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176 Chapter 5. MAPMT Studies within Prototype Cerenkov Detectors

1.06), to evaluate the corresponding impact on the RICH prototype performance. By design,
the radiator was placed at 1000 mm upstream from the photon-detection plane, matching the
envisaged expansion gap of the final CLAS12 RICH detector. A geometrical survey of the ex-
perimental setup, performed by members of the CLAS12 RICH Collaboration found the actual
distance between the aerogel mount and plane of MAPMTs used throughout the test-beams to

be 1004 mm, with an accuracy of 1 or 2mm [188|.

(a) (b)

Figure 5.46: (a) Example aerogel tile used as a Cerenkov radiator in the test-beam prototype. The
tile has a nominal refractive index of n=1.05 and dimensions of 6 cm X 6cm x 2cm. (b) Setup of the
H8500 MAPMTs in the direct light imaging configuration of the test-beam study. 28 H8500 MAPMTs
were arranged in a ring, and could be moved radially to image Cerenkov rings of different radii.

Immediately before and after the test-beam studies, the optical properties of the aerogel
tiles were fully characterised by members of the CLAS12 RICH Collaboration from the INFN
section of Ferrara. The refractive indices of the tiles were measured using the standard prism
method [189], and the transmittance curves of the tiles were mapped through measurements
with a spectrophotometer. The transmittance measurements allowed the extraction of ab-
sorption and scattering length spectra from the Hunt formula as described in Section 2.3.1.
Throughout the test-beam studies relative shifts in the transmittance of the aerogel tiles were
monitored offline, by measuring the current extracted from a photodiode in response to a laser

beam as it was shone through the aerogel tiles.
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For the photon detectors, a ring of 28 H8500 MAPMTs was used as shown in Fig. [5.46|(b).
The MAPMTs could be moved radially to allow for imaging of Cerenkov rings with different
radii, resulting from tests performed with various aerogel refractive indices. Both standard
borosilicate and UV-extended window type MAPMTs were tested, to study both yield differ-
ences caused by the higher intensities of Cerenkov photons produced in the UV-wavelengths
and Cerenkov ring resolution smearing effects caused by the Rayleigh scattering of photons at
the UV-wavelengths. The MAPMT types were arranged in alternating order around the cir-
cumference of the ring. Prior to the test-beam studies, the gain uniformities of the 28 MAPMTs
used were fully characterised by CLAS12 RICH Collaboration members of the LNF section of
the INFN, using a laser-scanning technique similar to that previously described in Section
and performed at a wavelength of 407.2nm. The HVs of the H8500 MAPMTs were set to
-1075V throughout the entire test-beam studies. This HV value reduced the fraction of single
PE events lost below the pedestal distributions to ~12-15 %, in comparison with the value of
20.8 % extracted with the H8500 MAPMT tested at 1000V and as described in Section [4.5.1]
The readout of the signals from the MAPMTs was based upon the MultiAnode ReadOut Chip
(MAROCQC).

RICH Prototype: MAROC3 Readout Electronics

The MAROC ASIC [190,/191,(192,/193] was originally developed by the IN2P3 Omega micro
group H for the charge readout of the 64-channel Hamamatsu H7546 MAPMTs used in the
ATLAS luminometer, and it is readily applicable to similar photon detectors. The most recent
version of the ASIC, named MAROC3, was used in the large-scale prototype setup. The ASIC
was designed to provide 100 % trigger efficiency for charge signals covering the dynamic range
of %PE to ~30PE, which translates to charge values of ~50fC and 5pC respectively for an
MAPMT operated with a gain of ~ 1 x 10%. The linearity over this dynamic range is < 2 % and
the noise should be less than 2 fC. In principle, the chip is therefore suitable for the CLAS12
RICH detector, which requires the detection of single photon level signals.

The MAROC3 ASIC is also very appealing for use with photon detectors such as the
H8500 MAPMT, since it offers pre-amplification for each of the 64 individual channels of the
MAPMT through an 8-bit variable gain pre-amplifier. The amplification allows for relative

gain uniformity corrections up to a maximum factor of 4, in 255 steps, with an accuracy of

http://omega.in2p3.fr/
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1.5 % Additionally, noisy channels may be switched off by setting the amplification to zero.
A 1:4 uniformity correction would be sufficient to equalise all pixel gains in the two H8500
MAPMTs which were tested so far with the laser scanning setup, as shown for example in the
relative gain map results given in Fig. [£.15](a) and Fig. [£.16|(b).

A simplified schematic of the chip design is shown in Fig. and fuller descriptions
of the electronic design of the chip may be found in [190}|191,/192,/193|. The simultaneous
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Figure 5.47: Schematic illustrating the principle of the MAROC3 ASIC used for readout of the
MAPMTs of the large-scale prototype. Image created by P. Musico.

