
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 17 February 2013, At: 06:06
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl15

The luminescence decay of
organic scintillators
G. Laustriat a
a Département de Chimie Nucléaire, Centre de
Recherches Nucléaires, STRASBOURG, France
Version of record first published: 21 Mar 2007.

To cite this article: G. Laustriat (1968): The luminescence decay of organic
scintillators, Molecular Crystals, 4:1-4, 127-145

To link to this article:  http://dx.doi.org/10.1080/15421406808082905

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl15
http://dx.doi.org/10.1080/15421406808082905
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Molecula7 C~ystals, 1968. Vol. 4, pp. 127-145 
@ Copyright 1968 Gordon and Breach Science Publishers 
Printed in Germany 

The luminescence decay of organic scintillators 
G. LAUSTRIAT 

Dkpartement de Chimie Nucldaire Centre de Recherches Nucldaires 

STRASBOURG (France) 

Abstract-Results obtained in the laboratory on t,he luminescence decay of organic 
scintillators are reviewed. Theoretical equations, resulting from an analysis of the 
scintillation process, are shown to be in good agreement with experimental decay 
curves obtained with crystals and liquid scintillators. The pulse shape discrimina- 
t.ion of particles is discussed, and a technique allowing to separate a-particles, 
protons and p-rays if presented. 

1. Introduction 

Radioluminescence of aromatic compounds has been extensively used 
for particle detection since Kallmann discovered, in 1947, organic scin- 
tillation c0unters.l For many years, the main advantages of these de- 
tectors were found in their very fast response to  ionizing particles 
(10-8-10-~ s), and, for liquid scintillators, in the facility of introduction 
of radioactive materials within the detector. 

New interest for these counters arose when it was recognized that the 
emission decay involves a slow component,z the importance of which 
depends on the ionizing power of the nuclear radiation : this phenomenon 
was soonly applied to  particle dicrimination.a.4, 5 

During the last ten years, numerous studies-recently reviewed by 
Birkss - have been devoted to the two components of the scintillation, in 
order to explain their physical origin and to improve the pulse shape 
discrimination efficiency. 

In general, the fast component is attributed to the emission from excit- 
ed singlet states induced by charged particles, since the luminescence 
spectrum and the decay law of the initial part of the scintillation are very 
similar to those of fluorescence. 

The origin of the slow component, by contrast, is less clear and various 
hypothesis have been made, ascribing the delay of the emission t o  : 

(i) slow (-lo-* s) ion-electron recombination;' 
127 
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128 ORGANIC S C I N T U T O R S  

(ii) triplet-singlet (T, --+ intramolecular transition, which could 
last as long as 10-7 s,8 

(iii) formation of transient metastable pairs of excitons in organic cry- 
s t a l ~ . ~ ?  10 

These assumptions have been discussed and refuted by Walter,ll 
whose experimental data favored the interpretation given by Gervais de 
Lafond.121 l3  Following this author, the slow emission results from triplet- 
triplet interactions leading to singlet states, according to the reaction : 

TI + TI 3 Sl'+ 8 0  

proposed by Parker and Hatchardl4 to explain the delayed fluorescence 
of organic substances. 

I n  this paper, we shall give a general review of the main results ob- 
tained during the last two years in Strasbourg on the scintillation decay. 
We shall consider successively: 

-chief features of an analysis of the scintillation process made by 
V0ltz,'5 partly in collaboration with T. King16 at  Manchester ; 

-experimental scintillation decay curves obtained by Walter?' Pfeffer" 
and Dupontls and their interpretation in the light of the previous 
theory ; 

-a discrimination technique set up by Walter and Huck,ls, 2o allowing 
to separate a particles, protons and /3 rays, and now currently used in 

studies of nuclear reactions. 

2. The Scintillation process 

Emission is the last step of a succession of events, which have to be 
analysed separately in order to establish the kinetic equations of lumines- 
cence. 

Spatial distribution of activated species (excitations and ionizations) in- 
dirced by charged particles 

Any charged particle passing through an aromatic medium induces 
excitation and ionization of molecules, by two types of interactions: 
distant and central collisions. 

