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Abstract 

'Ve report the results from a year long study at LSC aimed at 
radiation resistance and optical performance of scintillator tile 
\vith green wave shifter fiber readout. After careful investiga-
tion of several rad-hard plastic scintillators from Bicron and 
Kuraray~ studies indicate that for a specific rad-hard Bicron 
scintillator~ it is possible to build a tile/fiber El\I calorime-
ter that can operate in the design luminosity of sse. This 
calorimeter with excellent optical response \vould only have a 
light loss of about 5% after being exposed to 1 l\Irad. 
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1. I~TRODueTION 

The SDe experiment is designed to study proton-proton 
collisions at th~ sse at energies and luminosities much higher 
than those of existing accelerators. The design specifications of 
the sse of 40 Te Y center-of-mass energy and initial luminos-
ity of 1033 , .. ·hich could increase to 1034 ~ present a challenge to 
the existing widely used plastic scintillator based calorimeter 
technology. An important question is whether such a calorime-
ter can suryive the high radiation environment of the sse and 
maintain its optical integrity. The SDe physics goals spelled 
out in the LOll, require an oyerall resolution of 0.16/ JE +0.01. 
'Yhile the stochastic term is goyerned by the granularity of 
the calorimeter) the constant tern is domina ted by the surface 
nonuniformi ty of the tile/fiber assembly. The crucial factor is 
that radiation damage should not increase the constant term 
aboye the goal of one percent. 

This Technical Note describes the results of a lengthy search 
for a rad-hard scintillator and waye-Iength-shifter ('YLS) fiber. 
It also contains the results of our optical performance studies 
and surface uniformity studies after radiation exposure which 
indicate that scintillator calorimetry will be able to meet the 
SDe goals. 

II. EXPERIl\IE~TAL ARRA~GE~IE~T 

In order to achieye a fairly quick. high-statistic scan for sur-
face uniformity and radiation damage studies. we used a 106 Ru~ 
3 source. The end-point kinetic energy of the electrons for this 
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isotope is about 3.5 ~IeY. The initial strength of this source 
was 10 J1 - Ci. The source was attached to a motor arm which 
'\-as programmed to moye to different positions abm-e either 
the test tile or the reference tile. 

Our experimental setup, is shown in Fig. 1. A 16 cm by 25 
cm by 1 cm thick scintillator was used for triggering on the .d-
rays. This counter was yiewed by a 5.08 cm diameter Hamma-
matsu R878 photomultiplier tube (P~IT) which was attached 
to the scintillator piece yia an adiabatic plexiglass light-pipe. 
A curyed~ 0.25 cm thick, green "~LS. Y7light guide assembled 
under the trigger counter was yiewed through a green waye-
shifter 1~ cookie~' by an R878 P~IT ~ as shown in Fig. 1. A 2.5 
mm passiye tile was mounted on the top of the trigger tile 
and under the test and the reference tiles. The light from the 
reference tile or the test tile could be read out by the curyed 
":-LS-light guide. The test tile alternatiyely could also be read 
out yia optical fiber~ as shown in Fig.!. The reference tile was 
grooyed for fiber readout yia either a R8i8 P:\IT or a calibrated 
R201 Hammamatsu P~IT. A large cosmic-ray Yeto counter ',,-as 
mounted under the scanning table in order to further reduce 
the number of cosmic ray eyents. 

III. SCINTILLATOR TILES 

During the latter part of 1990 and the fist half of 1991. 
we receh-ed seyeral shipments of scintillator tiles from Bicron. 
These tiles were nominally 10 cm by 10 cm by 2.5 mm thick. 
Table I shows the nomenclature used by Bicron to identify 
these tiles. 'Ye also had in our possession a number SCS~-
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38 Kuraray tiles which ,,,"ere used in the ZEeS calorimeter as 
well as some obtained from Ohio State Vniyersity. Recently~ a 
fe,," SCS~ -81 tiles were obtained from Florida State C niyersity. 

All of the tiles receiyed from Bicron ""ere diamond-mill cut 
and no polishing was required. Some of the SCSN-38 tiles had 
to be~cut from a bigger sheet of scintillator and the edges were 
polished. The batch of SCS~-38 tiles obtained from OSV were 
laser cut and required no polishing. The SCSN-81 tiles receiyed 
from FStJ had to be cut and polished. 'Ye did not obserYe sig-
nificant difference between the differently treated edges as far 
light collection and light yield were concerned. Eyery tile was 
washed and wrapped tightly in aluminized mylar. 

