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Abstract

The CMS Beam and Radiation Monitoring (BRM) group is responsible for monitoring
the beam induced background in the CMS cavern. At the present LHC luminosities
and 50 ns bunch spacing, beam gas and beam halo events at large radius are measured
using the Beam Halo Counters (BHC) [1] system, a scintillator based detector. Owing
to an insufficient dynamic range and time resolution, this detector will unfortunately
not be able to efficiently monitor beam backgrounds for the present LHC parame-
ters and beyond. Hence an upgraded detector is required, to be operational after
“Long shutdown 1”7 (LS1). The feasibility of monitoring this large radius beam in-
duced background radiation, by detecting Cherenkov light produced in fused quartz,
is investigated in this note.
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1 Introduction

Monitoring the quality and the stability of the LHC beam in the proximity of the interaction
point is important to ensure high quality physics data-taking. The presence of a high flux of
particles parallel to the beam, coming from the tunnel, is symptomatic of degraded beam con-
ditions. The source of this “machine-induced” background (MIB) is either muon halo particles,
produced by interactions of beam halo LHC protons with collimators located at about 150 m
from the CMS interaction point or beam gas events originating from interactions in the vac-
uum chamber of primary protons with residual gas atoms [2] [3] [4]. Beam diagnostics are
hence needed for online monitoring, to provide real-time feedback to the LHC operators and
CMS experimental shift crew.

The machine-induced background at low radius (r = 4.5m) and close to the interaction re-
gion (Z = £1.8m) has been measured since first LHC beams using the BCM1F detector [5].
This detector, with its foreseen front-end electronics upgrade during LS1, will continue to pro-
vide monitoring after LS1. At higher radius, during the first years of running of LHC at low
luminosity (2009-early 2011) the beam background was measured using the Beam Scintillator
Counter (BSC) detector [6]. Ata luminosity of about 2.5 x 1032 cm =257}, as expected, the detec-
tor went into saturation. During the 2011-2012 winter technical break a new scintillator-based
detector system was installed, called the "Beam Halo Counters” (BHC) to measure at interme-
diate luminosities and 50 ns bunch spacing, expected in 2012. This detector was mounted at
the same longitudinal position as the BSC, z = +10.9 m from the Interaction Point (IP), and
a radius of about 1 m and hence sensitive to beam gas and beam halo events at large radius.
Unfortunately, at nominal and above nominal luminosity, the BHC too will saturate. The intrin-
sic time needed to produce and measure the scintillation light using the BHC, is also too long
when compared with the 25ns bunch spacing. In addition, its longitudinal z location position
is not optimized to separate beam background from collision products based on arrival time
information. The higher level of integrated radiation foreseen after LS1 is expected to damage
the scintillating material, making it opaque and less efficient, and eventually unusable.

For these reasons, the BRM group has a mandate to design a radiation-hard, fast, MIB-sensitive
detector system, capable of monitoring at nominal LHC luminosity and the beam conditions
expected between LS1 and LS2. This detector note studies the feasibility of using a quartz-
based device for beam halo detection in the CMS cavern. This technology has the potential
to be fast, radiation-hard and sensitive to only charged particles, making it attractive for this
application.

Two main principles for optimising the muon halo detection and reducing the relative back-
ground contribution from collision products are driving the research and design efforts:

e Timing: the detector location is chosen in order to maximize the time difference
between incoming beam and outgoing beam/collision products (see Fig. 1). This
condition is met when the distance from the CMS IP is equal to (12.5+ n - 25) ns
(where n = 1,...,7). These particular locations are called Golden Locations (GL) and
are shown in Fig. 2. This naive calculation is valid in the regime that that the az-
imuthal angle to the z-axis is small and that timing corrections due to multiple scat-
tering are small. This is certainly valid for detectors positioned close to the beam
pipe. Simulation is needed to correct this assumption for detectors placed at larger
radius and behind heavy material.

e Directionality: with this term we mean the property of the detector to distinguish
between particles coming from different directions and the consequent capability
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2 1 Introduction
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Figure 1: Cartoon showing the optimal time separation between incoming and outgoing parti-
cles achievable in the Golden Locations.
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Figure 2: Schematics of the +Z side of the CMS detector showing the distance from the inter-
action point of the seven so called Golden Locations

to suppress background signal, while preferentially selecting particles parallel and
consistent with the direction of the incoming beam. A device based on the detection
of Cherenkov light produced by a charged particle crossing a suitable material has
this important feature.

