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The mechanisms of scintillation of organic crystals bombarded by a particles are discussed in terms of
the current knowledge of exciton dynamics, which has been derived from a study of the
photofluorescence of crystals such as anthracene and -tetracene. The scintillation of tetracene excited by
4.4-MeV a particles incident in a direction perpendicular to the ab plane has been studied in the
presence of external magnetic fields (0~4000 G) and compared to the scintillation of crystalline
anthracene. At 298 °K, the magnetic field effect on the total scintillation yield is (4+2.5 % 0.5)% in
tetracene and displays a typical fissionlike (fission of one singlet exciton into two triplets) dependence.
At low temperatures when fission is suppressed, a fusionlike dependence (reverse of fission) appears
with a (—4 to —5)% effect at 4000 G at 148 °K. In anthracene, the fusionlike dependence is observed
at all temperatures in the range studied (148-298 °K). Using appropriate kinetic equations, expressions
are derived for the prompt (L p) and delayed (L ;) components of the total scintillation yield
L = Lp 4+ Lp. These expressions describe the temperature and magnetic field dependence of L, which
arises because of the temperature and magnetic field dependence of the exciton fission and fusion rate
constants in tetracene. In tetracene, L, appears to be strongly temperature dependent, while L , is
not. This is explained in terms of the high density of transient singlet exciton quenchers in the
a-particle track. The density of these transient quenchers is estimated to be in the range of
3 X 10'7-5 X 10" cm~3, and they are identified, in accord with a previous suggestion by Schott, as
triplet excitons which are created by random recombination of electrons and holes in the a-particle
track. The delayed scintillation L , which arises from the fusion of two triplet excitons is proportional
t0 Vraa/Yi (Where 7,4 is the radiative and 7, the total rate constant for the fusion of two triplets),
whereas under conditions of weak photoexcitation, the delayed fluorescence is proportional to 7,q. It is
shown how the contribution of L, to L can be estimated from the magnetic field dependence of L.
In tetracene, this contribution of the delayed component is - ~10% at 298°K, and ~50% at 150°K.
whereas in anthracene the contribution of L, is ~(50-70)%. The ratio of the L values for anthracene/
tetracene was found to be 6+2 at 298°K and to be of the order of unity at 148°. This is in
contrast to the photofluorescence efficiency which at 298 °K.is 50 to 100 times lower in tetracene
because of fission. This behavior is attributed to a lack of a temperature dependence of Lp in tetracene
because this quenching of singlets by triplets dominates over the fission term (the singlet exciton lifetime
in the a-particle track is estimated to be about 10-!! sec in tetracene). Irradiation of tetracene for
prolonged periods of time (equivalent to a dose of 10° rad) changes the magnetic field dependence at
room temperature from the small positive fissionlike dependence to a negative (—2%) fusionlike
dependence. This is due to the introduction of permanent singlet exciton quenching centers which
effectively compete with fission and whose density is estimated to be of the order of 10'® cm™.

INTRODUCTION

The scintillation produced by the passage of an
energetic particle in organic crystals has been
widely studied within the last twenty years. The
earlier work has been summarized by Birks. !
Anthracene is one of the best characterized ma-
terials; its scintillation response L to different
ionizing particles of various energies E have been
studied by many workers. For fast electrons with
E2125 keV, the specific luminescence dL/dx (mean
number of photons emitted per unit path length of
the electrons) is proportional to the specific en-
ergy loss (or stopping power) dE/dx. For slow
electrons (E<125 keV) and for heavier particles,
such as « particles, the specific luminescence for
the same dE/dx is considerably lower than for fast
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electrons. This effect has been attributed to the
quenching of fluorescence-emitting singlet excitons
by the high density of ionized and other excited
states which are produced along the a-particle or
slow-electron tracks; fast electrons produce only

a weak excitation and ionization density along their
path within the crystal. Since dE/dx is relatively
low, the quenching centers are spaced relatively
far apart from each other and from the singlet e..-
citons, and the quenching of the latter is thus mini-
mal. With a particles the magnitude of the quench-
ing within the track is much higher than the quench-
ing produced by permanent (long-lived) quenchers
which are produced by radiation damage. Accord-
ing to Birks, ' most of the quenching within a heavy-
particle (or slow-electron) track is produced by
transient quenching centers which have a lifetime
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of the order of the main scintillation emission de-
cay time, which is several nanoseconds or less.
These transient quenching centers are assumed to
be temporarily ionized or excited molecules.*
Semiempirical relationships were proposed to ac-
count for this ionization quenching by Birks? and

by Wright.® More recently an improved theoreti-
cal relationship between dL/dx and dE/dx was de-
rived by Voltz and his co-workers.* Their rela-
tion takes into account the fact that the scintilla-
tion consists of two components: a slow (delayed)
component due to triplet-triplet annihilation® (or
exciton fusion) and a fast (prompt) component which
is due to a direct excitation of singlet states by the
primary particle or by secondary electrons (6
rays).

Extensive studies on the scintillation of o-parti-
cle-bombarded organic crystals, primarily anthra-
cene, have shown that the scintillation response of
anthracene (and of other crystals) depends on the
direction of the a-particle beam with respect to
the crystallographic axes.®” Attempts have been
made to explain this effect in terms of anisotropic
exciton diffusion, ® anisotropic thermal quenching, 8
and more recently”! in terms of the equations of
Voltz et al.*

The basic ideas of the mechanisms of scintilla-
tion in organic crystals were discussed by Birks, !
by Voltz, ! and most recently by Schott.!? Basical-
ly, the scintillation is produced by the decay of
singlet excitons. The latter can be formed by
either or all of the following processes: (i) Decay
of superexcited states, (ii) electron-hole recom-
bination within the tracks, where the electrons and
holes are formed from autoionization of superex-
cited states, or (iii) triplet-triplet exciton annihila-
tion (fusion) which gives rise to the delayed com-
ponent of the scintillation.® The triplet excitons
can, in principle, be formed by electron-hole re-
combination or by intersystem crossover from
singlet excitons.

The singlet excitons S; can decay via the emis-
sion of a fluorescence photon, by self-quenching
(singlet-singlet annihilation), or by quenching ow-
ing to electrons, holes, free radicals, or triplet
excitons!? within the track. The efficiency of these
processes depends strongly on the concentration of
the quenching species [Q] and on the interaction
rate constant y between S; and @. If the concentra-
tion of the latter within the a-particle track de-
creases with time because of diffusion, or various
decay mechanisms, these quenchers are “tran-
sient” rather than“permanent” and can account for
the magnitude of the observed ionization quench-
ing. 12

Within the last decade significant advances have
been made in understanding excitonic processes in
organic crystals using ultraviolet or visible photo-
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excitation. The use of external magnetic fields in
the range of 0-5000 G has been instrumental in
elucidating the details of exciton interactions in-
volving triplets and paramagnetic doublet states.
The recent advances in exciton dynamics in gen-
eral, and magnetic field effects in particular, have
been summarized in reviews by Avakian and Merri-
field, 13-1% by Swenberg and Geacintov, !® and by
Sokolik and Frankevich, !

In this work, we apply the knowledge gained
from photoexcitation studies, particularly in the
presence of an external magnetic field, to an anal-
ysis of scintillation phenomena in tetracene single
crystals. The effect of external magnetic fields
on the scintillation of anthracene single crystals
bombarded by o and g particles was first observed
by Klein and Voltz.'® We had previously reported
the observation of a magnetic field effect on the
scintillation of tetracene crystals produced by o
particles.'® In this paper we present a detailed
analysis of these effects.

We selected crystalline tetracene rather than the
more widely studied anthracene for several im-
portant reasons. In tetracene an external magnetic
field can produce either an enhancement or a de-
crease in the total fluorescence, depending on the
ambient conditions. At room temperature, a fluo-
rescence enhancement of (20~40)% is observed due
to the partial blocking of a thermally stimulated and
magnetic field-sensitive fission of one singlet ex-
citon into two triplets. The triplet-exciton fusion
process which leads to singlet excitons normally
produces the delayed fluorescence and also has a
magnetic field dependence; however, this depen-
dence is masked at room temperature by the effect
of the magnetic field on the fission of the singlet
exciton that is produced by the fusion process. Be-
low 160 °K the singlet-exciton fission is thermally
suppressed® and the fusion®"'?? of two triplet ex-
citons to form one singlet exciton is observed. The
efficiency of this process is reduced by magnetic
fields 2 500 G and the delayed fluorescence inten-
sity is decreased. Therefore, because of the co-
existence of fission and fusion, 2 both processes
can be studied by examining the scintillation pro-
duced by a particles at different temperatures. In
crystalline anthracene on the other hand, although
triplet-exciton fusion is operative, thermally in-
duced fission is absent. Owing to fission, the sin-
glet-exciton lifetime in tetracene is only ~2x10-1°
sec®2 gt room temperature. The magnetic field
tends to decrease the fission-rate constant and
thus produces an increase in the photoinduced fluo-
rescence efficiency by as much as (20-40)%.

In addition the fluorescence efficiency depends
on the external field orientation with respect to
the crystallographic axis. This anisotropy depen-
dence for magnetic fields greater than 2 kG ex-
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hibits two maxima every 180° with their separa-
tion depending only on the ratio of the spin-Hamil-
tonian parameters and orientations of the mole-
cules in the crystal. If the singlet excitons are
quenched effectively on the time scale of ~10-1°
sec by processes other than fission, the magnetic
field effect will be reduced (as long as the quenching
process itself is not magnetic field sensitive).

The magnitude of the magnetic field effect and its
orientation with respect to the crystallographic
axis can thus provide information on fast-quench-
ing processes which occur in a-particle tracks and
can be used to probe energy-dissipation mecha-
nisms on time scales less than 10 sec.

This paper is divided into several sections. In
Sec. I the known magnetic field effects and correl-
ative exciton processes are reviewed with special
emphasis on those phenomena which are likely to
occur in a-particle tracks. In Sec. II the possible
mechanisms of energy dissipation in terms of ex~
citonic phenomena are discussed and the time
scales of various processes which directly or in-
directly may affect the scintillation efficiency are
estimated. The basic kinetic equations for scintil -
lation are developed in Sec. III and the experimen-
tal details are described in Sec. IV. The experi-~
mental results are analyzed in Sec. V to IX.

L. EXCITONIC PHENOMENA AND ASSOCIATED
MAGNETIC FIELD EFFECTS IN CRYSTALLINE
TETRACENE

An energy-level diagram of crystalline tetracene
is shown in Fig. 1. The fluorescence efficiency
of crystalline tetracene is only ~0.002,% and in-
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FIG. 1. Simplified energy-level diagram for tetra-

cene, S, singletexciton; Ty, triplet exciton; 2T, triplet-
exciton pair state energy. The exciton fission and fusion
processes are indicated schematically,
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creases strongly with decreasin ; temperature. In
contrast, the fluorescence efficiency of crystal -
line anthracene is close to unity.!

