conversion is realized by the 50 Q anode
resistor R,. However, its parallel wiring to the input impedance Z; (50 Q) of the preamplifier
represents a total load impedance Z;, of 25 Q. The input impedance Z; of the PA-a preamplifier
depends on the frequency. Its precise estimation for frequency content of our typical signal shape
is outside the scope of this paper. Here, its mean value is expected to lie in an uncertainty range
of +5% around its nominal value.

PMT backend 1st stage preamplifier (A/V)

$ : power supply ground

i : signal ground
I_A_(.)_ e — 1 J_ ” J_ gnal g
| u(®)
! C,,I Raﬁ Z
| y
Z parasitic impedances
R, ~2.5mQ strip resistance
L, ~4nH anode inductance
L, ~0.2nH strip inductance
L, ~0.1nH supply GND to signal GND inductance
i Lo, ~2nH inductance of the the amplifier PCB
 impedances of real components C,, ~0.6pF MCP-OUT - anode capacitance
- s 20Q  dumping resistor C, ~1.4pF anode - ground capacitance
« e R, 50Q  anode resistor Cymo ~0.1 pF  photocathode - MCP-OUT cap.
R g = C, 10nF  blocking capacitor ) Cyi ~1.43 pF photocathode - MCP-IN capacitance
g 2 3 C, 0.35pF capacitance of the ESD diode C,,,~0.1 pF photocathode - ground capacitance
g g C. 2.2nF coupling capacitor C.,~0.5pF MMCX capacitance (connector)
A A Z 50Q input impedance of amplifier ~ C, 0.7 pF  input capacitance of the amplifier

Fig. 5. Equivalent electrical circuit of the miniPlanacon XPM85112-S-R2D2 (one channel)
designed by our group and implemented by the producer Photonis, together with the input
part of the first-stage preamplifier (parasitic impedances in gray color). Z; is the total load
impedance.

The values of the parasitic impedances were estimated by direct calculations based on
the corresponding geometrical and material specifications. Those of them having reductions
measurable on the signal strength are listed in Table 2 with their (estimated) nominal value,
range of realistically possible values, and effects on the signal shape. The rest of the parasitic
impedances in the model have a negligible effect on the resulting amplitude as they are not
directly part of the signal path. Note the parasitic anode inductance L, has a positive effect on
the signal amplitude at the expense of the steepness of the pulse. This is because its higher
values shift the cut-off frequency of the back-end electronics towards lower frequencies. The
strip inductance L affects the crosstalk among the pixels. Its higher value increases the strength
of the signal on the common MCP-OUT wire causing higher crosstalk. The crosstalk signal
behaves opposite the pulse causing a distortion of the pulse edge when added to a proper signal
pulse generated at anode pads.

Using this model in the LtSPICE [15] simulation toolkit, the goal was to estimate a signal
shape at the impedance load Z; produced by a bunch of generated photoelectrons Ny, in pulse
(pe or p.e. stands for photoelectron(s)). The MCP was simulated as a current source producing
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Fig. 6. (a) Frequency response of the customized MCP-PMTs (acting as a low-pass
filters), (b) triangular current pulse generated by the MCP from one photoelectron used for
calculations of output signal waveforms (example plot valid for PMT #2200).

Table 2. Parasitic impedances, their estimated nominal values, and ranges of possible
values (other parasitic impedances in Fig. 5 are taken as known with a nominal value).
Correlation (positive) and anti-correlation (negative) effect of an impedance on the amplitude
means that its growth causes an increase and decrease of the amplitude (in its absolute
value) respectively.

Impedance Nominal value Lower limit | Upper limit Effect on signal amplitude
Ca 0.1 pF (2.9 mm)“ - - anti—correlz.ites, decrease by 8% when
0.5 pF (0.6 mm)“ — _ changing from 0.1 to 0.5 pF

C; 0.7 pF 0.3pF 2.1 pF anti-correlates, 7%

Ceon 0.9 pF 0.2 pF 1pF anti-correlates, 3%
L, 2.5nH 1.5nH 9.5 nH correlates, 39>
Ly 0.2 nH 0.05 nH 1.25 nH correlates, 6%”

Lamp 2 nH 0.5 nH 3nH correlates, 0.3%”

Lg 0.1 nH 0.05 nH 1.3 nH correlates, 1%?

