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FOREWORD

This report presents the results of a study on the stability

of phosphors under high energy beta radiation. The work was performed

by Associated Nucleonics, Inc. under Contract No. AT(30-1)-2292 with

the Office of Isotopes Development, U. S. Atomic Energy Commission.

Other reports issued under this contract are three quarterly progress

reports: AN-113, AN-114 and AN-117,
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SUMMARY

In earlier work Associated Nucleonics, Inc., investigated the use

of the fission product promethium-147 in combination with phosphors to pro-

duce light sources of relatively high intensity. A development program,

jointly sponsored by the Elgin National Watch Company, was directed toward

the utilization of these light sources to activate photocells in miniature

"batteries" suitable for operating a watch or for similar applications. Such

light sources also have many direct areas of application, such as railroad

signal lights, buoy lights and airplane markers.

Radium-activated light sources, which employ alpha radiation, have

been used for many years, but they could only be used at very low light levels

because of radiation damage, potential hazard, and shielding requirements. The

present-day availability of radioisotopes, and particularly of pure beta emitters,

has made it possible to produce light sources of high enough intensity (more than

100-fold increase over radium) to make their use as a source of power in nuclear

batteries feasible. Promethium-147 was selected as a pure beta emitter of inter-

mediate energy range (0.223 Mev max.), high specific activity (900 curies/gm max.),

and reasonably long half-life (2.6 years). These properties are important to

minimize shielding weight and potential hazard while permitting high light in-

tensity. The potential advantages of the nuclear battery are dependable long

life, operability over a wide temperature range (from dry ice to above boiling

water) and high energy to weight ratio.

Surface brightnesses of 10,000 to 15,000 microlumens were achieved,

which is an order of magnitude higher than any previously reported. However,

the maximum brightness which can be obtained with an adequate life-expectancy
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was found to be limited by the stability of the phosphor. For light sources of

relatively high intensity, the decrease of intensity with time was found to be

more rapid than the rate of radioactive decay of Pm-147.

This is illustrated by the behavior of a representative nuclear power

source (designated B-5) prepared in 1957. It contained 50 mg of a red-emitting

phosphor, CdZnS:Ag(70-30), coated with 0.90 curie of Pm-147 (about 16 curies/gm)

in the form of Pm2 03. The activated phosphor, spread over an area of 1 sq. cm,

was sealed into a transparent polystyrene disc, which was sandwiched between two

silicon photocells.

After 30 months (during which the phosphor received an estimated dose

of 42 kilomegarads) the light output, as measured by the short-circuit current,

was 29% of its initial value, whereas the Pm-147 had decayed to 51% of its initial

activity. Thus the output was only 57% of the "ideal" value after 30 months.

This damaging effect would be expected to increase with the still-higher concen-

trations of Pm-147 (perhaps 150 curies/gm) which were the goal of the power source

program.

The phosphor damage could be caused by chemical effects, radiation

effects, or a combination of both. As the first step toward improving the useful

life of these light sources, it was important to isolate these effects and eval-

uate their relative contributions. To do this an experimental study was under-

taken, with the support of the Office of Isotopes Development, on the stability

of phosphors under high-energy beta radiation.

Most of the work was done with phosphor powders, of the type that had

shown promise for practical application. These included red-emitting phosphors

(cadmium sulfide), favored for battery use because their light is efficiently
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absorbed by silicon photocells, and green-emitting phosphors (zinc sulfide),

which are among the most efficient in the visual range. A limited number of

tests were made with single crystals of cadmium sulfide, with the hope of

throwing some light on the underlying mechanisms of damage. A major part of

the testing employed machine irradiation, in order to shorten the tests by

a factor of about one thousand. However, long-time tests of phosphors activated

by Pm-147 and Kr-85 were made for comparison.

In the machine tests, thin layers of phosphor powder supported on a

water-cooled metal plate were exposed to mono-energetic electron beams for

periods of 1/2 to 4 hours, at beam energies from 0.2 to 0.75 Mev. Scanning

was used to test a number of samples simultaneously. The luminescence was

measured before and after irradiation, using ultraviolet light and beta radia-

tion from a strontium-90 source as independent methods of stimulation.

Considerable delay was encountered in obtaining the use of machine

facilities meeting the special needs of this work. These required an acceler-

ator in which the beam energy could be varied accurately and conveniently down

to relatively low values, and which could be adapted for use with horizontal

samples in a vacuum chamber. Vacuum was required in order to eliminate the

beam energy distortion caused by a window, particularly at the lower energies.

Because of the delay in locating a suitable machine and the problems of modi-

fying it for use, the number of useful tests that could be carried out was less

than planned.

Three sets of irradiations were carried out. The first two were done

using a Van de Graaff with the samples in the air, the first at 0.5 Mev and the

second at 0.7 Iv-v. A third set of irradiations was then carried out in vacuum
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and covered a range of energies from 0.20 to 0.75 Mev and a range of doses

from 8 to 26 kilomegarads. These were done with a Cockroft-Walton acceler-

ator, using a specially designed vacuum chamber.

The first irradiation was exploratory. In the second irradiation

a group of 22 samples was used and yielded fairly consistent data. The re-

sults showed that appreciable damage could be detected for doses of the order

of 10 kilomegarads at 0.7 Mev in air. Samples coated with samarium oxide, to

simulate promethium oxide chemically, behaved the same as the uncoated samples.

Likewise, samples prepared in the form of a paint, using an adhesive employed

in commercial radium-activated paints, showed the same damage-dose pattern as

was observed for the untreated phosphors.

The third group of samples, irradiated in vacuum, gave visual as

well as analytic evidence of having received non-uniform treatment. This was

attributed to overheating of some sections of some samples, with the red samples

as a whole appearing better than the green. From consideration of consistency

of the results, and on the basis that the brightest samples in a given group

were the "best", a selection of samples was made for which the data were analyzed.

This resulted in a set of relative cross sections for defect production at

different energies; a value of the threshold energy of 170 key, implying a dis-

placement energy for sulfur of 14 ev; and an estimate of the half-life for pro-

ducing radiation damage in a 20 curie/g Pm-147 light source of 76 years at the

initial damage rate.

As expected, damage increased with electron energy in the accelerator

tests. Green phosphors showed about the same rate of damage as red phosphors

in these tests. However, in the radioisotope tests their damage rate was
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considerably higher, both with krypton and promethium. This supports the

view that the damage behavior is dependent on the chemical composition of

the phosphor. In the third set of irradiations a group of 5 different phos-

phors was included in order to study this question further. However, the

results were inconclusive.

The damage rate of the red phosphors under irradiation by krypton-

85 (max. beta energy = 0.67 Mev) was about the same as with 0.7 Mev electrons.

Since krypton is a chemically inert gas, the damage could be attributed entirely

to radiation effects, With promethium-147 the damage rate to red phosphor was

5 to 10 times as high as with 0.2 Mev electrons. This indicated that the

phosphor damage caused by promethium is predominantly due to chemical or physical

causes other than radiation. In terms of battery development this is a hopeful

result since it leaves open the possibility of finding and eliminating these

other causes of damage, or of selecting or developing phosphors less subject

to such damage.

Two qualifications must be placed on the preceding paragraph. First,

in view of the experimental difficulties encountered and the assumptions involved

in interpreting the results of the vacuum irradiations, more tests of this kind

should be made. Second, the assumption that the radiation damage is purely dose-

dependent (and independent of rate of irradiation), on which comparison of the

electron-beam and radioisotope tests depends, should be verified.

A theory of the cumulative effect of radiation on luminescence was

worked out based on the simplest model which might be adequate. This makes the

reciprocal of the relative luminescence a linear function of the dose. This



S.6

relationship has been tested for many cases. Agreement was reasonably good

in most cases. However, it varied in a few cases from very good to only

fair. This type of relationship allows a characterization of the phosphor

behavior by giving the dose required for a particular amount of damage (the

50% damage point was adopted for convenience). The theory also predicts that

the apparent damage is in general dependent on the excitation level. This

effect has been verified experimentally by varying the ultra-violet intensity.

Since the theory is based on a competition between radiation-produced ground

states which are non-radiative and originally-present ground states, some of

the factors favoring radiation resistance are a high concentration of ground

states and a relatively high cross section for radiative recombination (these

may depend on composition and the preparative methods). In addition, one would

want a low cross section for producing by radiation new ground states (dependent

for a given energy on atomic weight for displacements) and high displacement

energy (high bond strength).

Some CdS single crystals were studied. Exploratory work to determine

a suitable property to serve as a measure of damage included a neutron irradia-

tion at Brookhaven National Laboratory in an unsuccessful attempt to develop

color centers. A method for using relatively thick crystals by exciting only

the surface with ultraviolet was worked out on specially prepared (Eagle-Picher)

doubly-activated single crystals. A few crystals were put in the third irradi-

ation but there is too little data to warrant a detailed analysis.
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Chapter 1

INTRODUCTION

The objective of the experimental study reported here was to

obtain information which might be applied to improving the life of phos-

phor light sources activated by beta emitters.

The need for this information became evident in the course of

earlier work on the use of fission product promethium-147 with phosphors

to produce high-intensity light sources. A development program, jointly

sponsored by the Elgin National Watch Company, had been directed toward

the utilization of these light sources with photocells in miniature nuclear

batteries suitable for powering a watch or for similar applications (1.1).*

In addition, these light sources have many direct areas of application,

such as railroad signal lights and buoy lights. Surface brightnesses an

order of magnitude higher than any previously reported have been achieved.

However, the maximum brightness which can be obtained with an adequate life-

expectancy was found to be limited by the stability of the phosphor. At

relatively high light levels, the rate of decay of light sources was found

to be greater than the rate of decay of Pm-147. Whereas Pm-147 has a half-

life for decay of 2.6 years, the best experimental result, observed with two

nuclear batteries measured over 2.5 years, was a half-life of about 1.5 years,

based on short-circuit current. This implies that, in addition to the loss

of the radioisotope through decay, there is a loss in efficiency of the phos-

phor with time. It is obviously very important to understand this loss in

efficiency if one is to achieve improvement in performance.

The activated phosphors were prepared by the chemical deposition

*Numbers refer to a list of references which will be found at the back of

the report.
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of a thin gelatinous layer of the hydroxide of the radioisotope (Pm-147)

on each particle of the phosphor dispersed as a slurry, after which the

phosphor was washed and dried. Thus, one may expect ordinary chemical and

physical effects to play a part in the loss in efficiency. In addition,

the effect of high energy radiation may be important, either alone or in

combination with other factors. It was impossible to separate these effects

and study them independently in the actual light sources. Therefore, it was

necessary to devise an experimental study in which this could be done. This

report deals with such a program, supported by the AEC Office of Isotopes

Development.

