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Abstract

The DIRC, a new type of ring-imaging Cherenkov detector
that images internally reflected Cherenkov light, is being
constructed as the main hadronic particle identification
component of the BABAR detector at SLAC. The device
makes use of 5 meter long fused silica (colloquially called
quartz) bars, which serve both as the Cherenkov radiators
and as light pipes for transmitting the light to an array of
photo-multiplier tubes. This paper describes a program of
research and development aimed at determining whether
bars that meet the stringent requirements of the DIRC can be
obtained from commercial sources. The results of studies of
bulk absorption of fused silica, surface finish, radiation damage
and bulk inhomogeneities are discussed.
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I. INTRODUCTION

A key requirement for experiments studying CP-violation
in B-mesons, such as BABAR at SLAC [1], is hadronic
particle identification.�=K separation is needed over the full
kinematic range (up to 4.0 GeV/c) to provide flavor-tagging
and to aid in the analysis of rare decays. The DIRC (Detection
of Internally Reflected Cherenkov Light) [2] has been selected
to perform this function for BABAR. The implementation of
DIRC in BABAR and the performance of several prototypes
has been described elsewhere [3]. Here, we briefly describe the
basic operating principles in order to motivate the studies of
fused silica described here.

Figure 1 is a schematic of the DIRC principle. A fraction of
the Cherenkov light emitted by a charged particle as it crosses
the 17 mm thick bar is trapped by total internal reflection inside
the bar. As the light propagates down the precisely rectangular
bar, its angular information is retained, up to up/down and
left/right ambiguities. At the end of the bar, the light is allowed
to expand in a “stand-off” region and a ring-like image is
formed on the detector surface. There, the light is detected
by an array of photo-multiplier tubes, which are sensitive to
photons between 300 and 600 nm. The radius of the ring
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Fig. 1 Schematic of the DIRC principle shown in a single fused
silica bar. The particle trajectory and representative trajectories of
Cherenkov photons are shown.

gives the Cherenkov angle, which is related to the the particle
velocity through

cos �C =
1

�n
; (1)

where� = v=c is the ratio of the particle velocity (v) to the
velocity of light (c), andn is the index of refraction of the
fused silica (n � 1:474). For a given momentum, particles
of different mass will have different Cherenkov angles. For
the benchmark case of�=K separation atp = 4:0 GeV/c, the
difference in�C is 6.5 mr. The precision with which this angle
may be measured depends on dip-angle. Figure 2 shows the
expected�=K separation (in standard deviations) as a function
of dip-angle and momentum.

In order to achieve this separation, the trapped light must
be transmitted with very low losses. This places stringent
requirements on the optical quality of the bars: they must
reflect the trapped light with extremely high efficiency and
the fused silica material must not scatter or absorb the light.
A series of studies have been performed to verify that these
qualities are achievable. Some of these studies can only be
performed using finished fused silica bars, whereas others can
most easily be done using the raw fused silica material before
it is cut into bars.

II. STUDIES OFFINISHED FUSED SILICA

RADIATOR BARS

Fused silica bars for use in the DIRC are manufactured
to the following specifications: length1225:0+0:0

�0:5mm, width
35:0+0:0

�0:5mm, thickness17:2+0:0
�0:4mm. Four of these “short”

bars, which are as long as conventional optical manufacturing
techniques allow, are glued together to form one 5 meter bar.
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Fig. 2 Expected�=K separation for the completed DIRC.

A. Reflectivity Measurement

Since the trapped Cherenkov light must typically reflect�

100 times before exiting the bar and being detected, the internal
reflectivity coefficient of the bar surfaces must be very close
to 1. A reflectivity coefficient of less than 0.999 would result
in unacceptable light losses. In order to qualify the bars, then,
losses as small as10�4 per bounce must be measured. Such
small losses are difficult to measure in a single bounce, but may
be measured if a laser beam is sent down the bar at such an angle
that it is totally internally reflected and bounces many times (�

50) before exiting the bar. Figure 3 shows a bar under test with
a beam reflecting down its length.

Fig. 3 Photograph of a bar undergoing the reflectivity measurement.
The HeCd laser beam can be seen propagating down the bar.

For most incident angles and polarizations, the beam is
split into reflected and transmitted components at the fused
silica/air interfaces. Measurement of the intensities of each of
these beam components as it exits the bar allows one to extract
the reflectivity coefficient. This “Calorimetric” method has
been used to measure the reflection coefficient of a number of
prototype bars [4] [5].

