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1. Introduction 
The development of fast electro-optical instrumentation over the last 
ten y e a r ~ l - ~  has not only extended dynamic luminescence studies into 
the range of a few nanoseconds but also made such studies possible with 
low light intensities. Measurement of luminescence-decay curves over 
several decades of intensity variation are now feasible. 

One result of the increased sensitivity of experimental techniques is 
the observation that many liquid scintillator systems exhibit a non- 
exponential fluorescence decay after UV or high-energy excitation. It 
has been shown that in the case of UV-excitation the observed deviations 
from exponentiality can be understood by considering the formation of 
excited dimers; i.e., excimers.l*> l1 It appears that excimer formation is 
a quite common phenomenon with planar aromatic scintillator molecu- 
les.l2* lS For UV excitation the dynamic behavior of fluorescence of liquid 
scintillator systems seems therefore sufficiently understood. 

A superficial inspection of liquid scintillator fluorescence after excita- 
tion by high-energy irradiation appears to indicate that the dynamic 
fluorescence behavior does not essentially differ from that of 0uorescence 
excited by UV. This statement is particularly true in cases where the 
scintillator has 'a long decay-time (> 10-6 seconds) and has a strong 
tendency to  form excimers. However, the fluorescence decay curves for 
fast liquid scintillators, which have no, or little, tendency for excimer 
formation, also show non-exponential decay characteristics when excited 
by high-energy radiation, although the same system after U V  excitation 

f The Radiation Laboratory is operated by the Uniiiersity of Notre Dame under 
contract with the U.S. Atomic Energy Commission. This is AEC Document No. 

10* 147 

C 00-38-505. 
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displays exponential decay. The non-exponentiality, therefore, does not 
seem related to dimer formation. Figures 1 and 2 (discussed in Section 2) 
show the fluorescence decay curves for 30 kv X-ray and W excited 
PPO and p-terphenyl in cyclohexane. 

Similar differences of UV and high-energy excited liquid scintillator 
systems have been reported by Lawtriat and Voltz.l4 Their systems 
consisted of aromatic solvents like benzene or toluene with small amounts 
of scintillator which presumably had no tendency for excimer formation. 

2. Experimental Part 
The fluorescence decay curves for PPO and pTP in cyclohexane 

presented in Fig. 1 and Fig. 2 were obtained by two different techniques. 
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Figure 1 : Luminescence decay curve for 0.3 g/l PPO in cyclohexane (degassed). 
0 0 0 0 UV excitation; x x x x 30 kV X-ray excitation. (All curves are 
normalized to the same initial intensity. The initial decay for both forms of excita- 
tion is the same and represented by the dotted curve. Intensity is expressed in 
arbitrary units.) 
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Figure 2: Luminescence decay curve for 0.3 g/l p-terphenyl in cyclohexane (de- 
gassed). 0 0 0 w excitation; x x x x x 30 kV x-ray excitation. (All curves 
are normalized to the same initial intensity. The initial decay for both forms of exci- 
tation is the same and represented by the dotted curve. Intensity is expressed in 
arbitrary units.) 

In the case of high-energy excitation the optical sampling technique 
of Dreeskamp and BurtonS was employed while the decay curves for 
UV excitation were obtained utilizing a monophoton technique.15 The 
sources were, respectively a 30 kV X-ray tube16 and a pulsed hydrogen 
1amp.l' The duration of the excitation pulses was about 1 ns with a 
decay of about 0.8 ns. 

The scintillator materials were zone refined prior to use. The cyclo- 
hexane used in the systems described here was gas-chromatographically 
purified. 

All solutions were deaerated by flushing with nitrogen saturated with 
solvent at the vapor pressure of the solution for about 10-15 minutes. 
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150 ORGAXCC SCINTILLBTORS 

3. Discussion of Experimental Data 

In  spite of the presently limited amount of experimental data on liquid 
organic scintillators some generalizations can be made about their lu- 
minescence decay. 

The luminescence decay of binary liquid organic scintillator systems 
containing either an aromatic or an aliphatic solvent exhibits a long 
component after high-energy excitation. This component cannot be 
attributed to dimer formation under the given experimental conditions. 

Aromatic and aliphatic solvent systems display a distinct difference. 
The decay of the fast luminescence component in an aromatic solvent 
system depends on the scintillator concentration ; it is independent of 
such concentration in the case of a non-aromatic solvent (cyclohexane,* 
dioxanet) . 

4. Discussion of Possible Mechanisms 

Laustriat and coworkers interpreted the long luminescence component 
on the basis of a triplet-triplet annihilation mechanism. They assumed 
that the interaction of high-energy radiation with the system leads by 
internal conversion processes to the formation of solvent triplet states of 
significantly long lifetimes. These excited states can interact to give the 
excited singlet state which transfers its energy to the scintillator. This 
mechanism is supposed to account for the slow luminescence. The initial 
fast part is assumed to result from direct formation of excited singlet 
solvent molecules and subsequent energy transfer to acceptor molecules, 
just as has been generally accepted for several years. 