Excitations originate only from distant collisions ; they occur in a 
cylindrical zone-the particle track-the radius of which will be de- 
noted ro .  
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THEORY AND MECHANISMS 3. LIFETIME STUDIES 129 

Ionizations give rise to ions localized in the track, and to secondary 
electrons. Slow secondaries remain inside the track, where they contri- 
bute to enhance the activation density due to the primary particle. Fast 
secondaries (d-rays), created by central collisions, leave the track and 
induce in the medium disseminated activations. Some of them consists 
of ionizations with liberation of slow electrons which will, in turn, pro- 
duce activations localized in very small volumes (spherical “spurs 
and stretched “ blobs”.22 

This 
Fig. 1) 

schematic picture of the very primary processes (illustrated in 
leads us to distinguish, in the medium, two kinds of regions 

0 Excitation 

@ Ionization 

Blob- 

Figure 1. Schematic representation of spatial distribution of activations induced 
by a charged particle may be suppressed 

according to their concentration in activated species : 
-track, spurs and blobs (high concentration), 
- o t h e r  regions in the vicinity of the track (low concentration). 

concentration region consist of spurs and blobs only. 
It is to  be noted that for &rays, which behave like fast d-rays, the high 

Nature and evolution of excited states produced by charged particles 

Molecular excited states produced by fast charged particles are high 
energy singlets (S,) (excited and superexcited,23) which are characterized 
by important transition moments.15 These levels are created by  direct 
excitation of molecules during distant collisions ; excited singlet states 
may also originate from the recombinations of ions (generated by the 
particle and its secondaries, or coming from superexcited states). 
9 Hormcks 
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130 ORGANIC SCINTILLATORS 

Other excitations appearing in the scintillator after the passage of the 
particle are upper triplet states (T,), Their main source is the ion-elec- 
tron recombination, which leads mostly (statistically, in 75% of cases) 
to triplet levels, but they can also be produced directly by inelastic 
collisions of very slow electrons with the molecules.2* 

The fate of these primary upper excited states S, and T, may be 
different depending on the region in which they were generated : 

a) I n  regions where the activation density is low, interactions between 
activated species are negligible. Excited molecules are then subject to 
intramolecular processes, leading either t o  dissociation (and ionization, 
for superexcited singlets) or, by internal conversion, to lowest excited 
states S1 and TI. 

b) in the track, spurs and blobs, characterised by a high local concentra- 
tion of activations (S, , T, and ions I+) ,  interactions between the latter 
are furthermore to be considered. For example, the following processes 
should be important? : 

a) 8, + 8, -+ so + [I+ + e-l 

b) S,  5 I+ + e- ( E :  electric field due to neighbour ions) 

both producing ionizations. Subsequent recombinations lead then 
mostly upper triplet states T,, which are subject to the intramolecular 
transitions mentioned above. 

It comes out that, at the end of this sequence of events (summarized 
in Table l), a large number of excited molecules are in their lowest triplet 
state, and that the concentration of these TI excitations is high in the 
track, spurs and blobs (much higher, at least, than in the remainder of 
the medium). Triplet-triplet interactions may therefore, be important in 
these regions, and the following reactions must be considered : , 

, L T +  s, + so 

the first of which produces singlet states S, . 
t Another important process is the quenching of excitation by activated species, 

which is responsible for the dependence of the scintillation yield on the nat.ure of 
the incoming parti~1e.l~. 25 Such a process, however, is very rapid and does not 
influence the kinetics of the emission. 
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132 aaCA.NIC SCINTILLATORS 

Emission 

This analysis leads to  the conclusion that, in pure aromatic media 
(single crystals), the scintillation is due to the radiative deexcitation 
of singlet states 8,. However, a part of these states is produced very 
rapidly (by internal conversion S,, --f S,) and gives rise to a prompt 
emission which is responsible for the fast component, whereas other 
singlets-issued from triplet-triplet interactions-have a retarded for- 
mation, resulting in a deluyed emission which accounts for the slow com- 
ponent. 

