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Creation and Evolution of Excited 
States in a Particle Tracks in 
Anthracene Crystals 
G .  KLEIN 
Centre de Recherches Nucleaires. Laboratoire de Physique des Ra yonnements et 
d'Electronique Nucleaire, 23, rue du Loess, 67037 Strasbourg Cedex, France 

The kinematics of excited states in anthracene crystals bombarded by 5 MeV z particles is 
studied. The elementary processes which account for the transitions from the primary excited 
states to the lowest singlet S ,  and triplet r, excited states is described. The equations governing 
the evolution of the S ,  and TI excitons in the z particle track are then solved. and the scintillation 
decay curve is calculated. This calculGed result is in good agreement with all available exper- 
imental results. The experimental part of this work are scintillation decay curves measurements. 
The scintillation decay was measured between 0.5 nsec and 40 p e c .  The influence of the initial 
very fast singlet excitons quenching by triplet excitons can be seen in the beginning of the 
scintillation. Thedelayed component isdescribed by the triplet exciton kinematics. The magnetic 
field effect on the scintillation was investigated. This effect is attributed to an effect on the 
T, - annihilation and an effect on the triplet excitons quenching by radicals which are 
formed in the 'x particle track. 

The problem of creation and evolution of excited states in organic crystals bombarded by 
z particles is studied by analysing the radioluminescence: the intensity of the emitted light as 
ii function of time. temperature. external magnetic field. and direction of the z particle. 

An anthracene crystal bombarded by ionizing particles exhibits the same eniission spectrum 
3 s  the fluorescence spectrum which is attributed to the radiative transition from the first excited 
singlet state S ,  to the ground state S,, ( S ,  -* Sl ,  + hv). The formation ofthe S, excitons is a result 
ofasequenceofelementaryprocesseswhich wereview in this paper. In afirst stage(t0-I5 sec)the 
primary z particle and the secondary electrons are slowing down in the organic material and 
create excited states in a broad energy range at about 20 eV (excitons. plasmons. charge carriers). 
Inasecondstage.from IO-I'sec to lO-"sec theabsorbedenergy.isdissipatedin thecrystaland 
transformed into singlet ( S , )  and triplet (TI) excitons and phonons by non radiative transitions: 
electronic and vibrational relaxation. autoionization and charge carriers recombinations. In the 
third stage (10- sec to lo-' sec) occurs the emission of light which can be studied experimen- 
tally in the range sec to 10- sec. During this stage, also take place the diffusion ofthe exci- 
tons and bimolecular annihilations. The light emission of the singlet excitons resulting from the 
two first stages is the "prompt component" of the scintillation; its decay is not exponential. 
and extends over tens of nanoseconds; the light arising from singlet excitons created by annihi- 
lation oftwo triplets (T,  + TI -. S, + S,,) is the "delayed component" and lasts microseconds. 

In Section I we develop a kinetic study of the scintillation. as complete as possible, in which 
we use experimental and theoretical published results about the involved elementary processes. 
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I26 G .  KLEIN 

Afterwards we present our experiments (Section 11) which are measurements of the intensity 
of a scintillation as a function of time between 1 nsec and 40 psec in various conditions of 
temperature and external magnetic field. These experimental results are discussed in Section 111. 
The light intensity of the scintillation is calculated between 0 and 40 psec and compared to 
our experimental results and other available data. The magnetic field effect have proven to be 
ofgreat importance in understanding thedetailsofthe triplet exciton interactionsand thecreation 
of paramagnetic defects in G( particle tracks. 

I KINEMATICS OF EXCITED STATES IN 01 PARTICLE TRACKS 

The earlier work about this problem has been summarized by B i r k ~ . ~ ~  This 
problem was next studied by King and Voltz”’ and by S ~ h o t t . ~  These authors 
showed the most important features but there were always difficulties to 
give a complete’ or quantitative3 study of this problem. A more complete 
analysis, including magnetic field effect experiments is given by Geacintov 
et aL4 

1.1 Primary excited states 

The passage of the primary c1 particle and the secondary electrons in the 
anthracene crystal results in the formation of various excited states. 

The ct particle and the high energy secondary electrons ( E  2 100 eV) 
lose energy by “optical collisions.” Fast electrons energy loss spectra in thin 
 crystal^*^^ show a broad absorption band at 20 eV which is attributed to the 
formation of plasmons. Their yield of formation is one plasmon for 25 eVZ. 
Higher energy losses correspond to ionization and generation of electron- 
hole pairs. Thus, we conclude that the primary excited states generated by 
fast particles are plasmons and charge carriers. 

The low energy secondary electrons ( E  < 100 eV) interactions with matter 
were less studied. In the following, we suppose that above the ionization 
potential ( x 6 eV) the formation of plasmons still prevails. Secondary elec- 
trons with energies below 6 eV, and above the first singlet exciton energy 
(3.15 eV in anthracene) have a probability of 0.5 to create a singlet exciton. 
This can be seen from quantum yield measurements in anthracene crystals 
bombarded by very slow electrons.6 Between the energies of the lowest 
triplet exciton and singlet S ,  an electron loses its energy by the formation 
of triplet excitons.2 The matrix elements for such transitions involve exchange 
integrals, therefore they are generally one order of magnitude smaller than 
those corresponding to allowed transitions (So + S ,  for example). How- 
ever, this electronic transition (So + q) seems to be more likely than the 
intramolecular vibration excitation : In anthracene crystals excited by pho- 
tons at 10 eV, 30 per cent of the initial singlet excitons undergo autoioni- 
zation followed by the formation of a triplet exciton by the emitted electron 
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ALPHA PARTICLE TRACKS I N  ANTHRACENE I27 

if its kinetic energy is more than the triplet energy.' The exciton formation by 
secondary electron collisions corresponds to a very narrow energy range 
(1.8 eV to 6 eV), but it is important because of the large number of secondary 
electrons having these energies. 

