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X-RAY INDUCED LUMINESCENCE
in
SINGLE CRYSTALS OF PURE KI
ABSTRACT
The luminescent decay of pure potassium iodide has been mea-
sured under various conditions of temperature, annealing and x-ray
irradiation time. The decay curves are found to be approximately of

the form
I(t)= a e —a t
(t) Zn Py xp (-a 1)
where I (t) is the luminescent intensity at the time t.

Using a method that has been developed for the analysis of decay
curves, the decay'constan‘ts, agy and the trap populations Py have been
estimated. The decay constants are found to be simple temperature

functions of the form
a=s exp E /kT
n n ( n / )

with the activation energies, E, lying between 0.4 and 0.8 ev and

escape probabilities, Sy between 104 and 108 sec.-1.

The temperature dependence of the pn is"complicated and indicates
that radiationless transitions strongly contribute to the emptying of

traps at high temperatures.

An irreversible increase in luminescent output produced by re-
peated x-irradiation without intermediate annealing has been discovered;
it points to considerable deviation from a first order decay mechanism in
the case of slowly decaying traps. The mechanism of the irreversible

effect has been discussed on a semi-quantitative basis.
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ABSTRACT

The luminescent decay of pure potassium iodide has
been measured under varipuS'conditibns of temperature,
annealing and i—irradiétioh.time. .The decay curves are found
to be approxlmately of the form |

I(t) tf‘l e."t
where I(t) is the lumlnescent 1nten31ty at the time t.

| Using a method thap ‘has been developed for the
analysis of decay éurvés, numerical values for the decay
constants, A, , and the trap populations b: , have been
estimated, The decay constants are found;to'be simple
temperature functions of the form

AL S e E;/kT

with the activation energies, E;, lying between 0.4 and 0.8 ev
and escape probabiiitiés, S; , between 104 and 108 sec,~1,

The temperéture dependence of the P; is complicated
and indicates that radiationleés transitions strongly contribute
to the emptying_of trabs at high temperatures. '

An irreversible increase in luminescent output
produced by repeated x-irradiation without intermediate
annealing is discovered; it points to considerable deviation
from a first order decay mechanism.in the case of slowly
decaying traps. The mechanism of the irreversible effect is

discussed on a semi-quantitative basis,
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I. INTRODUCTION

The emission of visible light by a crystal after
having been exposed to radiation in the ultra vidlet or x-ray
region has long1 been an interesting phenomenon. The alkali-
halides, because of the apparent simplicity of the luminescent
system, provide a good means of investigating this phenomenon.
Also, since they have been the object of various other studies,
these crystals afford the opportunity, at i;ést in principle,
of corrélatibn of -the results of the study of luminescence with
other known properties, e.g. photoconductivity, glow curves,
etc_.2 For these reasons, an investigation into the decay of the
x-ray induced luminescence of pure KI crystals seemed promising.

Luminegcence is the general term applied ﬂo emission
‘of light by a crystal during and after its' excitation by,
e.g., u-v iight or any ionizing radiation. That portion of the
light which is emitted in a time up to 10-8 seconds after the
end of excitation is called fluorescence. All subsequent light
is termed phosphorescence,

This demarcation at 10-8 sec. is based on the experi-
mental observation that the natural life-time of the excited
state of an isolated non-metastable atom is about 10-9 to 10'3
sec. for dipole transitions between.the instant of excitation
and the instant of emission of an optical luminescence photon.3

1. The Band Model of Solids.

When individual ions are brought together to form a
crystal, the energy levels of the isolated ions become converted

into broad bands because of the interactions among the ions,
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These bands extend throughout the entire crystal, and electrons
are free to move in any single band,.

On the basis of this picture, the difference between
conductors and non-conductors may be explained. If the upper-
most band in which there are electrons present is only partially
filled with electrons, the crystal is a conductor, for a net
conduction of charge can occur by virtue of transitions to
unoccupied neighboring levels in the same band., In an
insulating cfystal, the uppermost band in which there are
electrons is completely filled, so that for every electron
moving in a given direction there is another oppositely directed
thus preventing any net transfer of charge. For conduction to
occur in an-insulating crystal, an electron must be raised from
the uppermost filled band to the next allowed empty band,
(conduction band) in which case both the single electron in the
conduction band and the "holé" remaining in the filled band may
contribute to a transfer of charge,

In any non-conduéting natural crystal at a temperature "'
above T=0°K, defects in the crystal structure will occur.4
These defects cause the appearance of localized energy levels
between the filled and conduction bands. Electrons which find_
their way to these localized levels are not free to move about
in the érystal.

Direct electronic transitions from these ievels to
-the érouhd state are fery improbable, mainly because of the
localization of the traps and of the "holes" in the filled band.

Only when a hole is a close neighbor of an electron in a level,



is there a chance for a transition to occur. These levels,
then, provide metastable states for electrons and are referred
to as traps. | |

The interpretation of the results of the experiments
described in this work is based upon the assumption of the
existence of traps in pure KI crystals.

2. Previous Work on Alkali-Halides,

Previous work on luminescence has been mainly centered
about materials of technical importance, Of the alkali-halides,
only the impurity-activated crystals have been investigated in

any detail,

| Bunger and Flechsig? were the first to observe
luminescence in thallium-activated KCl., Because of its'
application in scintillation counters, NalI-T1l has been the
subject of considerable research.

As for the pure alkali-halides, Bose®17 first measured
the tehperature dependence of the x-ray induced luminescence.

He gave a qualitative explanation of the decay process in terms
of electron traps. .

Dekker and_Morrishg_v9 measured thg luminescence decay
of KBr and LiF using a new technique employing end-window
photomultiplier tubes. Because of the preliminary nature of
 the eXperiment; no attempt was made to explain the temperature
dependence of the decaj.

The phosphorescence of pure and thallium-activated
-a;kali-halides was measuréd by Bonanomi and Rossel.l0 The?
resolved their decays into a number of exponentiéls either by

direct analysis or with the aid of information gained by means



of the thermoluminescence technique first introduced by
Urbachll and theoretically diécussed'by Randall and Wilkins,.l1?

Hill and Schwedl3 have investigated the luminescence
of x-rayed NaCl. They found that different types of traps
exist in the crystal each having the same activatibn energy.

" The author, in collabofation with G.W, Williams and
A,J. Dékker,'investigated the lumineséent decay of pure KBrlh,
It- was found that a large number of traps existed in the crystal.
The different activation energies for 17 of these traps were
determined on the assumption that the decay process is
essentially of the first order.

These detailed results lead to the hope that the °
analysis of luminescent decay curves might prove to be superior
to such.other standard methods as the glow curve analysis, or
the investigation of photoconductivity, |

These hopes have not been fully confirmed by later
investigations. Neither the monomolecular character of the
decay nor the detailed numerical results concerning the
properties of the tréps can be convincingly proven, In a
ménner similar to other methods, the analysis of luminescent
decay curves gives only semi-quantitative information and only
a combination of different experiments may finally yield a
reliable quantitative knowledge of the mechanism of luminescence.

It is the purpose of this work to carry out
investigatioﬁs designed to.discover the possibilities and

limitations of the decay curve method.



