
 

      
Abstract— About four hundred one meter long, 10 cm wide 

and 5 mm thick extruded scintillating strips were measured at 
four different points. The results of measurements strip 
responses to a radioactive source 90Sr are provided, and details of 
strip choice, preparation, and method of measurement are 
included. This work was essential for prototyping a tail catcher 
and muon tracker for a future international electron positron 
linear collider detector. 

I. INTRODUCTION 

Hermeticity and resolution constraints of the detector for 
International Liner Collider (ILC) require the calorimeter to be 
placed inside a superconductive coil [1]. Because of this 
constraint, the hadron calorimeter will be compact and limited 
to a depth of approximately 1 m. The relatively thin hadron 
calorimeter requires additional “calorimetric sampling” behind 
the superconductive coil to estimate and correct for the 
hadronic leakage. Such sampling also offers excellent muon 
tracking.  

Consequently, Northern Illinois Center for Accelerator and 
Detector Development (NICADD) at Northern Illinois 
University (NIU) has undertaken the construction of a 
combined hadronic tail-catcher and muon tracker (TCMT) 
prototype. A design for the TCMT prototype consists of 16 
steel absorber layers and sixteen active medium cassettes with 
dimensions of about 1m x 1m. NICADD proposed using 
extruded scintillating strips as the active medium for the 
TCMT. Each cassette has ten extruded scintillating strips with 
thickness of 5 mm, width of 10 cm, and length of 
approximately 1 m. 

NICADD will explore the TCMT performance with a 
CALICE beam test [2]. The CALICE test beam program at 
Fermilab includes a wide variety of combined tests with 
TCMT. The test will provide the first experience in ILCD 
prototyping, muon id and reconstruction, parameterization of 
the superconducting coil impact on energy resolution, and 
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enable development of algorithms for restoring the energy 
resolution within the particle flow framework. 

In this note, the results of control measurements of response 
to a 90Sr radioactive source for the strips, which were extruded 
in two production runs, are provided. In addition, the details of 
strip choice, preparations, and method of measurements are 
included. These measurements form a key basis for the quality 
control of strips to be used for the TCMT prototype. Moreover, 
the experience gained will be useful for a wide variety of 
researchers, who may want to use extruded scintillator for their 
experiments. 
 

II. STRIP CHOICE 

 
For the TCMT prototype, the 5 mm thick and 10 cm wide 

NICADD extruded scintillating strips [3] were a possible 
choice. Because 10 cm strip is too wide for the basic TCMT 
design (can not provide sufficient segmentation), each strip 
should be cut in half, or a separation groove must be 
introduced. The choice between a co-extruded hole or a 
machind groove was governed by the following considerations. 
First, for the estimation of an available amount of light, a 1 m 
long strip with a co-extruded hole was tested with cosmic rays. 
A 1.2 mm outer diameter Kuraray [4] Y-11 multiclad S-type 
WLS fiber was glued inside the hole using EJ-500 [5] optical 
glue. With a Hamamatsu [6] R-580 PMT, the strip provided 
14.4 photoelectrons (PE). Second, because the optical cement 
lost transmission even at a low radiation dose, strips with a 
machined “key” shape groove for the WLS fiber were also 
tested. 

The groove had the following dimensions: an inner diameter 
of 0.053”, a width of neck 0.040”, and it was done for the four 
different depths (h): 0.063”, 0.078”, 0.117”, and 0.156”. The 
respective PE yields were 12.3, 13.9, 14.3, and 13.3 PE. 
Finally, a strip with a small co-extruded hole was tested in the 
same way. The inner diameter of the co-extruded hole was 
about the outer diameter of the WLS fiber (1.2mm). The 
extruded strip with the small co-extruded hole and non-glued 
WLS fiber provided 15.2 PE. Because the mean value of 
“diameter” and position of the co-extruded hole can be adjusted 
during the production run, the NICADD extruded strip with the 
small co-extruded hole was the final choice for the TCMT. 
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III. EXPERIMENTAL SECTION 

A. Strip preparation 

 

 
 

 
 

Fig. 1. a) a strip after extrusion; b) the same strip with a machined separation 
groove; c) the strip with blue tape; d) the trimmed strip with the glued 
separation groove. 
 