“Value of C, depends on the size of the anode gap (2.9 mm for PMTs #2196 and #2199, 0.6 for PMT #2200),
bRelative change of the amplitude when changing the impedance from the lower to upper limit.

current impulses in time. Time profiles of the N,, was extracted from the Geant4 simulation for
the solid Bar 2D and the glued Bar 2A (the highest number of produced photoelectrons vs. the
lowest amount) in the form of 25 ps wide time slices according to the profiles in Fig. 4(b). For
each slice in time, a simple current source was proposed generating a triangle pulse according
to the shape in Fig. 6(b). The current amplitude I, was set to ZeNf,ﬁ_f“’GspE /T where e is the
elementary charge, N;leice is the number of accepted photoelectrons in a given time slice, Gspg is
the single-photoelectron gain of the photomultiplier and 7 = 175 ps is the estimated rise time of
the current pulse in the MCP [16].

In summary, there was a set of impulse current sources with various strengths defined by a
given Nf,ﬁf"e distributed in time according to the time distribution of the photoelectrons produced,
as seen in Fig. 7(a) for the PMT #2200. The total current profile was saw-toothed, but the discrete
changes lay in the frequency range of tens of GHz and were effectively smeared out by the
electronics of the photomultiplier (a low-pass filter as mentioned above). The output signal based
on this input is in Fig. 7(b) for both the glued and solid bars geometries.
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Current output from the MCP (PMT #2200) Response of PMT #2200 to incoming photoelectrons
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(a)

Fig. 7. Simulation of the PMT #2200 response: (a) electric current at the output of the
MCP as a sum of contributions by photoelectrons arriving in 25 ps wide time slices for Bars
2A glued and 2D solid at 5 mm from the edge, (b) corresponding output voltage on the total
impedance load Z; .

By definition, the pulse voltage area AL (more precisely the pulse integral) measured at the
load resistance is directly related to the generated charge Q:

(i ai= L [ di= Lar
Q_/0 i(t) dt_ZL/O u(t) dt_ZLAu (1)

where i(7) is the current draining the charge through the Z; and u(t) is the corresponding voltage
at the load impedance. The total charge generated on the anode pad is Q = —eN, Gy, where
e is the elementary charge, N, is the number of photoelectrons accepted in the MCP of the
photomultiplier, and Gy, is the single-photoelectron gain of the MCP. Adding to the Eq. (1), the
pulse area is linked to the N, as follows:

AL = —¢ - Gopp - Z1 - Nye =p - Npe 2)

Assuming Z; constant, the parameter p depends only on the used gain of the photomultiplier.
It is in units of [V-s/p.e.] or [Wb/p.e.] (although not intuitive, the unit Vs is actually the unit of
magnetic flux Wb (Weber)).

The signal area AL at the load impedance is highly correlated to its amplitude a’ through
AL = ksal. The constant k; is a time constant. It is the width of an equivalent rectangular pulse
with the amplitude of the original one and the same charge content. Adding to Eq. (2), we get:

k= %GWNW =k- Ny 3)
where k is an amplitude yield per one photoelectron in units of [V/p.e.].

By definition, p = ksk. The k; is a function of the pulse shape. As the signal is amplified in
the amplification chain, the pulse is extended in time in such a way that its amplitude decreases
keeping its area constant. Thus consequently, k; increases. Unless an appropriate backward
correction is applied, one should rather focus on the pulse area because this quantity is minimally
distorted on the signal pathway.

Table 3 summarizes the calculated values of k;, k, and p for all used photomultipliers at a
given gain. These values were obtained directly from an analysis of the simulated output pulse
shapes as discussed above assuming the results presented in Fig. 4(b) and Fig. 7. They are in
agreement with Eqs. (1-3) which means the presented mathematical description is consistent
with the 1tSPICE model.
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Table 3. Parasitic impedances, their estimated
nominal values, and ranges of possible values
(other parasitic impedances in Fig. 5 are taken as
known with a nominal value).

