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ABSTRACTS 

The kinematics of excited states in anthracene crystals 
bombarded by 5/MeV a particles is studied. The elementary processes 
which account for the transitions from the primary excited states to 
the lowest singlet S. and triplet T excited states is described. 
The equation governing the evolution of the S. and T. excitons in 
the a particle track are then solvedj lUid the scintillation decay 
curve is calculated. This calculated result is in good agreement 
with all available experimental results. The experimental part of 
this work are scintillation decay curves measurements. The scintil
lation decay vas measured between 0.5̂ -nsec and 40^isec. The influ
ence of the initial very fast singlet excitons quenching by triplet 
excitons can be seen in the beginning of scintillation. The delayed 
component is described by the triplet excitons kinematics. The magne
tic field effect on the scintillation was investigated. This effect 
is attributed to an effect on the T -T. annihilation and an effect 
on the triplet excitons quenching by radicals which are formed in 
the a particle track. 
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The problem of creation and evolution of excited states in 
organic crystals bombarded by a particles is .studied by analyzing the 
radioluminescence : the intensity of the emitted light as a function 
of time, temperature, external magnetic field, direction of the a 
particie. 

An anthracene crystal bombarded by ionizing particles ex
hibits the same emission spectrum as the fluorescence spectrum vhich 
is attributed to the radiative transition from the first excited sin
glet state S to the ground state S (S - S +hv). The formation of 
the S. excitons is a result of a sequence of elementary processes 
vhich ve reviev in this paper. In a first stage (10 sec) the pri
mary a particle and the secondary electrons are sieving down in the 
organic material and create excited states in a broad energy range 
at about 20 eV (excitons, plasmons, charge carriers). In a second 
stage, from 10 IJsec to 10 sec the absorbed energy is dissipated 
in the crystal and transformed into singlet (s.) and triplet (T ) 
excitons and phonons by non radiative transitions : electronic and 
vibrational relaxation,, autoionization and charge carriers recombina-
tions. in the third stage (10 'sec to 10 sec) occurs the emission 

—9 
of light vhich can be studied experimentally in the range 10 sec to 
I0_5sec. During this stage, also take place the diffusion of the ex
citons and biir.olecular annihilations. The light emission of the sin
glet excitons resulting from the two first stages is the"prompt com
ponent" of the scintillation ; its decay is not exponential, and ex
tends over tens of nanoseconds ; the light arising from singlet ex-
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citons created by annihilation of two triplets (T.+T. •» S.+S„) is the 
1 1 1 0 ' 

"delayed component" and lasts microseconds. 
In 5 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. Afterwards 
we present our experiments (5 II) which are measurements of the inten
sity of a scintillation as a function of time between i nsec and 40 
usee in various conditions of temperature and external magnetic field. 
These experimental results are discussed in § III. The light inten
sity of the scintillation is calculated between 0 and 40 jxsec and 
compared to our experimental results and other available data. The 
magnetic field effect have proven to be of great importance in under
standing the details of the triplet exciton interactions and the 
creation of paramagnetic defects in a particle tracks. 

I. KINEMATICS OF EXCITED STATES IN a PARTICLE TRACKS 

The earlier work about this problem has been summarized by 
Birks.43 This problem was next studied by King and voltz 1' 2 and 
by schott.3 These authors showed the most important features but 

1 ^ 
there were always difficulties to give a complete or quantitative 
study of this problem. A more complete analysis, including magnetic 

4 
field effect experiments is given by Geacintov et al. 
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1.1. Primary excited states 

The passage of the primary o particle and the secondary 
electrons in the anthracene crystal results in the formation of va
rious excited states. 

The a particle and the high energy secondary electrons 
(E s 100 eV) lose energy by "optical collisions". Fast electrons 
energy loss spectra in thin crystals ' J 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 eV . Higher energy losses 
correspond to ionization and generation of electron-hole pairs. Thus, 
ve conclude that the primary excited states generated by fast parti
cles are plasmons and charge carriers. 

The low energy secondary electrons (E < 100 eV) interactions 
with matter were less studied. In the folloving, we suppose that above 
the ionization potential (« 6 eV) the formation of plasmons still pre
vails. Secondary electrons with energies below 6 eV, and above the 
first singlet exciton energy (3-15 eV in anthracene) have a probabi
lity of 0.5 to create a singlet exciton. This can be seen from quan
tum yield measurements in anthracene crystals bombarded by very slow 
electrons. Between the energies of the lowest triplet exciton T. and 
singlet S. an electron loses its energy by the formation of triplet 
excitons. The matrix elements for such transitions involve exchange 
integrals, therefore they are generally one order of magnitude smal
ler than those corresponding to allowed transitions (s - S. for 
example). However, this electronic transition (s -• T ) seems to be 
more likely than the intramolecular vibration excitation: In anthra-
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cene crystals excited by photons at 10 eV, 30 per cent of the initial 
singlet excitons undergo autoionization folloved by the formation of 
a triplet exciton by the emitted electron if its kinetic energy is 

7 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 a particle tracks are 
principally plasmons, excitons T., S., S 2, charge carriers and few 
intramolecular vibrationnal excitations. As the energy necessary for 
the formation of a plasmon is 25 eV, and less for excitons and charge 
carrier pairs, and neglecting vibrationnal excitations, ve assume 
that an average energy of 25 eV is necessary for the creation of one 
primary excited state. 