1.05 m long, 10 cm wide, and 5 mm thick extruded 
scintillating strips [3] had two co-extruded holes at about 25 
mm from the edges. The inner diameter of the co-extruded 
holes was not less than 1.2 mm. At 50 mm from the strip edge, 
a 1.01 m long and 0.9 mm wide separation groove was milled 
through the strip with a computer-controlled machine 
(THERMWOOD) at Fermi National Accelerator Laboratories 
(FNAL) Lab8. 

Using blue tape [7], the separation groove was tightly taped 
on the top and on the bottom of the strip surfaces and then 
injected with a white epoxy [8] (an epoxy resin DER332, with 

50% of a titanium dioxide and the hardener Jeffamine D230). 
After the epoxy hardened, all tape was removed and the ends 
were cut off to the 1.01 m strip length. The white epoxy serves 
as a reflective material, and is also used to reduce crosstalk 
between created strips and improve their structural rigidity. 
Step-by-step modifications of the strip are shown in Fig. 1. 

 

B. Strip measurement method 

The measurement configuration schematic show in Fig. 2 
consists of two reference cells (RC) [9] and a few WLS fibers 
permanently connected to a Hamamatsu [6] R580 PMT via an 
optical crystal [10]. The crystal mixed the light from fibers and 
reduced non-uniformity of responses across the PMT 
photocathode to less than 1%. The WLS fibers were Kuraray 
[4] Y-11, multiclad, S-type, 1.2 mm outer diameter and 1.15 m 
length. Their ends were ice polished using a “P3” diamond 
cutter machine. One fiber end was aluminum mirrored using a 
magnetron gun sputtering technique [11]. The other end of 
fiber was glued in a 1.5 mm diameter hole inside a square 
plastic ferrule (4.3 mm side width and 35 mm length) and then 
polished together with the ferrule using a “diamond fly” cutting 
technique. The ferrule helps to orient the polished surface of 
the fiber at a right angle with respect to the optical crystal, and 
provide firm connection. It was possible to connect up to 
sixteen ferrules at the same time to the crystal. The PMT output 
current was measured with a picoammeter [12], connected to a 
PC-based data acquisition system. 

Fig. 2.  Schematic of the setup used for strip measurements. (All dimensions are 
given in cm). The letters RC denote the reference cells. 
 

The strips were wrapped in a 1 m long sleeve made from one 
layer of Tyvek [13]. Same Tyvek sleeve was used for all 
measurements. The strip ends were neither painted nor 
wrapped. Because a co-extruded hole has somewhat oval rather 
than circular shape, and a specific orientation inside a strip, it 
was possible to define a top and a bottom of the strip, as 
indicated in Fig. 3. In all cases, the distance from the WLS 
fiber to the strip bottom was less than the distance from the 
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fiber to the strip top. A 5 mCu 90Sr radioactive source was 
positioned on the top surface at 15 mm from the strip edge. 

 
 

Fig. 3.  A schematic used for a strip orientation and a radioactive source 
positioning. (all  dimensions are given in mm). 
 

To ensure reproducibility of the source positioning better 
than 1 mm, a template was used. The same WLS fiber was used 
for most of the measurements. Once the strip was placed for 
measurements and the WLS fiber was inserted into the co-
extruded hole, the side of the strip closest to the experimenter 
was labeled “A” while the furthest one was assigned the label 
“B”, as indicated in Fig. 2. It was a random choice which part 
of a strip was named A or B.  

The major steps in measuring the strip response were: 
 
1.  The response of the first reference cell with the 

radioactive source placed in the center of the cell was 
measured. 

2. The response of the second reference cell with the 
radioactive source placed in the center of the cell was 
measured. 

3. With the WLS fiber inserted consistently to the end of 
the co-extruded hole and high voltage on, but without 
the radioactive source, the dark current was measured 
for each strip. The maximum value of the dark current 
was less than 0.5 nA for all measurements. 