PMT G -] | kslps] | k[uVipe] | p[fWb/p.e]

#2196 | 1800 232 -43 -10
#2199 | 2300 232 =55 -13
#2200 | 2100 252 —45 -12

Note that the values of ks and & in Table 3 are valid only at the impedance load. The signal
pulse is smeared in the amplification chain due to losses in coaxial cables and mostly in the
low-pass filter in the PA-b unit. Their values differ from ones calculated from amplified signal
characteristics a, = g - a; and A, = g - AL (where g is the amplification of the preamplifiers).
The smearing affects also the pulse rising edge. In the example shown in Fig. 7(b), the measured
value of k; is 507 ps which is about twice higher than that in the impedance load predicted by the
simulation. The p is preserved by definition (Eq. (2)) which is equivalent to the assumption of
preserving the pulse area (after dividing by the amplification gain).

3. Experimental setup

The experimental measurements were done on the H6 beamline of the SPS North Area at CERN
[17] in the middle of August 2021. The facility provided a 7* beam of the energy 120 GeV with
rates of tens of kHz. The experimental setup was like the one used in our previous measurements
in DESY [9]. The only change was to use the Roman pot with the upgraded ToF. The scheme of
the measurement setup is shown in Fig. 8 together with a picture of the typical arrangement of
the experimental setup.

low voltage
power supplies

3 Sm—
€ Trigger
CFD .
Oscilloscope ‘ ‘ i

1st PreAmp 2nd PreAmp SEnn 5, . .
PA-a ™ 16 channels []40 GS/s ” low voltage Pl
I power supplies BA¢

(a) (b)

Fig. 8. (a) Scheme of the experimental setup, (b) typical arrangement of the measurement
setup on beam test measurements.

There were used the new MCP photomultipliers #2199, #2196, and #2200 (XPM85112-S-
R2D2) by Photonis described above. The photomultipliers were operated at 1545V using a HV
divider with a ratio of 1:10:1 (500 kQ : 5 MQ : 500 k) providing the gain 1800 (#2196), 2300
(#2199), or 2100 (#2200). The Train 2 with the full complement of 4 bars (solid or glued) was
installed on top of the separation window and aligned to its pixelization [6]. The output signal
from each pixel (channel) was amplified by the PA-a and PA-b preamplifiers mentioned above
providing the total amplification gain of 1000. This value includes the attenuation of the 1.7 m
long cable being part of the PA-a amplifier. The amplified signal was collected by means of a
fast LeCroy WaveMaster 806Zi-B oscilloscope (bandwidth of 6 GHz, sampling of 40 GS/s).
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The oscilloscope was triggered by the signal from one of three detectors S1, S2, and S3
downstream of the beam. Each trigger detector consisted of a 15 mm long fused silica bar
of 3 x 3 mm? cross-section coupled to a silicon photomultiplier (SiPM) manufactured by ST
Microelectronics (S1, S2, type: NRD09_1 with 3.5 x 3.5 mm? and 58 um cell size) [18,19] or by
SensL (S3) [20] that detected Cherenkov radiation. They were placed on a two-axis movable stage
(remotely controlled) in the beam-transverse plane to select a specific area of the ToF detector
for study. The first detector S1 (the closest to the ToF) was mostly used as a trigger. The others
were used for the measurement of their mutual resolution and, in turn, the resolution of the S1.
The signal from the S1 detector was preprocessed by a CFD (Constant Fraction Discriminator)
unit to minimize its time-walk (with a threshold value of —400 mV). A custom software CFD
was implemented in the offline analysis of raw signals from the photomultiplier to extract arrival
times of generated pulses with respect to the trigger.