extraction of both an analogue charge measurement and a digital trigger output for each of
the 64 MAPMT channels is available with the MAROC3 ASIC, as illustrated in Fig. For
the analogue chain, termed the slow channel (on the order of tens of us), the pre-amplified
signal is fed through a variable slow-shaper, programmable to optimise signal to noise ratios
for different pulse-shapes, and Sample and Hold (S&H) buffers. Analogue to Digital charge
Conversion (ADC) is provided through a Wilkinson ADC, which is not shown in Fig. and
the multiplexed output signals are available from all 64 channels of the MAPMT. In parallel,
64 discriminated trigger outputs are produced via the fast channel (~30ns). In this channel,
the pre-amplified MAPMT signals pass through a fast shaper and are then discriminated by
comparators with 10-bit programmable Digital to Analogue Converters (DACs) used to provide
the threshold voltage. The threshold voltage is common amongst all 64 input channels, and any
required variation must be compensated for by correct setting of the 64 individual pre-amplifier

values. If the MAPMT signal is above threshold, then a logic-1 state will be produced. Both
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the slow and fast channels are extracted during readout of the MAROCS, however a sparsified
mode may be enabled in which data from the fast channel only is recorded. The sparsified
mode was not used in the test-beams, in order to accurately study the MAROC3 and H8500
charge responses. If these electronics were to be used in the final CLAS12 RICH, such a
sparsified mode would be extremely useful in coping with the expected required readout rates
of 20kHz. This method would be suitable, once the detector system is fully understood after
the commissioning period, as it would be sufficient to record only the hits above threshold in
each event and their positions.

The architecture of the readout electronics used for the test-beam prototype setup was
originally developed by P. Musico (Genova section of the INFN) and further description of
its design may be found in [194]. Prior to their use in the test-beams, the readout electronics
were fully calibrated and characterised by several members of the CLAS12 RICH Collaboration
from the Federico Santa Maria Technical University, and the Istituto Superiore di Sanita and
LNF sections of the INFN. A photograph of the electronics and a schematic of the readout
architecture used are shown in Figs. 5.4§|(a) and (b). In the prototype, each MAPMT con-
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Figure 5.48: (a) Photograph and (b) schematic of the readout electronics used with the large-scale
prototype. One Front End (FE) card, containing one MAROC3 ASIC, is attached to each MAPMT.
Several FE cards are then connected to a back plane module, which is in turn attached to a control
board and interfaced with the data acquisition computer via USB connection.

nected to one Front-End (FE) card. The FE card contained one MAROC3 chip which was
configured, triggered and controlled by a field programmable gate array. Several FE cards, up
to a maximum of 16, were then attached to one Back Plane (BP). The main aim of the BP was
to provide electrical connectivity and mechanical support for the FE cards. A Control Board

(CB) was then used to distribute the trigger signal for DAQ, control the BP and FE cards,
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accumulate the data and interface with a computer via a USB 2.0 connection. The FE cards
were distributed across 3 BPs, which were controlled by 3 independent CBs. The coincidence
signal from the trigger scintillators was split passively and sent simultaneously to the three
CBs for DAQ triggering. A low voltage power supply was also used in the readout electronics
setup, to provide the 3.5V required for each MAROC3 ASIC.

Throughout the test-beam the maximum average readout rate obtained was ~ 10 Hz and the
maximum DAQ efficiency, defined as the ratio between the raw coincident trigger scintillator
signals and the accepted DAQ triggers, was 13%. These relatively low values resulted from a
combination of the USB interface, the pulsed structure of the beam and the high intensity of
particles delivered per spill. Furthermore, the electronics were extremely susceptible to pick-up
noise in the test-beam environment, which had to be corrected for through the use of common
mode noise subtraction techniques which will be described further below. Further studies of
these electronics are being carried out by members of the CLAS12 RICH Collaboration to
determine their suitability for the final CLAS12 RICH detector.

5.2.3 Analysis Methods

Several steps were performed in the analysis of data obtained with the test-beam prototype.
The main aims of the analysis were to obtain the detected number of photons per Cerenkov
ring event, to evaluate the Cerenkov ring radius resolutions and to obtain separation between
pion and kaon particles species as a function of momentum.

To achieve these aims, the signals extracted from each of the 1792 H8500 MAPMT pixels
were evaluated as follows. For each data run, new pedestal thresholds were calculated for each
readout channel. For this a single Gaussian distribution fit to the pedestal peak was obtained
and the resulting threshold was calculated using a pre-defined multiple of the resulting o - width,
typically 4 o thresholds were used throughout the data analysis. Per event, both the individual
hits and the hit clusters above threshold were found and their corresponding MAPMT pixel
locations were converted into spatial coordinates in the prototype setup geometry. To find the
hit clusters, the clustering algorithm described previously in Section was utilised. The
number of hits or clusters above threshold obtained per event was then recorded as the Cerenkov
event hit and cluster yield parameters respectively. Furthermore, if either the Cerenkov event
hit or cluster yield was greater than 3, a circle was fitted to the distribution of either the hits or
clusters across the MAPMT faces. The circle fit had 3-variable parameters, including the ring

centre in both the horizontal and vertical directions (X¢ and Y¢) and the ring radius (r). The
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circle fitting algorithm minimised the residuals between the variable radius parameter and the
radius as calculated from the geometrical hit positions with respect to the variable ring centre
parameters. This is shown in Equation where: the y? circle constraint is the parameter
which is minimised, ¢ denotes the number of hits above threshold per event, and x; and y;

correspond horizontal and vertical positions of the hits respectively.

X = (@i — Xe)® + (yi — Yo)? =7 (5.2)
i

The three results from the ring fit were plotted per event and evaluated, for example the width
of the Cerenkov ring radius distribution was extracted as the radius resolution obtained with
the prototype. A study performed by M. Mirazita has confirmed this event fitting method, by
illustrating that the Cerenkov events obtained with the direct light imaging case of the test-
beam prototype correspond to circles and not ellipses, which may arise from beam inclinations
or misalignment effects [195].