A 5 MeV a particle track is roughly of cylindrical symmetry. 
Secondary electrons of energies less than 500 eV correspond to 90 per 
cent of the initial a particle energy. The average value of the 

o o 
range of these secondary electrons is roughly 100 A (150 A for 500 

o 

eV). Therefore, ve suppose that 100 A is a good approximation for 
the a particle track radius r . 

1.2. Non-radiative transitions 

The plasmon lifetime calculated from the linevidth of the 
broad absorption band is between 10 - I 5sec and I0~'6sec.2'5 At these 
high energies (a» 20 eV) the most important decay process is auto-
ionization. " The resulting secondary electrons have often enough 
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kinetic energy to form triplet T. or singlet S., S„ excitons (see 
5 I.1.). Thus, for each plasmon, we get one charge carrier pair and 
often one S. or T. exciton. Because of the very short lifetime of the 
plasmons we neglect their interactions with other plasmons or charge 
carriers. We conclude that after 10 5sec only remain S. and T exci
tons and charge carriers. 

The charge carrier recombination will take place in the 
— n —12 next time scale : 10 Jsec to 10 sec. The concentration of charge 

carriers in the a particle track is about n = n_ =* 10 cm J (see 
5 III.1.1 and ref. 3) and the bimolecular electron-hole recombination 
rate constant is y._ = 1 0 " c m see > thus, the recombination rate 

i ? — 1 constant is n X+- = 1 0 s e c • T ^ e electrons produced by ionization, 
or autoionization are thermalized at a distance from the hole of 

O 4 4 

50 A or more ' ' . This distance is larger than the average distance 
between two ions in the track. Therefore, electrons recombination 
with holes without any spin correlation results in the formation of 
25 per cent singlet and 75 per cent triplet excitons. 

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 
^ =a y „ I0~9cm3 sec-' 4 Y+-' A n d t h e quenching rate constant 
of singlets by trapped holes or electrons is 10~ cm3 sec <S "$•._• 

Assuming that no other important non radiative quenching 
processes were omitted, we conclude that at the end of this second — 1 ? stage (» 10 'sec), the a particle track is made of triplet T and 
singlet S. excitons which yield of formation is about one exciton 
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for 25 eV. The triplet excitons formation is promoted by ions recom
binations, 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 irra
diated organic materials is a well established phenomenon. ' »' 4 - 1 

o 

It was shown by Fuchs et al. that in liquid benzene photochemical 
processes are very efficient in the second (S») and third (S.) sin
glet 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 auto-
ionization, which is a faster process. In organic crystals, like an
thracene, the defect production occurs surely in the same manner, 
but with smaller efficiencies ; indeed, the fluorescence quantum yield 1? 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 10 rad. This is to be 
compared to the a particle track where the locally deposited dose is 
of the order of 10 rad (see Ç III.1.2.). These defects were not taken 
into account in the scintillation analysis of King and Voltz and 
Schott3 ; their quenching effect on singlet excitons in tetracene 
were studied by Geacintov et al. 
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An external magnetic field has no effect on the singlet or 
triplet excitons population in this time range (10 sec to 10 sec) 
The most important reactions which possibly could be magnetic field 
sensitive are : 

e* + S 0 - (e,Tt) - e + T t 

e + S 0 < 1 (1) 

e + S - (e,T ) - e + T 
. • < : — i ' < 2 ) 

e + T - (3,T ) - e + T 
I 1 ' C3) 

S n - e*+h-e + T 1 + h - (T^T^ - T ]+T 1 ^ 

where e, h mean thermalized electron and hole, e is an electron 
with kinetic 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 
(§ I,3)> The spin state of the pairs (e,T ) and (T ,T ) changes 
coherently with time because of the triplet fine structure inter
action, which can be modulated by a magnetic field. Thus, the reverse 
processes are magnetic field dependent. ' However, in a particle tracks, 
in reactions (1), (2) and (3), the free electron and the pair state 
lifetimes are very short, so that coherent spin states mixing cannot 
occur, and there is no magnetic field effect. The reaction (4) is 
impossible in a particle tracks because electron-hole geminate recom-
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bination is scarce^ ' ; a random recombination produces triplet ex
citons with no correlated spin states. 

1.3. Kinematics of singlet s, and triplet T excitons 

The singlet and triplet excitons can diffuse out of the a 
particle track; the corresponding diffusion coefficients are D_ and 
D„. Because of this motion, the excitons can also disappear by bi-
molecular annihilation. The most important reactions are : 

/T 
k 1 

.Kg. 
-° S Q + hv- - S 0 + hv 

+ S1 *"S So + Sn - So + S1 
+ T, If ST o n so + Ti 

+ T, *-S S 0 + S l 

+ T1 - T So + T n - So + Ti 
+ R I* S 0 + R 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

where 2-j-_ + )fT = YTT* T n e r e a c t i ° n (5) is the fluorescence and the 
self-absorption which is important in anthracene crystals. The reac
tions (6), (7), (8), (9) are fusions which result in the disappea
rance of one exciton. The last one (10) is the quenching of a tri
plet exciton by a defect arising from photochemical processes. Some 
of these defects have a doublet character (spin 1/2). y s and y- are 
the only parameter which are magnetic field dependent and they were 