Thus, the primary excited states in M particle tracks are principally plas- 
mons, excitons 7',, S,, S ,  , charge carriers and few intramolecular vibrational 
excitations. As the energy necessary for the formation of a plasmon is 25 eV, 
and less for excitons and charge carrier pairs, and neglecting vibrational 
excitations, we assume that an average energy of 25 eV is necessary for the 
creation of one primary excited state. 

A 5 MeV ct particle track is roughly of cylindrical symmetry. Secondary 
electrons of energies less than 500 eV correspond to 90 per cent of the initial 
M particle energy.3 The average value of the range of these secondary 
electrons is roughly 100 A (1 50 A for 500 eV). Therefore, we suppose that 
100 p\ is a good approximation for the M particle track radius r o .  

1.2 Non-radiative transitions 

The plasmon lifetime calculated from the linewidth of the broad absorption 
band is between S ~ C . ~ . ~  At these high energies ( ~ 2 0  eV) 
the most important decay process is a~ to ion iza t ion .~*~  The resulting second- 
ary electrons have often enough kinetic energy to form triplet K or singlet 
S,, S,  excitons (see Section I .  1). Thus, for each plasmon, we get one charge 
carrier pair and often one S, or exciton. Because of the very short lifetime 
of the plasmons we neglect their intera'ctions with other plasmons or charge 
carriers. We conclude that after sec only remains S, and 7', excitons 
and charge carriers. 

The charge carrier recombination will take place in the next time scale: 
10- l 3  sec to 10- l 2  sec. The concentration of charge carriers in the ct particle 
track is about n ,  .= n -  z lo" cm-3 (see Section 111.1.1 and Ref. 3) and 
the bimolecular electron-hole recombination rate constant is y +  - = 
cm3 sec-' ; l o  thus, the recombination rate constant is n+y+ - = l O I 3  sec-'. 
The electrons produced by ionization, or autoionization are thermalized at a 
distance from the hole of 50 p\ or more." This distance is larger than the 
average distance between two ions in the track. Therefore, electrons recom- 
bination with holes without any spin correlation results in the formation of 
25 per cent singlet and 75 per cent triplet e x ~ i t o n s . ~  

Singlet or triplet excitons quenching by charge carriers is negligible 
compared to electron-hole recombination : the bimolecular annihilation 
rate constant of triplets by free electrons or holes is y T +  z y T -  zz lo-' cm3 
sec- ' << y + - .' And the quenching rate constant of singlets by trapped holes 
or electrons is 

sec and 

cm3 sec-' 6 y+ - . I 3  
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128 G. KLEIN 

Assuming that no other important non radiative quenching processes were 
omitted, we conclude that at the end of this second stage (z 10- '* sec), the c1 

particle track is made of triplet T, and singlet S ,  excitons which yield of 
formation is about one exciton for 25 eV. The triplet excitons formation is 
promoted by ions recombinations, whereas direct excitation results in the 
formation of more singlet excitons. The actual efficiency of these processes 
is not known, but it seems reasonable to suppose that the numbers of triplet 
and singlet excitons are roughly equal. 

The creation of defects by photochemical processes in irradiated organic 
materials is a well established p h e n ~ r n e n o n . ~ * * ~ ' ~ - ' ~  It was shown by Fuchs 
et at.' that in liquid benzene photochemical processes are very efficient in the 
second (S,) and third (S,)  singlet excited states. This results in a decrease of 
the fluorescence quantum yield. At energies higher than the ionization 
potential, this phenomenon decreases rapidly, because it is in competition 
with autoionization, which is a faster process. In organic crystals, like anthra- 
cene, the defect production occurs surely in the same manner, but with 
smaller efficiencies ; indeed, the fluorescence quantum yield is approximately 
independent of the excitation energy. ' However, these permanent defects in 
anthracene cannot be neglected because of their quenching effect on the long 
lived triplet excitons : the triplet exciton lifetime before X ray irradiation of 
22 msec decreases to a value of 1.5 msec after dose of 4 x lo3 rad. l 4  This is 
t o  be compared to the CI particle track where the locally deposited dose is 
of the order of lo7 rad (see Section 111.1.2). These defects were not taken into 
account in the scintillation analysis of King and Voltz' and S ~ h o t t ; ~  their 
quenching effect on singlet excitons in tetracene were studied by Geacintov 
et aL4 

An external magnetic field has no effect on the singlet or triplet excitons 
population in this time range sec). The most important 
reactions which possibly could be magnetic field sensitive are : 

sec to 

e + S ,  - ( e , T , ) + e +  q (2) 
e + 
e + q - , ( e , T , ) - , e + T ,  (3) 
e + s o d  

(4) S,, -, e* + h -, e + T, + h -+ ( T, , T, ) -, 6 + T, 
s, + s, 

where e, h mean thermalized electron and hole, e* is an electron with kinetic 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 129 

energy, and the arrows correspond to spin conserving transitions. The 
triplet-triplet fusion, and the triplet quenching by paramagnetic defects will 
be studied in the next paragraph (Section 1,3). The spin state of the pairs 
(e ,  T,) and (T,  q )  changes coherently with time because of the triplet fine 
structure interaction, which can be modulated by a magnetic field. Thus, the 
reverse processes are magnetic field dependent.’ However, in ci particle 
tracks, in reactions (11, (2) and (3), the free electron and the pair state life- 
times are very short, so that coherent spin states mixing cannot occur, and 
there is no magnetic field effect.lg The reaction (4) is impossible in ci particle 
tracks because electron-hole geminate recombination is scarce;? a random 
recombination produces triplet excitons with no correlated spin states. 

