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INTRODUCTION

The main parameters of plastic scintillators that need to be improved for the
SDC detector of the SSC are radiation stability and environmental aging. The
traditional direction of research to improve rad hardness and aging is to search
for new and better primary and secondary dopants emitling in the blue region
(1], and to synthesize new polymer matrices [2]. The radiation stability of
standard scintillator compositions (styrene, 29 p-terphenyl and 0.19%
POPOP) is only 1 to 2 Mrad. Adding a CH3 group to the benzene ring of poly-
styrene increases the annealing rate 1.3 10 1.5 times, but immediately after the
irradiation the rad hardness is decreased. Recently progress has been made
using the techniques of enhanced diffusion [3] and green emitting dyes [4].
New rad hard plastics lose no more than 109 of their light output after 10 Mrad
and such plastics can operate for 10 to 20 years in the Supercollider. During such
a long time, aging of the scintillator by oxidation and crazing becomes impor-
tant. The former causes light loss by yellowing and the latter by scattering. The
main goal of our investigations is to increase rad hardness and to develop
methods of accelerated aging that can be used to test candidate scintillators.

EXPERIMENTAL

Samples are prepared by thermal initiation of polymerization of a vacuum
distilled monomer at 120 to 140°C for about 10 hours, then increasing the
temperature to 160°C for 2 days. The concentration of residual monomer in the
samples was about 0.8%,. Samples were cut and polished into cylinders with a
diameter of 16 mm and a height of 10 mm. Light output is measured relative to a
crystal of anthracene of the same size. Irradiation was by gamma rays from

Co% 10 a dose of 2.8 Mrad at a dose rate of 1 krad per minute. Transmission
Specira were measured on a Specord UV-VIS Spectrophotometer relative to air.
Samples from polymer were made by mixing the additives with polystyrene
pellets in a mixing extruder at 160°C and injecting into a metal mold. The main
goals of the experimental design were to increase rad hardness by

1. optimizing the concentration of secondary fluors;

2. synthesizing new secondary dopants and screening them for effectiveness;

3. synthesizing special primary dopants;

4. increasing the concentration of the primary dopants;
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3. investigating methods of modification of the polymer structure, especially
the molecular weight and molecular weight distribution;

6. adding antirads, stabilizers and antioxidants;

7. enhancing the diffusion rate of the base plastic.

OPTIMIZING THE CONCENTRATION
OF THE SECONDARY LUMINOPHOR

As has been shown in numerous investigations [5,6 ], one of the main non
rad hard components of standard plastic scintillator is POPOP. Figure 1 show
the dependence of rad hardness on the concentration of secondary dopant. Th
optimum concentration is in region of 0.01 to 0.02%,. Figure 2 shows that th
residual transmission after irradiation decreases steadily with increasing con
centration of POPOP.

SYNTHESIS AND SCREENING
OF SECONDARY LUMINOPHORS

We have tested 200 luminophors in compositions based on styrene an
using p-terphenyl as the primary limunophor. These secondary additive
belong to the following chemical groups:

1. naphthalic acid derivatives (samples 330, 391, 397 in Fig.3);

2. oxazoles (samples 399 and 546 in Fig.3);

3. pyrazoles;

4. triazoles;

5. benzoxaxzoles,

6. naphthazoles.

The standard composition of styrene with 2%, p-terphenyl and 0.1%, POPOI
is shown in samples 406 in Figure 3 and 529 in Figure 12. The difference bet
ween them may be due to some variation in the preparation of the samples. Th
first three groups listed above are the most radiation hard. We now think that i
is not very probable that a secondary luminophor emitting at around 420 nm ca
be found that is more rad hard than POPOP or tetraphenylbutadiene (TPBD)

