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Abstract

An event reconstruction algorithm to analyze Cherenkov rings in a Ring Imaging Cherenkov (RICH) detector is
considered and the results of a Monte Carlo simulation are discussed. It is demonstrated that aerogel radiators can be
used in RICH detectors despite the Rayleigh scattering of light if "ltered by a pattern recognition program. The velocity
of the particle radiating Cherenkov light, b, is determined by a "t to the photon hit pattern, assuming prior momentum
measurement by a tracking system. The charge of the particle, z, is obtained from the collected light. The results show
that, for the geometries considered, velocity resolutions pb/bK1]10~3 and charge resolutions p

Z
/ZK10% can be

achieved for 5 GeV/c protons and a 2 cm thick aerogel radiator. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Ka
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1. Introduction

Ring Imaging Cherenkov (RICH) counters have
been playing an important role in high energy
physics and, more recently, in astrophysics experi-
ments [1,2]. A RICH counter can be used to deter-
mine both the velocity, b, and the charge, z, of

a particle, the latter being obtained by counting the
number of Cherenkov photons. By combining the
RICH information with the rigidity measurement
using a magnetic tracker the particle can be fully
identi"ed according to its mass. Moreover, the
RICH counter allows very good albedo rejection
(i.e. distinguishing upward from downward cross-
ing particles). This is very important, for instance,
in astroparticle experiments aiming at the detection
of particles coming from space. Such experiments
usually have speci"c constraints that demand the
use of non-standard designs to conform to low
weight, compactness, low power consumption, etc.
Furthermore, due to the limited space available for
the experimental setup, the RICH design can be
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highly constrained namely by the presence of other
detectors [2}4].

Until recently, RICH counters used NPT gases
(no 1.0015), NPT liquids (e.g. C

6
F
14

, n"1.276)
or crystals (such as NaF, n"1.33), the choice
depending on the particles to be identi"ed and
their range of momenta [5]. However, in some
situations it is desirable to have a radiator with
intermediate refractive index, between that of
NTP liquid (C

5
F
12

, n"1.26) and the NTP gas
(C

4
F

10
, n"1.0015). Hence, some experiments

have recently proposed the use of silica aerogel
radiators [6}8], a material which can be manufac-
tured with index of refraction ranging typically
from 1.01 to 1.2 [9,10]. Although aerogel has been
widely used in threshold Cherenkov counters, its
use in RICH detectors has been limited by the
Rayleigh scattering of light. In fact, aerogel is
basically an open structure of nSiO

2
#2nH

2
O

globules with dimensions close to the wavelength of
the photons, leading to light scattering. The scat-
tered photons eventually reach the photodetectors,
producing a background superimposed on the ring
patterns of unscattered Cherenkov photons. There-
fore, the possibility of using such a radiator relies
on the ability to develop techniques that avoid
noise from such photons.

Detection of Cherenkov rings generated in aero-
gel radiators has been reported [11}13]. However,
to our knowledge, the contribution of the Rayleigh
background to b resolution has not yet been
worked out, and no separation of scattered from
unscattered photons was described. On the other
hand, background subtraction cannot be applied
successfully in an event by event basis [11].

The main purpose of this work is to present an
algorithm for the reconstruction of RICH rings,
particularly suitable for cases where a background
of scattered photons is present, and general enough
to permit the analysis in case of unconventional
geometries. This algorithm is used to study the
performance of three di!erent RICH detectors that
use aerogel radiators and might be potentially in-
teresting for astrophysical applications.

A general approach to assess the performance of
an RICH detector is considered, from both view
points of simulation and event reconstruction. The
simulation is based on the package GEANT 3.21,

available from CERN [14]. The program of
simulation is modular enough to allow di!erent
geometries to be easily considered and various con-
tributions to be studied separately.

The event analysis comprises a pattern recogni-
tion aimed at extracting the signal from the back-
ground of photons that underwent multiple
scattering and of those due to photons radiated by
d-rays or secondary particles created in hadronic
collisions, together with "tting the set of selected
photon hit positions that determines the velocity of
the particle that produced Cherenkov light. The
pattern recognition suppresses most of the scat-
tered photons, while keeping the unscattered ones
and allowing velocity e!ective "tting, even when
copious Rayleigh background is present. Further-
more, most of the photons produced by d-rays
and other secondary particles are removed. The
charge of the particle is obtained by counting
the total number of photons converted in the
photodetectors.

In this work only events consisting of one single
impinging particle are considered.

2. Simulation

2.1. Detector geometry

Three di!erent RICH designs have been con-
sidered, which are schematically depicted in
Fig. 1a}c:

(a) The proximity focusing con"guration, consist-
ing of a plane radiator slab separated from
a detector plane by an empty space in which
the Cherenkov rings expand [15].

(b) A geometry derived from the previous one, in
which a conical mirror re#ects the light to-
wards a matrix of photodetectors located along
the lateral wall of a cylinder placed coaxially
with the mirror [16].

