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Evaluation of Transient Luminescent Phenomena by

Frequency Characteristics

Kunio Dor and Akio TosHinal

Research Department, Dai Nippon Torye Co., Ltd.,
Chigasaki, Kanagawa

(Received July 18, 1968)

The concept of a frequency characteristic is introduced to evaluate the persistence
of the luminescent materials. The frequency characteristic is defined as a Fourier
transform of a corresponding emission intensity of a phosphor under an impulsive
excitation. The frequency characteristics of a monomolecular process, a bimolecular
process, and an exponentially build up and decay process are calculated theoretically.
The frequency characteristics of several red-emitting phosphors for color television
are measured under cathode-ray excitation. The amplitude transfer function of a
calcium tungstate obtained experimentally is compared with a calculated curve, and
good agreement is obtained. The frequency characteristics from a television system
to a visual system are discussed for evaluating the temporal image reproduction

property of the phosphor.

§1. Introduction

The transient emission properties in lumi-
nescent materials have mainly been described
as it behaves on a time axis. The build up
and decay curves of representing the process
are obtained from the number of the photons
emitted, which is given from a solution of
the rate equation.!’ For evaluating the pro-
cess by a single figure of merit, a time
constant or the other effective rise and/or
decay time is used in most solid state physi-
cal research works. In television application
of a phosphor, the emission intensity at a
certain decay time which is the time of frame
repetition of the exciting electron beam is
utilized to evaluate the persistence of the
phosphor.” However, these transient process
may also be described on a frequency axis,
that is, the reciprocal of the time axis. It
means that we may apply these to the
frequency characteristics which have already
been known to the other fields of physics,
that is, communication systems® and optics.”
One of the most usefulness of this concept
is that when the signal transfer system is
composed of several elements in cascade, the
total characteristic is simply given by multip-
lying each characteristic of all the elements
included.

This paper introduces and discusses the
concept of the frequency characteristics of
the transient emission properties of the
phosphor. The frequency characteristics of

several processes are calculated theoretically,
and the frequency characteristics of some
phosphors under cathode-ray excitation are
obtained experimentally.

§2. of Lumi-

Frequency Characteristics
nescence

2.1. Definition
_ If the transient excitation intensity which
is the electromagnetic wave, the electron
beam or any other input to the phosphor is
represented by #(f) and the corresponding
emission intensity of the phosphor by this
excitation o(f), the relationship may be given
by a convolution integral®
o(f):gmz'(tft’)k(z")dt’ , (1)
0
where k(¢) is the corresponding emission in-
tensity for the impulsive excitation and is
called the impulsive response in communi-
cation systems, and the line spread function
in optics. The relationship given by eq. (1)
requires the linear and invariant conditions
for the luminescent process. However, since
the exact form of A(f) is in general dependent
on the intensity and the temporal history of
the excitation, the explicit linear and invari-
ant conditions are somewhat questionable in
the phosphor. In the macroscopic aspect, as
time-averaged emission intensity is propor-
tional to the time-averaged excitation intensi-
ty, it may be approximately satisfied. Since



the impulsive response /() may answer the
causality and stability requirements, eq. (1)
is more simply written by

O f)=I(/HH(}) (2)
from the convolution theorem of the Fourier
integral, where the Fourier transform is
defined as

H(f):gIz(t)exp(—Z:jﬁ]dt. (3)

a

In the similar forms I(f) and O(f) are de-
fined when i(¢) and o(f) are absolutely integr-
able functions. The frequency characteristic
of luminescence is defined by eq. (3), and
the useful multiplicative relationship between
input and output signals is represented by
eq. (2). Equation (3) is rewritten by its real
and imaginary parts, and is also related to
the physically observable quantities as

H(f)=H'""(f)—jH"(f) (4)

=|H(f)| exp {—je(f)}, ()

where H'"'(f) and H''(f) are the Fourier
cosine and sine transforms respectively,
which are connected by a Hilbert transform,
and |H(f)| and ¢(f) represent the amplitude
and the phase transfer functions respectively.
The amplitude and the phase transfer func-

tions are given by the real and imaginary
parts as

|HCOI=[H"(fF+H(f ]
¢(f)=arctan H'"(f)/H'"(f)
from egs. 4) and (5).
The frequency characteristic is therefore
obtained by knowing h(f).
2.2.

