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Abstract

The optical properties of silica aerogel tiles with a refractive index of 1.03 and dimensions 11 x 11 x 1 cm?, produced by
the Matsushita Electric Works (Japan), have been measured in the wavelength range from 200 to 900 nm. The tiles are
used as one of the two radiators of the ring imaging Cherenkov counter of the HERMES experiment at DESY-HERA.
The transmittance of light has been measured on 200 tiles by means of a double beam spectrophotometer. The light
transflectance and reflectance have been measured on one tile by means of a single-beam spectrophotometer and an
integrating reflecting sphere. Typical values of the measured transmittances at a wavelength 4 = 400 nm are around 0.67.
The measured transflectance increases almost linearly from 0.4 to 0.96 in the interval 200-300 nm, and remains nearly
constant at the value 0.95 in the complementary A-range. The measured reflectance, mostly confined below 400 nm, is
completely interpretable as backscattering from inside the aerogel, revealing an absence of light reflection at the aerogel
surfaces. The transmittance data have been fitted with the Hunt formula, whose parameters have been used to evaluate
the number of unscattered and scattered Cherenkov photons produced by aerogel. For stacks of 5 tiles and quantum
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efficiencies of phototubes with bialkali photocathodes, rings with up to 19 photoelectrons/event can be expected for f = 1

particles. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silica aerogel, presently available with a refrac-
tive index between 1.01 and 1.1, is crucial to achieve
particle separation by means of the Cherenkov
effect at lower momenta where neither gases at
atmospheric pressure nor liquid Cherenkov radi-
ators are suitable.

Although the silica aerogel is often employed in
threshold Cherenkov detectors, its use in a ring
imaging Cherenkov counter (RICH) is quite new,
and is a consequence of the improvement in light
transmittance and hydrophobicity made possible
by a production technique developed only recently
[1,2]. The use of acrogel as radiator in a RICH was
first proposed for the LHCDb experiment [3,4].

The RICH of the HERMES Collaboration [5] at
DESY is designed to separate pions, kaons, and
protons in the momentum range from 2 to 20
GeV/c. It combines aerogel and gaseous C.F,
radiators. Cherenkov photons are focussed by
spherical mirrors onto an array of 1934 3/4”
Philips XP1911 photomultipliers read out digitally
by a LeCroy PCOS4 system. A general descrip-
tion of the HERMES apparatus can be found in
Ref. [6].

The aerogel employed in the RICH of HERMES
has been manufactured by the Matsushita Electric
Works with a new technique able to produce large
volumes of aerogel with improved optical quality
[1,2]. This paper reports the results of a study on
the optical properties of 200 tiles of this aerogel.
This paper is organized as follows. In Section 2 the
variations of the refractive index, the dimensions,
and the surface shape of the tiles are briefly sum-
marized. In Section 3 the light transmittance
measurements in the range of 200-900 nm for each
of the 200 tiles are presented, as well as the trans-
flectance and the reflectance measurements on one
tile using an integrating reflecting sphere. In Sec-
tion 4 the results for fitting the transmittance

measurements with the Hunt formula are pre-
sented. In Section 5 the Cherenkov photon yield
produced by this aerogel is calculated based on the
deduced Hunt parameters. Finally, in Section 6 the
conclusions of the paper are given.

2. Variation of the dimensions and refractive index
of the aerogel tiles

Matsushita produced 1680 aerogel tiles for
HERMES with the nominal dimensions 11 x 11 x
1 cm® and refractive index 1.03. Only 1060 tiles
passed the quality test which required strict
limits to the variation of the refractive index
(1.0293-1.0313), surface dimensions (11.31-11.51
cm), and thickness (1.025-1.230 cm), and no visible
large cracks in the tile.

Tile dimensions (x, y, t) have been measured with
callipers. In particular, the thickness () has only
been measured at the edges of each tile. The refrac-
tive index (n) has been measured with a laser at
633 nm by applying the minimum deflection method
at the four corners of the tiles, and assuming as final
value the mean of the four measurements.