(c) A geometry containing two conical mirrors in
a coaxial arrangement, with photodetectors
placed in the area between the two mirror
bases.

The geometries (b) and (c) are thought to permit
the installation of other detectors after the RICH,
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Fig. 1. Geometries of the detectors considered: (a) proximity focused; (b) derived from (a) with a conical mirror and photodetectors on
the lateral wall of a cylinder; and (c) a double conical mirror assembly with readout at the lowest plane.

Table 1
Summary of the reference geometrical parameters

(cm)

Geometry (a) Radiator radius 50
Expansion height 40
Photodetector radius 50

Geometry (b) Radiator radius 50
Cylinder radius 50
Cylinder height 50
Cone mirror height 10
Cone radius 50

Geometry (c) Radiator radius 50
Internal cone mirror height 10
Internal cone radius 35
External mirror height 50
External mirror base radius 110
External mirror top radius 50

e.g. a calorimeter, as the corresponding radiation
length for a particle crossing the counter is negli-
gible. Additionally, in geometry (c) the photodetec-
tors have been moved away from the top of the
Cherenkov counter, where a magnetic tracker is
supposed to operate and a fringe "eld might exist.
The dimensions of the radiator were "xed through-
out this work as 2 cm thickness and 50 cm radius.
The other dimensions were varied to study the
in#uence of the geometrical parameters on the per-
formance of the detectors (cf. Section 5) and are
listed in Table 1.

The radiator was assumed to be homogeneous
and made of a single piece of material. Therefore,

no account was made of e!ects due to shape or size
of any pieces required to build the radiator area.
Furthermore, the RICH was supposed to work
in vacuum, so no air e!ects whatsoever were
considered.

It was assumed that the momentum of the par-
ticles entering the radiator is measured by a track-
ing system in front of the RICH. The geometric
acceptance of the RICH was calculated in the
Monte Carlo simulation requiring that the particle
crosses the tracker from top to bottom, striking the
radiator surface. The tracker was assumed to be
cylindrical, with radius 50 cm and height 100 cm.
Furthermore, in the calculation of the geometric
acceptance, multiple scattering and curvature of the
particle trajectory in the tracker due to the mag-
netic "eld were neglected as a "rst approximation.

2.2. Radiator optical properties

The radiator was ascribed the refractive index
n"1.14, at j"400 nm. Concerning the optical
dispersion, n(j), since there are no published data
for silica aerogels, one used the values plotted in
Fig. 2 which were obtained by the approximated
scaling law

n
!%3

(j)K
Sn

!%3
T!1

Sn
4-#

T!1
n
4-#

(j) (1)

which is expected to hold for identical molecular
structures [12,17,18], where n

4-#
(j) is the optical

dispersion of fused silica [19]. The average was
calculated over the range of wavelengths of interest,
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Fig. 2. Optical properties of aerogel as a function of the wavelength: (a) refractive index, scaled from the optical dispersion of fused silica
and (b) the Rayleigh scattering length for an aerogel with a clarity coe$cient C"0.018 lm4/cm.

2We measured the refractive index of a small piece of aerogel
from Matsushita, by the minimum de#ection of laser light with
j"632, 514, and 472. Results showed consistency with the
scaling law within errors.

j3[270,600] nm. This scaling law is consistent
within the errors with sparse measurements of laser
refraction [7].2

The transport of photons in the bulk of the
radiator is governed by absorption loss and
Rayleigh scattering, the latter process depending on
the relative size of the scattering centers and the
photon wavelength. The scattering length, K

4#
, is

well described by

K
4#

(j)"
j4

C
(2)

where C is a constant, frequently referred to as the
clarity coe$cient of the material and the depend-

ency j4 is well known for Rayleigh scattering. Ob-
viously, for the application of aerogel in an RICH
detector, the lowest possible value of C is desirable.
According to recent publications, aerogels with
a clarity coe$cient smaller than 0.01 lm4/cm are
available [7,11,20,22]. However, it seems that high
refractive index aerogels are less transparent [23].
Thus, in the present simulation, a less optimistic
value was assumed, setting C"0.018 lm4/cm
[24]. Fig. 2b shows the scattering length versus
photon wavelength for this aerogel, calculated ac-
cording to Eq. (2).

Concerning the absorption of photons in silica
aerogels, recent improvements in the manufacture
technique have led to the production of highly
transparent materials, although, there are no re-
liable data on the dependence of the absorption
coe$cient, K

!"4
, on the wavelength. Recent

measurements suggest a relation K
!"4

(j)"aK
4#

(j),
with n100, approximately constant [20,21].
A value a"100 was considered.
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Fig. 3. Quantum e$ciency of the Hamamatsu 5900 photomultiplier with bialkali photocathode and a borosilicate glass window.