A. Singlet exciton fission

At room temperature the singlet excitons (S;)
spontaneously fission into two triplet excitons (T;)
according to the scheme

So+Sl+AEZ£T1+T1 , (1)

where AE=0.21 eV is the difference in energy be-
tween the S; and double triplet (27,) energy lev-
els.® Fission accounts for the relatively low flu-
orescence efficiency in tetracene at room tempera-
ture. (In anthracene, AE=0.51 eV and thermally
induced fission is not observed at 300 °K. How-
ever, fission of vibrationally excited levels of S;
and upper excited-singlet states can occur with low
efficiency.?”) The fission constant is equal to

y;~1.5X10™2 cm®sec™ ,

which corresponds to a singlet-exciton lifetime 7,
at room temperature?®'? of

7o= (Y S])! 2 2x1010 sec

Sp is the concentration of tetracene molecules in
the crystal.

The coupling of the singlet-exciton with the trip-
let-exciton pair states in Eq. (1) is magnetic field
sensitive. This is due to an interplay between the
Zeeman energy and intramolecular spin-spin in-
teraction which together are functions of both the
magnetic field strength and the direction of the
field with respect to the crystallographic axes.
Originally this effect was explained by Merrifield®®
and is discussed in detail in the reviews cited. 4716

Since fission and fluorescence are competitive
modes of decay of S;, the prompt (photoexcited)
fluorescence efficiency is magnetic field sensitive.
Below ~ 400 G the magnetic field decreases the
fluorescence F, while F is increased for fields
above 400 G. The effect saturates at about 3000 G
and remains constant when the magnetic field is
increased further up to 100000 G.% A typical field
dependence of the fluorescence of tetracene at
room temperature is shown in Fig. 2(a).

B. Fusion of triplet excitons

This process is represented by
Ty+ Ty 7245, 45 (2)

and leads to delayed fluorescence. The latter has
a decay time which is comparable to the triplet-
exciton lifetime 7, (which lies in the range of 50—
200 psec in tetracene).®® The magnetic field de-
pendence of the delayed fluorescence is opposite to
the one shown for fission and is displayed in°Fig.
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FIG. 2. Magnetic field dependence of some excitonic

processes, (a) Prompt fluorescence of tetracene at
room temperature (excited with uv or blue light, §; —S,
absorption) this magnetic field dependence is due to the
fission process (Refs. 26 and 54). (b) delayed fluores~
cence of tetracene at low temperature excited with red
light (Ref. 22) (T, <SS, absorption). The magnetic field
dependence is due to the fusion process. (c) Triplet-
doublet interaction. The interaction rate constant is de-
creased by the magnetic field (Ref, 33) as shown.

2(b). The magnitude of y,,q~ 10" cm®sec™. This
value is probably correct to within a factor of
2.21:22:30 1t jg noteworthy that the value of y,aq

is about 200 times smaller in anthracene'® than in
tetracene.

C. Annihilation of singlet excitons by triplet excitons

In this process singlet excitons are quenched by
a long-range (~50 &) Forster-type-resonance en-
ergy transfer mechanism® in which 7} is pro-
moted to a higher triplet level T, or T3, while S;
decays to S3. A singlet exciton is removed, but
the triplet exciton remains according to the scheme

81 + TIEESQ’F T1 . (3)

It is predicted theoretically that yg is not mag-
netic field sensitive; it has a magnitude® of Vet
~2X107 em®sec™. In anthracene the value of vy
is considerably smaller, i.e., y, (anthracene)
=(5+3)x10° cm®sec™ (see for example Fourny ef
al.® and the references cited therein).

D. Mutual annihilation of singlet excitons

An interaction of two singlet excitons results in
the annihilation of one of these singlets:

81 + Slyﬁ SQ + Sl B (4)
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The value for y,, in solid tetracene is not avail-
able, but in anthracene!® it is (1£0.5)x10® cm?®
sec™. Since all the rate constants measured ap-
pear to be higher in tetracene than in anthracene,

it is likely that y,, in tetracene lies between~ 107"~

10" cm®sec™.
E. Annihilation of excitons by doublet quenchers

Free holes or electrons (z},%;), or trapped holes
or electrons (n},n;), or free radicals (,) are
spin-3 particles and are known to quench both
singlet and triplet excitons. In the case of triplet
excitons,

Ty +n Eso+n .

(5)

The n}, ns, ni, n;, Or n, are collectively de-
noted by z in Eq. (5). The quenching constant v,
is known to be magnetic field sensitive®® ¥ if % is
paramagnetic and decreases monotonically with
increasing field strength until saturation is reached
at ~ 2500 G3%* [Fig. 2(c)].

The quenching-rate constant of triplets by
trapped holes y;, has been measured and its value
is y4,=(5+2)%10"® cm®sec™. In anthracene this
rate constant is smaller®'%? and is equal to ~ 107
cm®sec™; the rate constant for quenching of trip-
lets by trapped electrons y;, in anthracene has the
same value.

The rate constant for the quenching of triplet ex-
citons by free electrons (y¥) or by free holes (y%,)
has not yet been determined in tetracene. How-
ever, in anthracene, Wakayama and Williams3®
have found that %,=1.1x10"° cm®sec™ and y %, =6
X10™° cm®sec™, whereas Frankevich ef al.* ob-
tained a smailer value of ¥ ¥ =(2£1)x10™ ¢m?
sec™,

The interactions intriplet-triplet fusion [Eq. (2)]
and triplet-trapped carrier processes [Eq. (5)] are
essentially nearest-neighbor interactions which
depend primarily on the rate of formation of pair
states, which in turn depends basically on the dif-
fusion coefficient of triplet excitons. Therefore,
the values of g, ;e and y,.q are similar in anthra-
cene. On the other hand the thermal velocities of
free carriers are higher than that of triplet ex-
citons and thus y e, ¥ > ¥ins Vie-

The quenching of singlet excitons can proceed in
two ways:

S, +n' S Sy+nm , (6a)

S, +n'Y Ty+n . (6b)

A magnetic field dependence might be observable
in Eq. (6b) but not in Eq. (6a). The exact mech-
anism of quenching of singlets has not been estab-
lished; we shall therefore not make any distinc-
tions between yg, and y,, below. However, in
anthracene®® the rate constant for the quenching
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of singlet excitons by trapped holes (yg) or by
trapped electrons (y,) is ~10® cm®sec™, whereas
in tetracene®®*! this value is ~10™7 cm® sec™.

F. Electron-hole recombination

Following the excitation of a neutral high-lying
state of molecular excitation, an autoionization
process occurs with relatively high efficiency re-
sulting in the production of a free electron and
hole. 1t is possible for this pair of carriers to
recombine before they can interact with any other
free charges which may be present in their im-
mediate environment. Such recombination is ki-
netically first order and is referred to as gemi-
nate recombination. The time scale of this gemi-
nate recombination is so short (~ 107! sec) that the
spin states of the correlated electron and hole pair
do not relax; under these conditions, the recom-
bination produces mostly singlet states, as was the
case before ionization took place. In anthracene
and tetracene the lowest excited singlet state which
is thus produced has an energy lower than that of
the band gap. ¢

If the electrons and holes produced by autoion-
ization recombine with other carriers in a random
fashion, the process is kinetically second order
and the spins of the combining charges are uncor-
related. Under these conditions, the final states
can be either a singlet or a triplet, and this re-
combination may be written

n*+n Zes, or Ty , (7)

where z* and n~ denote the free holes and elec-
trons, respectively. In anthracene? y,~10% cm®
sec?, while no measurement is available for tet-
racene. However, the value of y,, is not expected
to be much different in tetracene since this con-
stant depends on the electron and hole mobilities
and on the dielectric constant, which are similar
in these two crystals.

G. Temperature dependence of magnetic field effects in
tetracene
It has been demonstrated that fission and fusion
are reversible processes:

SQ+SI+AE<:!T1+T1 . (8)

If the triplets that appear in Eq. (8) are excited
directly (7, -S,) using red light, only a small mag-
netic effect ~(~ 1 to = 2)% on the fluorescence is ob-
served at room temperature because of the oppos-
ing effects of the magnetic field on the forward and
reverse reactions shown in Eq. (8). At low tem-
perature, however, fission is suppressed and a
negative effect on the delayed fluorescence of
~ —30% appears. The magnetic field dependence of
this effect is shown in Fig. 2(b). Fission on the
other hand, gives rise to a ~ (20-40)% increase in
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the prompt (uv-excited) fluorescence in the pres-
ence of a saturating magnetic field at room tem-
perature, and no effect below 160 °’K. Under ex-
perimental conditions where fission and fusion are
operative simultaneously, as is the case in g-par-
ticle-bombarded tetracene crystals, the presence
of either component can be revealed separately by
varying the temperature, as will be shown below.
The rate constants of the different excitonic

processes for tetracene and anthracene are com-
pared and summarized in Table I and their mag-
netic field dependence, if any, is also indicated.

II. EXCITON PROCESSES IN o-PARTICLE TRACKS

An analysis of energy degradation processes in
a-particle tracks in anthracene in terms of known
excitonic phenomena has been made by Schott.’? In
this section some of the time scales of various
quenching phenomena in crystalline tetracene are
estimated and compared to those in anthracene.

We begin with some of the considerations out-
lined by Voltz.!* The passage of a heavy ion
through an organic medium results in the forma-
tion of plasmons and secondary (56) electrons., The
maximum energy of the secondary electrons is
Twax=4mE/M, where m is the mass of an electron,
E is the energy and M is the mass of the primary
particle. In our experiments Ex~4.4 MeV and
Trhax~2.4 keV,

In anthracene crystals the penetration depth of a
5.3-MeV « particle is 351 um.* For a 4.4-MeV
« particle, using the range-energy relationships
given in Ref. 1, the range is estimated to be be-
tween 25 and 30 ym in tetracene. This corre-
sponds to an average energy deposition of ~1.4-
1.8%10° eV/cm or ~10-20 eV/A.

