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Abstract

Due to the similarity of construction materials used in large diffusely reflective aerogel Cherenkov detectors,
a reasonable prediction of a detector’s photoelectron signal can be made using a phenomenological equation and
parameters easily determined prior to construction. By using the same parameters and Monte Carlo techniques, it is
possible not only to predict the photoelectron signal; but also, the uniformity of the signal, the average number of
photomultiplier tubes which trigger per event, and the timing resolution of the detector. In this paper both techniques are
described and it is shown that even though they use only a minimal number of parameters, both reproduce experimental
results and can be used to quickly model detector designs. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The most important consideration when design-
ing a large, diffusely reflective aerogel Cherenkov
detector is how many photoelectrons will be detec-
ted per relativistic event. This photoelectron signal,
typically less than ten photoelectrons, determines
the detector’s efficiency for detecting relativistic
particles. Many calculational techniques have been
used to predict this signal [ 1-37]; however, the tech-
niques all require designers to estimate some details
of a detector’s construction, such as the average
reflectivity of the light box region of the detector,
the absolute efficiency of the photomultiplier tubes,
and the number of photons entering the light box.
Though these estimates are fine for making an
order of magnitude calculation, they are not a re-
liable method of making accurate predictions of

a detector’s photoelectron signal, nor do they give
any indication of the uniformity of the signal.

Without a reliable method of predicting the
photoelectron signal or the uniformity of the signal,
designers cannot reliably determine either how
much aerogel or how many photomultipliers a de-
tector will need to produce a sufficient and uniform
photoelectron signal. This has meant that designers
have often overestimated how much aerogel and/or
how many photomultiplier tubes a detector would
need. Since the photomultiplier tubes and related
electronics tend to be the most expensive compo-
nents of an aerogel Cherenkov detector, using only
the required number can greatly reduce detector
construction costs.

Previous work has shown that a figure of merit
curve, calculated from experimental results, can be
used to reduce the number of parameters that are
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needed to calculate the photoelectron signal [4].
This is done by including in a figure of merit several
parameters that cannot be measured until after
construction. The present work takes this idea one
step further by including in a figure of merit all
parameters which cannot be determined prior to
construction. This results in a phenomenological
equation, derived in Section 2, in which the photo-
electron signals from previous Cherenkov detector
results are used to calculate a figure of merit. These
results, shown in Sections 4 and 5, can then in turn
be used to estimate the number of photoelectrons
a detector will produce.

Though the phenomenological equation can
provide a good estimate of the photoelectron sig-
nal, no information about signal uniformity, tim-
ing, or the multiplicity — the average number of
photomultiplier tubes which trigger per event — is
produced. In order to provide this information,
a Monte Carlo program, which also uses only para-
meters easily determined prior to construction, has
been developed and is described in Section 3.

In Section 4, the phenomenological equation
and the Monte Carlo program are used to calculate
the figure of merit for numerous existing large

Table 1
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Cherenkov detectors. These results are summarized
in Table 1 and are presented in Fig. 5. The numer-
ous results shown in the figure are intended not
only to provide designers with the figure of merit
but also to give an impression of the variation
in results that have been obtained by previous
groups.

In Section 5 the usage of the new, long attenu-
ation length aerogel is considered. It is shown that
the simulation code only needs to be modified
slightly to account for the new aerogel and a new
figure of merit is derived for the phenomenological
equation. Finally, in Section 6 the average lifetime
of an aerogel Cherenkov detector is discussed.

2. Phenomenological simulation equation

In a diffusely reflective aerogel Cherenkov de-
tector, radiation is produced in layers of highly
porous aerogel. Photons of a given frequency are
emitted in the aerogel when the speed of a charged
particle passing through the material is greater
than the phase velocity of the associated electro-
magnetic fields of the same frequency [5]. This

Shown is a comparison of simulation values versus experimental values for various large diffusely reflective aerogel Cherenkov
detectors. Also shown are all of the variable values used in the calculations, where 7 is the average reflectivity of the light box area, ¢ the
fraction of the light box area covered by photomultiplier tubes, n the refractive index of the aerogel, f§ the velocity divided by the speed of

light, and L the thickness of the aerogel

Light box n & n p L Sim. Exp. Sim. Exp. Ref.
dimensions (%) (%) (cm) N. N, H H

(em®) em™) (em™Y)