The assumption of energy transfer from an excited solvent molecule 
to explain the fast luminescence component and the proposed triplet 
,annihiJation mechanism to explain the long luminescence component a n ,  
however, hardly apply to binary scintillator systems containing aliphatic 
solvents or more specifically, cyclohexane. Although comparatively 
long-lived excited states of aromatic solvents such as benzene or toluene 
are. well known no such state has been convincingly established for 
cyclohexane.18. l9 A different mechanism.for the 0uorescence of scintilla- 
tor-cyclohexane systems may therefore be profitably considered. 

The result for dionne wm obtained by S. Rodemeyer in this Laboratory. 
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THEORY AND MECHANISMS 3. LIFETIME STUDIES 151 

Even for an aromatic solvent like benzene it is questionable whether 
a triplet-triplet annihilation mechanism can account for the slow lumines- 
cence component after high-energy excitation. There exists evidence 
that the triplet state of liquid benzene under such conditions has a 
lifetime of less than 10-8 seconds.20y 21t 22 Such a short lifetime is not 
consistent with the slow component in the luminescence decay of ben- 
zene-scintillator systems. 

5. Consideration of Radiation Chemical Data 

Numerous investigations of the radiation chemistry of cyclohexane 
systems may provide an answer to the problem. In several studies of this 
kind it was shown that ionic reactions in this solvent play an important 

This evidence for ionic reactions is circumstantial and based 
on chemical reactions of cyclohexane systems under high-energy irradia- 
tion. In  addition, however, rather direct evidence for ions is obtained 
from electroconductivity measurements.27-30 Such measurements indi- 
cate also that mean lifetimes of about 10-7 seconds are possible for a 
non-negligible fraction of the ions produced in cyclohexane by high- 
energy radiation. 

The possibility of comparatively long-lived ionic species in high- 
energy irradiated solvent systems has been considered also on theoretical 
grounds. It is generally accepted today that energy deposition of high- 
energy radiation, for instance alpha, gamma or beta radiation, occurs in 
localized regions along the path of the energetic particle.31-* In  such 
localized regions, such as spurs, blobs and short tracks, high densities of 
reactive species, such as radicals, excited states, electrons, and ions, 
exist. 

From theory it is concluded that ionic reactions a t  least in water 
would be extremely fast, that is, of the order of seconds. It was 
also realized, however, that such rapid relaxation of energetic electrons 
in low dielectric-constant systems is difficult to understand theoretic- 
ally.a5- 36 Specihally the problem is the following: while energy loss of 
energetic electrons in a liquid organic solvent is quite probable for ener- 
gies above a few ev and thus is expected to occur over distances of a few 
angstroms it is difficult to rationalize the dissipation of the electron 
energy in the range between thermal and molecular vibrational levels. 
The probability loss of energy by the electron in that region seems to  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

6:
07

 1
7 

Fe
br

ua
ry

 2
01

3 



152 ORGANIC SCINTDLLATORS 

be small. On the other hand, an electron in that energy range still has 
sufficient energy t o  travel significant distances away from the parent 
ion before thermalization. Also, there exist very energetic primary 
electrons which, forming their own track, can escape the electrostatic 
field of the parent ion (&rays). The expected charge separation is there- 
fore capable of accounting for much longer recombination times. 

Presently, little theoretical work is available to provide reliable in-, 
formation on ion lifetimes. The problem is further complicated by the 
fact that ion-ion, or ion-electron recombination will not be purely a 
diffusion-controlled process ; the electrostatic field must also be considered. 
This field effect would lead to faster specific rates than are to be ex- 
pected for diffusion-controlled processes. 

Experimental evidence and theoretical considerations, therefore, 
suggest the importance of ionic processes in high-energy irradiated cyclo- 
hexane systems. Although no quantitative statement is here made, it is 
suggested that the long luminescence component in X-ray excited 
cyclohexane-scintillator systems is the result of ionic processes. 

6. Proposed Mechanism 

Consider a solvent S,37 scintillator X and products P. For the system 
cyclohexane-fast scintillator the following processes are considered to  be 
relevant for the luminescence. 
Ionization of cyclohexane 

S -+ S+ + e- (1) 

Recombination and product formation 
S+ + e -  + P 

Scavenging of electrons by scintillator 
e - + X  + X -  

Charge transfer to scintillator 
S + + X  + S + X +  

(3) 

(4) 

Neutralization reactions leading to excited states of scintillator 

X - +  X + - + X g  or X + X *  (5)  
x-  + x+ + x* + 8' (6) 

Fluorescence from excited scintillator 
X* + X + h v  (7) 
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Other processes like internal quenching of excited scintillator have 
been omitted from this scheme in order not to obscure the important ionic 
reactions. Furthermore, a quantitative treatment of the elementary 
reactions with the hope of development of a theoretical luminescence 
decay law is not possible at the present time. The difficulty of a quanti- 
tative treatment of the problem lies in the fact that the system to be 
considered is inhomogeneous ; i.e., concentrations of reactants are simply 
non-uniform. As the result of diffusion processes local concentrations 
vary with time but in the cases of ions and electrons the diffusional pro- 
cesses are further complicated by the effect of local electric fields. Neither 
diffusion coefficients, nor “initial” dimensions of the excited regions, 
nor distributions of reactants are known. 