(6)
(7)

Monomolecular and bimolecular
Dprocesses

The most fundamental decay laws in lumi-
nescent materials are monomolecular and
bimolecular decay processes, and sometimes
the build up process may be regarded as to
be instantaneous in comparison with the
decay process. The frequency characteristics
of these elementary processes may be cal-
culated theoretically. However, the frequency
characteristics of some more complicated
processes are difficult in general to obtain in
a closed form. And some of the decay
curves, for example, the decay curves' which
were obtained in electron trap decay with
uniform or exponential trap distribution seem

decay
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to be not appropriate as a luminescent process,
for they do not satisfy the stability condi-
tion, i.e., the integrations of these decay
curves over the whole time domain diverge.

In monomolecular decay process, the decay
curve is represented by an exponential func-
tion. If we put this by

hM(t):(lifa) exp (__t’,ia)’ (8)

using a constant @, its Fourier transform
gives

t=0,

Hm(f)z%s;”exp(—t/a—Z.-:jft)dt

—(1-+2zjfa). (9)

The amplitude and the phase transfer func-
tions are given by

|Ho( )] = (L+(@rfa)’} ™ (10)
on( f)=arctan 2zfa (11)

from egs. (6), (7) and (9).
In bimolecular decay process, the decay
curve is represented by

hH=0/a)1+tla)®, =0. (12)
The Fourier transform is then given by
= exp (—2rjft)
H )=\ ————===dt. 13
=\, Serzi o

This is calculated on integration by parts,
and then by changing the variable to
2zjf(t+a)=t' and using the exponential in-
tegral Ei(—z) defined by

Ei(—z):—r _—e"pgff )"
we obtain

Hi(f)=1+2zjfaexp (2zjfa)Ei(—2zjfa). (14)
The real and imaginary parts of eq. (14) are
written by using Ei(—jx)=cix—jsix as
follows:

Hbm(f )=
1+2=fa(cos 2z fa si 2z fa—sin 2z fa ci 2z fa) (15)

Hom(f )=
—2zfa(cos 2x fa ci 2z fa+sin 2zfa si2zfa), (16)
where we use the integral trigonometric
function defined as

""costdt.

six:—rsmtdt and cix=-—
P =

Finally the amplitude and the phase transfer
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functions of the bimolecular decay process are obtaine_d as
()| =[14+Q2x fa)’(ci® 2z fa+5i 2x fa)— 4= fa(sin 2z fa ci 2zfa—cos 2zfa si 2rfa)]'®*  (17)

_ 2rfa(cos 2zfa ci 2zfa+sin 2xfa sif 2xfa)
wlf )=arctan 2rfa(sin 2xfa ci 2=fa—cos 2nfa sif 2nfa)—1 * s

using egs. (6), (7), (15) and (16).

The decay curves and their frequency Hf)= 1 p B T }
characteristics are shown in Figs. 1 and 2, ST tp—rr \ 1+ 2njf o 142zjfrr | °
respectively. (20)

2.3.  Exponentially build up and decay process .
For luminescent materials used in scintil- Lhe amplitude and the phase transfer func-

lation counter,” the transient process is tions are therefore given as

described by two exponential curves in build [H(NI=[{1+@afzp)"} 1+@afea) ] (L)
up and decay processes having time constants
tr and rp as os(f)=arctan -M*(?-ij—“i ; (22)
1—44‘L'f TpTR
h(®) using eqs. (6) and (7) from real and imaginary
{exp (—t/rp)—exp (—t/cz)} , (19) parts in eq. (20).
The amplitude and the phase transfer func-
120, rp#cr. tions in egs. (21) and (22) are shown in Figs.
The Fourier transform of eq. (19) becomes  3-@) and (b), where the parameter m=rp/r,
is introduced to indicate the fraction of the
exponentially build up process. If the rise
time rp is extremely small and may be re-
garded as zero, egs. (21) and (22) equal to
5 ‘/ Monomolecular process egs. (10) and (11) in monomolecular decay
\ Bimolecular process process. When f«1/tprg/2z, the frequency
characteristic is equivalent to two monomo-
lecular processes in cascade that have time
i constants tp and tx. However, in higher
™ 3 4 5 frequencies the phase transfer function be-
Normalized lime axis , t/a haves quite differently, and in f>1/7pr/2%
the phase changes over x/2.

Tp—7Tr

05

Normalized emission intensity, ahit)

Fig. 1. Decay curves in monomolecular and
bimolecular processes.
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Fig. 2. Frequency characteristics of monomolecular and bimole¢ular processes.
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Fig. 3. Frequency characteristics of exponentially
build up and decay processes. (a)and (b) show
the amplitude and the phase transfer functions,
respectively.

