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ABSTRACT

The problem of determiuing the luminescent efficiency of phosphors
in the form of powders end lsrgs single crystals is considered. A method
epplicable to large single orystals has boen developed and applied to
erystals of syntheiio Ga‘viOA and cawo,’. As an adjunct to the efficiency
measurerents the luminescent spectrs <f these materials was measured at
liquid N2, dry ice, and room temperatures. A4lso, their reflection of
2537 A ultraviolet and optical transmission from 2100 A toc 8000 A is
given for room temparature. The room tempsrature guantum efficiencies
of two different crystals of CaW0, are 0.74 and 0.82, in agreement with
published values for the efficiency of powders. Due to large uncertaint-

ies in the indices of refraction, the efficienciss obtained for two crys—

tals of CdWO,, 1.0 end 1.2, values that are probably too large, must be
considered unreliable.
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THE LUMINESCENCE OF LARGE SINGLE CRYSTALS

I. INTRODUCTION

The electronic properties of insulators have received considerable
attention in the last decade. Studies of semi-conductors, photoconduc-
tors, and luminescent materials bhave ylelded detailed information about,
for example, the energy difference between the filled and conduction
band, the number and ensrgy levels of trapping centers, the interplay
between trapping centers and luminescent centers, some details about the
luminescent centers, etc. Practically all of the experimental informa-
tion on luminescence was obtained with crystalline powders. The small
amount of information obtained from single crystals can be attributed to
the fact that large single crystals were practically unobteinable, except
for those occuring naturally, and these were of doubtful purity. One of
the moie important properties of phosphors is their efficiency, which
roughly is the ratio of the energy they absorb to the energy they emit as
luminescences Very few roliable efiiciency meesurements exist even for
powders, and these have inhsrent properiies, of which thes most important
is their permanent entrappment of pert of the luminescent light they emit,
that limit the accuracy of the efficiency measurements, However, sonme of
these difficulties do not arise with large single orystals primarily
bucause they can bs ctiained as regular parallslepipeds for which one may
calculate the fraction of light, produced in the interior of these crys-
tals, that escapes from thems When large synthetic high purity crystals
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of calciun and cadmium tungstate, which are both luminescent, became avail~
able the efficiency measurements, to bo described here, were underteken.
The method developed for this purpose requires among other things a meas-
urament of the spectral distribution of the luminescence, and the abscrp-—
tion and reflection of light of various wavelengths by the luminescent
crystals. In addition to measuring these properties for all of the crys-
tals used, the spectral distributions were measured at 78° K and 195° K

a8 well as the ratios of the efficlencies at these temperatures to the

efficiencies at room temperature.
II. THE LUMINESCENCE OF INCRGANIC NON-PHOTOCONDUCTING PHOSPHCRS

First let us outline the physical characteristics of luminescent
crystalss Once we have done this we can introduce the concept of the
huminescent center, an entity that will permit us to understand quali-
tatively a majority of the observed experimental facts.

Ay Basic Characteristics of Non-photoconducting Phogphors
The experimental facts and current theories on the luminescence of

inorganic solids are summarized in books by Garlick(l) and Leverenz(z)
that have recenily appeared. In addition, there is the report "Cornell
Symposium on Luminescent Materials® edited by Fonds and Seitz(3), and
books by Krdger(4i) and Pringsheim(5). The latter two publications can
be regarded as compendiums of experimental dats, while the first three
aro devoted more to the current theories and mechanisms involved in the
luminescent rrocess.
There is no generally accepted terminology in this field end we will

give the definitions that we will use of the most commcn terms. In its

' B
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simplest form luminescence is the absorption of light by a substance ard
its subssquent reemission as light of iesser energy. In general, however,
luminescence includes all those processes whereby energy is imjarted to
a substance with the ultimate release of some or all of this energy as
light. Consider the following idealized experiment. Let a square wave
of ultraviolet light fall on a typical luminescent material. At the on-
set of the ultraviolet the material 411 almogt 4ngtentaneously lumi-
nesce, in addition a second component will grow in until the emitted
light reaches a steady level. When the exciting ultraviolet 1s shut off
the emitted light will sharply drop off with a time constant on the order
of 1078 0 10 seconds. This initial diminution will then be followed
by a decaying component which may heve a time constant ranging from a
few millissconds to several daysi The fast rising and decaying component
18 usually called fluorwescence and slower changing components are called
phosphorescenca. If only one component is present in a given material it
can be called either fluorescence or phosphorescence if its time constant
i3 on the order of 0.1 second or less. There is no generally accepted
way tc differentiate between the two and we shall refer to both processes
collectively as luminescence. It has been shown that single crystal
Caw04 ie non-photoconducting and we will assums that in both CaW0, and
Cdwo, only one process is operating(6). Also, we will occasiorally use
the wc>d phosphor for any luminescent material and when so doing we do not
intend to imply anything about its phosphorescent characteristics.

With surprisingly few ambiguities all phosphors can be divided into
photoconducting and non-photoconducting materials, i.e., if crystals of

these raterials are fitted with electrodes to which a potential is applied
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some will permit a current to flow when they are 1lluminated with ultra-
violet light while others will not permit a current to flow no matter

how intense the incident 1ight is. Since the crystals which were used in

‘this investigation are of the non-photoconducting variety we will consider

in detail the process involved in the luminescence of non-photoconducting
materials and make only occasional reference to materials and mechanisms
involving photoconductivity.

Practically all phosphors are highly crystalline and contain amounts
of some impurity, called the activator, ranging from 10 to 107 atomic
percent. In a few cases it is unarbigucusly kncun that the impurity is
substitutional or thet it is interstitial. While it is believed that in
the majority of cases the impurity s substitutional this has not been
definitely established. If one determines the absorption of the crystal
without activation--the host crystal-—and then the host to which an acti-
vator has been added, one can usually find an absorption band attributable
to the activator alone. If one illuminates the activated crystal in this
band one finds the luminescent emission is a broad band, e.g., Fig. 1,
that 1lies entirely at the longer wavelength side of the absorption band.
Now if one fcllows the decay of the emission after extinguishing the
exciting radiation one finds that in most cases it decays exponentiaily.
The rate of decay 1s often expressed in terms of a decay time, which is
the time required for the emission to fall to 1l/e cf its original value.
Usually if a phosphor is found to decay like t™ where 1<n<3 it will
also be found to be photoconducting(la), which we reiterate, is a type
that will not be considered here.
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In goneral the emission spectrum will have the slightly asymmetrical
inverted bell-shaped curve shown in Fig. 1. With one exception the shape
of the spectral distributions have not been derived from first principles.
Later vwe will suow why the shape of the emission spectra must be precise—

ly knowvn if an accurate determination of the luminescent efficiency is to

_ be mede.
gi' The term, the luminescent efficiency, must be considered in detail
' before we procesed. If one imparts a given quantity of energy to a crys-

tal phosphor system then all or part of this energy will ultimately be

Caace i iscnd - anls
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reemitted as luminescent light. We define the luminescent efficiency,

or as we actually prefer to call it "the energy conversion,"

h = energy emerging from phosphor as_luminescent light
total energy imparted to rhosphor

For most cases, actually the only cuns we will use, the energy imparted
to the crystal will be the amount of ultraviolet light it absorbs. Often

"quantum efficiency™ is the name given to this quantity, but this is

incorrect, the proper definition of the M q the quantum efficiency being

h = Dumber of guanta emitted by the phosphor as luminescence
| number of exciting quanta absorbed by the phosphor

It is important to note that these quantities refer to hypothetical
measurements made in the interior of the orystal and when dealing with
light exterior to the crystal certain corrections must be made. The most

important of thess results from reflections at crystal surfaces lsading

to permanent trapping of pert of the luminescent light. If one knows the

energy distribution of the exciting ultraviolet and of the emission spec-

trum one can compute the quantum efficiency from the energy conversion and

e e B e e B
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vice versa.

For the typical non-photoconducting phosphor it is usually found
that the efficiexcy 13 sirongly tesmperature dependent as is shown in
Fig. 1, but the decay time, and the shape of the emission spectra are
independent of temperature in the range of 80° K to 300° K. Also, one
can vary the wavelength of the exciting ultraviolet. 1In this wuy one
determines that the exciting photons must possess & minimum critical
energy before any cm:!ssion is observed. It is customarily found that
the efficiency varies strongly with the en-argy of the excitation bunt

that the cmission spectra, if it 1s observed at all, does not depend on

. the energy of the excitation.

