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The new cadmium and gadolinium-loaded polymethylmethacrylate based plastic scintil-
lators with the mass fraction of the metals up to 2 % and 4 %, respectively, are described
in this article. There are presented the techniques of the new materials preparation and
their main properties: transmission spectra, light output and thermal neutrons detection
efficiency. The light output of Cd-loaded scintillator with 2 % of metal is 67 % relative
to the unloaded sample; the light output of Gd-loaded plastic scintillator with 4 % of the
metal is reduced to 67.6 % . There is regular increase of the thermal neutrons detection
efficiency for the both series of the scintillation materials.

Onucaubl HOBBbIe KaAMU- U TafoJUHUIcoAepKaIie IIacTMACCOBbIE CIUHTUIIATOPHI HA
OCHOBe TOJMMEeTUJIMETAaKPUIaTa C MACCOBOM moJieil MeTayaa, gocturamwomeir 2 % umw 4 %
COOTBEeTCTBeHHO. IIpencTaBieHbl METOAMKU TOJYUeHUs HOBBIX MATEPUAJOB W WX OCHOBHBIE
XapaKTePUCTUKU: CIEKTPLI MPOMYyCKAHUA, Pe3yJbTaThl U3MEpPeHUs CBETOBbBIXOoAa u adhder-
TUBHOCTH PETrUCTPAIIMM TEeIJIOBBIX HEeHTPOHOB. CBETOBLIXOJ CIUHTUJIATOPA, COAEPIKAIIEro
2 % wagmMmusa, coctaBaseT 67 % OTHOCHUTENLHO HeCOTep:KAIllero MeTasya o0pasiid; CBETOBLI-
XOI TaJoJUHUHCOLEPIKAIIEro ILJIACTMACCOBOTO CIMHTUIATOPA ¢ 4 % Meranna, CHUKAETCS
mo 67.6 %. B ofenx cepuax CIMHTUIAINOHHLIX MATEPHATIOB HaOJIOJaeTCA 3aKOHOMepHOe
yBesquueHne >PpPeKTUBHOCTA PErucTpaluy TeIlJIOBLIX HeHlTpPOHOB.

IHnacmmacosi cuunmunamopu das peecmpauii mennoseux neumponie. I.B.Hemuenox,
H.ATyndopin, € AIlleewurx, AA.Illypenrosa.

Onucano HOBL IIacTMacoBi cuuHTUIATOPH, AKI MicTare kammiil i ragomimiii, Ha ocHoBi
MOJIMETHIMETAKPUJIATY 3 MACOBOK UYACTKOK MeTaay, mo gocarac 2% i 4%, sizmosimmo.
IlpencraBieno MeTOAMKM OTPMMAHHS HOBMX MaTrepianiB i iX OCHOBHI XapaKTepUCTHKH:
CIIEKTPH IIPONYCKAHHHA, Pe3yJbTATH BUMIipIOBaHHSA CBiT/IOBUXOAY i edeKTMBHOCTI peecrparii
TeIIoBUX HeMTpoHiB. CBiTiOBuXix cummHETHIATOpa, 1o Micturs 2% wragmiio, ckiaazae 67%
LI040 3pasKa, I10 He MIiCTHUTh METAaJ; CBITIOBUXix ragoaiHiiBMicHOTO ILIACTMACOBOIO CI[UH-
Tunaropa 3 4% wmerany, SHIKYEThCA 10 67.6% . B 000x cepiax cumHTHAALMINHENX MaTepianis
crocrepiraeTbca 3aKOHOMIipHe 30inbuieHHs ederkTHBHOCTI peecrpallii TemnoBux HeHATPOHIB.
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1. Introduction

Fundamental and applied problems of
modern physics motivate the development
and improvement of currently known scin-
tillation materials, including scintillators
for thermal neutrons detection. Organic
scintillators (0S), liquid (LS) and plastic
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scintillators (PS), are especially popular in
this relation. They have plenty of advan-
tages such as: high transparency, high ra-
diation resistance, relatively low cost and
simplicity of detectors creation with any
shape, configuration and volume.

