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1. INTRODUCTION

SCINTILLATION methods of counting and investi-
gating ionizing radiations employ essentially three
classes of luminescent substances: inorganic
crystals, organic substances, and inert gases,
Plastic scintillators, which are solid solutions of
organic luminescent substances in transparent
plastics (polystyrol or polyvinyl toluol)* form a
special group among the organic scintillators,
apart from crystals and liquid solutions. Plastic
scintillators (PS) have a relatively high light yield,
amounting to one half or two thirds of the light
yield of anthracene single crystals, which is the
best of all known organic scintillators in this re-
spect. The PS are "fast" detectors of ionizing
particles. The average scintillation lasts from

10 "’ to 10~ ® seconds. By a suitable choice of
luminescent additives it is possible to bring the
glow spectrum of PS into good agreement with the
spectral sensitivity of the registering instruments
(photoelectronic multiplier). PS have good me-
chanical strength, are not hygroscopic, can be used
inside evacuated apparatus, and also over a wide
range of temperatures. If, furthermore, one
takes into consideration the simplicity in manu-
facture and the relatively low cost of PS, their
advantages over both single crystals and liquid
scintillators become evident.

Plastic scintillators have been treated in a
large number of papers. Various methods of
manufacture of PS, and the luminescent charac-
teristics which are of importance in the practical
utilization of these scintillators have all been
reported. In addition, the literature contains
results of investigations on the luminescence of
PS, which are also of great theoretical interest.
The distinguishing characteristics of these systems,
namely the possibility of introducing various types
of impurities and the almost complete absence of
diffusion of molecules or radicals, allow certain
important information to be obtained concerning
the mechanism of glow of organic substances

*Several hypotheses have been advanced conceming the ag-
gregate state of luminescent additives in plastics. See below.

856

under the influence of ionizing radiations (radio-
luminescence).

In the present article we have attempted to
systematize the available data on plastic scintil-
lators. We took account of the fact that some of
the results have been gathered in monographs 1-3
and survey articles 47. Ref. 5 contains also a
survey of the experimental methods of investigating
scintillation properties.

2, METHODS OF PRODUCTION

The luminescent characteristics of PS depend
substantially on the composition of the scintillator
(the base substance and the luminescent additives)
and on the method of production. From among the
tested production methods,®12 the best results
were obtained by polymerization of solutions of
luminescent substances in certain monomers,
namely: styrol,”!3 mixture of styrol and vinyl
tetraline,!® and vinyl toluol.”® Two methods of
polymerization are used: polymerization in the
presence of a catalyst at low (50° C)!4 or medium
(120° C) »16 temperatures, and thermal poly-
merization at medium (140° C)**>'7 or high
(200° C)'® 1 temperatures. The first method is
rarely used at present, since the catalyst reduces
greatly the light yield of the PS, 20 The presence
of oxygen in the polymerization process is equally
undesirable. The oxygen is removed by freezing
the solution ’ or by nitrogen bubbling.!%2!

Thermal polymerization techniques, which
make possible the preparation of large plastic
scintillators, have been developed.??24  Thus,
for example, polystyrol-base scintillators 107 cm
in diameter and weighing approximately 100 kilo-
grams were produced.?4 However, a more prom-
igsing method of producing plastic scintillators of
large size and arbitrary form is, apparently, by
die casting of ready-made luminescent plastics.”- 21

For certain application of scintillation methods,
very thin scintillators are necessary. Thin PS (to
0.02 mm) have been prepared by pressing scintil-
lating plastics at a temperature somewhat lower
than the melting point.?’

The greatest light yield (scintillation efficiency)
is possessed by a PS based on polyvinyl toluol with
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n-terphenyl or PBD additives.* Thus, scintillators
prepared by thermal polymerization of vinyl toluol
(at 125° C for four days) with additives of 2% PBD
and 0.1% PPS have an efficiency equal to 55% of
that of an anthracene crystal.l’ According to the
advertised claims, the efficiency of the PS type
NE-102 is 60 to 65 % of commercially available
anthracene. Data on other effective PS with
polystyrol and polyvinyl toluol bases are found also
in refs. 26--28.

3. LIMINESCENT CHARACTERISTICS

The most important characteristics of a
scintillation counter are its energy and time re-
solution. The quantities depend both on the para-
meters of the photomultiplier and on the properties
of the scintillator. The time resolution depends on
the time distribution of the luminescence photons
that are incident on the photomultiplier, i.e., on
the form of the scintillation. The energy resolution
of the counter is determined by the amount of
energy absorbed in the scintillator per photoelec-
tron emitted from the photomultiplier cathode, i.e.,
it depends on the number and spectral distribution
of the photons incident on the multiplier. Still
another important characteristic of a scintillation
counter is the degree of its "proportionality”. In
a proportional counter the output pulse of the
photomultiplier should be directly proportional to
the energy absorved in the scintillator. Since one
can assume that the multiplier gives a linear
amplification, the question of counter proportionality
reduces to the question of the dependence of the
luminescence yield on the energies of the various
ionizing particles. Thus, the properties of a
scintillation counter are directly related to such
scintillator characteristics as the luminescence
yield, glow spectrum, and duration of scintillation.

The luminescent characteristics depend not only
on the substance of the scintillator but also on its
dimensions and conditions of light gathering, since
in the case of complex molecules there is a con-
siderable ovelap of the absorption and emission

*From here on we use the following abbreviated notation for
names of chemical compounds: r - terphenyl --3P; 2, 5-diphenyl
1, 3-oxazol -- PPO; 4, 4. - diphenylstilbene --PPS; 1,1, 4,4"-
tetraphenyl - 1, 3 - butadiene --4 PB; 1, 3, 5- triphenyl- A 2. pyra-
zoline -- 3PP; 2-phenyl -5 (4 -biphenyl)-1, 3, 4-oxidiazol --
PBD; 2-(1-naphtyl) - 5-- phenyloxazol --6 NPO; 2, 5-di-[4-bi-
phenyl] - oxazol -- BBO; quarterphenyl--4 P; 1, 5- diphenyl -3 -
-A2 -pyrazoline --PPS P; 1, 4-di- {2-(5-phenyloxazoly)}
--benzol -- POPOP; 2, 5-diphenyl -1, 3, 4-oxydiazol -- PPD.
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spectra.29 The absorption of the intrinsic

luminescence, or reabsorption, is accompanied
by secondary fluorescence. Reabsorption, gener-
ally speaking, results therefore in a redistribution
of the photons in the external glow spectrum
(attenuation of the short-wave portion of the spec-
trum), in a reduction of the yield, and in an in-
crease in the duration of the glow. Therefore the
external, or fechnical, characteristics can differ
substantially from the "internal" or physical ones.

