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-ABSTRACT

The- general characteristics of infrared sensitive
‘phosphors are discussed, with particulér emphasis on
SrS. CeSm, known as Standard VII, which is the subjéct of
this research. The apparatgs is described, and consists |
of an infrared spectrometer, a'photomultiplier-and a
direct coupled.amplifier. The_perfbrmaﬁce is discussed
in some detail.,

Curves of the'décay of phosphorescence for Spandard
VII are describédj it is found that on a log-time log-
brightness plét, these curves are straight lines for times
greater than ten minutes. The limiting slope depends on
the time of excitation, and is related to it by a'simple‘
law. It is also established that there are two types of

colour centers active during phosphoresCentgdecay,'cerium

and samarium.v The emission of cerium is a ;;nd with peak
at .485 microns, and that of samarium a series of lines
in the red. \ _ '

A number of simplified theories are developed or
describéd,.no one of which exactly fit the;daté. It is
suggested that the curves can probably be fitted by an
exponential distribution of shailoW‘traps if absorbtiop and‘_

scattering are considered.
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I. INTRODUCTION

Infrared sénsitive phoéphors are crystalline solids
-whose phosphorescent emission is eitherAenhanced or decreased
on absorption of infrared energy. The férmer class of phos-
phors emit radiation of short wavelengths in apparent violation
of Stoke's principle and are consequent 1y said to be capable
of considerable "light storage“. The latter class show a
decrease of normal phosphorescence or after glow on irradiationf
they are the "contriglow" or "quenching" phosphors, and will
not be -discussed here. Before either process can occur, the
lattice must be excited by highér energy radiation than that -
emitted. | o |

The most sensitive phosphors of this first sort are thé
alkaline earth sulphides and selenides. Discovered by Urbach?l
and his collaborators at the University of Rochester, these
" host crystals must be activated or Sensit;zed by inclusion into
the matrix of small quantities of two rare earths known as
activators. Since the initial emphasis in sucﬁ research was
to compound phosphors suitable for wartime applications, the
materials déveloped possess low backgrounds combined with
high infrared sehsitivities and emissions favorable to the dark
adapted eye. -Phosphors of strontium sulbhide or selenide;.
Qith samarium and europium or cerium activators, have the
desired characteristics; furthgr diScﬁssion'will be‘reétricted
to these systems. |

The optical constants of these materials are of unusual



.interest. TFor example, the spectrum emitted during infrared
irradiation (hereafter termed stimulation) is determined
almost entirely by one of the activators which as‘a'consequence
is known as the dominent activator; the second activator’
igdependently determines the infrared stimulation spec£rUm,
and is called the auxiliary activator. The emission'spectrum‘
due to the dominant activator is well-nigh independeﬁt of
changes in matrix material and auxiliary activator; likewiser
the stimulation spectrum is independent of changes in the | ,
matrlx composition or. domlnant activator. Samarium is the best
auxiliary activator because of the remarkable stimubility of
the one micron respense band and the high value of the'"light
sporage"'coefficient; as dominant activator cerium is most
suitable, since its green emission peak falls in the sensitive
region of the derk-adapted eye. The samarium emission spectrum
does not generally appear during either stimulation or phos-
phorescence, although it is found in the spontaneoue afterglow
of one phosphor and at low temperatures.
Three doubly-actlvated alkaline earth compounds are of

military 1mportance. _

‘Standard VI: 100SrS + 7.55r0, + .02Eu? + .025m

Standard Bl: 100 SrSe + 7.5SrQ; + 7.5CaFz + 7.55rS + .005Eu?

+ .0175m3 |

Standard VII: 100SrS + 7.55rS0;, + 020e? + .ozsm3 |
Of these, Standard VII is the most suitable for detection of
ihfrered“and is the subject of this research. A summary of

its characteristics follows.



The emission of Standard VII under stimulation is. the
cerium band with a main peak at .485 microns and a shoulder
- at .54 microns. The émission during spontaneous afterglow
should be the same, but has been found by Urbach? etal. to be
"essealmost exclusively the samarium spectrum"; since samarium
’ is)the auxiliary activator, the appearance of its emission here
is unusuai, Howevar, it.has been found in the present research
that the spectrum 6f cerium doés occﬁr, especially if excitation
has been in the corresponding (i.e. .36 micron) absorptioh
band. Excited Standard VII is sensitive to infrared from
about .8 to 1.25 microns, w1th a peak at 1.02 microns. - VII
can be excited in the absorption band of the matrix or in the
cerium band, mentioned'above, which occurs at the long wave-
length limit of the matrix band; the rate of excitation and
the‘saturafion value of stimubility reached,are,_hbwe#er;
fundtions of wavelength. When excited, an additional region
- of absorption appears at 1 micrbn, corresponding to the infra-
red sensitivity. The matrix absorptioh peak is at about .28
microns, and'"}..,falls off rather sharply to a cutoff at
aboutv3200 A dn the'long'wavelength-side, and falls gradually.
on the short wavelength side to about 2650 A from which point
a ratﬁer uhiform absorption continues at least as far-as 2000 A
which was the iimit of the spectrometer used....The long wave-
vlength ex01tatlon band for Std. VII - the cerium band - is
only 100 A wide and peaks to about 3600 A, (Polytechnlc
Institute of Brooklyn, Final Report on Contract}NObsr390h5;