In the case of binary systems (liquid and plastic scintillators), the 
overall process involves the additional step of the energy transfer from 
X, states of the solvent to singlet states (F, )  of the solute ( F ) .  For usual 
concentrations, this reaction is fast enough for the kinetics of the emission 
not to be modified; however if oxygen is present, an efficient quenching 
of triplet states T, occurs, reducing the delayed emission intensity and 
modifying its decay law. 

Kinetics of luminescence 

The very early stages of the scintillation process, leading to the lowest 
excited states, are too fast to be followed by current experimental 
techniques. To obtain equations giving the time dependence of intensity, 
only the kinetics of X,, TI and F, states need therefore t o  be taken in 
account.. 

Under these conditions, the prompt emission intensity I J t )  is found 
to decay exponentially, with a time constant identical t o  the mean He- 
time tS (or zF) of the emitting m o l e ~ u l e s . ~ ~ ~  16, 18 

For the delayed emission, which is superimposed to the prompt one in 
the scintillation, the intensity Id(t) is given by following relationships : 

a) pure materials (single crystals) : 
L t  m 

where: qs is the quantum yield of fluorescence, L the particle range and 
C&, t )  the local concentration of T, states a t  time t and distance 
T from the particle path. 
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THEORY AND MECHANISMS 3. LIFETIME STUDIES 133 

For t >> tS, (that is, incidentally, when the prompt emission is over), 
Eq. (1) assumes a simple asymptotic form: 

= q s  
N 

[I -k A In (1 + t/t,)12 (1 + t/tJ 
(2) 

where N and A are constants depending on the nature of the scintillator,15 
and t, a relaxation time defined by: 

t, = rt/4DT ( D T :  diffusion coefficient of triplet states). 

b) Oxygen free Liquid scintillators : 
Equations (1) and (2) are valid, if we replace tS by tF and qs by esFqF 

to take into account the solvant-solute energy transfer (eSF is the transfer 
efficiency and qF the solute quantum yield). The asymptotic equation 
then becomes : 

c )  Oxygen containing liquid scintillators : 

asymptotic equation is different. We have here : 
Due to the quenching of triplet states by oxygen molecules, the 

Ne- 2t/ 7~ 

I&($) = & S F ' l r  

(1 + A e t d r r P (  - y) - Ei(  - -$)]}'(l + t/t,) 
(4) 

where tT is the mean life time of T ,  states in the medium, and: 
m 

5 

The interpretation of the temporal shape of the scintillation, according 
to the previous analysis is illustrated schematically on Pig. 2 : 
-for time t such as: o < t < t ,  , with t, >> t ( t l  = lot), for instance), the 
scintillation intensity is the sum of the prompt (curve P) and delayed 
[curve D, described by Eq. ( l ) ]  emissions. 
-for t > t, , only the delayed emission is of appreciable importance and 
decay curve, in this region, is described with a good approximation by 
Eqs. (2), (3) or (4) depending on the type of the scintillator. 
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134 ORGANIC SCINTIILATOBS 

4 '\l Deloyed ernissim 

I 
I " "  D 

t l  TME 

Figure 2. Contributions of the prompt and delayed emissions to the scintillation 
(schematic). 

3. Decay curves of the scintillation 

A precise determination of the scintillation decay curves has a double 
interest : 
-practical, for people concerned with pulse shape discrimination ; 
-theoretical, to verify the analysis of basic processes on which the 
kinetic equations are based. 

Since data are available in the literature on the luminescence decay of 
crystals, we have set up an apparatus specially designed to work in the 
nanosecond region, in order to record decay curves of liquid and plastic 
scintillators [lS]. 

Experimental device 

A block diagram of the apparatus is shown in Fig. 3. 
The scintillation is viewed by two photomultipliers, one of them 

(PM 2) giving an electric pulse (A,) synchronous of the excitation, the 
other (PM1) being used as a photon counter and delivering-or not 
(depending on the light intensity)+ pulse (A,) due to a single photo- 
electron.17 
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THEORY AND MECHANISMS 3. LIFETIME STUDIES 135 

After differentiation and amplification of A, and A,, noise is reduced 
by means of a gate triggered by A,. Both signals (A1 being shaped and 
A, delayed by a suitable line) are then sent to the two inputs of a time 
to pulse height converter, which delivers a pulse (A3) the amplitude of 

--- Lotml lim 

Figure 3. Block diagram of the appmatus used to measure the time dependence of 
scintillation intensity. 

which is proportional to the time interval between arrivals of Ax and A, 
to the converter. The distribution eume of the A, pulse heights, which 
reproduces the scintillation shape, is finally recorded by a multichannel 
analyser. 