Despite the discouraging quantitative aspect of the problem it seems 
nonetheless possible qualitatively to explain the overall experimental 
observations. 

7. Fast Decay Component 

As mentioned in Section 3 the fast component is independentof 
scintillator concentration in cyclohexane as long as self -quenching can 
be neglected. This situation is different from that in aromatic solvent 
systems ; in such systems, at low scintillator concentrations the increase 
of apparent decay time reflects the life time of the solvent rather than 
that of the scintillator.a If one applies the energy transfer mechanism 
generally used for aromatic solvent systems to cyclohexane scintillator 
systems one obtains transfer constants, k,, of the order of loll to  1012 
M-I sec-I. The formalism of homogeneous reaction kinetics does not 
apply to  the much more complicated situation under consideration.19 
Because diffusional processes cannot account for such rate constants, 
rather special assumptions must be made regarding the excited states 
of the s01vent.l~ Further, as already indicated, no experimental evidence 
for excited states of cyclohexane has yet been found. 

Use of an ionic reaction scheme eliminates the problems introduced 
by the assumptions of excited cyclohexane. The observed luminescence 
decay rates can be understood as the result of the spatial distribution 
of the reactants. 

The unexcited scintillator distribution may be considered uniform 
throughout this system. On the other hand, the charged species are 
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154 ORGANIC SCINTILLATORS 

localized in spurs, blobs, or short tracks. The initial sizes of such regions 
are not exactly known. For water, initial spur radii of about 20 A have 
been assumed.Sl For systems with low dielectric constants the value is 
expected to be considerably larger.271aO At any given time the concentra- 
tion of charged species within the spur may be described by some distri- 
bution function the form of which is not known. I n  order to form an 
excited scintillator molecule within a time shorter than the time reso- 
lution capability of the instmmentation it is necessary that the charged 
particles and scintillator molecules (according to the reaction scheme 
given) are sufficiently close together. Under such conditions interionic 
reactions, like (6), would appear to be favored. If scintillator emission 
were instantaneous, the fluorescence decay curve would reflect the 
distribution function for the mutual distances between the reactants. 
I n  real cases, however, in which rates of the recombination reactions are 
usually much faster than the emission process 7 (or the time resolution 
of the instrument used), such an effect would not be observable. 

This description, although over-simplified, serves nonetheless to  
demonstrate the basic fact that the fast component of light emission 
does not depend on scintillator concentration. Lowering the scintillator 
concentration decreases the total light yield but does not affect the fast 
component of the decay curve. 

8. Long Fluorescence Component 
The observed slow component of luminescence after high-energy ex- 

citation of cyclohexane systems must next be considered. I n  the case of 
systems made up from aromatic solvents this tail has been attributed 
to triplet-triplet annihilation of the solvent molecules. The phenomenon 
in cyclohexane systems can hardly be explained on the same basis. 
Again it appears to be more plausible to account for this observation by 
ionic processes such as discussed in Section 6. If one extends the ideas 
of Section 7 to reactions (5) and (6), but with particular consideration 
of the case where the reactants are sufficiently separated, it follows that 
formation of excited scintillator molecules, rather than the emission 
process, will be rate determining. 

For instance, to account in this way for luminescence 30ns after 
excitation of the cyclohexane p-terphenyl system by process (5) or (6), 
one must assume an average separation of the reactants of at least 
100 neglecting electric field effects. Separation of the reactants by 
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such distances is well within the range to be expected the~retically.~ 
Actually, much larger charge separations exist (note &rays) though, 
presumably with decreasing frequency. 

9. Other Evidence 
I n  some recent work, shortly to be published, Huque and this author, 

have shown that a negative-ion former is particularly informative when 
used as a quencher for it clearly distinguishes between effects that can 
be attributed t o  ions and those which are ascribable to excited species. 

10. Conclusion 
Luminescence decay curves in cyclohexane scintillator systems excited 

by high-energy radiation are interpretable in terms of ionic reactions. 
A mechanism involving excited solvent molecules does not seem plau- 
sible. The behavior in scintillator systems with aromatic solvents may 
well follow the same scheme. However, in such case the existence of 
“long-lived ’’ excited solvent molecules may make the energy-transfer 
process rate controlling and obscure the ionic reactions. 
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