Being composed of carbon and hydrogen,
organic scintillators are the most sensitive
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Table 1. Main characteristics of the new Cd-PS

Parameter Mass fraction of cadmium, %
0 0.5 1 1.5 2
Transmission (A = 420), % 82.86 76.06 69.35 67.95 64.60
Density, g/cm? 1.170 1.167 1.168 1.150 1.146
Relative light output, %~ 100 84.30 78.95 70.73 67.22
Efficiency of thermal neutrons 0 1.5+0.15 2.4+0.24 2.4+0.24 6.8+0.68
registration (E<0.5 eV), %
N(Cd), atoms/cm?3, 1022 0 0.003 0.006 0.009 0.012
N(H), atoms/cm3 1022 5.41 5.40 5.40 5.32 5.30
* Relative to the unloaded plastic scintillator.
Table 2. The main characteristics of the new Gd-PS
Parameter Mass fraction of gadolinium, %
0 0.5 1 2 3 4
Transmission (A = 420), % 78.50 69.84 71.91 68.46 66.68 64.67
Density, g/cm3 1.164 1.183 1.165 1.155 1.183 1.182
Relative light output, %~ 100 85.30 80.30 76.70 72.00 67.60
Etfficiency of thermal 0 5.840.06 | 10.3+1.03 | 11.841.18 | 12.8+1.28 |13.5+1.35
neutrons registration
(E<0.5 eV), %
N(Gd), atoms/cm3, 1022 0 0.0023 0.0045 0.0088 0.0136 0.0181
N(H), atoms/cm?3, 1022 5.38 5.43 5.32 5.21 5.27 5.12

* Relative to the unloaded plastic scintillator

to charged particles (electrons, protons, o-
particles, cosmic muons, etc.) and for neu-
trons with energies above 100 keV.

An increase of OS sensitivity to thermal
neutrons is possible by doping wih the iso-
topes of elements with high thermal neu-
tron capture cross-section, such as, for ex-
ample, 195Gd, 19’Gd and 18Cd [1]. Cad-
mium and gadolinium compounds may be
used without preliminary enrichment due to
high content of these isotopes in the natural
mixture. The molecular nature of lumines-
cence of organic scintillators allows direc-
tionally modify the material properties
without significant changing of their scin-
tillation properties.

That is why gadolinium-loaded liquid
scintillators (Gd-LS) are the base of a num-
ber of large-scale detectors in the field of
neutrino physics: PALO VERDE [2-4],
CHOOZ [5], DOUBLE CHOOZ [6-8], DAYA
BAY [9, 10], RENO [11, 12].

As for the gadolinium-and cadmium-
loaded plastic scintillator (Gd- and Cd-PS),
an experience of their production is ex-
tremely poor. Information about Gd-PS is
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limited to three publications [13-15]. Plas-
tic scintillators containing cadmium are not
described in the literature at all.

The aim of the present research is to
expand the number of organic scintillation
materials for thermal neutrons detection.

Basing on our previous experience [15],
we have prepared Gd- and Cd-loaded po-
lymethylmethacrylate based PS with mass
fraction of metal up to 4 % and 2 %, re-
spectively. The complex compounds of Gd
and Cd chlorides with phosphoric acid hex-
amethylthriamide (HMPTA) were used as
element-loaded additives.

2. Experimental

Initial materials. Standard methods were
used for purification of the initial materi-
als:

— cadmium and gadolinium chlorides was
purified by recrystallization from ethanol;

— benzoyl peroxide — by recrystalliza-
tion from methanol-chloroform mixture;

— methylmethacrylate and HMPTA were
purified by distillation at atmospheric pres-
sure and vacuum distillation, respectively.
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Fig. 1. Dependence of relative light output on
mass fraction of the metal for Cd-PS (line
with circles), and Gd-PS (line with triangles),
and Gd-PS described in [15] (line with
squares).

2,5-Diphenyloxazole (PPO) (reagent-
grade qualification), 1,4-bis(5-phenyloxazol-
2-yl) benzene (POPOP) (reagent-grade quali-
fication) and naphthalene (reagent-grade
qualification) were used without additional
purification.

Synthesis of Gd-loaded additive. A
weighed portion of gadolinium chloride
hexahydrate and dry toluene were placed
into a round bottom flask. The flask
equipped with a dropping funnel and a noz-
zle for water separation was placed to an oil
bath. The mixture was boiled until the com-
plete separation of the water. After this the
appropriate amount of hexamethylphos-
phoramide (molar ratio of HMPTA:GdCl;
was 3.1:1) was added dropwise into the
flask. The reaction mixture was heated
until the complete separation of the water.
The resulting solution was filtered and left
to precipitate the crystals of the complex.
The precipitate was filtered on a Buchner
funnel and dried in a vacuum desiccator
containing calcium chloride. The product
was recrystallized from toluene and dried to
constant weight in a vacuum desiccator.