4. Measurements and results

There were three main goals: (1) the timing resolution of the detector using solid bars and
comparisons to the glued counterparts, (2) the validation of the ToF model including modelling
the MCP-PMT using analysis of raw signal waveforms, and (3) the timing resolution at a higher
gain. The aim of the last goal was to compare the detector performance at gain levels used in the
past ([7]). The last goal is mentioned in the Discussion section only because of its lower priority.
Measurements were focused on the Train 2 which had been our reference train across all test
measurements. Except the first train with a taper, other trains behave in a similar way. Mutual
comparisons were investigated in the past [7]. During all measurements, the trigger S1 was
positioned to have a coincidence with the following ToF areas in the beam: 0 mm from the edge
(in short the edge), 5 mm, and 9 mm from the edge, see also Fig. 1(b). First, the timing resolution
of the trigger (S1) was determined by means of a comparative timing resolution measurement
among all SiPM detectors. The timing resolution of the trigger S1 detector was found to be
11 £ 1 ps. The photomultiplier #2199 was used for the main comparative measurements of glued
and solid bars for three positions of the trigger. The #2200 was used for high gain studies. The
different photomultipliers were compared in the framework of a configuration at 5 mm from the
edge with solid bars and the normal operational gain (2000) of the PMTs.

4.1. Raw signal analysis

In this analysis, the focus was on the signal strength of glued and solid bars in the Train 2 as well
as a comparison of bars within the train. This analysis was done in terms of the pulse area at the
impedance load AL and the number of photoelectrons N, which was calculated from the area
using Eq. (2). After rearrangement and assuming the statistical behavior of the experimental
data, the number of photoelectrons was estimated as follows:

1 L n 1

Wpe) = =G i) = = o ) = ) @)

where (N,.) is a mean number of photoelectrons evaluated from a mean value of the pulse area

(A,) calculated from a set of events for the same conditions (number of events was 50 000 in

our measurements); g = 1000 is the total gain of the preamplifiers; G is the (DC) gain of the
photomultiplier; 7 = 0.6 is the collection efficiency; and the value of p is in Table 3.

Figure 9(a) shows a typical histogram of amplitudes for the solid Bar 2C with a good separation
from the pedestal at —100 mV. Figure 9(b) demonstrates linearity between the amplitude and
the area of the signal which is in turn proportional to the total charge (and the number of
photoelectrons N,.) generated within the photomultiplier. In this example, k; = 0.507 ns.

Figure 10 shows the signal strength (signal areas at the load impedance) of the bars in the
Train 2 for both the solid (in rich colors) and the glued (in pale colors) versions measured at
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Fig. 9. Example of the raw signal analysis of the measurement of the solid Train 2 using
the PMT #2199 at the DC gain of 2300 and the trigger position at 5 mm from the edge:
(a) histogram of amplitudes taken from waveforms produced in the channel of the solid Bar
2C, (b) mutual dependency between the signal amplitude and its area (which is proportional
to the total charge in pulse generated by the photomultiplier).

all specified distances from the edge of the bars (the trigger positions, see Fig. 1(b)). These
values were obtained by dividing the measured signal areas by the amplification gain of 1000.
The height of each box is equal to the span between quantiles 0.25 and 0.75 of the distribution
of the areas given and the position of the black line in each box indicates its mean value. The
corresponding ratios of pulse areas (solid bars vs. glued counterparts and among bars in the
train) are summarized in Table 4. Here, S/G denotes the solid-to-glued ratio. The ratios 2B/2A,
2C/2A and 2D/2A are briefly denoted in summary as 2X/2A in the next text.

Signal areas (glued vs. solid bars, PMT #2199, gain 2300)

0r
I
glued solid I glued solid I glued solid
01 | |
I I
0.2 HHE ! HBHH ! HEHH I
= I I
o 03 I I I
= | |
< g4l I | H | H
I I
05 I I
A, B, C, D (glued bars in pale colors, solid bars in rich colors)
06 I ' | ' L
edge S5mm 9mm

Fig. 10. Signal strength at the load impedance of bars in the Train 2 measured at various
distance from the edge of the ToF for the (DC) gain of 2300 of the photomultiplier #2199.