The note is organised as follows: In Section 2, the environmental challenges in the CMS cavern
foreseen after the Long Shutdown 1 (LS1) are reviewed. In Section 3, the nominal expected ma-
chine induced background fluxes and particle spectra are described as well as the “background
particle” distributions expected from collision products. The impact of the CMS environment
and the expected particle flux distributions define the detector requirements, which are pre-
sented in Section 4. Then, some of the advantages of using fused quartz as the Cherenkov
medium are described in Section 5, and results from a test beam carried out at the PS T9 area
between the 2" and 9" of July 2012 to validate the technology choice are presented in Section 6.
In Section 7, a possible integration scenario of the detector into the CMS cavern is reviewed,
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and finally in Section 8, an outlook on future work needed in order to optimise the design is
given.

2 CMS Cavern Environment

Two important environmental properties influence the location choice and the design of the
new detector:

e Radiation Dose: the location is selected in order to minimize the level of radiation
absorbed by the device during its life-time; the material and possible on-detector
electronics have to be chosen such that their performances do not significantly dete-
riorate with time.

e Magnetic Field: a good knowledge of the magnetic field is important in the choice
of the photo-detector used and its location since Photo Multiplier Tubes (PMT) are
highly sensitive to its magnitude and direction.

Simulated results obtained with FLUKA [7] [8] (for the radiation dose) and Opera [9] (for the
magnetic field) are presented in the following paragraphs.

2.1 Radiation dose
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Figure 3: Radiation dose in GLs 2 to 5 as a function of the radial distance from the beam pipe.

FLUKA simulated events [10] both for pp collisions and Machine Induced Background (MIB)
are post-processed and used for the evaluation of the radiation dose in the interesting GLs.
For the MIB, input files produced with MARS [11]are used, and then propagated into the CMS
cavern using Fluka. The interface plane is at 22.6 m from the IP and the hits in the LHC Tertiary
Collimators (TCT) are simulated using SixTrack [12].
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4 3 Comparison of particle distributions in beam halo events and pp collisions
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Figure 4: Radiation dose in GL6 as a function of the radial distance from the beam pipe.

The radiation dose is evaluated in six out of the seven GLs because the seventh location (at
24.375 m from the IP) is beyond the interface plane and is not covered in this simulated sample.
Results for ten years of LHC operations (180 days/year, average £ = 103 cm 2 s~!) are shown
in Fig. 3 for GLs 2 to 5 and in Fig. 4 for GL 6. GL6 is considered the preferred installation
location, see Section 3.1. The regions indicated by the red arrows are those available (i.e. free
space) for the installation of the new detector array. It can be noticed that the dose quickly
decreases with radius and in the regions of interest it usually goes down to values between
102 rad and 10* rad, expected to produce no significant damages in fused quartz.

2.2 Magnetic Field

The strength of the magnetic field (B) in the GLs was simulated using the Opera [9] tool. Since
we are considering locations placed outside the CMS yoke, the magnetic field is in general quite
low. In Fig. 5, the longitudinal and radial components of B as a function of the distance from
the beam pipe are shown for GL6. The magnitude of the field in each direction is always below
200 gauss. The presence of a strong B field can be a problem, especially for the photodetector
device, but a field of this magnitude can be easily shielded using magnetic shield cases.

3 Comparison of particle distributions in beam halo events and
pp collisions

In order to optimize the acceptance and granularity of the detector, a detailed study of the
properties of the particles coming from signal (MIB) and background events (pp collisions) is
needed. For this reason new FLUKA simulations were produced and, for each particle, the infor-
mation about energy, direction and time of arrival at the plane perpendicular to the beampipe,
located at the z value of each GL, was saved.

3.1 Particle fluxes, directions, energies in interesting locations

A particle will produce Cherenkov light in a material when the condition 8 > 1/n is satisfied,
where B = v/c is the particle velocity in the medium and 7 is the index of refraction of the
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3.1 Particle fluxes, directions, energies in interesting locations 5
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Figure 5: Magnetic Field in GL6: longitudinal (Top) and radial (Bottom) component.

material. Hence, the energy threshold for which this condition is met depends on the index
of refraction of the material and the particle type. In the new FLUKA simulations, in order to
save information only for those particles able to produce Cherenkov radiation in fused quartz,
we considered the refraction index of the reference material for this study (HSQ300 from Her-
aeus [13]) and hence the following threshold energy cuts were applied in the final scorings of
the changed particles:

e: 190 keV

u: 39 MeV

p: 350 MeV

e 71: 52 MeV

o K: 185 MeV

For the particles above the energy threshold, we scored the following information:

o detailed list of variables scored (only those that we actually use) from Stella (Note
To All: Need to fill in this list)

First of all, we selected the Golden Location giving the best result in terms of MIB total flux
and ratio of MIB to pp fluxes (for charged particles capable of emitting Cherenkov radiation).
Results are summarized in Tab. 1. From the table it can be noticed that a reasonably good
MIB flux (~1H"/cm?) is present in GL5 and GL6, the last one having the best flux ratio. For
this reason GL6 is the favourite choice; the relevant plots for GL6 are shown in Fig. 6. Then,
we studied other important properties of the particles reaching GL6 (i.e. crossing the plane
perpendicular to the beam pipe at z = 20.625m): angle, energy and time distributions.
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6 3 Comparison of particle distributions in beam halo events and pp collisions