4. The response of the A-side of a strip with the 
radioactive source placed at 80 cm from the PMT end 
was measured (Fig. 2). 

5. The response of the A-side of the strip with the 
radioactive source placed at 20 cm from the PMT end 
was measured. 

6. The response of the B-side of the strip with the 
radioactive source placed at 80 cm from the PMT end 
was measured. 

7. The response of the B-side of the strip with the 
radioactive source placed at 20 cm from the PMT end 
was measured. 

Steps 3 to 7 were repeated for the each strip. Each set of 
measurements was started and finished with steps 1 and 2. If at 
the end of each set of measurements the reference cell response 
was similar to the response at the beginning, the strip responses 

were accepted for further analysis. The mean value of the 
reference cell response ratio (finish to start) for 29 consistent 
measurements was 1.001 with a standard deviation of 0.015. 
Because this test did not fail, all strip responses were accepted 
for analysis. 

 

C. Experimental Results 

 
To estimate possible degradation over time, the responses of 

a few strips were measured at the beginning of tests 
(09.16.2004), and were measured again after all the strips were 
tested (10.15.2004). The average value of ratios of the new 
responses to the old ones is 0.961±0.002, which means that the 
degradation over time is about 4%. Because the NICADD 
extruded scintillator [14] cannot degrade so fast, it means that 
the measurement system does. The visual inspection showed 
that it was the WLS fiber, especially the mirrored end (keep in 
mind that this fiber was inserted into the co-extruded holes up 
to eight hundred times).  Because of the small degradation of 
the measuring system over the long time interval, no corrections 
were applied to the measurements. Fig. 4 and Fig. 5 show the 
response of the strip A-side. A few of them have a much lower 
response at 80 and 20 than average. 
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Fig. 4.  Strip responses as measured at position A80. 
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Fig. 5.  Strip responses as measured at position A20. 
 

The ratio of the response at A20 to response at A80, is an 
indication of the uniformity response for all measured strips, is 
plotted in Fig. 6. Fig. 7 illustrates the same for each strip in a 
different format; a few of them are far from the average. 
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Fig. 6.  A20 response versus A80  (for all strips) illustrates the brightness (at 
20) and attenuation (at 80) for each strip. 
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Fig. 7.  Ratio A20/A80 versus number of the strips. 

 
The results for sides B of the strips are similar to sides A 

results. The frequency of response for position A80, A20, B80, 
B20 and their ratios are shown in Table I. 

Fig. 8 shows ratio for A80/B80 and A20/B20 for each strip. 
The frequencies for these ratios are given in Table II. Except 
for a few strips, the A80/B80 and A20/B20 ratios are highly 
uniform with about 2% asymmetry (for 382 strips the mean 
value of A80/B80 ratio is 0.979, minimum is 0.935, maximum 
is 1.028, and standard deviation is 0.018). 

In a separate study that consisted of the same strips, sleeve, 
and the measurement setup, an indication of the sleeve 
asymmetry of about 3% was detected. The pieces of the blue 
tape, which hold together the edges of the Tyvek in the form of 
a sleeve, create an asymmetry through additional absorption of 
scintillating light. 
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Fig. 8. Asymmetry across the strip (the strip number is not associated with 
production time). 

 
 
 

TABLE  I 
FREQUENCY FOR STRIP RESPONSES (IN µA) AND THEIR RATIO 

 

VALUE RESPONSES (µA) RATIO 
 A80 A20 B80 B20 A20/ 

A80 
B20/ 
B80 

1.00 3 0 3 0 0 0 
1.05 0 0 0 0 0 0 
1.10 0 0 0 1 1 3 
1.15 0 2 0 1 22 29 
1.20 0 0 0 0 226 166 
1.25 4 0 2 0 99 161 
1.30 7 1 6 0 32 27 
1.35 21 0 14 1 8 2 
1.40 47 0 22 0 1 1 
1.45 73 0 59 0 1 0 
1.50 116 1 90 0 0 0 
1.55 91 6 98 5 0 0 
1.60 28 19 79 10 0 0 
1.65 0 32 17 17 0 0 
1.70 0 47 0 40 0 1 
1.75 0 86 0 37 0 0 
1.80 0 94 0 94 0 0 
1.85 0 70 0 85 0 0 
1.90 0 27 0 69 0 0 
1.95 0 4 0 28 0 0 
2.00 0 1 0 2 0 0 