^ ' This reaction is possible with U.V. light or (3 particle irradia-
diation, where isolated highly excited states are created.'»'B In 
this case the triplet production is magnetic field sensitive, like 
in fission experiments. 
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widely studied. ' ' Geacintov et al. studied the consequence 

of this magnetic field effect on scintillation. The parameters D_ 

D S 2 2 ' * s s 2 3 ' 2 4 ' *ST 2 3' 2 4' *TT 2 5' Ï S A T T 2 6 ' k S 2 ? v e r e determined ex-

perimentally, independently of this work and are reported in table 

I A. k' depends on the crystal size ; in our case we measured it by 

(3 particle excitation. 

TABLE I 

Parameter values governing the creation and evolution of 
excited states in 5.3 MeV a particle tracks in anthracene crystals 

A. Values measured independently of this work, or calculated, or 

estimated. 

B. Values which give the best fit between the calculated scintilla

tion light intensity and the corresponding experimental results, 

including magnetic field effect. 

Parameter A B 

D T ( c r r . ^sec - 1 ) 

i n t h e (ab) p l ane 
Dg (cm s e c - 1 ) 

2 x 1 0 - 4 

5 x 10~ 3 

2 x 1 0 - 4 

5 x 1 0 - 3 

D T ( c r r . ^sec - 1 ) 

i n t h e (ab) p l ane 
Dg (cm s e c - 1 ) 

1 0 - 8 1.5 x 1 0 " 8 

y S T ( c m 3 s e c _ 1 ) 5 x 10~ 9 2 x 1 0 - 9 

Y T T ( c m 3 s e c _ 1 ) 2 x 1 0 ~ 1 1 3-4 x 1 0 " 1 1 

^ S ' Ï T T 0 . 18 0 .22 

kg ( s e c - 1 ) 

k s ( s e c - 1 ) 

2 x 10 8 2 x 10 8 kg ( s e c - 1 ) 

k s ( s e c - 1 ) 4 x 10 7 4 x 10 7 

r 0 (A) 

n s ( 0 , 0 ) ( c n f J ) 

100 100 r 0 (A) 

n s ( 0 , 0 ) ( c n f J ) 1 0 1 9 10 1 -

n T ( 0 , 0 ) ( c m - 3 ) 1 0 1 9 1.4 x 1 0 1 9 

* R n R 0 ( s e C ~ 1 ) 10 7 4 x 10 7 
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In anthracene crystals, intersystem crossing (s. -• T.) and 
internal conversion (S, - S ) are neglected. This means that we sup-
pose that the fluorescence quantum yield is equal to unity." In the 
time range we studied (1 nsec to 40 usee) the monomolecular decay of 
triplet excitons may be neglected (rate constant : 40 sec ). 

The concentrations of triplet excitons n^Cr.O and singlet 
excitons n-(r,t) are functions of space (_r) and time (t); they are 
given by the equations : 

9nT(r,t) 2 

— = D T 4 n T - y^fo - X R n R(r,t)n T (11) 

9n (r,t) 
rt = D S A n S " 7sSnS " V?T n S "T " k S "S + *S n T ( 1 2 > 

The concentration of quenchers n (r,t) and the initial 
conditions n T(r,0), ng(r,0) will be studied later (§ III. 1.1. and 
III.1.2.). In equation (12) the monomolecular singlet decay is taken 
into account by -k.n s, where l/k„ is the singlet S. lifetime without 
self-absorption. The range of the emitted photons in the crystal is 
10~4cm or more,corresponding to an absorption coefficient of l04cm~' 

28 or less. Therefore, these emitted photons escape from the track which 
o 

radius is initially 100 A, but they do not escape necessarily 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 N s(t) and the N'(t) singlets 
which are out of the track. They are correlated by the equation : 
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d N ' ( t ) 
- f e - = O - W k s N s " k s Ns <13> 

with the initial condition N'(0) = 0. 
Knowing the initial conditions n„(r,0), n„(r,0) and n D(r,t), 

the concentrations n (r,t) can be calculated by solving the equations 
(11) and (12). N„(t) is obtained by integration of n g(r,t). N*(t) is 
then given by equation (13). and the light intensity of the sintilla-
tion is : 

i(t) = 4(H s(t) + N-.(t)) 

The part of i(t) corresponding to the singlet excitons created by 
direct excitation or by electron-hole recombination is the "prompt 
component" of the scintillation, and the part originating from tri-
plet-triplet annihilation (ys nZ) is the "delayed component". 

II. EXPERIMENTAL 

The time dependence of the light intensity of the scintilla
tion was measured in three parts : the very beginning of the scintil
lation i(t) is studied in § II.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 § II.2. were studied longer times, from 
10 nsec to 40 fisec, where triplet-triplet annihilation is important. 
The last part, § II.3. deals with magnetic field effects which give 
informations about triplet-triplet and triplet-doublet interactions 
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in a particle tracks. 