Golden Location Z Min Ratio Max Ratio MIB Flux

(m) (cm?/s)
2 5.625 10°% 10°% 0.001-0.01
3 9.375 102 102 0.001-0.01
4 13.125 10~4 1072 0.001-0.1
5 16.875 10~* 10~* 0.001-1
6 20.625 104 1073 0.001-1

Table 1: Flux ratios and MIB total flux in the GL. (Note To Stella: If you keep this table, mention
all charged particles (no Cherenkov threshold that castor is in the geometry)) (Note To Stella:
Better to make a new table without castor and with the Cherenkov threshold applied)
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Figure 6: Particle flux in GL6 due to MIB and pp collision. Ratio (Left) and total values (Right)
as a function of the radial distance from the beam pipe.(Note To Stella: Steffens results, old
geometry, old magnetic field, and no castor ... so must update)

We only considered particles crossing the plane at a radial distance between 2m and 3 m from
the beam pipe, since this is the most interesting available region for installation (simulations
show that the flux of MIB particles from the tunnel starts to decrease above that value). The
angular distribution at the scoring plane of both forward and backward particles is of primary
importance for optimizing the position of the detector; in fact its inclination with respect to the
beam pipe direction will be chosen in order to minimize the forward signal rejection for a given
backward signal acceptance. These FLUKA results will be used as input for the direction and
energy of incident particles in a GEANT4 simulation of the fused quartz bar response, described
in Section 6.3.

In Fig. 7, two dimensional plots of the angular and energy distributions of muons crossing GL6
from MIB and pp collisions are shown. The zero degree angle corresponds to particles going
from the IP to the tunnel. From these plots it is clear that we can easily separate muons coming
from MIB from the background ones. Evaluating the time distributions of the background
particles is also important to understand if we can rely on a time separation between signal
and background and use it to gate only on the incoming (MIB) signal and reject the rest. In
Fig. 8, an example is shown.

3.2 Background shielding

FLUKA simulations show that the average MIB flux of particles arriving from the tunnel in GL6
in the region of interest (i.e. between 2m and 3 m from the beam pipe) is ~ 0.4 particles/cm? /s
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3.2 Background shielding 7
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Figure 7: Two dimensional histograms showing the angular vs. energy distribution for MIB
muons (Left) and muons coming from pp collisions, passing the Cherenkov threshold
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Figure 8: Time distribution for background particles (Left) and particles coming from pp colli-
sions (Right).

(mainly muons), while ~ 45 particles/ cm?/s (electrons and positrons) produced in pp colli-
sions are expected to come from the same direction (i.e. from the tunnel towards the IP) and
produce a fake signal in the bar completely undistinguishable from the MIB we want to mea-
sure. We also consider photon background present in the cavern, since energetic photons can
create delta rays capable of producing Cherenkov radiation in the bar generating a fake signal.
Fig. 9 shows the energy spectrum of the photons reaching GL6.

In order to reduce the fake signal rate, the quartz bars need to be enclosed in an appropriate
support capable of shielding e* and photons without production of secondary particles from
interaction with the shielding material itself. A suitable choice seems to be a box made of
10 mm thick aluminum.

From Fig. 10(Left), showing the energy distributions for ¢* coming from pp collisions, one
can conclude that less than 10% of those coming from the tunnel direction have energy above
10 MeV. Fig. 10(Right) shows the number of photoelectrons produced in the PMT by a 10 MeV
electron after passing a 10 mm thick aluminum plate compared to the reference signal (in black)
for a 6 GeV muon; the electron signal is much lower and well separated (without any overlap)
from the muon distribution. From these plots it’s clear that such a plate is enough to reduce
this type of background by 90%. Fig. 11 shows similar plots for 10 MeV (Left) and 100 MeV
(Right) photons. The first ones will be completely absorbed, while the second ones will produce
a flat distribution up to values that can generate a fake signal. However, given the energy
distribution in Fig. 9.......