For this report 200 tiles have been randomly
selected among the 1060 which passed the quality
test. Fig. 1 shows the x, y, t, and n distributions of
these tiles. Their mean values are 11.39 cm, 11.39 cm,
1.125 cm, and 1.0304, respectively. The relative
standard deviations are 0.25%, 0.27%, 4.4% and
0.035%, respectively. These variations are due to
two terms; one dependent on the position chosen in
the tile for the measurement (position-dependent
term), and one due to differences from tile-to-tile
(position-independent term). A large spread (total
width 17%) in the thicknesses of the different sam-
ples has been observed. There is no correlation
between the thicknesses and the refractive indices,
as shown by the scatter plot of these two quantities
in Fig. 1.
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Fig. 1. The distribution of the transversal dimensions (x and y),
the thickness (t), and the refractive index (n) of the 200 aerogel
tiles studied in this paper. The scatter plot of the refractive
indices versus the thickness including a linear fit to the experi-
mental data.

The large spread in the tile thickness distribution
suggested checking the thickness variation over the
entire surface of an individual tile. Indeed an in-
crease of the thickness at the edges of the tiles is
expected due to capillary forces acting on the upper
surface of the box containing the tile during its
manufacture. The thickness variation over the en-
tire upper surface of two tiles has been measured
with a signal processor equipped with a laser-based
linear sensor provided by Omron (Japan). To avoid
reflections from the internal part of the aerogel, an
aluminum plate with the size 2 x 2 x 0.3 mm?® was
moved across the aerogel surface in order to reflect
the laser spot. In Fig. 2 the surface plots of the
thickness variations of the two tiles are shown. The
variations are plotted relative to the thickness at
the tile center. Differences of nearly 1.5 mm have
been observed, suggesting that the detected 4.4%
thickness variation of all the tiles is mostly position
dependent, i.e. it is due to variation in the thickness
of each single tile. Moreover, Fig. 2 suggests that
the thickness variation is not localized to the edges

Fig. 2. Surface plots of the thickness variations over the curved
surface of two aerogel tiles measured by means of a laser-based
linear sensor (see text). The variations are presented relative to
the thickness at the tile center.

only, but affects the entire tile surface. A visual
inspection of the tiles confirms that they all have
one flat and one inside-curved surface, the latter
being thinner at the tile center.

As a consequence, it is deduced that the tile
thickness measurement at the edges is only a rough
estimation. The mean thickness at the center of the
tiles, surely smaller than the value at the edges, has
been assumed as 1 cm in Section 5.

3. Optical measurements

A crucial optical property of a RICH radiator is
that it minimizes scattering, absorption, and reflec-
tion of photons produced in the medium. In fact,
any angular dispersion caused by the radiator me-
dium would harm the precision obtainable in the
determination of the Cherenkov angle.
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The combined processes of absorption, scatter-
ing, and reflection influence the “transmittance”
(T), which accounts for the residual light from aero-
gel in the forward direction. In order to disentangle
reflection, absorption, and scattering it is necessary
to measure also the “transflectance” (TF) and “re-
flectance” (R). TF is the fraction of light emerging in
all directions from the sample, and is linked to the
“absorbance” (/) through the simple equation:
TF =1 — /. R is the fraction of light emerging in
the backward direction.

T is usually measured by a spectrophotometer.
Linear-type spectrophotometers permit measure-
ment of T’s even through samples of large dimen-
sions, like our aerogel tiles. TF and R can be
measured by a spectrophotometer used with an
“integrating reflecting sphere”. The commercially
available spheres can only measure TF’s for sam-
ples of few cubic centimeters.