I n  order to decrease further the contribution of small (noise) pulses, 
the multichannel analyser is gated by a coincidence unit, receiving 
pulses transmitted by two amplitude discriminators placed on each line 1 
and 2. 

Decay times less than one nanosecond can be measured with this 
device; in the experiments repokted here, it was adjusted as to explore 
the 0-180 ns region. 
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136 ORGANIC SCINTIILATORS 

Results and discussion 

(a) Delayed emission 

i) Single crystals. It has been shown by V0ltzl5 and King1@ that the slow 
component decay curves, obtained with stilbene by Bollinger and Tho- 
mas2@ and with anthracene by Wassona7, could be very precisely inter- 
preted by equation (2). The values of the parameters A and t, resulting 
from the adjustment of the theoretical curves t o  experimental points 
are: A = 0.25 for both crystals, and t, = 80 s for stilbene and 
t, = 40 

ii) Deaerated solutions. Radioluminescence decay of various liquid 
scintillators has been studied with the apparatus described above. On 
Fig. 4 are shown experimental results obtained, under ~w(~l~Po)  and y 
( W o )  excitations, with solutions of terphenyl, PPDt and PBDt in degas- 
sed toluene. Solutes were chosen in order to avoid excimer formation, 

s for anthracene. 

Figure 4. Luminescence decay of liquid scintillators (solvent: degassed toluene).'s 
Experimental points normalised at 180 ns. Theoretical curve: Eq. (3). 

f PPD = diphenyl-2,5-oxadiazole; PBD = phenyl-2-biphenyl-5-oxttdiasole. 
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THEORY AXD MECHANISMS 3. LIFETIME STUDIES 137 

which would introduce an  additional fluorescence slow component. It 
appears that : (i) the decay law of the slow emission does not depend on 
the solute, neither on the particle type-in agreement with the preceding 
description of the processes, (ii) the theoretical curve, given here by 
Eq. (2)-using A = 2 and t ,  = 2 10-9 s-, fits the experimental point 
with a good accuracy. 

iii) Oxygenated Solutions. The oxygen effect on the scintillation decay 
is illustrated in Fig. 5, which presents results obtained with one of the 
previously tested solutions (toluene-PDB), saturated with argon, air or 
oxygen and excited by &-particles (the decay law of the slow component 
was the same under y excitation). 

Figure 5. Influence of dissolved oxygen on the decay curve of a liquid scintillator 
(PBD (5 g/l)-toluene ; a-excitation).ls Experimental points normalized at the 
intensity maximum. Theoretical curves: equations 3 (argon) and 4 (air, oxygen). 
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138 ORGANIC S C I N T U T O R S  

The quenching effect of oxygen on the delayed emission appears very 
clearly, According to the theory, this effect reduces the mean life time tT 
of triplet states, the values of A and t, being unaffected by the presence 
of the gas. Solid curves are given by equation (4), taking for A and t, the 
same values as for degassed solutions and tT = 0 . 3 , ~ ~  (or 0.12,~s) for 
air (or oxygen) saturated scintillators.18 Here again the agreement bet- 
ween theory and experiment is quite good. 

iv) Plcrstic scintillators. The experimental decay curves obtained with 
two plastic scintillators are indicated Fig. 6. The interpretation of these 
results by the previous equations was not found to be satisfactory and 
requires further work which is currently in progress. 

(b) Prompt emission 
The temporal shape of the prompt emission can be obtained by sub- 

tracting, from the scintillation decay curve, the curve representing the 

A : N E  102 
B : PBD ( i U ~ ) - P d l y s t y f ~  

Fimgne 6. Decay curves of plastic scintillators (a-excitation). Experimental curves, 
normalized at the intemity maximum.@' 
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THEORY AND MECHANISMS 3. LIFETIME STUDIES 139 

time dependence of the delayed emission in its initial part (curve D, on 
Fig. 2, which can be calculated using Eq. (1)-or more precisely its 
differential expre~sionl~). The results of this operation is shown, on 
Fig. 7, in the case of a degassed solution of PBD in toluene. It is seen 
that, as predicted, the decay curve obtained is exponential, with a time 
constant very close to the mean life time of the emitting molecules. 