40 x 140 x 31 92 2.6 1.06 0.981 9.0 43 4.1* 26 25 [11]
105 x50 x 15 90 4.0 1.05 1 9.0 7.2 6.8 29 27 —
132x14x 11 91 9.6 1.05 1 12.5 15 17 24 27 [20]
132x 14 x 11 91 9.6 1.05 1 12.5 15 13 24 21 [10]
100 x 40 x 15 90 13 1.04 1 9.0 11 5.5 28 14 [9]
100 x 40 x 15 90 13 1.04 1 9.0 11 20 28 51 [9]1
40 x 80 x 30° 92 3.7 1.03 0.998 18 5.9 5.5% 18 17 [21]
30 x 69 x 30° 93 5.0 1.03 0.998 18 7.4 6.0 18 15 [21]
27 x28x 15 92 6.5 1.03 1 9.0 6.3 7.5* 26 31 [22]
18 x 52 x 64.5 95 2.8 1.03 0.995 4.5 24 2.9 32 39 [8]
18 x 52 x 60.0 94 3.0 1.03 0.995 9.0 39 4.6 26 30 [8]
18 x 52 x 55.5 94 32 1.03 0.995 13.5 49 54 21 23 [8]

*Average calculated from uniform curves.

*Approximated as rectangular with tubes mounted directly to detector.
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condition can be expressed by the inequality

pn(w) > 1, (1)
where n(w) is the refractive index of the material for
a frequency w and f is the velocity of the charged
particle divided by the speed of light in vacuum.
Over the detection range of a typical detector, the
refractive index of aerogel can be considered to
have no frequency dependence. Aerogel can be pro-
duced with refractive indexes between approxim-
ately n = 1.01 and n = 1.20 [6].

The number of photons produced per interval of
wavelength by a relativistic particle passing
through aerogel is given by

dN 1 \1
where N is the number of photons, 4 is the
wavelength of the photons, o is the fine structure
constant, and L is the path length of the charged
particle through the aerogel. From this equation
one can calculate N,
dN 1

N=|—dil=CL(1—-—=], 3

Jore=cli- ) 0
where C is a constant.

The photons are emitted in a cone with an open-
ing angle,

0 = cos” 11%, 4)
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centered on the charged particle’s velocity vector.
The simulation techniques used in this paper re-
quire that these photons be directed towards the
light box region of the detector. This is the region
outside the acrogel where the photons are reflected
and detected (see Fig. 1).

Due to scattering and absorption of radiation in
the aerogel, not all of the photons produced in the
aerogel enter the light box region. To calculate the
number of photons that enter the light box region,
the L term can be replaced with L,

Leff = Aa|:1 - eXp(;_L>:|: (5)

where L. is the effective thickness of the aerogel
and A, is the effective absorption length of the
aerogel. However, since the effective absorption
length varies from one batch of aerogel to another
and is difficult to measure, it is subsumed into the
figure of merit.

Photons which do pass through the aerogel enter
into the light box region of the detector. The walls
of this region are covered with a diffusely reflective
material and the region is viewed by photomulti-
plier tubes. For photons in the light box region,
the surface of the aerogel can be considered to be
a diffusely reflective wall [2,7].

To calculate the probability that an individual
photon in the light box area will strike the face of
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Fig. 1. The schematic diagram shows the NIKHEF EMIN Hall Cherenkov. Shown is the direction of a particle track through an
aerogel Cherenkov detector. The Cherenkov light produced in the aerogel is emitted into the diffusely reflective light box region of the
detector and is detected by photomultiplier tubes, labeled PMT, located along the walls of the light box.
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a photomultiplier, it is assumed that the photon
reflections are random. This allows the detection
probability to be expressed as a geometric series

00

n_ &
X el =l = (©

where ¢ is the fraction of the light box area covered
by photomultiplier tubes,  the average reflectivity
of the light box area, and 5(1 — ¢) the probability of
a photon striking a surface and being reflected.
When calculating the average reflectivity of a light
box for use with the figure of merit determined in
this paper, the diffusely reflective wall should al-
ways be taken as having an average reflectivity of
96% [8] and the aerogel as having an average
reflectivity of 80% [3].