1.3 

The singlet and triplet excitons can diffuse out of the ci particle track; the 
corresponding diffusion coefficients are D, and D,.  Because of this motion, 
the excitons can also disappear by bimolecular annihilation. The most 
important reactions are : 

Kinematics of singlet S, and triplet T, excitons 

& -I s’, 5 S,  + hv -+ S ,  . . .+  S ,  + hv 
s, + s, 3 so + s,, -+ so + s, 

where 2 y s  + y T  = y T 7 . .  The reaction ( 5 )  is the fluorescence and the self- 
absorption which is important in anthracene crystals. The reactions (6-9) 
are fusions which result in the disappearance of one exciton. The last one (10) 
is the quenching of a triplet exciton by a defect arising from photocheniical 
processes. Some of these defects have a doublet character (spin )). ys and y R  
are the only parameter which are magnetic field dependent and they were 
widely studied. 1 4 * 1 5 * 2 *  Geacintov et studied the consequence of this 
magnetic field effect on scintillation. The parameters D,,” Ds ,22  y s s , 2 3 . 2 4  

t This reaction is possible with U . V .  light or fi  particle irradiation. where isolated highly 
excited states are created.’“* In this case the triplet production is magnetic field sensitive. like 
in tission experiments. 
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I30 G .  KLElN 

TABLE 1 

Parameter values governing the creation and evol- 
ution of excited states in 5.3 MeV 2 particle tracks in 
anthrdcene crystals. 
A Values measured independently of this work. or 

calculated. o r  estimated. 
B Values which give the best fit between the cal- 

culated scintillation light intensity and the cor- 
responding experimental results, including niag- 
netic field effect. ____ 

Parameter A B 

2 x 10-4 2 x lo-4 

5 x 1 0 - 3  5 x 1 0 - j  

2 x 10-11 3.4 x l o - ”  
0.18 0.22 

2 x 108 2 x lo8 
4 x 1 0 7  4 x 10’ 

100 I00 
1019 10’” 
1019 1 . 4  x 1019 
1 0 7  4 x 10’ 

1.5 x 
5 x 1 0 - 9  2 x 10-9 

2 3 , 2 4  Y T T ,  2 5  Y S / Y T T  ,26 kS2’ were determined experimentally, indepen- 
Y S T  3 

dently of this work and are reported in Table IA. ki depends on the crystal 
size; in our case we measured it by p particle excitation. 

In anthracene crystals, intersystem crossing ( S ,  -+ 7‘,) and internal con- 
version (8,  -+ s,) are neglected. This means that we suppose that the fluores- 
cence quantum yield is equal to unity.” In the time range we studied (1 nsec 
to 40 psec) the monomolecular decay of triplet excitons may be neglected 
(rate constant: 40 sec-I). 

The concentrations of triplet excitons nT(r, t )  and singlet excitons ns(r, t )  
are functions of space ( r )  and time ( 1 ) ;  they are given by the equations: 

The concentration of quenchers nR(r, t )  and the initial conditions n,(r, O), 
ns(r, 0) will be studied later (Section 111.1.1 and 111.1.2). In Eq. (12) the 
monomolecular singlet decay is taken into account by -k,n, ,  where Ilks 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 131 

is the singlet S ,  lifetime without self-absorption. The range of the emitted 
photons in the crystal is cm or more, corresponding to an absorption 
coefficient of lo4 cm-I or less.28 Therefore, these emitted photons escape 
from the track whose radius is initially 100 A, but they do not escape neces- 
sarily from the crystal: 80 per cent of them are absorbed again out of the 
track, where bimolecular quenching cannot occur. We distinguish between 
the singlets of the track, which number is Ns(t)  and the Ns(r) singlets which 
are out of the track. They are correlated by the equation: 

with the initial condition Ns(0) = 0. 
Knowing the initial conditions nJr, 0), nT(r, 0) and nR(r, t ) ,  the concen- 

trations ns(r, t )  can be calculated by solving Eqs. (1 1) and (12). N,(r) is 
obtained by integration of n,(r, t). N i ( t )  is then given by Eq. (13), and the 
light intensity of the sintillation is: 

i(t) = k;(N,(r) + N;.(t)) 

The part of i ( r )  corresponding to the singlet excitations created by direct 
excitation or by electron-hole recombination is the “prompt component ” of 
the scintillation, and the part originating from triplet-triplet annihilation 
(ysn+) is the “delayed component”. 

II EXPERIMENTAL 

The time dependence of the light intensity of the scintillation was measured 
in three parts : the very beginning of the scintillation i ( t)  is studied in Section 
11.1 in the time range 0.5 nsec to 20 nsec; we tried to show the competition 
between the diffusion of the singlet excitons out of the track and their 
quenching by triplet or other singlet excitons. In Section 11.2 were studied 
longer times, from 10 nsec to 40 psec, where triplet-triplet annihilation is 
important. The last part, Section 11.3 deals with magnetic field effects which 
give informations about triplet-triplet and triplet-doublet interactions in CI 

particle tracks. 

11.1 

The scintillation decay curve was measured, using the single photoelectron 
sampling method.” The experimental set-up is reported in Figure 1. The 
anthracene crystal bombarded by 5.3 MeV c1 particles of a 21”Po radioactive 
source, is placed upon the photocathode of a photomultiplier PM 1 (Dario 56 

Measurements of the beginning of the scintillation 
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132 G .  KLEIN. 

FIGURE 1 Experimental arrangement used to measure fast scintillation decay curves. 
PM -photomultiplier; D-fast discriminator; TAC-time to amplitude converter; MCA- 
multichannel analyser; A-amplifier; SCA-single channel analyser ; C-slow coincidence 
circuit. 

DUVP). The following discriminator triggered by the beginning of the PM 1 
signal gives the zero-time signal corresponding to the passage of the ct 

particle. A second photomultiplier PM2 (RCA 8850) is diaphragmed, so that 
on an average one photoelectron per scintillation is formed at its photo- 
cathode and generates the delayed timing pulse. The time intervals between 
the output signals of the two discriminators are measured by a time to pulse 
height converter TAC (Chronetics Model 105) and analysed and stored by a 
multichannel analyzer MCA. A slow coincidence circuit, gating the MCA 
was used to select constant pulse heights in order to decrease the time jitter 
of the triggering of the discriminators and get a better time resolution 
(I 1 nsec). Moreover, on PM2, pulse heights corresponding to one photo- 
electron were selected : in this case, for each scintillation, the probability 
that a photon is detected by PM2 at time t is proportional to i(t). Thus, the 
curve registered in the MCA is proportional to i(t). 