Potassium iodide has provided the experimental
material. This substance was chosen for investigation because
the absorption band of the x-rayed crystal lies in a different
spectral region than the response of the RCA 5819 photo-
multiplier tube used as the detector of the emitted 1ight;
Also, the luminescent decay of KI had not yet been investigated
with the sensitive apparatus which had been designed for the
purpose of measuring the weak light intensities associated
with the decay of the luminescence of the pure alkali-halides.
| A single crystal of pure KI has been subjected to
varioug temperatures at which the luminescent decay occurred,
to different annealing times and to different times of

irradiation.
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II. DESCRIPTION OF APPARATUS

In order to perform the experiments proposed; an
apraratus having the following characte:istics-was required:

(a) Maintenance of the crystal at various fixed
temperatures for considerable periods of time.

(b) Proximity of the crystal to the exciting source,
in this case, a low-voltage x~ray tube.

(c) Good geometrical efficiency for the acceptance
" of emitted light from the crystal by the detector, an end-
window RCA 5819 photomultiplier tube.

(d) Stability of the detecting éystem over long
periods of time.

(e) Linearity of the detecting system in responding
to light intensities that may vary by as much as 107,

It was found that the detecting device best suited

for the requirements (d) and (e) indicated above, was one
using a photomuliplier tube as the initial light detecting stage
and integrating its pulse output to get a D.C. response. The
photo-tube was operated at reduced voltage to eliminate the
possibility of fatigue,

| The D.C, amplifier used was one whose ogutput impedance
wéé sufficiently low so that it could operate a recording
milliémmeter. The circuit diagram for this amplifier is shown
in. fig. 1. The output of the photomultiplier was fed to the
variable (105 to 108 ohms) grid resistor of a Victoreen 5800
electrometer tetrode. The voltage developed across this
resistor by the output current of the photomultiplier was
amplified by a 2 étage balanced amplifier, and passed to the

meter. The output signal from the amplifier was also led to -
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the lower end of the grid resistor, supplying 100% feed-back.
An identical amplifier sﬁpplied_the balancing voltage for the
meter. |
‘ The large amount of feed-back utilized in the D.C.
amplifier served a 4-fold purpose: |

| (1) Reduction of the inpuﬁ time constant of the
amplifier.

(2) Maintenance of the collector at a fixed voltage
independent of signal current. _

(3) Reduction of output impedance (~ 1 ohm).

(L) The voltage gain of the amplifier (unity) is
madé independent of tube characteristics énd supply voltage
variation.

An Esterline-Angus model A-W recording milliammeter
was utilized to record the decays. The chart was run at a
speed of 6" per minute for the initial portion of the decay
curve and switched to 6" per.hour to record the latter, slowly
varying, portion of the deca?. The response time of the meter
(~1 sec.) meant that about 5 sec. of the recording were lost
when the range of the amplifier was changed. This response
time, however, improved the readings at the lowest intensities,
smoothing out the current fluctuations.

The photomultiplier supply shown in fig; 2, is a
common regulator circuit with an output variable from 750 to
1200-volt$. The voltage divider supplying the photomultiplier
dynode voltages dfaws 1 ma. The last 4 sections of the divider

- consist of RCA 5651 voltage reference.tubes which act as
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| é
voltage regulators for currents in the range from 0.5 to 1.2 ma.
This reduces the source impedance to a negligible value for the
‘last dynodes where the current is appreciable and consequently
the gain of the §hototube,whicﬁ is sensitive to Qhanges in the
dynode voltages,is unaffected by even large output”éurrent§.

To check that the gain 6f the detecting syétem'
returned to the same value éfter switching the system off, é
"standard" light source was introduced. This light source
consisted ofla 6 volt lamp. The current was supplied by a
storage battery, and the voltage across the lamp maintained at
a fixed value with the use of a potentiometer. The lamp was
used for short periods of time only,to prevent changes in
amount of radiation which might occur after ldng operation.

The crystal was maintained in a vacuum between the
x-ray tube and the photomultiplier'tube. The vacuum chamber
was as narrow as.the physical situation would allow, and had a
.3 m11 thick aluminum window facing the x-ray source and a pyrex
window facing the light detector. This allowed requirements
(b) and (c) to be met. The thermal insulating properties of

the vacuum meant that the photomultiplier tube could be kept in

close proximity to the crystal even when the crystal temperature

was relétively high.

The requirement (a) was satisfied by having the
erystal held in the vacuum in a brass spool which had a Nichrome
wire heater wound about it, (see fig. 3) Electronic regulation
. of the current to this hHeater provided satisfactory temperature

control. The brass spool was suspeﬁded in the parallelepiped
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vacuum chamber f;om a cover that made a vacuum-tight seal on a
_?ubber gasket at the top of the chamber. The chamber was
continually pumped from an arm at right angles to the line
running through the x-ray tube, crystal and photomultiplier
tube,

Thé crystal was placed in an aluminum cup before being
put into the 1nter10r of the brass spool, This cup, which |
covered the face of the crystal toward the x-ray tube served
a dual purpose:

(a) It maintained the face of the crystal from which
the luminescence was mainly originating, at a uniform temperature,
| _ (b) It served to reflect the light into the photo-
.1§athode of the photomultipliér tube and thus increased the

geometrical efficiency for detection of the light.

For purposes of measuring the temperature of the
crystal, a cop?er constantan thermocouple, whose e.m.f. wés
recorded on a potentiometer, was fastened to the inside of the
brass spool,

For the measurements taken at liquid oxygen
témperatures, the crystal holder described above was replaced
by a pyrex Dewar vessel, whose inner portion was made of metal,
(see fig. 4.) This Dewar made a vacuum séal on the same rubber
gasket as the one descrlbed above. The inner metal portion of
the Dewar was made of Kovar and a glass-to-metal seal was thus
easily effected, The crystal was held in a brass spool and

this was faétened to the metal interior of the Dewar by means
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of a heavy brass bar, The crystal was cooled by conduction and
its' temperature was measured By a thermocouple attached to the

brass spool in very close proximity to it.



I1I, THEORY CF THE DECAY AND EXCITATION PROCESS,

It is generally ‘assumed that the long-living
phosphorescence is due to electrons in traps retufﬁing to
the ground state via higher energy levels of the crystal;
most probably via the conduction band.

In a pure crystal, electrons in the ground state
(filled band) may be excited to the conduction band by the
absorption of x-rays. These electrons in the conductioﬁ band
move through the crystal with great speed and eventually fall
back either to the. filled band, with the emission of light, or
into the traps. Those electrons whose life-time in the
conduction band before returning to the filled band is less
than 10~8 sec, give rise to the fluorescence.

1., The Luminescent Decay Process.

If b, electrons are present in the traps of depth
B after the excitation process is terminated, then P{l;
electrons will leave the traps per unit time and reach the
‘conduction band. If thermal energy fluctuations are the only
cause for the discharge of the traps, the decay constants
will be temperature functions of the form

A, = s, BT I(1)

where T=temperature, k=Boltzmann's constant, S, =transition
probability. _

The emitted light intensity is proportional to the
number of radiant transitions that are made per unit time. If
the transition probabilities for the radiant transitions from

the conduction band to the filled band are very much larger

11
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than for retrapping and for the thermal discharge of the traps,
the latter, then, are the rate-determining process, and lead to

a luminescent decay of the first order (monomolecular decay):
. -At
Tiry-= Z PiA: e I11(2)

It is obvious that the simple monomolecular decay
law, as given by equation III(2),6can never be fully realized in
nature. The reason for this is that the number of "holes" or
empty places in the ground state of the crystal matrix is
approximatgly equal to the number of electrons in the conduction
band and in the traps. If the latter number is small, and it is
necessarily so poward the end of a decay process, the number of
empty electron acceptors in the ground state becomes equally
small, and the total transition probability for radiant
transitions becomes dependent not only upon the thermal discharge
of the traps but upon the number of holes in the filled band as
well. . The decay constants A; will therefore become time
dependent toward-the end of a decay.