B.__The Luminegcent Center

In the previous section we bave outlined the principle character-
istics of luminescent materials. The first successful attempts to assim-
ilate this information into a cchorent picture was made by Seitz(7) and
Von Hippel(8). The picture they formulated is best applied to an imp-
urity activated phosphor. Consider a substitutional impurity in its
host lattice. This foreign atom and the atoms surrounding it may be
regarded as a kind of molecule which is called a luminescent center. The
center must possess an electric ground state (level) and at least one
excited state. To one, or perhaps more, of the electrons in this center
one may ascribe a potential energy disgram, like that of Fig., 2, where
energy is plotted vertically and the abscissa is called the configuration
coordinate for want of a more precise neme., If this diagram were applied

to a molecule the configureation coordinate would be the nuclear separa-
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ticne Actually, in the luminescent center, this coordinzte is an averige
over 3N deviations from a mean position, where N is the number of nuclei
and electrons that must be considered partv of the center. Just recently
Williams(9) has calculated curves like these for the case of thallium
activated KC1 and obtained fairly good agreement with experimentsl absar-
ption ané emission specira thus lending credence to the postulates of
Ven Hippel and Seitz.

It must be emphasized that while this dlagram refers to electronic
states the vibrational states of both the solid as a whole and the lumi-
nescent center seperatecly must be superimposed on the electronic pert.
This vibrational part is suggested by the light horizontal 1lines drawn
in each curve. Actually there are many more vibration levels than indi-
catede An important characteristic of these centers is that an electron
in any of the higher vibrational levels will degrade to the bottom of
each electronic level. Moreover, an electron at the bottom of each
level will undergo thermal fluctuation to some of the higher levels.
This property must be exploited to sxplain the temperature dependence of
the quantum efficiency. Consider now the absorption of light by a
phosphor which contains luminescent centers. The center will usually
be in the grocund state, such as the point A in Fig., 2, especially if ths
energy W is large compared to kT. In order taat the optically active
electron of the center be raised to the upper level it must absorb a
quantum having energy W or greater. This explains why only sufficiently
energeiic light excites luminescencs,

Once the center is raised to the upper level, such as the point D,

o — g\ = -
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it will undergo thermal degrading to the point B. There are two altern-
atives sg to hov the electron may return to the ground state from this
roint, Suppose that E is much larger than kT so that there is only small
probability that the el-ctron may reach the point C by the normal thermal
fluctuation process. It will then remain in the excited state until it
makes an optical transition to the ground state with the emission of a
photon. Thus the optical transition controlz the decay iime of the phos-
phor. We know of no successiui aitempis to caiculate the transition
probability from first principles.

From the details of the emission process the qualitative features
of the broad emission spectra can be described. The slectron in the
upper state will not be precisely at the bottom of the curve since it
will have some zero point energy end, in addition, will possess some
thermal vibretion energy. Thus, in terms of the potential energy diagram
it 18 in a state indicated by one of the fine lines above the point B.
Now it can msks an optical transition from any point on this line, i.e.,
it can make an cptical transition independertly of its degree of thermal
motion, to any point on the curve describing the lower state. Obvicusly,
there is a large number of such transitions which when properly welghted
can account for the broad spectral distribution of the emission spectra.
An exact inverse of this mechanism, the raising of an electron from the
lower to the upper state, accounts for the observed absorption. The res-
ults of Williams match the observed spectral distribution well enough so
that there is no doubt that we have correctly described the first order

features of these processes.
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¥on Hippsl and Seltz postulated that the two curves representing the
excited s’ate and ihie ground atate must cross. 1In Fig. 2 this poist is
labeled C. This makes it possible to explain the devendencs of the luxi-
nescent efficlency on the temperature. issume that the center is iz Uis
stats B. There are two processes uheareby it may return to the ground
stats of vhich the first is the opileal transition we have just discussed.
The second process, which competes with the opticel transition, occurs
when the center is thermally excited (subjected to . thermal flustuation)
sufficient to raiss it to C. Ths electron may then pess to the lower

» perhaps with iho emission of an infre-red quantam, end be degraded
to A the lattice abaorbing the thonons smitied in this process.

Let b be the grobability that ihe center undergoes ar optical trans-
ition from B. The probabllity that the canter, in ths excited state,
Teaches the peint C 1a

= fom
p@.q/k-

where k 2nd T have {de usual aeszing and B L1a the energy ssperating B
and C. p, is sonstimes called the "atimpt to escape™ frequency and
ranges from 10° to 1013 for differest materials. The quantum efficlemcy

N, 1z then
. [ cal tion
q total pumber of events
b 1
b+ poe ¥ l+po@n
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This expression is curve 1 in Fig. 1{b). It hes been found thet for
povdered CaWs,, excited by 2400 4 ultreviolet, the Gependencs of 1t .
on T i8 given sxactly by this formula. However, if 2537 A& excitation
15 used the agreement is pot gocd(4a). 2t very low temperatures, the
experi=snial points fall below the theoratical curve as is shoum in
curve 2 of Fig. 1{bj. This is another point for which thers is no
gepsrally accertsd explamatioz.

It is to be noted thet ons zay fit equation (1) ic the experi-
mental dets giving the variaiion of 1] with T by sdjusting p and ¥
wWithout knowing the absolute value of hq, One of the prizzcy oonceros
of this investigetion is the determinsiion of an atsolute quantum effi-
cisncy "ilq far largs crystels of CaW0; and CduO,.

Before proceeding to the details of such a determination we must

1 Rg———F

clurupmpuintnhoutthoﬂamganﬂﬂdm‘cryshlamvium. Whern
this work was starisd tiese materilals were the cnly corysiels thet could
be cdtained sufficiently larce to make the method to be used applicabis.
The precise mechanimm for thelr luminescerce is not known. Thers are two
possibilities that merit consideration. These crystals could be self-
activated{2a), that is, they could contain stolchiometric excesses of

one of their constitusnts, most probebly tungaten. The self-ectivator
could be either interstitial or substitutiomal. The other explarsticni{lis),
{ib} erises from the fact that in both of these crystals, as well zs
other tungstates that ars luminsscent, the tungstate groups are closely
coordinated, the tungsten atc=s beirng tetrahedraiiy swrrounded by the four

axygen atoms(10}. There is no known reasor vhy a W0, coordinate group
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cannot have the properties of a luminescent center and the observed lumi-
nescencs bs so inherent property of the materiai. Uoe fact ibat supporis

e
1

this supposition 1s thet e great many tungstetes that sre luminsscent
have different corystal structures, Lt in every case the 1!0‘ is present
as & coordinate group. In addition, the luminsscent spesctra <f these
materials are all similar.

III. EFFICIENCY MEASURRMENTS WITH POWDER AND SINGLE CRYSTAL PROSPEORS

The phrases lmminescent efficlency, ar energy conversion, end quan-
tum efficiency have been carsfully defined. The grocess of measuring
less guantiities must also be carefuily ccnsidered. This has been done
in a general way bty Leversns{2b) but for this investigation ws =ust

exzmine certain details. Allow e phosphor, either a zingle crystal ar
crystalline powder to be excited by monochromatic ultraviolet light. At
the zrfacs of the material = fraction of the incident light will be

Teflecled and the remainder will enter the crystel according to the
inciples of classical optics, e.g., see Jerkins and White{ll). The
entering light will be absorbed by the luminescent ceaters, by thes host
crystal, by impurities; or by some conbinetion of them. Since ths corystal
is lurirescent some of the energy abscrbed i1l be reemitted by the lumi-

P

nsscent cecters. This emission, vhich will have & broad speciral dis-
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tribetion, can bs entirely or partially ebsorbed by the host lettice, and
that part shich 1z not absorbed will be reflected and refracted by the

stal surface befare i. can emerge from the crystel. The emount of

v
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emitted light that emerges, vill depend on ths index of refraction and

the geometric shape of the crystel. Ue uwill consider the case of cryst-
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alline powders end, in more detail, the case of e lsrge single crystal.