THE EFFECT OF PRIMARY DOPANT CONCENTRATION
ON RADIATION HARDNESS

We began this investigation because of the following two points. First
reports in the literature show that at a dose of 3 to 5 Mrad the concentration o
stable radicals reaches a few percent. From an investigation of the spectra
properties of thesc stable radicals, we can conclude that their absorptiol
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competes with the energy transfer from the polymer to the primary dopant.
Sccond, it has been shown that the radiation resistance of p-terphenyl alone is
about 100 Mrad. Therefore an increase in the p-terphenyl concentration in a
composition should not decrease the radiation hardness as we observe with
POPOP. And therefore, increasing the p-terphenyl concentration relative to the
concentration of the stable radicals should shift a greater proportion of the
energy transfer from the base plastic into useful light. Any solubility problems
with the high concentration of p-terphenyl seem to have been overcome by the
higher temperatures we used in polymerization or extrusion. We cannot yet pro-
ve that these high concentration scintillators will be stable over time or if some
precipitation may occur. As yet no cloudiness has been seen. Figures 4,5,6 show
the increase in radiation hardness with increasing concentration of p-terphenyl
in the range of 4 to 6% immediately after irradiation. Similar results are shown
for other tcrphenyl isomers in Figures 7,8 and 9. From Figures 4 through 9, also
immediately after irradiation, we see that some parameters decrease in the high
concentration region of p-terphenyl particularly the transmittance; we attribu-
ted this to contaminants. We investigated this by trying different samples of
commercial p-terphenyl and one specially purified one. The purification was
done by first irradiating the p-terphenyl and then zone refining it. In this case a
more transparent and rad hard scintillator was obtained. Samples with an
increasing concentration of p-terphenyl did show increasing rad hardness, but
samples with m-terphenyl did not (Fermi unpublished measurements of Uk-
rainian samples). The effect of polymer structure (Figure 10) shows the depen-
dence of rad hardness on p-terphenyl concentration for samples made by
different methods. The lower curve labeled 1 is data from samples prepared by
polymerization of monomer and the upper curve labeled 2 is data from samples
made by pressure molding from pellets of polymer. The rad hardness of the
samples molded from polymer is consistently higher. The method of preparation
of the samples also influences the light output as is shown in reference 8, a paper
being presented at this conference by F.Markley et al., where the light output of
samples from polymer is nearly 1.5 times that of the samples from monomer.
The data of Markley do not show greater rad hardness for samples from
polymer, but the specific formulations used were very different from those used
at Kharkov.

INFLUENCE OF POLYMERIZATION METHODS
It must be added that different methods of polymerization also influence
scintillator parameters. Figure 11 shows the dependence of light output on
length for two different scintillator, one made from styrene and the other from

vinyltoluene. It is unusual that the light output from the styrene based scintil-
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lator should be 1.3 times the light output of the scintillator based on vinylto
luene. The scintillators were made in Kharkov and measured in Pisa in th
laboratory of G.Bellettini. The variations in light output of scintillators madc b;
different methods or with materials of different purity may be explained by .
difference in concentration of the sites at which photochemical or photophysica
reactions occur. Rad hardness may be influenced by radical recombinations tha
occur more efficiently at such sites [9 1, and light output by increased cfficienc,
of energy transfer from excited states occurring at such sites {10]. It should b
emphasized that the concentration of such sites may depend on the molccula
weight distribution.

THE EFFECT OF STABILIZERS

The radiation resistance of a scintillator may be improved by the addition «
small amounts of chemically active substances without changing the light oul
put. Figure 13 shows that the metalo-organic stabilizer increases both radiatio
resistance and light output. It makes one of our best compositions on the basis
a combination of properties including mechanical ones.

THE EFFECT OF DIFFUSION ENHANCERS

The introduction of large amounts of low molecular weight fillers to facil
tate diffusion in the polymer base accelerates annealing. We have attempted -
improve rad hardness by using polyphenyloxides which has been proposc
in [8] (see Figure 12A), methylnaphthylene (see Figure 12B) and oxibenzo
(see Figure 12C). The best results were obtained with 20%, diphenyloxide, wi
or without stabilizer. This composition retained 91 %, of its initial output aft
2.8 Mrad irradiation in air. We believe the diffusion enhancing technique is tl
best method of improving scintillator rad hardness.