2.3. Event simulation

The computing code, based on the GEANT 3.21
package, is intended to simulate all the processes
that take place when a charged particle traverses
the radiator and produces Cherenkov light. Thus,
the occurrence of hadronic collisions, multiple scat-
tering, the production of d-rays and their tracking
along the radiator were all taken into account. The
kinetic energy threshold for tracking electrons and
gammas was set to 10 keV. Concerning the trans-
port of Cherenkov photons, GEANT takes into
account absorption and boundary processes, using
the speci"ed optical properties of the detector me-
dia, considering the polarization of the photons.
Rayleigh scattering is not treated. Hence, a routine
has been implemented to generate coherent
Rayleigh scattering of light photons, so that this
process could be included in the photon transport.
The scattered photon direction is generated accord-
ing to the cross section [25], with a probability
distribution function given by

dPd0 du"3
8
(1#cos20 )sin0 d0 du (3)

0 and u being the polar and azimuthal angles
relative to the photon initial direction.

The transport of photons is performed in small
steps. At each step a length, x

k
, is generated for each

of the processes, k"1,2,2 , being considered, as
x
k
"!K

k
ln(r), K

k
being the mean free path length

of process k and r a uniform random number,
r3[0,1]. At each step the photon is given the
smallest length, min(x

k
), and the corresponding

cross section is activated.
The optical properties of the radiators con-

sidered are those plotted in Fig. 2 and discussed in
the previous section. As for the density of the aero-
gel, the relation o"5.263(SnT!1) was assumed to
hold [26,27]. The Cherenkov photons are followed
throughout the detector until they are absorbed in
a photodetector (or elsewhere) or escape through
the top or the lateral surfaces of the radiator
(assumed to be black painted).

The response of the photodetectors was not fully
simulated. Only the quantum e$ciency was taken
into account, being set as typical of a photomulti-
plier with bialkali photocathode and a borosilicate
glass window (see Fig. 3). The re#ectivity of the
mirrors was assumed to be 85%, independent of the
wavelength [29]. E!ects due to possible magnetic
fringe "eld were not taken into account.

For each event simulated, the relevant informa-
tion, namely the coordinates of photon hits in the
photodetector matrix, was written to an output "le
for later analysis. This allowed a detailed event
selection and debugging to be carried out.

J.P. da Cunha et al. / Nuclear Instruments and Methods in Physics Research A 452 (2000) 401}421 405



3. The event reconstruction

The number of Cherenkov photons with
wavelength between j and j#dj generated by
a particle of charge z and velocity b per unit of
track length in a radiator is given by the
Frank}Tamm relation [28]

d2N

dldj
"2paz2A1!

1

b2n2(j)B
1

j2
(4)

where a is the "ne structure constant and n the
refractive index of the radiator. The photons are
emitted with an angle relative to particle trajectory
given by

cos h
#
"

1

bn
. (5)

Therefore, the photon hit pattern is directly related
to the kinematics of the radiating particle. How-
ever, the photons are produced all along the par-
ticles' track inside the radiator and the angle of
emission of each photon j varies with n(j). Thus,
average values are usually considered at the event
reconstruction, both for the production point and
for the refractive index, since the wavelength and
direction of the photons are not measured. These
e!ects, which increase with increasing thickness
and chromatic dispersion of the radiator, limit the
determination of b.

For the geometries considered in this study, the
patterns of photon hits in the detector matrix are
not circles, except for the proximity focused de-
tector (geometry (a)) if the particle has normal inci-
dence relative to the radiator plane. For other
angles of incidence, the patterns of hits in the de-
tector plane are not true conical sections, due to the
refraction at the radiator surface facing the expand-
ing volume. Nonetheless, for this geometry the in-
verse problem of calculating the Cherenkov angle,
h
#

of each individual photon hit has been worked
out, assuming that (i) the photon creation point
(taken as the middle point of the radiator) and (ii)
the refractive index (approximated to n"Sn(j)T)
are known for every photon [15].

For more complex designs, namely geometries
(b) and (c) considered in this work, the patterns of
hits are highly dependent on the incidence direction

and impact point of the particle on the radiator.
The inverse problem of calculating h

#
can be

extremely di$cult to obtain and has to be worked
out for each particular geometry. Therefore, a gen-
eral method of reconstruction has been devised that
might be used with quite diverse geometries.
Furthermore, the events include signi"cant back-
ground, specially due to (i) Rayleigh scattered
photons, most of which have some correlation with
the signal (unscattered photons), and (ii) emission of
Cherenkov light by energetic d-rays, mostly emitted
forward relative to the particle's direction. There-
fore, a two-level analysis has been implemented for
the event reconstruction, consisting of a pattern
recognition, aimed at rejecting the background hits,
followed by a "t to the hits accepted by the pattern
(signal).

The reconstruction of the event is meant to deter-
mine b. Usually this is obtained from the average
value of h

#
considering every detected photon [15].

However, it is clear that h
#
has a functional depend-

ence on j, i.e. h
#
"h

#
[b, n(j)] and, therefore,

b should be used, rather than h
#
, as the parameter

in the "t to the set of data points consisting of the
photon hit positions. Moreover, as b3[0,1], the
domain of parameter search is de"ned independent
of the dispersion relation.