‘hereafter referred to as I, p. 84).



From the effects of activators on optical properties

(outiihed on page 2) a number of conclusions can be drawn ahd
:a theoretical model proposed. - Becapse the auxiliary activator
is responsible fer the "light storage" and infrared Sensitivity,
it is postulated that associeted with each auxiliary activator
etom there is a stable_electron energy.level, of the order of
1.2 electron volts Below the_penductioh'band. The dominant
activapor atoms aresaid to behare as normal colour centers,
independent of the auxiliary activator atems; electronic
transitions between the two are believed'to take plece through

the conduction band. Thus, in diagram 1, there are two separate

CONDUCTION BAND |  centers, cerium and sam-

1 ‘ : arium. Excitation raises .

electrons from either the

. cerium levels or the full
B_‘ A D hv IR

Excited band to the conduction
stat

“band (transitions A and B)j

~

- in the latter case the cerium

electron combines with the

‘ free hole with the same end
Multiple Sm Ground level :

result. B is dominant if

N\ ,
B &/ Ce level

the exciting ultraviolet

1Sy, FULL BAND , : .
' , quanta have energies equal
DIAGRAM 1 ' L
to or greater_than<the
separation.of filled and empty bands.: Some of the electrons in
the conduction band then return to empty centers, but the

maJority are trapped by the shallow samarium levels where they
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.are‘stable,.having a lifetime of some weeks. The infrared
sensitivity is explained by liberation of such tfapped‘electrons
(c) through infrared energy absorption with subsequent radiative
transitions D. Phosphorescence.or aftef glow is accounted fof
by similar transitions D made by thé electroné iﬁ the conduction
band after excitation; the samarium emission in the spontaneous
éftérglow ofAStandard VII implies that transitions to and from
excited étates_néar the conducﬁion band and the samarium ground
| state(é) also take place. Such transitioﬁs E are forbidden in
Standards VI and Bl. Samarium emission prdbably does not occur
in the stimulated spectrﬁm because thg.nUmber of empty samarium
centefs is shall,and the recombination prdbability high during
phosphorescence. - | | |
Mosttof’the recent experimental work has been directed
: towards understanding of the processes iﬁvOived in the décay of
brightness during infrared irradiation. fUnder these circumstances
a high flux of infrared energy is uséd‘which-gradﬁally empties the
occupied traps. This type of decay ié distinct ffom phosphorescent
decay in which tHe energy supplied to the process is strictly room
temperature agitation. It is generally found t_hatB’b”5
lim B = At™®  1g¢ng2
t—-foo | .
’That is, a plot of B against t on log log'paper~in the limit is
a line of slope =-n. To correlate this with the bimolecular law,
n = 2, correctiohs are made for'absqrption.and scattering of |
'radiation within the pﬁosphof sample{ although:there'are éerious_
objections to such a schéme, exact fits of;experimental dataihave

been obtained. Some simultaneous observations have also been
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made on thé decays of brightness and photocurrent under stimu-~ _
lation (I, p'lOl)j these indicate that some degree of electron
fetrapping may be presen£ in Standard Bl. This theory is'discussed>
in greater detail in section VI. 4_

The present research concerns itself with the decay of
spontaneous aftergldwdof Standard VII for vafyihg degrees ef
excitation. Repofts.bn this phenomena are rather rare due to
the low levels of emission experienced. They are:

" a) two curves published in I, p 125, and
b) a reference to an unpublished work of Schrader of
R.C.A.6 |
- It was hoped tlat investigation of phosphorescence (in particular
. the emission processes ﬁo ﬁhe cerium colour centers) would cor-

roborate some of the results to be‘feund in I and other<papers.3’h’5

11, THE APPARATUS

The apparatus has two principle parts - a Perkin-Elmer
'menochromator and a microphotometer. '

