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Abstract

The scattering of light at small angles (not Rayleigh) and the dependence of the refractive index of silica aerogel
produced by the Matsushita Electric Works (Japan) on wavelength were investigated in the range of interest for Ring
Imaging Cherenkov detectors (RICH). In the j-interval 350}650 nm, the aerogel refractive index decreases by 0.15%, the
average forward scattering angle of light in traversing aerogel varies from 1.2 to 2.2 mrad, and the fraction of forward
scattered light per cm of aerogel varies from 20% to 8%. ( 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Gx; 29.40.Ka
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1. Introduction

The use of silica aerogel in RICH detectors is
recent and follows from the development of high-
quality samples produced with a new technique
[1,2] by Matsushita Electric Works (Japan).

In 1995, Seguinot and Ypsilantis proposed [3]
an appealing application of aerogel in the LHCb
experiment [4]. The outstanding potential of their
design inspired the upgrade [5}8] of the HERMES
experiment [9] at DESY.

So far, the literature has mostly been devoted to
the calculation of the number of photoelectrons (pe)
achievable in a ring [10}13] Only a rough estima-
tion has been given [12,13] of the precision that
could be obtained with the reconstruction of the
Cherenkov angle, which a!ects the resolution
power of the detector when identifying di!erent
particles.

This paper deals with a more precise estimation
of two contributions to the Cherenkov angle res-
olution, namely the chromatic aberration and the
angle dispersion due to &forward scattering' (FS) of
light in aerogel. Whilst Rayleigh scattering, the
main source of background in aerogel Cherenkov
imaging, is responsible for the bluish haze that
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surrounds aerogel, FS is responsible for the some-
times fuzzy, sometimes deformed images of objects
viewed through aerogel.

This paper is organized as follows. Section 2
describes the measurement of the refractive index
of aerogel (of nominal value 1.03 at 633 nm) at
six wavelengths in the range 350}650 nm, and
the in#uence of the chromatic aberration on
the Cherenkov angle measurement. Section 3
describes the measurement of the average FS
de#ection angle of light in aerogel, and the fraction
of de#ected light per centimetre of crossed aerogel.
These measurements are employed to evaluate the
FS contribution of the resolution. The fraction
of light de#ected at forward angles is evaluated
in a di!erent way in Section 4 by using a spectro-
photometer supplied with an integrating sphere.
From these measurements, the aerogel FS length
(K

FS
) is deduced in the interval from 200 to

900 nm and compared with the aerogel absorption
and Rayleigh scattering lengths (K

A,S
) determined

in a recent paper [11]. Contributions to the
Cherenkov angle resolution of the HERMES and
LHCb RICH detectors are brie#y reviewed in
Section 5, and the conclusions of the paper are
given in Section 6.

2. Dependence of the refractive index of aerogel on
wavelengths

The method of &minimum de#ection' was used to
measure the refractive index (n) of aerogel

n"
sin(//2#a/2)

sin(//2)
(1)

where / is the apex angle of the tile corner used for
the measurement, and a is the minimum de#ection
angle.

The method provides an accurate measurement
of n since it involves very low systematic errors. The
uncertainty in n is linked to that of the two angles
/ and a. The latter is determined from two
measurements of the distances, tan a"d/¸, where
d is the &minimum distance' determined on a screen
placed at a distance ¸ from the aerogel. In the

approximation d;¸, it follows that
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For distances and apex angles measured with
small uncertainties (*d"*¸"1.5 mm, and
*/"0.13) systematic errors of 0.015% in n can
be achieved when ¸"3.5 m. To obtain these
uncertainties in the measurements of d, lasers
with a small spot and divergence must be
employed, as well as aerogel tiles with well de"ned
and regular corners. A drawback of this method
is that a large deformation of the laser spots
prevents the measurements of n in the central re-
gion of a tile. The refractive index has been mea-
sured in a Matsushita tile with dimensions
11]11]1 cm3.

To limit the uncertainties in determining the
minimum distance at the di!erent wavelengths, the
measurements were performed with two overlap-
ping laser beams. An He}Ne laser at 633 nm, with
a divergence of 1 mrad, was used as the reference.
The measurements at 514, 496, and 458 nm were
performed by an Ar-ion laser with a divergence of
1.5 mrad. An He}Cd laser, with a divergence of 1.5
mrad, was used for the measurements at 422 and
325 nm. The measurements were repeated many
times at di!erent points of the lateral surfaces (sizes
1]11 cm2) of the aerogel tile, close to the four
corners.