II.1. Measurements of the beginning of the scintillation 

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 
a particles of a Po radioactive source, is placed upon the photo-
cathode of a photomultiplier PM1 (Dario 56 DUVP). The following dis
criminator triggered by the beginning of the PMi signal gives the 
zero-time signal corresponding to the passage of the a 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 analyser MCA. A slow coinci
dence 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 (s 1 nsec). 
Moreover, on PM2, pulse heights corresponding to one photoelectron 
were selected : in this case, for each scintillation, the probability 
that a photon is detected by PM2 at time _t is proportionnai to i(t). 
Thus, the curve registered in the MCA is proportionnai to i(t). 

The anthracene crystal was grown from tho melt from zone 
refired anthracene (Merck Art. 1454). The crystal was cleaved along 
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the (a,b) plane (2 mm thick) and was washed in xylene before the ex
periment 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 perpendicular 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 ? I.3-). 

On figure 2 is reported the scintillation decay curve i(t). 
The 1 nsec rise time (10 per cent to 90 per cent 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 § I where it was 

— 19 
shown that S. excitons are produced in 10 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 (25nsec). 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 corresponding apparent S. exciton 
lifetime in the very beginning of the scintillation is 10nsec,whereas 
the isolated S. exciton lifetime measured by U.V. or p particle irra
diation is 115 nsec. 
' ' The risetime, or time resolution are worse for naphtalene than 
for anthracene, because in the case of naphtalene, the light intensi
ty is weaker. This results ii fluctuations in the build-up of the PM1 
signal and time jitter of the zero-time signal. 
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II.2. Measurements of the delayed component of the scintillation bet
ween 10 nsec and 40 usee 

The light intensity decay i(t) vas measured between 10 nsec 
and 40 jisec using the experimental set-up shown in figure 4 • The 
same single photoelectron method was used. PM2 was a low noise photo-
multiplier (Dario 56 DUVP). The time intervals At between the PM1 
and PM2 signals were measured by a bistable which is opened by the 
PM1 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 periods fAt were counted by a binary scaler 
"SEN type 194". This result is stored in a memory of 4096 channels 
"Intertechnique BM 96" at the corresponding address. Thus, the scin
tillation decay curve of the anthracene crystal bombarded by 5«3 MeV 
o particles is given with 10 nsec (= l/f) per channel over a time 
range of 40.96 pisec : see figure 5. 

The temperature dependence of the scintillation decay cur
ves of anthracene crystals bombarded by 5-3 MeV a particles was mea
sured, using a cryostat and the same electronic apparatus. Comparing 
to the scintillation decay curve at room temperature, at 80 K the 
initial decay is faster, but there is no change in the slope after 
0.3 usee. The integrated light intensities in the time intervals 0 
to 40 usee, and 0.3 jxsec to 40 jisec at different temperatures are 
reported in the figure 6. 

The electronic part was carried out by MIEHE, OSTERTAG and GE13T. 
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II.3. Magnetic field effects 

The same single photoelectron and delayed coincidence me

thods were used to measure the magnetic field effects on the scintil

lation decay curves (figure 7). The same a particle source was used. 

The measuj ïments were performed alternatively with and without magne

tic field during periods of )0 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 swit

ched 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,b) face of the anthracene crystal was glued to a plexi

glass 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 op

tical contact with the PM1 photocathode. The PM1 and PM2 photocatho-

des were respectively at 15 cm and 50 cm from the crystal and shiel

ded from stray magnetic fields. The number of scintillations detected 

by PM1 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 coincidences 

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 : ûi/i = (i„(t) - i„(t))/i (t) where 
n O O 

the subscripts H and 0 correspond to measurements with and without 

magnetic field. We measured that ii/i is nearly independent of time ; 

therefore, only the variations of the integrated intensities Ai^i 
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between 0 and 80 nsec, and AiVij between 0.7 and 10 p.sec were stu

died. The anisotropics of ûi /i and Aij/ij as a function of the ma

gnetic 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 magne

tic field was in a resonance direction of the (a,b) plane (H. b= 23°). 

III. DISCUSSION 

The scintillation analysises of King and Voltz1 or Schott3 can 

explain the main experimental features about the scintillation, but 

the three equations(1l),(12) and (i3)governing the excitons evolu

tion 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 qualita

tive. The paramagnetic defects formation by irradiation and their 

quenching effect on triplet excitons was widely studied14"1 , 4 but 

it was never taken into account in the kinematics of the scintil

lation. In this paper, the equation (11) was solved analytically and 

equations (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 a particle tracks in anthracene crystals 

because for this problem enough data are available to solve it theo

retically with good accuracy. Only in these conditions the comparison 

with the experimental results will be relevant. 
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III.1. Calculation of the scintillation decay curves 

III. 1.1. Initial excitgn_ concentrations 

The initial concentrations of triplet excitons nT(r,0) and 
singlet excitons ns(r-,0) are assumed to be of cylindrical symmetry 
and gaussian functions of the distance (r = |r | ) to the center of the 
track. The axis which is the a particle path will be perpendicular 
to the (a>b) plane. Moreover, n_ and n„ are supposed to be constant 
all along the a particle track. This latter assumption is partly 
wrong, because the linear energy transfer (LET) increases from the 
beginning to the end of the a particle path. However, this does not 
changes significantly our results for two reasons : firstly because 
the experimental shape of the scintillation decay curves i(t) is 

on nearly independent of the a particle energy. The second reason is 
that the integrated intensity of scintillation per path length chan
ges only slowly 
are given by : 
ges only slowly with the LET of the a particle. 3 , 3 1 Thus, n„ and n„ 

ns(r,0) = ns(0,0) expi-r2/^) (14) 

nT(r,0) = nT(0,0) expC-r2/^) (15) 
o 

where r is the "track radius" which will be taken 100 A (see I.I.). 
ng(o,0) and nT(0,0) are the initial concentrations at time zero, at 
the center of the track ; they are related to the total initial num
bers of S. excitons N-(0) and T excitons N„(0) by : 