To relate the quantum efficiency to the luminescent efficiency, ar
energy cobversion, requires &« kmnowledge of the spectral distribution of
the emitted spectrum particularly if the detector, e.g., s photo cell,
is not completely black. Aind, since the spectrum must be meessured exter-
nel to the crystal we mnst be able to caiculate the spectrum we would
obsesve if we cold meagure it iInternally. Unless the crystal abaorbs
2 largs fraction of the luminescencs internally the cbserved spectrum
will differ coly slightly from that exitted by the centers.
4, Efficiency Megsurements wdth Crystallime Pouders

The surface presented to exciting unitravioclet by a2 powder zcnsist-
ing of inmmersbie microscople crystials will undoubtly ecatter part of
this 1igkt according to the leus of diffves refisction, the remeining
light beirg sbsorbed by the crystsls. In principle one can determime
the ensrgy abscrbed by the crystal by measuring the incident energy and
all of the diffusely scatiered light. However, the messurexsat of the
luzinsscence emsrging frow the powder as & Wiole, and what ie more impor-
tant, the deterximatiocn of the light emitted by the lc=inescent centers
themselves, iz exiremely difficult. 7The reason for thie is the permasmnent
entrappment of part of the light prodused in ths crystal. This may be
understood in the following wey. Any light ray that strikes the surface
of a mediom, of index of refraction n, will be completsly reflected if its
angle of incidence is greeter than the critical angle which is given by
8o = are sin 1/n. To illustrats. suppose that the crystel is perfectly
stherical, then from simple gemeiry all rsfisctiops that an arbitrary




e S N o

e wnEN WD WEE wes s N N e e e BN

=115

1ight rsy iz the interior oi the crystal will make at the surface are at
ihe same angle. Tnus if this angie is greater than 8, the rey will be
permsnently entrapped, until absorbed by the medium or escaping after
being scatiered, or suffering & reflection oo an imperfection, that changes
its angle of incidence. Gillette(13) has calculated that 70.0% of the
luxinescence formed in an opticelly perfect sphere of C3WC; s so irapped

and that 73.0% is trapped in an optically perfect rectarguler ri=.
Bquivalent veluss for CaW0; sre 56.2% for & sphere snd £2.6% for ths wisse

If oos had a phosphor of parfect spheres, rectangles, or other cal-
culable shapes, in princifle the samount of light msesured outeida of smuch
a maierial could be related to that emitted internaliy by the luminescent
process. The fast that the parfect parlicles wouid be randomly oriented
could probably be treated in a ranner aimilsr to that described by
Longini(14) for sheets of perticles. &Llso, the fracticn of light escap-
ing from randomly shaped crystzls hes been calculeted. To accurstely
relate the light sscsping from actusl peudered crystals to that foarmed
in thelr intericr seems to be extremely difficuli, if not impossible, for
the foilowing reason. Powders of a crystal are neither perfect geomstric
shapes nor completely randomly shaped. They are very imperfect micro-
scopic imsges of their meerocscopic habit, e.ge., powdered rock salt, FaCl,
consists of small nearly cubs-like bodies with smaller various size cubes
*knocked® off of their corners. To caleulate the apount of 24-%L% escap~
ing from suchk quasi regularly. or perbaps quasi randomly, shaped crystals
seeus formidatls indeed.

Obviocusly, for en accurate efficiency measuremsnt wvith powders tais

problex must be stived. in experimantzl spproach has btoen taken by
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Bctden and Krdger(15) who try to corract for these difficulties by cali-
ating their apparatus in such a way that the entrappment of light is
compensatad for, They estimate that efficiency measurements made in this

way are sccurats to A= 5%.

By _Efficiency Mesasurements with Slabs of Luminescent Materials

In countrast with efficiency measurements on crystalline powders
discussed above we now consider the problem of making an efficiency meas=-
urement on a large singls crystal. Most often we con chizin such =ma
iale as rectangular parallelepipeds, which for computational purposes
may be regarded as slabs.

The amount of energy imparied to a slab may be easily determined
particularly if its surface has good optical qualities, i.e., is reason-
ably flst and free from scratches. From such a surface one may measure
the reflection with high precision and assume that for any beam incident
on the crystal the energy not reflected is totally absorbed. Noute that
one may conveniently measure the reflections from a material even though
it is completely opagque to the light being used.

The light incident on & cryst=li thai 1s not reflected is, of course,
refracted at the surface, Should the material be highly absorbent, all
of the absorption will take place in the layers just adjacent to the aur-
face. Thus, if a ray of ultraviolet excited lumineacence in such a crys-
tal one can assume, to a high degree of precision, that the excited cen-
ters are located just below the surface at the point the rey entered it.
This may seem to be a trivial polni but CaWOy and Cdwo, so strongly absarb
2537 A light that it i3 probably impossible to determine the index of re-

fractior at this wavelength and thus in principle one cammot determine
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the path of the refracted beam given the locus of the incident beam.
This point will become clearer when we consider the emission for CaWO,
and CdWOA in detail.

If the exciting light is weakly absorbed by the crystal it will

cause luminescence to be smitted along the path of the refracted ray.
Por sudh & meterial it would be necessary o know both the index of re-
fraction and .ablorption coefficient of the exciting uitraviolet in order
that the distribution of excited centers, along the path of the exciting
1light, can be calsulated.

We have just given the details of the process vwhersby energy 1is im-
parted to the luminescent centsrs iz z slab of material. We now want to
caloulate the intensity of luminescent light, outside of ths zleb, emii-
ted by these centers in the intericr. For this purpose assume that light
is emitted isofropically from a point in the slab. Here, perhaps, a dig-
ression 1s necussary since no experimentsl evidence exisis showing that
i1sotropic emigsion is ihs actual case. Such evidence would be d.ifficult
to obtain with powders since they would be randomly oriented if a large
nunber were involved. However, if luminescence is not emitted isotropi-
cally this could conceively be demonstrated with large cryastals.

Let the arbitrary point, from which the light is emitted, be the
point labeled s in Fig. 3. Light striking the surfece at an angle 6 less
than the critical angle 90 will be reflected or refracted as we have al=
ready considered. Let us ingquire about the fate of the light outside
of the cone of transmission where there is total reflection. By multiple

reflections it will go to the ends of the slab wheie it will either pacs
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out of the slab or by making several reflections proceed towards the
opposits and. Ons can show that for an cptically perfect rectangular
parallelepiped, which is perfectly transparent, and for which n« 7
all of the totally reflected light will ultimately pass out of the
crystal through the ends of the slabs. Since all of the crystals of
interest to us have n > J¥2 we will not pursue this theorem further.

For Cay0, and de04 the permanently entrapped light must mest with one of
two fates, either it will bs absorbed inm the crystal in which case we do
not havs to consider it further, or it will meet with an optical imper-
fection, e.g., a scratch on the surface, which will allow it to ssacape
from the crystals In the latter case it msy be detected along with the
light which we wish to meunsure, necessitatling that we make a correction
for this edditional scattered light,

The light that strikes the surface with 6 <8¢ will pass out of the
crystal or be reflecteds However, if it is reflected from the front face
it may pass out of the back asurface. Agein, at the back surface it can
be reflected, possibly passing out of the front and sc on. Teo begin with,
consider only light that passes out of the front surface the first time
it strikes it. Any ray will be refracted at the surface according to
Snell's law,

n sin & = gin ¢ (2)

vhere n = 1 outside of the sladb. All such incident and refracted rays
will &:sf4ins planes which will also pass through the line SS'. When obs-
erved from cutsids of the crystal, rays that originate at S will appear

to come not from S but from a virtual source(16). It is most convenient
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for calculation to fold togetker along the exis SS' all of the planes
contaeining incident and refracted rays thus making a two dimensional case
out of the problem of determining tre position of the wirtual sources.
Let 4 be the distance of the point S from the front of the slab then if

g and § are the courdinates of the virtual s~urce, c/d and B/d sre dimen-

sionless quantitles given by

=afd = {-(52-1)un29+1}3/2 (3)

B he

fiswp s oo e R e

B/d = (o - 1) tan3 8 (k)

Por illustration, the coordinates of the virtual scurce, coures-

ponding to the different values of 8, are plotted in Fig, 4 for CalOy

-4

fcr red and blue light.