The distributions of the measurements per-
formed are reported in Fig. 1 at the wavelengths
indicated. The solid lines in Fig. 1 are Gaussian "ts
to the distributions. The mean n values extracted
from these distributions are reported in Fig. 2. The
values at 633 and 514 nm di!er by 3]10~4. This
di!erence is in agreement with a previous measure-
ment at the two wavelengths [12,13]. The total
variation measured for n in the j-range explored is
only 0.15%, and the measurement at 325 nm con-
tributes to half of this variation.

The n value at 633 nm of the examined tile is
1.0298, while the average value of all the tiles em-
ployed in the HERMES RICH, measured at the
same wavelength, resulted in 1.0304$0.0004.
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Fig. 1. The distributions of the refractive index (n) measure-
ments of a Matsushita aerogel tile at the wavelengths indicated.
The solid lines are Gaussian "ts to the distributions. The higher
statistics at 633 nm are due to the use of this wavelength as the
reference source (see text).

Fig. 2. The refractive index of one Matsushita aerogel tile mea-
sured at six wavelengths. The solid, dashed, and dotted lines are
"ts to the experimental data based on Eqs. 3, 4, and 7, respective-
ly, with calculated values normalized to the experimental value
of the refractive index of aerogel at 633 nm.

The standard deviations of the n-mean values in
Fig. 1 are small. Therefore, the errors reported on
the experimental points in Fig. 2 are the systematic
ones. The "t of the data with a phenomenologic
function

n"C#C@/jx (3)

represented by the solid curve in Fig. 2, gives the
following j-dependence of n: x"1.2$0.2.

Vorobiov et al. [14] suggested that the j-depend-
ence of n in aerogel (n

!%30'%-
) could be derived by

those of air (n
!*3

) and quartz (n
S*O2

), the main com-
ponents of aerogel, whose refractive indices are well
known [14] in the j-range investigated here. If
n
!%30'%-

is experimentally measured at one reference
wavelength j

0
, the di!erences between n

!%30'%-
(j

0
),

n
!*3

(j
0
), and n

S*O2
(j

0
) can be employed at other

wavelengths to deduce the j-dependence of n
!%30'%-

:
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0
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. (5)

By assuming for reference (j
0
) the upper limit of

the investigated interval (633 nm), the "t displayed
in Fig. 2 with a dashed line and an A value of 0.0646
are obtained.

A better estimation of the j-dependence of
n
!%30'%-

is based on the Lorentz}Lorenz theory [15].
The refractive constant (R) for a material of density
o is de"ned as

R"

n2!1

n2#2

1

o
. (6)

In a compound, the refractive constants of compo-
nents multiplied for their partial weights (P

i
)

are additive, i.e. PR"P
1
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Fig. 3. Left-side panels: Number of detected Cherenkov
photons (solid lines), with estimated uncertainties (dashed lines),
as a function of the photon wavelength, calculated according to
Ref. [11] for a stack (5 cm) of aerogel (n"1.0304). The dotted
curves represent the quantum e$ciency typical of bialkali
photocathodes, corrected, in the top panel (HERMES) for trans-
mittance through 3 mm of a Lucite foil, and in the bottom panel
(LHCb) through a Mylar window. Right-side panels: Number of
detected Cherenkov photons as a function of the aerogel refrac-
tive index.

where B is the fraction of the volume occupied by
quartz in aerogel. The j-dependence of n

!%30'%-
,

deduced from Eq. (7), is displayed in Fig. 2 with
a dotted line.

By comparing the dashed lines, dotted ones, and
experimental values in Fig. 2, it can be seen that
both the aforementioned hypotheses are able to
predict the j-dependence of n

!%30'%-
. Measurements

of n
!%30'%-

with a lower systematical error and in
a more extended j-interval than explored here
could assess which of the two hypotheses is more
suitable for aerogel.

