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 Abstract– Studies have been done and continue on the design 
and construction of a Shashlik detector using Radiation hard 
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quartz capillaries filled with wavelength shifting liquid to collect 
the scintillation light from LYSO crystals for use as a calorimeter 
in the Phase II CMS upgrade at CERN. The work presented here 
focuses on the studies of the capillaries and liquids that would 
best suit the purpose of the detector. Comparisons are made of 
various liquids, concentrations, and capillary construction 
techniques will be discussed. 

 

I. INTRODUCTION 

HE work presented here will detail studies done using 
liquid filled radiation hard quartz capillaries for wave-

shifting in Shashlik detector for high luminosity experiments 
such as the CMS experiment at CERN. Here we will discuss 
the development, production and testing of sealed liquid filled 
capillaries. We will briefly discuss the initial attempts made 
using refillable capillaries and the associated issue with that 
method, as well as the testing and evaluation of different dyes 
used in the liquids and varying concentrations of these dyes to 
maximize efficiency as well as keeping the response linear 
along the length of the capillary. 
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Fig1. Schematic of current test module. 
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Fig. 2 Picture of current test setup. 

 
Fig. 3 shows the schematic 
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Figure 3. Schematic cut away view of loca
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Fig.4 Energy resolution of the test Shashlik detector. 
 

 
Fig. 5. GEANT4 energy resolution estimates based on error sources. 

IV. REPLACEMENT OF PLASTIC FIBERS USING LIQUID WAVE-
SHIFTER FILLED RADIATION HARD QUARTZ CAPILLARIES. 

In order to make the detector more radiation hard we 
developed we developed thick walled liquid filled quartz 
capillaries that are relatively radiation tolerant. The capillaries 
are made currently by the glass shop in the Radiation 
Laboratory at Notre Dame. We start with a 250mm long high 
OH- quartz capillary tube, 1mm OD x 0.4mm ID  made by 

PolyMicro of Phoenix, AZ. These blank capillaries are then 
sealed using a ruby quartz plug made by Technical Glass 
Products of Painesville Twp., OH. The glass shop at Notre 
Dame draws the ruby quartz into a small diameter fiber and 
uses this small rod to seal the end. This end is then cut to 
length and polished. The ruby quartz is not radiation hard and 

as it is 
 

Fig. 6.  GEANT4 energy estimation after radiation damage. 
 

exposed to radiation it darkens, it also blocks the core light 
due to its red color which helps eliminate the ~500nm light 
only from the core of the capillary. 

    Next a ~2mm diameter bubble is blown into the capillary 
to allow a void that will accommodate any expansion or 
contraction of the liquid as the temperature changes. The 
capillary is then evacuated and sealed. The capillary is the 
placed in a special fixture that allows the just sealed end to be 
placed in liquid after a small score is put on the capillary. 
While under liquid the sealed end is broken at the score and 
the liquid is drawn into the capillary. The end is now sealed at 
the break after sufficient liquid is removed to create the void 
in the bubble used to accommodate expansion/contraction. 
The end now has a short (0.5 inch) piece of heat shrink tubing 
placed over it and shrunk in place to protect the fragile sealed 
end. This also allows us to mark the end to identify each 
capillary individually. 

    This process usually leaves a small void at the ruby 
quartz (readout) end of the capillary that has to be removed 
using a custom centrifuge, as the void cause an inconsistent 
optical characteristic at the read out end. Once the capillary is 
centrifuged, a diffuse reflective paint is then applied to the last 
5mm before the bubble, and the capillary is tested to 
characterize it. It then can be installed into the test system, or 
we can irradiate it and continue testing it to see how it 
performs.  

 

 



 

Fig. 7 shows a schematic of the capillary after manufacture. 
In this figure the bubble is also coated with TiO2, but we 
found that after multiple test this had little effect. It was 
eliminated to allow inspection of the void created on the liquid 
at the bubble to verify it was there and would allow liquid 
expansion. Fig. 8 shows a completed capillary and close up 
images of the bubble and diffuse reflector. 

 

 
Fig. 7. Schematic of a finished capillary. 
 

 Fig. 8. Capillary images. 
 
Note that in the images above the sealed end is protected by 

an epoxy coating. This has been replaced on capillaries going 
into the test system at CERN with a shrink tube protecting the 
fragile seal at the end. 

V. SELECTION OF LIQUID AND CORE BLOCKING 

Selection of the best liquid and capillary design required the 
making of over 100 capillaries. We tested the liquids (J2, and 
DSB1), the concentrations from X6 down to X0.125, the use 
of core blocking, and the use of a diffuse reflector to make the 
capillaries with the best light performance, radiation resistance 
and flattest response along the length of the capillary.  

A. Liquid selection 
For these test we used two main liquids. Both made by 

Eljen Technologies of Sweetwater, Texas. These liquids were 
solutions made using EJ309 liquid scintillator quenched to 
eliminate scintillation in the EJ309. We made capillaries with 
J2 and DSB1, but focused on DSB1 as our choice due to its 
short fluorescence decay time which is 2.5 times faster than J2 
(J2 is similar toY11 in all characteristics). 