This general analysis method is illustrated further in Fig. [5.49] which shows a typical
Cerenkov ring event as imaged by the 28 H8500 MAPMTs (grey) and a ring fit (black dashed
line) applied to the recorded hits above pedestal thresholds (red). For such an event several
parameters are extracted and recorded, such as: hit and cluster multiplicities; cluster sizes;
pixel occupancies; the geometric distance of either each hit pixel or hit cluster from the centre
of the prototype setup; the ring radius extracted from the circle fit and the matching ring
centre in both the horizontal and vertical positions.

The image shown in Fig. was obtained with the event display software which was
used throughout the test-beam and subsequent data analysis. The event display software
package was both developed and written by M. Hoek [196] and is the basis of the analysis
code which was then expanded upon by the author for further analysis of the test-beam data.
The geometry of the experimental setup is replicated in the event display histogram using the
TH2Poly histogramming class of the ROOT software toolkit, which allows the user to define
histogram bins of arbitrary polygonal shapes, positions and rotations. For example, Fig.
gives a close-up view of one of the MAPMTs as described by the event display software. The
histogram shows all hits above pedestal thresholds recorded by the pixels of the MAPMT, for
an accumulation of ~ 20000 events. Each of the 64 pixels are observed as separate bins in
the event display histogram, with the frequency of hits above each pixel’s individual pedestal

threshold indicated by colour fill. As a result, the segment of the Cerenkov ring imaged by this
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Figure 5.49: Typical Cerenkov ring event obtained with the test-beam prototype. The MAPMTs are
shown in grey and pixels in which the extracted charge surpassed a 4 ¢ pedestal threshold are indicated
by red. A circle has been fit to the ring image, as shown by the dashed black line.
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Figure 5.50: An example of the histogramming of an H8500 MAPMT in the event display of the test-
beam RICH prototype. Each pixel of the H8500 MAPMT is represented by a separate histogram bin,
with the colour fill representative of the number of hits recorded which surpass each pixel’s 3 o pedestal

threshold.

MAPMT is clearly visible. Each time the MAPMT positions were altered in the experimental

setup, for example to image Cerenkov rings from different aerogel refractive indices, their
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locations were measured and recorded by hand. Using the event display software then, the
position and orientation of each H8500 MAPMT and its constituent pixels was programmed as
measured from the experimental setup and are subject to a 1 mm measurement error, which

will be propagated then to all ring radius measurements.

Cerenkov Event Yield and Hit Clustering Algorithm

In the case of the cosmic muon RICH prototype study described above (see Section ,
the density of Cerenkov photons per MAPMT pixel was >1 and therefore the conversion of
extracted charge into NPE using the absolute calibration of the MAPMT was performed. In
analysis of the test-beam RICH prototype data however, the number of hits above threshold
per event was simply added and the ADC charge was not converted into PE. This is because
the charge spectra recorded by each pixel were strongly representative of single photon signals
only. This concept is analogous to that expected in the final CLAS12 RICH detector where a
sparsified readout mode is envisaged, and trigger signals corresponding to hits above threshold
only will be recorded per event. The validity of this method was confirmed on inspection of
charge spectra extracted from hit H8500 MAPMT pixels which lie along the location of the
Cerenkov ring, such as the example shown in Fig. The charge spectrum has been fitted
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Figure 5.51: Example charge spectrum obtained from an H8500 MAPMT pixel which lies upon the
Cerenkov ring, illustrating the pedestal and single photoelectron distributions. A fit has been applied
which returns the mean NPE as (0.03054 +0.00259) PE.

with Equation which, as described in Section [.4] may be used to perform absolute gain
calibrations of MAPMTs. The fit result gives access to the mean NPE, which in this example
was retrieved as (0.03054 +0.00259) PE and is significantly lower than a single PE level. If

this mean value is used to calculate the total summed fraction of events expected at 0 PE and
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1 PE levels from Poisson statistics then a value of 99.95% is obtained, leaving 0.05% events
expected at higher PE-level contributions. Contributions from higher order photon-levels are
therefore minimal, as expected, and it is assumed that the method of summing the number of
pixels or clusters with hits above the pedestal threshold is satisfactory.

The principle for the extraction of event cluster multiplicities is further illustrated in
Fig. [5.52] which shows the face of one H8500 MAPMT, where pixels returning hits above

pedestal threshold highlighted in red. For the case shown, 4 hits and 3 clusters are extracted

H8500 FACE

u

1

4 Hits |
3 Clusters

Figure 5.52: Schematic illustrating the difference between event hit and cluster multiplicities extracted
from analysis of data from the test-beam RICH prototype. The face of one H8500 MAPMT is shown,
with pixels recording hits above pedestal thresholds highlighted by red. For this MAPMT, 4 hits and
3 clusters are extracted.