(Note To All: Need to finish this section).
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i 4 Detector Requirements

s Given the LHC conditions foreseen after LS1 (expected peak luminosity ~ 2x10** and 25ns
16a  bunch spacing) and the need for this detector to monitor MIB as soon as the first bunches are
170 injected in the ring, the following requirements must be met:
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Figure 10: The expected energy distribution of electrons from pp collisions (Left) and the num-
ber of photoelectrons produced in the PMT attached to a quartz bar by 10 MeV electrons after
crossing a 10 mm aluminum plate (Right).
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Figure 11: The number of photoelectrons produced in the quartz bar by 10 MeV photons (Left)
and 100 MeV photons (Right) after crossing a 10 mm aluminum plate



171

172

173

174

175
176
177
178
179

180
181

182

183

184
185

186

187

188

189

190
191

192

193

194

e Fast Time Resolution (< 12ns): in order to separate incoming beam background
from collision products with the 25ns bunch spacing

e Radiation Hardness and insensitivity to v and thermal neutrons: these particles are
the main background present in the CMS cavern

e Granularity and Acceptance: the detector should cover an area of at least 250 cm? in
each side in order to have an acceptable rate given the MIB and background particle
fluxes expected in GL6 (see Section 3.2). When considering fused quartz bars with a
diameter of 30-45 mm, this corresponds to between 20 and 40 channels (depending
on the bar section) per side

e Readout independent of CMS DAQ: must operate whenever there is beam in the
machine, even if the central CMS experiment is not taking data

e Cost: the detector must be designed and built with a limited budget

Given the fact that a directional detector is needed, in order to suppress the high pp background
and the demanding time resolution constraint, a device based on Cherenkov light detection
seems the most suitable.

5 Advantages of using fused quartz

In order to maximize the Cherenkov signal for particle coming from the preferred direction, a
material with the following properties is needed:

a good Cherenkov light production when crossed by relativistic charged particles

a low scintillation radiation component, since it is isotropic and would spoil the
directionality of the detector

radiation hard

transparent

cost-effective
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Figure 12: Transmission curve of a 20cm long HSQ300 bar. !
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10 6 Validation of the technology

The properties of three different types of material were examined[14]: fused quartz, fused silica,
and sapphire. Parameters that influence the production of Cherenkov light (refractive index),
transmission of light (density), radiation hardness and the possibility of having it in the desired
shape were investigated.

Sapphire has an excellent radiation hardness and a higher index of refraction (~1.78 at 420)
than fused silica or fused quartz (~1.47 at 420), so it produces more Cherenkov photons, but
because of its high density (~ 3.98 g/cc) it has a high attenuation above 1 mm thickness, so the
collected light for a bar of the size being considered (10-20 cm) is very low. Moreover, it is quite
expensive and not easy to have in any desired shape.

Fused quartz and synthetic fused silica seem to have the needed optical properties, with the
first one being less expensive. Given this, preliminary tests were performed, to check the time
resolution and directionality of Cherenkov light, with a fused quartz bar produced by Her-
aeus [13] (HSQ300). Precise information about the radiation hardness of this material was not
found, hence a radiation test with a 100 krad dose is foreseen in the next month. Fig. 12 shows
the transmission curve measured for a 20 cm long bar of this material.

6 Validation of the technology

6.1 Test beam setup

The directionality property of the Cherenkov light produced in the fused quartz cylinder and
measured by the photodetector was studied in a test beam carried out at the CERN East
Area [15] 2.

6.1.1 Test beam parameters

The T9 beam line was used, allowing data to be taken with both muons and protons. A ~4 GeV
muon beam was obtained by selecting a 6 GeV secondary beam. For the proton runs, data was
collected with a 9 GeV beam since at that energy the beam has the highest proton purity (~
50%); a further reduction in the pion contamination was obtained by using the gas Cherenkov
counters present in the T9 line. The beam was focused at the center of the cylinder. The proton
beam had a r.m.s. cross sectional diameter of approximately 10-15 mm, while the muon beam
had a much larger size (~40 mm) since collimating the muons was not possible.

Trigger Scintillators
Cherenkov

BEAM
________________ 5 - T l—

Cherenkov

¥

From the other

Figure 13: Sketch showing the test beam set-up

6.1.2 Trigger and DAQ

The coincidence of three scintillator counters, as shown in Fig. 13, was used as external trigger.
The analog signal corresponding to the photons produced in the fused quartz bar, each of the

2We would like to thank the people who helped us to set up and carry out the test beam: A. Finkel, A.K.
Mukherjee, S. Nag, S. Singovski, R. Zuyeuski.
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6.2 Test Beam Results 11

two scintillators closest to it and the digital signal from the trigger coincidence were all sent to
a LeCroy Waverunner 104 Mxi oscilloscope used for the acquisition, set in order to acquire data
in Sequence mode with a 1ns resolution. A rate of 50 Hz per spill was achieved for the muon
beam, where the limiting factor was the small area covered by one of the trigger scintillator
(15mm x 15mm). The rate for the proton beam was ....... (Note To Marina: maybe can check
with Lau?)

6.1.3 Measurement program

///,
- ] \
Absorber / | \\\ PMT
\ i
1

Particle Beam -y

Figure 14: Sketch showing the definition of forwards and backwards primary particle angles with
respect to the PMT position (Left). Picture of the detector during the test beam (Right).