Ns(0) = T r 2 1 ng(0,0) (16) 

NT(0) = n r 2 1 nT(0,0) (17) 
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where 1 is the a particle path length. In anthracene crystals, for 
5-3 MeV a particles 1=30 u. 3 2 As stated above (5 1.2.) the yield of 
formation of the e\citons S. and T are equal, and 1 exciton for 25 
eV, i.e. Ng(o) + NT(0) = 2.1 x 105 excitons and Ng(0)/NT(0) =» 1. This 
is equivalent to : 

ns(0,0) « nT(0,0) a. 10 1 9 cm - 3 

III•1.2• Concentrationof the tripletexcitons quenching centers 

It was shown in $ 1.2. how triplet quenching centers can 
be formed by photochemical processes in irradiated crystals. Most of 
them are chemical defects or radicals and have a doublet (spin 1/2) 
character. The energies of most primary excited states are far above 
the ionization potential. In this energy range the photochemical pro
cesses are negligible compared to autoionization. It is known that 
the yield of radical formation increases with the LET and is related 
to a bimolecular interaction between two excited states. Further, 
it can be seen that these interactions probably are S.-S. or S.-T. 
interactions (equations (6) and (7))which increase with LET and re
sult in the formation of singlet (sn) or triplet (T) excitons which 
energy is near the ionization potential, where the photochemical pro-

o 

cesses are the most efficient. in the following parts of this dis
cussion, it is shown that the concentrations of the excitons quenching 
defects are not important compared to n_(0,0) and nT(0,0) and that two 
time intervals may be distinguished. 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 quen-
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ching by other singlet or triplet excitons. During the second one 
( 1 nsec to 40 jisec) the defects production is negligible and the 
quenching of triplet excitons becomes operative. Therefore, in equa
tion (11) it may be supposed that the defects concentration is inde
pendent of the time and has the same shape and symmetry as n„(r,0) 
or nT(r,0) : 

nR(r,t) = nR(r) = n R Q exp(- r 2/^) ()8) 

where.nR_ is the concentration at the center of the track. 
The quenching rate constant y n of the T excitons by 

radicals may be calculated approximately : E m and Me Ghie ^ measured 
that in an anthracene crystal irradiated by electrons emitted by tri-

—^ — 1 
tium, y R n 0 is 1.5 x 10 J sec for 1 erg of 0 particle energy ab
sorbed per gram of anthracene crystal. The volume of a 5.3 MeV a par
ticle track is T r^ 1 = 10~ 1 4 cm 3 (with 1 = 30 u and r = 100 Â). 
Taking a density of 1.25 g cm , its mass will be 1.2 x 10~ 1 4 g. The 
deposited energy in the track is 5.3 MeV, which corresponds to a do-

8 6 — 1 
sage of 7 x 10 ergs/g and a value of y R n Q « 10 sec". However, 
the radical production yield for 5 MeV a particles is about 10 times 
larger than for electrons. Therefore, in our case, the true value 
of v R n — will be 10 times larger than the previously calculated va-
l u e : YE nR0 * 1 0 ? s e c ~ 1 -

This value of y R n R Q and the values of r Q, n T(0,0), ng(0,0) 
calculated in 5 III.1.1. are reported in table IA. 
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III. 1.3• Resolution of equation.(il) governing the triplet exci-

i22S_.':ï2iHÎÎ22 

3nT(r,t) _ 
= D T An T(r,t)-Y T T n T(r,t)-y R nR(r) nT(r,t) (i9) 

at 

The initial conditions nT(r,0), y R n^(r) were determined previously, 

and the parameters are given in table IA. To solve this equation, we 

do some approximations vhich correspond to our experimental conditions : 

it will be supposed that the track is of cylindrical symmetry at ill 

times, i.e., that its axis is perpendicular to the crystal (_a»b_) plane, 

and that the excitons diffusion is isotropic in the (_a,b_) plane. 

The triplet excitons evolution can be characterized by 3 

time constants : t = rf/4D_ for the diffusion of the triplet exci

tons perpendicularly to the track axis, tfe = i/(nT(o,0)YTT) for the 

T -T. bimolecular annihilation, t = 1/(1^ y R) for the triplet ex

citons quenching by radicals. Using the parameter values of table 

IA one obtains A = tg/2^ « 0.12 and B = t^t^. a 1.2 x 10~2. In these 

conditions (A s 1 and B s 1), the equation (19) can be solved analy

tically by the prescribed diffusion method33 : according to this me

thod, the distribution of triplet excitons n_(r,t) remains a gaussian 

function of_r_at all times : 

nT(0,0) 2 
n_(r,t) = g(t) -i — exp[- -5—±- ] 
* 1 +t/t a r2(,+t/ta) 