for this MAPMT. Equivalent numbers were extracted and summed from the 28 MAPMTs of
the prototype setup, per event. The extraction of the cluster multiplicity aimed to reduce the
influence of crosstalk signals upon the multiplicity measurements, since as observed through
the laser scanning measurements described in Sections and cross-talk does exist at
the single-PE charge level within the MAPMTs themselves. Based upon the laser scan results,
it is assumed that the majority of crosstalk signals above threshold will occur in neighbouring
pixels, as shown for example in the 2-pixel sized cluster of Fig. and therefore the summing
of clusters rather than individual hit pixels should eliminate the inclusion of noise hits to the
Cerenkov yield results. Typical cluster sizes extracted from the data are shown in Fig. ,
which is taken from a 10000 event data-set obtained with a beam momentum of 6 GeV/c,
aerogel thickness of 2cm and refractive index of n = 1.05. For the result shown in Fig.[5.53] the
cluster search algorithm was set to include only the 4 side-sharing neighbours of each hit pixel.
The majority of cluster sizes extracted had a size of 1 pixel, and comprise 95.33 % of the data-

set shown in Fig. This is almost in agreement with the measurements performed with
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Figure 5.53: Hit cluster sizes, in pixels, extracted from RICH prototype test-beam data. At ~95 %, the
majority of the clusters have size corresponding to 1 pixel.

the laser test-stand, which studied crosstalk effects at an incident photon level corresponding
to single- PE charge signals. For example, the previously attained result shown in Fig.
revealed that the crosstalk fractions exhibited in side-sharing neighbours to the illuminated
channel is <3 %, in the well-controlled environment of the laser laboratory. Considering the
extremely different readout electronics used, the inclusion of extra noise effects present in the
much less well-controlled test-beam environment and the detection of scattered Cerenkov light,
the fraction of data with cluster sizes > 1pixel and the crosstalk fraction extracted from the
laser scan data agree quite well. The fraction of clusters having sizes > 1 pixel decreases with
increasing cluster size in Fig.[5.53] For example, the fraction of clusters having sizes of 2, 3 and
4 pixels was 4.377 %, 0.259 % and 0.027 % respectively. In the further analysis steps, a cut was
placed to exclude clusters with sizes of >b5pixels. Such events were assigned to originate from
noise events in the readout electronics, which originated from the accelerator environment and
were not true Cerenkov events. The frequency of such clusters was extremely low and the cut
did not appear to impact the radius resolution or yield results. In order to reduce the inclusion
of crosstalk noise, the event cluster multiplicity values were typically extracted and quoted as
the Cerenkov yield values from test-beam data. Further systematic studies were performed to
investigate the impact of clustering techniques on values extracted from the data.

The differences in yield obtained through use of the side-sharing (4 neighbours) or all-
neighboring (8 neighbours) cluster search algorithms, previously described in Section ,
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were examined. For instance, Fig. gives the difference in event cluster multiplicity obtained
with the different cluster search algorithms, for a ~ 20000 event sized data-set extracted with
a beam momentum of 8 GeV/c, an aerogel thickness of 2cm and refractive index of n=1.05.

Pedestal thresholds corresponding to 4o cuts have been applied to the data. The statistics
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Figure 5.54: Example dependence of the event cluster multiplicity upon the cluster search algorithm
and whether it is set to search either the 4 side-sharing (green) or entire 8 neighbouring (black) pixels
of the hit channel.

provided by the ROOT software to describe the two distributions are also visible in Fig. [5.54]
The mean value of 12.31 clusters with the 8 neighbour search algorithm is very slightly less
than the value of 12.56 clusters obtained with the 4-neighbour search technique, and a similar
behaviour is observed with the RMS widths of the distributions. However the two results are
extremely similar, as expected since the majority of clusters have sizes of 1pixel, and any
differences are concluded to be negligible. In analysis of the test-beam data the cluster search
algorithm was set to perform side-sharing neighbour searches, since these are the most probable
locations of crosstalk hits and with the 8-neighbour search algorithm the possibility exists for
the algorithm to combine truly separated hits into large clusters.

In the analysis of Cerenkov ring events, the circle function may be set to fit to the positions
of either the leading pixel of a cluster or the centroided position of a cluster, calculated by
the relation given previously in Equation 5.1} Fig. gives an example comparison of the
resulting Cerenkov ring radius distributions obtained from the two methods, for the same data-
set described immediately above. As expected, due to the small fraction of events with cluster

sizes > 1 pixel and the crosstalk strength magnitudes, the extracted Cerenkov ring mean radius
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Figure 5.55: Example dependence of Cerenkov ring radius on whether the circle function is fitted to
the cluster leading pixel or centroided positions.

values are the same and there is negligible difference between the widths of the two distributions.
The same is true for the ring centre positions extracted from the circle fitting algorithm, as
illustrated in Figs. M(a) and (b), where the Cerenkov ring fitting method does not appear

to affect the mean or widths of the resulting ring centre distributions. For the results which
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Figure 5.56: Example dependence of Cerenkov ring fit centre in both the (a) horizontal and (b) vertical

positions upon whether the circle function is fit to the cluster leading pixel or centroided positions.

will be shown subsequently, the Cerenkov ring fitting algorithm was set to fit to the leading

pixel positions of each cluster.