The Perkin-Elmer with its associated sources and optics
~is shown in diagram 2. Several types of prisms are available for
the Perkin-Elmer but during these experiments one% of rock salt
was fitted; the Littrow mirror Mi was adjusted so that the
- operating range Was-from +36 to 15. microns. As a consequenee the
monochromator is useful in exciting the phosphor as well as in
stimulating it with infrared. The infrared source is the Globar

S1, a two hundred watt silicon carbide heater element enclosed in



é water¢¢ooledfjacket. (See wérk drawing j). The radiation

peak falls at 2.25 microns, assuring a stable signal at one
micron. A second source is an air-cooled General Electric

AH-L mercury arc lamp; the .365 line was used to exéité the
phosphors. . A helium lamp is also available for calibration of
the spéctrometer and for calculation of filter transmission
factdrs. Sources are selected by rotation of M1, (Work diagram
3)}‘ The monochromatic output beam‘falls on M8 and can'be directed
three ways by M9, -a rotating flat wi£h‘three spring~loaded Stable
positions. (Work diagram L). The spheroid M1l (Work diagram 5)
is set twenty degrees off angle, thls 1ntroduces suff1c1ent
lateral astlgmatlsm into the 1mage below M12 to evenly illu-
minate the entire phosphor surface. This angle was calculated
from the well-known formula |

l =1 = sin i tan i
s{ S5 b

ﬁhére s’ and s; "are the distaﬁces measured along the principal
r;y froﬁ the-mirror surface to the primafy.and secondary images,
and i is the angle of incidencé. | |

Standard VIi is available only as a.pressure bonded button
1.55 cm. in diameter and .2 cm. thick. The sémple is held on
the multiplier photocathode (24.8 cm. below M12) by a clear
lucite disk;j above:the phosphor is mounted a small aluminized
paraboloid which reflects most éf the sigﬁal'onto,the cathode
surface. | ' | | | )

This photomulﬁiplier; its amplifier and power supply

are the principle photometer components. An R.C.A. 5819
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multiplier was employed because of the high sensitivity in the
blue and the large cathode drea. ThreevtubeSZWerévavailable
and of these one had a phenomenally small and steady noise
current ( 3 x 10710 4 5 x 10711 amperes at 100 volts per stage).
Alphoggh-gnother of the three was 1.3:1 times more ‘sensitive,
the signal noise ratios differed by a factor of 1:2.4 x 10 |
in favour of the first. The excellence of this multiplier was
instrumental in the satisfactory execution of this research.
The dyn;des are fed by a 100k bleeder chain in a conventional
circuity high bleeder current insures constant dynode voitages
during high signals and aléo reduces the usual instability
when the H.T.vis first applied to the multiplier. The photo-
current of the multiplier is grounded through the (one:- per
cent) precision grid leak resistors of the input stage. These
resistors and the leads between the anode and first grid are
entirely self-supporting except for the switch connections;
the switch itself is low-leakage steatite. The attenuator,
first stage andxphotomultiplier is mounted on polystyrenej

the entire assembly Was washed in alcohol to further reduce
leakage currents.

The current amplifier (diagram 6) is the simpleét direct-
coupled sort. The first stage is a 959 acorn tube connecteq
in the usual electrometer circuit; in this arrangement the
photomultiplier signai is applied to the suppressor grid in
order to avoid grid qurrent; The measured 1§akage current
from all sources (including grid current) is less than

5 x 10-12 ampefés. The 959 is direct-coupled to a 104



miniature sharp.cut-off pentode;(the.ten megohm anode load

is byspassed to ground by a .004 microfarad condenserxto‘
increase stability. The cathode load of ﬁhe final 354 étage

is a 10k precision resistor shunted by‘a‘SO microampere out- -
put meter and its associated zero-setting potentiometers; one
volt input gives\full scale meter deflection with.this 10k |
resistor in the feedback loop. Consequently, input resistances
from lO3 to lO9 ohms enable measurement of currents from

10~3 to 10~10 amperes, although in practicé signals lower than
10-9 amperes are not used (signal-to-noise ratio of two). A
calculdﬁion based on sensitivity figures quoted in the R.C.A.
handbook indicates that the usefql range of light intensity

is of the order of 10 to 10’5'microlumens.‘ Checks 6f linearity
(light intensity versus output signal) were made over this range
in two ways: a) verification of the inverse square law using

a single soufce’and optical bench; b) comparison of the sum
of two combined sources with the sum of the sources singly.