(c) Relation between the prompt and delayed emissions and the two 
components of the scintillation 

If both prompt and delayed emissions have decay laws which are 
independent on the type of the ionizing radiation, their integrated 
intensities (hereafter denoted as L,, and Ld respectively) depend markedly, 

by contrast, on the stopping power -and the charge of the incoming dE 
ax 

15 
TIME (nS) 

Figure 7. Calculated prompt emission decay curve (y-excitation). Scintillator: 
PBD (8 g/l)-benzene ( t ~  = 1.4 ns).18 
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140 ORCANIC SCINTILLATORS 

particlet. As a result, total amounts of light emitted in the initial part of 
the scintillation (fast component, F )  and in the slow variation region 
(slow component, S )  vary with the type of particles: this is the well 
known basis of particle discrimination techniques. 

However, values of F and S depend on the time to which is arbitrarily 
chosen as a separation limit between the two components. According to 
the theory, we have ; 

t o  

0 

t l  

p = j CIp + I d )  dt 

= $ ( I p  + I d )  dt 
t o  

t, denoting the time-large but not infinite-up to which the measure- 
ment of 8 is experimentally extended. 

The proportion P of light emitted in the slow component 

is then a function of t o ,  and Volt215 has shown that the ratio R(to), 
defined as: 

should decrease, for increasing values of to,  to a constant value R,, 
given by : 

1 
Rlim = 

Lp/LdC1 - G(t,)l 

From the value of R,im , which can be obtained by analysing the decay 
curve, it is then possible to estimate Lp/Ld. This ratio has been deter- 
mined by Voltz,15 using data of Bollinger and Thomas26 for a stilbene 
crystal submitted to various particles; following values has been found: 

(7 rays from 60Co) 

(fast neutrons from a Ra-Be source) 

(a rays from 244 Cm) 

(Lp/&)? IT 6.5 

(Lp/&& = 1.2 

(LP/&)& z 0.6 

i This phenomenon has been studied in this laboratory by Voltz, Pfeffer and 
Lopes da Silva15. 25, 28 who have shown this effect to be mainly due to initial 
quenching of upper excited states in regions of high excitation density. 
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These results show that, in the case of y excitation, most of the light is 
emitted in the prompt emission, while with a-particles, the greatest 
fraction of the light originates from the delayed emission. 

4. Application to pulse shape discrimination 

Particle discrimination is currently used in the laboratory for studying 
nuclear reactions induced inside the scintillator on carbon n u ~ l e i . ~ ~ ~  2oi 

We shall report here the principle of the apparatus and few typical 
results which can be obtained. 

Apparatus 

A circuit has been designed to  produce, for each scintillation, two 
different pulses, the amplitudes of which are proportional to  the intensi- 
ties of the fast ( F )  and the slow (8) components.20 

A diagram of the experimental set-up is given in Fig. 8. The detector 
consists of a stilbene crystal (0.6 cm thick by 2.5 cm diam.) attached to  
a Dario 56 UVP photomultiplier. 

“F” pulses originate from the last dynode and are fed through a 
stretcher to  one imput of the 2-parameters multichannel analyser 
(64 x 64 channels). 

In  order to get “8” pulses, the anode is connected to  a circuit composed 
of a diode (Dl)  and of a resistor (al). During the first part of the scintilla- 

Bi - dimensional 
pulse- heist 

Bias 

56 W P  andyser 

64 x 64 
charnels 

Slow conpmnt 

Figure 8. Block diagram of the apparatus used for particle discrimination. 
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142 ORGANIC SCINTILLATORS 

tion, the forward resistance of D, , added to R,, is low and the voltage 
acroas the load reproduces the decay of luminescence without integration. 
At a time to after the beginning of the emission, a pulse issued from the 
strecher turns off the diode up to the time t, ; the resulting high impedance 
of the load enables to integrate the anode current related to the slow 
component during the time interval t, - to. The corresponding voltage 
pulse is then fed to the second input of the analyser. 