3.1. Glow Spectra

It is known that the fluorescence spectra of
organic substances always correspond to transi-
tions from the first electronic excitation levels of
the molecules to the ground state (independent of
the wavelength of the exciting light). Experiments
show that this rule holds also for the excitation by
high energy particles--the radioluminescence
spectra coincide with the fluorescence spectra. In
particular, this is true also for substances from
which plastic scintillators are prepared.9’ 19,30
However, the situation is somewhat more compli-
cated in the case of plastic scintillators. The ex-
citing ionizing radiation is absorbed principally in
the base component, since the concentration of the
additives usually does not exceed several percent.
The electron excitation energy is partially trans-
ferred to the molecules of the additive in a non-
radiative manner, and leads partially to fluores-
cence of the base component (see Sec. 4.3). If the
concentration of additives in the plastic scintillator
is very small or if the scintillator is thin, the
external glow spectrum contains this fluorescence,
attenuated by absorption in the additive.*’

The fluorescence spectra of the additives in
plastic scintillators correspond in most cases to
the spectra of the same substances in liquid solu-
tions. An exception is observed for anthracene,’!
which enters into a chemical bond with the poly-
styrol, 3133 and also for n-terphenyl in polystyrol,
the fluorescence spectrum of which (at concentra-
tions greater than 1%) contains the bands of the
crystal.“ Table I indicates the positions of the
maxima of the molecular fluorescence spectra of
certain organic compounds used for the production
of plastic scintillators.

The influence of reabsorption on the glow
spectra of polystyrol can be seen from Fig. 1.
The ordinates represent the relative number of
photons per unit wavelength interval, and the spec-
tral curves are normalized to the long-wave sec-
tion. The degree of reabsorption depends on the
dimensions of the plastic scintillator and on the
additive. However, even in scintillators of small
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TABLE I. Maxima of molecular spectra of
fluorescence of certain organic

substances? 1417, 19,30, 32, 35,37
Chemical ' , . ' Chemical | i
compound Amax " 2 compound | Mmax ™
Polystyrol ;

i Pgly tzrc‘) 310 " PPS ‘ 409

;o vy | POPOP b4

 toluol ~315 |l eveo : 402

L ap ‘ 34 " BBU 408

[ PPD ~350 1 4PB ‘ 435

' PBD ~370 3PP T

L PPO : 382 PPS,P 490

L4p 375-—300 |

volume (~ 1cm3), reabsorption causes the loss of
a considerable fraction of the photons 3% The re-
absorption is substantially less in plastic scintil-
lators with two luminescent additives. In these
scintillators the excitation energy is transferred
nonradiatively from the base substance to the first
additive (~3% by weight) and from it to the second
additive (£ 0.1%) via the photon mechanism. The
concentration of the second additive is sufficient

n(3)
1wt
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FIG. 1. Luminescence spectra of polystyrol. 37 1--excita-
tion by the Hg 2537 A line, specimen thickness 0.5 mm, mea-
surement on the excitation side, 3--the same, measured in
direction of exciting radiation (“by transmission”). 2--excita-
tion by B particles, measured #by transmission,” thickness
0.5 mm. 4--the same, thickness 10 mm,

for almost complete absorption of the fluorescence
of the first additive, but is still small and causes
little self-absorption (Fig. 2). The influence of the
second additive (or the spectrum mixer) is not
confined to reabsorption. The spectrum mixer
changes the very kinetics of the glow process
(Section 3. 3).
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FIG. 2. Luminescence
spectra of plastic scintil-
lators with 0,017 g/g 3PP
(curve 1), and with 0.02
g/g 3P and 0.0006 g/g

3PP (curve 2). EN 26k 21 |t
Specimen thickness 10 mm. ~

Excitation -- A particles.
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3.2, Luminescence Yield. Scintillator Amplitude

The absolute energy yield of photoluminescence
is defined as the ratio of the total glow energy to
the absorbed exciting energy. ¥ It is assumed
here that there is no fluorescence reabsorption in-
side the luminophor, i.e., the energy ratio is taken
for a volume element Av 0,38 In excitation by
corpuscular radiation* the energy lost by the pri-
mary particle in a certain scintillator volume
element may cause excitation of molecules located
at a finite distance from this element (owing to fast
secondary electrons). Therefore the fluorescence
energy yield of an ionizing particle of energy E can
be defined as

dL 1
B=t, (1)

where JE is the energy lost by the particle along a
path dx, and dL is the energy of the luminescence
light, excited because of dE . **

Experience has shown that the yield of organic
substances in the condensed phase depends, gener-
ally speaking, on the velocity and charge of the
particle. As the specific loss dE/dx is decreased,
the yield increases, reaching a maximum value 3,
at JE /dx E 4 Mev/ cmA0 On the basis of (1), the
mean yield from a completely stopped particle of
initial energy £, will be

Ey

B 1 . L

B=g \ BE)AE= 1, (2)
0

where /, is the summary luminescence energy. If
the mean photon energy in the emission spectrum
is A7, then the amplitude of the scintillation (num-
ber of photons per flash) is

E
S=5 Bo (3)

*For y or x rays the excitation is due to secondary electrons,
for neutrons it is due to recoil nuclei or products of nuclear
reaction.

**We mean only energy losses due to excitation and ionization
of the scintillator substance.
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and the specific amplitude of the scintillation (or
the number of photons per unit of absorbed excit-
ation energy) is

s(B)=EPFands=L | (4)

hv h

el

Scintillators are used not only for particle
counting, but also for measurement of radiation
intensity or for dosimetry. In this case it becomes
meaningful to speak of the energy yield of lumines-
cence for a given radiation, i.e., of the quantity

= O
B=7, (5)

where ® is the luminescence intensity, D the dose
absorbed in the scintillator. The quantity B de-
pends on the spectrum of the primary exciting
particles,* o (£,)):

§ B(E,) 40 (Eo) dE,

B = ,
§ Eoo (£,)dE,

Measurement of the energy yield of radio-
luminescence involves three problems: 411 de-
termination of the absolute sensitivity of the pho-
tomultiplier in the wavelength interval of interest,
2) determination of the exciting radiation energy
absorbed by the scintillator, 3) determination of
the total luminescence energy from the measured
light flux incident on the photomultiplier. The
greatest difficulties are caused by the last problem,
particularly in connection with the need for ac-
counting for self-absorption and secondary fluores-
cence, Certain methodological indications are
contained in refs. 41--44., A detailed description
of the procedure as applied to plastic scintillators
excited by y rays is given in ref. 39. For plastic
scintillators with 1.5 x 10~28/g 4PB  added, pre-
pared by thermal polymerization at high temper-
ture, 17 the energy yield is

B=0.038

(excitation by y rays from Co%%y, Since the mean
photon energy in the spectrum of 4PB is 2.66 ev ,
the specific scintillation amplitude is

§ = 0.014 photons / ev.
The corresponding value for crystalline anthracene

ranges from 0.021 (ref. 43) to 0,036 (ref. 42),
i.e., is approximately twice as large.

*In y excitation this is the spectrum of the Compton elec-
trons and photoelectrons.