By weighting the j-dependence of n
!%30'%-

(solid
line) with that of the photoelectrons from the
unscattered Cherenkov radiation, the quantity
n
!7%3

can be estimated

n
!7%3

"

:n(j)(dN
1%

/dj) dj
:(dN

1%
/dj) dj

. (8)

The j-dependence of photoelectrons for the
HERMES and LHCb RICH detectors are reported
in the left panels of Fig. 3 with solid lines. The
dotted lines are an estimation of the uncertainties.
The photoelectrons were evaluated in accordance
with Ref. [11], for 5 cm of n"1.0304 aerogel with
a 3 mm thick Lucite window for the HERMES
RICH, and a Mylar window for the LHCb one. The
quantum e$ciency (q.e.) of typical bialkali photo-
cathodes, corrected for the transmittance of the
relative exit window, is reported in the left panels of
Fig. 3 with dot-dashed lines. The di!erent exit win-
dow, is responsible for the UV more extended
bandwidth of LHCb. This can be seen more clearly
in the right panels of Fig. 3 where the n-distribu-
tions of photoelectrons are reported.

The values n
!7%3

"1.0306 for HERMES, and
1.0308 for LHCb, were obtained for the examined
tile. A di!erence of *n"0.0008 for HERMES and
0.0010 for LHCb is then deduced for n

!%30'%-
from

the measurements at the reference wavelength of
633 nm and its value at 400 nm, the centre of the
photoelectron distributions in Fig. 3.

The n
!%30'%-

values, averaged over all the tiles and
at the centre of the photoelectron distributions, are:
n
!7%3

$p
n
"1.0312$0.00046 for HERMES, and

1.0314$0.00066 for LHCb.
The contribution of the chromatic aberration to

the resolution of the RICH is obtained from the
relation

A
dh
h B

#)30.!5*#

"

1

2A
p
n

n
!7%3

!1B
1

JN
1%

. (9)

From the integrals of the curves in Fig. 3, the
total number of photoelectrons (N

1%
) are obtained:

18$2 for HERMES, 23$3 for LHCb. These
numbers are overestimated since the photon ab-
sorption factors behind the aerogel (re#ectivity of
the mirrors and geometrical acceptance of active
elements in the focal plane) are not considered.

For HERMES, N
1%
"9 was found experi-

mentally. From the previous n
!7%3

and p
n

values,
a chromatic aberration of (dh/h)

#)30.!5*#
"0.26% is

evaluated for HERMES. In the LHCb project, 15
photoelectrons are expected. This results in a chro-
matic aberration of 0.27%.
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Fig. 4. Schematic drawing of the apparatus used for measuring
the forward scattering.

Fig. 5. Top panel: The intensity ¹
0
(h) (squares) of the 633 nm

laser as a function of the opening angles of a diaphragm placed
in front of the measuring diode, and the transmittance, at the
same angles, through one ¹

1
(h) (circles) and two ¹

2
(h) (tri-

angles) aerogel tiles hit at di!erent points of the lateral surface.
Central panel: Units in rad~1. Laser beam pro"le (squares) with
a Gaussian "t (solid line) and di!erential transmittances (circles
and triangles) obtained by di!erentiating the average values of
the data in the top panel and dividing by their respective linear
transmittance (see text). The dashed and dotted lines are gaus-
sian "ts to triangles and circles at angles greater than 1 mrad.
Bottom panel: Units in rad~1 cm~1. The double di!erential
transmittance for the forward scattering as a function of the
scattering angle.

3. Forward scattering of light in silica aerogel

In Ref. [16], it has been shown that in an in-
homogeneous medium, like silica aerogel, the inten-
sity of the light scattered at small angles depends on
the microscopic density #uctuations which cause
local variations of the dielectric properties of the
material. In contrast to the nearly isotropic
Rayleigh scattering, which depends on the average
molecular dimension, the anisotropy in the dielec-
tric constant of the medium causes a light scatter-
ing which is strongly forward peaked, and,
consequently, contributes to the angular dispersion
of the light. It has also been shown in Ref. [16] that
the ratio between the two types of scattering is
strongly dependent on the pH of the base solution
from which the silica aerogel is catalysed. More-
over, the FS comes mostly [16] from the bound-
aries of the aerogel tile crossed by light (surface
e!ect), in contrast with the Rayleigh scattering
which is proportional to the thickness traversed by
light in aerogel (volumetric e!ect).

For practical purposes, FS is more important
than Rayleigh scattering. Indeed both the
HERMES and LHCb detectors envisage reducing
the Rayleigh isotropic background by decreasing
the detector bandwidth in the UV region by placing
a Lucite or a Mylar window downstream of the
aerogel to absorb most of the scattered photons. In
contrast, FS a!ects a large fraction of the Cheren-
kov photons in the whole wavelength range (as will
be shown later) and cannot therefore be minimized.