3.1. Transmittance measurements

The transmittances for the 200 aerogel tiles have
been measured with a linear-type double beam
LAMBDA-3B spectrophotometer (Perkin-Elmer
company) from 200 to 900 nm in steps of 10 nm.
The systematic error in the transmittance measure-
ments has been estimated by interchanging sample
and reference beams. It resulted in around 0.5%
below 320 nm, and less than 0.1% in the rest of the
A-range. Sample and reference beams are each de-
fined by two 1.8 x 1.1 cm? slits placed at the en-
trance and exit of the sample holder. The
wavelength calibration of the spectrophotometer
has been checked by observing the transmittance
plot of a reference holmium oxide sample, and was
found to be better than 1 nm over the whole A-
range.

In Fig. 3 the highest and the lowest transmit-
tance curves obtained by measuring the 200 tiles
are reported. The light impinged on each tile at the
same surface position nearly in the center. The
spectra obtained for the other 198 tiles are similar
and lie between these two extremes.

To estimate the statistical accuracy of transmit-
tance, the measurement at the same position in the
same tile has been repeated several times. This was
done for three different wavelengths assumed as
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Fig. 3. The highest and lowest transmittance curves (points),
measured in steps of 10 nm between 200 and 900 nm, from those
200 examined aerogel samples. The solid lines are fits to the
experimental data based on Eq. (4).

reference (250, 400, and 800 nm), as reported in
Fig. 4 (left column).

The dependence of the transmittances on the
position in the tile has been evaluated by repeating
the measurement at 40 different positions in the
central part of the tile, each position spaced 1 cm
apart. Fig. 4 (central column) depicts the distribu-
tion of the measured transmittances.

The transmittance distributions at the three ref-
erence wavelengths for the 200 aerogel tiles mea-
sured at the same central position (6 cm from one
corner along the diagonal) are reported in the
right column of Fig. 4. The mean values of T at
these wavelengths are 0.070, 0.675, and 0.941,
respectively.

The standard deviations of the distributions in
Fig. 4, reported in Table 1, suggest that the contri-
bution of the position-dependent term is low at
250 nm where T is small, but becomes the domi-
nant one when the transmission is higher.

3.2. Transflectance measurements

The transflectance has been measured on small
pieces with surfaces of roughly |1.5x 3 cm?| that
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Fig. 4. The distributions of the transmittances at the three
indicated wavelengths, for one sample measured at the same
position (left column), for another sample measured at 40 differ-
ent positions (central column), and for the 200 aerogel tiles
measured at the same position of each tile (right column).

Table 1
Standard deviations of transmittance distributions

A (nm) Statistical Position-dependent  Tile-to-tile
(%) (%) (%)

250 2.3 10.2 20.9

400 0.6 1.9 4.8

800 0.5 2.1 2.3

resulted from one broken tile. It is important to
stress that the pieces were not machined on their
lateral surfaces to prevent any mechanical pro-
cesses altering the absorption of light in the sam-
ples. Each piece was placed in an integrating sphere
(from LabSPHERE) covered internally with Spec-
tralon, a material with high- and near-Lambertian
reflectivity. The transflectance is determined as the
ratio between the measurements of light collected
by the sphere with and without the sample. The
light in the sphere was supplied by a CARY-5
spectrophotometer (Varian company) in the
200-900 nm wavelength range in steps of 1 nm. In
transflectance measuring mode the sphere is

Output Ipnopr‘#t
plug -
inserted SFecuior
ug
inserted
input
aerogel port
sample -

/—\ input
oeroglel port
sample & -

\ sFecuior

plug
=~ removed

PM port

Fig. 5. The integrating sphere equipped for transflectance (up-
per panel), total reflectance (central panel), and diffusive reflec-
tance (lower panel) measurements.

equipped with only two small holes: one for the
entrance of the light and one for the photomulti-
plier (see the upper panel of Fig. 5). The systematic
error in the TF measurements was obtained by
repeating the calibration procedures and has been
found to decrease from 5% to 1.5% in the interval
from 200 to 400 nm, to be around 1.5% between
400 and 700 nm, and around 2.5% above.