Returning to the actuzl thoree dimensional case we sse that all of

"'\ ent

ths 1izht from S that 1s directed towerd the front face of the slab
betuween the angles © and 6 + 3@ can be regerded es crigimeting along the
circle vhich is the locuz formed by roteting the virtual source around
the lins SS?. If I is the totel luminescent flux origirating from S ihen
%ainﬂd@iathaﬂn:trikingthoswfaceinthoccmbotmeuﬂ9+de.
This flux may be looked upon as emsnaiing from the ¥irtuasl source in the

B e e e e R
e
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cons between g and £ + df and striking the acreen in the area swept out

am
ey

betwsen the ray £ end the ray £ + dF as they are rotated about the line
SSt. Letthi-arubedl;andletrﬁboﬂmdisumﬁwtheﬂrt:ml
acurce to the point shere the "ray 6" strikes ths screen, then
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cos

dhy = 2ﬂ(r‘ain§+,8)

Call L , the lumincus flux, per unit area, striking the screen

in the cone between £ and £ + dg, then

L{p,p) = % sin © S8

g 8 co e
= rﬁ%zﬁlr,gsinz-rpi

From n 8in & = sin ¢

gin © d6 = cob p A edn

nd n° - sin° 4

therefore,

)
L(4,B) = I cos® g sin g (5)

47’r"n\[:2 = ain® ;; (r,; singd + B)

It is important to notice thai in deriving this formula we have not
taken into wonsideration the fact that soms of the light is= reflected at
the surface. To include this we have only to include a facter (1 - Rg)
vhere R4 1s the fraction of light reflected at angle f#. The expressions
for R4 are well known(11,12).

We will use, in our cozputations, the special case of (5) obtained
vhen d approaches zero. Physically this corresponds to the case of lumi-~
nescence being formed just beneath the crystal surface. Allowing é to

4
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go to zero (5) becomes

L

4TD2 n ] 12 - sin? §

|_-m
=g
[y}
[}
1]
f
t

If, in addition, we allow g to approach zero we have

1
LT D2 o2

[,

L(0,D) =

and then if we let n approach unity this expression becomes 1/4 T Dz,
Just a3 we would expect.

Likewise, if in L{4,D) we put n equel to unity we again get the

expected expression

1 coa? =
% 7 _'5T'é cosg 4——%—1? = cosg

To the intensity representing light going directly from the source

sy feusy  pem e et ) b EED

point S must be added the components reflected from one or more surfaces.
Of the light criginally heading towerd the back surface of the slab, a
fraction R4 will be reflected toward the front surface where the fraction
(1- R‘;)R‘; will emerge to strike the screen. If the slab has thickness t
this particular reflection comporsnt can be regarded as caming from a
source a distance 2t-d from the front surface. (See lower left corner
of Mg. 4)c Likewise, the next most intense component first strikes the
front surface then the back surface and finally passes out of the front
surface which gives rise to the reflection factors Rf 1= R‘;). This

component can be regarded as emanating from a scuxce a distance 2t + ¢

e e e e At (o . ]
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from the front face.. The next component has reflection terms R[’ (1- R‘g)
and a point of arigin term 4t - 4, and the next terms are BZ*(1 - BY) am
4t + 4, ete. For CaW0; the reflecticn fraction R4 is approximately 107

thus terss comtaining s> contritute less than a tenth percemt. The total

iuminescent Intensity at the point on ¢he screen D,D' is given by

A@) =T (1-Ry)cos’e sm g, L,
AT | B m [ m*- 51?8, (I’q, d Imd, + 5, )‘
(1- Ry ) fig cos’th sind, ,
T4, 2¢-4 MJ m* -J'ln'?gg(jé 24-2 de; s ﬂ‘}

( /-A, )}? 2(05’5;5/05;, 2
Iy, 2244 "’; - sin’d, ( s, 2¢00 5008 % )

~ 3 I8
{7-Re, ) Ay, cosg, Sind +
Lay ue~ ™, imtmw"‘/f; ( ved S+ F,)

' —’?fi)/?‘: Coszﬂi Sind- s
1, sesd =5 g (V5 perg S0, 4 ) o
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At first it might seem that there is ro diff--2:nce between, e.g.,
£3 and ;54. The difference is that slnce these components come from dif-
fersnt virtusl sources the rays that atrike the point D, D' are not inclined
to the lines SS! at the same angle. For precticel purposes we will uss
this farmula with d = O 20 that it reduces to

P 4
. (1-Ag)cos g |
MO0 ZIT | 2, m[m g

(7 # R Wi~ Ru) P, cos’d, s,
r‘,:t @m'-m’d‘ (’&,Zf Stndy, + )

r

{ /f@(/—ﬁLﬁ,g cas®d, s, }
B vt =o', (T3, ye Sh *'164)

(1)

For computational purposes one does mot try to find the 4, 4,
ete., that corresponde to rays that strike the point D,D' but computes
each term for arbitrary values of these angles. makes a graph of-A. (D,D?)
a® 2 funciion of D® ard adds ths values of the intensities of eack comp-
onent at the poimt D*.

The first thres terma of Equation (7) end their eum are showm in

Fig. 5 for perametera actualiy used in the CaW(; mezsurements.
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The intensity I is put equal to opne so that the ardinate is the
fraction of exiited lumirescence that strikes = unit sreas, cn the photo
cell, at the polnt D, Dt.

Ons can write (7) for the case where 8, or the various g's, is sero.
This iz the case that involves oely rays close to the axis SS*. Fhyei-

2V Vew it i' ‘W’ L‘I- O‘-:-. a aet‘:.ta- o t-.?t nm ect .&-A-- VR ovonmam Al—.q,_

sicns ave =mel) comparsd 4o the distance D. In this cass {7) becomes

R, (1:8) Ro (1+Rs) ]

mo+2¢)* "mo +ue)E J(B)

../L(O.o)éw "Z{T( ~Re)j = llfD‘

Moaouthevalmofngatﬁ'te. This formula is ver; useful for
guaick computations.

To summarize, we have calcuia ted the intensity of luminesscent light,
emitted froe a luminescent center in the intericr of a slab of material,
incident cn a screen {isiecting device] in froat of amiperallsl to the
faco cf the slab, ictuoally we will use thia expression to celenlate the
emitted intensity from ihe intensity cbserved by a photoceli. WUe do mot
fulfill comrletely the point source condition, Wit in the calibration
frocedure used some, if not gll, of the error preduced by the small extent
of the source is ecmpensated for.

The index of refraction n, which appears in &ll of thess formulas,
is a function of wavelength. The effect of this 1s that the distrituiion
of lumipescence ocutside of the crystal is different from that inside,
that 1s, the observed spectrum is slightly different iram that emitted by

the luminescent centers. Ouce we heve determined thc luminsscent apsctrum
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of these crystala ws can caspule the truz spectrun fram it.
I¥. EXPERIMENTLL SQUIFYEHT AND TECHEICUES

For each crystal of CaWC; and CdW0; we will need the following
infarmation to mezsure the energy conversion from vhich we can czlculate
e guantia sfficisxcy.

e} The percent reflaction of 2537 & ultraviclet, perticulerly st
the angles we will use for the efficiency measuremeuts.

b) Tbe opticel absarption oI the meterials, especially at 2537 4,
but also at the wevelengthscontained in the smission spectrum.

¢} The indices of refraction at the wevelengths of the emission
spectrum.

d) The spectral distribution of the emipaion spectrua.

e) 4n efficiency measuremer:, i.e., a determination of ths amount
of luminescence emitted wvhen = imown zmount of epergy is absorbed im the
crystal.

£) if all of the above meesurements are at one tmuperatwrs, a
meaauremant of the fazperature dependence of the efficlency is not nec-
sssary. However, ratics cf the emissior at rom tempersture, dry ice,
and Iiguid air temperatures were chialned to coampere with powder date oo
the temperature depandence of the efficiency.

Ke Descripticn of Equipment Used tc Determine ths Spectral Distributica
All of the spectrum determinations were made with & medium Hilger

quartz spectrometer. The method that was used emploved this spectrometer
and Its assoclisted optics to ontaln a spectrum of the luminescence on a

photographic piate. Ther, without disturbizg ihia equirment the crystal
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producing the luminescence was removed end an incadescent lamp cf kmown
enission was substituted for ths crystal. In this way the spectrum ob-
tained from the phosphor 1s compared te a known spectrum and such things
as the resolution; trensmicsiss of the spectrometer, spectral response of
the recording photographic plate, etc., are then ®canceiled out."

With the aid of Fig. 6, which 1s lergely self-expianatcry, we will
consider the details of this arrangemsnt. A4ll of the emission spsctra
were cotained with the crystal excited by 2537 A ultraviclet. The 1light
scaree wvas 2 Go E. Uvlarc UV-2 quarts low pressure Hg discharge lamp
operated from an svtotransformer aupplieﬂ by the msmufactwrer. In crder
to reducs the amount of uwltraviclst that escaped into the laboratcry the
lemp s fitted with & housing containing & smell exit pori. Ths sutire
unit wes then cooled with & small bicwer. By sdjusting the amount of sir
sdxitted to the bDlower the steady state opsrating temperature couid be
closely comirollad. After & one hour wmrm-np ths Guipui of the laxp was
constant to within one or two percent over a period of two houre. If the
roca temperature changed markedly the lamp cutput also changed, some-
times to the extent that & run had to be discarded.