3.1. Pattern recognition

The pattern recognition is based on matching the
set of data points and a theoretical curve, f, which
depends on b"bbK , the velocity of the radiating
particle, whose direction bK is given by the tracking
system. The hit points not consistent with f are
rejected. Besides, curve f is also a function of j, the
photon generation point along the particle's track,
s, and /

#
, the azimuthal angle in the particle's rest

frame, i.e. f"f(b,j,s,/
#
). The curve f represents

the set of positions on the photodetector surface
that might be illuminated by unscattered Cheren-
kov photons, as /

#
varies from 0 to 2p. This func-

tion was calculated analytically for each geometry,
taking into account the refraction at the interface
between the radiator and the expansion volume
and the re#ections at all surfaces met by the
photon. Our purpose is to adjust b in order to
match the maximum number of data points.
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Fig. 4. The event reconstruction algorithm is based on "nding
the smallest set of distances, m

i
, to the predicted curve, f, which is

a function of b. The parameter b is varied so that the distances
are minimized.

3The Monte Carlo distributions referred to in the text are
dN/dj and dN/dl, where l is the depth throughout the radiator,
ranging from zero to the thickness. dN/dl is not constant be-
cause of absorption and scattering e!ects, and dN/dj does not
exhibit 1/j2 behaviour due to j-dependent scattering processes.

Nonetheless, as j and s vary continuously within
a certain range, it is necessary to consider a set of
discrete values of j and s, so that the above function
be suitable for "tting b. This has been done by
de"ning j

k
and sl points, with k"1,2, k

M
and

l"1,2,l
M

(spaced according to the statistics
given by the Monte Carlo).3 The simplest case is to
ascribe average values to j and s, resulting in
a single f function. With k

M
and l

M
points one has

a family of k
M

]l
M

curves for a given b. Usually it
is enough to set ko3 and lo3. For each data point
i, m

i
is chosen such that m

i
"minMm@

kl
(i)N, where

m@
kl

(i) is the smallest distance of hit i to curve f
kl

(see
Fig. 4).

Having calculated the set Mm
i
N we can start a "t-

ting procedure by minimizing, in b, the sum s[b],
de"ned as

s[b]"
N
+
i/1

Dm
i
D (6)

where the sum is evaluated over all the N photon
hits of the event, and m

i
is given as above, for each

photon hit position, r
i
(taken as the center of each

photodetector pixel).

The pattern recognition algorithm follows the
following prescription:

1. Set k"1 and l"1 to get a single curve, f.
Calculate s[b], and minimize in order to obtain
the best value of b in "rst approximation, i.e.
b
0
"b: s"minMs[b]N.

2. By using b"b
0

and a family of 3]3 curves,
calculate the set of Mm

i
N, i"1,2, N, such that

m
i
"minMm@

kl
(i)N, as de"ned above.

3. Form the histogram Mm
i
N and look for clusters.

4. Cut at the boundary of the main cluster.
5. Keep the set of selected points for further

analysis.

With the previous description we get quite sharp
separation between signal and noise, by clustering
Mm

i
N and disregarding those m

i
sitting away from the

main cluster. Applying this method with a family of
3]3 curves, we "nd a rejection of 95% of noise hits
due to Rayleigh scattered photons and 90% photons
produced by secondary particles, loosing only 2%
of good hits (see Fig. 5).

It should be stressed that the main cluster in the
distribution of m refers to the Mm

i
N that gather to-

gether near zero for the signal hits. This cluster does
not necessarily correspond to close groups of hits in
the event display (Fig. 5).

This method can be readily applied to every
geometry provided the correct function f is cal-
culated for each case. Hence, mechanical uncertain-
ties in the placement of detector parts can be
included.

It is worth noting that the use of absolute values
in de"ning s is preferable to the more common use
of the sum of squares. This happens because, prior
to noise elimination, signal and noise are added
together in s sum, which leads to over-contribu-
tions (in comparison with a simple sum) from far
away points (i.e. the background) if squares are
used, so that the curve at s minimum is biased
relative to signal points.

The algorithm described above can easily be
applied to the analysis of events containing more
than one particle by repeating the method on the
set of formerly rejected points, provided the corre-
sponding particles have been tracked and their
momenta measured.
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Fig. 5. Display of patterns of hits for geometries (a) top row, (b) middle row and (c) bottom row. The solid points represent the hits
selected by the pattern recognition. The curves resulted from the "t to the set of selected hits. In geometry (b) the variable
u"R tan~1(y/x), where R is the radius of the cylinder and (x, y) the coordinates of the hit point. Each plot displays one event only. As
can be seen, the rings are highly dependent on the kinematics of the incident particle, specially for the latter two geometries.