In this situation, retrapping of the electrons
becomes influenﬁial, and the decay gradually becomes transformed
into one of 2nd order (bimolecular decay). Although this final
complication is unavoidable, it may be negligible for the major
portion of the decay, and contribute Substantialiy only to
those last portions of the decay which, at moderate temperatufes
are unobservable anyway, because of the small luminescent
. intensity. |
.A feature which has until now been neglected, is the

possibility that radiationless transitions from the traps, as
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well as those giving rise to the observed luminescence, are
allowed.

If.radiétionless transitions are considered, the rate

of discharge of a trap will be described by

A _ _u(A+ _pa”
& . P(A+2) = -p2 | 111(3)

where )" represents the escape probabiiity giving rise to -
radiant transitions,
)L represents the escape probability giving rise to
radiationless transitions
and A* is the "effective" escape probability.
Integrating equation III(3) gives
-A't
P=he ' III(4)
The observed light intensity at any given time is
given by the product of the population in the trap at that time

and R, , the radiant escape probability.
. NS
TW=p2= RAe I11I(5)

'2; The Excitation Process,

In order to make a study of the temperature dependenée
of the initial populations in the traps, a mechanism for filling
the traps must be assumed. The assumptions made were:

(1) ZX-rays 1lift great numbers of electrons from the
filled band to the conduction band. |

(2) Most of these electrons fall directly back to the

filled band giving rise to the intense fluorescence observed,
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 (3) The number of electrons which are caught in
traps, per unit time,- is only a very small fraction of the total
number of electrons in the conductlon band at any time during
the excltaflon. -

(4) The concentration of electrons in thé conduction
band during the excitation process remains constant, being
determined chiefly by the rate at which electrons are raised
from the filled to conduction band by the x-rays,and the
fluorescent transitions, ‘With these assumptions, the rate of

filling of traps may be described by

R (N, -P2) - (h:“');*) b III(6)

L

at

where h; = the "charging constant", which is proportional to
the intensity of the x-rays and is, most probably,
very slightly temperature dependent, if at all.
N; = number of traps characterized by the subscript Y

R

discharge "constant™" i.e. rate at which the x-rays

eject electrons that are caught in the traps. Most
»
likely R, << k;
?&“ the population in the trap at the time t*
If equation III(6) is integrated between the limits

+:0and *t=t":charging time and Pic and h one obtains

oo RN t-{\-\’a,kknk?*’\?) S RO
. (k-j‘\:'l-“;‘) R N:; 'Q.

I11(7)

-Equation III(7) gives the population in the traps at

the end of the irradiation time t*.
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IV, THE ANALYSIS OF DECAY CURVES

Assuming the simple monomolecular decay process to be
valid, equation III(2) requires that every decay curve be
resolved into a sum of exponentials. The gﬁgstion of the
uniqueness.of such a resolution is the maiﬁﬁéroblem to be
investigated.

In those cases where the decay constants, X;' of the
¢omponents of a decay curve are of rather different values,
e.g. the decay of a mixture of two radio-isotopes with greatly
different half-lives, the maximum contributions of the different
components to the total intensity which is experimentally
measured, will occur at widely separate times and they can thus
..be.separated. If, however, the decay constants, A; ,have
valués that ére not very different, the contributions of the
different components will'overlap to.a great extent. At any
given time the total intensity will be composed of the
approximately equal contributions from two or more components,

If a plot of the logarithm of the intensity of the
decay curve vs. time is made, in the case of the widely
different decay coﬁstants the end of this plot (i.e, t=—>®)
will be a straight line; essentially produced by a single
decay constant .- In the case 6f many closely spaced decay |
constants, the end of the plot will be curved since it will be
produced by two or more of the decay constants, Thus,'a
measure of the relative spacings of the decay constants can in
principle be made from the curvature of this plot at very

large values of time,
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The resolution of any decay curve into exponentials
may be accomplished in the following manner:

Log I(t) is plotted vs. t and a tangent is drawn to
the curve.at a point corresponding to a la:ge t value, say_tﬁ
where I(t) is so small that for t>t, the difference bétweeﬁ
the tangent and the cwve is smaller than the noise T

fluctuations and,'hence not observable. This tangent, which

may be represented formally by the equation:
log T, (63 = log 2, - (g )AL W)

can be considered as forming one member of the sum I1I(2),

| In exactly the same way, a tangent to the t;il of
the first difference curve, log[I(t) -I‘(t)] yields A, and
k& for a second member of the sum and proceeding in the same
way, one finally obtains a discrete set of Pi and A; values
which, when substituted into equation IIi(Z) has been found to
yieid'the observed decay curve within the limits of the
expérimental’error.

A P(Z) spectrum is displayed, if the P; values are
plotted against A. This spectrum will have a discrete line
character if the p; and A; values obtained in the graphical .
manner described above, are utilized. Since A is a function
of the activation energy of the traps, such a spectrum
represents the electronic population distribution in the
various traps of the crystal.

The statement that the P(X) spectrum obtained by

the above method yields the observed decay curve when
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substituted into III(2), does not imply that it is the only
.possible spectrum: | |

| In fact, because the experimentally observéd decay
I(t), becomes less reliable as the noise background is reached
and because log I(t) always appears to have some cur;aﬁure
even when the noise background is reached, a difficulty arises
in the drawing of the tangent to this cufve. If the tangent
is drawn to the observed part of the decay curve, equation IV(l)'
does not yet afford a good approximation, since theré is never
a straight portion of the observed curve. If, on the dther'
hand, one attempts to extrapolate the observed curve to reach
a straight portion, the difficulty arises anew, since extra-
polation is no unique process. The same ambiguity arises when
plotting the tangents to all the difference curves. Further,
because of the lack of knowledge of the decay curves for times
lO'8 sec¢, € t < 2 sec., the decay curve mustlalso be extra-
poléﬁed to zero. time, and because of the exceedingly rapid
rate of change of the intensity at these times, large errors
may be introduced.

It is thus obvious tﬁaﬁ many different P(’\\ spectra
may be found for.a single experiment al curve, each-of which,
when substituted into equation III(2), reproduce that curve
equally well. This has the following consequences:

(a) The number of lines in a spectrum is rather

meaningless, physically, since this number can be arbitrarily
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increased by suﬁerimposing n different allowed spectra:

N "li. t_ .
IL*)*‘- kz Z.,. Pthi.ke " -IV(Z)
. 2 ~,

Only the smallest number of'lines'sufficient to reproduce the
decay curve is possibly of some interest, as indicating the-
smallest number of traps which will give rise to the observed
luminescent decay.