    The solution of DSB1 was referred to as 11A the A refers 
to the type of quenching agent used. The normal concentration 
provided by Eljen is what we referred to as X1. We decided to 
try various concentration to test the effects of light output as 
well as linearity. Because as light traverses the capillary it can 
travel through the liquid filled core, this can lead to re-
absorption and re-emission, and losses. This is why we tried 
the various concentrations. Studies quickly showed that the 
higher concentration could yield more light to a point, but the 
linearity suffered. Lower concentrations seemed to yield better 
results. After initial test we settled on X0.5 for our beam test 
and studied that concentration more closely. 

B. Core Blocking 
It is desirable to block light from the liquid core and to 

collect WLS light via the quartz cladding which is radiation 
hard. This is done to avoid the optical attenuation due to direct 
detection of the core light, due to self-absorption in the WLS 
medium. The light from the core near the readout end will be 
higher than from the far end unless the core is blocked, hence 
the core blocking. We are most interested in the light 
propagates primarily through the quartz wall of the capillary. 
Technical Glass Products of Painesville Twp., OH makes a 
quartz material called ruby quartz that has the optical 
characteristics we needed by blocking the ~500nm core light. 
The material needed to be a quartz material in order to match 
the thermal characteristics of the capillary. This ruby quartz is 
drawn down to the proper size to “plug” the readout end and is 
then sealed into the capillary by the Notre Dame Glass shop. 
The ruby quartz is not radiation hard, and its light blocking 
improves as the dose increases, which works in our favor.  

VI. CAPILLARY TESTING 
We use three tests to evaluate the capillaries. Two test the 

current of a photodiode that looks at the readout end and one 
gives us a digitized visual image of the readout end. 

 
 

QA rad hard 
Quartz

TiO2 surface coats
(diffuse reflector)

Ruby Quartz 
Core Blocking

WLS Dye
Spherical Reservoir
Blown into the Capillary

Fused Endsealing

Protective
Endcoating

Optically polished end

150 mm

Readout End

Rad Hard Quartz (Polymicro QA):  OD:ID = 1mm:0.4mm

 

Thermal Expansion Reservoir

Diffusive Reflector (DR) Surface Coating 
just before the Reservoir

 



 

 
Fig. 9 Basic test bed for LED tests. 

A. LED Measurements 
The primary test we do is to place the capillary in a test jig 

(see Fig. 9) that uses a 425 nm LED to excite the liquid 
directly at various points along the capillary. 

As a check on the direct LED test we use a 355 nm LED to 
excite a LYSO crystal. The capillary passes through this 
crystal just as it would in the Shashlik module. This 355 nm 
LED excites the LYSO which in turn excites the liquid. Our 
test have shown good agreement between these two methods. 

B. CCD image tests 
This test uses a CCD imager with a coherent fiber optic 

input window. This allows us to see directly and spatially how 
well the core blocking is working and to the light emerging 
from the capillary. Fig. shows the end of a capillary and the 
core blocking. This is a regular camera and photograph not 
from the CCD imager 

 
Fig. 10. Example of an excited fiber with core blocking. 
 
 

 

VII. CAPILLARY EVALUATION AND TESTING 
The capillary is tested for linear response along the length 

of the capillary and for response at different levels of radiation 
damage. 

Figure 11 shows the data of an example capillary tested 
with core blocking only, and with core blocking and diffuse 

reflector (TiO2). Note that the diffuse reflector raises the light 
level overall, and makes the capillary more linear as the far 
end light collection is improved. 

 

Fig. 11. Data from a capillary with core blocking only and core blocking 
and diffuse reflector. 

 
Each capillary is tested in this fashion before it is placed 

into the Shashlik test system or goes on for further testing for 
radiation damage effects. 

To test for the effects of high doses of gamma rays, 
capillaries have been exposed to 60Co gamma irradiation at the 
Notre Dame Radiation Laboratory where they are exposed at 
the rate of ~1 Mrad every 45 minutes. In a weekend it is 
possible expose a sample to a 50 Mrad dose. 

The samples are tested between doses in the direct LED 
system. Fig. 12 shows results of one such capillary from 50-
200 Mad. Note that 0 Mrad is not shown but would be 
nominally 1 on the scale. 

Of particular interest is the fact that after larger doses of 
gammas, while the light levels drop, the response remains 
relatively flat along the length of the capillary. This is very 
important for use in EM calorimeters as the energy 
measurement requires a flat response. 

Fig. 12. Effects of radiation on the capillaries. 

VIII. FUTURE WORK UNDERWAY AND PLANNED 
Future work will center on capillary fabrication (at ND), 

and commercial manufacture of the capillaries to make the 
capillaries more uniform. 
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We will also focus on wavelength shifting dyes including 
but not limited to DSB1, J2, DSB2, DSF1, Quantum Dots 
and further work will go into more detail on the dye 
concentrations.  

We will also focus on possibly different core blocking 
materials to improve that area of the capillary manufacture. 

 Testing at CERN in the test beam is also underway to 
evaluate the 4 X 4 test system with capillaries. 

 

IX. SUMMARY 
 
Shashlik technology can provide robust, efficient and 

high resolution EM Calorimetry under harsh conditions in 
Particle Physics Experiments. The results of the 
development so far have yielded sealed robust capillaries 
that can be used in such a detector that exhibit characteristic 
needed to make such a device work 
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