The phenomenological simulation equation is
written by multiplying the number of photons pro-
duced (3) by the detection probability (6) by a figure
of merit

Ne=HL(1 = 1/fn*) 7 — (7)

€
)
where N, is the average number of photoelectrons
and H the experimentally determined figure of
merit. Subsumed in the figure of merit are the
constants and the other variables, such as the
photomultiplier quantum efficiency, the shape of
the light box, and the effective aerogel thickness.
However, due to the similarity of materials used in
aerogel Cherenkov detectors, the H parameter de-
pends to a good approximation only on the thick-
ness of the aerogel used in the detector. Derived
values for the figure of merit are shown in Sec-
tions 4 and 5.
The calculated number of photoelectrons, N,
can be used to estimate the detection efficiency, &, of
the detector from

E=1—exp M (8)

Since Eq. (8) assumes Poisson statistics, in order for
it to be valid for N, less than 10 photoelectrons, the
photomultiplier tubes need to be able to clearly
resolve single photoelectron signals. This resolu-
tion allows an average signal of only five photo-
electrons to provide 99% detection efficiency.

3. Computer simulation

To complement the phenomenological equation,
a computer simulation program was written which
also uses only easily determined variables. Unlike
the simulation equation, the simulation program
takes into account a detector’s geometry and the
position of the photomultiplier tubes. This allows
the program not only to predict the average num-
ber of photoelectrons, but also to predict the uni-
formity, timing resolution, and the photomultiplier
multiplicity. This additional information is useful
for determining the optimal position and number
of photomultiplier tubes and for testing the proper-
ties of a three-dimensional design.

The variables used in this simulation are the size
of the light box, the refractive index of the aerogel,
the number and location of the photomultiplier
tubes, the radius of the cathode area of the photo-
multiplier tubes, the path length of particles
through the aerogel, and the f§ of the particles. All
other parameters, such as photomultiplier efficien-
cy and effective absorption length, have been fixed
to average values. This is justified by the similarity
of materials used in these detectors.

What makes this simulation even more striking
is that no attempt is made to simulate the light
production in the aerogel. Instead, the Cherenkov
light is approximated as originating from the point
that the radiating particle exited the aerogel and
having a random direction. This approximation,
which is also made in the phenomenological equa-
tion, is justified by the relatively short scattering
length of aerogel compared to the typical thick-
nesses of aerogel used in diffusely reflective Cheren-
kov detectors.

An advantage of this approximation® is it allows
the program to be focused solely on the behavior of
light in the light box region of a detector. This
reduces the complexity of the program and allows
full three-dimensional simulations to be done rela-
tively quickly while still producing results which
are in good agreement with actual detectors.

!'This approximation breaks down if the thickness of aerogel
used is less than or equal to the aerogel’s scattering length. In
this case the Cherenkov angle should be used.
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The simulation calculates the average number of
photons that are emitted from the aerogel per
event, N, from the equation

2 1 \1 ..
Nemit = 20 Lege| 1 — —— Pd/b. )

A ﬁ2n2

Then the program individually tracks that number
of photons as they are diffusely reflected about the
light box. This process is repeated for thousands of
events to produce statistically meaningful results.

Since only well-known variables are entered as
input, the other typical variables have been set to
the following working values: diffuse wall reflectiv-
ity =96%, aerogel reflectivity = 80%, photo-
multiplier tube window transmission = 60%,
photomultiplier tube detection efficiency = 22%,
and absorption length 1, =9cm. The detected
wavelengths are taken to be between 300 and
400 nm. These values do not necessarily correspond
to the exact physical values of any one detector but,
taken as a group, they produce results that com-
pare very well with average Cherenkov results.