State of the Art

Although a great deal of work has been done on radiation damage,

papers concerned with basic mechanisms are relatively few. This is particu-

larly true where high-energy-beta effects on phosphors are concerned. A

review of the literature showed that there was almost a complete lack of

data in the range of beta energy of interest. This energy must be high

enough to effect the displacement of atoms from lattice sites with the

creation of vacancies and not simply high enough to induce ionization ef-

fects alone, although the latter are important also. Using a relativistic

equation to determine theoretically the maximum energy transferred in an

elastic collision, the threshold radiation energy for producing a displacement,

if the displacement energy is 25 ev, is 0.10 Mev for lattice atoms of atomic

weight 10, 0.41 Mev for weight 50, and 0.68 Mev for weight 100.

In view of the magnitudes of these energies, it is perhaps not sur-

prising that experimental data are not available. The range of electron energy

*See footnote, page 1.15
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of greatest interest for the commercial application of phosphors to cathode

ray tubes has an upper limit of about 20 key. A reference is occasionally

found to behavior at 50 key. If one turns to the mass of data being com-

piled with respect to radiation effects to materials used in or about a re-

actor, the emphasis has been, as one would expect, on structural materials

in neutron and gamma fields. A fair amount of work has been done on associated

components, including materials used in optics and electronics. Some studies

have been done on metals and semiconductors which are fundamental in character.

Smith and Turkevich (1.2) have reported on the damage to a phosphor

irradiated at Brookhaven National Laboratory in a mixed neutron and gamma

field. Since the field was not well defined, quantitative estimates of damage

in terms of neutron exposure could not be made. Furthermore, no attempt was

made to determine an energy threshold.

Program

A research program was proposed (1.3) to the AEC, in which part of

the work was to be carried out with phosphor powders and the balance with single

crystals. The single crystals were included with the hope of obtaining informa-

tion on a well-defined material characteristic of the matrix of the phosphor

powders.

The major part of the work has consisted in an empirical study of

the damage threshold energy, and the efficiency versus dose at a given energy,

for a number of phosphor powders of various compositions (including a red cad-

mium sulphide silver-activated phosphor powder known to have good efficiency

in nuclear batteries). This work is described in Chapter 3. The remainder

of the effort was directed primarily to efforts to obtain similar data with
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single crystals of cadmium sulphide and is reported in Chapter 4.

Electron accelerators were used in most cases as a source of

electrons rather than radioisotopes in order to reduce the time of these

tests as well as to provide an almost mono-energetic beam of controllable

energy. However, some radioisotope comparison sources were made using Pm-147

and Kr-85 and their long-term behavior observed. The electron accelerators

used and experimental arrangements are discussed in Chapter 2. The work on

the radioisotope sources is presented in Chapter 5.

Nature of Phosphors (1.4)

It is useful to have some solid-state conceptual background as

a point of view from which to consider the problem of phosphor stability.

The following discussion is limited to crystalline solids of sufficient

perfection to lend themselves to a theoretical treatment. In making this

limitation, it is recognized that good real phosphors are more often works

of art than science. Nevertheless, a certain amount of insight into these

systems is expected from considering idealized ones.

Energy Bands in Solids

The quantum mechanical description of a conservative system con-

sisting of a single electron moving in some potential field may be made in

terms of a set of allowed wave functions. Each wave function * corresponds



1.5

to an allowed value for the energy of the system. The square of the ampli-

tude of the wave function at a point gives the probability per unit volume

that an experiment will locate the electron there.

One point of view for the formation of bands may be obtained by

considering the approach of two isolated H atoms each of which has an allowed

spherically symmetric energy state. Since the value of f goes to zero quite

rapidly at distances from the nucleus of the order of atomic spacings, the

electron of one nucleus is essentially absent from the field of the other and

there is no interaction until they are relatively close. When they are close

there are two possibilities for the combined *'s:

either (1) *a + 4b or (2) *a --b as shown.

$A *B

A B

a) far apart

A BB

(1) (2)

b) close together

By studying the diagram it is evident that in case (1) the electrons

are spending an appreciable time between the nuclei and hence help bind them

together. This is not true for case (2) where 4 is zero midway between nuclei.
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Thus case (1) represents a more stable or lower energy system. It will be

noted that the original single energy level has been split into two for two

atoms. If N atoms are brought together there would be a splitting into N

different energy levels. Thus the band is formed. It may be noted that

there is a conservation of the total number of energy states. The width of

the band is determined by the closeness of approach of the atoms (or lattice

constants) as one might guess from the above. It is also determined by how

tightly the electrons are bound to the nucleus (fall off of * with distance).

Since each atom has a number of different energy levels there will

be this same number of bands formed. Each of the N levels in a band can be

occupied by 2 electrons of different spin. Thus if each atom contributes

one valence electron to the band, the band will be half full (more generally

part full) and the solid will possess the properties of a metal (alkalis).

If each atom contributes two valence electrons the band will be exactly full

provided no other bands overlap it in energy. All states in a band being full,

an applied electric field cannot cause the electrons to change their state

(accelerate). Thus filled bands do not contribute to conductivity.

A solid is an insulator if the uppermost band containing electrons

is filled and it is separated from other bands above by an energy gap >>k1T

(kT = 0.025 ev at room temperature). The alkaline earth metals are not in-

sulators because of band overlap. The energy gap in diamond, a good insulator,

is about 6 ev. Silicon and germanium have the same valence and crystal structure

as diamond but are semiconductors; the energy gap here is about 1 ev.
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In pure silicon and germanium conduction is permitted because at

temperatures above 00 a very small fraction of the electrons in the valence

band are thermally excited to the next band (conduction band). The loss of

an electron from a chemical bond permits the relatively free motion of an

electron from an adjacent bond. Instead of speaking of electron transfer

it is equivalent to focus one's attention on the motion of the vacancy which

must bear a positive charge. There are then holes present in the valence

band which conduct also. In this case (intrinsic conduction) the number of

conducting electrons and holes are necessarily equal. The Boltzmann factor

makes the conductivity rise with temperature.

o 0 0

Energy Gap

valence band

Energy Bands and Impurities

The presence of impurities (or imperfections in general) leads to

the introduction of new sets of energy levels associated with these impurities.

Consider as an example a material such as Si or Ge with tetrahedral covalent
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bonding. If the impurity in Si or Ge contains more valence electrons than

the four needed to make the bond, the extra electron(s) may be freed rela-

tively easily for conduction. The energy level for this process must then

lie above the valence band. Such impurities are called donors and, if the

number of donor conduction electrons is far in excess of the intrinsic number,

conduction is primarily by electrons and we talk of n (negative)-type material.

If the impurity atom contains too few electrons, it may remove some readily

from normal valence bonds producing positive holes. Such an impurity is

called an acceptor and, when hole conduction dominates, the material is said

to be?> (positive)-type. The energy band pictures are then:

&E donor acceptor

levels _ _ _levels
AE

n-type p-type

AE measures the energy either to excite an electron from donor levels to

the conduction band or a hole from acceptor levels to the valence band. If

both kinds of impurity are present, it is the excess of one type of carrier

over the other which determines the impurity conductivity. If the impurities

are completely ionized at low temperatures, the density of carriers will not

vary markedly with the temperature until the contribution from intrinsic con-

duction becomes comparable to that from impurities. At high enough temperatures,

the conduction becomes intrinsic again. The temperature at which this occurs

obviously depends on the value of the energy gap so that the difference in

behavior between diamond and Si is one of degree, not of kind.
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Since imperfections are foreign to the general nature of the crystal,

there is often relatively weak interaction (coupling) with the crystal and thus

with remote imperfections and this helps maintain the discreteness (absence of

broadening) of the local levels. There may be considerable * overlap (inter-

action) for upper excited-state levels of closely spread impurity atoms thus

setting an upper limit on the concentration of impurities which can act as

essentially independent radiative oscillators. Impurity elements with occupied

but unfilled inner shells (e.g. rare earths) may permit electronic transitions

between shielded discrete inner levels and thus produce sharp lines of excita-

tion and emission similar to those obtained from isolated atoms.

Luminescence

Luminescence is a general term for the process by which energy is

absorbed in matter and re-emitted as visible or near visible radiation es-

pecially if the primary exciting quanta are larger than about 1 ev. The initial

excitation may be by light, charged particles (alpha, beta), X-rays, mechanical

strain or chemical reaction. Thermal excitation leading to thermal radiation

is not included. The general position of optical excitation bands shows that

electronic processes rather than vibrational waves are involved.

The ability of a material to luminesce has been frequently related

by chemical preparation methods to the presence of a minor amount of some con-

stituent. Such constituents are, therefore, called activators. Thus a chemically

pure ideal crystal of ZnS probably luminesces very feebly if at all. The presence

of one part is ten thousand of certain heavy metals (Cu, Ag, Au, Bi, Mn) plus a

proper heat treatment causes the material to luminesce. The need for the acti-

vator has given rise to the notion that an "active center", associated with the



1.10

activator atoms or groups of these, is responsible for the luminescence.

A phosphor is a crystalline luminescent solid. One method of

subdivision is based on whether or not photoconductivity is observed as

a necessary part of the luminescent process. ZnS:Cu is an example of the

class of photoconductors; KCl:Tl is a representative of the other class.

If the emission occurs during the excitation or within an in-

terval of 10-8 sec later the process is called fluorescence. The simple

process by which an excited atomic state is allowed to lose energy by an

electronic transition to a lower state with the emission of visible light

is known to have a lifetime for the excited state of 10-8 sec. The word

"allowed" here refers to selection rules which govern transitions between

states. In isolated atoms certain transitions are "forbidden". Incorpora-

tion of these atoms in a crystal may perturb the original energy levels so

as to allow such transitions.

-8
If the emission occurs over a longer interval than 10 sec after

excitation has ceased, the process is called phosphorescence or afterglow.

Afterglow periods have been observed ranging from microseconds to hours.