 
 
 
 
 
 
 
 



 

 
TABLE  II 

FREQUENCY FOR RATIO A80/B80 AND A20/B20 (OR ASYMMETRY ACROSS THE 

STRIPS) 

 

VALUE A80/B80 A20/B20 
0.90 0 1 
0.91 0 0 
0.92 0 4 
0.93 2 2 
0.94 3 8 
0.95 18 33 
0.96 32 51 
0.97 70 71 
0.98 94 58 
0.99 73 55 
1.00 51 42 
1.01 21 36 
1.02 15 18 
1.03 7 3 
1.04 1 6 
1.05 1 0 
1.06 1 0 
1.07 0 1 
1.08 0 1 
1.09 0 0 
1.10 0 0 
1.11 0 0 
1.12 1 0 

 
Table III shows number of strips and parameter values, 

which help recognize “bad” strips. The following cut parameter 
values were chosen using the frequency Table II: 

• A80 or B80 response less than 1.25 µA: selects three 
strips.  

• A20 or B20 response less than 1.50 µA: selects three 
strips. 

• A20/A80 or B20/B80 ratios more than 1.30: selects 
respectively ten and four strips.  

 
Using those cut parameter values the “bad” strip numbers 

were recognized. “Bad” strips convert into only twelve 
different strip numbers. It was easy to visually pre-select strips 
#148, 343, and 356 as bad because those strips had noticeably 
weaker blue color under ultraviolet (UV) light source than all 
the other strips. 

The strips that exhibited lower responses were further 
investigated to determine the cause of the problem. Since those 
strips presented a weaker blue color under UV light source than 
the other strips, a fluorescence test was performed to check the 
dopant concentrations. A Hitachi [15] F-4500 fluorescence 
spectrophotometer was used. Several samples (2.5 cm wide) 
were cut from the strips with both high and low responses. The 

fluorescence spectra from those samples were compared to the 
reference-scintillating sample with known dopant 
concentrations as shown in Fig. 9. The dopants for the strips 
were 1% PPO (primary) and 0.03% POPOP (secondary). The 
emission maxima for PPO and POPOP are at approximately 
365 nm (peak A) and 420 nm (peak B), respectively. It is 
known from previous work that the ratio between those two 
peaks (B/A) needs to be above 1.2 in order to have a high 
quality scintillator. The sample from the lower response strip 
shows a deviation in the dopant concentrations and the B/A 
ratio of the two peaks is below the threshold. Those strips were 
likely collected at the end of the extrusion production when the 
dopant feeder was nearly empty and only traces of PPO were 
added. 

 
TABLE  III 

NUMBERS OF “ BAD” STRIPS WITH CUT VALUE PARAMETERS LISTED 

 

 PARAMETER 
STRIP 
# 

A80 
<1.25 

A20 
<1.50 

B80 
<1.25 

B20 
<1.50 

A20/ 
A80 
>1.30 

B20/ 
B80 
>1.30 

70     X  
80     X  
85     X  
88     X  
89     X  
147     X X 
148 X X X X X X 
177     X X 
196     X X 
339     X X 
343 X X X X   
356 X X X X   

 

 
Fig. 9.  Fluorescence spectra of three extruded scintillator samples: in black, the 
reference; in red, from a strip with good response; and in blue, from a strip with 
lower response. 

 



 

IV. CONCLUSIONS 

The high uniformity of strip responses (brightness, 
attenuation length and asymmetry) provides evidence that a 
high quality extrusion-scintillating product is available. 
Detailed measurements of the extruded strips and analysis of 
the strip responses readily identify poor quality strips. The total 
number of “bad” strips is about 3% of two production runs. 
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