The FS measurements were performed at the six
aforementioned laser wavelengths. A photodiode
with an active area of 15]15 mm2, placed
1 m from the laser source, as shown in Fig. 4, was
used as the detector. A diaphragm with a variable
aperture, placed in front of the photodiode and
centred on each beam, was used to measure the
amount of light transmitted as a function of the
diaphragm aperture.

Each measurement was taken with the photo-
diode centred on the maximum intensity of the
transmitted beam. In this way de#ections of the
beam caused by non-parallelism of the tile surfaces
are avoided.

The red (j"633 nm) laser beam intensity
[¹

0
(h), displayed by squares in Fig. 5], and the

transmittances measured with one [¹
1
(h), circles],

or two [¹
2
(h), triangles] aerogel tiles interposed in

the beam are reported in the top panel of Fig. 5 as
a function of the diaphragm opening angles.

The measured transmittances change rapidly
as one moves the aerogel point hit by the beam.
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Fig. 6. The forward scattering double di!erential transmittance
through aerogel as a function of the photon wavelength. The
solid lines were obtained from Eq. (12), all calculated with
a
#
"60 lm and a normalization factor f"0.4 nm/(rad cm).

Di!erences in the transmittance values have been
seen even for points hit only a few millimetres apart
on the tile surface. By observing the image of the
laser spot on a screen, one notices that the beam
shapes emerging from one aerogel tile change from
a leopard skin picture (a central spot surrounded
by many others of smaller dimension and intensity
and randomly distributed from 2 to 5 mrad away
from the central spot), to a lobar shape (the beam is
continuously distributed in one strip with a ran-
dom direction up to 10 mrad). For this reason, only
average values are given for the forward scattering.
Fig. 5 shows the ¹

t
(h) transmittance measurements

taken at di!erent points on the front surface of an
aerogel stack of total thickness t. Measurements for
a stack of the same thickness are reported with the
same symbols. The ¹

t
(h) values measured at large

angles (h"6 mrad) approach the &linear' [11]
transmittance ¹

t
(h

.!9
), whose value is not in-

#uenced by the FS, but depends only on the
Rayleigh scattering and absorption of the incident
beam in aerogel.

The laser beam pro"le d¹
0
/dh (squares in the

central panel of Fig. 5), and the di!erential trans-
mittances d¹

t
(h)/dh (circles and triangles) are ob-

tained by di!erentiating the quantities in the top
part of Fig. 5. The latter di!erentials, normalized to
¹

t
(h

.!9
) for removing the e!ect of Rayleigh scatter-

ing and absorption for detecting the FS e!ect, are
shown in the central panel of Fig. 5 with circles and
triangles, for the one and two tile measurements,
respectively.

The beam pro"le is con"ned to angles smaller
than 1.5 mrad, as shown by the solid curve in the
central panel of Fig. 5, which represents a Gaussian
"t to the squares. In contrast, the di!erential trans-
mittances (circles and triangles) do extend at larger
angles, indicating the modi"cations to the beam
pro"le caused by the FS e!ect. A Gaussian "t to the
circles and triangles at angles greater than 1 mrad is
shown by the dashed and dotted lines, respectively.

The di!erential FS e!ect is derived by "tting the
di!erential transmittances with a fraction ( f

B
) of

the beam pro"le

d¹
FS,t

(h)

dh
"

d¹
t
(h)

dh
1

¹
t

!f
B

d¹
0

dh
(10)

and the FS double (in angle and aerogel thickness)
di!erential transmittances are obtained by dividing
for the aerogel thickness t

d2¹
FS

(h)

dhdx
"

d¹
FS,t

(h)

dh
1

t
. (11)

These quantities are reported in the bottom panel
of Fig. 5. The dashed and dotted lines in this panel
are Gaussian "ts to the d2¹

FS
(h)/dhdx values de-

rived by measuring stacks of one and two aerogel
tiles (circles and triangles, respectively). Their per-
fect overlap indicates that the probability of
a photon undergoing two FS scatterings is very
unlikely in the aerogel thicknesses explored. Final
FS values were obtained by averaging the two
measurements, and are reported in the top left
panel of Fig. 6 with the estimated errors. Values at
angles smaller than 1 mrad are not reported since
they are a!ected by large errors due to the presence
of the residual incident beam.