The light from the lamp was focused on the entrance slit of & small
Hilger single monochrametor with & gquartz lens of spproximately the same
focal length as the collimating lens of the monochrometor to obtain maxi-
mm 2ight cutput. The monochromator was adjusted for optimum transxiss-
ion of 2537 A iizht which was focused om ths crystal being stulied with
another matched quarts lens. Originaily, comsiderable light from the
more proeinent NHg linesz elso emaneted from the extit slit. Before this
could be eliminated it wms necessary to line the intsricr of all perts

e ————
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of this instrument with black mstie paper and imstall several sdcitionsl
baffles to eliminste spuricus light scattering. In addition, it was nec~
eszaTy Lo place a filter betwsen the laxp and the entrarce slit that elim-
inated all of the unuanted limes dut the 3550 A ome, whick by tilting the
crystal as described below, wes reduced to a degree that it did not inter-
fere with any of the meas remsnis. On all of the emission spectrz this
iise, a2 only this li=c, appecsred faictly superimpossd oo the spectrum.
Wes ihose moaifications the intemsity of light grester tham 3000 A
striking the crystal being studied u=s less than 0.1% of that contained
in the 2537 A 1ine.

The crycsatai vhich weas used to meintain the wrysiels being studied
at a fixed temperature i1s shown in Fig, 8., HNote that the crystal was
irclined to the incident vltraviolet at 35°, and the spectrum cbserved

L]

¢t 109, %5 the narmel. This arrangement prevented the 3650 A light from
being reflected directly into the spectrograph. This occurs in the
following way. 3650 & 1light incident on the orystal was refrected aiong
the normel of the crystal and partielly reflectsd firom its beck surface
directly into the spectremster. In spite of this arrangszent, a very
se2l) amount of 3650 A light was atill scattered into the spectrometer.
The crystal being studied wes thermelly commected with ths copper
block by embeding it in Wood's metal. Ir practice the crystal chember
wvas filled with molten ¥Wood's metal. The crystal wes then placed con the
surface of the meial and the top plate of the block iaid om it. Uith

&ll parts slightly above ths melting point of the Wood's metal, ths top

(1} ¢ o) —— oo o

plate vas screwed dour, the excess metal speving out of ne small aii:r
in the plate. thien the top was firmly fastened and the mstai had herd-
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ened, any excess metal was remsved with = tweeger. Several times it
was possible to take off the 1lid of the crystsl chazber without melting
the ¥ood's metal. Ir cyory case, the metal completely £i31-2 the cracks
betueen the crystal and the copper block.

‘the tempersiure cf the crystal being studied was not detziained
directdy, however, lbs lemperaiure of the front surfaca of the block
containing the crystal was measured with a cspper-constantan thermo-
couple. Seversl months effort was expended in an aiteapt to measure the
temperature of the exposed surfece of the crystsal, e 21ty for mees—
urenents at liguid air sznd dry ice temperztures. These atteapts were
unsuccessful primarily because no good way could be found to fasten a
thermocouple to the crystal surface that would provide sufficieat thermal
cortect to really indicaix vhzt the orystal surfeace temperature was.

For example, thermocouples, of two mil wirs were soldered to 2 mm. by

2 @, copper foil, 0.2 m!l thick, and thess in turn ware fastensd direct-
1y to & copper block, at 1liquid air temperatwre, with & very thin layer
of glyptal. The temperature indicated by this couple wes from 25 °K to
50 °K, dspending on the thickness of the glyptal layer, higher than simi-
lar thermocouples soldered direcily to the same blozk. Thermocoupies
placed in holesa in the crystals themselves aluays reed ths szms as those
on the copper block. Since CaW0; and CAW0; are fairly dense crystelline
substances ons expects that they have good encugh thermal conductivity
80 that the crystel surfaces sre only slightly sbove the teupersture of
their interior. There is no direct experimsntal evidence to suppoart
either of these suppositions. The procedizs followed when meking a run
was to pump the vacuum chamber of the cryostet down to 2070 =m. Hg. or
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tetter, then fill the coclant chamber with dry ice, ligquid asir, or water
for room tempersture mescur ements, and allow 8t lsast 3C minutes for the
crystal to reach equilitrium, 2ven though the copper block reached the
coolant temperature almost ixm=diately.

That ihe incident ultraviolet light could mot keve raised the temp—
ereture of the crystel more than 0.1 °K is shown by the fact that when
iz semg amount of ulirsviociet wms focusad on the vacum radiation ther-
mocouple, to be described below, which cortainly had considerebly less
heat capacity, its temperature changed by oaly 0.1 °x,

Accurately timed spectrograph exposures were made st liquid air,
d@ry ice, and room tempersture after the thirty mimite waiting period for
each coolant. Except for the difficulty involving the sw-face tempera—~
ture mentioned above, the crystals were at 78 t+ 2 °X vhen at licuid air
and 195 + 3 9K ‘hen at dry ice tempersture. Because it Froved difficult
to kesp ihs dry ice zcetone mixturs, or powudered dry ice vhich wuss some-
tizes used; well stirred, runms with this coolant suffered from lsrger
fluctuations that when liquid air wes used. Aleo, if the mixture wme
stirred too vigorously it supercooled. Fallowing these msasurements the
cryostat wms removed and a G. E. standsvd pyromster lamp was substituted
for the crystal. This errangement is deacribed by Fig. 7. The lamp con-~
mtedotaﬂatmngstenﬁlmntmtchedatﬁmpdnt\hero, in the
center of the filament, the colar temperaturs wms \mowm. Both the lamp
and the crystal could be very accurately located at the same point by
using a simple trick. &nimandemnthq:mlmtedmerethemtt—e
for the hotographic plate normally fitted (at the visable end of the
spectrum}. This jcoduced an image of the entrance slit of the spectrom-
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eter, as foamed by the achromst, at precisely the spot where they ehould
be located. Locating the image on the rroper spot of the lamp or cryo-

stat wvas accomplished essily by mezns of sdjustment screws thai allowsd

them to be moved harisonlally or vertically.

Thus the zpectrometer, the assocleted optics, and the vhotographic
Plates were not disturbed during an entire rum, only two different light
SUrces wers usad. Ir fNals way the specira aend a asries of exposures of
known intensity were obtained on the same photographic plste, an Eestmsn
type I. Thus ihe transmission of the spectrometer, of ths lenses, arn?
algo the mpectral regonse and the dsveloment conditions of the photo-
gravhic plates, ete.. were the zz== oo all SEpos@es.

The lanp mamufecturer supplisd ita brightness temperaturs, at the
indicated pcint on the filament, for a cwwrrent of 30.00 smperes, and the
trensmission of the glass envslope. From this data end the emissivity
of tungsten, as given by Forsythe and idems(17), the spectral distribu-
tion of the light emitiad by Uis filewent was calculated. The emiscion
of partially black bodies such e&s this are treated in detail by
Forsythe(18). The spectral distribution of the cslibtrztisg lamp iz shown
in FHg. 9.

Bscause the lemp wee on the order of 10° times trighter than the
crystel emission It wes necessary to impose & sectar wheel betweesn th-
larp and the spectrcmeter. The transmission of this wheel was about

3x 1077, This szall wvalue was obteined by plecing two pelirs of slits

on opposite edges of a disk. [he separstion of the slits could be accura-

tely adjusted by putting & asteel foll betwsen them ar2 then remcving the

foll after the slits wre securely screwed dowm. The disk wms rotated

o
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at 1750 rpm.

The pyroueter lamp wes opersted from the direct oiwrreni mains with
a battery floeting across it. The cicrent was measured with a type X
ootentiometer. Except vheve Ilsrges ziwges affectied the meins, the current
could be kept within 0.01 perceni with constant monmitoring. Since most
of the dats was taken st night, no surges long enough to causs a run to
be discarded cccicred after ds3iins operation wes sbandomed.

When calibrating the plste, exposures of 0.02, 0.04, 0.08, « « «,
10.24 minutes were =zdz. This nmethod waz sdopted when prelimirary meas-
urements indicated thet there was no reciprocliy failwre in s useful
bleckening rengs. Unfortunately, shen the dats had been completed and
the plates carefully densitscatered. it wes found that they did not com-

pletely obsy the reciprecity kw, D = I t, uhere D is the density, I, the

» —-O L=

4

nsity, and t ihe time, but did obey ithe Schwmriachild relstion(19),

D = I,tP, where p is suppossd to be & constant for a given emulsion and
development. ALctually, the wvelnes oblzined for p were werv close to unity
and constan’ so that the reciproelly fallure was not great. However, the
platss were analysed using the Schwartzchild relation by the method given
below.