The content of gadolinium chloride in
the resulting compound corresponded to the
composition [Gd(HMPTA);Cl3].

Obtaining of metal-loaded plastic scintil-
lators. Gd- and Cd-loaded PS were produced
by the bulk polymerization. HMPTA and
cadmium  chloride (molar ratio of
HMPTA:CdCIl, was 4.1:1) or complex com-
pound of gadolinium chloride with HMPTA,
naphthalene (15 %), PPO (1.5 %), POPOP
(0.08 %) and benzoyl peroxide (0.1 %) were
dissolved in the preliminary measured
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Fig. 2. Transmission spectra of Cd-PS sam-
ples with different mass fraction of cadmium
(line without symbols — 0 % Cd, open
squares — 0.5% Cd, solid squares — 1.0%
Cd, open circles — 1.5% Cd, solid circles —
2.0% Cd).

amount of methylmethacrylate. The result-
ing solutions were placed to glass vials
which were carefully evacuated, filled with
argon (0.88 bar) and sealed. After this the
vials were placed to polymerizer. When the
polymerization completed, we used the scin-
tillating plastics for producing the samples
with the dimensions: 27 mm in diameter
and 10 mm long. All the surfaces were
thoroughly polished.

Method of measuremenit. Transmission
spectra of the samples were measured by
UNICO UV-2804 spectrophotometer relative
to air with a scanning step of 1 nm. Light
output was measured as described in [15].
207Bj was used as a radioactive source. The
efficiency of thermal neutrons registration was
measured as described in [16].

3. Results and discussion

As a result of the polymerization proc-
ess, two series of PS samples were obtained:

— Cd-loaded scintillators based on po-
lymethylmethacrylate with the mass frac-
tion of metal of 0 %, 0.5 %, 1 %, 1.5 %
and 2 %;

— Gd-loaded scintillators based on po-
lymethylmethacrylate with the mass frac-
tion of metal of 0 %, 0.5 %, 1 %, 2 %,
3 0/0 and 4 0/0.

Transmission spectra, light output and
efficiency of registration of thermal neu-
trons were measured for all samples (the
main characteristics of the new plastic scin-
tillators are summarized in Tables 1 and 2.

The increase of the metal concentration
in the both series of samples leads to a
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Fig. 8. Transmission spectra of Gd-PS sam-
ples with different mass fraction of gadolin-
ium (line without symbols — 0 % Gd,
squares — 1 % Gd, triangles — 2 % Gd,
circles — 4 % Gd).

natural decrease of light output (Fig. 1, Ta-
bles 1 and 2). Light output of the scintilla-
tor with the maximum metal concentration
is 67.0 % for Cd-PS and 67.6 % for Gd-PS,
relatively to the metal-free sample. This ef-
fect is obviously due both to luminescence
quenching, caused by the presence of metal,
and reduction of the samples transparency
(Fig. 2, 3). Comparing the obtained results
with the results of [15] it was found that in
the present study we could not only increase
the metal content in Gd-PS samples, but
also reduce the depression of light output
by increasing the concentration of gadolin-
ium (Fig. 1). Investigations of the efficiency
of thermal neutron registration by the new
materials (Fig. 4) showed that the rise of
the mass fraction of cadmium leads to more
than double increasing of this parameter.
Introduction into plastic scintillator of 4 %
gadolinium leads to a fivefold increase of
the registration efficiency for thermal neu-
trons. Its concentration dependence is iden-
tical to the data from [15].

4. Conclusions

As a result of the work done, cadmium-
loaded plastic scintillators were produced
for the first time and gadolinium-loaded
ones were refined. The spectral and scintil-
lation properties of the new materials were
investigated. It was shown that increase of
the mass fraction of the metals in both se-
ries of plastic scintillators leads on the one
hand to decrease of the light output, on the
other — to significant increase of the regis-
tration efficiency for thermal neutrons.
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Fig. 4. Dependences of efficiency of thermal
neutrons registration on mass fraction of the
metal for Gd-PS (diamonds), and Gd-PS de-
scribed in [15] (squares). The efficiency of
thermal neutrons registration for the un-
loaded sample is taken as zero.
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Fig. 5. Dependence of efficiency of thermal
neutrons registration on mass fraction of the
metal for Cd-PS. The efficiency of thermal
neutrons registration for the unloaded sample
is taken as zero.
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