The anthracene crystal was grown from the melt from zone refined anthra- 
cene (Merck Art. 1454). The crystal was cleaved along the (a, b) plane (2 mm 
thick) and was washed in xylene before the experiment to avoid surface 
quenching of excitons. The a radioactive source is placed upon the (a, b) 
face of the crystal, so that the mean direction of the a particles is perpendi- 
cular to the (a, b) plane. With this geometry, all the analysed photons have to 
pass through the crystal, so that self-absorption is the same for all these 
photons and can be easily calculated (see Section 1.3). 
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FIGURE2 TimedependenceofthenumberofsingletexcitonsN,(t) + N;( t )  inan anthracene 
crystal bombarded by a 5.3 MeV a particle perpendicularly to the crystal (a ,  6 )  plane. 
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On Figure 2 is reported the scintillation decay curve i(t). The 1 nsec rise 
time (10 per cent to  90 percent of the maximum) is that corresponding to the 
apparatus; no real scintillation rise time could be measured. This implies that 
S ,  excitons are formed in less than 0.5 nsec, which is in agreement with 
Section I where it was shown that S ,  excitons are produced in sec or 
less. The decay of i(t) is not exponential. In the very beginning of the decay 
the apparent lifetime of the singlet excitons is 20 nsec which is less than the 
isolated singlet exciton lifetime (25 nsec). This implies that S ,  excitons 
disappear not only by monomolecular radiative decay. This initial quenching 
is more striking in naphtalene crystals (see Figure 3): i(t) was measured in the 
same experimental conditions as those used for anthracene.? The corres- 
ponding apparent S ,  exciton lifetime in the very beginning of the scintillation 
is 10 nsec, whereas the isolated S ,  exciton lifetime measured by U.V. or p 
particle irradiation is 1 15 nsec. 

t The risetime, or time resolution are worse for naphtalene than for anthracene, because in 
the case of naphtalene, the light intensity is weaker. This results in fluctuations in the build-up 
of the PMI signal and time jitter of the zero-time signal. 
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I34 G. KLEIN 

u 
v .- 

lo  L I I I I 1 I 

1 2 3 L 5 6 t(ns) 
10 

1 2 3 L 5 6 t(ns) 

F I G U R E  3 
ticles. 

Scintillation decay curve of a naphtalene crystal bombarded by 5.3 MeV 2 par- 

11.2 Measurements of the delayed component of the scintillation 

The light intensity decay i ( f )  was measured between 10 nsec and 40 psec 
using the experimental set-up shown in Figure 4.t The same single photo- 
electron method was used. PM2 was a low noise photomultiplier (Dario 56 
DUVP). The time intervals A t  between the PM1 and PM2 signals were 
measured by a bistable which is opened by the PMI signal and closed 
by the PM2 signal. The resulting rectangular pulses, which widths are At 
were modulated by a f = 100 MHz sinusoidal oscillator. The number of 
periodsfAt were counted by a binary scaler “SEN type 194.” This result is 
stored in a memory of 4096 channels “Intertechnique BM 96” at the corres- 
ponding address. Thus, the scintillation decay curve of the anthracene crystal 
bombarded by 5.3 MeV c( particles is given with 10 nsec (= 1,”) per channel 
over a time range of 40.96 psec: see Figure 5. 

The temperature dependence of the scintillation decay curves ofanthracene 
crystals bombarded by 5.3 MeV CL particles was measured, using a cryostat 
and the same electronic apparatus. Compared to the scintillation decay 

between 10 nsec and 40 psec 

t The electronic part was carried out by MIEHE, OSTERTAG and GEIST. 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 135 

SOURCE 
CRYSTAL 

DIAPHRAGM 

SHAPER +i DISCRI. r? 
-- 

SCALER tl 11 MEMORY 

FIGURE 4 Experimental apparatus used to measure slow scintillation decay curves. 

curve at room temperature, at 80 K the initial decay is faster, but there is no 
change in the slope after 0.3 psec. The integrated light intensities in the time 
intervals 0 to 40 psec, and 0.3 psec to 40 psec at different temperatures are 
reported in the Figure 6. 

11.3 Magnetic field effects 

The same single photoelectron and delayed coincidence methods were used 
to measure the magnetic field effects on the scintillation decay curves (Figure 
7). The same ct particle source was used. The measurements were performed 
alternatively with and without magnetic field during periods of 10 sec; the 
corresponding results were stored in two different parts of the MCA memory. 
During the time interval 5 sec, between two measurements the magnetic 
field was sitched on (or off) and the corresponding part of the MCA memory 
was selected. This sequence of operations was monitored by an external 
clock. The (a, h) face of the anthracene crystal was glued to a plexiglass 
cylindrical light pipe, which could be rotated around his axis, so that the 
fixed magnetic field direction could be oriented in the crystal (a, b) plane. The 
other end of the light pipe is in good optical contact with the PM1 photo- 
cathode. The PMl and PM2 photocathodes were respectively at 15 cm and 
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1 

0.8 

0.6 

0.4 

0.2 

I 
t 

FIGURE 5 Time dependence ofthenumber ofsinglet excitons. N,?( t )  + N;( I ) .  in an anthracene 
crystal excited by a 5.3 MeV c( particle. Full line: experimental result; crosses: calculated values. 
The  lower broken line shows the relative variations of the number of triplet excitons. 

50 cm from the crystal and shielded from stray magnetic fields. The number 
of scintillations detected by PM 1 was almost independent of the magnetic 
field and the average number of coincidences per scintillation was less than 
0.1. In these conditions the magnetic field effect on the number of coinci- 
dences stored in the MCA is equal to the effect on the light intensity i(t).  