In other papers reporting on the determination
of the luminescence yield of plastic scintillators,
the external yields of plastic scintillators were
compared with the yield of crystalline anthracene
or stilbene without allowance for the differences in
the glow spectra and degree of reabsorption, i.e.,
the so-called scintillator efficiency relative to
anthracene or stilbene was given. This efficiency
depends on the dimensions of the scintillators and
on the spectral sensitivity of the photomultiplier3’ 28
(see also Table II). In addition, the scintillation

TABLE II. Relative efficiency of plastic scin-
tillators of various sizes as a function of the
luminescent additives and of the photomulti-
plier."5 The plastic scintillator had a poly-
styrol basel’ The specimens were cylindrical
Excitation with 8 particles from Cel44 --Pr 144

! Relative efficiency with:

! Concentra-
' . tion in gram FEU-19 | FEU-IC
Additives |per 100 gram|  at a specimen height, mm
of styrol |™ ™5 | 30 | 75 | 20 | 30
|
3P4-3PP 2-4+0.04 50 | 50 | 50 | 50 | 50 | 50
3P-4PB 3-+0.02 50 | 48 | 4T | — | 49 | 46
3P--4P 34+0.1 56 | 49 | 45 | 33 | 38 | 34
PPO 1.2 54 | 46 | 43 | 24 | 37 | 24
PPS:P 1.8 20 | — 17 | — | — 1 23

characteristics of stilbene crystals and particularly
of anthracene crystals depend strongly on the man-
ufacturing methods and on the storage conditions. >
All this makes it difficult, sometimes even impos-
sible, to compare the results obtained by various
authors. Table III lists the relative efficiencies of
several types of plastic scintillators made by the
British firm Nuclear Enterprises and of our own
plastic-scintillator specimen 4% used with various
photomultipliers, and also the ''technical' scintil-
lation amplitude, which characterizes these plastic
scintillators without reference to the photomulti-
plier.

Let us now consider the investigations of the
"proportionality’ of plastic scintillators. Dhar 46
measured the photomultiplier output pulse ampli-
tude (¥) produced in response to excitation of a
plastic scintillator (3p + 4PB in polyvinyl toluol} by
monoenergetic electrons (£ = 290 - 980 kev) . H
increased faster than E, at least up to 800 kev. In
contrast with this, Bisi et al.4” found H to be
proportional to E in the electron energy range from
180 to 2380 kev.*® A linear relation between H and E
was also obtained 8 for plastic scintillators with
4PB (electron energy 478--1040 kev). The lumi-
nescence yield decreases with energy for « par-
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TABLE III. Relative efficiency of plastic scintillators with
different photomultipliers.4S Cylindrical specimens
measuring 1.1 inch and 1 inch high without
reflectors.

Relative efficiency* with:

Scintillator FEU - 29

FEU -~ 1cC

External magnitude

RcA-5819 | of scintillations**

Pamilon
NE-101
NE-102

PS ~1EEE)
PS -2
PS-3

48 I
61 I

54 2
56
60
32 49
63

53

3P +PPS in polyvinyl toluol.

*Measurements based on the average current at excitation with § particles
from Cel44 -- Pr144 and based on the heights of the pulses for 624-kev electrons
give equivalent results, For NE-102, the efficiency is taken to be 60.

**Measurement with the aid of a quantum counter, which makes optical con-
tact with the scintillator. Arbitrary units,
**¥*¥PS.1: 3P+3PP in polystyrol; PS-2: the same in polyvinyl toluol; PS-3:

ticles. The decrease is faster than in crystal line
anthracene

The "nonlinearity" of a scintillator is custom-
arily characterized by the so called «/8 ratio, the
ratio of the two average luminescence yields of
particles from Po 2!0and high-energy electrons,

i.e., - X
B _ Hu Ep

B, — e Hg ’

D,y=

For organic crystals, the a/B ratio is approxi-
mately 0.10%%4°  For liquid and plastic scintil-
lators it ranges from 0. 08 to 0.12, %4951  Here
Daﬁ depends on the concentration of the luminescent
substance. Thus, for n-terphenyl in toluol D g=
0.06 at a concentration of 0.2 g/l and 0.09 at a
concentration of 8 g/1. The data of reference 35
yield for plastic scintillators an inverse concen-
tration dependence: Daﬁ decreases with increasing
concentration of the additive.

The luminescence yield of plastic scintillators
depends on the temperature. References 18, 53,
and 54 are devoted to an investigation of this de-
pendence. It was found, in particular, that for
certain types of plastic scintillators the external
radioluminescence yield changes little over a wide
range of temperatures. For other plastic scintil-
lators, the temperature dependence is stronger and
is sometimes characterized by a sign reversal
(Table IV). The temperature quenching depends on
the concentration of the additives and diminishes
with increasing concentration (Fig. 3). A com-
parison with the temperature quenching of the
fluorescence of the additives shows that the con-

centration effect is connected with an increase in
the efficiency of the non-radiative excitation—en?rgy
transfer from the polystyrol to the additive. 53,3

TABLE IV. Plastic scintillator efficiency as a
function of the temperature.>® Scintillators
with polystyrol base.!® Cylindrical specimens
16 mm in diameter and 10 mm high, Excitation
with y rays from Co®®. Measurement of
intensity of glow of FEU~19. The temperature
of the FEU was not measured.

Relative efficiency at the follow-
Lumines- (%onqen- ing temperature (°K):
ration
cent | am per
additive |{o0 gram| 106 | 140 | 190 | 240 | 290 | 340
Pure — 52 41 32 24 17 11
polysty-
rol
4PB 1,5 98 106 110 108 100 78
3PP 1,0 104 103 102 101 100 92
3P+4PB (3,040,053 134 | 134 | 133 | 132 | 122 | 108
L ]

For pure polystyrol, the temperature radiolumi-
nescence quenching (excitation with «, 8, and y
rays) does not differ from fluorescence quenching,
within a measurement accuracy range of = 5%. >3
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FIG. 3. Extemal yield of luminescense of a plastic scintil-
lator with 3PP as a function of the temperature. ¥ Excitation
with y rays. Specimen thickness 10 mm. The numbers against
the curves indicate the concentration of the additive (in g/g).
The curves are made coincident at T = 110° K. Dotted cutrve--
excitation with a particles.

An important characteristic of the scintillator
is its radiation stability. It is known, for example,
that the amplitude of anthracene scintillations is
reduced by one-half after exposure to a flux of
approximately 10 !! « particles from Po2!® per
em? , or to approximately 10 14 4_Kkev electrons per
em? (reference 1). The radiation stability of
scintillators with a polystyrol base is considerably
higher >*°> (see Table V). In this case the yield

TABLE V. Damage to polystyrol-base scintil-
lators irradiated by « particles from Po ?1°
(references 55 and 56)

Dose (erg/g) causing
a reduction to 1/2

Luminescent Concen- jTransmission
additive tration, tof light of its| lumines-
g/100-g |own lumines-|cence yield
cence
Pure poly styrol o 1.6-1010
4PB 1.5 32100 9.0-10¢
3P4+4PB 2.5+0.01 — 6.1-10°
to 0.12 — 5.6-10°
Anthracene — — 1.0-108 %
crystal

of the radiation-damage reaction produced by 8
rays is approximately 1/6 to 1/8 that produced by
a particles. Irradiation of pure polystyrol, and
also of scintillators in which it serves as a base,
is accompanied in the presence of air by reduction
in emission of intrinsic luminescence and a faster
decrease in yield (Table V). The coefficient of
additional absorption increases in proportion to the
radiation dose received by the scintillator. Thus,
in irradiation with a particles the coefficient of

absorption for the group of mercury lines (r=366
mp) is
w=3.4.10"D ecm™ 1,

where D is the dose in erg/gram. This relation
has been verified up to D ¥'6 x 10 1! erg/g. 5