3.2. b determination

The velocity of the particle, b, is obtained from
a "t to the set of selected points, with the function
f referred above, varying b so that s2"+N

i/1
m2
i

is
minimized. The uncertainty in the measurement of

b, b
f
, is estimated as usual from the width of the

s2 well at the minimum, s2
.*/

, i.e. pb : s2(b
f
$pb)"

s2
.*/

#1.
Fig. 5 displays some reconstructed events due to

5 GeV/c protons with di!erent incidence directions
and impact points. It is clear that the hit patterns
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4 It is frequent to consider the approximation sin h
#
+ con-

stant in the interval of integration, in which case N
1%
"

N
0
¸z2 sin2 h

#
, where N

0
is called the "gure of merit of the

detector.

have very di!erent contours when the impact
parameters are changed. The pattern recognition
and the "tting have to cope with such a variety of
shapes.

4. Particle charge determination

Neglecting multiple scattering of the particle in
the radiator, the number of photoelectrons produc-
ed in the matrix of photodetectors of an RICH can
be written from Eq. (4) as

N
1%
"G(0,u,r

1
,b) 2pa

¸z2

cos0

PA1!
1

b2n2(j)B
1

j2
Q(j)A(j) f (j) dj (7)

where ¸ is the thickness of the radiator, Q(j) the
quantum e$ciency of the photodetectors, A(j)
a factor that accounts for the absorption of photons
in the radiator and f (j) takes into consideration
losses due to re#ection of light at the lower surface
of the radiator, i.e. the light trapped by total re#ec-
tion. The geometrical factor, G(0,u,r

1
,b), accounts

for the incomplete collection of transmitted pho-
tons due to light absorbed in mirrors (if they exist)
or re#ected back to the radiator, existence of dead
areas and lateral escape of photons from the expan-
sion volume, in the case of the proximity focused
geometry without mirrors. G thus depends on the
velocity, incidence direction (0,u) and impact point
of the particle on the radiator, r

1
.

The dependence of G on the velocity of the par-
ticle arises from the variation of the aperture of the
Cherenkov cone on b with consequences for the
light collection. Therefore, N

1%
can be written as

N
1%
"A(0,u,r

1
,b)z2 where A is a function charac-

teristic of a given RICH detector.4
The charge of the particle can be determined

from the number of photoelectrons, provided that
the function A(0,u,r

1
,b) is known. Thus, for a spe-

ci"c radiator, the charge determination requires the

reconstruction of b, as well as the knowledge of the
momentum vector and impact point of the incident
particle on the radiator. These are obtained by
extrapolating into the radiator the particle traject-
ory reconstructed in the tracker.

It is very di$cult to obtain accurate enough
analytical/numerical expressions of A(0,u,r

1
,b), for

the geometries studied in the present work. Hence,
the charge determination is based on a look-up-
table (LUT) of values for each detector geometry.
Given the axial symmetry of the detectors con-
sidered, the number of entries of the LUT can be
reduced to 4, i.e. (0,u,. ,b), with 03[0,0

.!9
],

u3[0,p], b above the threshold, and .3[0,R
3!$

],
where . is the distance of the impact point to the
center of the radiator upper surface, R

3!$
being the

radius of the radiator slab and 0
.!9

Kp/4 the max-
imum value of 0 given by the geometrical accept-
ance of the detector. Reducing the number of
dimensions of the LUT permits a major reduction
in the LUT size and in the "lling statistics.

The values of A were obtained by simulating the
response of the detector to incident protons cover-
ing the range of 0, u, . and b, according to the
intervals listed above and for a "xed value of the
polar angle, t, of impact point in the upper surface
of the radiator relative to its center (t"0 was
chosen). The LUT was "lled with the value
N

1%
(0,u,r

1
,b) of each event of an entire event

sample. The values in the table were then used to
calculate the charge of the radiating particle (as-
sumed unique) of any event of other samples with
(0,u,. ,b) and producing N

1%
photoelectrons, as

z"S
N

1%
A(0,u@,. ,b)

(8)

where u@"Du!tD, and if Du!tD'p then
u@"2p!Du!tD. When reading from the LUT,
A(0,u@,. ,b) is obtained by linear interpolation of
neighbor values.

As the response of the photodetectors was not
simulated (apart from the quantum e$ciency), it
was assumed that the number of photoelectrons,
N

1%
, can be given approximately by the number of

photodetector hits. This assumption is a reasonable
"rst approach to the problem of the z determina-
tion for light isotopes, for which the number of
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Table 2
Contributions of the various physical processes for the
production of Cherenkov photons. Percentage of events having
photons originating in secondary particles for the process shown

Process %

d-rays 11.9
Hadronic collisions 1.5
Other processes o0.1

photoelectrons produced in a pixel per event is
seldom larger than 1. A step forward should consider
the simulation of the response of the photodetec-
tors. Thus a better determination of the number of
photoelectrons can be obtained from the sum of the
signals of all "red photodetectors in one event.