This implies a mechanism by which energy may be stored for relatively long

times. One such mechanism involves excited states with "forbidden" tran-

sitions to a ground state. Further excitation is needed before radiation

can occur. Another uses the general concept of a trapping state (without

specifying its nature) for an electron from which it is freed only by the

addition cf an activation energy. The analogy to this situation commonly

given is that of a ball trapped in the crater of a volcano. A small amount

of energy must first be fed in to obtain an over-all release of energy.
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A detailed examination of the decay characteristics of luminescent

materials indicates that there are two broad classifications. In the first

case, one finds a simple exponential decay

(1) I = Ioe -at

and, if the decay is too fast to measure, presumably the constant a is greater

than 106 sec 1. In the second case, in addition to the possibility of finding

type (1) decay, there is a longer-time component which satisfies the equation

(2) I = 3 +
(pt + 1)n

in which 0 and n are constant, n being of the order of 2.

Case (1) is similar in form to the rate equation of a monomolecular

reaction. It is thought to involve simple excitation followed by emission

with the energy remaining localized in the active center. If the decay con-

stant is not independent of temperature, it is concluded that emission is

preceded by an activated rearrangement of atoms in the excited center. The

temperature dependence is given by

(3) a = Ae-E/kT

where A and E are constants of the material, E being called the activation

energy. Willemite is type (1) decay with a independent of T. The long-lived

components of the T1-activated alkali halides obeys equations (1) and (3).

Most of the materials valued for their long decay obey equation (2)

which is similar to that for a bimolecular reaction. On careful examination,

several of these phosphors have been shown to become photoconductive when ex-

cited with UV. This suggests that some atoms are ionized during excitation

to produce electrons in the conduction band and that luminescent radiation

is emitted when the free electrons recombine with the ionized centers. The
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constant 0 is sensitive to temperature with an equation similar to (3) above,

i.e., involving an activation energy. This suggests that a fraction of the

excited electrons are not free but are rather located in traps. They are re-

leased from these ordinarily by thermal fluctuations after which they may be

retrapped or returned to the center of origin. In many common phosphors, more

than one depth of trap is present and a series of terms of the form of equation

(2) is needed to represent the decay curve.

Recombination Mechanisms

The band model for insulating crystalline solids has been applied

with success to phosphors of the sulfide and silicate type in a qualitative

way. The figure on page 1.13 is an example of the usual schematic model.

Electrons may be excited either from the top of the valence band to the con-

duction band in the primary excitation process or they may be raised from the

ground state of the luminescence center. The hole created in the full band in

the first case may capture an electron from the luminescent center. If this is

true then either case above will result in a depletion of electrons from the

luminescence centers. Electrons in the conduction band may then either re-

combine with the luminescence center with the emission of light or be captured

by electron traps. Phosphorescence is then due to the subsequent release of

the trapped electrons. The probability (p) for release per unit time depends

on the depth of the trap (E) and temperature

p =1 -= AeE/
t

where t is the mean time for escape and A is 108~1sec
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Conduction Band

- Electron Traps

-- Filled Band

In a different model proposed for sulfides with univalent acti-

vators such as CdS:Ag, the steps of the process are taken to be:

(1) excitation (2) hole migration (3) hole capture resulting in luminescence

(4) electron migration and (5) electron capture (non-radiative). The hole

is captured first since the activator (Cu+ or Ag+ replacing Zn++ or Cd++)

has an effective negative charge. After hole capture the activator being

neutral may capture an electron. The decay of luminescence is much more

rapid than that of photoconductivity (100 times at 770K). The model is in

agreement with this by providing an attractive potential at the activator

for a hole but a repulsive or zero potential (neutral) for an electron.

Independent photoconductive experiments have shown that holes are trapped

more rapidly, the photocurrent being predominately by electrons. Finally,

the presence of Cu or Ag in the ZnS does not make the material paramagnetic

in the ground state which would be true if Ag++ or Cu++ were present rather

than Ag+ or Cu+.

Although the preceding section mentions the possibility of electron

trapping only, in general the possibility that holes are trapped also must be

considered. If radiation of the proper frequency is used (A E in energy band
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picture, page 1.8), the trapped particles may be released and the decay

process hastened. This forms the basis for what is called infrared

quenching of the afterglow if the decay process is now non-radiative.

A similar process involving two activators, the second of which acts as

a deep trap (e.g. SrS:Ce, Sm) is called infrared stimulation, since in

this case the released particles result in emission.

Effect of Radiation on Matter (1.5) (1.6)*

The development of nuclear reactors has provided impetus for

the study of the effects of radiation on solids. The possibility that

energetic neutrons and fission products might displace atoms from equi-

librium positions was recognized as early as 1942. It was anticipated that

serious technological problems might result from property changes produced

by the severe irradiation of a solid (as well as advantages in some cases).

The interpretation of the changes in properties observed is given

at present in terms of the production of several types of defects by the

radiation. These defects include vacancies in the lattice, interstitial

atoms and (by neutron transmutation) impurity atoms. In addition to these

simple collision effects one may find replacement collisions, a cascading of

the displacement process (displacement spikes), regions of high temperature

pulses (thermal spikes), and extensive ionization effects.

In the following, the discussion is limited to radiation using light

charged particles such as electrons, protons, deuterous and alpha particles.

First, one considers particles whose velocities are in the non-relativistic

range. Then the exchanges of energy and momentum between the nuclei depend

*Numbers refer to references at end of report.
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on the presence of the Coulomb field sometimes modified by electron screening.

Very distant collisions may be handled as hard elastic spheres. In the energy

ranges of interest, the calculations may be done with good accuracy by the use

of classical mechanics.

*
The maximum energy transferable in a head-on collision is readily

shown to be

Tm = (4M 1 M2 /(M 1 + M2)2)E

where E is the energy of the incident particle.

The displacement process due to electron bombardment cannot be com-

puted so simply since the high velocity requires a relativistic treatment.

The corresponding equation for maximum energy transferred is

2(E + 2 mc 2 )
Tm Mc2  E

M2c

where m = mass of electron with kinetic energy E. The total cross section

rises steeply from zero at the threshold energy and approaches a constant

value for Tm >> Ed, where Ed is the displacement energy.

*Segre E, Editor, Experimental Nuclear Physics, New York, 1953, Volume II,

Chapter I.
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Chapter 2

MACHINE IRRADIATIONS: EQUIPMENT AND PROCEDURE

Three sets of machine irradiations were carried out. The first two

irradiations were made on phosphor powders using two different Van de Graaff

accelerators at constant beam energy for each run. These instruments were

located at High Voltage Engineering Corporation in Burlington, Massachusetts.

The third set of irradiations was made in vacuum on phosphor powders and single

crystals in a Cockcroft-Walton machine at various electron energies. This

accelerator was located at General Electric Company in Schenectady, New York.

To determine the threshold energy for damage, exposures over a wide

range of energy, perhaps 0.20 Mev to 0.75 Mev, are necessary. It is the usual

practice for electron accelerators to deliver their beam through a thin metal

window to material situated externally. This method produces progressively

larger fractional losses of energy as the beam energy is lowered. In addition,

there is an ever-increasing distortion of the electron spectrum from its original

essentially mono-energetic nature. While the first of these two difficulties

could be compensated for by an increase in exposure time, the second leads to

ambiguities in interpreting experimental results. For these reasons, it seemed

desirable to carry out the third irradiation within the machine. The attachment

of a sample chamber, which could be evacuated, to the irradiator was required.

This chapter of the report covers the description of the machine,

auxiliary experimental apparatus, details of the irradiation conditions and

dosimetry for each of the three irradiations.
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First Irradiation

The Van de Graaff accelerator used for the first irradiation had a

peak rating of 2 Mev at 250 pa with a minimum voltage of 0.5 Mev. The installa-

tion contained a conveyor belt for transporting samples beneath the window. The

irradiator contained two thin aluminum windows in series. The first, a 5 mil

window, produced a 1/8 inch wide beam (2 Mev) at its outer surface. The second

window (used to protect the first) was positioned 1/2 inch to 3/4 inch away and

the beam width outside of it was about 1 inch. The beam width is greater at

lower beam energies. Measurements of the beam profile were made by means of

a Faraday cup.

Experimental Apparatus

Phosphor samples were irradiated in special aluminum containers which

were designed to hold a thin, uniform layer of powder. The layer had to be thin

enough to insure almost uniform irradiation effects with depth, and yet thick

enough to absorb a meaningful amount of beam energy. A metallic support was

necessary to help cool the sample during its irradiation, yet produce a minimum

of back-scattered, degraded radiation. Furthermore, the supporting surface had

to be thin inasmuch as one of the subsequent tests of sample damage required beta

radiation from an isotope source to pass through the support and to excite the

sample to luminescence. Finally, the design had to permit the sample to be

transported undisturbed to and from an irradiation facility some miles away from

the Associated Nucleonics laboratory in Garden City.

The phosphor-holder which evolved from the above considerations is

shown in Figure 2.1. An oval depression 6 mils deep and 0.115 in2 (0.74cm2 ) in
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area is machined in a 0.020-inch-thick aluminum rectangle 0.65 inch by 0.8 inch.

The holder weighs 0.5 gm and holds 14 mg of sample (20 mg/cm2) when ZnS powder

is pressed into the depression and cleaned off flush with the top surface. After

being irradiated by an electron beam incident from above, the phosphor-holder is

covered by a thin glass slide to protect it during handling and testing.

The aluminum phosphor holders were held in place on a water-cooled

heat sink shown in Figure 2.2. This heat sink was fabricated of copper and con-

tained four parallel rows of aluminum brackets which held the sample holders in

good thermal contact with the top copper plate of the heat sink. Water connec-

tions were at diagonally opposite corners to insure proper circulation of the

cooling water.

The heat sink was bolted to an Eberbach laboratory shaker which served

as a transport mechanism for moving the samples through the electron beam. This

shaker had a 1-1/2 inch stroke with a variable frequency but was operated at one

cycle per second during the irradiation. The shaker was in turn mounted on an

adjustable platform which was installed beneath the beam by removing a section

of the normally used conveyor belt.

Details of Irradiation Conditions

Before starting the irradiation, some profiles of the beam were run,

using a Faraday cup with a 1/8 inch hole in an upper metal disc about 2 inches

across. At 3/8 inch from the window, the expected Gaussian distribution was

not obtained. This fact was attributed to scattering of the beam between the

top of the cup and the bottom of the window flange (about 6 inches x 20 inches).
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Thirteen samples of 2 phosphors were prepared and weighed, seven

red CdS:Ag (0.005) (U. S. Radium 1527, 8 micron) and six green ZnS:Cu (0.01),

(Sylvania TTP542, 7.5 micron). They were placed on the heat sink alternately

in a row adjacent to an edge. The heat sink was aligned with the beam with

the aid of exposures of Ozalid paper. Smears of Tempilac were placed on the

top surface at the other edge of the sink out of the beam and a thermocouple

fastened down by strips at the same relative position. Cooling water flow

rate was 3 quarts/min.