If allowance is made for the noise current on the lower scales
the photometer is 1inear over‘the above range within the limits
(1%) of the experimental error. Long term stability of the
ampiifier iSFZ% of full scale; short térm excursions (periods
of five to ten minutes) of the zerd setting do occasionally
~occur but never amount to more than three perléent of full
sdale and aré usuaily less than one per cent. These changes -
~are due to small fluctuations of the anode current; the total
value of which is 1.5 milliamperes; filament drain is 200

milliamperes; as a consequence of these facts no appreciable
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change of battéry voltages has écCurred}over three months of
operation. Because miniature tubes are used the amplifier is
small enough to be mounted-underneath the photomultiplier; the
B batteries, meters and switches are built into a rack mounting.

The 'H.T. set (diagram 7) consists of a four kilovolt,
fifteen milliampere supply with a three stage regulator. Since
the output voltage is sét.for 1.2 kilovolts, the total qontrdll
- voltage available across the 807_series regulator tube is of
the order of 3 kilovolts; as a result the regulation factor is
large. A change in line voltage of 30 volts prqduces a change
in output voltage of less than £ of a volt, the experimental
error. The average noise component in the output was at one
‘time 100 microvolts; addiﬁion of a .05 microfarad condenser _
from the 6SL7 grid to the 6J7 cathode reduced these transients
to 15 microvolts. Drift of output voltage is 1.2 to 1.5 volts
per day, due to aging of the composition resistors.in the
regulator circuit. As the entire supply is floating, either
side of the output can be grounded; a negative H.T.~is more
convenient since the multiplier anode and the amplifier is
then at ground'potential.‘

The preliminary experimental work was done with the
H,T. sét and an A.C. pulse amplifier rather than the direct
coﬁpled amplifier now employed. The original intention was
to register multiplier output with a discriminator and scaler,
but this was fdiscarded when megacyclg counting rates were

encountered. A counting rate meter, integrating the dis-
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criminétor output, proved more suitable but was Satisféctory
over an intensity range of only 1:5 x 102. Diséouraging at-
tempts to calibrate this instrument by the inverse square
law led tqfthe construction of the D.C. amplifier described
abové. The'circui#s of the pulse amplifier, pre-amplifier and
associated powér supply are included for reference. (Diagrams
8, 9, 10). |

Control circuits include a Variac, voltage and current
meters‘for Globar S4j a Variac and current meter for the arcs
S2 and S3 at the Perkin-Elmer entrance slit. An H.T. meter
and a ﬁonitor fbr pulse amplifier pléte.voltage complete the

electrical system.

ITI. THE EXPERIMENTAL PROCEDURE

A compiete experiment on the decay of phosphorescence

in an infrared sensitive material involves four experimental
stepé: exhaustion of the phosphor, that is, liberation of ail
trapped électrons by heating so that the phosphor is completely
unexcited; excitation of the phosphor by~monochrbmatic ultra-
‘.violet; measurement of the decay of phosphorescence with the
phofometer; finally, a check on the infrared stimulatioh spectrum
after the decay of afterglow is complete.

| Standard VII is exhausted or dé-excited by heating the
phosphor button in an enclosed pyrex dish to 200°C and o oling
it slowly to room température; it must then be transferred to
the apparatus in absolute darkness. The thermoluminescence,
theory of Randall and Wilkins7 is the basis of this proceduré;

justification of the 200° figure is given in Appendix I.
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The completeness of exhaustion was always checked by irradiating
the sample 5 cm. distant from a General Electric 250 watt
infrared lamp, filtered by a.Corning 24,50 heat filterj the
phosphor was oonsidered fully exhausted if this high energy
flux produced no visible emission. (This corresponds zéro
-photometer signal when irradiated by monochromatic infrared
from the Perkin-Elmer). |

Excitation was carried out with the phosphor in place
on the photomultipliér§ the .365 micron line ffom the AH-L4
arc (S2, diagram 2) was used. The linear thermocouple and
amplifier of the Perkin-Elmer spectrometer was used to set the
arc intensity before making a runj the "standardAintensity" was
defined as a signal of 1.8 microvolts with slit opening lf5.mm.;
wave drive 25.23 turns, amplifier gaih at 1 microvolt = 20%
deflection on the Brown recorder. Arc current under these
:conditions was about .75 amperes; but varied.slightly as the
AH-L bulb blackened With ago.' Since the thermocouple cannot
 be employed during excitation (M6 is swung out of the mono=-
lchromatic beam) a "Siixtus" photographic exposure meter also
monitored the output. The photometer was turned on béfore
excitétion; thus the signal reflected from the phosphor ohto
the photocathode provided another check on conditions. This
was reliable to about one part in ten since variations in
phosphor positioﬁ sometimes allowed ultravieolet to "spill
over'" diréctly'onto the sensitive surface.