Besides ths tsn calibrating exposures end the nine luminesceat spec-
tra a wavelength sc=zle was pholographed on each plate. Incidentally, it
hed been checked egainsi an iron exposure sand found to bs extremely accu-
rate. Uhen densitometering the plates, the filsment imege was turned
paralle) to ths markers on the wavelength scale and the plete then scanmed,
at a fixed wavelength, ecross ail of the exposures. Ar example of thess

densitorster tracings is contelned in Fig. 11. Then for each wavelergth

1
il
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one can coxpare the density of the luminescent spectra to the density
oblained from the calibretion curve. The process used wus to plot log D
against log t for the calibrating exposure as well es the luminescent
expeswres. Note that the Schwmrtzchild relstion can be written

JogD=log I+ logt
for the specirun exposures, ar?

log Do = log Iop + plog ¢
for the calitration exposurss. n for any time ¢

I= 150/D,

shiich 1s lust the ratio's of the ardinates of the two riotied lires. In

Flg. 12 we chow the curves obtainsd at 4250 A for cne of the C-s!-m‘—’ spectra.

B iptl & tus U for ci Meagsuremants

To meke an efficiency measurement cne must dstermine tae fraction of

bowgd  foue) ol bum) ed g BER

energy impsrted {5 a crystal thet emsrges as luminescent light. To this
end ons must be able toc measure the incident ensrgy, which in practice is
focused on & small eree 0.2 mm x 2.0 mm, and also the emitted light which
diverges eccording to the inverss square law from this poict as well as
being reduced approximately by the factor 1/n° (ses Eq. 8). The energy
available for the latter measurement is about 107> that of the former.
One does not meed to know these energies absolutely; it is sufficient to
know only their ratios. For this reason amd to put all measuremsnts on
a ccmmon basis, the incident energy is reasured with e black radistion
thermocouple and the photocell used to detect the luminsscence was cali-
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The photolube used for all messurements was a R.C.A. type 935 blue
sensitive tube. The associated circuit, showr in Fig. 13, is based on
a circuit given by Victcreen{(20). A&n $mporiant aspect of this circuit
is tr . exrangement vhereby the imput resistances K1, Ry, R3, R, can be
quickly changed. In arder to determine if the sensitivity, i.e., if the

gaivepcseter deflection, was directly proporticnal to the imgut resis-

s . i T
ey
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tance, the following test wms dove with resistences of 5 x 3105, 105,

5 x 19°, end 107 chms. & diaspiram -ith two upenings was placed in frout
of the phototube and the intensity of er incandescent lamp, some distance
from the Glephrax, adjusted so that nezr full scale dsflection was cbtain-
ed with one of the holes open and the otter closed. Eeadings were then
taian with each hols open separately and then with both open but using

a smaller inpui resistor. In this way the linesrity of the circuit usinz

thess input resistances was sstzblished. When uaing the photocell for
meagrenents the input reszistances wers chosen so thet nearly full-scale
asflections were aiweys cbiained. Cme reccant vive wound o glass enmci-

caca Victoreen resistars were used. This introduces an errar of approxi-

wenu ) [ 15 0

mately two pesreent in a1? of ithe meeswements vith the photocell that

irvrolves changivg the inpat resistors.

o

In prestizs, Uis atro drift iz the next most impartant factor that
1inits the eccurscy of this circuit. Because of thie, neasurements :mre
:Imays taken in the following wsy. The zero wes first adiuvsted, the
light to be measured sdmitted to the tudbe by opening s shuttsr, ths de-
flection noted, the shutter closed, the zero resding noted and then, if
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it wms necessary, the deflection wms carrected for a shift in the zero
Teading.

The radiation therwocouple wes constructed by H. Cartwright and is
similer to the one described in Chapter VIII of Stromg{2l). This parti-
culsr thermecouple contained twc aingle juncilion couples commected to

provide compensation for changes in ths smblant temperatwre. Its wvacuum

chasber wee conmeciad i & large charcoal irap which wes hested to 440°C,
1o activaete ihe charccal, vhenaver the chatber was evacuated. After the
initial evecuation, which requireZ ¢ howrs, e rresswe cf 3 x 207 mm vas
reached. slthovgh the thermocouple ws punped dowm to this pressure
sevaral times there wvas no Iindication that while mecsuremenis were in

progress the pressure hed ever risen tc s point vhere the thermocouple
sensgitivity was affected.

The thermocouple wes used with a Listcso-Foid chopper amplifier thet
érove a gecondary stendard type lesrge scale milligmmeter. The gein of
this anplifier chsnged from day to day accarding to the vagaries of the
mechanical chopper. Thus, in order tc use this amplifier very frequent
ceiiltration was reguirede This wes dooe using ithe "built in® test
signal. The absclute valee of the test signal wms not used, only its
constancy during ¢ givern run end this was often checked by meesuring the
volisge of the test signsl battery which wveried less than cne-half percent
durinz all rumsg,

In order to calibrate the pnotocell im terms of the radiation thermo-
couple the optical system disgrsmed in Fig. 14 was bullt. The light, of
any of the prominent Hg lines,emitied by the monochromator wes mede para-

1lel by en achremstic lems. oy meens of the two position mirror this
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light was directed either toward the photocell or the thermocouple. A
diaphram exactly the same size as the cpening io the photocell was arran-
ged, as 1s shown in the diagram, so that equal amcunts (the same solid
angles are subtended) of light strike the photocell and the thermocouple.
To calibrate the photocell the output of the monochromator was adjusted

to the desired thermocouple reading, then the mirrer wzs rotated so that

the light atruck the photoceil and its responss noted. This procedurs

was repeated mmerous times for each of the Hg lines. The spectral res—
ponse curve for the photocell so obtained is shown in Fig. 15. The
ordinate is given as mm/uv but this is only for convenience as the micro~
volt gcals is relative, rot absolute.

By adjusting the height and width of the exit slit of the monochro-

mator the image formed by the paired achromats was very nearly the size

of the “spot®™ of luminescence on the crystals studiede To a large extent
this compensates for making ¢alculations using the approximations that
the luminsscence originated from a point source. This is particularly so
gince tho 50lid angle subtended by the photocell vhen belng calibrated
was the game as when it was used for efficiency measurements.

Figure 16 is a schematic drawing of the way the apparatus was used

for the efficiency measuremerts. Since only 2537 A ultraviolet is needed

ot aw v e e b Sl

the monochromator and light source were applied in the sume way they had
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been for the spectrum measuremeni.ss The two position mirror was again
used to focus light alternately from the thermocouple to the crystal being
studied. Inasmuch as 2537 A light is not visible and since the optics
were quartz and not achromatic it proved to be difficult to focus the

2537 1line on the thermocouple, This was not satisfactoraily accomplished

¥ e e 7] Yot t Co e i :
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until the thermocouple and a luminescent uranium glass piate loceted in
the same plane as the thermocouple collector were mounted on a micro-
scope stage. Then the ultraviolet was focused on the glass and the stage
moved lateraily until the thermcccuple reading indicated that the image
was entirely on the collector. Incidentally, the image is much smaller
than the ecllecstor. Ths slage conirols are so sensitive that the image
cculd be properly located with only reasonable care.

Focusing the beeam on the cryastals was easy Lecause they were, of
course, luminescent. The accurate location of the photocell with res-
pect to the crystal, or the image on the photocell side of the calibra-
ticn setup, could be 2asily done with a simple jig. The crystal was
mounted on & stand that held a clice containing openings of different
sizes. Thess openings symmetrically surrounded the imaga. or luminec-
cent spot, and expose a series of different areas of the crystal. How-
ever, none were so small as to interfere with the primary "gpot® of
luminescence. When the luminescence was measured using the largest and
smallest openings, and with the incident ultraviolet held constant,
there was only 1 or 2%, depending on the crystal used, difference bstween
the readings. This shows that very little of the entrapped light esca-
pes, or at least contributes encugh to the components we wish to measure,
to introduce an error larger than this amount.

Once the components were properly adjusted, the efficiency measure-
ments consisted simply of alternating the 2537 A between the thermocouple
which msasured the incident energy and the crystal being studied. Fhoto-

cell 1esdings were taken for different intensities of ultraviolet and in
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this way the linear dependence of the luminescence on the incident
energy wss established.