Voltz et al.* have given a theoretical expression
for estimating the quantity F, which gives the ratio
of the energy lost by the primary particle in pro-
ducing secondary electrons to the total energy
loss:

1 In(4mE/MT,)

Fs=3 Tnlame/mD ° ©
where Ty is the minimum energy of a secondary
electron which allows it to escape out of the pri-
mary-particle track. For a track radius of ~ 150
A, Ty~500 eV."? Jis the mean excitation poten-
tial and is ~62 eV.* Using these values and Eq.
(9) we obtain F,~ 20%. Thus, most of the energy
is deposited in the track of the primary particle.
Furthermore, since the maximum energy of the
secondary electrons is only ~ 2400 eV, the rate of
energy loss of the secondaries will also be very
high and thus ionization quenching will also pre-
vail strongly in those regions of the crystal in
which the secondary electrons lose their energy.
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TABLE I. Rate constants for exciton interactions in crystalline anthracene and tetracene,*
Magnetic field
Process Tetracene Anthracene dependent

(1). Fission: S,+S; LTy +Ty Y5~1,5%107"2 cm® sec™! " negligible Yes
(2) Fusion: T+T, 1835, +S, Yraa® 107" cm® sec™ Y eaa™ 1071 cm? sec™! Yes
(3). Singlet-triplet annihilation:

Sy +Ty Yot + T, Yot #2%10°7 cm® sec™! Yot #1078 cm® sec™! No
(4). Singlet-singlet annihilation:

S,+5, Y85, +5, . Y¢s=1078 cm?® sec! No
(5). Annihilation of S by free carriers:

*

Sy+ng YEW g 4ut . VY~ 107 cm® sec™! No
(6). Annihilation of S; by trapped carriers:

Sy+ms Yse® g 4 pt . YehrVse = 1078 cm® sec™ ?
(7). Annihilation of triplets by free carriers:

£ 3

T +n} Yeewy 5, +nE . Vi Yre~ 107 cm® sec™! Yes
(8). Annihilation of triplets by trapped carriers:

T‘+n§‘_y_‘_“9,’ Sy+n} Yer=(5+£1)x10" cm3 sec! ViesVen 107! cm® sec™ Yes

(9). Singlet lifetime (no quenchers)

(10). Triplet lifetime (no quenchers)

7, ~2x1071" sec (at 298 °K)

77 = (50-200) X107 sec

Yes (tetracene)

T, ~2X10°8 {
$ see No (anthracene)

Tr>20x107 sec No

"The rate constants are taken from the literature and in most cases have been rounded off: the references are given

in the text (Sec, II),

For these reasons, the relative number of scintil-
lations being produced by secondaries is not like-
ly to exceed ~ 20%, and even this fraction of pho-
tons emanates from regions in which ionization
quenching is similar, though not as effective, ¥ as
in the track of the primary particle. Because of
the approximate nature of the calculations con-
tained herein, the effect of the secondaries can be
neglected, at least for the @-particle energies
used in this work.

With these considerations, the lower limit of
energy deposition in the a-particle track is esti-
mated to be ~10 eV/A. The g value for the pro-
duction of plasmons in aromatic media is taken to
be ~4-5, and it is assumed that each plasmon
decays within ~107%° sec to a superexcited state.

A superexcited state in an organic crystal can be
viewed as a highly excited electronic and vibronic
exciton state of relatively large spatial extent which
may decay by a radiationless process to a lower
exciton state, by autoionization into an electron-
hole pair, or by a chemical dissociation leading to
a chemically transformed molecule or radical pair
in the lattice.

Using a track radius of Ry~ 150 A, the density
of superexcited states which are formed in the
early stages of radiation are estimated to be ~10'°

excitations cm™. The dominant decay mechanism
of superexcited states appears to be the formation
of singlet excitons and autoionization into an elec-
tron-hole pair within about ~107°~10" sec. Trip-
lets are not formed effectively by the decay of
superexcited states because of spin-selection
rules. Autoionization may be the dominant mode
of decay since the autoionization efficiency in the
gas phase is ~0.8.%% In condensed media such
as organic crystals a similar yield of electronand
holes may be expected. Perkins®? has estimated
that 27-30 eV are required to form one initial elec-
tron-hole pair, while >400 eV are required per
pair of actually collected carriers in x-ray-bom-
barded anthracene. This indicates that recom-
bination limits the number of carriers collected
and that the autoionization efficiency of superex-
cited states in anthracene is in the range of 0.7~
0.9 (depending on the value of either 20-25 eV
which is assigned to the superexcited state). This
result is consistent with the autoionization efficien-
cy estimated from gas-phase studies. The dif-
ference between the solid state and the gas phase
lies in the fact that in the crystal, rapid geminate
and random recombination of electrons and holes
can take place. This process is the most im-
portant source of triplet excitons which also gives
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rise to the continuing production of singlet ex-
citons long after the passage of the « particle.

The g value for the production of singlet ex-
citons in anthracene can be deduced from studies
on anthracene excited by fast electrons under con-
ditions when ionization quenching is minimal.
About 50-60 eV are deposited in anthracene per
singlet exciton produced under these conditions.!
A g value of 1.6-2.0 is obtained which gives an
upper limit of ~0,3-0.5 for the quantum yield of
singlets from the decay of superexcited states or
plasmons.

The formation of chemically transformed mole-
cules (permanent quenchers) is by far the most im-
portant long-term effect of the passage of heavy
ions, but the g value is much lower than that for
the production of excitons and carriers and is thus
neglected in these rough calculations. (The g value
is estimated to be ~ 0.1 from the data of Northrup
and Simpson, *8 who estimated 70 A as the distance
between permanent quenching centers produced
along an @-particle track.)

For purposes of a rough calculation we assume
that the efficiency of production of singlets from
superexcited states is ~ 0.3 and that of electron-
hole pairs is ~0.7. Based on an initial plasmon
concentration of about 10*® cm™, one estimates
that the initial densities of singlets and electron-
hole pairs are

[Sy]~3%10'® cm™ |
[#*]~7x10'® cm™ ,

These densities are enormous and correspond to
an excitation of approximately one out of 500 mole-
cules in the track (there are a total of ~3x10%
molecules ecm™). This gives an average distance
of 30-40 A between adjacent electrons, holes, and
singlet excitons.

A. Evolution of excited states

The events described above occur on a time
scale of 107" sec of less. The excited states which
are formed by these primary energy-degradation
processes evolve over a much longer time pericd.

Initially, we assumed that only singlet excitons
and electron-hole pairs are created as described
in the previous section. The likely events that
follow the initial excitation are: (i) diffusion of
singlet excitons and carriers out of the track, (ii)
electron-hole recombination with the accompanying
formation of triplet excitons and additional singlet
excitons, (iii) singlet-singlet annihilation giving
rise to the disappearance of one singlet per annihi-
lation event, (iv) quenching of singlet excitons by
charge carriers and by triplet excitons, and (v)
triplet-triplet exciton fusion and triplet-doublet
quenching.
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The time scales of these processes can be esti-
mated if it is assumed that the rate constants mea-
sured under conditions of weak excitation (photo-
excitation) are not radically different in regions of
high densities of excitation. While this has not
been established, our calculations are only ap-
proximate in any case, so that this approximation
is not a severe restriction unless the rate con-
stants are different by more than a factor of 10.

B. Diffusion out of the track

For cylindrical symmetry a characteristic dif-
fusion time £, can be specified which is

t,~R%/AD; (10)

R, is the track radius, D is the diffusion coeffi-
cient, and ¢, is equal to the time required to re-
duce the density of excited species at the center of
the track by a factor of 2. .

The largest diffusion coefficient for either the
holes or singlet excitons in tetracene is estimated
to be at most 102 cm®sec™. Using a track radius
of 150 A yields a diffusion time of t,~5X10™ sec.
Thus, excitation densities of even highly mobile
singlet excitons or carriers are not likely to change
significantly as a result of diffusion on time scales
less than ~5X10™ sec. :

C. Carrier recombination

Because of the extremely high carrier densities
in tracks of ionizing particles, random recom-
bination of electron-hole pairs can occur. Schott!'?
concludes that random recombination dominates
over geminate recombination in such cases. Both
singlet and triplet excitons can then be formed.
On a time scale of <107 gsec the ratio of triplets
to singlets formed will be 3:1, since normal spin
statistics apply to random recombination. On the
time scale >10"® sec, intersystem crossing S, - T}
may be important and the ratio of triplets to sin-
glets formed may therefore be larger. However,
quenching processes within the track will be much
more probable than intersystem crossing, which
can thus be neglected here.

Carriers must move an average distance of 20—
25 A before recombination can occur. With ve-
locities of the order of ~10% cm/sec, this re-
quires a minimum time of ~(2-3)x107!% gec. Be-
cause of this, the extent of recombination on time
scales much less than a picosecond is thus prob-
ably very small. In any case such short time
domains are experimentally inaccessible and will
be designated here as time domain I.

The time interval in which carriers can recom-
bine to form triplet and singlet excitons, but re-
main essentially within the track radius is desig-
nated as time domain II. It is characterized by a
time interval #;; which is approximately given by
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FIG. 3. Estimated
carrier and triplet exci-
ton densities in an -
particle (~4.4 MeV) track.
Time domain I: <107!?gec,
recombination of carriers
is relatively unimportant.
Time domain II;: 1072 gec
<t<ty, wheret,isthe ap-
proximate characteristic
diffusion time of excitons
out of the track, Note
that ¢4 is longer in an-
thracene than in tetracene,
Time domain III: £>¢,.

TIME (sec)

1072 <4, <¢, sec .

The time domain II is specified by £y >Z,.

In the final stage of the process of thermalized
electron-hole recombination, a charge-transfer
(CT) exciton state is presumably formed prior to
the appearance of the singlet or triplet excited
state. If the lifetime of the CT exciton is longer
than 10! gec (lifetimes of the order of 107 sec
have been proposed?®) then obviously, one cannot
propose that the usual Frenkel-type singlet and
triplet excitons are created by carrier recombina-
tion in times shorter than the CT exciton lifetime.
On the other hand, if singlet and triplet excitons
are actually produced by thermalized carrier re-
combination in times 10" sec, then the CT ex-
citon formed from the thermalized electron-hole
recombination has a lifetime <10 gec. CT ex-
citons may behave in some respects like Frenkel
singlet or triplet excitons and in the absence of
more concrete data, it will be assumed herein that

singlet and triplet excitons are formed in short
times.

In time domain II, the density of carriers is ap-
proximately described by a simple second-order
equation, since the effects of diffusion out of the
track are negligible:

1 1
m—m+7eﬂ, 11
where #3(0) is the initial carrier density at #~ 1072
sec [which is taken as #=0 in Eq. (11)]. The car-
rier density as a function of time estimated ac-
cording to Eq. (11) is shown in Fig. 3. In this cal-
culation, the effect of geminate recombination is
neglected for simplicity.