Some of the samples were run for 1 hour, and some for 2 hours. The

machine could be overloaded somewhat, so it was run at 280 ua and 0.5 Mev. From

an ozalid exposure, the width of the beam was estimated to be about 1-1/8 inch

(to a definitely noticeable fall off in intensity) and the equivalent length

(if rectangular) was 8-1/2 inches. This is about 3.4 pa/cm2 over the swept area.

Before starting the actual run, a piece of cellophane was exposed for 30 seconds

with oscillation in the same position the samples were to be placed. The samples

were then put in place and a blower started which removes ozone from the room

near the irradiation. The thermocouple meter reading was the same before and

throughout the run. The samples were exposed 20 minutes, and examined. There

was no apparent change. The exposure was then continued. By shutting off the

room lights, one could see in a mirror system the samples glowing brightly each

time they passed through the beam. After one hour, 3 red and 2 green samples

were removed. After two hours, the rest were removed. The Tempilac smears had

not melted (lowest melting was 450C). The red phosphor samples were slightly

darker than before; the green samples were visually unchanged.
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Dosimetry

Dose rates were estimated in several ways during the initial irradia-

tion at High Voltage Engineering. In one method a Faraday cup was used to

determine the beam profile. The best method was the bleaching of colored cello-

phane. An Ozalid exposure was also taken of the beam but this was unsatisfactory

since it did not necessarily give the true dimensions of the beam.

The bleaching of cellophane strips indicated an exposure of 40 mega-

rads/minute to the samples.

Second Irradiation

The second phosphor irradiation was conducted at High Voltage

Engineering Corporation, using another Van de Graaff. This machine had a max-

imum current rating of 1.67 milliamps at 1.5 Mev. The installation is almost

identical with that previously described for the first irradiation. Two aluminum

windows in series (one two mils thick and the other five) were set in a heavy

flange. The windows were approximately 1" wide by 20" long. Measurements of

the beam contour could be made using a Faraday cup on a large plate.

Experimental Apparatus

There was one change in the apparatus, consisting of a small reduction

in the overall size of the phosphor holders, without however affecting the de-

pression containing the powder. Formerly, the outside dimensions of the holders

were 0.65" x 0.8"; the holders used now were 0.55" x 0.8", permitting more samples

to be irradiated at one time, for greater efficiency in the use of the beam.

The heat sink was used in the same manner as was described for the first

irradiation, except that the shaker was not used. The samples were not moved
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during the irradiation but instead the beam (roughly 1" diameter) oscillated 13"

center to center.

Details of Irradiation Conditions

The conditions for making the run had been predetermined by finding

what stability the machine had at energies less than 1 Mev. The beam was centered

with an Ozalid strip. The total current was then obtained using a Faraday cup on

a large plate. Losses in the beam window were thus determined directly and are

given in Figure 2.3.

Before starting the run, some Faraday cup data were taken to determine

the beam contour (Figure 2.4). The data exhibit a rise under the flange, at-

tributed to scattered electrons as noted in the first irradiation. Since the

Faraday cup indicates total current without regard to the energy of the electrons,

it may give misleading readings as far as dose rate is concerned. It was said

that the Faraday cup data were trustworthy near the center. A contour was also

taken by exposing blue cellophane. The transmission changes were determined with

a spectrophotometer and converted to doses (Figure 2.5). After the run, another

cellophane strip was exposed with metal straps holding it in a position equiva-

lent to that of the samples. The strip was read and data plotted (Figure 2.6).

Samples of both cellophane strips were taken for independent evaluation at Garden

City.

A set of phosphor powder samples was prepared for the second Van de

Graaff irradiation and measured beforehand. Red (R) and green (G) phosphors,

samarium-coated and uncoated, were used. A schedule was set up for removing some

samples and replacing some of them with others. In this way, the following times



FIGURE 2.3

WINDOW LOSSES vs BEAM ENERGY

40

7- mil Double
30 Window System

Data From H.V.E.

tU)

o 20
m

o, 0

ae 10-

0

0.4 0.8 1.2 1.6 2.0

Beam Energy , Mev (by gen. voltmeter)

ASSOCIATED NUCLEONICS, INC.

Report AN-121 F24U





FIGURE 2.4

FARADAY CUP CONTOUR

65)o, 0.75 Mev
28/64" below flange

Data From H.V.E.

ASSOCIATED NUCLEONICS, INC.

Report AN-121 F25U

I I IIa - m - I - U I ~

2 I 0 I

Distance from Arbitrary Zero , inches

2

.5-

4.-

.3-

N

E

v

4-

C

C
a

L

.2.I-

0 Nv/





FIGURE 2.5

CELLOPHANE CONTOUR

16-

14-

12 -

10-

ASSOCIATED NUCLEONICS, INC.

Report AN-121 F26U

1.5

Distance Across Axis of Scan , inches

N
'4

804a beam
0.75 Mev
90 sec. exposure
13 "scan

Data From H.V.E.

/
I

40

a

U)

(0
0

8

6

4

2

0
-.5 0 .5

,





FIGURE 2.6

RATE

Cellophane Film

on holder

IOOpa, 0.75 Mev

60 sec.
13"scan

Data From H.V.E.

Distance ,inches
ASSOCIATED NUCLEONICS, INC.

Report AN-121 F27U

DOSE

12

10

'0
-0

0:U)

8.

6.

w

0

4

2

0
.5 I

I m





2.7

of exposure (2R means two red samples, primes are coated) were obtained during

a 4-hour run:

2R', 2G' 1/2 hour

2R', 2G', 3R, 3G 2 hours

2R', 2G' 3-1/2 hours

3R, 3G 4 hours

The samples were held on the heat sink, twenty being arranged centered

in a row about 11" long. The beam energy reading was 0.75 Mev and the total beam

current was 1.5 ma.

The temperature of the sink was monitored with an iron-constantan

thermocouple held down by one of the rear edge aluminum straps. The water flow

was set to 4 liters/min and when measured directly with a thermometer gave 190C.

The thermocouple reading before starting was 200C. During the first 1/2 hour,

a maximum reading of 340C was obtained. After 33 min of the last 2 hours, a

temperature of 600C was noted, whereupon the run was stopped. It was found that

the water flow had been cut off. The water flow was started again. After 55

min of the last 2 hours, the temperature was 310C, and after 1 hour and 58 min it

was 370C.

Dosimetry

At High Voltage Engineering the dose rate over the target area is

found by means of a piece of blue cellophane whose transmission is a measure of

the dose it receives. In the following, the dose as measured by the cellophane

is compared with the dose computed from electron current and energy.

The dose profile on the two cellophane strips was measured by the High

Voltage Engineering (H.V.E.) group and, independently, at Garden City. The
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results obtained at H.V.E. are shown in Figures 2.5 and 2.6; at Associated

Nucleonics' (A.N.) are shown in Figures 2.7 and 2.8. The AN measurements are

higher. However, the shapes of the dose curves are in substantial agreement

(note that the AN measurements were made with the strips reversed when compared

with the H.V.E. measurements). The calibration curve used to convert trans-

mission changes to dose (based on data from H.V.E.) is given in Figure 2.9.

The dose which these measurements indicate is a surface dose. The

average dose in the target up to the extrapolated range of the electrons is

calculated to be 1.1 times the surface dose. A dose of 1 megarad is defined

as the absorption of ionizing energy to the extent of 10 watt-sec per gram.

Thus the dose rate at the surface Ds, is related to the current density I and

the electron energy E by

1.1 D R = 0.1 I E t

Ds = Surface dose in megarad

R = Extrapolated electron range in gm/cm2

I = Current density in pa/cm2

E = Electron energy in Mev

t = Irradiation time in sec

This formula was used to calculate the maximum surface dose on the cellophane.

The current density had been measured by means of a Faraday cup

(cf. Fig. 2.4). However, because of the extreme irregularity of the curve,

it did not appear to be worthy of any confidence. Since the total current was

reliably known, the current density was computed from the total current by

taking the current distribution to be the same as the dose distribution.
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The dose distribution in the unscanned direction was approximately

Gaussian. From the dose curve it was estimated that' the current density was

given by

2
-(x/xo)

where

x 0= 1.9 cm

If L is the extent of the beam in the scanned direction then the total current

was

oo 2
I =1IL (e~x/xo) dxtotal o

-00

= Lx 0  I

Hence,

= I (total)

o L xovr

L is approximately 33 cm.

The electrons had an energy of 0.71 Mev allowing for window losses

(Fig. 2.3). The H.V.E. Service Group used a value of 0.36 gm/cm2 for the

extrapolated range of electrons at this energy. The value given by Marshall

and Ward (ref. 2.1) is 0.285 gm/cm2. Our calculations indicate that the

latter is a better value.

The results of these calculations are summarized in the following

tables:
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Table 2.1

Calculated Cellophane Doses

Case I: Strip Without Aluminum Holders

(Fig. 2.9 H.V.E. and 2.11 A.N.)

Total current 80 pa, time 90 seconds

Max Value of D (Mrad)

Measured by H.V.E. 15.3

Measured by A.N. 17.5

Calculated with R = 0.36 gm/cm2  11.6

Calculated with R = 0.285 gm/cm2  14.7

Table 2.2

Calculated Cellophane Doses

Case II: Strip With Aluminum Holders

(Fig. 2.6 H.V.E. and 2.8 A.N.)

Total current 100 pa, time 60 seconds

Max Value of D (Mrad)

Measured by H..V.E. 11.2

Measured by A.N. 12.85

Calculated with R = 0.36 gm/cm2  9.7

Calculated with R = 0.285 gm/cm2  12.2

H.V.E. stated that they were more confident about the accuracy of

their values for the total current and irradiation time for the second case

than for the first.

The agreement between the calculated value with R = 0.285 gm/cm2

and the measured value of A.N. for the second case is remarkably good when

one takes into account that scattering from the holders increases the measured

values, as is shown by the curve shape.
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Third Irradiation

The third irradiation, using phosphor powders and single crystals,

was conducted at the General Electric Company laboratory in Schenectady.