(b) The individual P. and A; values of a spectrum
are rather meaningless if considered separately. The effects
of displacements of lines by amounts A on the reproduction
of I(t) can effectively be compensated by suitable changes A‘:;
in the magnitudes of the lines. Only if the length and
position of the lines in a spectrumlaée jointly cohsidered,
can the result of an analysis be given in a manner which is
reasonably invariént against the arbitrary choice of tahgents
to log I(t). |

This can be understood from the-following argument :

Consider two equivalent decay curves

I(t) = Z P;X; Q— k&t

IV(3a)
’ A D W
I'n-L %;Me“ DAL Tty N
) ' (|
S ~(AtAnR)t
=L ‘t-.d&*ﬂm}e ( ) IV(3b)
Tk )

which are identical within experimental error although
produced by two different line.spectra. The notation indicates

that to each line ‘?L and A of equation IV(3a), corresponds
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a group of one or several lines ‘k; and 7\3 which are denoted by
the symbols with the double index ‘k;,\ and l;kr AL r Ay
Here, O;x 1is the separation of the lines in the g-spectrum
from the corresponﬁing line in the p-spectrum,
| Consider a certain set of A;k values as given, and
attempt to determine the 0‘-“ in such a manner that, according
to the required equivalence of the decay curves, i(t) and I’(t),

their mean square devia tion is a minimum, i.e. -
J [I(*)-I’(t):l at = M'\m\‘muﬁm, Iv(y)
° ’ - .
Inserting the values defined in equations IV(3) into IV(4),.
differentiating with respect to one of the ‘tu\' say Ckh., ,
integrating over the time and putting the result equal'to'zero
gives:

Z %.‘k()\;-\'l\m) - Z .\3._1..‘__ for all Lm IV(
— aAt+ A T >
‘R A +A YO * LTS

The denominators are now expanded and the second and higher
powers of L\ik are neglected.

This gives:
- A+l h] £ A ‘}
H -* M -—K———‘— = . - oy
; ‘k«b\. Am) \ =W ;\0& ' _:31 IV(6)

This relationship is valid for 'allA,..,,' jtherefore in the
approximation that A'*/a; <<\ , the ckih. must satisfy the

following conditions:

2 % T ) BA IV(7a)
[ %
S e A =0 IV(7b)
" %\k -\.k
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TABLE I (continued) Facing Page 20

M, My My My
- - I ol - 3
P A L -Z P -Z P ) Z?}? - z kA
Analysis III ' '
p;=48 - A=1,02-10"3 273 15.09 1.134  0,0929
p,=111.0 A =4.28-10-2
= = ' . -2
py=11k A,=9.04-10
Analysis IV
o, =48 2=1.02:10~3 252 13.04  0.912 . 0.0691

p2=50.8 X1=3-5’+°10"‘2

P3=110 2,=6.43-10"2

p=b3  A,=9.57-1072
Average over the L analyses.
T )

254 1355 0.993 .0799



TABLE I, Facing Page 20

TEST OF GRAPHICAL ANALYSIS

_ M, My M, My
P A B 22w =2 b AN =Z.\’7\3
Actual Spectrum -
py=50 A, =10-3 250 13.05  0.95 0.0766
p,=50 Ay =h-10"2
p3=50 A, =5.10-2
ph=50 1“37'10f2
. Pg=50 A =10-1
Analysis I .
py=h8 A, =1,02.10-3 lzns 12,82 .9139 0.0693
p,=8l.5  A,=h.11-1072 |
Py=115.5 1,=8.2;1o-2 | .

Analysis'II . _

p=k8 A =1.02:1073 248 12.27 1,016  0.0886
pp=135.5  A=4.79.107%

py=64.5  A,=1.05.10-1
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From these follow the additional conditions

Z. Yr = "; : IV(7c)

»

NP IY | Hira)
Conditions IV(7a) and IV(7d) together show that the "center of
gravity" of the'spectrum as a function of A is invariaﬁt; and
equations IV(7b) and IV(7¢) together show that this is true not
only for the spectrum as a whole, but also for parts of the
spectrum with a width of the order of magnitude of A, .

| - It must be emphasized that these results are valid
for the condition ALI\/)\; << , and strong deviations fro£n the
equations IV(7) may be expected from large values of A .

From these considerations, ii can be seen that in
spite of the ambiguities ihvolved in the resolution of an
experimental decay curve into a sum of exponentials, certain
propertiés of the PCZ) spectra obtained should prove to be
rather invariant,

An artificial decay curve was mathematically
constructed and then analyzed by the graphical procedure
outlined above, in order to see whether this method of
resolving a decay curve‘into exponentials is capable of
obtaining results that are compatible with equation IV(7),

Four different P()Q spectra wére found for this curve, and the
first four moments f'\.=2‘_p; ; M= ZL\’J; ) Mf%\ql?‘; Mf%y}?
were calculated for each of these spectra. The results of

this procedure are given in table 1.
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In analyzing actual decay curves, it was found that
the total population of all trapé,glp; was nearly invariant
when calculated from different possible P(X) spectra.

By the very nature of the ‘graphical analysis
described above, the initial intensity, I(O)'-’g?-}; is always
correctly reproduced by the vﬁ and }; values of a possible
spectrum if the decay curve_is known for all times ihcluding
the very short times for which t->0. This latter condition'
was not fulfilled in.the experiments ﬁerformed, and hence,
-{the variation in ;p;')‘; for the different spectra was greater
than normal 1y expected. It must be pointed out, however, that
this ﬁncertainty does not depend upon the analytical method
used, but is due to the lack of knowledge of the initi;l
portion of the curve.

The fact that the invariant ﬁroperties of the
individual P(%) spectra are the first few moments of these
spectra means that no detailed.knowiedge of the numbér, depth
and populations of the traps can be obtained in this way. .A
bettér physical description of the'luminescent systém wés
therefore looked for, _ -

If the assumption is made that the P(A) distribution
is continuous rather than discréte, one arrives at the staftihg
point of the method of analysis which proved to be the most
useful in leading to rather detailed knowledge of the traps in
the crystal,

If n different line spectra which are all compatible

with a given decay are superimposed after dividing the length-
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of each line by n in the manner of IV(2) one then obtains a
single many-line spectrum which is also compatible with the
decay. Such a many-line spectrum can be transformed into an
equivalent continuum if the condition that the center of
graviﬁy be conserved within small regions of the spectrum is
observed.

This may be achieved, in pfactice, by the following
procedure: first, one constructs a "sum curve', This consists
of replacing the value of h at A, by the sumé b. . The points
thus obtained'are.joined by a smooth curve and the derivative

of this smooth curve at each point gives the magnitude of the

continuous function P(X). This leads to the formulae
& Wy :

Si=2 e or S= Y IV(8)

Lz vz
P(»dA : d S

The many-lined spectrum, IV(2), was found to require
more than abouwt 25 lines in the observéble A range, for the
cont inuous P(%) spectrum ocbtained from it to be invariant in
shape, Since a single graphical analysis of a decay curve
yielded 5 or 6 lines, each decay curve had to be analyzed into
at least 5 or 6 different ?()) line spectra in order to obtain
a sufficient number of lines iﬁ the many-lined spectrum,

The different \>(>~) continug obtained for different
decay curves exhibited distinct maxima and minima., These
continua probably give the most accurate description of the
real phys}cal situation, since any maxima in P(X)ﬂdistributions

that survive repeated superpositioning and averaging when



23
another new line spectgum is added, should be real and not

due to the mode of analysis.
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V. EXPERIMENTAL RESULTS, -

Decay curves for a single crystal of pure (Harshaw)
KI were obtained for témperatures between 66°C and 200°C,
Between each experimental determination of the decay curves,
the crystal was annealed at a high temperature (~300°C) for
about 30 hours. The crystal was always irradiated at the
temperature at which the decay was observed. |

The continuous P(Xy distributions for the range of
temperatures from 66°C to 200°C was determined from the
experimental decay curves by the method described in
section IV, 1In every case, distinct maxima and minima were
found. Thus the line spectra of Williams et all¥ are here
replaced by continuous spectra with the lines replaced by
bands., A typical spectrum, in which s in equation III(1l) has
been arbitrarily chosen as 109, may be seen in fig.'5. The
half width of the bands may represent the uncertainty in our
knowledge of the peak positions, Amyx., or the real physical
situation: that traps of a certain class (responsible for a
certain band) are not completely identical.