We measured the relative variation of the light intensities upon magnetic 
field application : Ai/i = ( i H ( f )  - io(t))/ io(t)  where the subscripts H and 0 
correspond to measurements with and without magnetic field. We measured 
that Ai/i is nearly independent of time; therefore, only the variations of the 
integrated intensities Aip/ip between 0 and 80 nsec, and Aidlid between 0.7 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 137 

FIGURE 6 Temperature dependence of the integrated light intensity of anthracene crystals 
bombarded by 5.3 MeV u particles. Open circles: integration between 0 and 40 p e c ;  closed 
circles: integration between 0.3 p e c  and 40 psec. 

k 
SOURCE I CRYSTAL- 

I 9 
LIGHT GUIDE 

MAGNETIC SHIELDS 

D T A C  D 
I 

?&RING 

FIGURE 7 
scintillation decay. The abbreviations are the same as in Figure I .  

Experimental apparatus used to measure the magnetic field dependence of the 
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i/ 1 

0 30° 60° 90' 120' 150° 
I ,  I I 1  I 1 1 , , , , , , , , ,  

MAGNETIC FIELD ORIENTATION 
F I G U R E  8 Relative variations of the integrated light intensities of anthracene crystals 
excited by 5.3  MeV c( particles as a function of the orientation of the magnetic field in  the crystal 
((1, b )  plane. The magnetic field intensity was 4000 Gauss. A!,,/$: integration hetween 0 and 
80 nsec. A;,,/&: integration between 0.7 psec and 10 psec. 

6- 

- 
I -  

- 

2 B(kGauss) 3 

FIGURE 9 Relative variations of the integrated light intensities of anthracene crystals 
excited by 5.3 MeV CL particles as a function of the magnetic field intensity. The magnetic tield 
is in a resonance direction. Ai,,/ip: integration between 0 and 80 nsec. Aid/&: integration hetween 
0.7 psec and 10 p e c .  
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ALPHA PARTICLE TRACKS IN ANTHRACENE I39 

and 10 psec were studied. The anisotropies of Aip/ip and Aid/& as a function 
of the magnetic field orientation in the crystal (a, b) plane are reported in 
Figure 8 for a magnetic field strength of 4000 Gauss. The influence of the 
magnetic field strength is shown in Figure 9, where the magnetic field was in a 
resonance direction of the (a ,  h)  plane (H,h = 23"). 

Ill DISCUSSION 

The scintillation analyses ofKing and Voltz' or Schott3 can explain the main 
experimental features about the scintillation, but the three Eqs. (1 l), (12) and 
(1 3) governing the excitons evolution were never solved completely. In the 
first analysis, the singlet exciton quenching by triplet or singlet excitons was 
neglected, and in the second one the resolution of the equations were only 
qualitative. The paramagnetic defects formation by irradiation and their 
quenching effect on triplet excitons was widely ~ t u d i e d ' ~ - - ' ~  but was never 
taken into account in the kinematics of the scintillation. In this paper, Eq. (1 1) 
was solved analytically and Eqs. (12) and (13) were solved numerically. 
These results were fitted to all known experimental results. This discussion 
was limited to the problem of 5.3 MeV M particle tracks in anthracene crystals 
because for this problem enough data are available to solve it theoretically 
with good accuracy. Only in these conditions will the comparison with the 
experimental results be relevant. 

111.1 

IIZ.1. I Initial exciton roncmtrationd The initial concentrations of triplet 
excitons +(r, 0) and singlet excitons ns(r, 0) are assumed to be of cylindrical 
symmetry and gaussian functions of the distance ( r  = 1 rl) to the center of the 
track. The axis which is the M particle path will be perpendicular to the ( a ,  h) 
plane. Moreover, nT and n, are supposed to be constant all along the M 
particle track. This latter assumption is partly wrong, because the linear 
energy transfer (LET) increases from the beginning to the end of the CI 

particle path. However, this does not change significantly our results for two 
reasons : firstly because the experimental shape of the scintillation decay 
curves i(t) is nearly independent of the M particle en erg^.^" The second reason 
is that the integrated intensity of scintillation per path length changes only 
slowly with the LET of the M p a r t i ~ l e . ~ . ~ '  Thus, n, and n, are given by: 

Calculation of the scintillation decay curves 

ns(r,  0) = n,(O, O)exp(-r2/ri) 

nT(r ,  0) = n,(O, O)exp( - r 2 / r i )  

(14) 

(1 5 )  
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I40 G. KLEIN 

where ro is the “track radius” which will be taken 100 A (see 1.1). ns(O, 0) 
and n,(O, 0) are the initial concentrations at time zero, at the center of the 
track; they are related to the total initial numbers of S ,  excitons Ns(0)  and 

excitons N,(O) by: 

where 1 is the CY particle path length. In anthracene crystals, for 5.3 MeV CI 

particles 1 = 30 p.32 As stated above (Section 1.2) the yield of formation of 
the excitons S ,  and are equal, and 1 exciton for 25 eV, i.e. N,(O) + NT(0) 
= 2.1 x lo5 excitons and Ns(O)/NT(O) % 1. This is equivalent to: 

ns(O, 0) z nr(O, 0) z IO” cm-3 

111.1.2 Concentration of the triplet excitons quenching centers It was 
shown in Section 1.2 how triplet quenching centers can be formed by photo- 
chemical processes in irradiated crystals. Most of them are chemical defects 
or radicals and have a doublet (spin $) character. The energies of most pri- 
mary excited states are far above the ionization potential. In this energy 
range the photochemical processes are negligible compared to autoioniza- 
tion. It is known that the yield of radical formation increases with the LET 
and is related to a bimolecular interaction between two excited states. l 6  

Further, it can be seen that these interactions probably are S, - S ,  or 
S ,  - interactions (Eqs. (6) and (7)) which increase with LET and result 
in the formation of singlet (S,,) or triplet (T,) excitons whose energy is near 
the ionization potential, where the photochemical processes are the most 
efficient.8 In the following parts of this discussion, it is shown that the 
concentrations of the excitons quenching defects are not important com- 
pared to ns(O, 0) and n,(O, 0) and that two time intervals may be distin- 
guished. During the first one from zero to 1 nsec the defects are produced, 
and the quenching of singlet and triplet excitons by the defects is neglected 
compared to the quenching by other singlet or triplet excitons. During the 
second one (1  nsec to 40 psec) the defects production is negligible and the 
quenching of triplet excitons becomes operative. Therefore, in Eq. (1 1) it may 
be supposed that the defects concentration is independent of the time and has 
the same shape and symmetry as ns(r, 0) or nT(r, 0) : 

nR(r, I)  = nR(r) = nRO exp( - r 2 / r i )  (18) 
where nRO is the concentration at the center of the track. 