5. Results

The simulation output was analyzed in detail
both to understand the simulation results and to
identify the most relevant issues a!ecting the per-
formance of the detector. Therefore, we considered
contributions from various physical processes to
the photon output. For this purpose we considered
5 GeV/c protons striking perpendicularly to the
radiator surface. The results of the simulation show
that about 17.1% of the protons produce d-rays
with energy above the Cherenkov threshold. This
value has been con"rmed by explicitly calculating
the number expected, based on the cross section for
d-ray production [30,31],
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with

¹
M
"

2mb2c2
1#2cm/M#(m/M)2

and

D"0.3071 MeV cm2/g (10)

where ¹
#

is the electron kinetic energy at the
Cherenkov threshold and ¹

M
is the maximum kin-

etic energy that can be transferred to the electron
(of mass m) by the particle of mass M, charge z,
momentum p, velocity b and Lorentz factor c, in
a medium with Z/A and density o. This formula
leads to the production of 0.191 d-rays above
threshold per crossing of 2 cm aerogel, by

a 5 GeV/c proton. This means that in these circum-
stances the probability of getting an event with
energetic d-rays, is 17.4%, which compares to
17.1% from the simulation. However, when look-
ing at the converted light we "nd only 12% of the
events having photons produced by d-rays, since
part of these photons does not reach the photo-
detectors. This class of events shows abundant
photon yield, so that in average 18% of the photons
detected originate in d-rays. Concerning the
Rayleigh scattering, we "nd that approximately
50% of all photons produced undergo Rayleigh
scattering. Therefore, this scattering has a major
e!ect on the photon hit pattern at the photodetec-
tor planes, by smearing the ring patterns of un-
scattered photons. The contributions from other
processes are much less important. Table 2 shows
the percentages of events having Cherenkov pho-
tons radiated by other but the incident particle.

Concerning light collection, we "nd about
40 photoelectrons in average, for &460 photons
generated in the radiator by 5 GeV/c protons.
Dependencies on the polar angle of incidence, im-
pact point and momentum are shown in Fig. 6.

5.1. b resolution

Unless stated otherwise, the results presented in
this section were obtained with 5 GeV/c protons
(b"0.983) with an angular distribution given by
the geometrical acceptance of the detector (see
Section 2.1) and the set of geometrical parameters
listed in Table 1. Furthermore, it was assumed that
the photodetectors do not have photon counting
capability. Hence, only one hit is assigned
to a photodetector, independent of the number
of photoelectrons produced. Since no speci"c
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Fig. 6 . Light collection e$ciency as a function of (a) incident angle, (b) impact point and (c) momentum.

photodetector is assumed, the photon losses in
dead zones were not considered in this study, al-
though their e!ect will be estimated below.

Uncertainties in the "tted b come from various
sources, namely: (a) intrinsic limitations of the algo-
rithm of reconstruction; b) the uncertainty in the
photon emission point (discussed in Section 3.1);
(c) the chromatic dispersion in the radiator, n(j);
(d) backgrounds, especially (i) detected photons
that had undergone Rayleigh scattering, and (ii)
detected photons that were radiated by d-rays and
other secondary particles produced in the radiator;
(e) photodetector pixel size.

The contribution of the various sources to b res-
olution was studied. The physical processes were
activated selectively in the simulation and no pat-
tern recognition "lters were applied. Hence, distri-
butions of *b/b were obtained under the following
conditions at the simulation level: (a) `pure signala,
i.e. constant refractive index, no d-rays generated,
no Rayleigh scattering included, no hadronic colli-
sions, etc.; (b) as (a) plus the e!ect of the chromatic

dispersion; (c) as (b) plus the inclusion of processes
leading to the production of secondary particles in
the radiator; (d) all physical e!ects (chromaticity,
Rayleigh scattering and production of photo-
electrons by secondary particles) are included. The
results are represented in Fig. 7a}d. As expected,
the main degradation of b comes from the Rayleigh
scattering.

Fig. 8 shows *b/b when the pattern recognition
is applied, for geometries (b) and (c). We conclude
that the pattern recognition algorithm eliminates
the tails and improves the resolution to values
approaching those obtained in the absence of
Rayleigh scattering and radiating d-rays. For this
work only events having at least 6 photon hits were
reconstructed (99.7% of the events), for which the
reconstruction is successful in 99.8% of the cases.
Therefore, the overall reconstruction e$ciency is
99.5% of the events.

Henceforth, the results shown were obtained in-
cluding in the simulation all the physical e!ects
discussed above.
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Fig. 7. Contribution of di!erent physics processes to *b/b: (a) `pure signala, i.e. no optical dispersion, no d-rays, no Rayleigh scattering;
(b) as (a) plus the e!ect of the chromatic dispersion; (c) as (b) plus the inclusion of physical processes yielding secondary particles in the
radiator; (d) all physical e!ects (chromaticity, Rayleigh scattering and production of photoelectrons by secondary particles) are included.
These curves refer to geometry (c). Results are similar for the other geometries considered. No pattern recognition is applied.

The results presented in Fig. 7a}d do not take
into account the size of the photodetector pixel.
This was investigated and the e!ect of pixel size on
the b resolution is illustrated in Fig. 9. As a com-
promise between keeping the resolution as good as
possible and a moderate number of photodetectors,
the pixel size was set equal to 7 mm2 in the recon-
structions presented henceforward. Fig. 10 shows
the distribution of *b/b obtained, for the geomet-
ries with mirrors, when the pattern recognition is
applied and all e!ects included.