This was a vacuum irradiation in a Cockcroft-Walton machine. This unit has

a continuously variable beam energy from zero to 1.2 Mev (which can be changed

in seconds) and a peak current rating of 10 milliamps for energies above 0.5

Mev. At 200 key the maximum current was about 0.5 to 1.0 ma.

Positioning of the beam was two dimensional. A scanning width of 15"

was possible. Positioning and scanning were controlled by sets of magnets on

the neck of the apparatus. The overall effect is very similar to what is ob-

tainable with a cathode-ray tube.

Experimental Apparatus

The need for a vacuum irradiation led to the design of a chamber suit-

able for this purpose. The apparatus is shown in Figures 2.10, 2.11, 2.12 and

2.13. Figure 2.10 gives an overall view of the assembled unit. Figure 2.11

shows the sample plate. Figure 2.12 is a water cooler which was gasketed to the

sample plate of Figure 2.11. Figure 2.13 is a beam alignment plate. This plate

is physically interchangeable with the sample plate. On its surface are a number

of small holes opening into a set of Faraday cups.

Details of Irradiation Conditions

Prior to performing the actual sample irradiation, data were obtained

on the beam scanning and width. This was accomplished by attaching the alignment

plate (Figure 2.13) to the irradiator and the position of the beam determined by

means of a set of 15 Faraday cups. Thirteen of these are for determining

*See page 2.1
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"horizontal" and "vertical" sensitivities. (The terms "horizontal" and "vertical"

here refer to orientations shown in Figure 2.13 with top to bottom being

"vertical".) The other two Faraday cups are in a slot bracketing the center cup

and are used to give the amount of defocusing of the beam. They were also useful

for accurate centering by noting the readings on each side of the center hole.

The vertical and horizontal sensitivities for deflecting the beam were then de-

termined for a number of beam energies between 0.20 and 0.75 Mev.

It was found that not every row could be reached by the positioning

system. Only two rows above center and one below were available. The maximum

beam current at the lowest energy (200 kev) was only about 0.5 to 1.0 ma since

a part of the beam was striking electrodes in the stack and overheating them.

The largest current was used consistent with outgassing.

Beam contours were taken. Both the 500 key (2" base) beam and 200 key

(widest) beam were too broad for adjacent row exposure. The 200 key samples were

therefore run in the row below center with the center row empty. The 500 key

samples could then be run in the row above center with the beam displaced down-

ward about 0.1" from the row position to avoid overlap into the next row up.

To monitor the current density, two large Faraday cups were built (Figure 2.14)

with 1/2" diameter holes (1.27 cm2 ). These could be centered on a row and proved

so advantageous as a check that one was used on the center row in every run and

no samples were placed in the center row.

Following the aligning procedure, the plate was removed and the sample

plate (Figure 2.11) with attached cooling jacket (Figure 2.12) was connected to

the irradiator. Chromel-alumel thermocouple leads were attached to the sample
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plate and a lead to the large Faraday cup. The two Faraday cups located on

the north-south centerline were too far off center to be reached. Water cooling

was used at a flow rate of 1 gallon/min. Thermocouple readings showed at most

a 30C rise during the runs.

Each set of samples was centered on its own row and the beam sweep

width adjusted so that substantially uniform exposures were made over the group

of samples assuming a sinusoidal sweep. Actually, the sweep was not perfectly

symmetric as shown by cellophane strips, one end getting a large' dose than the

other. The center section where the samples were placed appeared to be fairly

uniform, however.

A few exploratory runs were made with the current density varying

from 40 1 a/cm
2 to 19 pa/cm 2 compared to 13 pa/cm2 in the second irradiation.

In each case there was evidence of flaking of the samples away from the planchet,

apparently from overheating. A run made at 13 Ja/cm 2 gave a set of samples in

which the samples remained intact in the planchet. It was therefore decided to

do most of the samples at this current density.

The following Table 2.3 gives the conditions under which the rest

of the runs were made.
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Run No.

Beam Energy

(kev)

Beam current

(ma)

Current Density

(9a/cm2 )

Time

(hr)

Sweep Width

(in.)

Temp.

(oC)

Dosimetry

Conditions

4 5

300 400

Table 2.3

for Third Irradiation

6 7 8

200 750 500

9

500

10

300

11

200

12

750

1.3 1.2 1.2 1.15 1.15 1.17 0.78 1.08 0.81

13 13 13 13 13 13 10 10 10

2.0 3.1 3.0 3.0 3.0 1.5

5.0 8.9 7.1 12.0 7.0 7.0

2.0

6.5

2.0

9.5

1.6

12.0

17 16 16 17 17 17 16 16 18

The current density was determined directly using a large (1.27 cm2 )

Faraday cup (Figure 2.14) mounted very close to center on the center row. The

inner electrode was biased about 45 volt plus with respect to the outer cylinder

which was at the same potential as the base plate. This was done to reduce loss

of secondary electrons. However, momentary removal of the bias did not change

the reading appreciably.

A value for the beam energy drop for CdS was calculated for a few

energy points in the region 0.2 to 1.0 Mev. A value for (1/Md dE/dx was deter-

mined from an equation given in Siegbahn (ref. 2.2), by determining separately

the energy losses due to S and Cd and summing. The density of each atomic species

was taken as its weight fraction times the density of the CdS crystal.
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For the range of energies involved, dE/dx was taken constant throughout

the sample. The product of the potential change and the current gives the power

input to the samples. From this the dose rates in Rads per hour were calculated

for samples from each energy group.

In Table 2.4 values of (1/P) dE/dx are given for several energy points.

In Table 2.5, dose rates and doses are given for various groups of samples.

Table 2.4

Values of (1/P) dE/dx

Energy (Mev)

0.200

0.300

0.400

0.500

0.750

(1/,") dE/dx (Mev/g/cm 2 )

1.79

1.52

1.40

1.34

1.30
Table 2.5

Integrated Dose to Powder Samples by Run*

Beam Energy Exposure Time Total Dose

kev hr kilomegarad

300 2.0 15

400 3.1 21

200 3.0 26

750 3.0 19 **

500 3.0 19

500 1.5 10

300 2.0 11

200 2.0 13

750 1.6 8 **

Refer to Table 2.3 for additional information about the runs

For these runs only, end samples received 30% more dose thai

tabulated value.

Dose Rate

KMR/hr

7.5

6.8

8.7

6.3

6.3

6.7

5.5

6.5

5.0

S.

n the

Run

No.

4

5

6

7

8

9

10

11

12

*

**





3.1

Chapter 3

RESULTS OF MACHINE IRRADIATION OF PHOSPHOR POWDERS

Introduction

This chapter describes the results obtained from the electron

beam irradiation of the phosphor powders. A range of values of electron

beam energy, current density, and dose were used. Usually the damage was

measured in terms of the relative light output when excited by an ultra-

violet or beta source before and after the irradiation. The energy dependence

permitted a rough estimate to be made of the energy threshold for producing a

displacement.

The bulk of the experimental effort of this investigation was con-

cerned with phosphor powders and their steady-state luminescence. The

materials, equipment and techniques of measurement are described first.

This is followed by an account of some exploratory work on the transient

behavior of the phosphors when excited by UV pulses. Finally, the results

of the electron beam irradiations are given and discussed.

The first two irradiations utilized a Van de Graaff, with the

samples in air, and helped determine suitable conditions for further runs.

In addition, it was found that samples of phosphor coated with samarium

hydroxide (to simulate Pm-147 coatings used to activate light sources) were

no worse than the original material. This implies that the combination of

radiation and coating has no special effect. Furthermore, it was found that

the apparent damage may depend on the excitation level.
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In the third irradiation, a Cockroft-Walton was used to obtain

a suitable range of energies, 0.2 to 0.75 Mev, and uncertainties intro-

duced by beam windows were eliminated by working in a vacuum. A range of

doses from 8 to 26 Kilomegarads was covered. The group of irradiated

samples showed evidence of non-uniform exposure in some sections of some

samples (attributed to local overheating) but delays in making the irradiator

available made it impossible to schedule a rerun. The red samples as a whole

appeared better than the green. Using the criterion that the brightest samples

represented the best data, a selection of red samples was made and the data

analyzed. On this basis, one may determine: the relative cross sections for

defect production for various energies; the threshold energy for damage, which

was estimated to be 170 kev; the displacement energy for sulfur atoms in CdS,

estimated as 14 ev (assuming the damage is due to displacements); and an es-

timate of the half-life for producing radiation damage in a 20 curie/g Pm-147

light source of 76 years at the initial damage rate. All results of this

nature must be considered as only tentative until additional experimental data

under better controlled conditions are obtained.

Materials

The phosphor powders employed in this program are listed in Table 3.1.

For the second irradiation, two of the phosphors, U. S. Radium 1527 and Sylvania

P542, were tested in their original state, and also when coated with 10% by

weight of samarium in the form of the hydroxide. In addition, to explore the

effect of a binder, some samples were prepared by mixing Sylvania P542 powder

with U. S. Radium adhesive A and painting onto phosphor holders.
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Table 3.1

Identification of Phosphor Powders

Manufacturer's Color of

Identification Composition Activator Luminescence

U. S. Radium 1527 CdS 0.005% Ag Red

U. S. Radium 3948 CdS 0.001% Ag Red

U. S. Radium 3946 CdS 0.005% Ag Red

U. S. Radium 3947 CdS 0.020% Ag Red

Sylvania TT P542 ZnS 0.01 % Cu Green

U. S. Radium 3950 50% CdS, 50% ZnS 0.005% Ag Yellow

U. S. Radium 3951 ZnS 0.005% Ag Blue

Preparation of Samples

All the powder samples were prepared in aluminum phosphor holders

made as nearly as possible alike. In preparing a sample, a phosphor holder

(see Fig. 2.1) was first filled to overflowing with loose powder. Then, with

gentle revolving strokes of a glass microscope slide, a portion of the powder

was pressed into the depression. Excess powder flowed out over the margin

and was brushed away. Filling was completed when the powder had been cleaned off

flush with the surface, and was compacted just enough so that no voids were

formed and the powder was not disturbed on shaking the holder with the glass

held on it as a lid. After a final brushing to clean off the margin all around

the depression, a glass slide cut down to the size of the sample holder was laid

over it and taped firmly to it.

These covers remained attached to the phosphor holders during their

pre-irradiation measurements and were not removed until the samples were mounted
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on a heat sink just before irradiation. Immediately following irradiation

the samples were once more covered. On returning to our laboratory they

were again measured with their glass lids. The thin cover glasses produced

no detectable attenuation of the luminescence and their effect in altering

the spectrum of incident radiation from the fluorescent lamp must have been

small.