ACCELERATED AGING TESTS OF PLASTIC SCINTILLATORS

Environmental aging is a basic parameter characterizing long time stabili
even without the effect of radiation. Such aging may be seen as ycllowing
clouding or crazing of the surface or cracking in depth. In all cases the lig
output decreases. It is important to develop a prognostic tool for sample stabili
and to optimize the manufacturing and post-treatment conditions to produ
stable scintillators. In developing an accelerated aging test it is important
achieve the maximum likeness to the natural degradation processes.
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We assume that polystyrene aging is duc to the following mechanisms:

1. Thermooxidative processes resulting in the creation of peroxides which
absorb in the region of the scintillating radiation.

2. Mechanical degradation due to chemical stress crazing which causes sur-
face cracks that disrupt light transmission.

3. Diffusion of low molecular components of the formulation which can
causc both surface and internal defects. In this case yellowing, clouding of the
interior or the surface, and cracking can arise.

The above mechanisms lead to changes in the scintillation efficicncy which
in any realistic case arc duc to onc or at most a fcw parameters. These para-
mciers determine the practical uscfulness of any scintillator composition. We
have investigated the cffect of the following four parameters on the efficiency of
polystyrene scintillators:

1. The influcnce of temperature for long times on the light output.

2. The combined influence of high temperature and high humidity on the
appearance of cracks. This makes it possible to increase both thermaloxidative
processes and thermomechanical oncs.

3. Thc combined cffect of high temperature and water immersion. This acce-
lerates the formation of under-surface crazes by a factor of 6 compared to high
humidity, and makes possiblc the substitution of a simple weight gain measure-
menlt for the laborious microscopic mecasurement of craze numbers.

4. The cffect of thermal shock after a long soak at high temperature to
stimulate cracking.

The results of these tests are given below.

1. Heat aging

Polystyrene samples of the standard composition werc made into cvlinders
with a diameter of 40 mm and a thickness of 40 mm. They were subjected to
clevaled temperatures in the range from 45 to 85°C. These temperatures are
below the glass transition temperature of the standard sample. Figurc 14 gives
the time dependence of the paramceter G, where G = C/C0 and C and Cyarc the

light output before and after heating respectively. We define the critical time to
be the time when the light output has decreased by 10%. The lifetime at 20°C is
determined from an Arhenius plot, where the logarithm of the critical time is
inversely proportional to the temperature,

Analytically, the lifetime is given as:

In7y= T—T.
J

where TI. and Tj. are the temperatures of two arbitrary clevated temperature

tests, and thet's arc the corresponding critical times. The extrapolated lifetime
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for a standard sample determined in this way is 1 1.5 years which is in cxcelle
agreement with the lifetime of 12 years actually measured at 20°C. This methe
allows us to determine the maximum valuc for residual monomer (RM) whi
yiclds a lifetime of 10 years. Figurc 15 is a graph of lifetime versus residu
monomer content in percent.

2. Heat and humidity

The samples in this test were held at temperatures from 30 t0 50°C at a rel
tive humidity of 95%. Figure 16 shows the number of crazes found versus cxy
sure time at 3 different temperatures. The critical time in this test is defined
the time until the appcarance of the first craze in the ficld of view of a microsce
with a magnification of 8 times. The lifetime at 20°C and 95% is dcfined b;
graphical cxtrapolation from the curve of log (critical time) versus inver
temperature. This is measured as 1.5 years for a sample 40 mm in diamcter a
30 mm thick which was prepared by polymerization at 170°C. It is likely that t
lifetime is dependent on the sample history, in particular on the cutting c
ditions, bccause the migration ratc of water into the samplc depends on |
number of surface and volume defects in the sample.

3. Heat and water immersion

The samples in this test were immersed in distilled water at tempceratu
ranging from 40 to 70°C. The critical time is defined and the lifctimc determir
as in the heat and humidity test. The tablc gives the critical times measurec
four different temperatures. A new critical time can be defined as the time
reach a particular gain in weight (in our case 0.004 g) by using the data sho
in Figure 17, which shows the measured weight gain as a function of time fc
different temperatures. The weight gain is much casicr to determine than
appearance time of crazes.