IY. OPTICAL YIELD :\IEASrRE~IE?\TS 

The brightness of the tiles were studied with our setup. The 
106 Ru source was programmed to scan a 5 by 5 array on the 
tile surface. At each point a pulse height (PH) distribution 
was recorded, usually for 10000 triggers. Table II shows the 
ayerage PH for each tile. The normalization is with respect 
to the ayerage PH of the reference tile measured at its cen-
ter. Furthermore, SCSN-38 is taken to be the yard-stick ,""ith 
which the PH for all of the other tiles ""ere compared. Fig. 2 
shows a typical PH distribution for a tile in which ""LS light-
guide readout was used. A high statistics PH distribution plot 
is shown in Fig. 3. Note that in latter case the one photo-
electron (pe) and the two-pe peaks are clearly yisible. The PH 
spectrum for the trigger scintillator is shown in Fig. 4. A soft-
ware PH cut accepted only eyents which deposited more than 
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1.4 :"Ie Y in the trigger counter. This restricted acceptance to 
the high energy end of the B-decay spectrum. 

Our geometry and the B spectrum were input to a :"Ionte 
Carlo C~dC) calculation using EGS4. Fig. 5 shows the :"IC en-
ergy spectrum for the trigger counter. The simulation closely 
reproduced the experimental data. Comparison of the data and 
:"IC energy spectra proyided a relation between ADC channels 
and the energy deposition in :\IeY. The )'IC plots for the elec-
tron beam spread from the source are shown in Figs. 6 for the 
test tile. 

The :\IC also shows that the spectrum of energy deposition 
In the test counter the is relatiyely narro'''- and close to that 
of a minimum-ionizing particle for eyents satisfying the trigger 
requirements. Thus the spread in the real spectrum is predom-
inantly due to the photostatistics and the spectrum shape can 
be used to determine the ayerage number of photoelectrons. 

Y. FIBER READOUT 

As shown in Fig. 1 a tile could also be read out uSIng a 
green ,\YLS fiber placed in a grooye in the tile. SDC has de-
cided to use this fiber readout technology. 

Tiles ,s,,-ere grooyed using a ball endmill. The size of the 
endmill was 1.19 mm. The mill rotated at a frequency of 2000 
RP:"I. The translational speed of the mill was 10 cm/min. This 
speed and frequency yielded the best grooye quality. The light-
yield and the surface uniformity depend on the grooye pat-
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tern used. Se'-eral groO\-e path-configurations were examined. 
These configurations are illustrated in Figs. 'i-II. 

Fibers were cut to a length of about 1 meter and were em-
bedded inside the grooyes using optical grease. All fibers used 
were BCF-9LL and 'were 1 mm in diameter. The best path 
configuration 'was the rounded-square configuration shown in 
Fig. 11. The best surface light-yield uniformity is achie'-ed 
when the groO\-e is ,-ery near the edge of the tile (about 1 mm 
from the edge). Sho,\-n in Fig. 12 is LEGO plot of the PH 
of a fiber readout with the groO\-e 1 mm from the edge. Fig. 
13 shO\vs a histogram of PH's from 361 positions on the tile 
surface. 'Ve note that this distribution is '-ery narrow with 
a fwhm of less than 3.5%. The question of ho"\," much this 
nonuniformity affects the constant term in the El\I calorimeter 
will be studied using EGS later. 

The light yield with fiber readout usually ,\-as about half of 
that with the 'VLS light guide readout used~ but comparable 
with what one could obtain with a 'VLS in a full scale calorime-
ter. 'Ve measured the absolute number of pe's for se,-eral fiber 
readout cases. The number of pe's per minimum ionizing par-
ticle for RH-4-1 '\-"as about 2.8 ± 0.2. This is comparable to the 
number of pe's per layer for existing calorimeters such as that 
of ZEL"S. Our measurements were repeated by our colleagues 
at A~L and were reproduced ,\-ithin uncertainties. 2 

Y1. RADIATION DA~IAGE STL"DIES 

After an initial source scan of each type of plastic tile. sam-
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pIes of each kind were exposed to approximately 1 ~Irad of r 
radiation at the LSt7 ~uclear Science Center. The ,-ray source 
'vas an annular array of 60Co rods and plate clad in stainless 
steel centered in a pit under 5.5 m of water. The half-life of 
60 C 0 is 5.7 years and its total acti ,"ity measured on July 30. 
1986 was 3071 Ci. An exposure of 1 ~Irad required about 1.0 

hours. 