188 Chapter 5. MAPMT Studies within Prototype Cerenkov Detectors

Common Mode Noise Subtraction

Throughout the test-beam studies the pedestal noise distributions extracted from the MAPMTs
with the MAROCS3 readout electronics exhibited extremely broad widths and, in most cases,
double peaked structures were obtained in the majority of readout channels. The noisy pedestal
distributions were problematic for analysis of the RICH prototype data, since single PE charge
spectra were expected. With the H8500 MAPMT a portion of the single PE charge spectrum is
already intrinsically lost to the pedestal distribution, and so the broadened pedestal distribu-
tions may result in a significant loss of true Cerenkov events. Furthermore, one single Gaussian
is not an applicable fit to a double peak structure, as is used in the typical analysis method to
obtain the pedestal threshold cuts with the H8500 MAPMT charge spectra. A Common Mode
Noise Subtraction (CMNS) filter was therefore developed and programmed by E. Cisbani and
M. Turisini [197], and was applied to all data obtained throughout the test-beams.

There are several steps comprising the CMNS algorithm. Initially the 64 channels of an
MAPMT are divided into two subsets of 32 channels and then, per event, the average ADC
value amongst all channels of a subset is calculated and subtracted from the individual ADC
values recorded in each of the 32 channels. The aim is that common mode noise present in
the readout system will be averaged out and true signals, which are not common throughout
the subset, will remain. An arbitrary offset is added to all resulting ADC values, to avoid any
possible complications from resulting ADC values lying below the zero value. A typical example
of the benefit of the CMNS filter application is shown in Fig. [5.57] where the vertical frequency
axis is displayed on a logarithmic scale to emphasise the single PE signal distribution. The raw
charge distribution obtained from the pixel is shown in blue, with the double peaked pedestal
structure visible. The corresponding result obtained after application of the CMNS filter is
shown in red, where the pedestal width is much narrower and the double peak structure is
removed. The shape of the pedestal distribution after CMNS is in accordance with a Gaussian
distribution, and therefore the typical analysis method for obtaining a pedestal threshold was
successfully performed.

In rare cases the CMNS filter produced unwanted artifacts, such as the examples shown
in Figs. p.58)(a) and (b). In the case of Fig. [5.5§(a), for instance, the filtering has resulted
in the presence of a second peak residing below the main pedestal distribution. Additionally,
in Fig. (b) the pedestal distribution has a large tail towards higher ADC values, which is
almost separated as a second peak and results in increased noise counts lying above the thresh-

old of the main pedestal distribution. Throughout the data analysis steps such features were
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Figure 5.57: Typical charge spectrum extracted from one of the H8500 MAPMTs of the test-beam
prototype before (blue) and after (red) application of a common mode noise subtraction filter to reduce
pedestal widths and remove the double peaked pedestal structures.

monitored by eye, and for each analysed data-set the total number of channels displaying these

noise or unwanted effects was typically ~1% of the 1792 H8500 MAPMT readout channels.
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Figure 5.58: Examples of detrimental effects resulting from application of the common mode noise
subtraction algorithm to reduce pedestal noise observed in H8500 readout channels. Such effects,
however, were rare and only occurred in <1% of instances.

An example comparison between ring images obtained before and after application of the
CMNS algorithm is given in Figs. and respectively. The rings are again produced
from the same ~ 20000 event data-set obtained at the July - August test-beam, with an aerogel
radiator thickness of 2 cm, a refractive index of n=1.05 and beam momentum of 8 GeV/c. The
colour fill indicates the frequency of hits above a 3 o pedestal threshold, which was selected since

it represents the cut level most susceptible to noise. The pedestal thresholds before common
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Figure 5.59: Example Cerenkov ring image obtained before the application of a common mode noise
subtraction algorithm to improve MAPMT pedestal noise distributions. The colour fill indicates the
frequency of hits above a 3 o pedestal threshold.

mode noise subtraction are however not reliable since a single Gaussian fit to the entire double
peak structure does not describe the distributions well. Nonetheless the results indicate that
as a result of the CMNS algorithm MAPMTs which previously showed relatively low yields
and efficiencies, due to severely degraded pedestal distributions, are mostly recovered. This is
confirmed on inspection of the corresponding average hit multiplicity per event obtained for
each H8500 MAPMT, before and after CMNS, as shown in Fig. [5.61] The PMT ID value was
used as a label for each MAPMT of the prototype setup, with PMTID = 0 corresponding
to the MAPMT located at position (0.0 mm,-340.0 mm) in Figs. and [5.60] The PMT ID
value then increases, in the clock-wise direction, to a maximum value of 27. Due to the different
absolute gains of the MAPMTs the average multiplicities are not expected to be exactly equal
amongst the MAPMTs, however, the CMNS yields a stronger equalisation between the average
multiplicities of the 28 MAPMTs. The average multiplicity is increased in MAPMTs which

previously suffered severely from broad pedestal distributions lying on top of the single PE
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Figure 5.60: Example Cerenkov ring image obtained after the application of a common mode noise
subtraction algorithm to improve MAPMT pedestal noise distributions. The colour fill indicates the
frequency of hits above a 30 pedestal threshold.

charge spectrum, and decreased in cases where a large fraction of mis-identified noise hits lying
above the pedestal threshold existed.

Further examples of the impact of the CMNS on the Cerenkov event hit and cluster yields
are given in Figs. [5.62(a) and (b) respectively, for the same data-set described above and 3¢
pedestal thresholds. The graphs show the results obtained from inclusion of all 28 MAPMTs,
which provided 69.3 % coverage of the Cerenkov ring. The result of CMNS is to increase the
yield of both the hit and cluster multiplicities, from 12.15hits to 15.44 hits and 10.99 clusters
to 14.03 clusters respectively. As expected, the hit multiplicity is generally slightly higher than
the cluster yield. A study of the event hit and cluster multiplicities, obtained with a beam
momentum of 8 GeV /c, an aerogel thickness of 2 cm and refractive indices of n=1.04,1.05 and
1.06, revealed that the hit and cluster yields were increased by 21 % and 23 % respectively
through application the CMNS algorithm to the data.