The measurement can be simplified, however, if the beam is
horizontally polarized and enters the bar at the Brewster angle.
In that case, almost no reflected beam is produced at either
fused silica/air interface, thereby simplifying the calculation
of the reflection coefficient. The effect of the small amount
of light that is reflected at the fused silica/air interface, which
is due to imperfect laser polarization, is small and can be
calibrated out. It is also desirable to scan the beam through
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a number of positions in the bar in order to determine the
“average” reflectivity coefficient of a significant part of the
surface of the bar.
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Fig. 4 Schematic of the optical scanning system used for fused silica
bar quality control.

Figure 4 shows a schematic of the setup that has been used
to perform this measurement [6]. A HeCd laser provides a
vertically polarized laser beam with a wavelength of 442 nm
that is rotated to the desired polarization with a�=2 retardation
plate. The beam then enters the bar under test, which can be
scanned through the beam using an actuator under the control
of a Macintosh running LabVIEW software. A number of “pre-
production” bars manufactured by Zygo Corporation [7] from
Heraeus Suprasil material [8] have been tested in this setup [9].
Figure 5 shows the measured average reflectivity of these bars,
indicating that they are acceptable for use in the DIRC. The
average reflectivity was 0.9996� 0.0001.

B. Bulk Transmission
A precise measurement of the bulk transmission is also

performed in a similar setup. Beams with wavelengths of 442
nm and 325 nm are sent directly down the axis of the beam and
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Fig. 5 Measured average reflectivity at� = 442nm of several fused
silica bars made from Heraeus Suprasil material.

the fraction of light transmitted is measured, after correcting for
Fresnel reflection. Figure 6 shows the measured transmission
for these bars. The average transmission was found to be (99.9
� 0.1) %/m at 442 nm and (98.9� 0.2) %/m at 325 nm.
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Fig. 6 Measured average transmission at two different wavelengths of
several fused silica bars made from Heraeus Suprasil material.

C. Radiation Damage Tests

A further requirement on bars to be used in the DIRC is
that they not lose transmission upon exposure to� 10 krad
of radiation. To verify radiation hardness, the transmission of
samples of several types of fused silica was measured before
and after exposure to few MeV photons from aCo60 source.

Seven types of fused silica were studied [11]. Three of these
were types of “natural” fused silica, while four were synthetic
fused silica. Natural fused silica is formed from powdered
natural quartz while the synthetic fused silica is formed by
flame hydrolysis of Silicon-bearing compounds, such asSiCl4.
Within these categories, the differences between the types have
to do with proprietary manufacturing methods and starting
materials.

In all cases, the natural types were found to be insufficiently
radiation hard — they showed unacceptable transmission
losses after� 10krad exposure. In contrast, the synthetic
types all showed little or no radiation damage even at much
higher doses and were deemed acceptable for use in the DIRC.
Figure 7 shows the effect of radiation damage on a sample
of natural fused silica. Table 1 summarizes the results of
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the radiation damage study. Based on these findings, and
other considerations, Heraeus Suprasil Standard and [8] TSL
Spectrosil 2000 [10] were identified as the two preferred types
of fused silica for the DIRC. The rest of the studies described
will involve one or both of these types of fused silica.
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Fig. 7 Transmission as a function of wavelength of a sample of natural
quartz before and after 19.9 krad irradiation. Neither measurement
is corrected for losses at the quartz/air interface, so only a relative
transmission measurement is possible.

Quartz Type Manufacturer Dose Trans. Loss
Natural Types
Vitrosil F TSL [10] 7 krad Severe
T-08 Heraeus [8] 10 krad Very Severe
JGS3 (IR) China 20 krad Very Severe
Synthetic Types
Suprasil Standard Heraeus 280 krad Small
JGS1 (UV) China 650 krad None
Spectrosil 2000 TSL 180 krad Small
Spectrosil B TSL 254 krad Small

Table 1
Summary of the results of the radiation damage tests.

D. Beam Spot Distortion

In the course of measuring the reflectivity coefficient (i.e.
with the internally reflected multi-bounce beam) of the Heraeus
Suprasil bars, it was observed that, for about half of the bars, the
laser beam spot was distorted after traversing the bars. Figure 8
shows the “lobe pattern” that was produced in these bars.