In order to verify the suppression of the collected Cherenkov light for a relativistic particle
crossing the bar pointing in the direction opposite to the photodetector (backward direction),
data were collected with the beam hitting the bar at different incident angles. Fig. 14 (Left)
shows a sketch of the detector and the definition of forward and backward directions (for ex-
ample 6 = 150 degrees is equivalent to 30 degrees backward); in Fig. 14 (Right) you can see
a photograph of the experimental setup and detector setup tested during the test beam. The
light produced in the bar was collected by a Hamamatsu R2059 photomultiplier tube operated
at 2000V. Data was collected at § = 0, 15, 30, 45, 60, 90 degrees (forward and backward). Samples
of 10k events were acquired for the forward measurements and 100k events for the backward
directions.

The signal from the quartz bar varied significantly with the incident angle; in some cases one
to four 3dB attenuators had to be added in order not to have a saturated signal. Muon data
was collected with three different quartz bars: a 20 cm long bar with both ends polished, an-
other 20 cm long bar with one end painted black (used also for proton runs), a 10 cm long bar
blackened at one end. Data was also taken without a bar, with the PMT window directly in the
beam line.

6.2 Test Beam Results
The analysis of the test beam data was focused on answering the following questions:

e What is the directionality of Cherenkov signal as a function of incident beam angle?
e What are the timing characteristics of the Cherenkov signal?

e What are the possible reasons for the large signals observed at low beam angles?

The remainder of this section will address each of these questions in this order.
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12 6 Validation of the technology

6.2.1 Directionality

Fig. 15 displays an example of typical forwards and backwards PMT waveforms produced by
relativistic muons passing through the quartz cylinder. The stark amplitude difference between
the forwards and backwards waveforms gives a good qualitative indication of the direction-
ality of the Cherenkov radiation produced in the quartz. Nevertheless, there is a population
of backwards waveforms which reach amplitudes comparable to some of the smaller forwards
waveforms. To determine the extent of this overlap, a quantitative directionality metric needed
to be developed.

Example waveform (mu 30deg 20cm) Example waveform (mu 150deg 20cm)
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Figure 15: Typical PMT waveforms produced by a relativistic muon passing through the 20 cm
quartz cylinder at 30 degrees (Left) and 150 degrees (Right).

A straightforward way of quantifying the directionality of the Cherenkov signal is to deter-
mine the degree of overlap between histograms of the maximum amplitude of the waveform,
since a voltage threshold will be used to discriminate the signals. However, partially due to
the fact that much larger than expected signals were observed, in the data collected some of the
recorded waveforms exceeded the range of the oscilloscope and thus the maximum amplitude
information for these waveforms was lost. Although this only occurred for a small number
of waveforms (typically around 0.1% of the total), this is nevertheless a significant number if
one is trying to make conclusions about effects which occur in less than 1 out of 1,000 events.
One possible solution to this problem is to fit the main peak in each waveform that went out of
bounds (ignoring the saturated data points) in order to reconstruct the maximum amplitude.
Another possible solution is to make a histogram of the waveform amplitude a few nanosec-
onds after the time at which the maximum voltage was reached. Assuming that the shape of
the falling edge of the peak is relatively constant, this value is proportional to the maximum
voltage.

Both of these options were pursued, and ultimately the latter proved to be more reliable. Fig. 16
shows an example of this type of overlay. Like Fig. 15, Fig. 16 offers another striking depiction
of the directionality of the Cherenkov signal. The extent of overlap is such that it is only visible
in logarithmic scale. Overlay histograms such as this one can be used to determine what will
be referred to as the “forwards signal rejection” and the “backwards signal acceptance” as
a function of discrimination amplitude. The forwards signal rejection at a voltage X is the
percentage of Cherenkov pulses produced by forwards moving particles that would be rejected
if the discriminator was set to that voltage. Similarly, the backwards signal acceptance at a
voltage X is the percentage of Cherenkov pulses produced by backwards moving particles
that would be confused as Cherenkov pulses produced by forwards moving particles if the
discriminator was set to that voltage.

Fig. 17 shows what will be referred to as a “detection efficiency overlay,” and was constructed
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Figure 16: Histogram overlays in linear (Left) and logarithmic scale (Right) of all waveform
amplitudes 3ns after the maximum amplitude for relativistic muons incident on the 20 cm
quartz cylinder at 30 and 150 degrees.
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Figure 17: Backward signal acceptance and forward signal rejection efficiency as a function of
discrimination amplitude for a forward beam angle of 30 degrees paired with a backward beam
angle of 150 degrees.
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Backwards signal acceptance at 5% forwards signal rejection
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Figure 18: Backwards signal acceptance at 5% forwards signal rejection as a function of beam
angle for relativistic muons and protons passing through the 20 cm fused quartz cylinder. Each
angle is paired with its supplementary angle (e.g. 30 is paired with 150 and 45 is paired with
135). No data was collected for a 0 degree proton beam.

using the data in Fig. 16. Beginning at a discrimination voltage of 0 V, 100% of the backwards
signal is accepted and 0% of forwards signal is rejected. As the discrimination voltage is in-
creased, the backwards signal acceptance decreases at the expense of an increase in the for-
wards signal rejection. Note that a backwards signal acceptance efficiency of 10" -3 means that
1 out of 1,000 backward moving particles (e.g. pp collision products) would be confused as
forward moving particles (e.g. machine induced background). One way to compare the detec-
tion efficiency overlays of different beam angles is to set the discrimination voltage such as to
achieve a fixed forwards signal rejection and then record the corresponding backwards signal
acceptance.