The resolution *b/b is shown in Fig. 11 for
protons as a function of the momentum for
geometry (c). The resolution degradation at
low momentum is due to the reduction in photon
yield. The same behavior was observed for
geometry (b).

The variation of *b/b with the polar angle of
incidence and the distance of the impact point of

the particle on the radiator to the center is plotted
in Fig. 12. Each data point is an average over the
azimuthal angle of incidence, according to the ac-
ceptance of the detector discussed in Section 2.1.
Clearly, the resolution deteriorates somewhat for
high angles and more peripheral impact points, in
all cases.

The dependence on the height of the mirror is
shown in Fig. 13 for geometry (b). It is evident that
smaller mirrors give a better resolution because the
hit points are much scattered in comparison with
a higher mirror, hence increasing the ring de"nition
and the photon statistics by reducing the number of
photodetectors receiving more than one photon.
The results for geometry (c) are more di$cult to
present graphically, because the number of varying
parameters is high. Typical values of *b/b for dif-
ferent combinations of the geometric parameters
are shown in Table 3.
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Fig. 8. Distribution of *b/b, for geometries (b) and (c) (at right), upon application of the pattern recognition. The background influence
is highly reduced.

Fig. 9. *b/b for di!erent values of the pixel size. A pixel of 7]7 mm2 was chosen.

As a way of estimating how photon losses might
a!ect the resolution, e.g. due to possible dead zones
in the photodetectors, etc., the light collection e$-
ciency of the photodetectors was decreased. The
e!ect on *b/b is shown in Fig. 14.

Aerogels produced recently have clarity coe$-
cients much lower than previous ones. In this work
a less favorable case was assumed. Nonetheless,
a more transparent aerogel with clarity coe$cient
C"0.01 lm4/cm was studied and it was con-
cluded that the Rayleigh scattered photons are still
an important limiting factor to the ring reconstruc-

tion. Therefore, the methods aforementioned may
certainly be useful also in this case (see Fig. 15).
However, it should be noted that there have been
reports of aging of aerogel samples [32], making it
advisable to be more conservative with respect to
the optical performance of this material.

For the sake of comparison, we present in Fig. 16
the resolutions *b/b given by the method proposed
above and the average method due to Ypsilantis
[15], for the case of a proximity focused geometry.
In the latter case we are limited by the tails due to
background hits, though, for each event, values of
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Fig. 10. Distribution of *b/b, for geometries (b) and (c) (at right), for a pixel size of 7]7 mm2, upon application of the pattern
recognition.

Fig. 11. Distributions of *b/b as a function of momentum.

h
#

aside the main cluster of Cherenkov angles had
not been considered in the average, Sh

#
T. There-

fore, we conclude that the method described in
Section 3.1 can be more e!ective in the case of
presence of background.

5.2. z determination

Fig. 17 shows the distribution of z, determined by
the method described in Section 4, for 5 GeV/c
protons with an angular distribution given by the
acceptance of the detector (see Section 2.1), and the
set of parameters listed in Table 1 for geometry (b).

The right-hand-side tail of the distribution is due to
events in which there are many photoelectrons orig-
inated from d-rays and other secondary particles
produced in hadronic collisions. These events give
rise to a number of photoelectrons much larger than
the mean value kept in the LUT for the same condi-
tions regarding the incident particle. They are also
responsible for the shift of the mean value of the
distribution towards a value smaller than 1, due to an
`arti"ciala increase of the mean values of the LUT
(during the "ll-in). Both e!ects were investigated by
analyzing samples of events having no secondary
particles. The result is plotted in Fig. 17 (dashed line).
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Fig. 12. Distributions of *b/b as a function of polar angle of the incident particle, for geometries (b) top and (c).

Fig. 13. Distributions of *b/b as a function of the height of the cone mirror in geometry (b).
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Fig. 15. *b/b, for an aerogel radiator of clarity coe$cient C"0.01 lm4/cm, and geometry (b), when all e!ects are included: (a) without
and (b) with pattern recognition.

Fig. 14. The resolution *b/b as a function of the light collection e$ciency.

Table 3
Resolution *b/b for various dimensions in geometry (c). Dimen-
sions are in centimeters

R
1

h
1

R
2

h
2

*b/b
(cm) (cm) (cm) (cm) (]10~3)

35 18 70 40 1.49$0.02
35 18 70 25 1.71$0.03
35 18 90 40 1.33$0.02
35 18 90 25 1.64$0.03
35 18 120 40 1.28$0.02
35 40 90 45 1.35$0.02
50 18 90 40 1.69$0.03
35 30 110 40 1.34$0.02
35 20 110 40 1.30$0.02
35 10 90 40 1.31$0.02
35 10 110 30 1.50$0.02
35 10 110 50 1.15$0.02
50 10 110 50 1.37$0.02

Fig. 18 shows the determination of the charge for
nuclei with z(5 and momentum/nucleon equal to
5 GeV/c, for geometry (b). A systematic shift of the
central values for z'1 is a consequence of the
di!erence between the multiplicities for protons
and for other nuclei, since the charges are obtained
comparing the number of photoelectrons against
proton "lled LUT contents.