In Fig. 6 one of the measured transflectances (all
others are very similar) is reported together with
the transmittance for the same tile. The transflec-
tance shows a steep increase between 200 to 300 nm,
and a nearly flat region from 300 to 900 nm.

The transflectance is directly linked to the ab-
sorption length A,:

TF = ¢/ (1)

while the transmittance is also linked to the scatter-
ing length Ag, and hence to the attenuation length
A:

T = o i+ 1ias) _ =i 2)

The absorption and scattering lengths can be
determined from the two experimental curves in
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Fig. 6. Typical measured transflectance (TF) and transmittance
(T) for a wavelength range between 200 and 900 nm in steps of
1 nm.

Fig. 6 and Egs. (1) and (2), as shown in Fig. 7.
Scattering is the dominant process up to 600 nm,
absorption dominates from 650 to 900 nm. In this
interval the observed absorption length has a value
around 20 cm, which is low compared to that
previously reported [ 7] for other aerogel and meas-
ured with a different equipment.

Above 350 nm the scattering length is well fitted
by a A*-dependence (see the curve on Ag in Fig. 7),
while the absorption length shows a A®-dependence
around 250 nm, and is nearly constant in the rest of
the interval.

E 1 |
0.2 0.4 0.6 0.8

wavelength (um)

Fig. 7. The absorption and scattering lengths determined from
the transflectance and transmittance measurements reported in
Fig. 6. The fit to Ag assumes a const A* function, the fit to
Ax a complex A-dependence function.

The reflectance measured with the specular plug
in place is shown in the upper plot of Fig. 8. Nearly
half of the beam inteny==— reflected or backscat-
tered at lower wavele . However, the reflec-
tance measured with the specular plug removed is
identical to the one measured with the plug in-
serted. The difference between the two measure-
ments is shown in the second panel of Fig. 8. The
difference is less than 0.1% and practically zero

3.3. Reflectance measurements

The light reflected or backscattered from one
aerogel tile has been measured with the same inte-
gration sphere by positioning the sample at the exit
of the sphere, in place of the output Spectralon
plug. This aperture has its normal at 7° from the
sphere axis (light path), thus allowing to dis-
place the specular reflected beam from the incident
one, and to hit the sphere internally at the position
of the specular Spectralon plug, as shown in the
central panel of Fig. 5.

within the fluctuations in the full Z-range. This
proves the absence of specular reflection in aerogel,
as expected by the Fresnel’s law and from its very
low refractive index.

Diffusive reflection (observing the cosine
Lambert’s law) is also negligible for aerogel. In fact,

the full incident laser beam intensity has been ob-
tained by summing over the specular reflected and
transmitted beam intensities for light that was di-
rected onto a thin piece of aerogel under angles
between 75° and 87°, an angular range where
specular reflection is no longer absent.

The same conclusions can be drawn from the last
two panels of Fig. 8, which show that the measured
reflectance is completely due to backscattering.
This last quantity has been calculated from the
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Fig. 8. (Top panel) The measured reflectance of light from
aerogel. (Second panel) The difference between the reflectances
measured with and without the specular plug in the integrating
sphere. (Third panel) Calculated fraction of backscattered
photons from aerogel together with their fractions suffering 1, 2,
3, and 4 scatterings. (Fourth panel) The measured reflectance
(the same as the top panel) from aerogel with the calculated
backscattering of the third panel of the figure renormalized with
a factor 0.85.

values of A, Ag, and A, in Fig. 7. It is shown in the
third panel of Fig. 8 together with the fractions
Ry, R,, R3, and R, of photons diffused in the
backward direction by 1, 2, 3, or 4 scatterings,
respectively:
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The calculated backscattering has to be reduced to
consider the effective solid angle from the aerogel to
the sphere. The lowest plot of Fig. 8§ shows that
the calculated backscattering, renormalized with
a fitted factor of 0.85, agrees nicely with the meas-
ured reflectance over the full A-range.