Light Output Excitation and Detection

There are a number of ways of exciting phosphors to give out light.

These include the use of alpha, beta, and X-rays, as well as ultraviolet light.

Of these, two were chosen: a beta source and an ultraviolet source. These

two types of radiation differ in their penetration of matter, in the effi-

ciency with which they may be converted into light, and generally in the

mechanism of conversion. Therefore, the use of both methods contributes

more information than the use of only one.

From a practical standpoint, the property of the phosphors which

was of greatest interest is their light output when excited by beta radiation

from an intimately admixed radioisotope, preferably Pm-147. However, for

evaluation of the machine irradiation test samples, an external source of beta

radiation is called for, of sufficiently high energy to overcome self-shielding

in the source and losses in the sample holder wall. Hence a 50-millicurie Sr(Y)-

90 source was used (U. S. Radium Corporation Dwg. No. Lab 370, Sr sulfate, 1/2

inch diameter window). The light from each sample was detected and amplified

my multiplier phototubes and associated circuitry. The tube used for the green

ZnS samples was a Du Mont type 6292 with magnetic shield. Other phosphors con-

taining ZnS were measured with this tube also. The red CdS samples required a
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red-sensitive phototube. An RCA type 7102 tube was used with a Corning

sharp cut filter No. 3480 mounted in front of the window.

As stated above, ultraviolet radiation was also used to excite

luminescence in the samples. A 4-watt "blacklight blue" fluorescent lamp

was employed for this purpose. The RCA phototube referred to above was

used for these measurements as well. The Corning filter was necessary

only to exclude the ultraviolet light, to which the tube is also sensitive.

However, to avoid changing more variables than necessary, it was retained

during the Sr(Y)-90 measurements. The green samples were measured with the

Du Mont tube with no filter. However, the yellow and blue samples utilized

the Du Mont phototube with a Corning sharp-cut No. 3387 filter both for beta

and UV tests.

In addition to the detectors described above, the green ZnS samples

tested for damage in the first electron beam irradiation were measured by

ultraviolet radiation in a Jarrell-Ash fluorometer, their light output then

being detected by an RCA multiplier phototube type 931-A.

With both beta and UV excitation, most of the useful measurements

were made based on the steady-state light output of the samples. Some study

was also made of a method of measurement based on the transient behavior of

light output under pulsed UV stimulation, and the method is described below,

although no conclusions were drawn from its use.

Steady-State Light Output Measurement

Apparatus: Except for the early UV measurements just referred to, all the

light output work employed a cylindrical light-tight wooden box, about l ft.
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high by la ft. in diameter, painted black inside. From its roof hang the

phototube, the sample carrier, the radioisotope source holder, and the UV

lamp holder. Both the source holder and the lamp holder are operated from

outside the box. When the isotope source is to be used it is rotated into

a position directly beneath a sample which is directly beneath the tube

window. On completing measurements of a group of samples with this source,

it is rotated to one side, away from the samples. The UV lamp is then

turned on and rotated into position between the sample and the tube, but

sufficiently off-center to avoid obstructing the light-collecting surface

of the phototube. The lamp is enclosed in a tube which has an aperature on

the underside, permitting the sample beneath the tube to be illuminated, but

screening the phototube from the direct rays of the lamp.

When samples are to be introduced into the box or removed from it,

or when the isotope source is not in use for an extended period, provision

is made for rotating this source into a lead "cave" within the box where,

once it has been capped by a lead shield, it is acceptably harmless and one

can safely manipulate the samples.

Operational Technique: The sample carrier is a horizontal disk which may be

rotated (from outside the box) to bring any one of eight holes coaxial with

the phototube. The aluminum sample holders are taped into these holes. One

of the positions contains an inert chalk sample. Readings of this samples

give a measure of the "background", mainly the effect of the source radiation

as attenuated by a sample and its holder, when using the beta source; or re-

flected from the sample and holder when using the UV source. In addition,
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these readings contain the phototube "noise", another source of current which

is not proportional to phosphor luminescence. Two other positions are occupied

by "standards", to which the other samples are compared before and after electron

beam irradiation. Different sets of standards are used for the various types

of phosphor samples. All four kinds of red samples were compared to U.S.R. 1527

as standards, and both the blue and the yellow samples used yellow (U.S.R. 3950)

samples as standards. For the first irradiation, the green ZnS samples were

measured with Sr(Y)-90 and an "Isolite" standard. This is a low-intensity,

radium-excited phosphor light source manufactured by U. S. Radium. When the

same green samples were measured with UV in the fluorometer, a ZnS standard of

the same phosphor (undamaged) was used. This arrangement was continued for

the second irradiation. For the third irradiation, no UV measurements were

made on the green samples, and the standards used for the beta measurements

were the pair of yellow samples which also served as standards for the yellow

and blue samples.

Results were desired in terms of the ratio of the final light output

to the original, pre-irradiation output of the sample. The before and after

measurements which actually were made expressed the output of a sample as the

ratio of the phototube current of the sample to the phototube current of the

"standard".

For the second and third irradiation tests the samples were measured

individually. In this way, unavoidable slight differences between samples

prepared alike were unimportant. In the first irradiation, the group of ir-

radiated samples was compared with a different group of unirradiated samples.
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Therefore, before a statistical analysis was undertaken, corrections had to

be made for differences in sample thickness (or total weight) and in the

thickness of that part of the aluminum phosphor holders which attenuates

Sr(Y)-90 betas during light output measurements.

For the third irradiation tests,the use of a standard, which was

prepared and measured in the same way as the regular samples, resulted in

minimizing certain unavoidable variations in experimental conditions. For

example, each time a set of samples is to be run, the sample carrier is re-

moved from the light-tight box, loaded with samples, and then returned to

the box. Its level is adjusted to be as nearly the same as before ( 0.2 mm),

and the levels of the Sr(Y)-90 source and UV lamp are as nearly as possible

constant; small changes may nevertheless occur. Now, the fact that changes

which would lead to a small increase in the luminescence of a sample would

simultaneously lead to a small increase in the light output of the standard

implies that the ratio of the two signals will change proportionately much

less. This was not the case during some of the early work which used a

constant light source (the Isolite) as a standard. However, the decision

to measure all the samples with UV in the light-tight box made it necessary

to dispense with the Isolite, for its phosphor was quickly excited by UV

and took far too long to decay for the beta measurements.

It has already been noted that the level of the sample carrier was

set very closely the same from one run to the next. The level of the beta

source and of the UV source were also fixed. It was found best, however,

not to specify the azimuthal position of the beta source, or of the samples.
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Instead, the source and sample were rotated into positions approximately

beneath the phototube. Then fine adjustments were made in each position

while watching the output reading. The source, sample, and tube were con-

sidered properly aligned when a maximum reading was obtained. In the case

of the UV lamp, the azimuthal position of the lamp was not that which gave

maximum signal, but that which gave the largest signal without blocking

the phototube window, as seen from the sample.

Time Dependence of Light Output: The light output measurements on the phos-

phor powders required an approximate determination of the time interval be-

tween the commencement of stimulation and the attainment of full luminance.

It was observed that the four red, CdS, phosphors listed in Table 3.1 reached

a steady output level in less than one second. The green, yellow and blue

powders took over a minute, and so some estimates of light buildup times

were made by timing the rise of phototube current after beginning excitation.

In these tests with the Sr(Y)-90 source no attempt was made to correct for

phototube drift. A typical plot is that for the green phosphor, shown in

Figure 3.1. At the time the data for this curve were taken, it was found

that the readings of a constant intensity source (the Isolite) were drifting

upward at the rate of roughly 0.5% per minute. In terms of Figure 3.1 this

means that the true output leveled off a little more rapidly than is shown.

Method Using Pulsed UV Excitation

Late in the program a study was made of the time dependence of the

luminescence immediately following termination of UV stimulation of undamaged

phosphors. When the study was begun it was hoped that the measurements could
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be extended to include irradiated samples. However, time and budgetary

considerations forced a curtailment of the investigation.

Apparatus and Techniques: At the beginning of this study, it was a matter

of concern just how timed flashes of ultraviolet light could be generated.

The ultraviolet light source employed in light intensity measurements, a

fluorescent tube, was ruled out for fear the behavior of the tube phosphor

would make the interpretation of results difficult. Mechanical shutters,

rotating mirrors, and other devices were considered but found impractical.

The contemplation of rapidly triggered lamps in a G-M counter led to an

investigation of the possibility of using a glow lamp, and finding one

which emitted a fair amount of ultraviolet. It was found that a GE type

AR-1 argon-filled glow lamp emitted UV and could provide the practically

instantaneous light-on and light-off response required for many of the ex-

periments. When operating from an A. C. supply, the two sectors (electrodes)

glow alternately, with a frequency equal to that of the supply. It is there-

fore necessary to mask the lamp so that only one electrode is used as a UV

source. The major loss of intensity is incurred, however, by the necessity

for using a filter over the lamp to transmit only UV radiation. Without this

filter, it was found that the phototube signal was composed largely of re-

flected "visible" light, rather than the "visible" luminescence of the sample.

In order to study short-time light rise and decay phenomena con-

veniently, the phosphor must be stimulated periodically and the variations in

output observed as a repeated, but stationary, pattern on an oscilloscope. A

pulsed UV light source was obtained by driving the glow lamp with a square-wave
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signal generator (Model 211A, Hewlett-Packard). A square wave-shape means

that the phosphor is illuminated at a constant level when the light is on,

the start and the extinction of the light occurring extremely rapidly. The

output of the signal generator was boosted by a high-fidelity audio amplifier

before being used to drive the lamp. The quality of the output signal of

the amplifier, when the lamp was being operated, is shown in Figures 3.2 and

3.3. The quality of the whole apparatus -- signal generator, amplifier, lamp

and phototube-oscilloscope detection system -- can be judged from Figures 3.4,

and 3.5, which were made by reflecting the light from a metal surface into the

phototube. The phototubes used were the same as those employed for light out-

put measurements.

Results: Each of the wave-form photographs was made by taking two time ex-

posures on the same film. The upper exposure in Figure 3.4 was made with the

light flashing at the rate of 100 times per second. The first long approxi-

mately horizontal line segment represents a time during which the unmasked

electrode was lit. The trace then moved up to another horizontal line segment,

this one representing time during which the light was off. The trace then

dropped to the level of the first line, and again represents the light-on

period. In Figure 3.5 the top exposure, made at 1000 cycles per second, shows

that the light fall-off was not really instantaneous, nor was its build-up.