The corresponding Cerenkov ring radius distributions obtained before (blue) and after

(red) common mode noise subtraction are shown in Fig. [5.63] Gaussian fits retrieve the
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Figure 5.61: Example average hit multiplicities per Cerenkov ring event obtained for each of the 28
H8500 MAPMTs used in the test-beam RICH prototype before (blue) and after (red) common mode

noise subtraction to improve pedestal distributions.
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Figure 5.62: Examples of Cerenkov event (a) hit and (b) cluster multiplicity distributions obtained
before (blue) and after (red) common mode noise subtraction. The data was obtained with an aerogel
radiator of thickness 2 cm, refractive index of n=1.05 and beam momentum of 8 GeV /c.

mean positions of the distributions before and after noise subtraction to be (334.12+0.02) mm

and (334.44 +0.02) mm respectively, implying that the noise subtraction does not alter the

mean Cerenkov ring radius distribution extracted significantly. The width, however, does

slightly decrease after common mode noise subtraction from a value of (2.885+0.019) mm to

(2.595 +0.022) mm, indicating a slight improvement of the Cerenkov ring resolution which is in
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Figure 5.63: Example of the ring radius distributions extracted from circle fits to Cerenkov events
before (blue) and after (red) common mode noise subtraction.

accordance with counting statistics. If one computes the ratio between (1//Clustersafie,)/
(1/\/m), where Clusterspefore and Clusters afie, are the mean cluster yield val-
ues obtained before and after CMNS from Fig. [5.62|(b), then a value of 0.90 is obtained. This
matches well the value extracted if the equivalent ratio between the o - widths of the ring radii
distributions obtained before and after CMNS is calculated, confirming that the increase of
Cerenkov yield obtained through the application of the CMNS algorithm is important as it im-
proves the Cerenkov radius resolution. Equivalent observations were observed with the fitted
Cerenkov ring centre in both the horizontal and vertical directions.

Such systematic studies of the influence of the CMNS on Cerenkov yield and geometrical
ring properties confirmed the effectiveness of the technique in restoring the charge spectra of
the H8500 MAPMTs. The Cerenkov yields were increased due to the improved pedestal noise
distributions from the readout electronics, however the main Cerenkov ring geometrical features
remained unaltered as required. For all results which are shown below the data was first treated
with the CMNS filter. For readout of the H8500 MAPMTs with the MAROCS electronics in
the CLAS12 RICH detector, dedicated studies using the slow channels of the MAROCS3 chips
would be required during the commissioning and calibration period of the detector, to confirm

the requirement of such a CMNS technique.
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Pedestal Threshold Cuts

Since the readout electronics used differed from those incorporated in the cosmic muon RICH
prototype, the influence of pedestal thresholds corresponding to 3,4,and 50 values on the
Cerenkov light yield extracted with the test-beam prototype was considered. A typical ex-
ample of such threshold cut locations on an extracted H8500 hit pixel charge spectrum is
shown in Fig. [5.64)(a), where the CMNS algorithm has previously been applied to the ADC
data. The resulting dependency of the Cerenkov yield per event upon the pedestal thresh-
old cut from the same data-set is shown in Fig. [5.64(b), where the event corresponded to a
Cerenkov ring with 66.8 % coverage provided by the 28 MAPMTs and the Cerenkov yield is
defined as the cluster multiplicity recorded by the MAPMTs per event. Cerenkov yields of
(13.90 £0.03) clusters, (12.49 £ 0.03) clusters and (11.89 £ 0.03) clusters per event are obtained
with 3, 4 and 50 pedestal thresholds respectively. Similar behaviour was also observed with
different data-sets. It was concluded again that a 40 pedestal threshold cut offers the opti-
mal compromise between noise inclusion and signal rejection, and therefore was used for the

analysis to obtain the following results.
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Figure 5.64: (a) Typical charge spectrum obtained from one H8500 MAPMT pixel in response to
Cerenkov light. The locations of three different pedestal threshold cuts, corresponding to 3,4and 5o
pedestal widths, are marked upon the spectrum. (b) Example dependence of the cluster yield per
Cerenkov event, obtained with 2cm thickness of n=1.05 aerogel and a beam momentum of 8 GeV/c,
upon the pedestal threshold cut.

el L]
)

5.2.4 Results

Within the scope of this project, the main aims of the data analysis studies were to obtain

measurements of Cerenkov yields and ring resolutions attainable through the use of the H8500
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MAPMTs as the photon detectors in the test-beam RICH prototype, and hence evaluate their
corresponding intrinsic performance and potential for use in the CLAS12 RICH detector. Fur-
ther to this, analysis was also performed to study particle species separation powers of the
prototype detector over the tested momentum range of 6 -8 GeV/c. These results are focussed
upon the handling of the H8500 MAPMT data and the evaluation of the Cerenkov rings as
imaged by these MAPMTs. There are therefore several steps beyond this analysis which may
be taken to further refine the results and assess the overall performance of the entire RICH
prototype imaging system and CLAS12 RICH design as a whole. Such refinements include:
thorough optimisation of radiator materials, alignment studies, charged particle tracking with
the GEM chambers to improve the Cerenkov ring fitting, or the inclusion of scattering back-
ground and dark noise rejection algorithms in the ring fitting method. Such investigations
and comparisons with simulations are being undertaken by members of the CLAS12 RICH
Collaboration. The finalised results may then be used to assess the overall performance of the
RICH prototype and extrapolated, through simulation studies, to evaluate the final CLAS12

RICH detector design and performance projections.