From the previous results it can be deduced that
both the specular and diffusive reflected light from
aerogel is negligible for all wavelengths in this
study. For this reason it has not been considered in

the analysis of the measured transmittances.

4. Hunt parameters

The transmission in aerogel is usually para-
meterized [8] by means of the following equation
(Hunt formula):

T = Ae~ " (4)

which assumes that the scattering cross section
varies with A~* (Rayleigh scattering), and that the
absorption process, represented by 4, is independent
of . In this case A4 is equal to the transflectance TF
of Eq. (1). These assumptions are corroborated by
the results in Fig. 7, at least for wavelengths above
300 nm. The fits to the transmittances, based on
Eq. (4), are shown as solid lines in Fig. 3.

The clarity coefficient C (usually measured in
pum*/cm units), is proportional to the radiation
which is scattered/unit of sample length, while
the quantity 1 — A describes the light absorbed
(1 — A = /) in the sample. C and A are called the
Hunt parameters. Tiles with a good optical quality
have values for A and C close to 1 and 0, respectively.

Due to the uncertainties in the thickness of the
tiles, in the discussion which follows Ct, the total
scattering produced by the tiles, will be considered,
rather than C, the scattering per unit of length.

The distributions of the Hunt parameters (4 and
Ct) deduced for all 200 tiles are reported in the
upper panels of Fig. 9. Their mean values and
standard deviations (o) are given in Table 2. In the
lower panels of Fig. 9 the distributions of the Hunt
parameters obtained from 40 transmittance curves
measured at different positions of the central part
of one tile are reported. The standard deviations of
these last two distributions, reported in the last
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Fig. 9. The distribution of the Hunt parameters A4 (left side) and
Ct (right side) obtained from the transmittance curves of the 200
aerogel samples (top panels of the figure), and from 40 transmit-
tance measurements in different positions of the central part of
one tile (lower panels).

Table 2

Mean values of Hunt parameters and their standard deviations
Hunt parameter Average value a (%) Opos (Y0)
A 0.964 24 1.8

Ct (um*) 0.0094 8.3 8.3

column of Table 2, can be assumed as the position
dependent part (¢,,) of the standard deviation of
the 200 tiles. From Table 2 it is deduced that the
standard deviation of A is nearly half position inde-
pendent (due to variations from tile-to-tile), and
half position dependent (due to variation in the
same tile), while most of that of Ct is position
dependent.

5. Unscattered and scattered Cherenkov photons

The number of unscattered Cherenkov photons
produced in a stack of m aerogel tiles, each of
thickness t, has been evaluated assuming particles
crossing the stack perpendicularly, an uniform pro-
duction of Cherenkov photons, and considering

their probability to survive while propagating
through the aerogel from the production point to
the exit surface:

dNpse 2 1 Tt (m—
dl;L, _ g(l _ '[),an >tjvo (Ae Ct/A )(m x)/cos 6 dx.
)

Here 0 is the polar Cherenkov emission angle meas-
ured from the particle direction (cos 0 = 1/nf), ff is
the particle velocity.

For f§ = 1 particles one gets

dNunsc 2TCOC 1 _ -
o =7<1—F>t[1—(Ae cif3ymr]
1

T In(A) + Coif

(6)

In a similar way, the number of Cherenkov
photons absorbed in the stack is evaluated:

dN,,s 2na 1 1
S e A
a2 < n2>t|:m (A )]

(7)

and the number of Cherenkov photons scattered
from their primary 6 direction:

dN,, 2nx 1 1
= = )| (1 — am™
i = i < n2> [ (A )

_ {1 _ (Aefa/)f)mn}

1
[~ in(4) + Ct/}f‘}n} @®

The upper panel of Fig. 10 shows the wavelength
dependence of unscattered and scattered Cheren-
kov radiation produced in a stack of m =5 tiles
with a total thickness of 5 cm.