D. Characteristic exciton-annihilation time scales

Within time domain II, excitons are subject to
various annihilative processes and the character-
istic decay times as a function of particle density
can be estimated from the relations

Yss[S1]=rate of quenching of S, via S,-S; annihilation, (12)
vst[T1]=rate of quenching of S; via annihilation by T, 13)
v ¥ mlnf]=rate of quenching of S, by free carriers, [(14)
¥ ¥.m[nf] =rate of quenching of T, by free carriers, (15)

Yraal T1]=rate of annihilation of triplets by fusion (= rate of appearance of S, via fusion channel). (16)

In Egs. (12)-(16) the bracketed quantities refer to

the number of singlet excitons, triplet excitons, or

free carriers per cm?®,

The various rate constants are summarized for
convenience in Table I for both anthracene and
tetracene. We note that in the case of anthracene
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VYrads Yies and vy, have approximately the same
value. In tetracene y;, appears to be a little larger
than y,,4 but it is likely that this difference is due
to experimental uncertainties. In anthracene, y,
R Yes™ Y %ot X Ve Pecause all of these processes
are determined by the diffusion coefficient of the
singlet exciton. Thus, while some of these rate
constants have not been measured in tetracene, it
is reasonable to assume that in this crystal the
rate constants y,,, etc. will also be similar in
value to yg;.

The scintillation efficiency in organic crystals
bombarded by « particles will depend on the mag-
nitude of the quenching rates [(12)~(15)] relative to
the intrinsic decay constant 77! of the singlet ex-
citons.

The quenching rates as a function of particle
densities are plotted in Fig. 4 and compared to 7!
for both anthracene and tetracene. The quenching
rate y4[7T,] is plotted as a function of the triplet
exciton density [7;]. Since weare interested at
this point in the order of magnitudes of the vari-

1 1 1 ! | | 1 |

02 0% 10° ¢ 0" 1®

FIG. 4. Estimated rate of annihilation of singlet ex-
citons by triplets (y¢:[74]) and of triplet excitons by fusion
&raa[T1]) as a function of triplet-exciton density [Ty]. (a)
Anthracene, fluorescence decay time of singlets is 7
~2x10"% sec in the absence of quenching. (b) Tetra-
cene, T, ~2x10710 sec. The quenching rates of excitons
by carriers can also be estimated from these plots be-
cause of the similarities in the rate constants (see text),

10° [T](cm™)
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ous processes rather than exact calculations we
can assume that yg, =y ¥ ¢)® vs, and that v, [Ty]
~YsslSilm v S mnfl™ veemlnil if [Ty]~[S;]~[n}]
=[n$]. Similarly, since yraa® ¥iem)> the vsemlnil
curve is approximately the same as the y..q4[T}]
curve if [7,] is replaced by [#}] in Fig. 4. All of
these quenching rates can then be estimated from
the plots shown in Fig. 4.

The triplet density within the track is depleted
by fusion, quenching, and diffusion. The fastest
quenching process is the interaction of triplets with
free carriers and this rate is characterized by
v mwlri]. The free-carrier density diminishes
rapidly with increasing time within time domain
I. Using an estimated value of y;o (s~ 1077 cm®
sec?, we obtain (yfmln}]) 2101 sec at ¢~ 1071
sec, when the carrier density is ~ 10'7 em™ (Fig.
3). This represents the lowest limit for the trip-
let lifetime at £~ 10" gec. The importance of this
quenching channel should now be compared to the
decrease in the triplet-exciton density brought
about by diffusion of triplets out of the track. The
characteristic diffusion time #, is the factor which
defines the onset of time domain III. Since in tetra-
cene all of the rate constants involving triplets
appear to be at least 100 times faster than in an-
thracene, we estimate that the diffusion constant
Dy for triplets is at least 10-50 times larger in
tetracene than in anthracene. In anthracene D;
in the ab plane®™ is ~10™* cm?sec™. In tetracene
therefore Dy~ 1072-107 em?sec™, which yields a
t, value in the range of 5X 107 -10"10 sec in tetra-
cene. This time is shorter or comparable to the
quenching time (y % @[n}])™ and its effect in cal-
culating the triplet-exciton density for ¢ >10™ sec
will be neglected for simplicity. Thus, within
time domain II, there will be an interval in which
the triplet-exciton density remains approximately
constant. Utilizing the assumptions that triplet
excitons are formed by the recombination of free
carriers, that the quenching of singlets by triplets
does not deplete the [T,] density, and that the trip-
let-exciton quenching mechanisms are inefficient
on time scales #<1071% sec, [7,] is given by Eq.
(17) (as long as 1 << ty):

L) (17)

() ~ %12?(0)(1 T1+yni)

Using the #$(0) value of ~7x10'® for the initial
carrier density, a plot of Eqs. (17) and (11) is
given in Fig. 3 which shows the plateau in Ty(¢)
within time domain II.

Since in this time domain the triplet-exciton
density is higher than the free-carrier density,
the lifetime of the singlet excitons appears to be
limited by the most efficient quenching channels,
which are the singlet-singlet and singlet-triplet
channels. The singlet-ginglet channel r~mn~r-
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one singlet exciton per event and the quenching
rate diminishes with each singlet removal, while
in the case of the singlet-triplet channel, one sin-
glet exciton disappears while the triplet-exciton
density (and hence the singlet-exciton quenching
rate) remains constant. Therefore, with increas~
ing time in domain I, the most important quench-
ing channel for singlets is their annihilation by
triplet excitons.

The effectiveness of this quenching channel rela-
tive to the intrinsic singlet-exciton lifetime is in-
dicated in Fig. 4. For tetracene, the singlet life-
time is dominated by triplet-exciton quenching as
long as [7] 25X 10 ¢cm™, while in anthracene this
quenching channel dominates as long as [7;]25
X10% em™3,

These limiting densities depend on the accuracy
of the experimentally determined y,; quenching
constant. According to Ern et al.%® there is an un-
certainty within a factor of 10 for yg in tetracene;
however, we note that the largest bimolecular rate
constant is that for electron-hole recombination in
these organic crystals which is y,,~ 107 cm®sec™.
Thus, vy, is probably equal to or smaller than
2x1077 cm®sec™ (but not larger), while it is greater
than 107 cm®sec™, which is the corresponding
value in anthracene. Thus, the lifetime-limiting
triplet-exciton density in tetracene could be a fac-
tor of ten larger than calculated above. ,

We note from the y,,4[7;] curve in Fig. 4 that
the contribution of the fusion term to the [S,] pop-
ulation will be negligible in time domain II and is
important only on longer time scales within time
domain III.

The triplet density will remain fairly constant
for longer times (~10™® sec) in anthracene than in
tetracene (5xX10711-10"° sec). In agreement with
Schott, ® we postulate that this “sea” of triplet ex-
citons in time domain IO for both crystals con-
stitutes the most probable source of quenching of
singlets. These triplet excitons (and the free car-
riers) are therefore identified as the transient
quenching centers defined by Birks.! Free car-
riers also contribute to the quenching of singlets;
their effect is most important only in the early
time intervals of domain II and decreases as the
density of free carriers diminishes.

The diffusion out of the track is 50—-100 times
faster in tetracene than in anthracene which
shortens the time domain II considerably and thus
reduces the extent of quenching. Thus, even at
low temperatures (<160 °K) where fission is sup-
pressed and the S;-decay time is similar in anthra-
cene and tetracene, the efiects of transient quench-
ers, i.e., triplet excitons, may be less severe in
tetracene than in anthracene.

To summarize this section, the major conclusion
of some siruple considerations are
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(a) Singlet excitons are initially formed by decay
of superexcited states and later by electron-hole
recombination. For convenience we shall refer
to these singlets as primary singlet excitons, in
contrast to the secondary singlets formed indivectly
by fusion. Directly formed S, states contribute to
the prompt scintillation component Lp and the in-
directly formed singlets to the delayed component
Lp. These are distinguishable by magnetic field
effects which give rise, in tetracene, to the field
dependence shown in Fig. 2(a) {Lp) and Fig. 2(b)
(Lp).

(b) Random or columnar recombination? gives
rise mostly to triplet excitons.

(c) The directly formed singlets are quenched
by other singlets, by free carriers, and by triplet
excitons. These processes are more efficient in
anthracene than in tetracene, since in the latter
case fission can compete with quenching on the
time scale of 2X107% gec and the singlet-exciton
lifetime is already quite short at room tempera-
ture. At low temperatures, tetracene and anthra-
cene should be nearly alike in their response to
a particles. However quenching phenomena within
the track are predicted to be more effective in
anthracene because of the lower rate of diffusion
of excitons out of the track.

The different modes of generation of singlet ex-
citons and the quenching of excitons in a-particle
tracks are summarized in Fig. 5.

The major assumptions which were made in ar-
riving at the conclusions in this section of the paper

- are as follows:

(1) The track radius Ry~ 150 A is probably cor-
rect to within a factor of 2 and any errors in this
value would affect the characteristic diffusion time
t4, the calculated characteristic quenching rates,
and the exciton densities. All calculated quanti-
ties, however, would be scaled in the same direc-
tion.

(2) The g value (yield per 100 eV deposited) for
the formation of excitons or ionized states is of the
order of 4-5. The evidence indicating that these
values are in the correct range has been dis-

" cussed by Voltz. ™

(3) The initial formation of ionized states is
~70% efficient. An error in this value would not
be too crucial either, since it would only affect the
absolute number of triplets formed. Based on the
g value for the formation of carriers in organic
media, ! the ionization efficiency used here ap-
pears to be reasonable.

(4) The dynamic rate constants used here were
determined under conditions of relatively low ex-
citon and carrier densities using photoexcitation.
Whether these rate constants apply at the short
time scales discussed here and at the high car-
rier and exciton densities which prevail in the
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STATES

SUPEREXCITED |, AUTOIONIZATION Tt/ FCTRONS AND
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FIG. 5. Summary of

processes in an a-parti-

FUSION cle track which can ac-
SINGLETS 5 TRIPLETS count for the generation
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' gram),
FLUORESCENCE QUENCHING CHANNEL MONOMOL ECULAR QUENCHING
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a-particle tracks remains to be elucidated.

(5) In calculating the average amount of energy
deposited per unit length of the tracks, the Bragg-
curve effect was neglected. The Bragg curve de-
scribes the amount of energy deposited per unit
track length; this increases as the penetration:
depth of the « particle increases and reaches a
maximum at the end of the track.

Unless there are very drastic differences in the
rate constants, or the value of the track radius
Ry, the picture evolved here and elsewhere!? for
the dynamic processes in o-particle tracks ap-
pears to be reasonable. It is based on the current
state of knowledge of exciton dynamics in organic
crystals.

Fortunately, the magnetic field effects provide
some insight into the mechanism of scintillation
and the quenching processes which have an effect
on the scintillation, and thus can be utilized to
check some of the predictions discussed above.