The function of time g(t) can be calculated by replacing n„(r,t) by 

this expression in equation (19), multiplying each member by 2frrdr, 

and integrating from r = 0 to infinity one obtains : 
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d£ = _ g2 !a __ *a 
at s 01- ft-n- ^ M 2tb(t+ta) t c(t +2t a) 

If A < 1 and B 4 1, this equation is equivalent to : 

df . (- A g
2 . B g ) 1 

a 

By integration from t = 0 to t, with the initial condition g(o) = 1 

one obtains : 

g ( t ) - §ZA 
(l+B/A)(l+t/ta)

B- 1 

n (0,0) B/A _2 
n-,(r,t) = i expr- - 5 — ] (20) 
^ L(l+B/A)(l+t/ta)

B-0(i+t/ta) r*(i+t/ta) 

The conditions A s 1 and B < 1 were verified a posteriori by compari

son with the experimental results, or using the parameter values of 

table IB. 

111.1.4 • Kesolut ion_of _ecjuat ions_£_l 2}._and_X_l 32_30verning_ the 

The light intensity is calculated by solving successively 

the four equations : 

3n ( r , t ) 

5Î = D S i n S - X S S n S - ^ S T n S n T " k S n S + * S n T ( 1 2 > 

N s ( t ) =f n g ( r , t ) 2 r r r l d r (21) 

dN£(t) 
= d - k i A S ) k

S » s ^ > - k S "kW (13) d t Sf S' S S1 1 ' S S 
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i(t) = k'CHs(t) + N£(t)] (22) 

These equations vere solved numerically vith a computer, 
using the parameter values of table IA and nT(r,t) given by the equa
tion (20). The parameter values vere changed and the light intensity 
(22) calculated again, until the best fit vas obtained between the 
calculated and all experimental results. These new values are repor
ted in table IB, and it can be seen that there is little difference 
compared to the previous values of table IA. 

III.2. Comparison to experimental results 

III.2.1. Intensity dgcay_of the scintillation 

The total number of singlet excitons in an anthracene crys
tal bombarded by a 5-3 MeV a particle, Ng(t) + N$(t) = i(t)/k£ is re
ported 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 the figure 5 are also shown the calculated relative variations 
of the total number of triplet excitons NT(t)/NT(0) = g(t). 

The experimental curvesi(t) which were measured in $ II. 1. 
and 5 II.2. are only relative variations.Their normalization was cal
culated as follows : the scintillation yield of an anthracene crystal 
bombarded by 5«3 MeV o particles perpendicularly the crystal (a,,b) 
plane is 3 4 S = 0.111 So where So is the scintillation quantum yield 
for high energy p particle irradiation. Taking S Q = 23 photons/keV , 
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one obtains : S =2.55 photons/keV, or 13000 emitted photons for 
one 5.3 MeV a particle. The normalization was achieved by integrating 
the experimental curve i(t) and talking into account the relation 

f i(t)dt = 13000 photons (see figure 2 and 5). 
"'o 

Calcu1 . d and experimental results are quite similar, ex
cept at the begi-ining : the calculated initial spike corresponding 
to the very fast singlet excitons quenching by S.-S. or S-T inter
actions is washed out in the experimental result because the time 
resolution of the apparatus is too large (=» 1 nsec). 

As it was shown in § II.2. and figure 3, the initial singlet 
excitons quenching is more striking for naphtalene crystals. The rea
son of this difference 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 anthra
cene : in naphtalene crystals k' = 0.87 x 10' sec - 1 , k = 2.5x 10 
sec - 1 3 5

f D s = 2 x 10~5 cm 2 sec"1 3 6 , D T = 3 x 10~ 5 cm 2 sec - 1 3 7 ' 3 8 , 
—12 ? — 1 ̂ 7 ̂ 9 

y T T = 3 x 10 ' air sec ' J / , J i'. Assuming a similar difference for 
y__ and -ygT, it is clear that in naphtalene the variations with time 
of N_(t) + N'(t) are similar to those in anthracene, but slower by 
a factor of 10. Therefore, the initial quenching which is important 
during 1nsecin anthracene will be important during 10 nsec in naphta
lene and can be easily observed experimantally. 

The quantitative description of the scintillation can give 
more information about some details of the excitons kinematics in 
the a particle track : the figure 10, curve 1 shows the calculated 
variations of Ng(t) + Ng(t) (using the fitted parameter values of 
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the table IB) which are quite the same as the experimental 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™ un
changed (3.4 x 10 cmysec)' • Curve 3 shows the part of this prompt 
component which corresponds to the singlet excitons of the track 
(N.(t), taking the same condition y„ = o). 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 s) which is a much 
slower process is not negligible. Among the photons arising from these 
singlet excitons of the track, 80 % are self-absorbed out of the track 
and result in a quasi-exponential prompt component (curve 2), which 
time constant is 1/k' = 25 nsec. The extrapolated value of the expo
nential curve to t = 0 is a good approximation to the number of sin
glet 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 4900/94000^0.05 
indicates that only 5 per cent of the initially created singlet exci
tons 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) as 0.6. This value is similar to 

'*' in this calculation, the quenching of singlet excitons by those 
created by T.-T. annihilation is neglected compared to the quenching 
by triplet excitons which is much more efficient. 
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the experimental value measured by Geacintov et al. , but does not 

agree with the results of schott who concluded that the prompt compo

nent is negligible. The delayed component (curve 4) is the difference 

between curves 1 and 2. 

