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A method of fabricating optical joints from a transparent silicone rubber compound is described. In an experiment lasting five 
years the disks were used successfully to join acrylic light pipes in a photomultiplier detector system. They proved to be highly 
reliable, resistant to aging and radiation damage, mechanically flexible, easy to make and convenient to use. 

1. Introduction 

Reliable optical jo in ts  are crucial in detector  systems 
which use photomuhip l ie r s  to sense faint light signals. 
A m o n g  the desirable propert ies are optical trans- 
parency,  thermal  and mechanical  stability, resistance to 
aging and immuni ty  to radiat ion damage. The issue of 
reliability is especially impor tan t  for large systems hav- 
ing hundreds  or thousands  of optical joints,  many  (or 
all) of which may be virtually inaccessible for repair  
after  the entire facility has been assembled and  placed 
into operation.  

This note reports the successful use of optical jo in ts  
made  from flexible, t ransparen t  disks of silicone rubber.  
These optical jo in ts  were used over a five-year period in 
the barrel calorimeter  system [1] of the High Resolut ion 
Spectrometer  (HRS)  [2] at the PEP e + e storage ring 
operated by the Stanford Linear  Accelerator  Center.  
The method of fabr icat ion and instal lat ion of the opti-  
cal joints,  as well as their optical and  aging characteris-  
tics, are discussed. 

2. Experimental arrangement and light pipe joint require- 
ments  

The ar rangement  of light pipes and optical jo in ts  
used in the exper iment  is shown in fig. 1. There were 
160 photomul t ip l iers  in the system, and  3 optical jo in ts  
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per  photomult ipl ier .  The assembly sequence of the spec- 
t rometer  dictated that  jo in ts  be placed at both  ends of 
long acrylic light pipes. The l ight  pipes, which had 
diameters  of 5 cm and lengths of 135 cm, passed through 
drilled holes in the thick (117 cm) steel yoke of the 
spect rometer  magnet.  The calor imeter  modules  and  the 
photomul t ip l ie r  housings were bo th  mounted  to the 
magnet  steel. 

The optical integrity of the jo in ts  had to be main-  
tained in spite of thermal  expansion mismatches  be- 
tween the acrylic light pipes, the magnet  steel, and  the 
a luminum brackets  used to mount  the photomul t ip l ie r  
housings to the magnet  steel. In addit ion,  there were 
t roublesome magnet ic  mot ions  associated with the mag- 
net pole pieces, which were assembled by bol t ing to- 
gether 12 large steel blocks. Whenever  the spect rometer  
magnet  was charged to its full current ,  the magnet ic  
forces on the steel s tretched the bolts such that  longitu- 
dinal mot ions  of the order  of 0.5 m m  were observed at 
the light pipes. Thus, in addi t ion to the other  require- 
ments,  the jo in ts  were required to be springy and flexi- 
ble in order to main ta in  optical cont inui ty  between the 
sections of acrylic light pipes. 

The optical jo in ts  located in the interior  of the 
spect rometer  could not be replaced without  a major  
disassembly of the facility. Therefore,  it was imperat ive 
that  these jo in t s  be designed to retain all of the desired 
propert ies  for the lifetime of the HRS experiment .  

The optical joints  were cast pr ior  to instal la t ion in 
the form of disks of 5 cm diameter  and 3 - 6  mm 
thickness. Light pipes were connected  by insert ing a 
disk between the ends of the pipes, wrapping the jo in t  
with a luminum foil, and covering it with a thin black 
rubber  tube to seal against  light leaks. It was also 
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Fig. I. Layout of the light pipes and optical joints. Joints were located on both ends of a light pipe which penetrated through the steel 
pole pieces of the magnet. The joints located inside the magnet volume could not be accessed after the spectrometer was completely 

assembled. 

convenient to use silicone disks for the optical union 
between the photomultiplier and its light pipe in order 
to simplify repair and replacement operations on the 
photomultiplier  or base. As a final step, a slight longitu- 
dinal compression was applied to the entire light-pipe 
column to squeeze out any air bubbles trapped between 
the silicone and acrylic. 