When the beam was sent through the bar such that it made a
single pass through the fused silica rather than bouncing many
times, a similar but simpler lobe pattern was observed. This
is shown in figure 9. The opening angle between the central
beam spot and lobes was typically 20 mr and the fraction of
the power in the lobes was roughly estimated to be 5%. The
more complicated lobe pattern observed in the multiple-bounce
case is understood in terms of a superposition of many of these
simple patterns, each one caused by a single pass through the
fused silica.

For bars showing these lobes, a large amount of light is

Fig. 8 Light pattern observed for lobe-producing bars.

Fig. 9 Light pattern observed in lobe-producing bars after a single pass
through the bar.

scattered out of the central beam at an angle that is large with
respect to expected single photon resolution of the DIRC. This
effect would spoil DIRC resolution, and so it was important
to develop a model for the lobe production and to examine its
consequences.

III. D IFFRACTION MODEL FOR LOBE

PRODUCTION

The lobes recalled the pattern that would be produced by
diffraction off of a periodic grating, and so it was thought
that some sort of periodic structure in the bars was likely
responsible for producing the lobes. Studies of lobe-producing
bars using white light also supported the idea of structure
within the bars. In one of these studies, a collimated white light
was shined down the length of several bars. In lobe-producing
bars, the transmitted light had a non-uniform “cross-hatch”
pattern [12]. In the other bars, the pattern was uniform. In
another study, small samples were examined with a microscope
using transmitted white light. Again, a non-uniform pattern
was observed only in material that came from lobe-producing
bars [12].

The structure in the ingots may be modelled as a small
periodic inhomogeneity in the refractive index of the fused
silica. In the simplest case, the “layers” (surfaces of constant
index) of such an inhomogeneity would be planes. In general,
however, the layers of inhomogeneity would be curved as
shown in figure 10. In a calculation based on this model, it is
found that observable diffraction occurs only when the beam is
tangentto curved layers [13]. The opening angle (�) between
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the main beam and the diffraction lobes is given by

� = �=�0; (2)

where� is the wavelength of the light and�0 is the wavelength
of the inhomogeneity (the “pitch” of the “grating”), which is
assumed to be sinusoidal. With� = 20mr and� = 6:33 �

10�7m (the HeNe line used in most of our studies), we find
�0 = 3 � 10�5m. A calculation of the relative intensity (f ) of
the lobes gives [13]

f �
a2R�0

�2�2
; (3)

wherea is the fractional amplitude of the inhomogeneity and
R is the local radius of curvature of the layers. WithR =

0:05m, f = 0:05 and the above values of� and�0, we find
a = 3:7 � 10

�5. The source of the inhomogeneity is likely
the manufacturing process of the raw fused silica material, so it
seemed natural to study the lobes in the raw material rather than
in the finished bars.

Inhomogeneity
Layers Direction

Laser Beam

Fig. 10 Model for production of lobes off of a periodic inhomogeneity
in the refraction index of fused silica. Diffraction occurs when the
beam is tangent to the inhomogeneity layers, which are actually
spaced much more closely than shown in the diagram.

IV. STUDIES OFRAW FUSED SILICA MATERIAL

The raw fused silica material is received in the form of large
cylindrical ingots, from which between 8 and 16 bars may be
cut. Although the ingots are typically not well polished, and
consequently scatter light on entrance and exit, it is still possible
to get a beam in and out reasonably cleanly as shown in figure
11. The wedge and window were attached to the ingot using
optical gel [14].

A. Lobe Production
When a HeNe laser was sent into an ingot as shown in figure

11, a lobe pattern very similar to that observed with a single
pass through a bar was observed. This confirmed that it was
indeed a feature of the bulk fused silica that was producing the
lobes. [12]

The fraction of power in the lobes was measured by scanning
a photo-diode across the pattern and recording the light intensity
at each point. Figure 12 shows the results of such a scan for a
sample of Heraeus Suprasil. The fraction of lobe power is found
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Fig. 11 Schematic of setup for observing lobes in ingots.

to be about 3% per lobe. Some samples of the other candidate
material, TSL Spectrosil, also produced lobes but at a much
lower power fraction — approximately3�10�4. Other samples
of this material produced no observable lobes.
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Fig. 12 Scan of the transmitted light pattern showing the lobes
produced with a HeNe laser (� = 633nm) in Heraeus Suprasil.