Fig. 6 also shows (empty circles) the same experi-
mental d2¹

FS
/(dhdx) values measured, as in Fig. 5,

for all the remaining j's.
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Fig. 7. The FS double di!erential transmittance through aero-
gel, calculated by Eq. (12) for the three indicated values of
inhomogenities (a

#
), and plotted in the whole h-range (left-side)

and at forward angles (right-side). The solid and dashed lines
refer to wavelengths of 325 and 633 nm, respectively.

The double di!erential distribution of forward
scattered radiation can be described [16] by the
Rayleigh}Debye (Mie) scattering theory, which is
a generalization of the Rayleigh scattering

d2¹
FS

dhdx
"

(1#cos2 h)

j4
(sinh ) wf. (12)

The "rst of these factors is proportional to the
Rayleigh scattering, the sin h term converts inten-
sities in di!erential transmittances (dXPdh), the
w term is the correlation volume, and f is a dimen-
sional constant normalization factor. For a random
two-phase medium model, well suited for aerogel,
w is given [16] by

w"

8pa3
#

(1#a2
#
)h2)2

(13)

where a
#

is the average extension of the in-
homogenities, and

h"
4p

j
sin

h
2
. (14)

When a
#

is much smaller than j, w becomes a
constant and thus independent of the scattering
angle h. In this case, Eq. (12) becomes the Rayleigh
law. The scattered intensity is symmetrical with
respect to h"p/2 and proportional to 1/j4, as
shown by the bottom panels of Fig. 7. For a

#
much

greater than j, the scattering becomes forward
peaked (see the top panels of Fig. 7) and nearly
constant with j.

The experimental data contained in Fig. 6 are
well "tted by Eq. (12) evaluated for a

#
"

60$10 lm and f"0.4$0.1 nm/(rad cm). The
"ts obtained are displayed with solid lines in Fig. 6.
The value of the inhomogenities (a

#
) obtained sug-

gests a nearly constant FS value with j. To show
the di!erence between the curves in Fig. 6, they are
reported in the top panel of Fig. 8 at selected
wavelengths. Strong di!erences occur only below
3 mrad. In fact, the integrals over h of these curves
decrease by a factor of ten when the 0}6 mrad
integration interval is considered, as shown by the
solid curve in the second panel of Fig. 8. The
decrease is reduced to a factor of 2 and 1.5 for
the intervals 1}6 and 2}6 mrad, respectively (see the
dashed and dotted lines).

Since some of the measurements shown in Fig. 6
could not be performed at small angles, due to an
increased laser divergence and spot dimension, the
¹

FS,1
values, i.e., the integral over h (1}6 mrad) and

1 cm of aerogel of the experimental d2¹
FS

/(dh dx),
are obtained from only the j"633, 514, 496, and
325 nm measurements. These values are shown
with full squares in the second panel of Fig. 8 and
show a weak j-dependence.

A good agreement in the second panel of Fig. 8 is
shown among the experimental ¹

FS
's and the cal-

culated dashed curve. But the best estimation of the
FS e!ect at the di!erent j's comes from the solid
curve in the second panel of Fig. 8, which considers
also the very small angles that are experimentally
unreacheable. The mean value of this curve was
calculated by weighting it with the photoelectron
distributions shown in Fig. 3. An average forward
scattering value of ¹

FS,1
"15$3% is obtained for

HERMES, and 17$3% for LHCb.
From the curves in the top panel of Fig. 8, the

average forward scattering angle (h
FS

) at the di!er-
ent wavelengths was calculated and is reported in
the third panel of Fig. 8. This quantity, averaged
over the photoelectron distributions in Fig. 3, gives
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Fig. 8. Top panel: Units in rad~1 cm~1. The forward scattering
double di!erential transmittance through aerogel, calculated
from Eq. (12) with a

#
"60 lm and a normalization factor

f"0.4 nm/(rad cm), at the indicated wavelengths. Second
panel: The integrals of the curves in the top panel evaluated over
1 cm of aerogel and over di!erent angular intervals of integra-
tion: 0}6, 1}6, and 2}6 mrad, for the solid, dashed, and dotted
lines, respectively. The integrals of the experimental values in
Fig. 6 are reported by full squares. Third panel: Units in mrad.
The average forward scattering angle evaluated from the curves
in the top panel. Bottom panel: Units in cm~1. The di!erential
number of photoelectrons produced at di!erent positions in
a stack of "ve aerogel tiles with a total thickness of 5 cm.