The authors of references 55 and 56 offer the
following explanation for the kinetics of radiation
damage of scintillators with a polystyrol base. The
ionizing radiation produces in the polystyrol
chemical substances which are highly absorbing in
the ultraviolet region of the spectrum (see also
references 58 and 59). The reaction has a rela-
tively low yield, and this insures proportionality
between the concentration of the radiation-damage
product and the dose, up to very high doses. The
radiation-damage products cause dynamic quench-
ing of the luminescence of the polystyrol and
principally static quenching of the additives (or
quenching of second and first order respectively).
The dynamic character of the quenching of the glow
of polystyrol is confirmed by the reduced duration
of glow with increasing dose. 45

3.3 Duration of Glow. Form of Scintillations

The kinetics of scintillations in plastic scintil~
lators is determined by the presence of additional
quenching, due to the specific nature of the excita-
tion by ionizing particles, by the excitation-energy
transfer to the luminescence additive, and by the
fluorescence of the additive. An investigation of
the kinetics of the glow is an important means of
clarifying the mechanism of these processes and,
in particular, of the transfer of excitation energy.60
We begin the examination with the final stage of the
scintillation -- fluorescence of the additive.

The fluorescence of dilute solutions of organic
substances attenuates exponentially. This can be
readily understood. All the excited molecules are
under identical conditions, and there aré no inter-
actions between them. In concentrated solutions or
in the presence of inductive-resonance excitation-
energy transfer to any other substance, the attenu-
ation is no longer exponential. 61’ 62 Generally
speaking, the exponential nature of the attenuation
of fluorescence may also be violated because of
reabsorption with the accompanying secondary
fluorescence. ® %

At the present time the most sensitive method
of determining whether the attenuation of short-
duration glow is exponential is the fluorometric
method. It is well known that the difference in
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phase ¢ between the intensity of the glow and the
exciting radiation, modulated at a frequency w, is
related to the attenuation L(#) by the following

formula «© .
. § L(2)sin wtdt
tan ¢ =20 -
§ L(t)cos wrdi
4]
In the case of an exponential law

(6)

L(t)y=Lye~7
the "fluorometric time"
1_1 I S
,f = .';)tan(ph X—T

is independent of the modulation frequency and
equals the mean duration of glow. Thus, to test
whether the attenuation is exponential it is enough
to measure ¢ for several values of . Such
measurements were carried out for plastic scintil-
lators in a multiple-frequency fluorometer with
electron beam.65 It was found that, within the
limits of accuracy of measurements (2 x 16710
sec), the fluorescence of 4PB and 3PP in polystyrol
attenuates exponentially, in spite of the consider-
able increase in the mean duration with concentra-
tion of the additive (Fig. 4). These results are in
agreement with the theory.%4

7 10% gec
B

4-//_.\\;

KA

w7 s W02
Cg/g
FIG. 4. Mean fluorescence time of additives in a plastic
scintillator as a function of the concentration. %4 Curve 1--
4PB, 2--3PP.

sz s

The kinetics of scintillations of plastic scintil-
lators with one luminescent additive is considered
in reference 66. If N;, molecules of the main
substance and N,, molecules of the additive are
excited at t = 0, then

We  doNyt Ny (1) ™
or
t
Ny @ =Ny {ay+ SR @y emar ), g
1}
where A7l=: is the fluorescence time of the

2 2
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additive, with allowance for secondary glow,
NioR{#) is the number of excitation-energy trans-
fers from the main substance to the additive per
unit time at the instant t, and  a,=N,3/Njy. By
definition, the mean scintillation time 1s

o

§eav,

T, =

3 L]

0
L
§ dan,
§

where dV, is the number of molecules of the addi-
tive that lose their excitation energy within the
time interval ( 4:+4; ). Calculations yield

e

{ 1R, (3 at

; R

T, =Ty 1 Ty Tye = =
at+§ Ry () dt
0

s

The mean scintillation timer; , exceeds the fluo-
rescence time of the additive -, by a quantity r;, ,
which depends on the mechanism of the excitation-
energy transfer from the main component to the
additive.

An experimental determination of r,
with a multiple-frequency phase fluorometer.
Subject to an attenuation law (8), formula (6) yields

P =Py + Pra»

was made
65

oo 10
SRI sin ot dt (10)

Y

tan @, = 0T,, tan @3 = =

ay 4+ § Ry cos ordt
v

Consequently, by measuring ¢_ and ¢, separately
it is possible to calculate the "fluorometric time"

of transfer

f_1
2% tanqS12

The results of the measurements for 3PP in poly-
styrol are shown in Fig., 5. The rapid reduction in

1 9
FC-" tan ¢ ;,107 sec

/ 8’8 ’[/0

17414011056
15 11,8810.921047
I

A
206

10°* 0 0 it

5/8

FIG. 5. “Fluorometric time” of transfer as a function of the
concentration of 3PP in a plastic scintillator.66 Modulation
frequency: Curve 1--20 Mes, 2--15 Mces, 3--12 Mes, 4--8 Mes.
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TABLE V1. Time of additive fluorescence, ty) and scintil-
lation time, ¢, in plastic scintillators.

Composition of scintillator
|

f e

!

7y 10-9 sec . W 'gec

Pure polystyrol . . .. ...........

Polystyrol +0.015 g/g 3PP
Polystyrol +0.015 5/5 4PB

Polystyrol +0.04 g/g 3P

Polyvinyl toluol +

g/g PPS. ... ..

Polystyrol +0.03 g/g 3P +0.0002 g/g4PB | :
oL o i [ g
Polystyrol +0,03 g/g 3P +0.001 g/g 4P . |
Polgstgrol +0.013g 5 PPO. .. gg . |
0 g/g 3P L
Polyvingl toluol +0.04 g/g 3P +0.0002
g/gdPB ... oo
Polyving/l toluol +0,04 g/g 3P +0.001

.. :g;}_om

Methods of scintillation measurements: references 5 35 and 70 - oscillography
of an RCA-5819 photomultiplier current excitated by x-ray pulses; reference66
-- oscillography of the current of a FEU-IV photomultiplier excited by a Po-Be |
compound; reference®? -- phase method with excitation by 30- kev electrons. |
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with increasing concentration of 3PP is evidence
that at high additive concentrations the excitation-
energy transfer is principally nonradiative, i. e.,
it occurs before the photons are emitted by the
polystyrol. At a higher transfer speed, R, reaches
negligibly small values even at ;<<1/0 , and its
value, according to (10) and (9), should be

f
T

12

I

Tya-

According to Fig. 5 this takes place for an additive
concentration ¢ 0. 01 g/g, when

T, < 1.5-107° sec.