In Table 1, the computer simulated number of
photoelectrons, Sim. N, for various Cherenkov
detectors is shown and compared with the experi-
mental values, Exp. N.. The only photoelectron
value that the simulation program significantly
overestimates is the original CEBAF detector result
of 5.5 photoelectrons. It was subsequently deter-
mined that the aerogel of this detector had become
contaminated and needed to be refurbished [9].
After complete refurbishment of the detector and
baking of the aerogel, the remarkable value of 20
photoelectrons was obtained, a value consistent
with the new aerogels discussed in Section 5. All the
detectors listed used Millipore paper as the diffuse
reflector and large, high gain photomultiplier tubes
such as the Burle 8854 (RCA 8854), the Hamamatsu
R1584-01, or the Philips XP2041.

A more detailed comparison between the simula-
tion program and experimental results was made
with the recently refurbished NIKHEF QDQ
Cherenkov detector [10]. During commissioning,
this detector was found to have an average signal of
13 photoelectrons and an average photomultiplier
multiplicity of 4. This compares quite well with the
simulation, which predicted 15 photoelectrons and
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Fig. 2. Simulated and experimental numbers for the prototype
SKS Cherenkov as functions of the detector’s width.

a multiplicity of 4. The simulated and experimental
uniformity were also in agreement. No experi-
mental timing data are available. Also, a detailed
comparison is made with the very wide prototype
SKS detector [11] and is shown in Fig. 2.

The first detector designed using the simulation
program was the large, 210 x 50 x 24cm?, NIK-
HEF BigBite Cherenkov detector [12]. The pro-
gram predicted that the detector would produce an
average signal of 7.2 photoelectrons and have a
timing FWHM of 3.4 ns. During commissioning, >
the detector produced an average signal of 6.8
photoelectrons and had a timing FWHM of 3.6 ns.
The uniformity curves are shown in Figs. 3 and 4.
In both the simulated and experimental plots, the
peaks correspond to the location of the photomul-
tiplier tubes along the sides of the detector. The
plots are shown for the same number of events and
have not been scaled. No experimental multiplicity
data are available.

Recently, the simulation code was used to design
the aerogel Cherenkov detectors for the Bates

2In the 1.5 years since commissioning, the detector’s signal
has degraded to 6.1 + 0.5 photoelectrons.
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Fig. 3. The predicted signal uniformity of the BigBite Cheren-
kov detector is shown. The six peaks correspond to the locations
of photomultiplier tubes along the sides of the detector.
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Fig. 4. The actual signal uniformity of the BigBite Cherenkov
detector is shown. As predicted, the six peaks due to the location
of the photomultiplier tubes can be clearly identified. The loca-
tion of electron events passing through the detector were deter-
mined using two wire chambers located immediately in front of
the detector.

Large Acceptance Spectrometer Toroid, BLAST
[13]. These Cherenkovs will be 100 x 150 x 30 cm?
and filled with 15cm of aerogel with an refractive
index of 1.03. The detector should produce an

average signal of around 4.5 photoelectrons and
have an average efficiency of 99%. The code has
also been used to consider the feasibility of adding
a Cherenkov detector to the Bates OOPS spec-
trometers [14] and to simulate Cherenkov de-
tectors for TINAF [15].

4. Figure of merit values

The figures of merit, H, for the detectors listed in
Table 1 are shown in Fig. 5. The results show that
the H value for a typical large aerogel Cherenkov
detector lies within a region bounded by the solid
lines drawn on the graph. The bounding lines have
slopes of —1.56 and — 1.10cm~ 2 and H inter-
cepts of 48 and 33cm ™.

Though only one point is shown below the lower
line, private communications with P.J. Carlson and
G. Poelz revealed that many unpublished first at-
tempts at Cherenkov construction have H values in
the poor region. The primary reason for poor re-
sults is aerogel contamination. Aerogel which has
been contaminated can be baked out, as has been
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Fig. 5. Shown are simulated and experimental figures of merit,
H, from Table 1. The graph has been broken into three regions:
poor, average, and excellent. The point in the poor region
corresponds to a detector which contained contaminated aero-
gel.
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demonstrated with the excellent second result of
the CEBAF Cherenkov detector, as shown in
Table 1.