On the one hand, the results revealed a discrepancy with regard to expectations in the case
ratios between bars. The simulations predicted an augmentation of the signal in the channels
2B-2D compared to the first (upstream) Bar 2A by a factor of 1.2-1.7 based on the trigger position,
see Table 1. Instead, the signal strength of the bar 2B was lower by approximately 10%. The
Bars 2C and 2D produced stronger signals than the Bar 2A by a factor of 1.2-1.3 (at the edge)
or 1.3-1.4 (5§ mm and 9 mm) which was less than expected. This would mean that the channel
of the Bar 2A has a higher amplification in the back-end side of the PMT electronics. On the
other hand, S/G ratios are in an agreement with the simulations, see Fig. 11(a). This indicates
the simulation satisfactorily predicted the number of photoelectrons generated in the deep UV
region. See the Discussion section for a detailed analysis of this result.
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Table 4. Measured mean pulse areas Aﬁ in [pWb] of the bars in the Train 2 (solid and glued)
using the PMT #2199. The parameter S/G stands for the ratio solid/glued of mean areas.

Edge 5 mm 9 mm

Bar Glued Solid S/IG Glued Solid S/IG Glued Solid S/G
2A —-0.178 -0.323 | 1.8+0.7 | -0.153 -0.256 | 1.7£0.7 | -0.153 -255 1.7+0.7
2B —-0.163 -0.296 | 1.8+0.6 | -0.135 -0.240 | 1.8+0.7 | -0.126 -205 1.6+0.6
2C —-0.212 -0.368 | 1.7+0.6 | —0.194 -0.331 1.7£0.6 | -0.168 —288 1.7+0.7
2D -0.224 | -0.428 | 1.9+0.7 | -0.210 -0.375 1.8+0.7 | -0.198 —-365 1.8+0.8

ratios

2B/2A | 0.9+0.4 | 0.9+0.3 0.9+04 | 0.9+0.3 0.8+0.3 | 0.8+0.3

2C12A | 12405 | 1.1+04 1.3+0.5 | 1.3+£0.5 1.2+0.5 | 1.3+0.5

2D/2A | 1.3+£0.5 | 1.3+0.5 1.4+0.6 | 1.5+0.5 1.2+0.5 | 1.4+0.5

Number of photoelectrons
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4 @® BarB 5t
10 @ BarC
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08 | | | | | | I T | 0 | | | |
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Fig. 11. Comparison of experimental data (CERN SPS, n*, 120 GeV) with simulation for
the Train 2: (a) ratios of pulse areas between solid bars and glued counterparts (Table 1) with
corresponding ratios between the number of photoelectrons given by simulation (Table 4)
using PMT #2199, (b) estimated number of photoelectrons. The yellow shaded area
represents uncertainty of Ny, by data due to errors in determinations of the PMT gain,
preamplifiers gain, and the impedance load. The solid black line denotes positions of the
perfect match between data and simulation and the dashed lines indicate the mean shift of
measured values from simulation results.

The plotin Fig. 11(b) summarizes how the simulation agrees with data in terms of an estimation
of the number of photoelectrons generated and accepted by the photomultipliers according to
Eq. (4). Each point represents a specific case of a bar type (A-D, solid or glued) and a trigger
position. The solid black line denotes positions of the perfect match between data and simulation.
For each photomultiplier, the dashed line represents a mean deviation from the simulation. The
estimation of N, from data was affected with uncertainties in determination of the PMTs gains
(£15%), fluctuations of the gain of preamplifiers across channels (+1 dB, £10%), and the input
impedance Z; (+5%) of the PA-a preamplifiers (as noted earlier in the text). This uncertainty is a
rather high +6 p.e. and is visually depicted by the shaded yellow band in the figure. At first sight,
the model slightly underestimates the number of photoelectrons compared to data by 2.6 p.e. on
average.
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4.2. Timing performance

Timing resolution is the main characteristics of the ToF detector. By design, a crossing particle
hits one of four trains triggering (possibly) all bars in the train. Thus, the resolution is given by
timing resolutions of the individual trains. The timing resolution of a train was calculated as an
amplitude-weighted average of arrival times measured in each bar of the train. This weighted sum
approach gives a higher importance to those signal outputs with higher amplitudes in the average.
It could happen that only three or two bars or even one bar triggers. The timing resolution is
affected correspondingly. The timing performance was analyzed for all trigger cases in which all
bars or at least given number of bars triggered. It showed that all four bars triggered together in
most cases (94%). Thus in the following, only the case was considered in which all four bars in a
train triggered.