After the excitation had been shut off, (t = 0),
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brightness measurements were made against tiﬁe; the decay was
followed down to 10~9 amperes; or 300 minutes,.whichever was
shorter. Check of the zero setting was'occasionaily made by
switching theAinput'attenuator to. ground and making the
necessary potentiometer adjustments.

Stimulation of an excited phosphor was performed in mﬁch
the same fashion as excitetion,ponly the Globar (Sl) was
employed. Standard conditions were a signal of 2.5 microvolts
with slit opening .05 mm, ﬁave drive 13.90 (3 microns) gein as
before. The infrared spectrum from .63 to 1.8 microns was
scanned with slit openings .100 mm. and .250 mm.; the_intepsityy
measured was, of oourse, the sum of the sfimulated'intensity
and the residual phosphorescent intensity. |

Before the experimental results can be interpreted, a
‘number of factors have to be considered. For example, the
figures on infrared response must be corrected for variations
in dispersion and black body radiation with wavelength ;n order
to reduce the experimental data to a set with constant energy
flux for all wavelengths. Allowance must be made for filter
transmissions and photomultiplier response in measuring phos-

- phorescent decay. Such corrections have been carried out for

all data in the following section, and details are included

there,

IV. EXPERIMENTAL RESULTS

Data on phosphorescent decay has been obtained by the

techniques outlined in the preceeding section. Theoretical
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analysis of the results is, however, greatly complicated by
the fact that the spéctral distribution of the emission is

not constant throughout the course of a givén experiment. To
clarify this point a number: of phdtographs were taken with a
small Hilger constant deviation spectrométer. ‘Preliminary
investigation with a direct vision spectrometer had indicated
that the emission of samarium during background decéy was a
series of weak lines from about .55 microns into the infra-
red; data of Gobrecht and later Prener (I p 48) for SrS.Sm
under direct ultraviolet excitation confirmed this observation.
Unfortunately, the brightness levels encountered during phos-~
phorescent decay are several orders of magnitude lower than.
those during direct excitation; consequently some.méans of
exciting the phosphor repeatedly and exbbsing it during the
early (and hence brightest) stages of the decéy had to be
devised.' A rotating disk,‘similar to a Becquerel‘phosphoro-
scopé, was employed for the first exposures; since the actual
time of excitation and the exposure at ﬁhe slit were only a
fraction of the total time for one revolution, this proved
unsatisfactory. In the final arrangement a mercury arc; a
heat filter, the phosphor and the spectrometer'were mouﬁted
colinearly; the phosphor was rotated abdut a vertical diémetef
by a small motor. The exciting ultraviolet beam was collimaﬁed
to a width slightlyiless than that of the phosphpr button
when it was edge on; the button thus acted as its own shutter.
- None of the arc radiation fell directl& on’ the spectrométer

slit, so there was no halation at the strongér mercury lines.
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Continuous exposure to both the .365 micron excitation and to

the spectrometer were thus obtained.

TABLE T

Wavelengths of Samarium Em1551on in SrS.Sm and SrS.CeSm
(intensities bracketed)

Prener'!s Data Measured Prener's Data Measured

SrS.Sm . SrS.CeSm . SrS.Sm SrS.CeSm
5550 (5) 5558 - 6068 (7) 6076
5586 (7) 5587 6107 (7) diffuse
5621 (3) ———— o ’ ,

) : 6315 (2) SR
5641 (10) 5640 - 6359 (L) at least
5679 (10) 5676 6382 (L) three lines
5706 (6) —— 6420 (L) not recorded
5739 (5) 5734 6431 (L)

- 6460 (L) 6459
5935 (5) 5934 6544 (8) 6534
5966 (6) 5963 6579 (4) 6576
5994 (10) 5993 - Spectrometer limit
6036 (10) 6031,

The meaéﬁred-wavelengths of the lines are tabulated in Table}I 
along with Prener's data for SrS.Sm; there can be little doubt
that ﬁhevrecorded emission is that of Sm+3. In his analysis
Prener finds six groups of lines, which "té..are explained in

{ accordance with Gobrécht'é scheme as transitions between a

single upper term and the~éomponents of aéH ground term
multiplet which arises from the five equivalent Lf electrons

of a trivalent samarium atom"., (Four groups are reéorded above) .
The accuracy of the .data in Table I is insufficient to allow
examination for a shift (if any) due to the slight variation

in compositione.
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Photographic evidence of cerium emission'ié more dif-
ficult to obtain. Using an O plate.(which_is more sensitive
thah'the F plate at the cerium emission peak) a negative was
taken which showed marked darkenihg ub to <445 microns, the
short wavelength limit of the cerium band.és fiound in the
stimulated emission.l Since the exposure was two days long
and the slit opening ten times greater than in Plate I, bad
halation about the samafium lines obscured the -long wavelength
part of the band.