Attention must be called, however, to the fol-
lowing circumstance. It is known that the "techni-
cal" scintillation time in organic crystals exceeds
the fluorescence time. ! At the same time, Eq. (7)
contains the suggestion that the glow time of the
additive is the same when excited by particles as in
photoexcitation. Experiment confirms the correct-
ness of this assumption, particularly for electrons:
at high concentrations of the luminescent substance
the scintillation time :  coincides with the fluo-
rescence time,%6: 67

Thus, in a plastic scintillator with optimum
concentration of additive (Section 2), the form of
the scintillation is characterized by the presence of
a maximum at ¢~ 10~ sec.  After the maximum
is reached, the attenuation of scintillation should
follow an exponential law with a time constant =",
(reference 66). Unfortunately, the large time
dispersion of the photomultipliers (>10~?sec.)
does not make it possible as yet to investigate the
initial portion of the scintillation curve by means
of direct oscillograms.®® Usually the initial
section of the oscillograms is discarded and the
mean scintillation time is determined from the

decreasing portion. The data available in the
literature have been gathered in Table VI. Only in
the case of plastic scintillators with 4PB8 do we
have results obtained by different methods. The
lack of agreement between the "oscillographic'>> 6
and "fluorometric" ™ data is possibly due to insuf-
ficient allowance for the time dispersion of the
photomultiplier in the oscillographic measurements.

The presence of a second additive or spectrum
mixer (¢<10~3g4/g  in the plastic scintillator
complicates the kinetics of the glow, since an
additional process appears -- the transfer of
energy from the first additive to the spectrum
mixer, proceeding principally via the photon
mechanism. Thus, it follows from Table VI that
the addition of 4PB or 4P to scintillators with n-
terphenyl leads to an increase in the scintillation
time. It is somewhat less than the fluorescence
time of the spectrum mixer (Table VII), owing to
the absence of secondary fluorescence of the first
additive and the presence of non-radiative transfer
to the mixer.

TABLE VII. Increase in the mean duration of
scintillations of plastic scintillators with
0.02 g/g 3P in polystyrol, as a function of
the concentration of the spectrum mixer
—3PP.45Excitation with electrons. Mea-~

surement by fluorometric method. 65

| . { Fluorescence ’
; CO;;;“t’atm" | 8, o~ sec time of 3PP |
v; 88 . (W0%sec) |
' o ] ! |
3.10-4 5 2.9 1 .6 |

‘ 2.10-3 2.8 4.1 ‘
)
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The glow of plastic scintillators, like the glow
of organic crystals, contains "slow' components.
Thus, according to data of reference 71, when
x-rays are used to excite a plastic scintillator
based on polystyrol and polyvinyl toluol with 3P as
an additive and with a spectrum mixer, three slow
components are observed:

| Attenuation constant (1076 sec) - - ’ 0.13 1 2.5 | ~40
Yield relative to the “fast”
component (%) ........... 6 4 0.7

At low temperatures (<150°K) the glow of the
plastic scintillator contains components which take
minutes to attenuate. 1854 The rate of attenuation
is independent of the luminescent additive and
decreases with decreasing temperature, In addi-
tion, in excitation with ¥ rays the plastic scintil-
lators exhibit a temperature glow with a maximum
near 120°K. Upon excitation with a particles the
yield of this glow is reduced by a factor of several
hundred. The author '®34 relates these phenom-
ena with radical-recombination processes, ob-
served in polystyrol under the influence of ionizing
radiation. The substantial differences between «
and ¥ excitation are attributed here to local tem-
perature rises in the track of the « particle.

4. ON THE SCINTILLATION MECHANISM

In an investigation of luminescence of organic
substances under the influence of hard radiation
(radioluminescence) it is advantageous to distin-
guish between two phases of the phenomenon. The
first phase, deceleration of the charged particle,
is accompanied by ionization and excitation of the
molecules of the medium. The second phase in-
cludes all the processes that occur in the irradi-
ated portion of the substance until the activated
molecules lose their charges and excitation energy.
Such a distinction is permissible, strictly speaking,
only for small sections of the track, since the
duration of the total retardation of the particle may
be found to be comparable or even considerably
longer than the duration of certain processes of the
second phase. But this is quite adequate if it is
considered that the direct interaction between the
activated molecules is significant only at short
distances (<100 4).* A feature of the first

*]t is easy to see that the “two-phase” analysis is applica-
ble also to organic crystals, where the exciton mean free path
is greater.
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phase, which substantially distinguishes radio-
luminescence from photoluminescence, is the non-
selectivity of action of the exciting radiation. This
nonselectivity is twofold. Firstly, the fast charged
particle is capable in final analysis of raising the
molecule to any excited state or to ionize it.
Secondly, the relative probability of different tran-
sitions depends little on the property of the par-
ticle itself. ** The second substantial feature is
that the primary activations, caused by the
exciting particle, are correlated in time and in
space. Since in this case the spatial density of
activation depends substantially on the velocity and
charge of the particle, the kinetics of the second
phase should also depend on these quantities.

Thus, the specific amplitude of the scintilla-
tion, or the energy yield of the radioluminescence,
depends on the amount of energy spent in the
excitation of one molecule, and on the ratio of the
speeds of the emission and quenching processes.
In multi-component scintillators the yield depends
also on the efficiency of excitation-energy transfer
to the fluorescent substance.

We consider below several of these questions.

4,1 Excitation and Ionization

The total number of excitation and ionization
acts (electron levels) is made up of processes due
directly to the primary charged particle and to
secondary electrons emitted from the molecules
(or atoms) during the ionization process. The
kinetic energy of the secondary electrons can reach
a maximum value

4m
Tm=—M—E

for heavy particles (>>m) and ;—E for elec-
trons. * Fast secondary electrons (§-electrons) ,
in turn, excite and ionize the molecules of the
medium, and this leads to the appearance of a
second generation of secondary electrons, etc.
Ionization by secondary electrons constitutes a
considerable fraction of total ionization. Thus, for
electrons with energies from 4 to 1500 kev the
ratio of the specific primary ionization to the
specific complete ionization is independent of the
energy and equals 0.44 for hydrogen and 0. 29 for
nitrogen, oxygen, and argon. For hydrogen-con-
taining compounds it has an intermediate value.”?

**We speak here of primary elementary processes. The yields
of many radiation reactions depend on the energy and charge of
the particles. See, for example, Sec. 3.2

*Since we cannot distinguish between the incident electron
and an electron emitted from the atom, the slower one is cus-
tomarily called the secondary.
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TABLE VIII. Mean energy lost by charged particles in the pro-
duction of a single pair of ions in certain gases (ev).

a particles Electrons Energy
Gas X-rays, spent in
P 210 Pyase A1S74FIR | HS, Niss, C14 35 one primary
N > ZMev ionizationd4
1 2 3 4 5 6 7 8

He 42.7 46.0 32.5 42.3 40.4

Ne 36.8 36.6 35.3

Ar 26.4 26.4 27,0 26.4 25.8 93
Kr 24.1 241 24.8

Xe 21.9 22.0 221

Ha 36.3 37.0 38.0 36.3 36.3 80
Air 35.5 35.0 35.0 34,1 34,1 33.9

N, 36.6 36.3 35.8 34.7 35.3 34.6 118
6} 32.5 32.2 32.2 30.9 31.2 116
CO, 34.5 34.3 33.0 32.6 106
C,H, 28.0 28.0 26.3 26.2 26.5 72
C,H, 26.6 2.8 2.7

CH, 29.2 29.4 30.2 27.3 26.8

CoHa 27.5 26.1 76
The table is taken from the survey by J. Weiss and W. Bemstein, Rad. Re-

search 6, 603 (1957).
Column 6 taken from the article by W. P. Jesse and J. Sadauskis, Phys. Rev.
107, 766 (1957).