The values of A,,,,. are plotted in a légarithmic
scale vs. 1/T in fig. 6. The point marked with a double arrow
represents a missing point (perhaps a non-resolved broad band
in the p(A) distribution), while the brackets indicate an
excess point,

| In ofder to obtain a greater amount of information
as to the mechanism of decay, a study of the depéhdence of the
decay curve on the irradiation time t* was made, Fig., 7 shows

a typical result where the irradiation times for the curves
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TABLE II. Facing Page 25
IRREVERSIBLE EFFECTS OF SUCCESSIVE X-IRRADIATIONS.. |

tlsec.) Ij(t) Ip(t) Igle) I,(t) Ip(e)/Ip(e)  I3(e)/Iple)  I,(¢)/I;(¢)

L0 269 386 412 L2l 1,438 1.530 1,575

100 64.4 91.6 103 - 111 1,418 1,600 1,725
150 38.4 54,6 62,3 67.2 1,422 1.622 1.75
200 276 39.6 k5.7  55.6  1.435 1.660 = 2,02
300 17.0 26,5 30,2  33.8 1,560 1.775 1.98

Ii(t) are the intensities of the ith decay at the time t,
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. shown were t* = 5, 15, 45 seconds,

A series of experiments of the following nature was
made: the crystal was x-rayed, and the decay recorded. Then,
when thé luminescent light had disappeared into the noise
background, the crystal was re-irradiated with x-rays and the
consequent decay of luminescence recorded. This procedure
was repeated a number of times without benefit of intermediate
annealing of the crystal. The results of this experiment are
summarized in table II,

It was found that this "irreversible" increase in
uminescent intensity could be removed by annealing the
‘crystal for long periods of time (up to 60 hours at ~300°C),
In other words, two successive decay experiments were completely
reproducible if and only if the crystal was fully annealed
between experiments. ’

Since there are arguments for believing that the
decay curve is most closely approximated by a simple mono-
molecular mechanism at low temperatures, an experimental
determination of the decay curve for KI was made at liquid air
temperatures, One of the features of this experiment was the
fact that it was found possible to re-excite luminescence in
the crystal at this low temperature by means of visibie light
after the original light intensity had drobned to the noise
level, After an irradiation with visible light of 1 sec., an
appreciable amount of luminescence was observed. The crystal

was then exposed to white light for about 90 minutes., At the
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end of this time, no luminescent light could be detected from
the crystal. The crystal was then allowed to warm up and the
temperature and intensity of emitted light recarded as a
function of time. The results of this glow curve are

indicated in fig. 8.
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E, AND S, VALUES,

E; E;
in ev log s: in ev log s;
0.68 L.8 - 0.69 7.1
0.7L 5.0 0.67 . 7ol
0.70 6.1 0,59 6.9

0.69 6.4 0.45 5.7
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IV, DISCUSSION OF EXPERIMENTAL RESULTS,

1, The Temperature Dependence of the Awmax. Values.

In the results obtained for KI by the procedure of
superposition of many "allowed" line spectra. and transformation
into an equivalent continuum, no attempt was made to choosé, a
priori, the values of s appearing in equation III(1l), or to
impose a temperature dependence on the lq““p The values of
the 2.,.,‘.wer;e plotted in a logarithmic scale against 1/T,

(see fig. 6) and an attempt made to find a set éf straight
lines which would cover all the points so obtained in
accordance with the requirements of equation III(1), The only
possibility of doing so, is indicated in fig. 6; all other
possibilities were excluded for physical reasons. The values
for E. and $. can be calculated from equation III(1l) with the
help of fig. 6, and these values are exhibited in table III,

It must be emphasized that these values represent
crude approximations for rather questionable physical
quantities, The approximate character of the values is
revealed by the large scattering of points about the lines,
which indicates either large experimental and analytical
errors or a wrong physical interpretation of the poiﬁts. The
large scatter obviously prevents duantitative statements as
to a slight cﬁrvature of the lines or a common point of inter-
section at 1/T = 0, or 1/T = o , which have been proposed by
other authors,13, 1k

There are other arguments against an over-Optimistic

interpretatidn'of fig. 6. These include the fact that there
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may be effects due to the self-absorption of the lﬁminescence
light by the crystal which is colored by x-irradiation. . Also,
it has been found that the A.,.xvalues corresponding to decays
which occur undef identical conditions, vafy~with the
~irradiation time (see fig. 9). This also points to
deficiencies either in the analytic method used in finding
the Amayx, values or in the phyéical picture of the decay
process.,

It should be pointed out, too, that the differences
between the El and §; values of individual traps as.given in
the table are of the same order of magnitude as the thermal
bfoadening of these quantities. This fact justifies the
introduction of a continuous distribution function ?cx>'but
renders slightly questionable the reality and exact location
of individual bands in this distribution.

The possibility that radiationless transitions may
help to empty filled traps inproduces furthe r complications,
Equation III(5) indicates that if radiationless transitions
are allowed, the observed light intensity must bg described
in terms of ')f the "effective" decay constant as well as A,
the radiant transition probability, Since graphical analysis
yields the decay constant appearing in the exponential, fig. 6
may represent the temperature dependence of 'A*. The scatter
of the points about the lines in phis_figure may be due to
thié fact, since )\* is a .rat,her Eomplex quantity with an

uncertain temperature dependence,
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2. 'Effect of Irradiation Time on the Decay,

. »
Equation III(7) indicates that if (\\;+kr+ 1;)*-'

is greater than 4, say, the h;become independent of the time
of charging, i.e. reach saturation,

A study of the effect of different irradiation times
upon the luminescent decay-was made, a typicai result being
shown in fig. 7. If the assumption is made that at the time t,
the decay constant )==y& is the main contributor to thé
intensity and that I(t\~\'>?\, then these experiments indicated
that even for the largest observable )-values,' saturation was
not reached for an‘excitation time of 30 seconds. (For all
other experiments performed, the irradiation time was 30
seconds,) This then allowed an upper limit to be put upon the
numerical value of (k-d' \\:) such that (k;*k:) < 2 sec.‘l..

3. The Temperature Dependence of the Populations

Decay experiments give information about the decay
constants A; as well as the populations k;. These populations
are, in principle, as characteristic of the decay mechanism as
the 2; . Therefare, the behaviour of the P; as a function 'of
temperature should also be taken into consideration when an
explanation of the decay mechanism is attempted, This has
been done in few previous investigations,

The temperature dependence of the populations that
was gxperimentally found in this work will be explained in
terms of an extreme model where the excitation and decay

mechanisms are of the first order (monomolecular). The



TABLE IV,
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TEMPERATURE DEPENDENCE OF THE POPULATION AND CAPTURE:CROSS-SECTIONS

(in arbitraryunits).