III. BASIC KINETIC EQUATIONS FOR SCINTILLATION

Because of the low dosages in our experiments
we need only consider the kinetics of the excita-
tions within a given g-particle track. Further-
more, as discussed in Sec. II of this paper, the
total scintillation L originating from a given track
consists of a prompt component L, which arises
from singlet excitons which were either directly
formed by internal conversion from the super-
excited state or by electron-hole recombination,
and a delayed component L, resulting from the
bimolecular reaction between two triplet excitons.
The kinetics of the prompt and the delayed scintil -
lation component were described initially by Voltz
and Laustriat,” * however, because of the exciton
fission channel operative in crystalline tetracene
their equations must be modified in a significant

manner. We employ their notation where con-
venient.

A. Prompt component L,

Let C,(T, ) denote the primary singlet-exciton
density at position ¥ at time # within a given track.
Cs (T, £) obeys the equation

26580 _ povecy(s,n - Tis Co(7,1) » (18)
where Dg is the singlet diffusion coefficient and

Tg is the fluorescence decay time of the singlet
excitons. We denote by [@r] the density of tran-
sient quenchers and [@p] the number of induced
permanent quenchers in time domain II. The total-
quencher density in this time domain is [@]=[Qr]
+[@p]. These permanent quenchers can either be
paramagnetic or nonparamagnetic in nature; the
distinction will be made where necessary. The
singlet-exciton lifetime (primary singlets only) is

Tg= 1 (19)
S " kAT, H) +y([Qr] +[Qp)) +kp ’
where ¥ is the quenching rate constant which is
taken to be independent of the type of quencher since
it primarily depends on the diffusion rate of sin-
glet excitons, k(T,H) is the fission rate at field
strength H and temperature 7T, and &k represents
the radiative-decay rate (we have neglected non-
radiative rates such as intersystem crossing which
are known to be small in tetracene®). To an ex-
cellent approximation, the diffusion of singlets can
be neglected for the time scales involved (g 10710
sec), so that

Lp(H, 7)= fo °='I,,(t) dt=ke Nors(H, T) , (20)

where I,(f) denotes the scintillation intensity at
time £, and N, the total number of primary sin-
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glets per track.
B. Delayéd component L,

The delayed component of the scintillation L,
is determined from the local density of delayed
or secondary singlets Ci(7, #) which obeys the
equation

(> = =
2D pyvicytr, - SEL v i,

(21)

where Cp(F,?) denotes the local concentration of
triplet excitons within the track, y,.4(H) is the
radiative-fusion constant, and 7§.is the singlet
(indirect) lifetime which because of the time scales
involved (time domain III) is different from 7g, the
lifetime of the primary singlets. Thus,
= 1 >T

ke(H, T)+kp +y([Qp] +[Q7]) <75~
[@}] as in Eq. (19) is the density of permanent
quenchers, while [@7] is the density of transient
quenchers in time domain III. The density of
transient quenchers should be smaller in time do-
main III than in I, thus [Q7]<[Qp]. The local den-
sity of triplet excitons is governed by the equation

T4, T 22)

aC, (T, ¢ - 1 -
_Qra_(t&_) = DpV2C, (T, £) i Cr(F, 1)

"}’tot(ﬁ) C;- + 2kf(ﬁ) Cé (IT, t); 7 (23)

Dy is the triplet-exciton-diffusion coefficient, y;,;
is the total-rate constant for the disappearance of
triplets, and the last term represents the produc-
tion of triplets by exciton fission as discussed in
Sec. I of this paper. Solving Eqs. (22) and (23)

J
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simultaneously presents mathematical difficulties
because of their nonlinear character. Without
serious loss of accuracy we can neglect the diffu-
sion of the singlet excitons and assume steady-
state conditions because of the short singlet life-
time particularly at room temperature. Thus,
Eq. (21) gives

C (T, )~ 74 (H, T) [$7rad ) CE(F, 8) . @4)
Defining .
Vet t(ﬁ’ T)= ’Vtot(ﬁ) - kf(ﬁ’ 7) TS’ (ﬁ’ T) YVraa (ﬁ) ’ (25)

which is always greater than zero, the equation for
the time evolution of the triplet-exciton density
within a given track becomes

2t _ pvicy(F,0 - GpF, )
ot Ty

~yers(H) CE(T, 1) . (26)

From Eq. (21), the delayed scintillation intensity
at time ¢, Ip(#) obeys the equation

an(t) 1 B
—attrr =5

= by ’—’i!—;——ﬁfllfvci(it)dv, @7)

where the integration is over the entire volume of
the track.

For the case where the initial triplet density has
a Gaussian spatial distribution with the origin at
the center of the track, Voltz and co-workers have
solved Eq. (26). This track distribution is con-
sidered as a sufficiently accurate description for
an g-particle track. The solution is

£ty Lrreald) Ng(Q)e™/r (28)
4ty Yers(H, T) (1+(¢,/28;) explt,/T,){Ei[- (t+1,)/77) Bi(=t,/7 ) P(L+ £/2,) *
I
where =t ,
2 - - Ipt)=kp Zr%@lj e'(t-ﬂ/fsf(a)da (31)
t,=R3/4Dp and t, = [ye4(H, T) Cr(0)]7; 0
and the total delayed scintillation L
Ny(0) is the total number of initially created trip- - y (—I-.I) w
let excitons from electron-hole recombination and LyH,T)=kp —L"‘E——— f Ip@t)dt . (32)
0

Cr(0)=N;(0)/17RS , (29)

where R, is the radius of the track and [ is its
length,

Ei(x):—fw%;—da . (30)

The delayed scintillation component at time ¢ fol-
lows from Eq. (27)

It is possible to give a simple form to LD(-ﬁ, T) in
general, however when <7, and £> 75 Eq. (32) re-
duces to

- k T,(_I'} T)y (ﬁ)
Ly(H, T =A_’Tw__ N,-(0) . 33
D( 3 ) 2,),9“( ,T) T() ( )
The measured scintillation in our experiments can

be analyzed, at least under conditions of small
dosages, by the equations
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FIG. 6. Experimental
arrangement, C—crystal,
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X Y M—poles of magnet, FO—
fiber optic, PMT—photo-
REC multiplier tube, AMP—
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preamplifier and ampli-
fier, S—shaft attached to
motor, PA—picoammeter,
REC—recorder, TCR—
thermocouple and recorder,

TCR

L#E,T)=LpH, T)+L,H,T) , .
(34)

T Ty = ErTs(H, T) v, oa(H)
L(H,T)=FkgNpTs (H, T)+WNT(0) .

IV. EXPERIMENTAL

_A. Tetracene crystals

Tetracene powder was subjected to vapor-gradi-
ent-zone purification and single-crystal flakes ap-
proximately 10-40 pm in thickness were grown by
sublimation in an atmosphere of argon,

B. Apparatus

The experimental arrangement is shown in Fig.
6. The crystals were mounted on a glass support
which in turn was attached to a shaft extending out
of the magnet. The crystals and the tip of the shaft
to which the crystal was attached were placed in a
light-tight chamber between the poles of the elec-
tromagnet. The shaft was fitted with a goniometer
and attached to a slow (; rpm) motor which could
rotate the shaft and the crystal around an axis which
was perpendicular to the direction of the magnetic
field. This motor also drove the horizontal axis
of an XY recorder. The magnetic field strength
was regulated by means of a low-voltage power
supply and was monitored with a gaussmeter., The
scintillations were picked up by a 20-ft-long fiber
optic which was fitted with a Corning 3-68 filter (in
front of the fiber optic). The photomultiplier was
an S-11 Bailey 4242B tube which was mounted inside
a section of a heavy cast-iron pipe about ten feet
away from the magnet to minimize stray magnetic
field effects.

The output of the photomultiplier tube was fed into

a preamplifier, amplifier, and a timer and then into.
a scaler. It was verified that only single-photon
events were counted, ~The lower discriminator set-
ting was adjusted to eliminate most of the low-volt-
age pulses, The pulse-height distribution was then
determined and it was ascertained that there was
only one maximum which had the same position and
roughly similar width with the photomultiplier shut-
ter either opened or closed. Furthermore, neither
the position nor the width varied when the scintilla-
tion intensity was deliberately reduced by introduc-
ing neutral-density filters in the optical path., The
count rate varied depending on the sample and was
typically of the order of several thousand counts/
sec and never exceeded 15000 counts/sec (for an-
thracene). The pulses were counted as follows:
with the magnetic field off, the counts were accumu-
lated for 40 sec. The magnetic field was then ad-
justed to the desired value and the scintillations were
counted for 80 sec, The field was then reduced to
zero and scintillations were counted for another 40
sec period and this value was added to the previous
40-sec field-off value giving the total number of
counts L (0) in 80 sec with H=0. This counting se-
quence tended to compensate for the slight deteri-
oration of the scintillations as a function of time of
exposure of the crystal to the a-particle source.
The magnetic field effect was calculated according
to the expression

AL(H) L(H)-L(0)
L0 - L) :

The background counts for tetracene were at least
ten times smaller than the scintillations and were
subtracted from the total number of counts before
calculating AL(H)/L(0).
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C. Orientation of the crystal in the magnetic field

The magnitude of the magnetic field effect on the
uv-excited photofluorescence F is a strong function
of the orientation of H with respect to the crystal-
lographic axes. For each 180° of rotation of the
crystal with H lying in the ad plane of the tei:_racene
crystals there are two sharp maxima in AF(H)/F(0)
about 53° apart with the b crystallographic axis ly-
ing between these two peaks.2’ These maxima char-
acterize the resonance directions in the given plane,

It was ascertained that o -particle scintillation
[AL(H)/L (0)] exhibited similar though much smaller
maxima at the same orientations as the maxima of
AF(H)/F(0). This showed that the magnetic field
effect on the scintillation is traceable to the same
excitonic phenomena which occur in photoexcitation,
In addition, further proof was obtained fror_rs the
magnetic-field- strength dependence of AL (H)/L (0),
which in all cases studied showed the behavior de-
picted in Fig. 2(a) or Fig. 2(b). All of the results
reported here were obtained with the magnetic
field lying in the ad planes of either the tetracene
or anthracene crystals oriented along one of the
resonance directions, The resonance directions
were determined by replacing the a-particle source
by a 100 W mercury-xenon arc lamp and monitoring
the photofluorescence intensity as a function of the
magnetic field orientation in the ab plane. A quartz
light guide was utilized to illuminate the crystal in-
side the magnet and a Corning 7-37 filter (366 mm
band pass) was interposed between the lamp and the
light guide, With the arrangement shown in Fig. 6,
there was a 20% stray-light component (80% crys-
tal fluorescence) in the output of the photomultiplier
which was connected to a picoammeter. This
amount of stray light presented no problem in lo-
cating the resonance. The resonances were located
by slowly rotating the crystal and looking for peaks
in the photomultiplier output on the XY recorder.