In comparing these traces, however, note that unit horizontal distance in the

upper represents about 1/20th the time of an equal distance in the lower. The

abruptness of the light-off changes in the two exposures is then about the

same. The two show differences in behavior when the light goes on. At 1 kc
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there is no overshoot in reaching a steady level; at 50 cps there is a

large overshoot at the beginning, which then decays to the steady level.

The patterns obtained by stimulating the phosphors with these

UV pulses were recorded in two ways. First, photographs were taken and

are reproduced as Figures 3.6, 3.7, 3.8 and 3.9. Second, tracings were

made directly from the oscilloscope screen. The data derived were plotted

on semilog paper and efforts made to fit mathematical expressions to it.

Figure 3.6 shows the patterns obtained with the green phosphor.

This material exhibits comparatively slow light build-up and decay. Con-

sequently, its output during the off periods never dropped to the level

which would have been reached after an hour or so in the dark. The lowest

pattern in Figure 3.6 clearly shows curvature during both the 20-millisecond

build-up and the 20-millisecond decay intervals. The middle pattern, with

5 msec intervals, shows much less curvature, and represents luminescence

oscillations about a different average level. The top pattern, with 0.5

msec intervals, seems to have almost completely straight sections. However,

the 40-power (horizontal) magnification of a short, curved section of the

bottom trace would, of itself, result in a practically straight trace in

the top pattern. Thus, while the 25 cps picture may show an approximately

exponential light decay, the 1000 cps picture shows just the short beginning

section, which is practically linear.

A somewhat different way of looking at the behavior of these phos-

phors is in terms of the time-constant r -- the time to decay to l/e of its

luminescence if the decay is exponential. The shorter T3 is in comparison



FIGURE 3.2

WAVE-FORM OF SIGNAL DRIVING UV LAMP
Top: 5000 cps Bottom: 1000 cps

FIGURE 3.3

WAVE-FORM OF SIGNAL DRIVING UV LAMP
Top: 100 cps Bottom: 25 cps
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FIGURE 3.4

WAVE-FORM OF PHOTOTUBE OUTPUT
Top: 100 cps Bottom: 25 cps

FIGURE 3.5

WAVE-FORM OF PHOTO QUBE OUTPUT

Top: 1000 cps Bottom: 50 cps
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FIGURE 3.6
WAVE-FCRM OF L IGHT OUTPUT OF GREEN PHOSPHCR

Top: 1000 cps Middle: 100 cps Bottom: 25 cps

FIGURE 3.7

WAVE-FC1M OF LIGHT OUTPUT OF BLUE PHOSPHCR
Top: 1000 cps Middle: 100 cps Bottom: 25 cps
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FIGURE 3.8

WAVE-FORM OF LIGHT OUTPUT OF YELLOW PHOSPHOR
Top: 1000 cps Middle: 100 cps Bottom: 50 cps

FIGURE 3.9

WAVE-FORM OF LIGHT OUTPUT OF RED PHOSPHOR
Top: 10,000 cps Middle: 1,000 cps Bottom: 100 cps
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with the period, T, of the pulsating light, the more faithfully will

the luminescence follow the shape of the square wave. Conversely, when 3

is very much longer than T, the trace will be approximately saw-toothed,

with almost linear build-up and decay. When the time-constant and the

period are of the same order of magnitude one will see a curved decay

trace. This is because the period of observation will then be neither so

short that very little decay has occurred (3))T), nor so long that most

changes occur so near to the beginning of the interval that most of the

time one observes almost steady-state levels of luminescence ('KT).

Figure 3.10 shows for a green phosphor almost a full half-cycle

of decay data derived by tracing. It can be seen that an equation of the

form

L = Lo et/~

represents the light fall-off quite well beyond about 3 milliseconds. To

examine shorter time intervals, a second tracing was taken with the oscillo-

scope time scale magnified by exactly a factor of ten. A plot of that trace

is given is given in Figure 3.11. In the time range covered, the luminescence

cannot be represented well by a single exponential. However, by considering

the slopes in the neighborhood of 0.05 msec and 5 msec, time-constants for

these regions were calculated.

Similar curves were prepared for the blue and yellow phosphors.

They are shown in Figures 3.12, 3.13, 3.14, and 3.15. Time-constants calcu-

lated from these graphs are given in Table 3.2. The value listed for the red

phosphor was estimated from Figure 3.9, not measured from a tracing. The rest
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were calculated from tracings at two different times as noted above follow-

ing termination of UV excitation.

Table 3.2

Time-Constants of the Phosphors

Phosphor Time-Constant (msec)

At 0.05 msec At 5 msec

Green 1.3 6.9

Blue 2.0 4.9

Yellow 0.61 1.6

Red (0.005

This table shows that the red phosphor is at least two magnitudes faster

than the yellow, which is about three times faster than the blue, which is

somewhat faster than the green at longer decay times.

Since an exponential curve does not represent the behavior well

initially, it was thought a power-law expression might be fitted:

L=Lo (1+at)-n

Literature references (3.1, 3.2) had suggested that n might be of the order

of 2. It was found that for the yellow phosphor the region from 0 to 14 msec

in Figure 3.14, that is, up to the exponential region, was best represented

by a power-law expression with n = 1.9 0.1.
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LIGHT OUTPUT DECAY
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Results of First Irradiation

In the first irradiation five ZnS (Sylv. TT P542) and five CdS

(U. S. Rad. 1527) samples were exposed to 0.5 Mev electrons. The dose

rate was estimated to have been 2.4 x 103 megarads/hr. The presence or

absence of radiation-induced luminosity changes was determined by a

statistical analysis of the light output of the irradiated samples com-

pared with a like group of unirradiated samples. The largest difference

in the means was only 17% so not much change was observed.

In the case of the green (ZnS) samples, although two samples

were exposed for one hour, and the other three for two hours, a statistical

analysis of their light output, both when beta-excited and UV-excited,

showed that there was no significant difference between the means of these

two groups, and none between their standard deviations, as determined at

the 95% confidence level. Consequently, all these irradiated samples were

pooled, and this single group was then compared with a group of six untreated

samples. The results for these two groups are shown in Table 3.3. The out-

put value of each of the samples measured with Sr(Y)-90 betas was adjusted

to take account of variations in sample thickness and phosphor holder "floor"

thickness.

Table 3.3

Luminescence of Irradiated and Unirradiated Groups of ZnS Samples

Group Beta Excited Output UV Excited Output

of Mean Std. Dev. Number Mean Std. Dev. Number

Samples x s(x) n x s(x) n

Unirradiated 1.69 0.12 6 1.003 0.032 9

Irradiated 1.47 0.15 5 0.985 0.44 5
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The data in Table 3.3 were used to compare the means of the two

groups for each method of excitation. For beta excitation the difference

of the means and its 95% confidence limits are

xl - x2 = 0.22 0.18

Since the confidence limits do not include zero, the difference between the

mean luminosities of the two groups is significant. In the case of UV ex-

citation, the difference of the means and its 95% confidence limits are

xl - x2 = 0.018 - 0.046

These limits on the difference include zero; hence, statistically the dif-

ference between the means is not significant.

Five red (CdS) samples were tested in this irradiation, and, as

in the case of the green, two were exposed for one hour and three for two

hours. A statistical analysis of Sr(Y)-90 measurements on these samples

showed, as with the green ones, that there was no significant difference

between the two groups having different exposures. They were then combined

into a single group and compared with a group of six unirradiated samples.

The results are presented in Table 3.4 where, again, adjustments were made

for known variations of weight and holder of the individual samples.

Table 3.4

Luminescence of Irradiated and Unirradiated Groups of CdS Samples

Group Beta Excited Output

of Mean Std. Dev. Number

Samples s(x) n

Unirradiated 1.06 0.12 6

Irradiated 0.88 0.03 5

(Pooled) s(x) = 0.049 d.f. = 5.85
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The difference of the means and its 95% confidence limits are

xi - x2 = 0.18 0.12

The confidence limits do not include zero, so the luminosities

of the two groups were significantly different.

As a result of this first irradiation it was concluded that the

large scatter, attributed to variations in sample preparation, just about

masked the effects of irradiation, and completely masked the difference

between the effects produced by one-hour and by two-hour exposures. Con-

sequently, for the second irradiation each sample was measured before as

well as afterward, and an electron beam dose rate about four times greater

was specified.

Results of Second Irradiation

In the second irradiation twenty-two samples were exposed to 0.71

Mev electrons at a dose rate of 9.36 kilomegarads/hr. Five different

powders were used:

1) Green, ZnS (Sylvania TT P542)

2) Red, CdS (U. S. Rad. 1527)

3) Green, coated with 10% by weight of Sm in the form of the hydroxide

4) Red, coated with 10% by weight of Sm in the form of the hydroxide

5) Green, mixed with U. S. Radium adhesive A and painted on the phosphor

holders

The results of measurements of the light output of these samples

with Sr(Y)-90 and with UV excitation are presented in Table 3.5, and the

averages of duplicate tests are plotted in Figures 3.16, 3.17, 3.18, and 3.19.
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Table 3.5

Results of the Second

Exposure*

Period. Hrs

2

2

4

4

2

2

2

2

32

3-2

2

2

4

4

2

22

32

2

2

2
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Red

Red

Red, coated

Red, coated

Red, coated

Red, coated

Red, coated

Red, coated

Green

Green, reprepared

Green

Green

Green, coated

Green, coated

Green, coated

Green, coated

Green, coated

Green, coated

Green, painted

Green, painted

Irradiation

% Relative

Sr(Y) -90
Excitation

19.0

19.4

12.7

12.6

75.5

74.2

18.6

20.9

13.8

13.2

32.1

29.2

7.2

17.1

102.3

105.3

47.4

60.8

17.2

21.8

46.0

45.8

Luminescence**

Uv

Excitation

80.1

89.4

69.5

76.3

94.4

98.8

123.1

98.2

82.7

86.7

84.6

88.9

70.6

74.0

104.9

107.8

95.6

95.5

83.5

86.4

87.2

86.5
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* Dose Rate = 9.4 Kilomegarads/hr

** 100 X final luminescence/pre-irradiation luminescence

Discussion of Results

Examination of the results in Table 3.5 shows that, on the whole,

the agreement between samples given like treatment was quite satisfactory.