a mean forward scattering angle value of
h
FS
"1.55 mrad for HERMES, and 1.48 mrad for

LHCb.
To evaluate the fraction of Cherenkov photons

produced in a stack of aerogel tiles (total thickness
t) and scattered at forward angles whilst travelling
in the same stack, the spatial distribution of
the Cherenkov photoelectrons was evaluated by
considering the double di!erential Cherenkov pro-
duction yield (d2N/djdx), the probability that
Cherenkov photons produced at the point x escape
aerogel through the exit face at a distance t!x,
and the quantum e$ciency of the photodetector, as

dN
1%

dx
"P

d2N

djdx
¹

t~x
(j)q.e.(j) dj. (15)

This spatial distribution, evaluated for b"1 par-
ticles, is reported in the third panel of Fig. 8 for

stacks (t) of 5 cm. The averaged thickness of aerogel
crossed by Cherenkov photons, calculated from
this distribution, is t

!7
"1.62 cm, denoting that

(¹M
FS,t

"¹M
FS,1

t
!7

) 23$4% of the Cherenkov
photons produced in the aerogel stacks of the
HERMES RICH are scattered at the average angle
h
FS

(j1 )"1.55 mrad from their primary h
C

direction.
The remaining 76% Cherenkov photons do no
de#ect from the h

C
direction. This depicted angular

distribution of photoelectrons in the Cherenkov
ring has a standard deviation (*h

FS
) of 0.77 mrad.

For LHCb an increased ¹
FS,tM

(j1 ) value (27$4%) is
obtained, but *h

FS
(0.79 mrad) is nearly the same.

The contribution to the ring resolution due to
the forward scattering is

A
dh
h B

FS

"A
*h

FS
h
C
B

1

JN
1%

. (16)

Therefore, the dispersion resulting from the for-
ward scattering e!ect is 0.10% for HERMES and
0.08% for LHCb.

4. Aerogel forward scattering length

The forward scattering transmittance ¹
FS,t

was
measured by means of a spectrophotometer equip-
ped with an integrating sphere. Measurements were
taken in the 200}900 nm wavelength range by
means of a CARY-5 (from Varian) spectro-
photometer, and an integrating sphere (from Lab-
SPHERE). The sphere, covered internally with
Spectralon, a material with high and near-Lamber-
tian re#ectivity, is able to convey all the light reach-
ing its internal surface to a photomultiplier (PM
port) as shown in Fig. 9. The linear transmittance
(¹

t
) is measured by using a beam of large transver-

sal dimensions, housing the aerogel sample outside
the sphere very near to its input port, and by
inserting the output plug to the sphere, as shown in
the top panel of Fig. 9. The &di!use' transmittance
at forward angles (¹

$*&&,t
) is measured with a beam

of small transversal dimensions and divergence,
obtained by several collimators on the beam before
the aerogel, and with the output plug of the sphere
removed (see the bottom panel of Fig. 9).
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Fig. 9. The integrating sphere equipped for &linear' transmit-
tance (top panel) and &di!use' transmittance (bottom panel)
measurements.

Fig. 10. Top panel: The linear (¹) and di!use (¹
$*&&

) transmit-
tances, together with the trans#ectance (TF, taken from Ref.
[11]) for light trough 1 cm of aerogel. Central panel: The
forward scattering transmittance deduced from the experiments
in the top panel (marked curve) and taken from the second panel
of Fig. 8 (squares, and full, dashed, and dotted lines). Bottom
panel: The aerogel absorption, Rayleigh scattering, and forward
scattering lengths, evaluated from the curves in the top panels
through Eq. (18). The Rayleigh and forward scattering lengths
are "tted with phenomenologic curves, requiring a j4- and
a j0.65-dependence, respectively.

The linear, the di!use, and the forward scattering
transmittances are linked by the relation

¹
$*&&,t

"¹
FS,t

¹
t
. (17)

¹
FS,t

is the fraction of incident light that experiences
in forward scattering, ¹

$*&&,t
is what one measures

of the forward scattering considering the attenu-
ation (¹

t
) of the incident beam from the aerogel

front face up to the point where a forward scatter-
ing event occurs, and of the forward scattered beam
on its way from the production point to the aerogel
exit face.