Fig. 18 plots the backwards signal acceptance at 5% forwards signal rejection as a function of
beam angle for muons and protons incident on the 20cm quartz cylinder. The particularly
poor directionality of the detector at 0 degrees will be explained later in section 6.2.3. The
0 degree data point aside, this plot demonstrates that 1) for a relatively small loss of forwards
signal, backwards signal acceptances of less than 0.1% are readily achievable, 2) there is a slight
correlation between backwards acceptance efficiency and beam angle and 3) the response of the
detector for muons and protons is comparable.

No unexpected differences were observed between data sets taken with different quartz cylin-
der lengths. The two quantities that are sensitive to a change in cylinder length are the path
length of the primary particles through the material and the path length of the Cherenkov pho-
tons through the material. For low beam angles, the primary particles will pass through more
material for longer cylinders as compared with shorter cylinders, whereas for higher beam
angles, the particles will have a path length solely determined by the cylinder radius. Thus
the amount of Cherenkov photons detected should be independent of cylinder length for suf-
ficiently high beam angles with the exception of the differences resulting from the increased
chance of photon absorption within longer cylinders. This greater chance of photon absorption
is simply due to the increased path length of the Cherenkov photons, but overall, differences in
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Figure 19: Comparison of data collected with quartz cylinder lengths of 10 and 20 cm (Left) and
polished /unblackened versus roughened /blackened cylinder end-faces (Right).

st photon absorption should be minor for the lengths under consideration. The left plot in Fig. 19
s17  demonstrates this lack of difference between the data collected with the 20 and 10 cm length
sis cylinders at high beam angles.

sto On the other hand, a significant difference was observed (as expected) for backward beam an-
s20 gles between the data collected with the end surface of the quartz cylinder opposite the PMT
a2t polished /unblackened and the data collected with the end surface roughened /blackened. The
s22 right plot in Fig. 19 demonstrates this difference, which can most likely be attributed to the
s2s  greatly increased probability for Cherenkov photons to reflect off the unblackened end sur-
s+ face of the cylinder and potentially reach the PMT. It is not however obvious what effect the
a5 end surface roughness has on the directionality. A roughened surface will smear the angular
a6 distribution of the reflected photons whereas a polished surface will not affect the angular dis-
s27 tribution. This angular smearing may not necessarily improve the directionality, as one might
s2s initially assume. Nevertheless, the surface roughness should be far less important than the
s20  blackening in influencing directionality. The main takeaway from this plot is that the observed
s differences indicate the importance of carefully designing the cylinder end surface such as to
ss1  minimize the probability of photon reflection.

2 6.2.2 Timing Characteristics

Fitted Cherenkov pulse FWHM (mu 45deg 20cm) Cherenkov pulse arrival time jitter (mu 45deg 20cm)
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Figure 20: FWHM of main peak (Left) and signal arrival time jitter (Right) for 10,000 relativistic
muons passing through the 20 cm quartz cylinder at 45 degrees.

ss3  In addition to discriminating based on signal amplitude, one would hope to also be able to
ss+  discriminate on timing information in order to further improve the ability to differentiate in-
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Data runs with no quartz cylinder
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Figure 21: Data collected with quartz cylinder removed in order to determine the contribution
of the PMT itself to the signal for low beam angles.

coming and outgoing beams (as explained in the Introduction). Fig. 20 indicates the speed of
the Cherenkov signal by two different timing metrics: the main peak full width at half max-
imum and the jitter in the time of arrival of the Cherenkov signal. In producing the FWHM
histogram, a landau fit of main peak was used in order to improve on the 1ns per point time
resolution of the oscilloscope utilized to acquire data. This FWHM histogram indicates that the
signals are very fast: a Gaussian fit yields a mean FWHM of 3.09 ns with a sigma of 0.19 ns. The
arrival time jitter was calculated by subtracting the interpolated arrival time of the Cherenkov
signal from the interpolated arrival time of a trigger scintillator in front of the quartz cylinder.
A Gaussian fit indicates that the jitter for this angle has a sigma of 445 picoseconds. The data
sets for other angles yielded similarly fast values for both metrics.