Cerenkov Light Yields and Properties

The Cerenkov light yield per event, or the event multiplicity, is a crucial parameter for both
the test-beam RICH prototype and the final proposed detector in CLAS12. 1t is expected from
theory that the greater the Cerenkov yield, the greater the Cerenkov ring resolution and hence
the higher the separation power of the RICH detector (see Section .

An example ring image obtained with the test-beam prototype is given in Fig. The ex-
ample displays the accumulated hits above 4 o pedestal thresholds as taken from a 20 000 event
data-set E obtained using 8 GeV/c beam momentum, an aerogel refractive index of n=1.05
and thickness of 2cm. This configuration was tested thoroughly with the direct light imaging
setup of the test-beam prototype and used as the standardised configuration, since it repre-
sents the most challenging direct light imaging case in the final CLAS12 RICH detector. Pixels
which exhibited noisy pedestal distributions have been removed, and are visible as missing bins
in Fig. In addition, one of the H8500 MAPMTs was discovered to suffer from a significant
proportion of dead pixels, which returned no signals above noise and extremely narrow pedestal

noise distributions. For further analysis of this data-set, therefore, this MAPMT was removed

1November - December 2012 test-beam, run 1105.
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Figure 5.65: A Cerenkov ring image obtained with a beam momentum of 8 GeV /c, an aerogel thickness
of 2cm and refractive index of n = 1.05. The colour fill indicates the number of hits above 4 o pedestal
thresholds, accumulated with a 20000 event sized data-set.

and the results were obtained from 27 H8500 MAPMTs only. The resulting comparison be-
tween the event hit (green) and cluster (blue) multiplicities is given in Fig. Visible from
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Figure 5.66: Event hit (green) and cluster (blue) multiplicity distributions obtained with the standard
direct light imaging case configuration and 27 H8500 MAPMTs. The hit multiplicity distribution
exhibits a slightly higher mean than the cluster distribution due to the inclusion of crosstalk noise
events.

the statistics listed in Fig. [5.66] the hit multiplicity distribution exhibits slightly higher mean
and width values than the cluster distribution, as expected, due to the inclusion and influence

of neighbouring crosstalk noise events. The widths of the distributions are typical of those ob-



197 Chapter 5. MAPMT Studies within Prototype Cerenkov Detectors

served throughout the analysis of the test-beam data, and did not appear to depend strongly
on the beam momenta or aerogel refractive indices studied. Gaussian fits to the distributions
yield the number of hits and clusters per event as (11.96 4 0.02) hits and (10.97 £ 0.02) clusters
respectively. The hit multiplicity exceeds the cluster multiplicity mean by ~1 hit, which was a
typical observation among the data-sets analysed, and only the cluster multiplicity values are
quoted in the following results.

To illustrate variations in event cluster properties and yields extracted throughout the test-
beam with different experimental configurations of the prototype setup, further examples are
given below. For example, Fig. (a) gives the cluster multiplicity distributions extracted
with radiators of different refractive indices. A full study of the effects of different radiator
properties goes beyond the remit of this analysis, however the refractive index study below
studied the ability of the H8500 MAPMT to detect a sufficient number of Cerenkov photons
per event, for each of the three tested aerogel refractive indices which exist as options for
the CLAS12 RICH detector. Firstly, it is important to assess the performance of the H8500
MAPMTs within the test-beam RICH prototype with an aerogel radiator refractive index of
n = 1.05, since this currently exists as the chosen refractive index for use in the CLAS12 RICH
detector. However, if it is shown that significant improvements in the RICH performance may
be achieved with different refractive indices, then these values may be selected instead. The
nominal refractive indices tested with the prototype and shown in Fig. (a) are 1.04 H,
1.05 [} and 1.06 [Y] with a tile thickness of 2cm used in each case. The data-sets analysed
and the results shown for each refractive index represent an accumulation of 50 000 events. For
the n=1.04 and n —1.06 distributions the summed cluster multiplicities from all 28 MAPMTs
are shown. For the n=1.05 result the distribution obtained for 27 MAPMTs only is shown,
due to the existence of dead pixels and as previously described for this configuration. The
mean values and the shapes of the distributions are extremely similar, due to the differing
number of MAPMTs and proportions of the Cerenkov rings detected by the MAPMTs. The
corresponding cluster size distributions are shown in Fig. [.67(b). The result indicates that
the refractive index does not influence the cluster sizes as measured by the H8500 MAPMTs,
confirming that this is mostly caused by intrinsic crosstalk effects of the MAPMTs itself and,

in the test-beam study case, also by the readout electronics. Furthermore, the fraction of

12November - December 2012 test-beam, runs 1137, 1138 and 1139.
13November - December 2012 test-beam, runs 1105, 1106 and 1107.
MNovember - December 2012 test-beam, runs 1128, 1129 and 1130.
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Figure 5.67: The variation with refractive index of (a) the raw Cerenkov event cluster multiplicities
and (b) cluster size distributions extracted with the test-beam RICH prototype.

cluster sizes corresponding to one pixel in all cases is ~ 95 %, which is again in accordance
with the previously described low-noise behaviour of the H8500 throughout the single photon
level crosstalk magnitude studies, if the different electronics and environmental conditions are
considered.