Figure 12(a) shows results from the analysis of the timing resolution of the glued and the
solid bars. For each trigger position, solid bars exhibited a better resolution by 4 ps on average.
The timing resolution of the whole solid Train 2 improved as well by 3 ps on average. Its
resolution was: 20 + 2 ps at the edge, 22 + 2 ps at 5 mm, and 24 + 2 ps at 9 mm from the edge.
Figure 12(b) summarizes these results for solid bars only with all photomultipliers in various
trigger positions. As expected, there were no significant differences in the timing resolution
among the photomultipliers. There is a worse timing resolution of the PMT #2196 at the channel
of the Bar 2A which could be attributed to the lower strength of the signal output at this channel
(probably due to a worse response of the PMT pixel). The timing resolution of the full Train 2 at
5 mm was: 24 + 2 ps for the #2196, 23 + 2 ps for the #2199, and 21 + 2 ps for the #2200. At the
edge, the timing resolution for the setup with the PMTs #2199 and the #2200 was 20 + 2 ps and
19 + 2 ps respectively. The only #2199 was used or measurements at 9 mm from the edge giving
24 + 2 ps.

Tlmlng resolutlon (PMT#2199) Timing resolution (solid bars)
__60 } [ ] glued edge [ J solld edge [{ __ 60 } B #2196, 5mm © #2199, edge
2 55 ! M glued,5mm M solid, 5mm Qg5 W } #2199, 5mm /#2199, 9 mm
g 50 g ! v glued, 9 mm v so!id, amm]| | g’ 50 : @ #2200 edge W #2290 5mm
puF 4 3 ! | i 2 45| :}7 | i i !
Sawf @ @ iil gg G4t @ i? ‘ JEY 1
o 35 4‘ § I g | Il o 35+ \ I/i \ i I . i |
o I I I o 1 1 1 1
£ %0 : : : : | £ : | | :
E2 | : : 5{ Easf i i L7
20 | | 1 1 1| 20} 1 1 1 I D,
1 | 1 1 ; ; ; i
2A 2B 2C 2D Train 2 2A 2B 2C 2D Train 2
(a) (b)

Fig. 12. Results of timing resolution measurements: (a) comparison of glued and solid
bars of the Train 2 using the PMT #2199, (b) results for solid bars and all photomultipliers.
Photomultipliers were operated at 1545V (HV divider ratio 1:10:1) providing the gain 1800
(#2196), 2300 (#2199), or 2100 (#2200).

5. Discussion

The timing performance is the main characteristics of the ToF detector. Its recent upgrade
addressed all shortcomings of the original ToF version while maintaining its proven radiation
hardness which is critical in conditions of the LHC environment (total expected dose of 400
kGyl/year at a distance of 5 mm from the beam centre). There were worried that changes in
its construction (the additional separation window) and its low PMT operational gain (down to
2000) would significantly deteriorate the timing resolution. Values measured in the vicinity of 20
ps are acceptable for the AFP project. The PMTs #2200 and #2199 particularly gave promising
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results. Based on the results of rate measurements [10], both devices were chosen for installation
in the LHC environment.

Solid bars helped a lot to maintain the timing resolution at around 20 ps. All the mentioned
results of the timing resolution were valid for low rates of passing particles per train (tens of kHz).
In the LHC, the rate will be 20 MHz per train. In general, the performance of photomultipliers
decreases at these rates due to limits in the speed of charge replenishing of the MCP. This causes a
drop of its actual (effective) gain [10,11]. As mentioned in the Introduction, laser measurements
showed that there was no gain drop of the PMT #2199 and #2200 at 20 MHz and at the gain of
2000. Thus, these two PMTs should operate with the same performance in the LHC tunnel at
that gain. The arrival time of a whole train was calculated as a (weighted) arithmetic average of
the arrival time of each bar. Looking at Fig. 12, the mean resolution of each bar in the Train 2
was roughly o}, = 38 ps (across all the PMTs, trigger at 5 mm from the edge). This theoretically
corresponds to the train resolution o; = 19 ps applying the rule o; = 03,/ VN, where N = 4
is number of bars in the train. This rule is valid if there is no crosstalk among the bars. The
mean measured timing resolution of the Train 2 was about 21 ps, close to 0;. This indicates
that the crosstalk was small which was one of the goals of the suggested changes in the backend
electronics of the photomultipliers.