The measured linear (¹
t
) and di!use (¹

$*&&,t
)

transmittances for an aerogel tile of thickness 1 cm,
are reported in the top panel of Fig. 10. The re-
ported ¹

$*&&,t
is an average of several measurements

at di!erent points on the tile. The &trans#ectance'
(TF

t
), which is the measurement of the light per-

centage surviving the absorption (A
t
) in a sample,

is also reported in Fig. 10. Absorption and trans-
#ectance are linked by the simple relation:
A

t
"1!TF

t
. The TF

t
measurement is taken from

Ref. [11]. All the data in the top and central panels
of Fig. 10 refer to 1 cm of aerogel. The subscript
1 has been omitted.

In the central panel of Fig. 10, the forward scat-
tering transmittance, deduced from Eq. (17) and
from the data in the top panel of the "gure, is
shown with a marked curve. The content of the
second panel of Fig. 8, namely the experimental
¹

FS,t
's (full squares), and the calculated ¹

FS,t
's

(solid, dashed, and dotted lines) is also reported in
the central panel of Fig. 10. The experimental
values from the integrating sphere (marked curve)
are higher than those from the previous section (full
squares). This disagreement could be due to the
larger h-opening allowed by the input port of the
sphere compared to that of the diaphragm in Fig. 4.
However the experimental values from the integrat-
ing sphere agree up to 500 nm with the calculated
values (solid line).

The TF, ¹, and ¹
FS

are linked to the three
K

A,S,FS
(absorption, Rayleigh scattering, and for-

ward scattering, respectively) lengths by the simple
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relations

TF"e~1@KA , ¹"e~t(1@KA`1@KS )"e~1@K,

¹
FS
"1!et@KFS . (18)

In the bottom panel of Fig. 10 the three lengths
obtained for aerogel are reported. The K

S
curve is

"tted by a j4-dependence, whilst the K
FS

one re-
quires a weaker j0.65-dependence. The K

A
curve is

constant in the interval 350}900 nm.

5. Cherenkov angle resolution of the HERMES and
LHCb RICH detectors

The HERMES RICH detector employs aerogel
tiles from Matsushita with a total thickness of 5 cm,
spherical mirrors with a radius of 220 cm, and 3/4A
Philips XP1911 photomultipliers mounted with
aluminized Mylar funnels of 1A diameter (D).

The LHCb RICH detector employs aerogel of
the same thickness and type as the HERMES one,
spherical mirrors with a radius of 200 cm, and
hybrid photodiodes with a pixelization of
2.5]2.5 mm2.

The Cherenkov angle resolution due to the pixel-
ization of the focal plane detector, for photodetec-
tors of circular shape D and Cherenkov rings of
radius R, is

A
dh
h B

1*9%-

"A
D

4RB
1

JN
1%

. (19)

In HERMES, the pixel diameter is D"2.54 cm,
and R"27.7 cm. A value (dh/h)

1*9%-
"0.075% is

obtained, corresponding to 5.7 mrad. For the
squared photodiodes of LHCb, the pixel resolution
is 0.18 mrad.

The #uctuation in the refractive index of the
di!erent Matsushita aerogel tiles was measured at
633 nm [17] and found equal to dn/(n!1)"1.3%.
This value can be reduced to 0.54% by sorting tiles
with similar refractive indices in the same stack
(each with m"5 tiles), as in the HERMES RICH.
This contribution to the resolution, which is posi-
tion-independent, is given [12,13] by

A
dh
h B

104.*/$%1.

"

1

2

dn

n!1

1

JN
1%

. (20)

The density #uctuation of the Matsushita aero-
gel was measured in Refs. [12,13]. Its contribution
to the resolution, which is position-dependent, is
expressed by:

A
dh
h B

$%/4*5:

"

1

2

do
o

1

JN
1%

. (21)

A value of 0.39%/pe was found.
All the Matsushita aerogel tiles have one #at and

one curved surface caused by capillary e!ects dur-
ing manufacturing. These e!ects are more impor-
tant at the tile borders. Photons leaving the tile
through the curved surface are dispersed by *h