The event cluster multiplicity distributions were each fitted with Gaussian functions and
the mean values extracted. The result obtained from the n = 1.05 distribution was re-scaled to
calculate the expected value for 28 fully functional MAPMTs. The resulting mean values are

shown in Fig. [5.68|(a). The yield increases with refractive index, as expected, when moving
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Figure 5.68: Variation with refractive index of (a) the mean cluster multiplicities and (b) corresponding
Cerenkov ring coverages, with the 28 H8500 MAPMTs of the prototype setup in the direct light imaging
case.
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from n=1.04 to n=1.05. However, at n=1.06 the yield decreases due to the fact that the
Cerenkov ring has a larger circumference and the ring coverage provided by the 28 MAPMTs
is relatively low. This is confirmed in Fig. (b), which gives the Cerenkov ring coverage
provided by 28 MAPMTs for the three tested refractive indices. The ring coverages were
calculated from the dimensions of the H8500 MAPMTs and the Cerenkov ring radius values
extracted from ring fits to the data. The ring coverage decreases from 78.25% at n=1.04, to
69.74 % at n=1.05, and finally 62.79 % at n=1.06.

The mean multiplicity values extracted with 28 MAPMTs were re-scaled to the expected
values for full coverage of the Cerenkov rings. The scaling factor is currently an estimate, and
would need to be verified (by simulation studies, for example). The method used approximates
the circumference of the Cerenkov ring as a straight line and so represents a lower-limit of
the expected re-scaled yields, since the distance of a straight line segment is less than that of
a curved one. The re-scaled results for full Cerenkov ring coverages are shown in Fig. .

The re-scaled results confirm the expectation that the Cerenkov light yield increases with
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Figure 5.69: The mean event cluster multiplicities extracted with the direct light imaging case of the
test-beam prototype, re-scaled to the expected values for full Cerenkov ring coverage and as a function
of refractive index.

refractive index of the radiator, as expected (see Equation , validating the behaviour of the
H8500 MAPMTs within the large-scale prototype in response to the Cerenkov rings of various
properties.

A summary of the raw and re-scaled cluster multiplicity results is given in Table. [5.15]
The Cerenkov light yields obtained with the prototype are promising for extrapolation and
projection to the envisaged CLAS12 RICH detector, considering that for the CLAS12 RICH
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Table 5.15: Variation with refractive index of the event cluster multiplicity obtained for the 28 H8500

MAPMVTS of the test-beam RICH prototype and also re-scaled for the expected values from full coverage

of the Cerenkov rings.

Refractive Mean Multiplicity, Ring Coverage, | Scaled Multiplicity,
Index 28 MAPMTs [clusters]| | 28 MAPMTs %] | Full Ring [clusters]

1.04 11.16 £0.02 78.25 14.26
1.05 11.38£0.02 69.74 16.31
1.06 10.96 £0.02 62.79 17.46

the benchmark separation up to 8 GeV/c is >3 ¢ and that in all possible refractive index cases
the Cerenkov yield measured with the test-beam prototype surpasses the minimal value of
7 detected photons to achieve this goal (see Section . The geometry of the test-beam
prototype imaging plane is limited, due to the available ring coverage, and differs from the
envisaged one for the CLAS12 RICH detector where a wall of MAPMTs will be closely packed.
Nonetheless Cerenkov yield results such as those shown in Table , and their comparison
with simulation studies of the large-scale prototype tests, will be extremely important for
tuning of the CLAS12 RICH Monte Carlo simulation to allow for more accurate performance
projections to be made. Overall, based upon the Cerenkov yield results obtained with the
large-scale prototype, the H8500 MAPMT is a very suitable choice for use in the final detector.

Further Cerenkov yield improvements may be feasible in the CLAS12 RICH detector
through optimisation of the aerogel radiators. The production techniques of aerogel radia-
tor materials are constantly improving, resulting in the availability of aerogel with increased
transparency and higher optical quality. A comparison is given in Fig. which shows the
event cluster multiplicity obtained with aerogel tiles from two different production techniques
developed by the Budker Institute of Nuclear Physics, Novosibirsk (Russia). The older produc-
tion tile, shown by the blue shaded curve, corresponds to the tile used for the n =1.05 results
shown immediately above, whereas the red shaded curve gives the equivalent result from the
newer production technique. The curves are generated from analysis of 20000 event sized
data-sets [’} Mean values of (10.94+0.03) clusters and (12.37 £ 0.03) clusters are extracted
from the older and newer production tiles respectively. The transmittances of the aerogel tiles
(see Equation were subsequently measured with a spectrophotometer by members of the
CLASI12 RICH Collaboration, as described in [198|, and confirm the origins of the increased
event multiplicity as arising from an increased transmittance of the newer production aerogel

tile. Through such techniques, although the H8500 MAPMTs already offer sufficiently effi-

5November - December 2012 test-beam, runs 1051 and 1105.