4. Thermal soak and shock

We have made a quantitative mcasurement of the numbcr of defects wh
appear on the surface of a sample after a thermal shock from a soak temperat
to a temperature of 20°C. Figure 18 gives the number of defects found versus
soak temperature. The time of soaking was the same for all samples. We did
find the expected relationship between the number of defects and the soak tii

Table. The dependence of 7. and the operation time PS
calculated by thermal aging method under different contents of RM in PS

RM, % 1. days Operation time, years
0.5 45.0 14.5
1.0 23.0 7.4
1.5 16.5 ) 53
2.0 11.0 3.5

2.5 10.5 3.4



We therefore fecl that a more objective method is needed to evaluate the number
of surface defects.

CONCLUSIONS

It is found that the light output and radiation hardness of the scintillators
prepared from pellets, is greater than that of scintillator prepared from mono-
mer. This may be explained by a sharper distribution of molecular weight found
in the polymer pellets. It is shown that a concentration of pT of 4—6% of the
total composition is optimum for radiation hardness. Increasing the concentra-
tion of pT increases the annealing rate of the scintillator. A new scintillator with
polystyrene base, containing 2% pT, 0.02% POPOP, and 209 new diffusion
enhancer retains 919, light output immediately after 3 Mrad irradiation in air.
We conclude that the diffusion enhancing technique is the most effective direc-
tion for improving radiation hardness. The effects of high temperature, high
humidity, water immersion, and temperature shock were investigated and are
proposcd for accelerated aging of plastic scintillators.
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ITpuHumaetcs noauncka na npenpuutol, coobuienns O6beaUHEHHOTO
HHCTHTYTA SAEPHBIX HecnenoBannii n «Kpatkie cooGuenuss OUSIUs.

YcTaHoBReHa CAeAVIOUas CTOMMOCTD NOANHCKH Hi 12 MecdaueB Ha H3zaHHs
OHSIU, Bratouas TEPECLLIKY, 10 OTAENbHBIM TEMATHUECKHM KATEFOPHSIM:

HUnnexc Tematnka Uena nognucku
Ha rof
1. Okcnepumentanabhas Gpusnka BbICOKIX IHEPTHIL 915 p.
2. Teoperiueckas GH3NKa BBICOKHX aHepruit 2470 p.
3. OkcnepumenTtansHas HEHTPOHHAS PH3HKa » 3635 p.
4. Teopernveckas Gu3nka HU3KHX JHepruit 735 p.
5. Maremaruka 460 p.
6. Snepuas cnekTpocKkonns i p;AHOXMMHSI 275 p.
7. Ou3UKA TAXEABIX HOHOB 185 p.
8. Kpnorenuka 185 p.
9. Yckoputenu 460 p.
10. AsToMaTnzaumns o6paGoTtku IKCMEPUMEHTANBHBIX JAHHBIX 560 p.
1. BoluHCAUTENbHAS MATEMATHKD | TEXHHK 560 p.
12. Xumus 90 p.
13. Texnuka puanueckoro IKCNEPUMEHTA 720 p.
14. Uccnenosanus teepapix Ten u XHAKOCTEN SAEPHBIMH METOLAMH 460 p.
15. DkcnepuMenTanbhas (H3KMKa sxepHbIX peakunii
NPH HU3KHX IHEPrHSaX 460 p.
16. ozumeTpus M husnka 3iwnTh 90 p.
17. Teopus KOHAEHCHPOBAHHOTO COCTOAHINS 365 p.

18. Ucnonbzosanue pe3ysibTaTos .
H METONOB DYy HAAMEHTANLHBIX PHIUUECKHX HCCACROBAHMIL

B CMEXHBIX O0ACTAX HAYKH U TEXHNKH 90 p.
19. Buodmanka 185 p.
«Kpartkue coobuienns OUSIH» (6 BbINYCKOB) 560 p.