The problem of quantitatively describing the
interaction between the particle and matter, which
is complicated in itself, becomes still more com-
plicated in connection with the need for accounting
for a large number of secondary electrons. How-
ever, it is precisely because the secondary elec-
trons are responsible for more than half of the
ionization and excitation acts that the relative
probability of these processes depends little on the
energy and kind of slowing-down particle. This is
clearly seen from the example of the mean energy

¥, lost by an ionizing particle to the production of
a single pair of ions (Table VIII), For all the
tremendous difference in the specific energy loss
for a particles and fast electrons, there are either
no differences in ¥ at all (inert gases, hydrogen)
or else they are insignificant,

Let us turn now to the question of the number
of ionizations #; and number of excitations ¥, due
to an energy E transferred by the particle to the
moderating substance. 37 From the very definition
of W we have

E=NW.
On the other hand

E:"Vi (1i+w) +1vele’

where I; is the potential of molecule ionization
(with allowance for the possible ion excitation
energy); w —- mean kinetic energy of slow second-
ary electrons, incapable of further excitation of
electron levels ("'non-exciting electrons"); 7, is the

average excitation energy of the molecule. * From
these two relations we obtain

Ne W—-Ii—uw

s 7 1)

For the luminescent substances of interest to us**

N,
v, S

i.e., there are approximately three excited mole-
cules for each ionized one. The total number of
activations (ionization, excitation) Ng=N;+
N, and the average energy consumed per activa-
tion is €3 =FE/Ny=8 ev.

We must stop to discuss two other questions.
The first pertains to the activation of the impurity
molecules. If the lower excitation potential of the
impurity /, is less than the lower excitation poten~
tial of the main component /,, then a certain
selectivity will be observed in the action of the
ionizing radiation. 7374 In fact, if ¥ ions (re-
duced to singly-charged ones) are produced by the
slowing down of the particle in the first component,
then they are accompanied by N, free 'monexeiting"
electrons with energies e¢</,. The '"nonexciting"
electrons with ¢>I, are capable of further acti-
vating the impurity molecules. This will actually

*[; and I, must be taken to mean quantities that are suitably
averaged for each kind of molecule,

**l is measured for gases. The proportionality of ionization
in gas and condensed media has not been proved, but such an
assumption does not contradict experiment. We shall not stop
to analyze this question, owing to lack of space.
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take place if the probability of the competing
process (slowing down of the electrons, production
of negative ions) is sufficiently small. For
example, "% for certain gases these processes
become ingignificant compared with the activation
of the impurity when the latter has a molecular
concentration >10~3, The need for accounting
for the role of "nonexciting' electrons in the
phenomenon of radioluminescence was demon-
strated in an examination of the energy transfer in
plastic scintillators. 53

The second question concerns the lifetime of
the positive ions, or the speed of recombination.
Since the mean free path of slow electrons is very
small when the substance has a high density, then
in a condensed substance the majority of secondary
electrons do not leave the field of attraction of the
ions, and recombination takes place within a very
short time interval. Thus, for example, the fol-
lowing computed values were obtained 7> for water:
the slowing-down time of electrons with initial
energies 15 ev amounts to approximately 3 x 10~
sec; the time of return to the positive ion from a
distance of 100 4 does not exceed 1.2 x 10~ 1! sec,
and from a distance of 20 4 it does not exceed 2. 2
x 10 ~1? sec.

Thus, the majority of ions in a condensed
medium recombine within ~ 10 ~!2 sec, which
essentially eliminates the difference between
ionized and excited molecules: at the start of the
second phase of scintillation, molecules exist with
different excitation energies. However, cases
are possible when the recombination time should
still influence the kinetics of the glow. In fact,
owing to the presence of fast secondary electrons,
a certain small fraction of the ions will have long
lifetimes, Their recombination is a source of
excited molecules at later stages of glow, i. e.,
leads to an increase of the mean duration of scintil-
lation. The influence of the effect should increase
the more complete and the faster the quenching of
the primary activations, *

4.2 Absolute Luminescence Yield

The maximum possible specific magnitude of
scintillations is determined from the condition that
all the activations are accompanied by a transfer

of molecules into the "fluorescent state,' i. e.,
!
Smax = Tn,, =N photons/cv,

where n is the quantum yield of fluorescence.
Experiments have yielded values that are several

*See also F.D. Brook, Nucl. Instr. Meth. 4, 151 (1959).
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times smaller. For electrons (E~1 Mev) in
anthracene, s/n = 0.03 (see Sec. 3.2). Other
organic crystals, 76:77 and also polystyrol,>® have
approximately the same s/n . Thus, even when
excited by high-energy electrons, approximately
80% of the total number of activations are lost in
organic scintillators, in addition to the photo-
excitation. Several suggestions have been made
considering the nature of these losses.

Galanin and Grishin 44 have calculated the
absolute luminescence yield of anthracene for fast
electrons under the assumption that emission of
light can be produced only by direct excitation of
the 7-electron system of the molecule. Their
result yields s/n~0.006. It is quite likely that
more accurate calculation can improve this num-~
ber.

Birks ! 78 believes that the first stage in the
scintillation process is the recombination of the
positive ions with the electrons, and that this stage
leads to the emission of short-wave "primary
photons. " This is followed by a fast (~ 10~ !!sec)
photon cascade (alternate absorption and emission),
as a result of which the "primary photons' lose a
portion of their energy, but their number remains
the same. Finally, ordinary fluorescence occurs.
Consequently, s=1n/¥ <0.03y, in agreement
with experiment. However, this ""agreement"
commands a high price. First, no account is
taken of the considerably larger number of excited
molecules (¥,=3N;). Second, the emission of
"primary photons' cannot be considered experi-
mentally proved. > The inconsistency in Birks'
theory, particularly with respect to plastic scintil-
lators, is demonstrated by the experimental re-
sults on temperature quenching 33 and kinetics of
radiation damage, 56 as well as on excitation-
energy transfer (see Sec. 5).

According to the hypothesis by Kallman et al®!
a substantial role is played in the scintillation
process by the interaction of the activated mole-
cules with one another. Reynolds,52 Black,5 7 and
Wright 8283 sonsider that bimolecular processes
of quenching cause the low scintillation yield for a
particle with large specific energy loss. For
electrons, the bimolecular hypothesis was devel-
oped by Rozman and Kilin, %4

The foregoing hypotheses lead to definite con-
clusions concerning the kinetics of scintillations.
Thus, it follows from Galanin's hypothesis 44 that
the scintillation time should coincide with the
fluorescence time (accurate to possible differences
in secondary fluorescence). According to Birks'
hypothesis, ! the kinetics of radioluminescence
differ substantially from the kinetics of fluores-
cence: the form of the scintillations, considered as
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TABLE IX. -fl of polystyrol excited by 30-kev

electrons 84

|
Modulation frequency |, 55 075 | 0.952 | 1.26 |
»(108sec™l) |, ) \

Phase angle ¢ . . . . 30.0 38.8 41.2 48.6
,ﬂ:% tan ¢ (10 %sec)| 11.54+0.4 | 10.740.4 19,20 3|8 9io.3!
1 i
%
rﬂ theoretical _ :
11. 10.7 9.4 8.8 |
(10 9sec)*. . .. 2 |
*Calculated from Eq. (12) with the following values of the |

parameters: a, = 0.84, A\ = 6.3 x 107 (reference 35), and

B/\ = 50. |

sequences of two exponential decays, is character-
ized by an increase in intensity in the initial
portion. Finally, in the presence of quenching due -
to the interaction between the activated molecules,
the form of the scintillation should be character-
ized by the presence of a very sharp drop during
the start of the process.