C. The Reflection and Transzission Equipment

The reflectior measwrements were mede by standard methods, however,
Fig. 17 is included for ccampletensss. One point that should be men—
tioned 1s that there wns an uncertainty of between cne-haly snd one
degree in the angle cf :neldence dsoe o lack of Temrodecibiiity in mount-
ing the CdHD4 crystals beczuse of slight unevemmess arcund their edges.
Anctber difficuvlty wit: CdWO; will be corsidered when we discuss the

reeults of ths reflsciloz measuremenis.

4 Beckmar ocdel DU quariz oplic specircophotometer was used for the
transaission measurements. In 2ll cases the transaission wes messured
relative to ths air path in an equivalent beam. When attempling to
weasuwre e wansmission st wavelengths where the light could excite
luminescence, the photocell detected this light. In order to correct
for this a filter that wus completely copague to the ultraviolet was inter-
posed betwemen the crystal end the detzcior. Then at any given wave-
length, in the region uhere the filter is opague, the ectual transmiss—
ion is zerc and the detector response is entirely due to luminescent
light. The reading with the filter, carrected for the fact that the
filter is not 100X transperent, can then be subtracted from the rending

obtained with the detectior responding to both trensmitted snd lumines-
cent light.




5

e — ]

- 38 =
Ve MEASUFEMENTS ON CaV0; AND CAWO,

Iz all, the eificiency messurements described here apply tc two
crystals of CaWO4 and two of CaW(;. All four were obtained from the
Linde Alr Products Laboratery at Torawanda, N. Y. The CeW0; crystals
were both 1.0 mm. thick, crystal #1 was 6 mm by 10 mm and crystal #2,

6 mm.by 8 mm. Both had their "C" axis parallel to their long dimen-
sions Unfortunately, the crystals were differently oriented with respect
to the ¥a" axis. CaWO; is slightly birefringent(22) (n = 1,9105 and

n = 1,9260 at 6907 A) so that one can regard the material as isotropic
and uss the average index of refraction. Had the accuwracy of the meas~
urements warranted it the crystals could heve been oriented by X-ray
methods and accurate indices used for calculation. One can see from
Eqe. (8) that the error in the energy conversion, dus to uncartainty in
the index of refracticn, is approximately the square of the error in
the index of refraction., Except for the possibility that the index
variss from plece to piece, the uncertainties in the values given by
Haranda(22) for CaW0y, which were used throughout, are negligible com-
pared to the other errors in the efficiency measurements.

The two crystals of CdWO;, were cleaved with their surfaces perpendi-
cular to the "c" axis but not otherwise oriented. The edges of crystal
#2 were ground perpendicular to the largsest surface and slightly polishe
ed. Because of the tendency of this material to cleave, the edges
frayed slightly and no further polishing was attempted. This crystal
was 6 mme by 10 mm. ard 0.75 mm. thicke It was trensparenti though

colored pale yellows The coloring was slightly uneven. Because of
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the difficulties encountered with CAW0, crystal #2,shaping the other
one was not attempted. It wes C.90 mme thick and approximately 15 mm.
by 10 mm. and had rough edges that were somewhat discolored. This dis-
coloring zxtended into one end of the crystal in bands of approximately
2 mm, wides The unevenness of coloring in hcth crystals can probably
be attributed to the presence of an impurity or an excess of one of the
constituents, perhaps Cd. Unfortunately, accurate indices of refract-
ion for CdWO, are not available. Gillett¢{i3) gives 2.4, a value which
seems to be too highs We will describe below the attempts to detcrmine

the index of refraction for CdW0, from transmission measurements.

=

8. The Reflection Meagurements at 2537 A

It

1l.) CaWO4. The reflection of 2537 A light from both CaW0; crystals
is indicated by Fig. 18, The fact that #1 reflected two percent mora
than #2, which is 20% reflectionwise, can perhaps be explained in the
same way thai the differences discussed below for CdWO, can be explain-
ed. However, the measurements were always reproducable for each of the
crystals and for different regions on the same crystal. The measured
reflectione were used and thus this difference does not introduce an
additional error in the efficiency measurements,

2s) Cd"n'O;.. Iritlally it proved to be difficult to obtain repro-
ducable refieciion deta for the CdWOL crystals. The error in the refliec-
tion measurements is about 0.5%. Originally, the spread in the reflec-
tion data was greater than 2%, In Fig. 19 a large number of reflecticn
measurements are plotted indicating the spread found. Now the beam of
ultraviclet used for these measuremente is very nearly the size of the

luminescent ®spot™ for which the efficiency measuremsnts apply. The
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circled points, connected by the dotted lines, indicate why the repro-
ducibility is poor. The points et 109, 20°, and 30° were made at one
spot on the crystal and the other circled points at an adjacent spot with
all other parameters held constiant. This indicates that the reflection
of this material is not uniform over the surface of the crystal. The
theory of reflections from insulators predicts that the reflection co-
efficient should be higher in regions containing impurities than in

pure regions. To minimize this difficulty, the reflection measursments
actually used were made at the same spot on the crystsl that was used

for ithe efficisacy They are plotied im Fig. 20,

Ito
lo
S
o
[:)
%
1S
[ 1)
=

Al
B
.
03
&
[wY
C
=
—
—

l.) CaWdi. The transmission of both erystals for warslengths of
2200 A to 7000 A is shown in Fige 21. This shows clearly that there is
no serious absorption in the region of the emission spectrum. The region
of the cutoff is expanded in Fig. 22 which shows that crystal #2 is
slightly more absorbing than #l. This is in agreement with the obser~
vation thatv this crystal is more reflecting than the other., Figure 23
demonstrates that for crystal #2 all of the photocell response for wavs-
lengths below 2700 A is due to the luminescence excited by the light in
the beam of ths spectrophotometer. The method used to demonstrate ihis
was discussed in the section on experimental methcds. Similar dats for
crystal #1, Fig. 24, is not so clear but the same interpretation can
be made, The errors at such small transmissions are large enough so
that all of the observed response can still be attributed to lumines-

cencs.
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The mesawrements indicate thet if thin enough sumples were avail-
able there might be some transmission at 2537 A. In as much as the
absorption of 2537 A cculd not be deternined one could not determine
the distribution of luminescence along the path of the exciting ultra-
violet, Since one would like to make the assumption that all of the
observed luminescence originatcl directly below the surface of the
crystal the following experiment was performed. A beam of 2537 A
ultraviolet was focused on a very small area st the upper edge of all
of the crystalse The luminescent spot was observed with a 20 power
glass. The penetration of the ultriviolst into the crystal greater
than Os1 mms should be easily observed with this arrangement. The obser-
vations indicate that the penetration must be less than this amcunt
and thus the assumption that the luminescence originates very close to
the surface of the crystal is justiified. The same test was made with
the CAWO, sarples.

2,) CdW04. ~ Transmission data for five different CAW0, crystals
era plotted in Fig. 25, These crystals are completely opaque below
3100 A. From 3150 A to 4500 A they show a thickness dependent absorp-
tion that is probably due to an impurity since even the thickest sample
used was not completely opaque in this region. Since the emiassion spec-
trum extends from 4000 A to 6000 A, the observed spectrum is undoubtedly
affectsd to some extent by this abscrption. However, since better than
90% of the light nbserved in a spectrum determination penetrates only
a very small thirckness of the crystal, this must be a amall effect.
Crystal #, was considerably less transparent than the rest and had a

distinct cloudy appearance. No attempt was made to make any of the
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cther weasurements with crystals of this type.

4gain, the apparent transmission in the region of 2537 A was shown
to be due to the photocell detecting luminescence produced by the spec-
trophotometer 1light beam. Details of the measurenents from 2000 to
3500 A are shown in Pig. 26, and fer the resion 3000 to 6000 A in
Fig. 27.

It i5 wsll kiacwn that the transmismsion of a medium can be accurately
calcuiasted from the indices of refraction for light of wavelength tuat
is much longer than the absorption edge. The measured transmigsion for
Ca%w0, is in good agreement with that calculated from ihe refractive
indices. Deczuse the absorpiion edge of CdWO. is so close to the wave-
lengths contained in the emiegsion spectrum it 1s questionable whether
the trausmission date can be used to obtain the indicse of refraction
of this material. Unfortunately; & mcre accurate value than the 2.4
given by Gillette(13) could not be found in the literature and it was
necessary to resort to computing the index cf refraction from transmis-
sion measurements, The uncertainties in this procedure is aggravated
by the fact that cne suspecte this material is strongly birefringent.
The procedure followed was to compute the index of refraction, n, for
wavelengths in the entire transmission region, from the measured trans-
mission assuming rno absorption. Obviously, see Fig. 25, this uszumption
is incorrect ihers absorption is present, e.g., at 3700 A.