D. Low-temperature studies

The temperature was varied by passing dry nitro-
gen through liquid nitrogen and blowing this cooled
nitrogen onto the crystal. The temperature inside
the light-tight chamber was monitored by means of
a copper-constantan thermocouple placed next to the
crystal.

E. a-particle source

The o-particle source was a 0,67-mCi 5.3-MeV
241 Am source, However, the energy of the a-
particle impinging on the ab plane of the crystals
was only ~ 4,4 MeV, because the surface of 241 Am
was covered with a thin aluminum foil for safety rea-
sons. The crystals were about 5 mm away from
the surface of the source and the number of parti-
cles incident on the crystal was determined: with
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a Geiger counter and found to be ~2X 10° particles
sec™! cm™?,

V. MAGNETIC FIELD DEPENDENCE OF THE TOTAL
SCINTILLATION YIELD

In crystalline tetracene an indication regarding
the origin of the scintillation can be obtained from
a study of the magnetic field effect. If primary
singlets are responsible for at least a part of the
scintillation, a positive magnetic field effect should
be observed at high fields [Fig. 2(a)]. If secondary
singlets (due to triplet-exciton fusion) constitute
the major contribution to the total scintillation
yield, thenonly a small negative effect ~ (-1 to — 2)%
is expected at magnetic fields 2 2000 G.

In crystalline anthracene on the other hand, there
should be no magnetic field effect on the primary
singlets (or only a small positive effect due to hot
fission), ¥ Secondary singlets created via fusion

of triplet excitons should give rise to the charac-

teristic negative magnetic field effect for H32600G.
A comparison of the magnetic field dependence of
the scintillation of anthracene and tetracene bom-
barded by a-particles is shown in Fig. 7. The an-
thracene curve is in agreement with the result of
Klein and Voltz. ® It shows that fusion of triplet
excitons is an important mechanism in the produc-
tion of the scintillation., However, the magnetic

003} .
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o) k=
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FIG. 7. Magnetic field dependence of the scintillation
of tetracene (upper curve), 9-um-thick flake, ~0.1 cm?
area, and anthracene (~ 0.1 cm thick) at (298 +1) °K.
Magnetic field oriented in the ab plane along a resonance
direction (see Sec. IV).
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field effect close to saturation at 4000 G (not shown
in Fig. 7) is only ~ - 7. 5%, whereas it is about

- 22% when the external magnetic field is oriented
in the ab plane on a resonance® and when the sin-
glets are generated by fusion only using red light
excitation (T, S,).

In tetracene, .only the fission of singlet excitons
can provide the characteristic positive magnetic
effect at high fields with the characteristic inver-
sion at about 430 G. Thus it can be concluded im-
mediately that primary singlets are contributing to
the scintillation in tetracene at room temperature.
For the crystals studied here, the magnetic field
induced enhancement of the prompt fluorescence
excited with uv light (S,- S, excitation) was ~ 35%.
Thus, the ~+ 3% effect shown in Fig, 7 is much less
than in the case of photoexcitation. Using other
thicker crystals, the magnetic field effect varied
between approximately + 1.5 and +2.5%, and the
average of six crystals was 2.5+ 0. 5%.

The total scintillation is given by Eq. (34) and is
a sum of two components: directly generated (Lp)
and indirectly generated singlets, the latter giving
rise to the delayed component L. Of interest is
the quenching term yQ, in Eq. (19) which, using the
values of y in Table I can be used to estimate the
effective density of transient quenchers [Q] in the
a-particle track and thus the singlet-exciton life-
time in the track.

It is evident that Y@ can be estimated from the
magnitude of the magnetic field effect, since Z;,
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the fission-rate constant which dominates the
singlet-exciton lifetime in the absence of quench-
ers, is known. However, this can be done only
if the contribution of the delayed component to
the total scintillation can be calculated or can
be shown to be negligible at room temperature.
If the delayed component L is not negligible at
298 °K, the positive magnetic effect which arises
from the Lp term in Eq. (34) will be diluted by the
magnet-field-insensitive delayed component L.
Thus, even if yQ,=~0, a small magnetic field effect
on the total scintillation is expected when Ly> L,
The contribution of the delayed component at
room temperature can be estimated by examining

‘the temperature dependence of the total scintillation

of tetracene.

V1. TEMPERATURE DEPENDENCE OF THE
SCINTILLATION OF TETRACENE AND ITS MAGNETIC
FIELD DEPENDENCE

The rhagnetic field dependence of the scintillation
of one and the same crystal at two different tem-

‘'peratures is shown in Fig. 8. At 298 °K the typical

fissionlike curve is obtained (compare with Fig. 7).
At 148 °K, however, the typical fusion curve is ob-
tained. Below 160 °K, thermally induced fission of
singlet excitons is suppressed and consequently the
uv-excited (S;~ S;) prompt fluorescence is not sen-
sitive to magnetic field.?® On the other hand, de-

layed fluorescence excited by red light (T',+~ S;) ex-
hibits the type of curve? shown in Fig. 8 (148 °K).

AL(H)
L(o) 298° K
0.02 - °
0.0l
FIG. 8. Effect of mag-
00 netic field on the scintilla-
. tion of tetracene (12 um
thick) at 298 and 148 °K,
-0.01 The contribution of the
delayed component Lj to
the total scintillation L
- i can be calculated from the
0.02 .
value of AL/L either at
200 G (point A) or at satu-
-003 A ration at 4000 G (B).
148°K
-004 | ° ‘/B
‘ | l l 3
1.0 20 30 40

MAGNETIC FIELD STRENGTH (KILOGAUSS)
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At low temperatures therefore, the magnetic field
dependence of the scintillation of tetracene is simi-
lar to that of anthracene at room temperature and
shows that fusion is an important mechanism of
generating singlets at 148 °K.

The temperature dependence of the magnetic field
dependence of the total scintillation is shown in
Fig. 9(a), curve I, For comparison, a portion of
the curve showing the magnetic field effect on the
uv-excited prompt fluorescence (photofluorescence)
of tetracene is also shown in Fig. 9(a) (curve II).
The temperature dependence of the total scintilla-
tion L(ﬁ= 0) is shown in Figure 9(b), curve I.

Curve II in Figure 9(b) shows the typical tempera-
ture dependence of the photofluorescence in the ab-
sence of a magnetic field (see Ref. 20).

]
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Writing the explicit temperature dependence of
the fission-rate constant as

kp(H) = o (H)e 2 B/2T (35)

the expression for the prompt scintillation [Eq.
(20)] assumes the form

" )= kpNp .
LP(H: T)— kF-)—ko( )‘e- E kT""y[QT] (36)

We have neglected the term v[Qp], the quenching of
singlet excitons by permanent quenchers, because
we are discussing the results obtained with crystals
in which @p <@, (low doses of irradiation). Using
Egs. (22), (25), and (33), the delayed component of
the scintillation is given by

—

S kpN. H 3 ko(H)e E/¥Ty (H) \Y;, =\ - . -
Lo(H, T)zﬁ?ﬂ(—) yt°‘(H)‘Ieg( )(e-)e % +k7;+7(’[¢;1'])' (o)™ s vl@r]+ ek @7

In determining L, (ﬁ, T) we distinguish a high- and
low-temperature limit,

(i) At 298 °K, the high-temperature limit, if the
density of quenchers @, is low, we have

ko(E)e™5/4 5> ke +v(Q7] (38)
Under these conditions Eq. (37) reduces to

= . kpNpYee(H)
LD (H, T) - 2VTTkD( )e-AE BT ’ (39)
where v,pp is the rate constant for the process
T1+Ty~Ty+S, (40)

i,e., fusion via the triplet channel, y,p, is known
to be magnetic field insensitive, 21 In obtaining Eq.
(39) we have used the relationship

Vtot(ﬁ) =Yrr+ Tmt(-ﬁ) . (41)

It is well known that for the thermal-fission process
ks(H) and ¥,,4(H) are related by the thermodynamic
relationship®

Ep(A)[So]™ = 2 paa(H)e ™ E/4T (42)

where [S,] = 3.4x 10! is the concentration of mole-
cules per cm?® in crystalline tetracene. Using Egs.
(35) and (42) one obtains for the high-temperature
radiative-fusion rate

YeaalH) = 2%0(H)/9[S,] 43)

which is temperature independent, as long as the
temperature dependence of ¥,,, due to the tempera-
ture dependence of the diffusion coefficient D *®
(Vraac D) is ignored. We are primarily interested
in interpreting the temperature dependence of L in
the range of 200-300 °K [Fig. 9(b)]. In this tem-

perature range, in anthracene, D increases by not
more than®® (50-60)%, while the scintillation inten-
sity increases by only ~ 25%.57 In tetracene on the
other hand L(0) increases by a factor of four,
Furthermore, comparisons with the L(H)/L(0) curve
in Fig. 9(a) strongly indicate that this temperature
dependence of L(0) in the range of 200-300 °K is due
to the magnetic-field-sensitive channel and thus to
the strongly varying exponential factor and not to
any temperature dependence of D.

Thus, at room temperature, the delayed com-
ponent L, should be approximately independent of
magnetic field strength, i.e.,

kgNpe®E/ ¥

Lo298°K)>=g 154

(at 298 °K) . (44)
" The small negative magnetic field effect in the
delayed fluorescence observed by Groff ef al.? is
due to the fact that the monomolecular decay term.
in Eq. (38) is not completely negligible compared
to the fission term and thus the magnetic-field-de-
pendent terms in equation (37) do not quite cancel
out,

(ii) Low temperatures (below 160 °K, fission is
negligible). Under these conditions

ko(H)e 54 < kp +7[Q7] (45)
The delayed fluorescence L, reduces to the follow-
ing:

- kpN.
Ly H,T)s——EL — 46
D i ) Z(kF+7[QT])fW) ) ( )
where f(H) is the ratio of the radiative- to total-
triplet fusion-rate constants, i.e.,
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FIG. 9. (a) Temperature dependence of AL (H)/L(0) in
tetracene (28 um thick), [Effect of magnetic field on the
scintillation—curve I; curve II—temperature dependence
(Ref. 20) of F(ﬁ)/F(o), where F is the fluorescence in-
tensity excited with uv (S; —Sg) exciton.] Curve II—
calculated temperature dependence of the prompt com-
ponent (Lp=0 and thus L =Lp). (b) Temperature depen-
dence of the fluorescence F (uv excitation) and of the
scintillation L excited by « particles,

FE) = Vzaa ) /Y 0r (H) @7

and we have set V1 Viot-

Equation (46) also applies to the delayed compo-
nent of the total scintillation from solid anthracene,
since in this case thermally induced fission is ab-
sent at any temperature,