Attempts at an experimental determination of
the form of anthracene scintillations gave contra-
dictory results. Wright 8 determined the scintil-
lation form by investigating the dependence of the
power dissipated in the load resistance of the
photomultipler on the size of this resistance. He
reached a conclusion that at the beginning of the
scintillation there is a sharp decrease in glow
intensity, which then slows down to exponential.

At equal total scintillation amplitude, the initial
peak is greater when the excitation is prodced by
fast electrons, and the exponential portion attenu-
ates more slowly when the excitation is by « par-
ticles (compare with Sec. 4.1). Glaser 86 inves-
tigated the form of scintillations in excitation by
cathode rays with the aid of a two-disk electron
phosphoroscope. The curve he obtained, with a
maximum at t = 2 x 10~ ®sec, agrees with Birks’
ideas,! although many other experimental data
obtained by Glaser contradict the '"primary photon"
hypothesis.

Kilin and Rozman, 84 using a multiple-frequency
fluorometer, measured the "fluorometric time'" .fl
of polystyrol at different modulation frequencies w.
It has been found (Table IX) that ,f depends onw,
i.e., the emission law is not exponential. The
decrease in ,ﬂ with increasing o contradicts the
theory of "primary photons' (which leads to an
inverse relation) and corresponds to the assumed

presence of bimolecular quenching. *For quanti-
tative estimates, the authors 84 have used the fol-
lowing simplified scheme: At the initial instant of
time the track of the fast electron consists of a
certain number a/N, of activated molecules, which
are isolated from the other activated molecules,
and of « N, activated molecules located in the
"conglomerations. " 87 It is assumed that all the
conglomerations are identical. Changes in the
number of molecules in the first and second groups
[n(t) and ng (t) respectively] is determined by the
following equations (in the absence of migration of
the excitations energy)

dn__
dt

—n, e _an

dt nEr

¢ a.dV,

where :=x"1 is the lifetime of the excited state of
the molecule in the absence of additional quenching,
and B is the time constant of the bimolecular
quenching reaction. The solution has the form

The amplitude of the scintillation is
s=\ =¥, [at+ar (£)], @3
V)

where
F(zy=z1In(1+ ).

*[t also corresponds to the assumption of any higher order of
quenching reaction.
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Since Ny=E/8 (see Sec. 4.1) and S/n=E/40 we
have ¥

(ORES

i.e., a,>08 and B/A>10. Consequently, the
fraction of activations in the "conglomeration' is
not less than 80%. If a radius of conglomeration
of 20 4 is assumed, corresponding to the range of
an electron with 100 ev energy, the result obtained
does not contradict the available calculations.®
Next, the scintillation attenuation law (12) yields
good agreement with experiment for B/\ ~ 102
(Table IX). The high speed of the additional
quenching agrees with the previously-mentioned
data’? on the temperature quenching of lumines-
cence of polystyrol. To obtain a reliable answer
to the question, additional research is necessary.
An analogous analysis can be made also for
ionizing particles with high specific energy loss
(for example, a particles). In the main track of
the particle the individual conglomerations merge
and form a common cylindrical column of activated
molecules. The fast secondary electrons "split"
the track. Retaining the previous scheme, it is
necessary to choose suitable values of the para-
meters B and .. However, the high activation
density in the main track may cause certain quali-
tatively new phenomena. These include quenching
by molecules which were ""damaged" by the ionizing
particle,? or short-lived products of chemical
reactions that occur in the track.5>®  Under the
influence of the Coulomb field of the ions and
excited molecules, an increase takes place in the
probability of intramolecular deactivation. 52,82, 83
Additional quenching should also be produced by the
local increase in temperature in the trackl® 35 43,49,90
The available experimental data so far do
not allow us to establish the relative role of various
quenching processes.51

4,3 Effectiveness of Excitation Energy Transfer
in Plastic Scintillators

As ionized particles are slowed down in plastic
scintillators, the molecules of the main component
are essentially activated. Therefore the amplitude
of the scintillation depends substantially on the
effectiveness of the transfer of energy of electron
excitation from the main component to the additive.
To simplify further discussion we shall assume
that the additional quenching during excitation by
the particles is terminated within a very short
time interval (quenching of first order).

M. ROZMAN AND 8.
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Let us consider a plastic scintillator with one
additive. The external scintillation amplitude is
determined by the relation

Sy = (171, 4 ny) Ky, (14)
where », and n, are the numbers of molecules of
the main component ¥, and of the additive ¥, ,
excited by the particle in the "fluorescent state';
T,, isthe effectiveness of the excitation-energy
transfer (number of molecules ¥, excited by the
transfer, referred to a single excited molecule ¥, );
7; is the quantum yield of ¥, ; K, takes into account
self absorption in the scintillator. The limiting
value of T;, depends on the transfer mechanism.
In the photon transfer !+9! T,, cannot exceed the
quantum yield of fluorescence of the ¥, molecules,
70 . However, in many papers 3!.35.53,56,92 it
is shown that in a plastic scintillator nonradiative
excitation-energy transfer takes place from ¥, to
M, , the effectiveness of which increases with the
concentration of additive and is considerably in
excess of 7;, . If both transfer mechanisms are
present simultaneously, T, is determined by the
competition between the nonradiative transfer and
emisgion processes on the one hand, and the intra-

molecular quenching on the other, 35,93 j.e. .
T = Ki--ke — Mo+ T1oKs
127 Kyt ke tki 141K

where 7jg=(k,+k)"! is the mean lifetime of the
excited state of the molecules of the main substance
in the absence of the additive, and X, is the mean
probability of nonradiative transfer (per unit time),
By definition, the quantum yield of nonradiative

transfer is
K,

TR TR R

Consequently, the transfer efficiency is

Ty =m (1 =m0} 4 My (15)
and can reach values close to unity.*_ (Table X).