The general characteristics of the cerium band (see Part I)
were corroborated by éxciting a sample at the'entrance slit to,
the Perkin-Elmer spectrometer and quickly scanning thé decay
withvthe photémultiplier. The prqcedure was marred by the .
low level and rapid decay of the signal.'

| Possibly the best eﬁidence for the pfesence of cerium

emission hés been obtained from the decay curves.themselves.

The measﬁred response of the mﬁltiplier and the transmission of
a blue filter are plotted on diagram il. .Using Urbach's curve
| for the cerium distriﬁution and a method of numerical integration
it was calculated that the filter would reduce the cerium

signal to 37% of its former value. This calculation was chécked
by'makihg'spimulation runs with and withdut.filter for an
excitation time of twenty minutes; since the stimulated emission
is entirely that of‘cerium a similar transmission (34%) was
found. However, the combination of filter and photomultipligf
is sﬁch that the résponse to the samarium line spectrum is
negligiblej hence decays with the filter are the response to

the cerium component alone. Such curves were readily obtained,
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confirming the presence of the‘cerium band. Note that the
samarium transition is of the order of one hundred times more
frequent than the cerium transition.

‘Tuo sets of decay curves have been plotted: the total
emission (diagram 12) and thevcerium emission (diagram 13).
Each curve representS'tHe average of four identieal runs;
repeatability was thus assured throughout the experimentai‘
work. Individual runs differed from the average by perhaps

-five per cent. -The 1nterest1ng feature of both sets of data

is the gradual change of the limiting slop between,-l.7 and -1,
as the time of excitation increases. A graph of this limiting
slope against the reciprocal of the square root Of“the time of
ex01tatlon is a stralght 11néf:2"£52% unexpected result. 'The
'slope of this line is =.356, and its emp;rlcal equatlon is

'(limiting slope) + 1 = =-.365

| Ndfime of'Exeitation. |
If one assumes that equal numbers of electfon3<are excited in
equal times, then the total number of excited electrous, n, is
directly proportional to the tihe of excitation, n = kTxcte
Since B = -dn/dt, and the limiting slope is (1n B/1n t),
where t is the deéayutime,'then'we heve the relation

1n (-dn/dtl, + 1 = -a//n where a = .365.
1n t - : ,

This reduces to »
- . dn/at = -t~ (aM/@ - 1)

an equation for the decay curves in terms of the total number
of excited electfons. It should be valid fqr small times of

excitatieh,-when thei@ssumption n = kTxet holds fairly rigidly;
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it»is_soluble only by numerical methéds.

In the theoretical development outlined below a system
with a single type of colour center will be analysed first:‘
general equations are set up and certain restricting assumptions
made which simplify the problem. The effects of absorption are
shown for the simplified problem and the possibility of a dis-
tribution of trapping energies examined. Second, similar
restrictions will be plaéed on the general equations derived
fér a system'with two types of colour cénters; in even the most
restricted casés, complete solution’is impossible because of the
non-hombgeneity‘of thevequatiOns and the multitudé of associatéd
parameters. |

A. The System with One Colour Center

Let N be the number of traps per unit volume of depth E
Let n) be those occupied by electrons
| Let'hz be the number of empty colour centers, and

n be the number of free electrons in the conduction band
per unit volume. Let r,p be the respective probabilities that
a free electron will recombine with an empty traplor center;
r =037 .v, where v is the electron velocity and 03 the
capture crbss-section of an empty.trap; similarly p = 95V,
. Suppose the nlielectrons at an energy depth E have a Maxwellian
distribution-of energy, i.e. expEE/kﬁk the number escaping |
per unit volume per unit time will be snj exp[—E/kﬁlwhere s
is the probability of escape. Cali sexp [rE/kT]= a. Assume
that transitions occur directly to the empty colour centers;
if there is a metastable level below the conduction band then

the lifetime of an electron there is considered to be very short{

4
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Then

dn/dt = -n(n+ny)p - n(N - n3)r+an; . . . . . {(la)

dnl/dt = n(N - nl)r ; anl . . . e o . . 'o. . (lb)
'dnz/dt = —n(n + nl)p = B . . . » e - » . . (10)
‘where ny = n + ny