By using the range of values shown in Fig. 5,
a designer can use the phenomenological equation
to predict the signal strength of a planned detector.
The phenomenological equation should be used
with caution when being used for a detector wider
than 50cm, 25cm for Cherenkov detectors with
photomultipliers on only one side. Though the
equation will still provide good information about
average signal strength, wide detectors will not
necessarily produce a uniform signal and should be
simulated. This was shown with the 140cm wide
prototype SKS Cherenkov detector in Fig. 2. In
order for this exceptionally large detector to pro-
duce a uniform signal, special reflectors were added
to the middle of the light box region.

5. New aerogel

Improvements in the way aerogel is manufac-
tured has led recently to the development of silica
aerogel with extremely long absorption lengths
[16,17]. It has been found that these new aerogels
have absorption lengths 100 times their scattering
length [18]. Thus, for high transparency aerogel,
the absorption length in Eq. (5) can be replaced by
1000 cm.

To check the validity of the simulation program
with this new parameter, the Cherenkov detector
of the BELLE detector [18] was simulated. In
order to simulate a detector with this new
aerogel, it was assumed that once the Cherenkov
radiation had been produced, the aerogel could
be ignored. Thus the entire interior of the
Cherenkov detector was considered to be the light
box region of the detector and all walls were taken
to have an average of 96% reflectivity. The results
of the experiment and simulation are shown in
Fig. 6.

To show the improvement that the new aerogel
can produce, the detectors listed in Table 1 have
been simulated with the new aerogel. The results
are shown in Fig. 7. With the long attenuation
length aerogel, the figure of merit has a relatively
constant value for different thicknesses of aerogel.

— 24
7
= .
o B Experiment
k31 [J Simulation
=
)
S22
2 H
2 [ | :
= n
— H
] i
g i
200 |
2 O O | i O
n n
18 -
16 P PR R 1 L 1
-5 -2.5 0 2.5 5

Position [cm]

Fig. 6. Simulation comparison with the BELLE Cherenkov
which contains the new, long attenuation length aerogel. The
figure is plotted for the BELLE 4 cm y-position.
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Fig. 7. Simulation results showing the figure of merit, H ..,
versus aerogel thickness for the new aerogel.

Therefore, Eq. (7) can now be written

&
Ne = I{newL(1 - l/ﬂznz)m,

where H,., = 43.5cm ™~ .
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The new aerogel is being considered [19] for the
Blast Cherenkov detectors mentioned in Section 3.
The new aerogel would allow the detector to be
built to the same signal and uniformity specifica-
tions while using only one third as much aerogel.
Currently, the only major drawback to this new,
high transparency aerogel is its cost.

6. Detector lifetime

All the aforementioned results yield the number
of photoelectrons a diffusely reflective Cherenkov
detector will produce when the detector is new. It is
important to realize that even a carefully construc-
ted detector’s signal will degrade over time. This is
mainly due to contaminants being absorbed by the
aerogel causing the absorption length to decrease
and/or the diffusely reflective surfaces aging and
becoming less reflective. Though few published
works chart detector signal versus time, those re-
sults that are available [4,10] and the BigBite de-
tector result, suggest that a typical signal half-life is
approximately 10 years.

7. Summary and conclusions

The phenomenological equation, along with the
figure of merit curves, will allow designers to calcu-
late quickly the expected photoelectron values for
a given Cherenkov design. For detectors that are
too wide to reliably use the phenomenological
equation or when more precise prediction is re-
quired, the simulation program can be used to
ensure that a detector will not only produce a suffi-
cient photoelectron signal, but also will produce
a uniform signal, have good timing characteristics,
and have a sufficient multiplicity.

Since these simulation techniques use nominal
values for many unknowns, the results should only
be used to determine what the nominal results of

a given detector should be. The results should not
be taken as an exact representation of any one
detector, but if a detector fails to produce even
a nominal result, it should suggest that there is
a problem with the detector, such as aerogel
contamination.
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