6

\ i 1 2 3 L 5 7 . 8 9
T°C. :
200 b: 154 185 190 110
A.  0.0030 0.0121 0.0555 0.147
"N, 5.5 7.2 . 12.6 16.6
»/A, 7.9 7.8 11.7 20.8
173 e 4LO0 . 105 300 L60
A. 0,002 0.005 0.015 0.055
AN 13.8 4.0 12.4 31.0
A2/, 3.30 13,6 1.7 L .66
147 P - 1200 400 400 650 260 210
A: 0,0004 - 0,0036 0.0036 0,0135 0.0436 0.15
RN 40 13.5 . 13.5 26.6 15,5 32
A2, 3.6 5485 3,73 - 2 66 5,14
117 b 1470 950 960 . 620 1,00 220
A 0.0002 0,0009 0,0029 0.0128 O0,0444 0,164
K.N; 49 31.7 32 25 2L 36
| A/, 1 2.45 2,64 1,2 3.34 ?
02 b: 1902 1132 906 1,66 . 282 386
A 0.0003 0.0012 0.0046 O. 0185 0,0764 0,27
WN; 63.5 37.7 32 20 2l 100
/2, 1,3 1,36 0,897, 3,22 1.93
66 b: 2364 2535 800 1620 750 522 576
A, 0.00005 0.0003 0,0007 0.003 0.014 0.119 0. 447
RN, 79 84.5 26.6 54 31 65 258
A/, 1 1 1 1 1
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possibility of radiationless electronic transitions from the

~

traps to the ground state is, however, not excluded.

If it is assumed that \\r« R, << 2%, equation III(7)
allows the values of R:N; (which shall be termed the capture
cross-sections) to be calculated for each band that occurs in
the coﬁtinuous POO distribution obtained from the analysis bf
the decay curve. ‘In this case, the p. must be replaced by an
integral SPO.)AA taken over the band and A, by ;\',,,.“ . By
this method, which involves a considerable arbitrariness in
the definition of the band limits and with the assumption 1,’”
(i.e, that only radiant escapes from the traps are possible)
the values of table IV have been calculated.

‘ An interesting feature of this table is that the
capture cross-sections,k;Nu for the élowly decaying traps
tend to have a temperatuﬁe dependence such that the cross-
sections for these traps strongly increase with decreasing
temperatﬁre.

This is a rather unexpected resdlt. The capture
cross-sections for all the traps should ﬁost probabl& be
temperature independent, The observed temperature dependence
of these cross-sections is not due td the fact that they have
been calculated under the assumption that (R;*kf) is zero.
It was fouﬁd that no other constant value éf the sum (k;+k:9
could remove the temperature dependence,

The observed decrease in lﬁminescence intensity
with increasing temperature is indicated in table IV as a
éorresponding decrease.in the capture cross-sections. This

decrease in intensity could also be explained, if it were
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assumed that radiationless transitions become increasingly
important as the temperature is faised;

The possibility that radiationless transitions may
occur was neglected in the calculation of the values of table IV
and;this neglect lead to éhe unexpected result of the
temperature dependent cross-sections. The postulate was
therefore made that the capture cross-sections are constants
independent of temperature and the ratios A:/),; calculated .
to satisfy this postulate. These ratios are also listed in
table IV. They were calculated on the assumption that );/Aﬁ=|
for the lowest temperature of observation. The reason for ’
this assumption is that radiationless transitions play a minor
role at léwér temperatures and may therefore be neglected at
these tehperatures.

It can be seen from the ratios )\? /1..; that capture
‘cross-sections which ére'temperature independent are possible
only if radiationless transitions become increasingly
prevalént with increasing temperature. This represents a
strong argumept far the'aséumption that traps are partially
discharged by radiationless transitions. This assumption,
though, implies a difference between A;; ‘a;'xd )T and complicates
the interpretation of equation III(1) which has been
experimentally found to be valid for 1;*.

L, Irreversible Effects of X~Irradiation,

Reproducible results could be obtained for a decay

curve produced under identical conditions only if the crystal
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was annealed for about 30 hours at ~ 300°C, This prompted an
experiment , the results of which shall be called the irreversible
effect, An annealed crystal was irradiated with x-rays, the
decay then recorded until it disappeared into the background,
the crystal immediately re-irradiated, the decay recbrded, etc,
and ﬁhis process repeated a number of times,

The effect of this procedure is illustrated by
table II, the values given being typical of all other similar
experimedts. It can be seen that repéated-x-irradiation
increases the intensity at any time t after excitation and the
amount of increase is greatér at the end of the decay. At the
time corresponding to the end of the decay of the annealed
crystal after the first excitation, the increase in intensiﬁy
with successive irradiations tends toward a value of about
twice the intensity emitted by the crystal at this time after
the initial irradiation.

| To'gain more information about the decay process,

attempts have beén made to explain the effects caused by
repeated x-irradiations. Three explanations are considered
and the conclusions drawn from them may be checked against
the experimental reéults.

i) Changes of the initial populations P“;ubduced
by repeated x-irradiétion.

If the trapé are refilled by successive irradiations
before they have had a chance to be éomp;etely emptied, the

populations found in the traps immediately after excitation
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may increase with successive irradiations and thus lead to an
increase in luminescence intensity. |

The crystal was re-irradiated with x-rays only after
the luminesce#ce intensity had dropped each time to the same‘
‘small value whére it became unobservable because of the back-
ground noise fluctuations. Thus, it may be assumed that the
total frap populations just before'the Zﬁd and subsequent
irradiations were equal to one another, and also Qigher than
that before the initial excitation,

This assumﬁtion would explain an increase in
luminescence output only for the 2nd excitation, all subsequent
x-irradiations occurring with the same trap populations, thu§
leading to decay curves of the same intensity as that after
the 2nd irradiation.

This is contrary to the observed behaviour, and an
alternative explanation is required.

ii) The production of new traps by x-irradiation.

By combining equations III(2) and III(7) it can be
seen that the intensity of the luminescence is proportional to
the number,z:_N; , of traps present in the crystal, Hence, the
irreversible increase 6f luminescence output could be
attributed to the ﬁroduétion of new traps by the x-irradiation,

This explanation is consistent with the suggestion
that luminescence in a pure crystal matrix is due to the
electron traps associated with lattice defects. Creation of'éuch

‘"defects by x-rays is suggested by various observations;
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e.g. the volume dilatation that accompanies the x—irradi@tionA
of alkali-halides.?

The production of new traps by.x-irradiation.may
explain the irreversible effects of such irradiation on the .
luminescent decay; but it fails to explain in a simple manner
thg relégiyely quick saturation of this effect and its'
p?éValence‘in the tail.of the decay.

iii) - Indirect changes of ﬁpe decay constants A;
by x-irradiations. '

As has been mentioned in’section III, the decay
"constant s" may become time dependent toward the end of a
decay when deviations from a monomolecular decay process are
most likely to occur.

If the observed luminescence is caused in part by a
decay process of the second order, then it is conceivable that
successive x-irradiations may affect the values of the decay
constart 8 A;,., This may be seen from the following argument:

.Suppose there exist in the crystal a number of very
deep traps; i.e. traps with a large activation energf and from
which electrons cannot be discharged by thermal fluctuations.
Such deep traps will be characterized by very small values of
the decay constants and, consequently, by virtue of
equation III(7); will not be saturated after an x-irradiation
of 30 seconds (the time used in these experiments) if (k;fkr)
is also assumed to have a very small value. Thus, successive
x-irradiations will tend to fill these deep traps to a greater

extent until saturation is reached after the nbth irradiation.