The quenching rate constant yRnR, of the T, excitons by radicals may be 
calculated approximately: Ern and McGhie” measured that in an anthra- 
cene crystal irradiated by electrons emitted by tritium, yRnR0 is 1.5 x iw3 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 141 

sec- for 1 erg of /3 particle energy absorbed per gram of anthracene crystal, 
The volume of a 5.3 MeV a particle track is nri I = 10- l 4  cm3 (with I = 30 p 
and rD = lOOA). Taking a density of 1.25 g ~ m - ~ ,  its mass will be 1.2 x 

g. The deposited energy in the track is 5.3 MeV, which corresponds to 
a dosage of 7 x lo8 ergs/g and a value of YRnRO x lo6 sec-’. However, the 
radical production yield for 5 MeV a particles is about 10 times larger than 
for electrons.16 Therefore, in our case, the true value of yRnR0 will be 10 
times larger than the previously calculated value : yRnR, x lo7 sec- ’. 

This value of yRnR0 and the values of ro ,  n,(O, 0), n,(O, 0) calculated in 
Section 111.1.1 are reported in Table IA. 

111.1.3 Resolution of equation (11 )  governing the triplet excitons evolution 

The initial conditions nT(r, 0), yRnR(r) were determined previously, and the 
parameters are given in Table IA. To solve this equation, we make some 
approximations which correspond to our experimental conditions : it will 
be supposed that the track is of cylindrical symmetry at all times, i.e., that its 
axis is perpendicular to the crystal (a, 6)  plane, and that the excitons diffusion 
is isotropic in the (a, b )  plane. 

The triplet excitons evolution can be characterized by 3 time constants: 
Z, = r i / 4 D ,  for the diffusion of the triplet excitons perpendicularly to the 
track axis, t b  = l/(n,(O, O)yTT)  for the - TI bimolecular annihilation, 
t ,  = l/(nRoyR) for the triplet excitons quenching by radicals. Using the 
parameter values of Table IA one obtains A = t,/2t, x 0.12 and B = 
t , / t c  w 1.2 x lo-’. In these conditions ( A  5 1 and B 5 l), the Eq. (19) can 
be solved analytically by the prescribed diffusion method:33 according to 
this method, the distribution of triplet excitons n,(r, t )  remains a gaussian 
function of r at all times: 

The function of time g(t)  can be calculated by replacing nT(r, I )  by this expres- 
sion in Eq. (19), multiplying each member by 2nrdr, and integrating from 
r = 0 to infinity one obtains: 

t a  - d9 - - -gz - 
dt 2tb(t + t,) ’ t , ( t  + 2t,) 

If A < 1 and B 4 1,  this equation is equivalent to: 
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I42 G .  KLEIN 

By integration from t = 0 to t. with the initial condition g(0) = I one 
obtains 

The conditions A 5 1 and B Q 1 were verified a posteriori by comparison 
with the experimental results, or using the parameter values of Table IB. 

111.1.4 
cidution 
equations : 

Resolution of' equations (12) and (13) governing the singlet excitons 
The light intensity is calculated by solving successively the four 

11ssn; - 

(21) 

i( t)  = k i[Ns( t )  + N i ( t ) ]  (22) 

These equations were solved numerically with a computer, using the 
parameter values of Table IA and nT(r, 1 )  given by the Eq. (20). The para- 
meter values were changed and the light intensity (22) calculated again, until 
the best fit was obtained between the calcdlated and rill esperinientril r c w f t s .  
These new values are reported in Table IB, and it can be seen that there is 
little difference compared to the previous values of Table IA. 

111.2 Comparison to  experimental results 

1I1.2. I The total number of singlet 
excitons in an anthracene crystal bombarded by a 5.3 MeV c( particle, 
Ns(t)  + N i ( t )  = i(r)/ki is reported on the Figures 2 and 5. The full lines are 
the experimental results, and the broken line in Figure 2 and the crosses in 
Figure 5 are calculated values, using the fitted parameter values of the Table 
IB. On Figure 5 are also shown the calculated relative variations of the total 
number of triplet excitons N T ( t ) / N T ( 0 )  = g(t) .  

The experimental curves i ( t )  which were measured in Section 11.1 and 
Section 11.2 are only relative variations. Their normalization was calculated 
as follows: the scintillation yield of an anthracene crystal bombarded by 

Intmsitj &CUJI uf '  the scintillrtion 
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ALPHA PARTICLE TRACKS I N  ANTHRACENE I43 

5.3 MeV c1 particles perpendicularly the crystal (0, 6)  plane is34 S, = 0. I 1 1 S, 
where S, is the scintillation quantum yield for high energy fi particle irradia- 
tion. Taking S,j = 23 photons/keV6, one obtains: S ,  = 2.55 photons/keV, 
or 13000 emitted photons for one 5.3 MeV c1 particle. The normalization was 
achieved by integrating the experimental curve i ( t )  and taking into account 
the relation s6 i(r)dt  = 13000 photons (see Figure 2 and 5).  

Calculated and experimental results are quite similar, except at the begin- 
ning: the calculated initial spike corresponding to the very fast singlet exci- 
tons quenching by S ,  - S ,  or S ,  - T, interactions is washed out in the 
experimental results because the time resolution otthe apparatus is too large 
(z 1 nsec). 