The samples were placed in a small aluminum cylinder and 
lowered into the cobalt pit for irradiation. l\Iost samples were 
exposed to radiation in an air atmosphere~ howeyer~ some sam-
ples were also exposed in a lV2 atmosphere. The ambient tem-
perature was measured to be 25.6Co ""ithin the chamber. The 
radiation induced heating in the tiles was negligible. 

The dose rate along the centerline in the empty air-filled 
chamber yaries as sho,vn in Fig.14. This axial ,"ariation was 
further reduced by '"Y scattering within the tiles. 

In order to monitor the leyel of radiation exposure of each 
tile~ a photo-sensitiye radiation dosimeter was attached to each 
tile. For some tiles dosimeters ""ere placed at all four corners 
as well as the middle of the tiles. The yariation in the absorbed 
dose over the tile surface "v"as less than 10%. 

After exposure each tile was examined for color change. 
'Yithout exception all of the Bicron tile turned yellow. al-
though the degree of yellowness varied significantly from tile to 
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tile. The only tiles which consistently sho,,"ed no color change 
,vere the SCSX-38 tiles. SCS~-81 also showed color change, 
ho,veyeL not as drama tic as some of the Bicron tiles. These 
obseryations are tabulated in Table III. 

"\Yithin an hour of remoyal from the 60Co pit. each tile was 
rescanned for PH response. The scans thereafter continued 
for some period of time (usually 10 days) in order to obtain 
a recoyery plot for irradiated sample tiles. A t~"pical recoyery 
curye is shown in Fig. 15. The striking feature of the plot is 
a two-component recoyery curye. a fast component (a day or 
two) and a slo,,," component. This is true for all of the Bicron 
tiles without exception. "\Ye also noted that the PH responses 
just after irradiation seem to be correlated with the change in 
color and the degree of yellowness. that is the yellower the tile 
the less the PH. 

The Kuraray tiles responded yery differently to radiation. 
The SCS:\"-38 tiles which are also being used for the ZEeS 
calorimeter were found to be the most rad-hard. The SCS~-
81 tiles~ receiyed from FSr did not seem to be as rad-hard 
as the SCS:\-38 tiles. There was some yellowness just after 
radiation exposure and some light loss, howeyeL not as much 
as Bicron tiles. Fig. 16 and 1 i show the recoyery plots for 
samples of SCS~-38 tile and the SCSX-81 tile. respectiyely. 
Studies by the ZEUS collaboration3 of the SCS:\-38 show a 
5% drop in the light yield for 1 :\Irad. Our studies indicate a 
15% light loss for the same scintillator. It would be desirable 
to study the yariation of radiation hardness for tiles which are 
of the same type but produced at different times. 
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\Ye also received small 5 cm diameter. 3 mm thick disks 
from Bicron. These disks '''"ere yery rad hard and recoyered 
fully. Fig. 18 ·shows the recovery for one of these disks. This 
recovery plot was extracted when a \YL5 plate readout Was 
used. Fig. 19 shows a recoyery plot in which a fiber readout 
was employed. The fiber was wrapped twice around the cir-
cumference of the disk. This procedure was reproducible to 
about 5%. It is noteworthy that although the chemical formu-
lae of the tiles and the disks are yery similar, the engineering 
process are yery different. YVe therefore~ belie,"e that process-
ing techniques in producing tiles may have a negative impact 
on the radiation hardness of the tiles. l\Iost of the damage 
seem to occur on the tile surface. Note that none of the tiles 
we have tested either from Bicron or K uraray have fully recoy-
ered. This is indeed of concern to us and deyeloping a process 
for manufacturing rad-hard tiles is of eSSential importance to 
the success of scintillator-based calorimeter technology. 

\Ve extracted some information for optical properties of the 
tiles as a result of our 5 by 5 scans. There is a marked PH en-
hancement near the light guide. This is probably because of a 
two component fiuor and the optics of the scintillator-light pipe 
assembly.4 As shown in Fig. 20~ the attenuation properties of 
the scintillator tiles do not change as a result of radiation expo-
sure. 5eyeral tile fiber assemblies were exposed to radiation as 
a whole. Although the recovery was only to about i09( of the 
original le'"el. the surface uniformity did not deteriorate as a 
result of radiation. This together with the attenuation length 
nonsensitiyity to radiation were yery encouraging because it 
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indicates that the constant term in the resolution ,,-ill not be 
affected significantly as the calorimeter is exposed to radiation. 
These results are preliminary and should be inyestigated fur-
ther. 