Since the time between bunch crossings in the CMS cavern is expected to be 12.5ns at the
Golden Locations, these timing metrics suggest that the Cherenkov signal will be sufficiently
fast to allow for discrimination based on timing. This will enable the backwards signal accep-
tance efficiencies in Fig. 17 to be further decreased.

6.2.3 Low Angle Behavior

Two separate issues will be discussed in this section: (1) the PMT contribution to the signal at
low beam angles and (2) the particularly poor directionality of the detector for a beam angle of
0 degrees. Beginning with the first issue, the observation of much larger than expected pulses at
low beam angles (namely 0, 15, 165 and 180 degrees) led us to believe that the PMT itself was
somehow contributing to the signal. For example, perhaps Cherenkov photons were being
produced in the PMT window, which was also made of quartz, and reaching the photocathode
with a much higher probability than the Cherenkov photons produced in the quartz cylinder.
The exact dimensions of the PMT window are unavailable, but it is known that the window is
concave from 1 mm in the center to 8 mm at the edges. Data was collected with just the PMT
in the beamline at these low beam angles in order to better understand the signal contribution,
if any, from the PMT itself. Fig. 21 displays the results of these tests.

This belief that the PMT itself was responsive for the large signal produced ultimately proved
unfounded in that the large signals were in fact a result of the PMT gain being set too high
given the number of Cherenkov photons that were produced, but nevertheless carrying out
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6.3 Monte Carlo Results 17

these measurements did yield some unexpected and difficult to interpret results. It is clear that
the PMT signal contribution is non-negligible, and it must be carefully considered whether this
effect will positively or negatively influence the directionality. If it does in fact have a negative
effect, there are two possible courses of action to mitigate the PMT signal contribution: (1)
to choose a PMT with as thin a window as possible (if the effect is in fact due to Cherenkov
photons being produced in the PMT window) and/or (2) to orient the detector such that the
majority of the primary particles will not pass through the PMT.

(Note To Mitch: Mention that there are only advantages to going to a PMT with smaller win-
dow, plus it has 4 channels per PMT so we could request a coincidence of two channels in order
to reject signals not coming from Cherenkov photons produced by the interaction of a particle
in the quartz bar)

Moving on to the second issue, as is evident in Fig. 18), the directionality metric for the 0 degree
beam is very poor and does not fit the trend of the previous data points. Some effect must be
occurring at the 0 degree beam angle that does not occur at the other beam angles. Looking
at the waveform amplitude data from the test beam for all angles makes this evident. The left
plot in Fig. 22 shows the angular response of the detector, and it is clear that the 0 degree data
displays significantly different behavior than the data for other angles. The trend of lower beam
angles producing larger signals (as is expected simply based on the track length of the primary
particle through the cylinder being greater for smaller beam angles) is broken by the 0 degree
trial. Given the above discussion, one may initially expect that this discrepancy is a function
of the PMT signal contribution at low angles. However, this cannot be the case because the
PMT signal contribution is approximately symmetric for the 0 degree beam vs, the 180 degree
beam, meaning that the amplitude histograms for both the forwards and backwards directions
are shifted by a similar amount. Therefore, the overlap between the two histograms should
remain relatively unchanged and so there should be no large impact on the final value of the
directionality metric.

The true reason for the discrepancy did not become clear until simulations were done. The
right plot in Fig. 22 shows output of a simulation of the detector implemented using GEANT4
mimicking the test beam conditions (this simulation is described in detail in Section 6.3). The 0
degree data from the test beam was not reproducible in the simulation until a small air gap was
added between the quartz cylinder and the PMT window. Without this air gap, the simulation
output for 0 degrees is much higher than the output for 15 degrees These simulation results
reveal that the 0 degree signal was much smaller than expected because the angle of many of
the Cherenkov photons reaching the end of the cylinder was steep enough that those photons
were totally internally reflected back into the cylinder. The Cherenkov photons for the higher
beam angles were not affected because their angle with respect to the z-axis of the cylinder was
more shallow. The takeaway from this discussion is that the light coupling between the end of
the quartz cylinder must be carefully considered for future detector designs.

6.3 Monte Carlo Results

In order to better understand various features of the detector, a model of the detector was
developed using GEANT4, a program used to perform Monte Carlo simulations of particle
interactions with matter [16]. The ultimate aim of developing the GEANT4 model is to use it
to decide upon a particular orientation of the detector within the CMS cavern based on the
expected energy and angular distribution of the pp collision products and machine induced
background determined from the aforementioned FLUKA simulation.
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Test beam data (mu, 20cm cylinder) Geant simulation output (mu, 20cm cylinder)
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Figure 22: Waveform amplitude histograms constructed from test beam data of relativistic
muons incident on a 20 cm quartz cylinder at beam angles of 0, 15, 30, 45 and 60 degrees (Left)
and output of a GEANT4 simulation for the same beam parameters.