As it was shown in Section 11.2 and Figure 3 ,  the initial singlet excitons 
quenching is more striking for naphtalene crystals. The reason of this dif- 
ference between naphtalene and anthracene crystals is that in naphtalene 
all monomolecular or bimolecular rate constants, and the diffusion 
constants are about 10 times smaller than in anthracene: in naphtalene 
crystals = 0.87 x lo7 sec-',35 k ,  = 2.5 x lo7 sec-I,'' Ds = 2 x lo-' 
cm2 sec-' , 3 h  D,. = 3 x cm2 ~ e c - ' , ~ ' , ~ ~  y T T  = 3 x lo-'' cm3 

suming a similar difference for yss and yST, i t  is clear that in 
naphtalene the variations with time of Ns( t )  + N i ( t )  are similar to those in 
anthracene, but slower by a factor of 10. Therefore, the initial quenching 
which is important during 1 nsec in anthracene will be imporr;int during 
10 nsec in naphtalene and can be easily observed experimentally. 

The quantitative description of the scintillation can give more information 
about scme details of the excitons kinematics in the c1 particle track: Figure 
10, curve 1 shows the calculated variations of N , ( t )  + N i ( t )  (using the fitted 
parameter values of the Table IB) which are quite the same as the experi- 
mental results. Curve 2 shows the scintillation prompt component which is 
given by the calculated values of N,(t)  + N&(t) ,  taking y, = 0 and y T T  
unchanged (3.4 x lo - ' '  cm3/sec).t Curve 3 shows the part of this prompt 
component which corresponds to the singlet excitons of the track (N,( t ) ,  
taking the same condition ys = 0). From this curve it can be seen that the 
singlet excitons of the track, corresponding to the prompt component are 
quenched very quickly by bimolecular interaction ; however, the radiative 
transition (rate constant k,) which is a much slower process is not negligible. 
Among the photons arising from these singlet excitons of the track, 807< are 
self-absorbed out of the track and result in a quasi-exponential prompt 
component (curve 2), which time constant is l/k; = 25 nsec. The estrapo- 
lated value of the exponential curve to t = 0 is a good approximation to the 

sec-l 37 .39  As 

'r I n  this cal~~itlatinn. the quenching ol'singlet excitons by those created by 7; - 7; annihil- 
;itioii IS neglected compared to the quenching by triplet excitons which is much more efticient. 
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144 G. KLEIN 

FlGURE 10 Time dependence of the number of singlet excitons in an anthracene crystal 
bombarded by a 5.3 MeV a particle. 

1) Total number of singlet excitons ( N ,  + N i ) .  Experimental and calculated values. 
2) Calculated number of singlet excitons giving rise to  the prompt component, 
3) Calculated number of singlet excitons of the track giving rise to the prompt component. 
4) Calculated number of singlet excitons giving rise to the delayed component. 

number of singlet excitons, which result in the prompt component emission : 
4900 excitons. The initial number of singlet excitons is 94000 (calculated 
with the parameter values of Table IB), and the ratio 4900/94000 zs 0.05 
indicates that only 5 per cent of the initially created singlet excitons are not 
quenched by bimolecular processes. As the total number of emitted photons 
is 13000, the ratio of the prompt to the delayed component is P/D = 
4900/( 13000 - 4900) z 0.6. This value is similar to the experimental value 
measured by Geacintov et u1.: but does not agree with the results of Schott 
who concluded that the prompt component is negligible. The delayed 
component (curve 4) is the difference between curves 1 and 2. 

On Figure 1 1  are reported the initial distributions of singlet and triplet 
excitons in the track (curve l),  calculated, taking the fitted parameter values 
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ALPHA PARTICLE TRACKS IN ANTHRACENE 145 

FIGURE I I Calculated singlet (n,(r ,  1 ) )  and triplet (n7(r. 1 ) )  excitons concentrations as a 
function of the distance to the center of the track in anthracene crystals bombarded by 5.3 MeV s( 
particles perpendicularly to the crystal (a, b) plane. 

of Table IB. Compared to the initial distribution, there is little difference in 
the triplet excitons concentrations after 0.15 nsec (curve l), but the singlet 
excitons concentrations are completely changed (see curve 2). The part of 
these singlet excitons corresponding to the prompt component are shown 
by the curve 3, and the difference between the curves 2 and 3 correspond to 
the singlet excitons created by annihilation (curve 4). From these 
results it can be seen that the singlet excitons of the track are very rapidly 
quenched, especially in the core of the track, by triplet excitons. The singlet 
excitons quenching by S, - S, interactions prevails at the beginning, but 
decreases very quickly, like the singlet concentrations, and becomes negli- 
gible compared to the quenching by triplet excitons: at 0.15 nsec and r = 0, 
yssns = 1.5 x lo-' x loi7 = 1.5 x lo9 sec-' and Y s T n T  = 2 x 1 0 - ~  x 
1.2 x 1019 = 2.4 x 10" sec-'. Singlet excitons can only partly avoid 
quenching by diffusing out of the track: at 0.15 nsec and r = 250& 

ysTnT = 2 x 1 0 - ~  x 4.4 x 1016 M 10' sec-', 

yssns = 1.5 x lo-' x l ox7  = 1.5 x 1O'sec-' 

- 
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I46 G .  KLEIN 

These singlet excitons annihilation rate constants are one order of magnitude 
smaller than at r = 0, but are still large compared to the rate constant of the 
radiative transition (k ,  = 2 x lo8 sec-’). Moreover, it is important to see 
that diffusion, which can get singlet excitons out of the track, has also the 
reverse effect: The diffusion length of a singlet exciton is (D,/ks)1’2 z 500& 
therefore, at t = 0.15 nsec, the major part of the singlet excitons, which are 
less far than 500 A from the track center will diffuse again to the center of 
the track where the quenching by triplet excitons is efficient. Another 
consequence of the singlet exciton diffusion is that in anthracene crystals the 
high energy secondary electrons, with lower LET, which create singlet 
excitons in regions with lower excitons concentrations will have an appre- 
ciable contribution to the scintillation yield only if their range is more than 
500 A,  or their energy more than 1 keV. 

