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Introduction

Analysis based on publication from 2001:  
R.De Leo et al., “Chromatic aberration and forward scattering 

of light in silica aerogel”, NIM A457 (2001) 52-63

Description of the setup:

Fig. 4. Schematic drawing of the apparatus used for measuring
the forward scattering.

Fig. 5. Top panel: The intensity ¹
!
(!) (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

"
(!) (circles) and two ¹

#
(!) (tri-

angles) aerogel tiles hit at di!erent points of the lateral surface.
Central panel: Units in rad$". Laser beam pro"le (squares) with
a Gaussian "t (solid line) and di!erential transmittances (circles
and triangles) obtained by di!erentiating the average values of
the data in the top panel and dividing by their respective linear
transmittance (see text). The dashed and dotted lines are gaus-
sian "ts to triangles and circles at angles greater than 1 mrad.
Bottom panel: Units in rad$" cm$". 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 mm#, 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 (""633 nm) laser beam intensity
[¹

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

transmittances measured with one [¹
"
(!), circles],

or two [¹
#
(!), 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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In an inhomogeneous medium, the intensity of 
the light scattered at small angels depends on 
microscopic density fluctuations which cause 
local variations of the dielectric properties of 
the material. The anisotropy in the dielectric 
constant of the medium causes a light 
scattering which is strongly forward peaked, 
and contributes in to the angular dispersion of 
the light.  
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Introduction

Analysis based on publication from 2001:  
R.De Leo et al., “Chromatic aberration and forward scattering 

of light in silica aerogel”, NIM A457 (2001) 52-63

Results from the reference:
Fig. 4. Schematic drawing of the apparatus used for measuring
the forward scattering.

Fig. 5. Top panel: The intensity ¹
!
(!) (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

"
(!) (circles) and two ¹

#
(!) (tri-

angles) aerogel tiles hit at di!erent points of the lateral surface.
Central panel: Units in rad$". Laser beam pro"le (squares) with
a Gaussian "t (solid line) and di!erential transmittances (circles
and triangles) obtained by di!erentiating the average values of
the data in the top panel and dividing by their respective linear
transmittance (see text). The dashed and dotted lines are gaus-
sian "ts to triangles and circles at angles greater than 1 mrad.
Bottom panel: Units in rad$" cm$". 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 mm#, 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 (""633 nm) laser beam intensity
[¹

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

transmittances measured with one [¹
"
(!), circles],

or two [¹
#
(!), 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 !m 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

!
(!) 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

!
(!) values measured at large

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

!
(!

"#$
), 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
!
/d! (squares in the

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

!
(!)/d! (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

!
(!

"#$
) 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

"
) of

the beam pro"le

d¹
#$%!

(!)
d!

"d¹
!
(!)

d!
1
¹

!

!f
"
d¹

!
d!

(10)

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

d&¹
#$

(!)
d!dx

"d¹
#$%!

(!)
d!

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 d&¹

#$
(!)/d!dx 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 d&¹

#$
/(d!dx) values measured, as in Fig. 5,

for all the remaining "'s.
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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 !m 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

!
(!) 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

!
(!) values measured at large

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

!
(!

"#$
), 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
!
/d! (squares in the

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

!
(!)/d! (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

!
(!

"#$
) 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

"
) of

the beam pro"le

d¹
#$%!

(!)
d!

"d¹
!
(!)

d!
1
¹

!

!f
"
d¹

!
d!

(10)

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

d&¹
#$

(!)
d!dx

"d¹
#$%!

(!)
d!

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 d&¹

#$
(!)/d!dx 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 d&¹

#$
/(d!dx) values measured, as in Fig. 5,

for all the remaining "'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 !-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

d!¹
"#

d!dx
"(1#cos! !)

"$
(sin! ) wf. (12)

The "rst of these factors is proportional to the
Rayleigh scattering, the sin ! term converts inten-
sities in di!erential transmittances (d!Pd!), 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" 8!a%
!

(1#a!
!

)h!)!
(13)

where a
!

is the average extension of the in-
homogenities, and

h"4!
"

sin
!
2
. (14)

When a
!

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

!
much

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

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

!
"

60$10 "m 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 ". 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 ! 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

"#&'
values, i.e., the integral over ! (1}6 mrad) and

1 cm of aerogel of the experimental d!¹
"#

/(d! dx),
are obtained from only the ""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 "-dependence.

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

"#
's and the cal-

culated dashed curve. But the best estimation of the
FS e!ect at the di!erent "'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

"#&'
"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 (!
"#

) 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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Introduction

Description of the setup:
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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 !m 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

!
(!) 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

!
(!) values measured at large

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

!
(!

"#$
), 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
!
/d! (squares in the

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

!
(!)/d! (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

!
(!

"#$
) 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

"
) of

the beam pro"le

d¹
#$%!

(!)
d!

"d¹
!
(!)

d!
1
¹

!

!f
"
d¹

!
d!

(10)

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

d&¹
#$

(!)
d!dx

"d¹
#$%!

(!)
d!

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 d&¹

#$
(!)/d!dx 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 d&¹

#$
/(d!dx) values measured, as in Fig. 5,

for all the remaining "'s.
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Nov105 398m3

Complete scan of the surface with reflection
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Nov105 398m3

Complete scan of the surface with reflection

Surface map obtained 
from the integration of 

measured gradients. 
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