On figure 11 are reported the initial distributions of singlet 

and triplet excitons in the track (curve 1), calculated, taking the 

fitted parameter values of table IB. Compared to the initial distribu

tion, there is little difference in the triplet excitons concentrations 

after 0.15nsec (curve 1), 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 T -T annihilation (curve 4). From these results 

it can be seen that the singlet excitons of the track are very rapid

ly 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 negligible compared to the quenching by triplet excitons : 

at 0.15 nsec and r = 0, y s s

 n g = 1*5 x 10 x 10 1 7 = 1.5 x 109 sec - 1 

and -jfST n T = 2 x 10~
9 x 1.2 x 101 = 2.4 x 101 sec - 1. Singlet exci

tons can only partly avoid quenching by diffusing out of the track : at 

0. 15 nsec and r = 250 A, y S T n T= 2 x 10
- 9 x4.4x 10 1 6« 108 sec - 1, 

ÏSS n S = 1 , 5 x 1 0~ x 1 0 1«5x 109 sec - 1. These singlet excitons anni

hilation rate constants are one order of magnitude smaller than at 

r = 0, but are still large compared to the rate constant of the ra
ft — 1 

diative transition (k = 2 x 10 sec - 1). Moreover, it is important 
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to see that diffusion, which can get singlet excitons out of the track, 
has also the reverse effects The diffusion length of a singlet exci-
ton is (DgA s) » 500 A, 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 quen
ching by triplet excitons is efficient. An other consequence of the 
singlet exciton diffusion is that in anthracene crystals the high 
energy secondary electrons, with lower LET, which create singlet ex
citons in regions with lower excitons concentrations will have an 
appreciable contribution to the scintillation yield only if their 

o 

range is more than 500 A, or their energy more than 1 keV. 
The kinematics study can also account for the observed 

temperature effect on the scintillation. From figure 6 and reference 
40, it can be seen that the prompt component of the scintillation 
increases with decreasing temperatures. A quantitative comparison 
to the calculations is impossible because the variations of y-- and 
Y S T with temperature are not known. However, the singlet exciton dif
fusion coefficient D„ decreases with increasing temperatures like 
(T)~1'2 3°^ gjĵ  v i s independent of the temperature27 ; assuming 
that -jCg. and -jfST a r e neariy independent of temperature, it is easy 
to see, from equation (12) that at lower temperatures the singlet 
excitons quenching will be less efficient and the scintillation yield 
larger. In other words, at lower temperatures, the singlet exciton 
diffusion rate constant (4Dg/rQ) becomes larger, compared to the 
quenching rate constants (̂ gg n g and ^ iiT). The opposite assump
tion, that the bimolecular reactions S -S, and S.-T are diffusion 
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controlled41, or that y s s and ^ g T are proportionnai to Dg results 
(using the equation (12)) in a decrease of the scintillation yield 
with decreasing temperatures, 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 a particle path in the crystal. The importance of 
the anisotropy in the beginning of the scintillation suggests that, 
changing the orientation of the a particle path in the crystal, chan
ges the rate constants of the singlet excitons diffusion out of the 
track, while the quenching rate constants yco n and y g T n„ are un
changed. The prompt component intensity is the largest when the a 
particle path is perpendicular to the crystal (̂ ,,b) plane (direction 
c') because in that case the singlet excitons diffusion out of the 
track, in the (a,b) plane is the most efficient ; this results in a 
minimum of the bimolecular quenching and a maximum of the prompt com
ponent intensity. The singlet excitons diffusion in the c' direction 
is slower because the intermolecular distance and intermolecular in
teractions are smaller in that direction. The prompt component inten
sity is the lowest when the a particle path is parallel to the b 
axis ; if our theory is right one infers that the singlet excitons 
diffusion is the fastest in the ID direction. Therefore, the 3 compo
nents of the singlet excitons diffusion coefficient D„ , D g b, D. in 
the directions a,b, C , are so that D S c < D

S a
< D s b " A s i m i l a r experimen-

tal result was obtained for the triplet excitons diffusion coefficient ', 
and shows merely that intermolecular interactions and excitation trans
fert are close connected to the intermolecular distances which are : 
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a = 8.58 A, b = 6.02 A, c = 11.8 A. 

The anisotropy of the delayed component is governed by the 
triplet excitons kinematics and is quite different from that of the 
prompt component. The experimental and theoretical problem vas stu
died by BtJnsch. 

III.2.2• Magnetic_field_effeets 

The experimentally observed magnetic field effect on the 
scintillation of anthracene crystals bombarded by a particles (§ 
II.3.) is unambigously identified as a magnetic field effect on the 
T.-T1 fusion reaction (equation 8). The effect being almost indepen
dent 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 
vith p particle irradiation^'' , which is an effect on the yield of 
the T +T excitons pair production (reaction 4) is not observed in 
the case of a particle irradiation. The reason for this is given in 
5 1.2. Therefore, we assume that in anthracene crystals excited by 
a particles the prompt component of the scintillation is not magne
tic field sensitive. 