We note an important fact: The delayed fluores-
cence is usually excited with red light which is
weakly absorbed. The triplet-exciton distribution
is therefore homogeneous and under the usual con-
ditions of moderate light intensity the monomolecu-
lar decay rate determines the exciton density. Un-
der these conditions the delayed fluorescence is
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proportional to ¥,,4. The delayed scintillation com-
ponent however is proportional tO Ypas/Viet. This is
a consequence of the high triplet-exciton densities
in the a-particle track (see Sec. II) since the bi-
molecular decay rate determines the exciton densi-
ty. In tetracene® f=0.66x0.06 whereas it equals
0.36+0.02 for anthracene.® The effect of the high
triplet-exciton density gives rise to a reduction of
the magnetic field dependence of the delayed scin-
tillation component as compared to that of the
photoexcited delayed fluorescence, when the mono-
molecular decay rate is much larger than the bi-
molecular decay rate. In the latter case the mag-
netic-field-induced change is proportional to v q4(H)/
Yraa(0), Whereas for scintillation it is proportional
to f(H)/f(0). _A plot of the relation between ¥ raa(H)/
¥+aa(0) and f(H)/f(0) using £(0)= 0. 66 for tetracene
and 0, 36 for anthracene is shown in Fig. 10. Using
Eq. (41), the equation relating these two quantities
can be shown to be equal to

f(ﬁ) - 'Y;ad(-ﬁ/')’rad(o) (48)
F0) ~ FO [Veaa )/ Yraa0)] - 1} + 1

The magnetic field effect on the photoexcited de-
layed fluorescence is equal to y,“(ﬁ)/ym(o) which,
theoretically, *® can have a lower limit of 2, Ex-
perimentally, the maximum ratio for this quantity
was observed to be ~ 1,05 [at fields below 200 G,
see Fig. 2(b)]. Therefore in Fig. 10, the values

L0
105¢
o)
oo}
0.98¢
0.90 b
08S}
0.80}

oTst

0.70}

065 1 1 1 . 1 ! 1 i
070 075 080 0.85 020 095 .00 10§

Yiaa(H)
Yiea (0)

FIG. 10. Plot of f(H)/f(0) as a function of ¥4(H)/
Yraq(0) according to Eq. 48) for anthracene [f(0)=0, 36]
and tetracene [f(0)=0.66], Owing to the high triplet-ex-
citon densities in the track, the delayed scintillation com-
ponent Lj, is proportional to F@)/F(0), rather than to
Vraa(H)/V1e4(0). See Sec, VI.
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of Yom (H)/¥¢aa(0) have been limited to the range
0.66-1.05.

It is apparant from Fig. 10 that even if the total
scintillation was exclusively due to the delayed
component (L =Lp), the magnetic field effect would
be less pronounced than in the photoexcitation
case, This effect is more pronounced in tetracene
than in anthracene because f is larger in tetracene,

The magnetic field dependence of the total scin-
tillation is

AL®#) L(H)-L(0)
Lo Lo

In the low-temperature limit (below 160 °K) the fis-
sion channel is suppressed and equation (49a) re-
duces to

AL(H) LD(H) Lp(0) \
L(0) Lp0)+Lp(0) ’

where we have used the fact that at low tempera-
tures the prompt component is not magnetic field
sensitive, We now let the prompt fluorescence
component at low temperatures be larger than the
delayed component in zero magnetic field by a fac-
tor of X, We write therefore

Lp(0)=XLp(0) ,

(49a)

(49b)

(50)
L(0)=(1+X)L,(0) ,
and
AL(H) L o)
o) - ¥+1 1(le,(o) - 1) ’ (61)

The factor (X +1)™' is a dilution factor as far as
the magnetic field effect is concerned: the larger
the prompt fluorescence component in the low-tem-
perature limit, the smaller the magnetic field ef-

fect. Since AL (H)/L (0) is measured experimental-
ly and L, (H) is given by Eq. (46), the factor X can
be estimated under certain conditions. By using
Eq. (46) we can rewrite Eq. (51) as
AL(H) _ -1 (f(ﬁ) )
+1 1) ; 52

f(-ﬁ)/f(o) can be obtained from Fig, 10, since the
£ACLOT Vpaq(H)/¥raa(0) is known from photoexcitation
studies at the on-resonance orientation of the mag-
netic field in the ab plane which has been the ori-
entation employed throughout these experiments.,

In writing Eq. (52), the assumption has been
made that any magnetic field dependence of y can
be neglected, which is certainly correct as long as
kr>»>v(Qr]+[Qp]). If y is magnetic field dependent
it is expected to follow the curve shown in Fig, 2(c)
as the magnetic field strength is increased. Also,
f(H)/f(O) in Eq. (52) should be multiplied by y(0)/
y(H) if the magnetic field dependence of ¥ is non-
negligible. It will be shown in Sec. IX however that
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the effect of magnetic field on ¥ is less than 1%,
and therefore does not significantly affect the mag-
netic field behavior of AL(H)/L(0). Furthermore,
a close examination of the fusionlike curve in Fig.
8 can also offer an indication whether the term
7(0)/7 (H) is making a significant contrlbutlon to
AL(H)/L(0) or not.

Suppose that v(0)/y(H) is not negligible. Since
f(ﬁ) shows the characteristic low-field inversion,
and tends to increase monotonically with increasing
field strength, AL (H) would tend to be larger at
point A in Fig., 8, and would tend to be algebraically
higher (absolute value smaller) at point B, in the
high field limit,

Thus, if X is estimated from Eq. (52) and from
the AL (H)/L (0) value at point B, this calculated
value of X will be smaller if the contribution of the
term ‘y(O)/y(?I) is not negligible. The contribution
of the delayed component will then be underesti-
mated. IfX is estimated from point A, both fE)/
f(0) and 7(0)/7(H) are greater than unity in this low
magnetic field limit, and the value of X will be
ovevestimated, thus giving an upper limit for the
contribution of the delayed component,

Using these criteria, and the anthracene curve
shown in Fig, 7, the delayed component is estimated
to contribute between ~ 50 and 70% of the total scin-
tillation in anthracene, This is in good agreement
with the results of Bonsch, 3® who showed that at
least 50% of the total scintillation of crystalline an-
thracene is emitted after 50 nsec, whose origin
must therefore be from the fusion channel,

In tetracene at A, f(H)/f(0)~ 1,02 [since yru(ﬁ)/
¥:2a(0)~ 1.05, see Ref. 22]. However, the value of
f(H)/f(0) at low magnetic fields is sufficiently un-
certain, and the scatter in the experimental data is
significant enough to preclude any meaningful esti-
mate of X from the AL(H)/L(0) value at point A in
Fig. 8. However, using the value of AL(H)/L(0) at
point B, which yields AL (H)/L (0) =~ 0,045, we es-
timate that the contribution of the delayed compo-
nent is ~ 50% at ~ 150 °K.

The upper limit of the contribution of L to L
[which would be different from the lower limit only
if -y(O)/'y(H)> 1] cannot be calculated from A as in-
dicated above because of experimental uncertain-
ties involved. However, it can be shown from the
field dependence that the effect of 'y(O)/'y(H) is neg-
ligible, The crossover, from the positive to the
negative magnetic field region in the fusion curve
in tetracene occurs between 420 and 440 G in tetra-
cene. Any sizeable contribution of the quenching-
rate-constant factor y(H)/v(0) would tend to raise
the curve numerically and thus shift the crossover
point to higher magnetic field strength, as well as
increase the numerical value of AL(-ﬁ)/L(O) at
point A, The crossover of the 148 °K fusion curve
(Fig. 8) appears just slightly above the 420-440-
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G-photoexcited delayed fluorescence curve crossover.

Within the experimental error in Fig. 8 this shiftis
negligible. We therefore conclude that the contribu-
tion of the ¥(0)/y(H) term to AL(H)/L(0) in Eq. (52) can
indeed be neglected. The conclusion that in tetra-
cene the contribution of the delayed component to
the total scintillation is ~ 50% at low temperatures
is thus strengthened.

Using this result, i.e., that L,(0)~0.5L at
148 °K, together with the temperature dependence
of AL(H, T)/L(0) and L(H, T), the contribution of
Lp to the total scintillation at room temperature
can be estimated.

We first note that the temperature dependence of
the scintillation L is similar to that of the photofluores-
cence F. However, F(T') changes by a much larger
amount than L(T) in the temperature interval shown
in Fig, 9. The activation energy for F is ~0.20eV,
while it appears to be smaller for L (~0.11 eV).
This could arise from the fact that the y[@] term is
not negligible relative to the fission term in Eq.
(46). This would also lead to a lower value of the
quantity L (160 °K)/L (298 °K), since the “bend” in
the curves in Fig., 9(b) occurs approximately when

ko(H)e 25/ 2y v[Q] - (53)

If no fusion were present, AL(H)/L(0) would re-
main positive at all temperatures; however, it be-
comes negative at ~ 0 °C indicating that fusion is
contributing more strongly to AL(H, T)/L(0,T) as
the temperature is lowered. Since the observed
AL(H, T)/L(0, T) decreases with decreasing tem-
perature (becoming negative below 293 °K) and
seems to reach a steady value at a temperature
when Eq. (53) is fulfilled approximately [see the
bend in I of Fig, 9(b) and compare to I in 9(a)], it
appears that most of the temperature dependence
in the interval studied is attributable to the fusion
process as shown in the delayed fluorescence term
L D(ﬁ, T). If only fission were operative, then the
variation of AL (ﬁ)/L (0) with temperature would be
described by curve III in Fig. 9(a). The variation
in the photofluorescence efficiency (uv excitation)
with magnetic field and temperature is shown in
II of Fig. 9(a) for comparison.

The conclusion that the temperature dependence
of L (ﬁ, T) arises mainly from the temperature de-
pendence of L D(ﬁ, T) implies that the quenching
term due to the transient quenchers is much larger
in Lp than in L, Thus,

Y[Q1>7[Q"] . (54)

This implies that the prompt scintillation term Lp
in Eq. (36) is relatively insensitive to temperature,
Since at 140 °K about 50% of the total scintillation
is due to the delayed term, and since the total scin-
tillation decreases by a factor of about 7+ 1 (the
average of three different crystals) as the tempera-

4131

ture is increased to 298 °K, we conclude that the
contribution of the delayed term at 298 °K to the
total scintillation is only 10% or less at 298 °K. At
room temperature, therefore, the dominant con-
tribution to L is due to the prompt component, i.e.,
the primary singlets, This conclusion is further
substantiated by the fact that we observe a fission-
like magnetic field dependence at 298 °K,

VII. DIFFERENCES IN SCINTILLATION YIELD
BETWEEN ANTHRACENE AND TETRACENE

In anthracene at room temperature the contribu-
tion of the delayed component is much bigger than
in the case of tetracene. The quenching term y[Qy]
which appears in the expression for the prompt
scintillation component Lp[Eq. (20)]is due to the tran-
sientquenchers. This term appears to be significant-
ly greater than the fissionterm, since AL(H)/L (0)
at 298 °K in tetracene is only +2.5+0. 5%.