According to Krenz's hypothesis™ the high
energy transfer efficiency in plastic scintillators is
the result of copolymerization of the additive with
the main substance (styrol). The energy migrates
not between molecules, but within the molecule of
the polymer. This point of view is contradictory to
many observations which demonstrate that in
plastic scintillators, generally speaking, there is
no chemical bond between the molecules of the

*[t is assumed that the luminescence of the main component
is fully absorbed by the additive, In the general case 7,; should
be replaced by 7P, where P < 1.
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TABLE X. Quantum yield of nonradiative
excitation energy transfer from the
polystyrol to the luminescent

additive.
7 at the following
. Excit- concentration
Luminescent ing ra- (g/100g of styrol) Refer-
additive i ence
diation | 0,3 l 1,0 | 3,0 I

Anthracene uv 0,08 25

3p uv 0,40 | 0,50 4

3p uv 0,24 0,54 | 0,80 4

uv 0,28 | 0,55 | 0,75 4

3PP 5% | 0320063085

PPO uv 0,42 10,73 ] 0,84 45

*Nomalized for a concentration of 10 ™4 g/4.

additive and of the main substance. 4349 In

addition, it is necessary to bear in mind that in a
polystyrol or polyvinyl-toluol molecule there are
no double bonds in the side chain. There is there-
fore no 7 -electron system common to the entire
molecule and there is no possibility bf energy
transfer along the chain through such a system.
Formula (15) allows us to calculate the quantum
transfer yield 7, from the experimentally-deter-
mined transfer effectiveness T,,. Belikova and
Galam‘n,95 in an investigation of photoluminescence
of plastic scintillators with anthracene or n-ter-
phenyl, obtained values of 7, which were in good
agreement with theoretical, assuming that the ¢, ¢,
energy transfer was due to "inductive resonance. "

This suggestion is in satisfactory agree-

with the experimental results of Swank and Buck,3 5
Rozman, 3" 3354  Kilin, Prosin, and Rozman, %
obtained by excitation with ionizing particles. How-
ever, the data available do not permit as yet an
estimate of the role of migration of energy in the
main substance. Nor are the causes of different
concentration dependence of the yield for elecirons
and a particles still clear.>> 37

In conclusion, a few words concerning the ""con-
venience' of plastic scintillators with spectrum
mixers. Owing to the low concentration of the
mixer, the energy transferred to it is via the
photon mechanism, which leads to a lengthening of
the scintillations (Sec. 3.3) and naturally cannot
lead to an increase in the luminescence yield. How-
ever, because of the reduced self-absorption and
change in the spectrum it is possible, generally
speaking, to obtain a greater technical efficiency
of plastic scintillators with mixers. Let us con-
sider this in somewhat greater detail. % The
amplitude of a pulse from a scintillation counter

with a plastic scintillator containing an additive ¥,
will, in accordance with (14), be

I, = (n, T, 4 n,) n,K,f,,
where f, is the mean sensitivity of the photomul-
tiplier to the spectrum of #,  For the same
plastic scintillator with a spectrum mixer iy, we
obtain

Hy=(n, Ty, -+ n)nnyKof,

Consequently, #; is greater than #, if

Kafs -~

This condition is necessary but not sufficient.
easy to see that a plastic scintillator with two
additives ¥, and My gives a greater pulse than a
plastic scintillator with one additive M3 in high
concentration, provided the quantum yield of fluo-
rescence of the substance ¥, is sufficiently large,
or, in other words, the photon loss due to intra-
molecular deactivation in M, is less than the loss
due to self-absorption in M, if the concentration of
the latter is large.

5. APPLICATIONS OF PLASTIC SCINTILLATORS

In this section we shall indicate several
examples of utilization of plastic scintillators,
which should demonstrate the great value of these
scintillators both in the practice of scientific
experimentation and for technical measurement.

One of the principal problems in the application
of scintillation methods for dosimetry of x-rays or
y rays is the question of the tissue equivalence, or
the air equivalence of the scintillator. 97,98 1n
other words, is it possible to measure with a
scintillation meter the radiation dose in roentgens?
Investigations have shown that with '"pure' organic
scintillators this is possible only for a sufficiently
hard radiation (> 250 kev) The combination of a
plastic scintillator with a CdWO 4 crystal-phosphor
can lower this limit to 80 kev.99 A plastic scintil-
lator based on polystyrol with luminescent additives
3P+ 4PB and with addition of 1/300 of a part of fine
grain ZnS(Ag) has yield variation of not more than
- 10% per roentgen of radiation in the hardness
interval 20 -- 2000 kev.'??

Plastic scintillators are used to register radia-
tion under high-intensity conditions.!’  The ab-
sence of "saturation' has been experimentally
verified up to a dose intensity of 10 4/secl?  with
the aid of thin plastic scintillators one can measure
the distribution of depth doses, and also the iso-
doses of 8 -active applica.tors.103 Other applica-
tions of plastic scintillators for dosimetry of ioni-
zing radiations are reported in references 104 and
105,

My >

It is
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Plastic scintillators are used for 8 -particle
counting. 106,107 por soft B radiation from 535 and 45r !
Ca%5 it is possible to obtain a counting efficiency
two or three times greater than that obtained with o 2
gas counters.'®® Plastic scintillators can be used Qg,m_ 3
to register electrons in magnetic 8 spectrometers, §
and also for 8 spectrometry.47 By way of an a2
example, Fig. 6 shows the pulse spectrum for con-
version electrons from Ba!37 (624 kev) , measured air #
with the aid of the PS-2 counter (see Table II) with 0 o

0 0+ g8 12 18 20

a FEU-29.%

The high hydrogen content of plastic scintilla-
tors makes them suitable for counting fast neutrons
by the recoil pro'cons.48 A telescope of three
plastic scintillators was used to measure the
energy spectrum of the neutron beam of the
synchro-cyclotron target.109 Plastic scintillators
are also used to investigate the spatial and tempo-
ral distribution of neutrons in a high-temperature
gas discharge.110

By using thin plastic scintillators (to 15
microns) it is possible to count fission fragments
against a high background of a particles. The
detector has good time resolution. ULUZ - Thin
plastic scintillators in conjunction with a thick
scintillator serve for particle identification. 13

Plastic scintillators are used in coincidence
circuits to study nuclear transformations, in par-
ticular, the lifetimes of excited levels.!'*  The
short duration of scintillations more than compen-
sates for the somewhat reduced integrated value of
the yield (Fig. 7). A shortcoming is the low cross
section of the photoeffect, which in many cases
makes it difficult or impossible to separate the v
lines. In this connection, great interest attaches
to the attempts of making plastic scintillators with
a high content of heavy elements. Unfortunately,
they have not yet led to a satisfactory result, 417

80+

3
T

Counting rate
=

S
T

T N e
g 0 20 30 40 50
Pulse amplitude,

FIG. 6. Pulse spectrum of the PS-2 counter for electrons
and a particles. 45 1--642 kev electrons, 2--4.90 Mev a
particles.

T sec

FIG. 7. Fraction of the total number of scintillation pho-
tons, emitted within the time interval from 0 to T (ref. 66).
Curve 1--PS with 0.015 g/g of 4 PB, 2--the same with 3PP,
3--stilbene crystal (=6 x 10~? sec), 4-- anthracene cry-
stal (r = 25 x 107 sec)

In conclusion, mention should be made of two
other applications of plastic scintillators. To re-
duce the background of Compton electrons in a
scintillation y spectrometer, the spectrometric
crystal together with the y compound are sur-
rounded by a large plastic scintillator. An anti-
coincidence circuit selects only the pulses due to
photoelectrons. 115 The second case is connected
with the possibility of manufacturing thin filaments
made of scintillating plastic. Such filaments have
properties of light pipes, because of the total
internal reflection. A scintillation counter made of
a large number of such filaments, can serve to
register particle tracks 116" i the same manner as a
a luminescent camera with an electron-optical
converter, 17
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