-
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The electrons caught in these deep traps will remain
there until the crystal is ahnealed, since at the temperature
of the experiments thermal energy fluctuations are iﬁsufficient
to eject.them. Since these electrons will originate from the
filled band, their trapping in the deep traps will increase
the number of holes in the filled band at all times and thus
allow the discharge of the shallower traps to remain mono-
molecular for longer periods of time, i.e. the TX; will remain
time-indepenient for a longer time,

Thus, x-rays may induce indirect changes in ﬁhe
decay constart s X;, tending to make them less time~dependent
at the tail of the decay curve, In other words, it ié
possible that successive x-raying will tend to make the decay
process more nearly monomolecular in character for a longer
time.

The experimental result that .successive irradiation
with'x-rays causes successive increases in the luminescent
decay would be explained, then, by the above arguments, if it
could be shown that in the relevant time intervals, a mono-
molecular decay leads to higher intensities than a bimolecular
decay, .

What is meant by the relevant time interval is
discussed first, For a monomolecular decay process, the

discharge of traps is described by

L -Ah
which, when integrated gives

s e NS

~



36
The intensity of the decay is proportional to the rate of

discharge of the traps, i.e.

Ak
T W .3 . Ak = RE vI(1)
one) dt ) .

For a bimolecular decay, the discharge of the traps is described

o dp: _ v b
d.t - S .~

Integrating this equation gives

P; = b

L+¥ bt
The intensity is.given by
: b H
:[(J?).q! i T 1{??' = .:!LtSL. N
‘ &* | (‘ + 7 Y'\ot)

Iﬁtroducing )‘,i =% ho - this equation may be re-written as
Tw - b ' vi(2)

(bi) Crext)™
Equations Vi(l) and VI(2), if considered as functiors of A
and 2,’ exhibit maxima for |

A=t and A= It
This fact may be interpreted as follows: '

At any given time, say T, the value of A which will
contribute the greatest amount to the monomolecular intensity
will be A= y'r and similarly X"'-F will be the major contributor
to the bimolecular intensity. This is true only if the
differences in the initial populations of various traps are

neglected,
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In the case of a continuous trap distribution, the
intensity at the time t will be mainly contributed by the
value of A,(or)’),which'is equal to 1/t, It is therefore
possible to compare thevintensities that would result, at the
time t, corresponding to a mono- or bimolecular decay, by |
considering A=X=/t This implies comparing the intensities
of the decay from a trap with a given initial population ?&,
and initial intensity ];ﬁ corresponding to the two different

decay mechanisms. One finds

T. -At '
(mowd) _ € = b Soe At=) VI(3)

T - Gent)y™
quation VI(3) indicates thaﬁ in the relevant time interval a
monomolecular decay leads to a higher light output than a
bimolecular decay, starting from the same initial conditions:

Returning to fhe rroblem of the irreversible
irradiation effects, the above findings may be summarized as
follows:

The luminescent decay of filled traps is not purely
monomolecular in character, owing to the limited number of
electron acceptors (or holes in the filled band) and the
resultinglretrapping of released electrons. The deviations
from the monomoleecular decay process are small for the quick;y
decaying traps which praduce the initial portion of the
robserved luminescence decay, However, for the slowly decaying
traps, i.e. those that essentially produce the tail of the

observed decay, these deviations are large.
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Repeated x-irradiation fills very deep traps and
provides a greater number Sf electron acceptors (or holes).
This increases the monomolecular character of the decay.and S0
increases the luminescent intensity.

The effect shows a quick saturation after an
intensity increase of about two, and is least pronounced in
the initial portion of the decay which is always nearly mono-
molecular and cannot be made much more monomolecular in
character.

These theoretical predictions agree with the
experimental results. They point to considerable deviations
from a purely monomolecular decay mechanism for slowly decaying
traps. | |

5, Experiments at Low Temperatures,

At liquid air temperatures, the initial intensity of
the decay curve was found to be about 100 times greater than
that at room temperature.' Consequently, it was possible to
observe the decay for a greater length'of time before it
disappeared into the background noise. Analysis of the decay
curve, however, did not give any new or useful information,

An interesting feature of the low temperature
experiment. was the fact that after the original luminescence
had disappeared into the background, irradiatidn of the
crystal with white light for 1 sec. was sufficient to re-induce
luminescence, This indicates that at this low temperature,
thermal energy fluctuations cannot release all the electrons

caught in all of the traps and that their release requires the
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greater amount of energy contained in the light quanta.

This re-activation with white light can be explained
by one of the following mechanisms:

(a) The absorption of an optical quantum causes a
transition of an electron from. a very deep trap directly to a
shallover trap,lfrom Qhere the electron may escape ﬁo the
corduction band by means of thermal energy and give rise to
the re-induced luminescence.

(b) The absorption of an optical quantum causes a
transition directly to the conduction band, from whence the
electron may become trapped to be released later by thermal
energies, or fall back to the filled band, (giving rise to.a
"secondary fluorescence").

Since it was impossible to view the crystal during
the irradiation with white light because of the high light
intensity that would have been reflected upon the photé-cathode
of the photomultiplier tube, it was not possible to determine
whether "seéondary fluorescence™ occurs. |

A further result of the low temperature experiment
was the following:

After the original luminescence had disappeared,
irradiation of the crystal with white light for short periods
§f time could induce further luminescence. However, when the
.irradiation with white light was continued for about
90 minutes, no luminescence could then be detected from the
crystal. This can be taken to mean that all traps, for which

thermal energy fluctuations, and also optical quanta in the



visible region, are effective in causing a depletion of
population, had been emptied.

After the 90 minute period of visible light
irradiation, the temperature of the crystél was allowed to
increase, the crystal being observed continuously. The results
of this experiment are éhown in fig. 8. This figure shows that
‘three distinct luminescent bursts occurred inbthe temperature
region shown. In addition, one other extremely broad, and
very weak increase in intensity was observed at a higher
temperature, but it appeared more as a general increase in
intensity rather than as a distinct peak of luminescence and
was therefore not shown in this figure.

The phosphor operating temperature T at the peék of
each glow curve band is related to the corresponding trap
depth E by the approximation se” E/xr ~ | sec’’

Assuming values of s ranging from 104 to 108 as
determined by the method previously described, the range in
activation energies for the three observed peaks in the .

luminescence output of the warming crystal are given by:

1]

for the peak at 142°K, E = 0.112 - 0.225 ev
15,°K, E = 0,122 - 0.24k ev
172°K, E = 0.136 - 0.272 ev

These values of the activation energies, €;, lie in an
entirely different region of the energy range between filled
and conduction band than the values as calculated from the

luminescent decay curves.
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It should be mentioned here that these values of E.
were obtained after the crystal was allowed to de-excite
itself by thermal means and also after it was completely
bleached with white light. This may indicate that the traps
responsible for the intensit& observed in the glow curve are
of a different nature than those responsible for the

luminescent decay.



VII. CONCLUSIONS.

Utilizing a method of analysis that has been
developed for decay curves, it has been possible to ascertain
the existence of 8 different types of traps in KI whose
activation energies lie in the range 0.4 to 0.8 ev and whose
escape probability, s, has been found to vary from 104 to 108.
These values for E; and S, were calculated on the basis of the
extremely simple monomolecular decay process in which all
transitions of electrons lead to observable radiation.

That this simple assumption is only a first
approximation is indicated by the fact that it fails to explain
the temperature bghaﬁiour of the populations in the traps
immediately after x-irradiation in a manner which is
compatible with temperature independent cross-sections for
the traps. Only by introducing the possibility that
radiationless transitions for electrons may occur and that
they become of increasing relative importance as the
temperature is raised, can the behaviour of the initial trap
populations be satisfactorily explained.