When the calculated n's were plotted against A one could not
determine by luspection the region where absorption was present. A

more elaborate procedure was then tried which ylelded seemingly good
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values of n. Data from two widely separated A 's, e.g. 5000 A and

7000 A, were used to compute the values of A and A s in Sellmeier's:

Equation

2
Rald A ____

2 . a2
PIRY

Different pairs cf /) ig vere tried until it was found that for

all /) 's above 5500 A the szme A and A g applied. Thess values,

A= 4,00 and g = <~vih A, were then used to compute the indices

needed for the calculation of the energy conversion.

The anergy con-

versions so obtained, discussed in detail below, ace imprcbably high

indicating that the indic

&5 ylelded by this procedure are too large.

This suggeats that there is sufficient absorption throughout the entire

region of the transmissiorn msassurements to invalidate this procedure.

Bansnss n2 Loller values are avallable there was no choice but to use

these admittedly unreliable indices in calculating the luminescent data.
C, _Luminescant Svectrum Measuremsnts

The spectrum measurements on the two CaW0, oryetals are shown in

Figs. 28, 29, 30, and the CdW0, measurements in Figs. 31, 32, and 33,

Same points which deviate markedly from the cluster of points can in all

but a few cases be directly sttributed to imperfections in the film,

Even so the spread of the points is greater than the preliminary measure-

ments, at room temperature; indicated that they should be.

The most

probable explaration for this is that these plates were developed under

conditicns vhere temperature cortrol was extremely difficult.

The aver-

ages of data from each crystal and each type of crystal are less than
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the experimental error and thus the differences bstween different cryst-
als are not significant. For compariscn the spectrum measursments of
Kroger(4b) are also showr with the 1liquid air measurements, Fig. 28. Note
that his specira vere obtained with powders and not single crystales.

It is apparent from the dependence of the index n and reflaction
ratio R on wavelength that the observed spectra will be slightly differ-
ent from that actuslly emitted by ths luminescent ceaters in the inter-
ior of the crystals. The observed spsctra from GaWOL and the spectra
ccrrected to the interior are shown in Fig. 34+ Both spectra are
matched at the peak of ihe obssrved spectra. Obviously, the difference
is slight so that we heave ussd the observed spectra in computing the
energy ccaversion at room temperature. In addition, tha ccaparison of
the temperature dependence of powders, also from Kroger(4c), with that
which we obteinsd 15 given in Figs. 35 and 36. The efficiency at - 180°C
is takeu as 100% for both orystals.

One may ask whether the spectra are ine sams at ths different temp-
sratures. For de04 the differences are less than the experimental error.
Also, there is no clear difference between the CaW(; spectrz observed at
7797 and 1Q29%, T he room temperature result is slightly different from
these other two as is indicated in Fig. 30 where both the 300°K and
195°K spectra ars shown, after their scale was adjusted to match the

77°K curve. In all computations the spectral distributions we obtained

were used.
D, The Efficiency Messurements

l.) CaW0,. ~ To within experimental error the luminescent light
emitisd by both crystels is a linear function of the exciting ultraviolet,




5

ad

=45 =

Fig. 37. Also, there is a marked difference between crystals. From
the ratio of photocell deflection to thermocouple deflection the energy
conversion anl the quantum efficiency given in Table I were ccmputed.

Both were determined at room temperature. The error involved in a com-

Table I

Energy Conversicn aui (uanlua Efficlency of CaW0,

Cryetai Energy Conversion guantum Efficiency
Co%i0y #1 .455 s?L-,
CaWOI’ #2 o505 0828

parison of the efficiencles i1s smaller than the observed differenca.
This difference is supported qualitatively by the observation made
during the spectrum determinationsihst one crystal always produced a
darker spectra on the photographic plate than the other crystal for
equal exp:uures.

Since it 18 difficult to ascribe these large differences to purely

experinmartal errors it is conceivable that the thermal history of the
two erystals is different enough s that an effect similar to one found
by Kroger(2,) for re-crystallized powders is also operating hers,

the degree of polarisation in the exciting radiations, if any, was not
determined. Therefore if there iz o connection batween the degree of
excitaticn and the direction of polarization, as yet unknown, the fact
that the two samples wers oriented differently would produce auch a

difference. This 1s just one of a nuuber of questions suggested by
this investigation.
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One may compare the quantum efficiencies obtained here with the
0.71 given by Kroger(4d) for powdered CaW0;. Presumably his measure-
ments were made with the equipment described by Botden and Kroger{15),
though an explicit statsment of this was not found in these papers.
There i8 no mention of a correction being made for the permanent entrap-
ment of some of the emitted luminescence, a subject previously consid-
ered 1n detail. This correction would increzse the quantum efficiency
given by Kroger ty at least 10%. Thus the efficiencies attributed to
powders and our two single crystals are in substantial agreement.

Ine error that should be attached to the efficiency measurements
is unceriain since two possible cources of error were not evaluated
explicitly, Namely, the validity of the assumption that the luminss-
sent "spot®™ in the crystal can be treated as a point, and secondly, it
was assuned that the spatial distribution of ths light intensity in the
cone of light used to calibrate the photocell was approximately thet of
the luminescence. This second possibility could introduce a large error
only if the sensitivily of ihe photocell cathode was nct uniform over
its surface. Notwithatanding, thc srror in the cawo,b effiziency is
probably not greater than 5%. With more elaborate equirment, and aome-
what larger crystals, more precise mcasurements could easily be made.

2,) CdW0,. ~ Like the CaW0, the energy conversion of the two cryst-
als of CAWQ, differed mors than the experimentsl errar as shown in
Fige 37. It was expected that these crystala would be less alike since,
&8 we described above, they differed in appearance. The quantum effic-

iencles =213 energy conversion given in Table II, wers calculated from
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the measurements using the index of refraction obtained from the trans-

mission measurements.

Table II
Energy Conversion and Quantum Efficiency of CdWOL

Cryptal Energy Converaion Quantum Efficiency

The fact that the quantim efficisncy is ©

e

ose to unity for both crystals
raises a question as to the sccuracy of the Cdi, wossurements. A
lower temperatures the quantum efficiencies are even higher, as indiceted
by Fig. 36. It is apparent that it is energeticaily possible for the
eiiiciency to be greater than unity but if only one liminescent center
is 1uvolvo'd in the process it is difficult to conceive of how the single
ocsnter may emit two quanta. However, if, in this material, there is
eneryy iransport from one cenier %o another, see e.g. Botgen(23), then

a quantum efficiency greater than unity i1s feasible.

A more lik.iy explanation is that the index of refraction we have
used is too large. This would result from impurity absorption in our
raterial increasing the measured absorption which in twrn would make
the refractive index, salculated from the absorpticn, teo large. The
high efficiency could also result from this meterial being birefringsat,
whioh again, would mean that we have uaed an incorrect refractive index,
B Puturs Hork on Cay0s and CANC,,

The room temperature results for Ca¥0, are probably relisbtle. How-

-
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ever, the chOL results and the low temperature measurements are subject
to question since zeveral propsrties, which we will enumerate below. of
these crystals are not known.

1,) =~ The refractive index and transmission of both materials should
be investigated with emphasis on crystal to crystal veriations and possi-
ble temperature dependence.

2.) = The reflection and absorption of 2537 A light should be de-
termined as a function of temperature. The lack of egrcement of our
measurements and the powder data shown in Figs, 35 and 36 can bo explain-
ed if one or both of thase quantities is temperature depsndent.

Tsion may in some way
depend on polarization of the axeciting ultraviclet and/cr the direciion
of polarization with respect to the orientation of the crystal has not,
to our knowledge, bsen investigated.

4s) - One should look for the effect of long high temperature
thermal annealing which presumably would efrect the perfectness of the
lattice.

5.) - For both of these materials it wes ascertained that only a
negligible amount of light that normally woculd havs bsen permansntly
entrapped in the crystal was scattered in the detector from parts of
the aryatals further than 1/2 mm. from the luminescent "spot." The
posaibility still exists that an apjreciable amount of scattering of
this entrapped light occurred closer to the ™spot.®*
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