These general equations are not readily soluble. If, however,
one assumes that the number of electrons in the conduction
band is small, i.e. that the transitions occur almost instan-

taneously, one can write, (n; > n, ny > n, in fact n = 0)

dnjy/dt = =—anjy .(the probability of Il'etraugping;”a -1
~the total probability
= an] . n2p / [ngp + (N - ny)r]
dnp/dt = -anj . nyp/ [npp + (N = my)r] . . o . (2)

Two cases are easily soluble for n in terms of t, i.e. for
B =.B(t); these‘are r=0andr = p. (Equation 2 is directly
integrable but cannot be solved explicitly for n in terms of t).
If r=20

dnp/dt = =B = anj
and ny = Ce=@%; but at t = 0, ny = N, and B = Byj thus

B =‘-aNo e-at = Bo e-a..t [ [ . . 3 . L} . LR * (3)

If r = p, we have (solution due to Parker and Ellickson)5
‘dnz/dt'= -an22/N, (n = 0) |

They show that - 2
- B = aN, /N

(1 + aNyt/N)? N 0
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Furthermore, for this case Parker and Ellickson have considered
the absorption of light within the diffusing medium of the
phos phor. In their problem they treat brightness as a function
of time under constan£ infrared stimulation; consequéntly
absorption of infrared must bg accounted for, making the
parameter a of their equation4a'function of depth beneath the
phosphor‘surface. Fof phosphorescent decay, certain changes
must therefore be made in their theor&. For the special casé,
r = O, the contribution to the total brightnéss of a layer a
distance x belowathevsurfaéé of the phosphor will be

dB = -aNg e=at ¢~U1X 4x
where u] is the coefficient for loss by absorption and scat-
téring of the emitted‘radiation. But the exciting radiation
'is also absorbed; hence |

Ny = N e"U2X gx N € )
(For justification of the use of an éxponential function‘see

I, page 92).

5 _
B =i[ aN e-at o~UlX.  -uURX 4y
0 .

Since the sample is thick, D can be replaced by infinity.

o . .
B = -aN e—at J e—(ul +“ju2) xdx
0
= aNe™3l -
uj + u2 » N (9

So the preseﬁce of absorption and SCattering do not alter the
nature of the decay curves in any important fashion if there

is no retrapping.
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If there is retrapping, r = p, Parker and Ellickson's5

development can be altered to fit the present situation.

Q(ul + 2u2)x

dB = a N e dx
(1 + a e™U2X t)
-]
B = aN J; e~(ul + 2up)x

(1 + a e=U2 X )%

By setting y = ate'gzx and m =Au1/u2 + 1 the eqﬁétion bécomes

B = aN (at)™ 1 J vy / (1 + y)2 . dy e o (7)
us 0 :
Parker and Ellickson set G(m,at) =_m + 1 at
. ?-:3;;1— 0 etc., and
a

1tabulated G for values of m between zero and infinity. -
They found that
-2

lim (InB / 1n at) =

m —e o0

lim (InB / 1n at) = -1
m —0 ‘

Thus the long time behavior under the specifiéd conditions
approximates the experimental curves. The fit is, hoﬁever,
poor for t < 1. Note that m = ul/u2 + ij hence m 2 1 unless
u; or u, is negative. Also, total variation of either ujp or

- up is certéinly not more than one order of magnitude from full
excitation; consequently the variation in slope of cerium
emission alone cannot be accounted for by absorption alone,
although absorption will alter the curve obtained. It is

also possible that the interpretation éf the parameters is
incorrect, but this is unlikely. |

Finally, let there be some distribution of the number
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of traps with energy. Let, for example,lO -

N(E) =AA e-bE dE : ‘ . . . . . . . (8)
dB = -ae”"** N(E) e-at_.e-ulx dx, where a = se—E/kT

-E/kt oSt exp ~E/kT e-(ul + ug)x -bE

dB = -Ase e dEdx
Put y =vsefE/kT; then
B = - ]0 Ay ety (y/s)ka kT ay/y [: e-.(u‘l * uzhx dx
. s _ _
Yy
sb‘kT (ug +‘u2) ©

where y has been re-defined. The integral on the right (st-—=o)

is the gamma function of bkT + 1, so

B =20C t*(kaj+ 1) [(bkT + 1) .. (9)

Again we have arrived at a solution for t > 1. The condition
for the variation of slopes is easily met with, i.e. 0<b $1/kT,
Note that N(E) is exponential only for E ~ 1/50 electron volts;
tO'include,thé deep, infrared éensitive traps, a term for a

single level E = 1.2 electron volts must be added to (8).