Radiation damage ,vas also studied as a function of dose 
and dose rate. Samples of Bicron and Kuraray tiles were ex-
posed to 0.20~ 0.30~ 0.50~ 0.75 and 1.0 ~Irad (Fig. 21). It 
seems that the threshold for which permanent damage occurs 
is between 0.30 and 0.50 ~Irad. The radiation exposure were 
applied much more quickly than would be the case at the SSC. 
'Yith the standard setup~ tiles receiyed one ~Irad in about 
8 hours. As a check on possible dose-rate dependence some 
sa:nples were exposed to 1 ~Irad in a 56 hour period. X 0 no-
ticea ble difference in radiation damage was 0 bseryed at these 
two dose rates. ~Ieasurements at slower rates. for example~ a 
fe--; hundred rads per hour should be performed in order to 
ur~derstand long-term effects of damage in scintillators due to 
radiation exposure. There were also a set of measurements in 
;'Y2 atmosphere. For the types of scintilla tors tested. we did 
not obserye any difference bet,veen air and 1Y2 enyironment. 

Green 'YLS fibers were also exposed to radiation. 'Ye found 
BCF -91A to be yery rad hard. Fig. 22 shows the reco,-ery 
of the BCF-91A, 'VLS fiber. 'Ye also had samples BCF-91A 
fibers ,vith defectiye cladding which showed significant radia-
tion damage. 

YIII. CO:\"CL CSIO~S 
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In conclusion, we belieye that our preliminary studies show 
that it is possible to build a calorimeter with scintillator tile/fiber 
readout ,,-hich can function in the sse enyironment. These 
studies imply that the chemistry of rad hardness is proba-
bly understood by the manufacturers~ howeyer. the process-
ing techniques and surface treatment of tiles haye to be looked 
at more closely. It is important to continue these studies to 
understand long-term radiation damage behayior. aging and 
attenuation properties of both tiles and "\YLS fibers. 
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FIGURE CAPTIO:.\"S 

1. Perspecth"e yiew of the test setup. 

2. A typical PH spectrum for a tile \\"ith ""LS light-guide 
read out. 

3. A high statistics PH spectrum for a tile with ""LS light-
guide read out. 

-1. PH spectrum for the trigger counter. 

0. :\IC simulated PH spectrum for the trigger counter. 

6. :\IC simulated beam spread from the source in the test 
tile. 

7-11. Grooye-path configurations which were studied for 
light yield and surface uniformity. 

12. Tile surface uniformity scan for fiber read out. The 
grooye is right on the edge of the tile. 

13. Position Ys. PH histogram. All PH.s are normalized to 
the middle PH yalue. 

1-1. Axial yariation of the 60Ca. 

15. Recoyery plot for a typical BIeRO:\" tile after 1 :\Irad 
exposure. 
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16. Recoyery sample plot for one of the SCS\"-3S. Kuraray 
tiles after 1 ~Irad exposure. 

17. Recoyery sample plot for one of the SCSX-Sl. Kuraray 
tiles after 1 l-.Irad exposure. 

IS. Recoyery plot for one of the BICRON disks read ,,,-ith 
\VLS light-guide after 1 :l\Irad. 

19. Recoyery plot for one of the BICRON disks read with 
\VLS fiber after 1 l\Irad exposure. 

20. Recoyery plots for BICRON tiles as a function of posi-
tion along the tile before and after radiation exposure. 

21. Recoyery plots for BICRON tiles as a function of the 
total dose. 

22. Recoyery BICRON green \VLS fiber (BCF -9L-\') after 1 
).Irad exposure. 
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TABLE I 

Scintillator Tiles and Disks Nomenclatures 

Vendor Book No. Chemical No. Source 

KL"RARAY lVONE SCSiY - 38 LSC/OSl7 
Kl-RARAY iVOiVE SCS1V - 81 FS(, 
BICRO:\ HP - BC499 - 05 RH4/1YA BICRON 
BICRO:\" HP - BC499 - 05 RH4/J.YA- BICRON 
BICRO:\" HP - BC499 - 15 RH4/38 BICRON 
BICRO:\" H P - BC 499 - 1 7 RH4/A - 36 BICROl\" 
BICRO:\" iVOlYE RH1 - JI BICRO~ 

BICRO:\" J.VOl\-E RH1-1 BICRON 
BICRO:\" lV01\-E RHl-2 BICRON 
BICRO:\ 1'lOJ.VE RHl-3 BICRON 
BICRO:\" lVO~VE RHl-4 BICRON 
BICRO:\" lYOJ.YE RHl-5 BICRON 
BICRO:\" lVOiVE RHl-6 BICRON 
BICRO:\" J.YOJ.YE RH4-1 BICRON 
BICRO:\" lYOA'E RH4-2 BICRO~ 