The Z-dependence of the number of photo-
electrons produced by these distributions is re-
ported in the lower panel of Fig. 10. These
calculations include the typical quantum efficiency
(see the dot-dashed curve) of bialkali photo-
cathodes fully covering the focal plane (dead areas
among photomultipliers are not considered).

The two panels of Fig. 10 show three similar
curves: the central, upper and lower similar curves
are calculated by using, respectively, the mean Hunt
parameters and the values obtained from these by
adding or subtracting one standard deviation.
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Fig. 10. (Upper panel) Distribution in wavelength of unscat-
tered and scattered Cherenkov radiation produced in a stack
(5 cm) of 5 aerogel (n = 1.0304) tiles here examined, and cal-
culated from Egs. (6) and (8). (Lower panel) The number of
photoelectrons versus the wavelength deduced from the curves
in the upper panel of the figure using the typical quantum
fliciency of bialkali photocathodes of phototubes (dot-dashed
urve). In both panels, the three similar central, upper and lower
curves have been obtained by using the average values of the
Hunt parameters and by adding or subtracting one standard
deviation.

The integral of the “unscattered” curve in the
lower panel of Fig. 10 gives the estimated number
of photoelectrons. A value of 19 + 2 is obtained in
full agreement with the experimental value meas-
ured [9] for aerogel, similar to that examined here,
produced by a group of the KEK-Lab. Variations
due to a spread in particle velocities and incident
angles on the aerogel have not been considered.
Effects outside the aerogel of the actual HERMES
RICH which reduce the number of photoelectrons,
like the exit window of the aerogel container, the
C,F,, gas, mirror and photomultiplier glass reflec-
tivity, geometrical efficiency of the mirror and
photomultipliers, and the efficiency of the readout
system also have been ignored. For the HERMES
RICH all these effects are estimated to reduce the
number of photoelectrons to 11-14 depending on
the incident angle of the particles on the aerogel.

There are several photoelectrons from scattered
radiation. Their polar angle is random, thus their

E. Aschenauer et al. | Nuclear Instruments and Methods in Physics Research A 440 (2000) 338-347

number is noticeably reduced due to geometrical
acceptance, which is not considered here.

6. Conclusions

This paper presents the measurements of light
transmittance, transflectance, and reflectance in the
200-900 nm region for 1 cm thick, n = 1.03, aerogel
tiles produced by the Matsushita Company for the
HERMES RICH.

At 400 nm an average transmittance of 0.675
with a relative standard deviation of 4.8% has been
measured.

The measured transflectance is strongly increas-
ing in the interval 200-300 nm, and remains nearly
constant between 300 and 900 nm.

The light specularly reflected from this aerogel
has been measured to be negligible over the entire
A-range. Also the diffusive reflection has been esti-
mated to be negligible since the measured reflec-
tance is totally described by backscattering from
inside the aerogel.

The aerogel tiles show a large thickness variation
along one of their surfaces. Due to capillary effects
during the tile manufacture, differences as large as
1.5 mm can be present between the center and the
border of the tiles. Due to this thickness uncer-
tainty, only the total absorption and scattering of
the tiles can be extracted, rather than their values
per unit of length. Absorption and scattering have
been evaluated by fitting the measured transmit-
tances with the Hunt formula, which assumes an
absorption independent of 4. The average absorp-
tion (4) and scattering (Ct) Hunt parameter values
(standard deviations) of the tiles are 0.964 (2.4%),
and 0.0094 pm* (8.3%), respectively.

With the deduced set of Hunt parameters, the
number of photoelectrons per event expected in the
HERMES RICH using stacks of five aerogel tiles
(nearly 5 cm) and typical quantum efficiencies of
bialkali photocathodes has been calculated. By
considering only the uncertainties affecting the
evaluated Hunt parameters, this number results in
19 + 2 photoelectrons. Variations due to a spread
in particle velocities and incident angle on aerogel,
and other effects absorbing Cherenkov photons
in between the aerogel and the photocathode are
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estimated to decrease to 11-14 the expected
number of photoelectrons.
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