The prompt scintillation component L, should not
be too different in anthracene and tetracene, since
the importance of the fission term in the latter is
suppressed due to the dominance of the transient-
quenching term. Thus, while there is a large dif-
ference in the photofluorescence quantum yield in
these two crystals, the yield of the prompt scintil-
lation components in these two crystals should be
quite similar, The delayed component on the other
hand should be much smaller in tetracene. Because
of the relatively long time scales when the delayed
fluorescence appears (time domain III), the density
of transient quenchers is much less than in the short
time domain, i.e., Y[Qz]>7[@z], and fission can
now dominate the decay of the singlets.

We measured the relative intensities of several
anthracene and tetracene crystal pairs of the same
thicknesses., After correcting for the spectral de-
pendence of the photomultiplier sensitivity, we ob-
tained the following ratios of the total scintillation
efficiencies at 298 °K:

Lanthracme/Ltetracene =6x2 (55)

(average of eight crystal pairs)., This result is con-
sistent with the analysis offered in Sec. VI. Thus,
while the photofluorescence efficiency of tetracene
at room temperature is at least two orders of mag-
nitude less than that of anthracene, the scintillation
efficiencies are not that much different at room
temperature,

Lowering the temperature increases the contribu-
tion of Lj in tetracene as fission is suppressed,
At 150 °K, when thermally induced fission is neg- -
ligible, L(150 °K)/L(298 °K) = 7-9 and the total scin-
tillation efficiency and the magnetic field effect on
L of anthracene and tetracene become comparable,
(There is comparatively little change in the scin-
tillation efficiency of anthracene as the tempera-
ture is lowered, )
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VIII. CALCULATION OF THE DENSITY OF TRANSIENT
QUENCHERS

We have shown that at room temperature the de-
layed scintillation component contributes less than
10% of the total scintillation, We thus write

L(298 °K,0)~Lp (56)

and using %,(0)=5x10° sec’! and Eq. (37) we obtain

AL (H, 298 °K) _ _1_ k0 +7[Qr]
)~ 0-025£0.005= 1- iR o

The experimental values of Eq. (57) were the
results of measurements on six different crystals
with thicknesses in the range of 9-30 yum. Since
both %4(0) and &4(H) [= 0. 74 #,4(0)] for resonance
orientations of the external field are known from
photofluorescence studies, the quenching term
¥[Qr] can be estimated. It is concluded that these
quenchers are transient in nature and are effective
only in the time domain II for the following reason:
the same density of quenchers [Q,] in Eq. (57) is
no longer operative in time domain III, i.e., on
time scales when fusion contributes strongly to L.
This is evident from the strong temperature de-
pendence of L (which is due to L) shown in Fig,
9(b) (curve I), which indicates that the temperature-
dependent fission term dominates in the denominator
of the L, term in Eq. (37). This can only be the
case if k;(H, T) >y[Qr], where [Q;] is the density
of quenchers which is operative in time domain III.
We therefore also conclude, from the small mag-
netic field effect on L (298 °K)~Lp, that [Qr]> [Q7]
[see Eq. (54)].

The calculation of ¥[Q,] from Eq. (57) yields the
following values:

Y[Qr]* (5x1)x 10 sec™?! , (58)

Using values of y~2X 10°"-10"% cm?® sec™! (see
Sec. II) which is the estimated rate constant for
‘quenching by either carriers or triplet excitons,
we estimate that the effective average density of
transient quenchers in the @-particle track is

310" £[Qr]1£5%10® ecm™® (59)

This number agrees reasonably well with the
density of free carriers and triplet excitons in this
time domain estimated in Sec, II, We note that in
anthracene, the singlet lifetime in the absence of
quenchers is ~ 20 nsec and therefore much longer
than in tetracene., Furthermore, the diffusion of
excitons is much smaller in anthracene which ex-
tends time domain II as shown in Fig., 4 to longer
time scales, For these reasons, in anthracene
the triplet excitons, whose density remains fairly
constant in time domain II, are expected to be more
effective quenchers than the free carriers, whose
density diminishes rapidly with increasing time in
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domain II, This agrees with the conclusions of
Schott. 2 In tetracene, the quenching by free car-
riers is probably more important than in anthra-
cene, although this conclusion is only a hypothesis
at this time,

From Eq. (58) we estimate that the singlet-ex-
citon lifetime in the a-particle track in time domain
II is of the order of ~ 2x 10°!! sec.

In summary, the validity of the calculation of the
concentration of transient quenchers rests on the
following conditions: (i) The contribution of the
delayed component to the total scintillation at room
temperature can be neglected as has been indicated,
(ii) the singlet-exciton quenching constants y are
themselves not magnetic field sensitive (true if the
quenchers [Q,] are triplets, and unknown if [@,]
are mostly free carriers), and (iii) the magnitude
of the quenching constants y for S-T quenching and
S-n* quenching are correct within the limits of 10"~
10-% cm® sec~! in the a-particle tracks.

IX. EFFECTS OF PROLONGED IRRADIATION

If the tetracene crystal is exposed to the o parti-
cle for a prolonged period of time, both the scintil-
lation efficiency L and the photofluorescence F (ex-
cited with near-uvlight) decrease with time. Prior to
the irradiation, a magnetic field of ~4000 G results
in a ~35% increase in F at room temperature. With
increasing time of exposure the ratio F(ﬁ)/F (0) de-
creases gradually and can drop from its initial value
of 1.35 to a value of as low as 1, 04 after being ex-
posed to a total of 10! @ -particles/cm? (~ 108 rad).
This result indicates that long-lived or permanent
singlet-exciton quenching centers are formed (de-
noted by @p in previous sections), This decrease
implies that the density [Qp] of these quenchers is
sufficiently high so that the quenching rate constant
kqo=7Qp is of the same order of magnitude or larger
than the fission rate constant 2. The magnetic
field effect on the photofluorescence efficiency F
is given by

F(H) _ k4(0)+kg(0)

F(O) - kf( )+ko( )
at room temperature, As k, increases, the FH)/
F(0) ratio decreases, We have established that
kQ(O)/kQ(ﬁ)z 1. 0 by noting that there was no field
effect on F (< +1%) at low temperature (~ 150 °K) in
a highly irradiated crystal where kg > k;. Thus kq
can in principle be calculated from Eq. (60) and the
experimentally determined values of F (H)/F(0).
However, the penetration depth of the light used in
such studies typically has absorption depths of sev-
eral microns at the most, with the largest frac-
tion of the light absorbed near the illuminated sur-
face according to Beer’s law. In the case of an &

particle, however, the well-known Bragg curve de-
scribes the amount of energy deposited as a func-

(60)
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FIG. 11. (a) Effect of magnetic field on the scintillation

of a highly irradiated (10° rad) tetracene crystal at 298 °K
(crystal thickness: 22 um). (b) Temperature dependence
of AL(H)/L(0) of the same crystal.

tion of the penetration depth. In the region near

the surface of the crystal where the density of
quenchers is probed by the light, the energy loss
by the « particle is comparatively smalland reaches
a maximum, the Bragg peak, near the end of the
trajectory (about 30 um).

The effect of magnetic field on the total scintilla-
tion yield before prolonged irradiation is ~+ (2-3)%
at room temperature. Upon prolonged exposure to
a particles at room temperature AL (H)/L (0) con-
tinues to decrease with increasing dosage finally
approaching the limiting value of about 0.98 at a
dosage of 10% rad. Initially, L (H)/L(0) as a func-
tion of A displays the typical fissionlike curves
shown in Figs. 7 and 8 (at 298 °K). After receiv-
ing a dosage of 10° rad however, the fusionlike
curve shown in Fig, 11(a) is obtained. It should be
noted that the delayed fluorescence due to photoex-
citation, and originating from triplet-exciton fu-
sion, does not display the magnetic field depen-
dence®? shown in Fig, 11(a) [cf. Fig. 2(b)]. The ap-
pearance of permanent quenching centers changes
the fissionlike curve obtained before irradiation to
a fusionlike curve, This can be understood as
follows: In photoexcited delayed fluorescence in
tetracene at room temperature, singlet excitons
which are formed by fusion of two triplet excitons
decay back to two triplets via fission. This results
in a cancellation of magnetic field effects since

4133

both the fission- and fusion-rate constants are de-
creased at fields above 500 G.

In the presence of a large density of quenchers
however, fission may no longer be the dominant
decay channel of singlets which are formed by fu-
sion, Since the quenching itself is not magnetic
field dependent, the fusionlike curve will be ob-
served as is the case in Fig. 11(a). The tempera-
ture dependence of L (H)/L(0) is shown in Fig. 11(b).
It is seen to decrease from a value of ~ 2. 5% at
room temperature to ~ - 5, 5% in the low-tempera-
ture limit, The temperature dependence of the total
scintillation is also much weaker in the case of the
highly irradiated crystal. Thus, between 298 and
220 °K, L(0) rises by a factor of 4 (Fig. 9) but
rises by only a factor of 2 in the case of highly ir-
radiated (10® rad) crystals [for which the magnetic
field dependence of L is shown in Fig, 11(a)].

These results are in general agreement with the
previous analysis, The permanent quenchers which
are introduced tend to develop a fusionlike magnetic
field dependence in the delayed scintillation term
Lp at room temperature. The magnitude of the
prompt scintillation term L, is reduced in intensity
by the introduction of the permanent quenchers.
Therefore, the positive magnetic field dependence
contributed by the L, term is decreased, while a
negative contribution due to the L, term appears.

In the highly irradiated crystal, one can conclude
from Fig. 11(a) that

AL, (H)
L(0)

ALp(H)
L»(0)

at 298 °K, whereas exactly the opposite is true prior
to irradiation, After receiving a dosage of 10° rad,
the relative total scintillation is only ~ 20% of its
original value. It can be shown®® that this cor-
responds to the introduction of about ~10'® quench-
ing centers per cm. Using this value of [Q,]
and y=10"7 cm?® sec™ for quenching of singlets

by carriers (it will be similar for trapped carriers,
radicals, or impurities), we obtain kg~ 10! sec-!,
which is sufficiently large compared to the fission
rate of k,~5x10° sec™’, to account for the observa-
tions shown in Fig. 11. We also note that a con-
centration of 10® cm™® of radiation-induced quench-
ing centers is not unusual in organic crystals, 8162
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