BICROX iYOiYE RH4-3 BICRON 
BICRO:\" .. YOJ.VE RH4-4 BICRO~ 

BICRO:\" J.YOJ.YE RH4-6 BICRO~ 

BICRO:\' J.YO;XE RH4-i BICRO:\" 
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TABLE I (continued) 

Scintillator Tiles and Disks :\ omenclatures 

Vendor Book No. Chemical No. Source 

BICRON lVONE Slr.L11 - 10 - 82 : 1 BICRO?\ 
BICRON .LV01VE Slr 111 - 10 - 82 : 2 BICRON 
BICRON JVONE Slr .L11 - 10 - 82 : 3 BICR01\" 
BICRON NONE lrFH6 - 89-1 BICRON 
BICRON NONE TrFH6 - 89 - 2 BICRON 
BICRON NONE lrFH6 - 89 - 3 BICRON 
BICRON lVONE TrFH6 - 89 - 4 BICRON 
BICRON .LVO/v·E lrFH6-89-5 BICRON 
BICRON 1V01VE lrFH6 - 89 - 6 BICRON 
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TABLE II 

Scintillator Tiles Relath"e PH (SCS~-38 = 1.0) 

Vendor Chemical No. Relative PH 

K"CRARAY SGSlv- - 38 1.00 
KlJRARAY SGS.J.'! - 81 0.85 
BICRON RH4/J.VA 0.50 
BICRON RH4/lv-A* 1.05 
BICRON RH4/38 1.50 
BICRO:\" RH4/A - 36 1.08 
BICRON RH1 - J.11 0.80 
BICRON RH1-1 1.49 
BICRON RHl-2 1.28 
BICRON RHl-3 1.02 
BICROX RHl-4 0.86 
BICRO~ RHl-5 1.12 
BICRON RHl-6 0.9; 
BICRO:; RH4-1 1.20 
BICRON RH4-2 1.26 
BICRO:\ RH4-3 1.29 
BICRON RH4-4 1.08 
BICRON RH4-6 1.16 
BICROX RH..J:-7 1.02 
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TABLE II (continued) 

Scintillator Tiles Relatiye PH 

Vendor Chemical No. Relative PH 

BICRON TrFH6-89-1 1.27 
BICRON TrFH6-89-2 1.31 
BICRO:\" TrFH6 - 89 - 3 1.28 
BICRO~ TrFH6 - 89 - 4 1.15 
BICRO:\i TrFH6 - 89 - 5 1.86 
BICRON TrFH6 - 89 - 6 1.39 
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TABLE III 

Yisual ObserYations of Scintillator Radiation Damage 

Tile Dose (Mrad) Color Source 

RH4/J.VA 1.00 yellow BICRO:\" 
RH4/NA* 1.00 yellow BICRO~ 

RH4/38 1.00 yellow BICRON 
RH4/A - 36 1.00 yellow BICRON 
RHI - .1.'1 1.00 yellow BICRON 
RHl-l 1.00 orange BICRON 
RHl-2 1.00 orange BICRON 
RHl-3 1.00 yellow BICRON 
RHl-4 1.00 orange BICRON 
RHl-5 1.00 yellow BICRON 
RHl-6 1.00 yellow BICRON 
RH4-1 1.00 yellow BICRON 
RH4-2 1.00 yellow BICRO~ 

RH4-3 1.00 yellow BICRO~ 

RH4-4 1.00 yellow BICRON 
RH4-6 1.00 yellow BICRON 
RH4-7 1.00 yellow BICRON 
SCSJY - 38 1.00 no change Kl"RARAY 
SCSjY-81 1.00 slightly yellow K"CRARAY 
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TABLE III (continued) 

Visual ObserYations of Scintillator Radiation Damage 

Vendor Book No. Chemical No. Source 

STl--"'1 - 10 - 82 : 1 1.00 slightly yello,,' BICRON 
STr 111 - 10 - 82 : 2 1.00 slightly yellow BICRON 
Slr.1l1 - 10 - 82 : 3 1.00 slightly yellmv BICRON 
TrFH6 - 89 - 1 1.00 slightly yellow BICRON 
TrFH6 - 89 - 2 1.00 slightly yello,,' BICRON 
TrFH6 - 89 - 3 1.00 slightly yellmv BICRON 
TrFH6-89-4 1.00 slightly yellow BICRON 
TrFH6 - 89 - 5 1.00 slightly yello,,' BICRON 
TrFH6 - 89 - 6 1.00 slightly yellow BICRON 
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L IlE/FIBER SCANNING SETUP 

Figure 1 
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