S
,

which is the average angle between the normals to
the curved surface and the tile axis. Measuring two
tiles, excluding the borders (5 mm), resulted in
*h

S
"0.5 mrad. To limit this dispersion, the tiles

must be stacked with the curved surface facing the
incoming beam. In HERMES the tiles were stacked
randomly, and from the dN

1%
/dx distribution in

Fig. 8, it follows that 24, 36, 24, 12, and 4% of
Cherenkov photons leave the stacks passing
through 0, 1, 2, 3, and 4 curved surfaces, respective-
ly. The standard deviation of this distribution is
1.2*h

S
. Then the surface dispersion is

A
dh
h B

463&!#%

"

1.2*h
S

h
C

1

JN
1%

. (22)

The full length of the radiator and the uncertain-
ty in the photon emission point contribute to the
ring resolution. These (point) uncertainties have
been estimated in Refs. [5}8] by a Monte Carlo
calculation. A value of 0.32%/pe was found.

All the contributions considered in this paper are
reported in Table 1. Their total sum is 1.3%/pe for
LHCb and 2.5%/pe for HERMES. The total num-
ber of photoelectrons (N

1%
) reported in Table 1 is

estimated for LHCb, and measured for HERMES.
From these the total calculated resolutions have
been deduced. For HERMES the measured resolu-
tion is also reported in Table 1.

For LHCb the calculated total resolution
(0.34%) is dominated by the chromatic aberration.
For HERMES the calculated total resolution
(0.84%) is dominated by the pixel contribution.
A slightly higher value (1.2%) was measured.
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Table 1
The di!erent contributions, in percent, to the aerogel Cherenkov
angle resolution for the HERMES and LHCb RICH detectors,
and their total values

Resolution HERMES LHCb

Pixel/pe 2.30 0.29
Pos.indep./pe 0.27 0.27
Density/pe 0.39 0.39
Surface/pe 0.24 0.24
Point/pe 0.32 0.32
Chromatic/pe 0.74 1.05
Forw.scatt./pe 0.31 0.32

Total/pe 2.52 1.30
N

1%
9 15

Total (calc.) 0.84 0.34
Total (exp.) 1.2 }

An e!ect similar to forward scattering also occurs
for photons re#ected by the mirrors (re#ection at
small angles from the Snell angle or di!used mirror
re#ection). In Ref. [10] a high contribution from this
e!ect was hypothesized to "t the experimental ring
angle resolution obtained by using aerogel and mir-
rors di!erent from those referred to this paper. This
contribution, and others from the mirrors, are more
relevant for LHCb than for HERMES.

6. Conclusions

This paper deals with the chromatic aberration
and forward scattering contributions to the
Cherenkov angle resolution of RICH detectors
with radiators of silica aerogel.

For this purpose, the refractive index and the
double (in angle and aerogel thickness) di!erential
scattering of light at forward angles (not Rayleigh)
were measured in the range from 350 to 650 nm for
the Matsushita aerogel used in the HERMES and
LHCb RICH detectors.

In the j-interval explored, the refractive index of
aerogel decreased by 0.15%. Moreover, a di!erence
of 0.0008 was found between the refractive index of
the aerogel measured at the usual wavelength of
633 nm and its value at 400 nm, which is the

average wavelength converted in photoelectrons in
the HERMES and LHCb RICH detectors.

The hypothesis of Vorobiov et al. [14], sugges-
ting a constant ratio between the refractive indices
of aerogel and its constituents, air and quartz, has
been veri"ed to be a good approximation in the
j-interval explored here.

Light in aerogel is deviated by the forward scat-
tering e!ect at average angles ranging from 1.2
mrad at 400 nm, to 2.2 mrad at 700 nm. The
fraction of de#ected photons by 1 cm of aerogel
varies from 20% to 8% at these two wavelengths,
respectively. The wavelength dependence of the for-
ward scattering in aerogel was also measured by
a spectrophotometer equipped with an integrating
sphere. From this measurement, the forward scat-
tering length in aerogel was deduced and found to
have a weak j-dependence (j0.65).

The chromatic aberration and forward scattering
e!ect contribute to the aerogel Cherenkov angle
resolution, both for the HERMES and for the
LHCb RICH detectors, with values around 1%
and 0.3% per photoelectron, respectively.

Total resolutions of 0.84% and 0.34% were esti-
mated for the two aforementioned RICH detectors,
respectively.
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