B. The System with Two Colour Centers

Let the second colour center have parameters nj and

q = Gév. Then the equations analogous to (la, b and c) are

dn/dt = -nnjp - nnzq - n(N - nj)r + any e o o (10a)
dnj/dt = n(N - nj)r - an e e e v« .+« . (10D)
dn,/dt = -nnjp = -B! e+ e« « « « « « (10c)
dny/dt = -nnpq = -B" e e v e e e e e (10d)

where n + ny = np + nj3
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If, as before, we disregard the equation in n, we can feduce

these to a set similar to equation (4):

dnl/dt_= -anj .((N - m)r/ [nyp + n3q + (N - nl)fﬂ -l) (lia)
dn,/dt = -anj . n2p:/ [ ' ] (11b)
dny/dt = -any . n3q/ [ FE | (1lc)

These equations are not soluble by ordinary methods; some sort
of analyser would be required to obtain the required soluﬁion;
Once this was done, equation (5) could be added to the system
along with exp [-ulx] to allow for the effects of absorption.
It must be emphasized that these hold for some vé1ue of a,
some value of E in other-words. To obtéin a complete solution
an integratioh over the trap distribution would have td be.
made. Also note that the traps that are éctive in phoéphores-
cence are very shallow traps, of the order of 1/50 of an
electron volt below the conduction band; thus the proposed
iﬁtegration'must be over these traps and the singlé deep set
which are responsible for the-infraréd sensitivitye. ‘The 
deep traps will not contribute gppreciably to the phésphor-
escence but will enter into the system in termé of their
rétrapping coefficient. | |

Thus it has been shown that the cases r = O with an .
exponential t}ap distribution and r = p with a single trapping
energy for one‘type of colour center lead to solutions which
approximate the required solutionvat long times if absorption
is considered. It is felt that the correct solution for
two types of colour centers will be analogous to these

simplified cases, and will have O <r/p £ 1. Because the
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process of phosphorescent decay is predominantly that of the
samarium cehters, itvié believed that the theory for one colour
center will be a close approximation to fact' since an eiponen-
tial distribution of traps (Equation (9)) is found to have a
reasonable range of parameter variation; it is suggested that
this is actually the case. An accounting of the retrapping
trapping coefficient must be made before the model can be

definitely established.

V. CONCLUSION

The phosphorescent decay of Standard VII, SrS. CeSm
has a limiting slope on log-tlme log~-brightness plots between
-2 and -1, the actual slope being directly proportional to
“the reciprocal of the squere root of the excitation time for
times greater than .5 minutes. This result leads to the
conclusion that the processes 1nvolved are neither simple
blmolecular nor eXponentlal examlnatlon of the variations
in the curves due to absorption and to an assumed distribution
of traps further confirm the conclusion that experiments of
this sort cannot be fitted by any simple, pre-conceived theory.
The existence of two types ofvcolour centers has beeh established
which further complicates the-situation, even though the number
of cerium centers actlve durlng phosphorescent decay is found
to be much smaller than the number of actlve samarium centers.
In conclusion, the author wishes to thank Dr. A.M.

Crooker for directing the work, and Dr. A.J. Dekker for reading
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and criticizing the thesis. The author is also indebted to
the Ontario Research Council for two scholarships granted

during this work, and to the Defence Research Board for

financing the project.



APPENDIX I

Exhaustion and Thermoluminescence

The theory which.followsvis based on the equations
developed by Randall and Wilkins7§ the data on transitions is
from I.

The brightness of a phosphor at a given time is

B = -C dn/dt
where n is the number of trapped electrons, all of which are
assumed to make radiative transitions directly to an empty
colour center via the conduction.band. The number of such

electronsyraised to the conduction band by thermal energy is

proportional to the temperature, so that

B = -C dn/d£ - +Csne~B/KT

where s is the probability of transition to the conduction'
band and is of the order of 108 sec.'l. Suppose that the

phosphor is being heated at a rate of A degrees per second.

Then
o dn/n = -se~B/XT gg/ar . ar
4 o)
and n = nge {o s/fB . e"E/kT aT
| [ AT 4| omjat
thus : B = ngCel Jo s/p .e L se

x, that is, the brightness reaches

a maximum as the phosphor is heated. Applying this condition

Now dB/dT = 0 at some T,

we get
loge sk/AE

1.2 electronvvolts

E/kTpax, * 2 loge Tm

. wWwhich can be solved. for imax; since E



i's known from'stimulation data. ihus for A =20 degreesiper

minute, Tmax' = 110°C. The glow curve is essentially symmetric

~about Tmax. Thus dn/dt =0 at room temperatufe implies_that

dn/dt is also zero at 200°C, i.e. the equilibrium condition

" is one with n = O.
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