Further arguments against the siméle monomolecular
decay process are found in the explanation of the irreversible
effects of x-irradiatioh.- This explanation is based on the
assumption that successive x-irradiations cause a part of the
decay process to become transformed from one of higher order

to a monomolecular one.

42
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In spite of ttese facts, the determined E; and s

" values represent acceptable approximations and conﬁain useful
information about the luminescent system.

The experiments at low temperatues have enabled the
determination of E; values which lie in a different'energy
region than those determined from the luminescent decay.

| The work described above indicates that experiments -
on the determination of the decay of dbéerved luminescence
canhot, alone, give detailed information about the decay
process. Some of the possibilities for this.processvhave
been discussed and Qhen considered with results of other
experiments should facilitate the description of the mechanism
involved when a crystal emits visible radiation after

excitation with x-rays,
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APPENDIX I.

A MECHANICAL DEVICE FOR FACILITATING
' THE GRAPHICAL ANALYSIS.

In order to obtain a sufficient number of lines in
the many-lined spectrum, given by equation IV(2),so that the
derived continuous 'PCX) distribution be invariant, it was
necessary to resolve a single experimental decay curve into a
sum of exponentials in a large variety of ways. To facilitaﬁe
the tedious graphical procedure, a mechanical device for
constructing'thé logarithm of a difference on a logarithmic

graph, was introduced. This device is based upon the relation

Figure 10 illustrates its' use for the first three
lines I, I I,. A tangent I; is drawn to the curve I in the
logarithmic scalé by means of a long ruler which may be fixed
to this position., The inner part of a slide-rule,‘having the
same scale as the log péper used, glides along this long ruler,
with the point "1,0" always kept in coincidence with it. Tﬁe
slide-rule is kept in a vertical position as it slides along
thé tangential ruler by a T-bar attacled to its outer framef
This T-bar glides along a horizontal guide at the upper edge
of the graph. |

With this device, I,, which coincides with the point
(x-1) on the slide rule, can be immediately plotted in the

logarithmic scale without any intermediate numerical work, as

eyt
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" indicated in fig. 10,

I’and I” represent possible tangents to the curve I,

indicating why different analyses are possible.
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APPENDIX TI.

ANALYTICAL METHODS FOR RESOLVING A DECAY CURVE

INTO A SUM OF EXPONENTIALS,

t

Assuming that the trap distribution in the A -scale is
a continuous one, the analysis of a decay curve reduces to the
problem of inverting a Laplace transform: |

LTy = LQ‘Q(}) A e."?*d.'l : A(1)
Several methods have been attempted for achieving the
inversion:’

i) Introducing C%(‘)\) = P2, where(C= a constant,
equation A(1l) may be re-written as

Tw = Cf 3™

and the problem reduces to one of determlning the function %(7‘\

If one defines 3 (7\\ a()\)e then,
Iw: f qne taa = f §ndA = At

Tw:-[agme™an -fagma--4

T = fermamgoy e an = L(:l)“ ANOTCRIGVEN
where A(:is tk:e nth moment. of A with respect to the function
g*0y= 3™ | and 1(t), I(t), T(t) ete. can in
pfinciple be found graphically from the decay curves.
Any function ?(’Q may be represented 15 as .
PO = [co\'\.,(x) +¢, 000+ ¢ K +"]€£_€;

where the H-.(*) are the Hermite polynomials, and

e
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o
C-m=j H.,,\(’O PO J.g__ The C,, can thus be represented
~as functions of the moments of X with respect to P (%),

» : -
Thus ;3—61) can be represented as a power series. in A

9'(7;) a,+al+a A+ Lo A"
where the Q; are functions of the moments A(“

_Therefore,the_population fuiction,'?(k) may be expressed as
ii) Similarly; the function i’OO may be constructed
from the numerical values of the moménts
M. = So\»(m)x"u
‘which can be obtain;a from the higher derivativesof I(t) at
the time t=0: |
[4‘1('5) ' = (-—s)‘ M;

d-‘tt . t=0
. This method requires. an accurate knowledge of I(p) in the

region at t=0,

iii) 1If I(t) is expressed as

I (t) = l/t (Qo‘i' uw/f + “"/f + - ) o
~ Then 3(l)lméy be expressed aslé :
. %(2)1&*_&}"_&;)
| | of 1 2]
Introducing t= ‘/‘t.'

. T(®) = ak +oL,'c"+o;;t"+
Thus ' g '
- AI()

TWs: S = de+ats ety

AINO ' et . ...
I”() &@t - a.,..-\-c:u"'t‘-\-cn.s | »



All the derivati-.ves of T(¥) with respect to ¥ may be
_obtair;ed from the derivatives éf I(t) with respect to t;
i.e. from the hlgher derivatives of the expemmental decay
curve at any given value of t., If (n+l) terms are used in the
power series forI('n then the first (n+l) derlvatlves at any
: g1ven timet-‘-/f glve suf‘f1c1ent 1nformat10n to set up (n+1)
llnear equatlons in the (n+l) unknowns, Q. .

Note, too, that

Lim I.%(;".‘ =0, - and if &, is known,
't--»o :
then Lim I(t'-",‘- - QA etc,
) T ->o T -
—

The values of all _thé . may, in principle, be obﬁained by the
extrapolation of similar functions to ¥=o.

iiii) Another method attempted in tﬁe'analysis of
the decay curveé is based upon the formula

S‘:t(z p.}i e—”)di—; Z “\’. [ ztz (A t) &Mt 2_ (A g t)]

t\fb Yso
\__—Y.__/
_ A (‘)\’c\ A A
. The function A (1) is given in tabular form in a paper by
N. Rosen,l?
.Expressed in terms of '/t"=‘l‘ (for practical purposes) this

formula is

Lt Dpues {Aav*'/a-A; &

" and the procedure of analy51s is as follows:

The entire A -range of interest (from A=0 to A=)

is divided into a glven number of intervals. Within each

48
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| interval it is assumed that %(‘7\)=f‘:h1‘ may be represented by
a . power series of 3 terms, say. The tail of the I(t) may
then be represented by the power §eries

, 3 .

Te)=) pile™ LAG- A (/)]

)
The length of ghe’t interval must be chosen such that the
coefficients P- remain invariant to a decrease of'the'f
interval used. Then,
2 -3 B LAt - 4. 0]

is constructed for all times (up to™=® in principle)
S.[('t') is then substracted from T(’t’) and the difference

: analyzed by the formula
| I@-_Efw) ?-b Ak [A (M) - A (M/f)]

Tﬁis_procedure is then rgpeated until the entire A-range is
céveréd; Thus '3(8) may be represented as a sum of the power
'_-séfies for each A region ana the population distribution
fﬁnction_ ‘>(7\) represénte‘d as P(A) = Ca("‘)/l

; | ' ~ where C is a constant.

ALl phese-hethods of analysis were attempted. It was
found thgt the lack of knowledge of’the‘intensity curve for decay
times extremely short and also extremely long,-introduced various
difficulties, Thus, the population distribution was found to.
have some negative values when determined by these analytic
ﬁethods. Further, the reproduqtion of the decay curve using the
P(ﬁ) ;iistribﬂpiﬁn determined by these analytic methods always

left something to be desired.
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For thése réasoné, the graphical method was found to. be
*most'satisfac;ory, since it avoids, from the start, the
posaibility-of negative p-values. Also, the reproduction of
. the decay curves was found to be much better than that

obtained by use of the analytic methods.
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