On the analyser oscilloscope (Fig. 9), each scintillation is then recorded 
by the vertical displacement (Z axis) of a.point, the coordinates (x and y) 
of which are proportional to the amounts of light emitted in the slow 
and fast components (x = k,S, y = k,F). 

Performances and results 

In  such diagrams, counts corresponding to monokinetic particles of a 
given type (i.e. of constant P and 8) appear a t  the same place and give 
rise to a peak. Polykinetic particles (&rays, recoil protons) characterised 
by different F and S but a nearly constanti PIS ratio, give rise to an  
approximately linear deformation of the (x ,  y) plane, the slope of the 
line depending on the type of the particles (the higher the ionizing 
power, the smaller the slope) (Fig. 9). 

Figure 10 show experimental results obtained when the stilbene cry- 
stal is irradiated by neutrons of different energies (15, 16 and 17 MeV). 
Three types of particles are clearly separated. - 
4 o m p t o n  electrons, produced by the y back-ground, 

-recoil protons resulting from elastic collisions of neutrons with hydro- 
gen atoms, 

-alpha particles of various energies, identified as reaction products of 
W ( n ,  a) 9Be and 12C(n, n’) 301. The energy of emitted alphas is shown 
to increase with neutron energy, accordingly to the kinematics of these 
reactions. 

t It has been shown by Waltel.5 that F, by contrast to S, is not a linear function 
of the energy (this appears on Figure 12, where the lines corresponding to electrons 
and protons present a slight curvature). For that reason, the particle discrimination 
is less accurate with an analog device than with a bidimemial analyser. 
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e 

X = K f  S 
Figure 9. Figure displayed on the two-parameters analyser oscilloscope. The 

peak corresponds to 8.78 MeV a-particles (212Po) and the line to Compton electrons 
(7-rays from 208T1, *IzPb, 212Bi). 

P e 

Figure 10. Separation of particles observed when a stilbene crystal is irradiated by 
fast neutrons. Energy of neutrons: a) 15 MeV; b) 16 MeV; C) 17 MeV. 
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Two general comments can be made on this technique: 

a) usual n-y discrimination devices do not allow sparation of alphas 
from recoil protons. Results presented here indicate that a emission is 
important and may cause serious errors if not taken in consideration. 

b) The energy distribution of the incoming particle can be determined 
by using either “F” or “ S ”  pulses only. The energy resolution is about 
the same in the two cases. However, the use of the “ S ”  pulses for neu- 
tron energy measurements is of particular interest since a linear relation- 
ship is observed between the amount of light emitted in the slow compon- 
ent and the energy of the particle, while this is not, the case for the fast 
component .6 

5. Conclusion 

Besides its interest for pulse shape discrimination techniques, the 
knowledge of radioluminescence decay curves is, in itself, of fundamental 
importance in radiation physics and chemistry. In effect, by giving the 
possibility to verify the decay laws derived from theoretical considera- 
tions, it enables to get informations on the nature of the basic processes 
induced by nuclear particles in organic media. For instance, the agree- 
ment, found in this work, between decay curves and kinetic equations 
give an experimental evidence that bimolecular interactions between 
some activated species (most probably molecules excited in their lowest 
triplet level) leading to delayed singlet states occur efficienctly in high 
activation density regions (track, spurs, blobs). Furthermore, numerical 
values of the adjustable parameters included in theoretical equations may 
be of interest. For example, from the value of t, , it is possible to estimate 
the track radius ro (ro = 2 d G  in aromatic solvents, since in liquids 
the diffusion coefficient of triplet states (D, )  is the same as the diffusion 
coefficient (D,) of moleculesf.. 

Further informations on primary processes (mean distance between 
activations in the track, energy required to form a quenching center) 
a.re expected from radioluminescence efficiency and decay measurements 
with very thin scintillators. 

-f Taking DT u I)s II 2.2 10-5 om2 5-1, and ta u 2 10% (found in this work for 
benzene and toluene), one obtains: ro u 50 A. 
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