[oanncka moxer GhiTh odopmaena ¢ moboro mecaua roaa.
Mo Bcem Bonpocam opopmaenns NMOANHCKH cneayeT ofpawaTbes B M3pi-
TeAbCKTHIT oTaen OUAH no aapecy: 141980, r.J1y6ua, Mockosckoit o6aacTH
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Cenumiunu B. u ap. E13-94-159
HoBbie paiMaLiMOHHO CTOUKHE W CTAOMIbHBIE BO BPEMEHH
1ACTMACCOBBIE CLIMHTHAIATOPLI

ITpencTasrensl pe3yAbTaTH MCCIE0BAHMS BAMSHMS H2 PaMALMOHHYI0 CTOMKOCTD TJIACTMACCO-
BBIX CLMHTHIUISTOPOB KOHUEHTPAUMM BTOPHMYHONU A006aBKU, BBICOKOM KOHUEHTPALMHM NEPBUUHOM
nobasku, yeunurens xuddysun 1 crabunmnsatopa. Crenan sbiBOA, UTO UCTIOIb30BAHHE yCHIIHUTENEH
anbdysun — naubonee 3ddekTMBHBIT METOA NOBBILEHUS PaJHALMOHHON cToMKOCTH. HOBbIA
HOJIMCTUPOIBHBIA CIMHTHINATOD, conepxammin 2%, pT, 0,02% POPOP, 209, ycunurens audg-
dysum 1 0,029, crabsnmsatopa, coxpanser 91 %, cBETOBOFO BHIXOAA Cpasy Mocie 0bJryueHH s 1030H
3 Mpan ua Bozayxe. Ilpeacrasiiensi pe3y;sTaThl, KOTOPBIE IIOKA3bIBAIOT, YTO CUMHTHILISTOPBI,
[PUTOTOBAEHHDBIC M3 IPOMBIIUIEHHOTO NOMMCTHPONA, 601€e PAIMALIMOHHO CTOMKYE U MMEIOT 60JIb-
1M CBETOBOM BBIXOH, YEM CLMHTHMILIATOPSI, [IPUIOTOBJIEHHbIE G10UHOM TOJUMEPHU3ALIMENA M3 MOHO-
Mepa. BbickasdaHo npeanonoxkeHue, uTo 370 00YCJIOBAEHO Pa3AMMHBIM MOJIEKYJISPHO-MaCCOBBIM
pacrnipesienenueM noaumMepa. [lpejcrasier. psii pe3ysbTaTOB HO YCKOPEHHOMY CTapeHMIO (IOXen-
Tenue 1 obpaszosanue rpeuvn cepebpa). [lokasano, 4To OAHON M3 OCHOBHBIX TIPUYMH CTAPEHMS
[UIACTHKOB SBIAETCH OCTATOUHBIN MOHOMED.

PaGota suimoancsa s Jla6opatopuu aaepusix npobiem OUSAU.

Ipenpuiir OOLCAMHCHHONO MHCTUTYTA $epHbIX necefoBaumit. Qybua, 1994

Senchishin V. et al. E13-94-159
New Radiation Stable and Long-Lived Plastic Scintillators

A study of the influence of the concentration of secondary fluor, high concentrations of primary
dopant, diffusion enhancer, and stabilizer, on radiation hardness is presented. Itis concluded that the
diffusion enhancing technique is the most powerful method for improving radiation hardness. A new
polystvrene scintillator which contains 2%, pT, 0.029% POPOP, 209, diffusion enhancer and 0.02%,
stabilizer gave 917, of initial light output immediately after 3 Mrad irradiation in air. Data are
presented that show that scintillator prepared from commercial polymer is more radiation hard and
has greater light output than scintillator prepared from monomer. It is assumed that this difference is
duc to different motecular weight disrtibutions. Some protocols for acceleration of aging (yellowing
and crazing) are presented. It is shown that one of the main reasons for aging of plastic scintillators is
residual monomer.

The investigation has been performed at the Laboratory of Nuclear Problems. JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1994
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