3. Fabrication of the optical disks 

The disks were made from a silicone rubber com- 
pound, having the trade name RTV615, manufactured 
by General Electric Co. This compound is supplied in a 
two-component  kit, part A and part B (curing agent). 
For  use as a potting compound the manufacturer rec- 
ommends a thermal cure of a mixture of 10 parts A to 1 
part B. However, this curing procedure produced a 
silicon rubber that was much too firm and inflexible for 
our needs. Experimentation with the mixture ratio, the 
curing conditions and the fabrication techniques even- 
tually led to the following procedures for preparing the 
optical joints: 

(1) The mixture proportions are 35 parts A to 1 part 
B, by weight. The two components are measured into a 
clean beaker and thoroughly mixed at room tempera- 
ture. 

(2) The mixture is then placed under a bell jar  and 
the trapped air is pumped out. The mixture froths 
during the pump-out,  so a large beaker is recom- 
mended. After pumping, air may be let back into the 

bell jar  to suppress the froth. When the mixture is free 
of air bubbles, it has a thick-syrup consistency and is 
ready to be cured. If desired, the curing step may be 
postponed, as the mixture will remain usable for at least 
two days if it is kept under ordinary refrigeration. 

(3) The liquid mixture is then transferred to a suita- 
ble forming mold to be cured. A convenient way to 
transfer a measured volume of the liquid is to use a 
disposable hypodermic syringe without its needle. The 
curing should be done in a clean oven with adequate 
temperature control. The optimum curing for the re- 
quired flexibility and softness is at 50-55 ° C  for a time 
of 12-14 hours. The sponginess of the final product is 
affected more by the temperature than by the length of 
time. 

(4) For the HRS experiment simple molds for 5 cm 
diameter disks were machined (and polished) from 
acrylic sheet of the desired thickness (in the range from 
3 to 6 mm). The molds are clamped down in batches to 
a 1.25 cm thick acrylic base sheet for the curing oper- 
ation. The removal of the cured disks is facilitated by 
using a 50 I~ m thick Mylar gasket between the mold and 
the base sheet. 

(5) After the cured disks have cooled to room tem- 
perature, they are carefully peeled from their molds, 
such that they remain on the Mylar gasket. If the disks 
are to be stored, a second Mylar sheet is placed on the 
open face of the disk to prevent accumulation of dust. 
The disks can be stored indefinitely at room tempera- 
ture or under ordinary refrigeration. Since the disks are 
somewhat sticky, the Mylar sheets also provide a con- 
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venient means of handling them when they are being 
installed. The Mylar is easily peeled away from the disk 
at the time of installation. 

These procedures produce silicone disks which are 
optically clear, mechanically flexible and spongy, and 
which wet well to polished acrylic or glass. The disks do 
not appear to undergo significant additional curing at 
room temperatures. These disks do not support substan- 
tial transverse mechanical loads, however, so the surfaces 
to which they are attached must be independently sup- 
ported. The disks should be slightly compressed longitu- 
dinally in order to squeeze out any air bubbles trapped 
between the surfaces. 

The RTV615 compound can also be used for appli- 
cations not requiring significant mechanical flexibility. 
The stiffness of the material depends on the ratio of the 
parts A and B, as well as on the curing temperature and 
time. 

4. Optical properties 

The index of refraction (in white light) of the silicone 
was measured by focussing on a flat object placed on a 
microscope stage before and after covering the object 
with a sample disk. If a disk of thickness t shifts the 
focal plane by a distance At, then the index of refrac- 
tion is given by 

t 
t - A t "  

The index of refraction of the silicone was determined 
by this technique to be n~ = 1.46 + 0.03. The refractive 
index of the acrylic used in the light pipes was measured 
in identical fashion, and found to be n 2 = 1.48 + 0.01. 

The reflection coefficient at normal incidence is 

indicating that the reflection loss at the joint  is negligi- 
ble. This result was confirmed by photometer  measure- 
ments of transmission at wavelengths of 433 and 500 
mm through sections of acrylic pipes with and without 
an additional 3 mm silicone disk placed in series; this 
check showed reflection losses less than 1-2%. Losses at 
this level were insignificant compared to light absorp- 
tion in the long acrylic pipes, which had 1 / e  attenua- 
tion lengths of 2-3  m at a wavelength of 420 nm. 