B. Inhomogeneity Layer Shape Measurements

Since, in our model, significant lobes are produced
only at the point where the beam is tangent to the curved
inhomogeneity layers, the incident angle at which lobes are
produced should vary as a function of the radial position at
which the beam enters the ingot. For a very thin piece of fused
silica, lobes would be produced at a single angle for a given
radius. For a thicker piece of fused silica, such as an ingot, or
a bar, a range of radii is traversed, and so lobes are produced
over a range of angles.

The model predicts an interesting phenomenon that occurs
when a beam is brought into the ingot at a fixed angle and then
scanned out in radius. The point-of-tangency of the beam to
the layers moves forward in the ingot, as shown in figure 13.
Eventually, this point comes out the front face of the ingot and
lobes are no longer produced. At this “disappearance radius”,
the lobes “wink out” and one is left with only the central spot.

This is exactly what was observed to happen, and gives us
confidence that the lobes are produced at the point of tangency
between the beam and the inhomogeneity layers. Furthermore,
measurement of the disappearance radius for a number of angles
essentially measures the shape of the layers inside the ingot.
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Inhomogeneity
Layers Directions

Laser Beam

Fig. 13 Illustration of disappearance radius phenomenon. Dots on
solid lines mark the point of tangency of the beam to the layers.
Dashed lines represent beams that will not produce lobes since their
point of tangency would lie outside the body of the ingot.

Figure 14 shows the measured disappearance radius for TSL
Spectrosil and Heraeus Suprasil at a number of different angles,
where� is as defined in figure 11. Qualitatively, it is clear that
the layers in TSL Spectrosil material are much nearer to normal
to the ingot axis than are those of the Heraeus Suprasil sample
— particularly at large radii.
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Fig. 14 Disappearance radius as a function of the angle of the beam
in the fused silica for several samples of TSL Spectrosil and Heraeus
Suprasil material. Lobes were not visible for angles less than about
11

� in either type of material.

This is important because the disappearance radius
represents the smallest radius at which light propagating at a
fixed angle will produce lobes. For example, light propagating
in TSL Spectrosil at an angle of25� will not produce lobes
until it gets to a radius of 9 cm. 9 cm is practically at the
outer edge of a TSL ingot, and is in a region that is not used
to produce bars. Furthermore, we need not concern ourselves
with light that is at an angle of less than27:5�, since in the
DIRC such light is totally internally reflected at the fused
silica-water interface and has no chance to be detected. We see,
therefore, that TSL Spectrosil is effectively lobe-free over the
whole useful radius of the ingot. Heraeus Suprasil, in contrast,
has a disappearance radius of approximately 3 cm at27:5�,
well within the area of quartz that is to be cut into bars.

C. Wavelength Dependence
One further check of the tangent-to-layers model is the

wavelength dependence of the lobes. The model predicts that
the opening angle of the lobes should vary like

� / �;

and the fraction of power in the lobes vary like

f / 1=�2:

These quantities were measured for beams of two different
wavelengths— 633 nm and 442 nm. Table 2 shows the
predicted and measured values of these quantities for the two
wavelengths. The agreement is quite good and lends credence
to the diffraction model.

Predicted Measured
�blue=�red 0.70 0.69� 0.03
fblue=fred 2.05 2.58� 0.40

Table 2
Comparison of predicted and measured values of lobe quantities.

D. Inhomogeneity Source
Synthetic fused silica ingots are produced by accretingSiO2

vapor onto a rotating seed. Layers of approximately 20�m
are laid down with each rotation. Any spatial variation of the
parameters of the accretion process (for example, a temperature
gradient) could be translated into periodic variation in the
refractive index of the fused silica. The 20�m layer spacing is
quite close to the inhomogeneity wavelength (�0 from section
III) that is required to produce the observed opening angles.
Although the inferred amplitude of the inhomogeneity is larger
than expected, it seems likely that rotation of the ingot during
growth plays a role in the formation of the layers.

V. CONCLUSION

An extensive program of research and development has been
carried out to determine whether fused silica bars that meet the
stringent requirements of the DIRC can be obtained. A number
of potentially dangerous surprises have been found, such as
the inadequate radiation hardness of natural fused silica and
the diffraction of light due to periodic inhomogeneities. As
the DIRC has passed from the R&D stage to the production
stage, many of the initial tests of bar and raw material quality
have been converted to quality control tests to ensure that the
procured material continues to meet all of the requirements.
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