§3. Measurement of Frequency Character-
istics
The frequency characteristics of several
phosphors under cathode-ray excitation are
experimentally obtained by using the sine
wave modulated electron beams.
If the input excitation signal is given by

i(t)=i,+i;cos 2z ft, (23)

using constants #, and i, and the normali-

zation is performed by
rh(t)dtzl (24)
0

which gives H(0)=1 from eq. (3), the output
emission becomes

o(t)=to+ir| H(f)| cos {2zft—¢(f)}  (25)

from eq. (1). The differences between the
input and the output signals in eqgs. (23) and
(25) are the amplitude and the phase terms
of the carrier cosine wave, and these are
corresponding to the amplitude and the phase
transfer functions.

The frequency characteristics are,therefore,
obtained by comparing the input and the
output signals displayed on the same time
axis.

-1
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grid vollage emission intensity

10 ke/s
Fig. 4. Oscilloscope records of input grid voltages
and photomultiplier currents in YVO4 Eu at

100¢/s, 1kc/s and 10kec/s. The grid bias is
0.7 volt and the p-p voltage of the input is
1.0 volt.

3.1. Experimental results

The phosphor samples coated on glass plates
(40 mm x40 mm) without metal backing are
mounted in a demountable cathode-ray exci-
tation equipment. The high potentials (14 kV)
are supplied to accelerate the electron beam
which is not focused with magnetic field and
not scanned with raster. The audio sine
wave oscillator which is supplied to a grid
is used, in order to modulate the electron
beam sinusoidally.

The constant grid bias is applied and
adjusted to select the linear part between the
grid voltage and the electron beam current.
The emission intensity of the phosphor is
observed by a photomultiplier (931A). The
input signal fed to the grid and the photo-
multiplier output are observed by a dual-
beam oscilloscope.

The photographs on the oscilloscope are
shown in Fig. 4. If the grid voltage charac-
teristics deviate appreciably from the linear
part, the emission wave form is quite deform-
ed from the sine wave.

The frequency characteristics may be
obtained by plotting the amplitude variation
and the phase difference of the emission
intensity as a function of the frequency. The

7=
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Fig. 5. Amplitude transfer functions of several
red-emitting phosphors for color television.
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Fig. 6. Comparison of the amplitude transfer
functions of the calcium tungstate phosphor
between theory and experiments. The full line
shows a theoretical curve.

amplitude transfer functions of several red-
emitting phosphors for color television are
shown in Fig. 5. The phase transfer function
is not shown, because the measurement by
this method is not precise.
3.2. Comparison of the theory and the experi-
ment

The measured amplitude transfer function
of a calcium tungstate phosphor is compared
with the calculated amplitude transfer func-
tions. Since the calcium tungstate phosphor
obeys beautiful monomolecular process of
which time constant is measured as 10x
107° sec, the amplitude transfer function may
be calculated from eq. (10). The comparison
of the measurement and calculation is illus-
trated in Fig. 6. This seems good agreement
between these two.

§4. Discussions and Conclusions

The frequency characteristics are suggested
as a new tool of investigating the transient

luminescent properties of the phosphors.
Several frequency characteristics of the phos-
phors are calculated theoretically and obtained
experimentally.

The frequency characteristics are most
powerful in signal transfering chain for its
simple multiplicity relationship of all the
elements in cascade.

In television system, the picture is recogniz-
ed through at least three frequency charac-
teristics in the input electric system, the
phosphor screen and the human eye. Among
three the temporal frequency characteristics
of the human eye is the lowest one, where
the maximum amplitude has been obtained
around 2¢/s.” When we compare the frequen-
cy characteristics of the phosphors and the
human eye, the former may be regarded
almost flat over the latter with few excep-
tions, for example, the frequency charac-
teristic of zinc phosphate activated with
manganese. The band width in this whole
system is therefore mainly decided by the
eye receptor. In this system it may be
concluded that the frequency characteristic
of the phosphor sheuld be evaluated by only
low frequency region that the eye receptor
covers rather than the higher frequency
decided by the frame repetition. These
may give a reason why the old method con-
cerning the frame repetition in evaluating
the temporal image reproduction properties
of the phosphor was not necessarily corre-
sponding to the result given by the visual
examination.

The amplitude decrease in this low frequen-
cy region is caused by a very weak but
extremely long decay process in the phosphor.
The extent of this decrease is given by the
content of the total area of the slow decay
curve in the overall decay curve. Its effect
on temporal image is very similar to the
optical flare effect on static spatial image.
This slow decay process may be, therefore,
of practical importance in television phosphor
screen than fast decay process.

In this paper the application of the frequen-
cy characteristics to the solid state physics
is not discussed and its usefulness is not
known yet. However, in sensitized lumi-
nescent system the related centers may be
expected to have the similar frequency
characteristics. In the instrumentation pro-



blems of measuring the luminescent pro-
perties, the concept of the frequency charac-
teristics may open the new scope.
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