5. Observed long-term reliability of the optical joints 

The light pipes, joints, and photomultiplier assem- 
blies were installed in the HRS facility in the spring of 
1981. The HRS was first exposed to e + e colliding 
beams in the fall of 1981, and the facility was operated 

thereafter for 6 -9  months per year until it was decom- 
missioned in the spring of 1986. Aging of the calorime- 
ter potentially could arise in any of its components:  
scintillator, light collectors, light pipes, light joints, pho- 
tomultipliers, bases, or analog-to-digital electronics. 
Aging effects on the entire system, including the light 
collection system, were indirectly monitored throughout 
the life of HRS operations by examining the pulses 
from Bhabha electrons (when e + e beams were availa- 
ble) or cosmic rays (when e + e beams were not availa- 
ble). In actual performance, the calorimeter showed 
little aging in any of its parts. 

During the five-year period of HRS operation, none 
of the optical joints located inside the magnet volume 
could be accessed, and there was no need to do so since 
none showed evidence of significant deterioration. There 
were, however, many opportunities to examine silicone 
disks which had been installed outside of the magnet 
yoke because approximately 1% of the photomultipliers 
and 7% of the bases failed, and were replaced, annually. 
In addition, during each major annual shutdown, typi- 
cally 10-20% of the photomultiplier  assemblies were 
removed to allow access to or installation of other 
subsystems of the HRS. In all, - 2 0 0  of these joints 
were replaced over the five years, and another - 5 0  
joints were opened for visual examination. None showed 
significant loss of transparency or obvious signs of 
deterioration, such as cracking, disintegration, or devel- 
opment  of bubbles or voids. 

A recurring problem was created by the noticeable 
movements of the magnet pole pieces whenever the 
HRS magnet was ramped up or down. These motions 
would typically cause a few (1-3%) of the light pipe 
joints to develop an air bubble between the silicone and 
acrylic surfaces. The existence of such air bubbles could 
be inferred from reduced average pulse amplitudes of 
Bhabha electrons a n d / o r  cosmic rays. Such bubbles 
could be squeezed out by applying an additional longi- 
tudinal compression to an affected light pipe column, 
and this became a common procedure. Often, this pro- 
cedure also was carried out when a photomultiplier  or 
base was replaced. Over the lifetime of the HRS experi- 
ment, roughly half of the light pipe columns received 
these additional squeezes, and in some cases this was 
done several times for a given column. In retrospect, 
this practice was over-zealous, since a few of the disks 
were found to have been squeezed to - 1 / 3  of the 
original thickness. Remarkably, however, good optical 
contact was still maintained in such cases because the 
squeezed silicone material bulged out to the sides of the 
joint, while still maintaining continuous contact be- 
tween the flat surfaces. 

in the fall of 1986, after the HRS was decommis- 
sioned, the 160 photomultiplier  assemblies were re- 
moved by opening the joints just outside the magnet 
yoke. All of these disks had good optical transparency, 
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although some appeared to have yellowed slightly. The 
disks remained flexible and in complete contact with 
the acrylic pipes, including those that had been severely 
squeezed. The disks which had not been over-com- 
pressed (thickness > 80% of the original thickness) re- 
turned to the original shape, but the severely squeezed 
disks generally had acquired a permanent bulge at their 
perimeters. In the summer of 1988, a number of seven- 
year-old disks were extracted from the still undisturbed 
inner joints. The condition of these disks was found to 
be similar to the condition of the disks from the outer 
joints. 

The significance of the observed yellowing was as- 
sessed by performing measurements of light transmis- 
sion on both the seven-year-old disks and new disks. 
The intensity of monochromatic  light transmitted 
through the disks was measured by means of a pyroelec- 
tric radiometer. The ratio of transmission through the 
seven-year-old disks to that of new disks was found to 
be 0.76 _+ 0.03, 0.78 _+ 0.03 and 0.83 +_ 0.03 at central 
wavelengths of 400, 433 and 500 nm, respectively. This 
slight deterioration in light transmission amounted to 
an average of - 3% per year, although it is not clear 
whether the change was linear with time. In any case, 
changes of this magnitude were not significant, or even 

noticeable, during the actual running of the HRS ex- 
periment. 

In conclusion, our experience with the silicone disk 
optical joint  was entirely satisfactory. The joints were in 
continuous use for five years, and could have been used 
much longer. In an e + e colliding beam environment a 
slight yellowing of the silicone was observed, but the 
increase of light attenuation in a joint  was found to be 
only - 3% per year. 
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