With the purpose of eliminating background
photons we might construct an LUT considering
the points selected by the pattern recognition pro-
cedure only (see Section 3.1). In so doing, we expect
to reject most of the noise coming from energetic
d-rays. However, this would be done at the expense
of reducing the statistics of photons that underwent
Rayleigh scattering, thus introducing additional
statistical #uctuations. The results show that the
width of the z distribution is larger due to statistical
reduction, but the tail corresponding to d-rays and
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Fig. 16 . Distributions of *b/b for a proximity focused geometry using (a) the "t method discussed in this work and (b) the average
h
#

method.

Fig. 17. Distribution of z for 5 GeV/c protons with an angular distribution given by the acceptance of the detector: all e!ects included
(solid line); production of secondary particles or d-rays suppressed (dashed line).

other secondaries is greatly reduced (see Fig. 19).
The helium curve has a small tail on the left-hand
side originated by badly reconstructed events, but
those can be removed from the "nal sample by
looking at the quality of the "t. The percentage of
protons above a given cut in z is plotted in Fig. 20

for various values of the cut, with and without
pattern recognition of photon hits. Hence, when the
pattern recognition algorithm is used for z deter-
mination, we increase the rejection of protons in an
He sample, although loosing +1% more of helium
nuclei.
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Fig. 18. Distribution of z for nuclei with z(5 and momentum 5 GeV/c per nucleon, for geometry (b).

In Fig. 21 we plot the contamination of protons
in the He sample, for a #ux of protons 7 times
higher than the #ux of He, a value frequently
quoted in the literature for the composition of
cosmic rays at the top of the atmosphere [33]. As it
can be seen, the contamination is signi"cantly de-
creased by using only pattern selected photons in
the z determination.

The systematic shift observed in Fig. 18 is also
remedied, at least in part, by the pattern recogni-
tion. In fact, referring to Fig. 19, the central values
show no signi"cant bias for z'1 particles as a con-
sequence of having reduced the number of photons
that enter in the calculation of z, thus decreasing
the multiplicity e!ect mentioned above. The right-
hand-side shoulder for z"3 is a consequence of
decreasing the pattern recognition e$ciency with
increasing the photon yield.

In the above discussion we did not consider the
quality of the b "t, as we intended to apply the

method to all events. Nevertheless, badly recon-
structed events can be removed from the "nal
sample. Referring to Fig. 22, we can remove the
tails in *b/b and in z if a cut at 3% CL is applied. In
this procedure we lose about 12% and 4% of pro-
tons and He, respectively.

6. Conclusions

We have demonstrated the possibility of using
aerogel as an RICH radiator, even if Rayleigh scat-
tering is signi"cant, and outlined the in#uences of
many processes on the b and z measurements.

An algorithm for pattern recognition has been
implemented aimed at rejecting the Rayleigh scat-
tered photons and part of the photons produced by
secondary particles and energetic d-rays. The "lter
is selective enough to allow keeping most of the
signal (unscattered photons).
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Fig. 19. Distribution of z for nuclei with z(5 and momentum 5 GeV/c per nucleon if only pattern selected photons are used to
determine the charge, for geometry (b).

Fig. 20. Rejection curves for p/He separation if all photon hits are used (solid line); if only unscattered photons are counted (dashed
curve).
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Fig. 21. Contamination of protons in a sample of helium for a ratio of #uxes 7:1, as a function of the cut, if (a) all photon hits are used
(full line), and (b) only unscattered photons are counted (dashed line).

Fig. 22. Distributions of *b/b and z for protons and He. The hatched areas are for events with more than 3% CL.
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The "t to the selected set of photon hits proved
to be very e!ective after background has been re-
moved, enabling good b and charge determination,
even when complicated geometry designs are
considered and the Cherenkov photons undergo
multiple re#ections. This approach treats the event
as a whole, contrary to other techniques which
reconstruct the Cherenkov angle for each detected
photon hit point (one at a time) and take the
average as the best angle.

The methods were applied to the charge deter-
mination allowing good p/He separation, despite
energetic d-rays and other secondary particles pro-
ducing Cherenkov photons.

The methods described in this work have the
advantage of allowing the analysis of events having
more than one radiating particle, both in velocity
and charge. Furthermore, the use of two radiators
of di!erent refractive indices in front of each other
might be easily accounted for since the photon
generation points and optical dispersions are input-
ted into the reconstruction (see Section 3.1).

Work is underway in order to improve the simu-
lation by considering more realistic re#ectivities,
the roughness of the mirror surfaces, modeling
of mechanical uncertainties, the photodetector
response and the momentum resolution as given by
the tracking system.

The codes are written in ANSI Fortran 77 and
the sources are available from the authors upon
request.
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