The kinematics study can also account for the observed temperature efSect 
on the scintillation. From Figure 6 and reference 40, it can be seen that the 
prompt component of the scintillation increases with decreasing tempera- 
tures. A quantitative comparison to the calculations is impossible because 
the variations of yss and yST with temperature are not known. However, the 
singlet exciton diffusion coefficient D, decreases with increasing temperatures 
like (T)-1’2 ,36  and k,  is independent of the tempera t~re ;~’  assuming that 
yss and yST are nearly independent of temperature, it is easy to  see, from Eq. 
(12) that at lower temperatures the singlet excitons quenching will be less 
efficient and the scintillation yield larger. In other words, at lower tempera- 
tures, the singlet exciton diffusion rate constant (4Ds/rz) becomes larger, 
compared to the quenching rate constants (yssns and ysTnT). The opposite 
assumption, that the bimolecular reactions S ,  - S ,  and S ,  - T, are diffu- 
sion ~ont ro l led ,~’  or that yss and y S T  are proportional to D, results (using 
the Eq. (12)) in a decrease of the scintillation yield with decreasing tempera- 
tures, which is not experimentally observed. 

The kinematics study can also account for the experimentally observed 
anisotropy of the scintillation yield as a function of the direction of the o! 

particle path in the crystal. The importance of the anisotropy in the beginning 
of the s~ in t i l l a t i on~~  suggests that, changing the orientation of the o! particle 
path in the crystal, changes the rate constants of the singlet excitons diffusion 
out of the track, while the quenching rate constants yssns and ysTn, are 
unchanged. The prompt component intensity is the largest when the o! 

particle path is perpendicular to the crystal (a, b) plane (direction c‘) because 
in that case the singlet excitons diffusion out of the track, in the (a,  6)  plane 
is the most efficient; this results in a minimum of the bimolecular quenching 
and a maximum of the prompt component intensity. The singlet excitons 
diffusion in the c’ direction is slower because the intermolecular distance 
and intermolecular interactions are smaller in that direction. The prompt 
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ALPHA PAR1 1CLE TRACKS I N  ANTHRACEPJE I47 

omponent intensity is the lowest when the a particle path is parallel to the b 
if our theory is right one infers that the singlet excitons diffusion is the 

astest in the b direction. Therefore, the 3 components of the singlet excitons 
iffusion coefficient Dso, D,,, Dsc in the directions a, h, c', are SO that 
lsc < D,, < DSb.  A similar experimental result was obtained for the triplet 
:xcitons diffusion coefficient,21 and shows merely that intermolecular 
nteractions and excitation transfer are closely connected to the intermolecu- 
ar distances which are: a = 8.58 A, b = 6.02 A, c = 11.8 A. 

The anisotropy of the delayed component is governed by the triplet exci- 
ons kinematics and is quite different from that of the prompt component. 
The experimental and theoretical problem was studied by 1 3 o n ~ c h . ~ ~  

flI.2.2 Alqnetic,firkt L.lfi.cts The experimentally observed magnetic field 
:ffect on the scintillation of anthracene crystals bombarded by a particles 
[Section 11.3) is unambiguously identified as a magnetic field effect on the 

fusion reaction (Eq. 8). The effect being almost independent with 
time, shows that the delayed component is important, even in the beginning 
of the scintillation. 

The reverse magnetic field effect on the prompt component with ,!l particle 
i r r a d i a t i ~ n , ~ ~ ' ~  which is an effect on the yield of the + excitons pair 
production (reaction 4) is not observed in the case of a particle irradiation. 
The reason for thib is given in Section 1.2. Therefore, we assiirrie that in 
aiithracene crystals excited by a particles the prompt component of the 
scintillation is not magnetic field sensitive. 

The oiily two processes which can account for the magnetic field effect are 
the fusion 7', $- T, --+ So 4- S ,  and the triplet exciton quenching by doublets 
(spin 4): see Section 1.3.  It is inipossible to give a straightforward description 
of this problem, because'the evoliitioiis of the light intensity and of the 
singlet and triplet excitons concentrations are given by complicated functions 
of ys and y R .  Therefore, the Eqs. (19), (12), (21j, (13), (22) were solved, 
using the same methods as previously (Section IH.1.3 and 111.1.4j, and 
the light intensity i(r) was calculated in various magnetic field conditions, i.e. 
with various values of y, and y R ,  whose variations with the magnetic field are 
well kno~n . ""~ .~ ' '  The calculated light intensity was then integrated 
between 0 and 80 nsec (ip value) and between 0.7 p e c  and 10 psec (id value). 
The relative variations of the integrated intensities A&/;,, = (i,(Hj - 
Z,(O))/i,(O) and Aid/& resulting from the application of a magnetic field, were 
then calculated and compared to the experimental results : see Figure 9. The 
best fit was obtained using the parameter values of Table 1A and the varia-. 
tinns of y,(H) and yR(lt'f) given in the Refs. 14, 15 and 20. It should be said, 
as in Section 111.1.4, that this fitting and the fitting of i(t) were achieved 
simultaneously for the determination of the parameter values of the Table IB. 
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I48 G. KLEIN 

It can be seen that the variations Aip/ip result almost exclusively from thc 
variations Ays/ys of ys(H) : Aip/ip is proportionnal to Ay,/ys. However. 
I Aip/ ip  I < I Ays/ys I for two reasons : the first one is that only a fraction of the 
light originates from - TI annihilation (see Figure 101, whereas the 
prompt component is not magnetic field dependent. The second reason is 
that at high triplet exciton densities, the variation of ys(H) results in a reverse 
variation of the triplet excitons concentration and a decrease of the magnetic 
field effect.26 In this time scale (0 to 80 nsec) the triplet excitons concen- 
tration and the light intensity are not significantly changed by the triplet 
excitons quenching by radicals, which is too slow and the influence of 
AYR/YR is negligible. 

This is not the case at longer time scales. The variation Aidlid are not 
proportionnal to Ays/y,. At 1 HI = 420 Gauss, in a resonance direction of 
the (a, b) plane, Ays/ys = 0, whereas Aid/& = 0.6 per cent. If only the ys  
variations are taken into account, the calculated variations Aid/& are always 
below the experimental values. This difference increases monotonically with 
the magnetic field intensity, because the quenching of triplet excitons by 
radicals is slower when a magnetic field is applied. Therefore, AYR/YR 
cannot be neglected here. 
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