Itis common that pixels behave non-uniformly across a MCP-PMT due to space inhomogeneities
both of the photocathode QE and the emissive layer in the MCP as well as due to amplification
variations of the amplifiers across channels (approximately +10%). Thus, there is no reason
to compare the experimental data with the simulation in terms of pulse area ratios among bars
in train (like 2X/2A in Table 4). Comparisons between solid and glued bar counterparts are
however not affected by this issue. As seen in Fig. 11(a), there is a good agreement between
the simulation and the experimental data in this way. One drawback of the simulation was the
unknown quantum efficiency of the MCP-PMT photocathode at wavelengths below 200 nm (in
deep UV). We simply assigned the value of 0.16 at the lowest known wavelength of 200 nm
to the region down to 160 nm. By nature, the production of Cherenkov photons grows rapidly
with lower wavelengths and any significant changes of QE below 200 nm would cause a serious
deviation of the real response from that of the model. An analysis of the S/G ratios (Fig. 11(a))
indicates the simulation satisfactorily predicted the number of photoelectrons generated in the
deep UV region when taking into consideration that the glued bars effectively work down to 233
nm due to the glue cut-off point and solid bars work down to 160 nm [9]. Thus, the QE is around
0.16 on average below 200 nm.

Measurements at high gains (10* —10°) with the PMT #2200 during the beam test measurements
were performed to see what timing resolution we could expect at normal operational gains. We
reached a timing resolution of down to 15 ps at the DC gain of 3.5 - 10* and at the edge which is
comparable with our results in the past with the simpler geometry of the ToF [6,7]. However, the
conditions at the LHC don’t allow the ToF operation at those gain levels without a significant
loss of efficiency.

We also tried to predict the output signal strength from the photomultipliers by means of
an equivalent electrical circuit, see Fig. 5. The credibility of such a model depends both on
its complexity and a correct estimation of each component, in particular parasitic impedances.
The model was successfully verified in the past on data from laser measurements comparing
amplitudes on one-photoelectron levels at the light wavelength of 405 nm. The comparison with
beam test data presented here was more difficult due to its higher complexity - especially the
wide spectral range of incoming Cherenkov light (from 160 nm to 600 nm) associated with a
spread distribution of photoelectrons in time, and the complex geometry of the optical part.
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6. Conclusion

Last two years, the ToF detector for the AFP project underwent significant design changes to
remove various construction shortcomings. The throughput of its optical system was affected by
the extra quartz window in the light path. Beside this, there was the requirement of operating
the photomultiplier at lower gains close to 2000 to compensate for the signal attenuation at high
pulse rates of 20 MHz. A new backend electronics of MCP-PMTs was designed in cooperation
with Photonis, Inc. to suppress the electronic crosstalk among channels, to adapt to our changes
in the ToF design, and to improve protection against external electromagnetic interference.

Based on these modifications, Photonis produced four new ALD coated miniPlanacon
XPM85112-S-R2D2 photomultipliers for us: S/N 9002196 (MCP resistance of 44 M(2), 9002199
(35 M), 9002200 (27 MQ), and 9002201 (55 MQ). We proposed their equivalent electrical
model. We used it also to extend our simulations of the ToF detector by calculations of the output
signal waveforms based on simulated time distributions of the initial Cherenkov pulse done in
Geant4. The beam test measurements at the CERN SPS beam proved the credibility of such a
model, although improvements are still needed. Namely, a model of QE in deep UV region must
be better specified (need to measure). There is also a plan to measure irradiated bars from the
LHC environment in the SPS beamtest facility to better understand the effect of the radiation
damage.

The measurements confirmed the detector kept its timing resolution of 20 ps at low gain levels
of its photomultiplier (order of 103). Without gain constrains, we reached the limit of 15 ps at a
gain of 3.5 - 10*. The detector is now installed in the LHC tunnel and is ready for running in the
Run 3 campaign of the LHC.
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