The only two processes which can account for the magnetic 
field effect are the fusion T.+T, - S„+S. and the triplet exciton 

1 1 0 1 r 

quenching by doublets (spin 1/2) : see 5 1.3. it is impossible to 
give a straightforward description of this problem, because the evo
lutions of the light intensity and of the singlet and triplet exci-
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tons concentrations are given by complicated functions of v„ and Y,,. 

Therefore, the equations (19), (12), (21), (13), (22) vere solved, 

using the same methods as previously (§ III.1.3. and III.1.4.), and 

the light intensity i(t) was calculated in various magnetic field 

conditions, i.e. with various values of Y_ and Y R , which variations 

vith the magnetic field are well known. 1 4' 1 5' The calculated light 

intensity was then integrated between 0 and 80 nsec (i value) and 

between 0.7 usee and 10 usee (i. value). The relative variations of 

the integrated intensities Ai /i = (ip(H) - ip(0))/i (0) and ûi d/i d 

resulting from the application of a magnetic field, were then calcu

lated and compared to the experimental results : see figure 9. The 

best fit was obtained using the parameter values of table IB and the 

variations of Y S ( H ) and Y R ( H ) given in the references 14, 15 and 20. 

It should be said, as in § III.1.4., that this fitting and the fit

ting of i(t) were achieved simultaneously for the determination of 

the parameter values of the table IB. 

It can be seen that the variations Aip/ip result almost 

exclusively from the variations A Y S / Y S of Yg(;H) : Ai /i is propor

tionnai to Û Y S / Y S . However, Ai p/i p I < I ̂ Ys^sl f o r t w o r e a s o n s ! t n e 

first one is that only a fraction of the light originates from Trl 

annihilation (see figure 10), whereas the prompt component is not 

magnetic field dependent. The second reason is that at high triplet 

exciton densities, the variation of Ys(lj) results in a reverse va

riation of the triplet excitons concentration and a decrease of the 

magnetic field effect. In this time scale (0 to 80 nsec) the tri

plet excitons concentration and the light intensity are not signifi-
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cantly changed by the triplet excitons quenching by radicals, vhich 

is too slow and the influence of A ^ R ^ R is negligible. 

This is not the.case at longer time scales. The variation 

ûi d/i d are not proportionnai to ûy g/y s. At|H|=420 Gauss, in a reso

nance direction of the (,a,t>) plane, A ŝ/-jfs = 0, whereas AiVi. = 0.6 

per cent. If only the ys variations are taken into account, the cal

culated variations ûi d/i d are always below the experimental values. 

This difference increases monotonically with the magnetic field in

tensity, because the quenching of triplet excitons by radicals is 

slower when a magnetic field is applied. Therefore, â^p/Vu cannot 

be neglected here. 
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FIGURE CAPTIONS 

Fig. 1 Experimental arrangement used to measure fast scintilla
tion decay curves. PM... photomultiplier ; D... fast dis
criminator ; TAC... time to amplitude converter ; MCA... 
multichannel analyser ; A... amplifier ; SCA... single 
channel analyser ; C... slow coincidence circuit. 

Fig. 2 Time dependence of the number of singlet excitons N_(t) + 
N'(t) in an anthracene crystal bombarded by a 5.3 MeV a 
particle perpendicularly to the crystal (a,b) plane. 

Fig. 3 Scintillation decay curve of a naphtalene crystal bombarded 
by 5>3 MeV a particles. 

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

Fig. 5 Time dependence of the number of singlet excitons, N„(t) + 
Ni(t), in an anthracene crystal excited by a 5«3 MeV a par
ticle. Full line : experimental result ; crosses : calcula
ted values. The lower broken line shows the relative varia
tions of the number of triplet excitons. 

Fig. 6 Temperature dependence of the integrated light intensity of 
anthracene crystals bombarded by 5.3 MeV a particles. Open 
circles : integration between 0 and 40 jxsec ; closed circles : 
integration between 0.3 pisec and 40 usee. 
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Fig. 7 Experimental apparatus used to measure the magnetic field 

dependence of the scintillation decay. The abbreviations 

are the same as in figure 1. 

Fig. 8 Relative variations of the integrated light intensities of 

anthracene crystals excited by 5«3 MeV a particles as a 

function of the orientation of the magnetic field in the 

crystal (a,b_) plane. The magnetic field intensity vas 4000 

Gauss, ii/i : integration between 0 and 80 nsec. Aij/i^ : 

integration between 0.7 usee and 10 usee. 

Fig. 9 Relative variations of the integrated light intensities of 

anthracene crystals excited by 5.3 MeV a particles as a 

function of the magnetic field intensity. The magnetic field 

is in a resonance direction, ûi/i : integration between 0 

and 80 nsec. ûi,/i, : integration between 0.7 usee and 10 

usee. 

Fig. 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'). 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 gi

ving rise to the prompt component. 

4) Calculated number of singlet excitons giving rise to 

the delayed component. 
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Fig. 11 Calculated singlet (ns(r,t)) and triplet (n^r.t)) exci
tons concentrations as a function of the distance to the 
center of the track in anthracene crystals bombarded by 
5.3 MeV a particles perpendicularly to the crystal (a,b) 

plane. 
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