6.3.1 Simulation Parameters

The Cherenkov process is implemented using code adapted from Example N06, an example
program included in the GEANT4 install. Cherenkov photons with wavelengths between 200
and 800 nm are allowed to be generated, and the quantum efficiency of the PMT is applied
during photon detection. The initial simulation parameters were set such as to mimic the de-
tector used in and the conditions of the test beam. The detector geometry consists of a polished
cylinder of quartz of an adjustable length and radius surrounded by air and encased in a larger
cylinder of 2 mm thick aluminum (the shielding). All surfaces of the cylinder are polished
and unaltered with the exception of the end cylinder face opposite the PMT which is given a
polish of zero (maximum roughness) and defined to be 1% reflective to optical photons of all
wavelengths.

6.3.2 Simulation Limitations

Before comparing the simulation output with the data collected in the test beam, various limi-
tations of the model developed must be recognized. Firstly, detailed information about optical
properties of the paint used to blackened the end surface of the cylinder was not available.
Given the absence of this information, a reflectivity of 1% was chosen, a value which we be-
lieve is a conservative upper limit. Secondly, the beam divergence parameters were not pre-
cisely known, forcing approximate beam size and dispersion parameters to be chosen. Thirdly,
the exact beam energy of the muons at the detector was not know precisely. The beam energy
was ultimately approximated by a Gaussian distribution with a sigma of 0.5 GeV centered on
4 GeV. Finally, the exact dimensions of the PMT window are unknown, thus limiting the accu-
racy to which the PMT can be modelled. Given these limitations, only qualitative agreement
between the test beam data and simulation output was sought.

6.3.3 Comparison with Test Beam Data

The purpose of comparing the simulation output to the test beam data was to both better un-
derstand what was observed and to validate the simulation. Since the output of the simulation
is in units of the number of photoelectrons produced at the PMT photocathode, this had to be
appropriately scaled to the test beam data before a comparison could be made. A conversion
factor between the number of photoelectrons and the maximum voltage was taken to be the ra-
tio of the most probable number of photoelectrons to the most probable maximum voltage for
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Figure 23: Rescaling of GEANT4 ouput (number of photoelectrons produced in PMT per inci-

dent particle) to voltage for 45 degree data.

a single angle. This conversion factor was then kept the same for all other angles. Fig. 23 shows
the original and scaled simulation output in comparison with test beam data for a particular
beam angle.
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> > 1
o g (&) E
© 0.9 8
o [y (]
= - =101
% 08: ——e—— testbeam forward signal rejection dq:) 10 E —e— testbeam forward signal rejection
g 0.7 geant forward signal rejection g F geant forward signal rejection
E 0 Gi —=— testbeam backward signal acceptance 81 0,2 L —a— testbeam backward signal acceptance
% ; ——— geant backward signal acceptance % E ——— geant backward signal acceptance
[a] 0'5; [a] E
0.4 10°
0.3 i
0.2 104L
0.1 F
0: i nieninnlesinsiennslessaoa | 1 1 1 | 10° Ll M N e L
0 0.2 0.4 06 08 1 0 0.2 0.4 06 08 1
Discrimination voltage (V) Discrimination voltage (V)

Figure 24: Comparison of detection efficiencies calculated from test beam data to those calcu-
lated for rescaled simulation output in linear scale (Left) and logarithmic scale (Right). All plots
consist of 10,000 events with the exception of the 120 degree test beam plot which is based on
100,000 events.

Once the scaling is complete, the detection efficiency plots (of which Fig. 17 is an example) can
be made for the simulation output and directly compared with the corresponding plots for the
test beam data. Fig. 24 shows this sort of comparison for the 60, 120 degree beam angle pair.
These results are based on simulations of 10,000 particles passing through the detector for each
beam angle. Note the qualitative agreement between the simulation results and the test beam
data for both forward and backward beam angles. Given the limitations of the simulation dis-
cussed earlier, the visible deviations (especially in the tails of the distribution) are unsurprising.
The observed level of agreement is arguably sufficient to consider the simulation validated.
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W

(Right).

Figure 25: Pictures showing the available space for installation in GL4 (Left) and GL6

i

7 Integration

For the most promising locations (GL4 and GL6), mechanical constraints for a possible installa-
tion of our detector were evaluated. The top part of the HF structure is not available, since the
whole space is needed for a fast extraction of TOTEM T1, so very limited space is left in GL4 be-
tween the outer part of the HF and the green support structure (Fig. 25(Left)). The situation in
GL6 (Fig. 25(Right)) looks much more promising, with the only spacial constraint represented
by the TAS.

8 Future work

The complete design is expected for Spring 2013. During this time we have to address the
following points:

HF photodetector
light coupling

FLUKA identified sources of background

future test beam studies
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