Only a single case of wide disagreement is evident, that of sample 115 under

UV. The pre-irradiation data on this sample show average response to Sr(Y)-90

but unreasonably low response to UW. An effort was made to assign a new

initial UV output value on the basis of initial beta-excited output and the

observed variation of initial output with sample weight. In this connection,

graphs were prepared of the initial output as a function of weight. Figure

3.20 shows the relationship under Sr excitation; no correlation was observed

for UV excitation. The result of recalculating the initial UW luminescence

of sample 115 is that the change attributable to irradiation is -(6.9 4.3)%.

The limits were calculated at the 95% confidence level, and were based on the

spread in initial UV data and weight-adjusted initial Sr output data. Clearly,

the value of 123.1% in Table 3.5 falls far outside these limits, and it was

therefore excluded on statistical grounds.

A statistical analysis was made for sample 117, which received the

same treatment as the one discussed above. The change in light output because

of irradiation was calculated to be -(1.8 4.8)%, the indicated uncertainty

being calculated at the 95% confidence level. Thus, statistically, no more

weight can be given this result than the revised value for sample 115.

A number of observations can be made about the effects of the

irradiation as seen in Figures 3.16 through 3.19.
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I. CdS (red) samples

1. Exposure periods longer than 1/2 hour decreased the

ability of the phosphor to luminesce, no matter how

it was excited.

2. The effects were far more pronounced when observed by

Sr(Y)-90 excitation than when observed by UV.

3. When examined with betas the samples showed a relative

light output of only 20% after two hours' exposure,

with a slow decrease thereafter.

4. The Sm-coated samples were never more damaged and in

general less damaged than the uncoated ones.

II. ZnS (green) samples

1. Exposure periods longer than 1/2 hour decreased the

ability of the phosphor to luminesce, no matter how

it was excited.

2. The effects were far more pronounced when observed by

Sr(Y)-90 excitation than when observed by UV.

3. The samples showed no levelling-off of damage in the

range of exposures explored, except for the uncoated

phosphor under Sr(Y)-90 excitation.

4. The samples containing adhesive A sustained less damage

than the uncoated ones, measured with betas, for the

single exposure time used. Under UV, the damage was

about the same for equal doses. Measured either way,

these adhered samples were more damaged than the coated

ones.
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5. The samples exposed for half an hour (results were

obtained only for coated samples) showed slight in-

creases in light output both under UV light and

Sr(Y)-90 betas.

The second observation made above about each phosphor, that the

relative light output loss was invariably smaller when measured under ultra-

violet light, was instrumental in initiating a study of the effect of the

intensity of the excitation upon the observed luminescence. It had been

noted by previous investigators, reporting the results of neutron bombard-

ment of phosphors (3.3), that while the luminescence of the undamaged sample

increases linearly with exciting light intensity, that of the damaged sample

depends on the square of the intensity. Our undamaged samples, when measured

under the UV lamp, glowed far brighter than when measured with the Sr(Y)-90

source. It seemed possible that the disparity between UV and beta measure-

ments could be accounted for, if our damaged phosphors behaved for varying ex-

citation similarly to those reported for the neutron-damaged case. For this

reason, the effect of varying the UV intensity was studied (see below).

A somewhat different treatment of the data was suggested on a theo-

retical basis. In Chapter 4 of this report is presented a theory of the

effect of radiation on luminescence. When certain simplifying assumptions

are made, it is shown that LQ/L, the initial divided by the final luminescence,

may be expected to be linear with dose received. The equation derived is

L = 1 + SP 2 r202 no 0  t

L SP1 r N1
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where 0 t is the integrated flux, a quantity proportional to the total absorbed

dose; and the other quantities on the right hand side of the equation are

characteristic of the material, and not dependent on dose.

A test of the validity of this theory as applied to the phosphors in

the second irradiation was made. Figure 3.16 showed that there was very little

difference in the average damage produced in coated, as compared with uncoated

CdS samples. Consequently, in Figure 3.21, all the Sr(Y)-90 data for CdS is

used. In the case of the ZnS samples, however, the Sr(Y)-90 data is shown only

for the uncoated powder. The plot shows that a straight line through (x = D,

y = 1) represents the CdS fairly well except for the pair of small dose values.

Incidentally, it should be remembered that (0.1) is a data point for both phos-

phors. In the case of ZnS, one of the 4-hour points is seen to be very far

out of line, but the rest fall well along a straight line.

If these lines hold, they provide a better means of interpolating

the data than is afforded by, say, Figures 3.16 and 3.18. Thus, the dose re-

quired to produce a 50% reduction of initial luminescence is obtained by reading

the abscissa corresponding to an ordinate of 2. In the case of CdS this dose

is 5 kilomegarads, for ZnS it is close to 8 kilomegarads. The green powder is

thus about half again as resistant as the red.

Effect of UV Excitation Intensity: As explained above, a study of the effect

of varying UV excitation intensity seemed desirable. The blacklight blue bulb

had been masked to an aperture of about 350 mm2, which greatly reduced the

phototube background. Further masking of the bulb window gave the changes in

UV intensity noted below. A measure of the intensity level achieved was given
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by the reading from a white, non-luminescent surface replacing a sample.

To relate phototube current readings to intensity, the phototube was cali-

brated over a range of voltages. It was assumed that the spectral charac-

teristics of the phototube were independent of the applied voltage.

Sample No. 107 was examined at various UV illumination levels.

At each level, it was compared with the same standard unirradiated sample.

Figure 3.22 shows the variation with UV intensity of the light output of

the sample compared with its (presumed) output had it not been irradiated.

Clearly, the indicated phosphor damage is much greater at low excitation

levels.

Another way of expressing the behavior of a damaged phosphor is

to say that the law describing the light output in terms of the UV stimulus

is different from that of unirradiated phosphor. Figure 3.23 is the result

of a test run on this same sample. The ordinate is the ratio of the photo-

tube output with the sample illuminated, to the phototube output with the

white surface illuminated. The abscissa is the relative intensity of the UV

illumination, based upon the white surface reading and the phototube calibra-

tion curve.

A power law relationship was assumed to exist, of the form

L = kIn

where

L = Intensity of luminescence

I = intensity of UV illumination

k = a constant

The quantity plotted as ordinate in Figure 3.23 is then L/I, and that as

abscissa, I. The equation can be put in the form
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log (L/I) = log k + (n-1) log I

This gives a straight line on log-log paper if n is a constant, or a curve

if n is a variable. Evidently n is not constant for this damaged phosphor;

in the following table the value of the exponent at several illumination

levels is given.

Table 3.6

Power Law Exponent for 4-Hr Damaged CdS

L = kIn

Relative Illumination, Exponent,

I n

1 2

10 1.75

24 1.5

39 1.25

150 1

For two undamaged samples the quantity I/I changed so ,little over

the range of intensity explored that no graph of the data would be justified.

The slope of a straight line through the end points gave an exponent of about

1.01 in one case, and n = 1.04 in the other. Thus, the luminescence of un-

irradiated CdS is practically directly proportional to the level of the

ultraviolet exciting it.

Several other CdS samples were tested at one or two UV illumination

levels other than that used for Table 3.5. The results are presented in

Table 3.7, where the entries represent the ratio of the light output observed

to the output to be expected if there had been no irradiation. (It was assumed

that coating did not change the effect of UV intensity for an undamaged sample.)
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Table 3.7

Luminescence of Irradiated CdS Samples Relative to Their Undamaged

Luminescence at Different Ultraviolet Illumination Levels

Sample Relative Illumination Level

Number Description 119 9.3 0.4

101 Irradiated 2 hours 0.80 0.62

103 " " " 0.89 0.59

105 4 " 0.70 0.34

107 " " " 0.76 0.40

110 Coated; Irr'd 1/2 hr. 0.99 0.86 0.63

117 " " 2 hrs. 0.98 0.64 0.25

111 " 3-1/2 hrs. 0.83 0.41 0.13

112 " "i " " 0.87 0.50 0.13

Again, these results show that the weaker the ultraviolet illumina-

tion the greater the apparent damage. It is interesting to compare the damage

revealed by Sr(Y)-90 excitation and by UV excitation when the sample was

stimulated to the same brightness by each radiation. Using the phototube

calibration curve, together with Figure 3.23, it was determined that sample

No. 107 excited by the Sr(Y)-90 source luminesced as brightly as it would

have under UV at an intensity level of 1.6. Reading from Figure 3.22, the

relative luminescence at that level of UV is 0.074. The corresponding quantity

using Sr(Y)-90 is 0.13.

Inasmuch as the CdS phosphors from the first irradiation showed

somewhat more damage at the lowest UV level than was observed with Sr(Y)-90

excitation, it was thought that a re-examination of some of the samples from
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the first irradiation would be interesting. Previous measurements using

beta rays had shown the group to have an average luminescence only slightly

(less than 18%) smaller than the unirradiated samples.

Tests were made on one sample which had been given a one-hour

irradiation, two which had been given two hours, and two freshly prepared,

unirradiated samples. Two UV intensity levels were used, one corresponding

to the highest level plotted in Figures 3.22 and 3.23 and the other estimated

to be a factor of 140 smaller than the first. Thus, the intensity range is

almost the same as the highest-to-lowest level used in these Figures. The

results are presented in Table 3.8, where the entries are the ratio of the

light output of the particular sample to the light output of the unirradiated

standard.

Table 3.8

Luminescence of Irradiated CdS Phosphor Relative to an Undamaged

Standard for Two Levels of Ultraviolet Illumination

Relative UV Intensity
Description of Sample 1 140

Unirradiated Standard 1 1

Unirradiated Sample 1.05 1.07

Irradiated 1 hour 1.29 1.09

Irradiated 2 hours 1.19 1.15

Irradiated 2 hours 1.03 1.09

The data indicated no appreciable drop in light output at the lower

level; in fact, the one-hour irradiated sample registered an appreciable rise

in relative luminescence. As a sidelight to this test, which used white-surface
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measurements to determine UV intensity, it was calculated that the power

law exponent of luminosity for the two unirradiated samples was 1.05.

A similar group of tests (under different levels of UV illumina-

tion) was made with some of the ZnS samples from the second irradiation.

These tests employed the Jarrell-Ash fluorometer, a different apparatus

from that used for the CdS samples. The level of illumination was given

in terms of the output of the unirradiated standard ZnS sample, rather than

a white surface. The results of these tests are presented in Table 3.9.

Table 3.9

Luminescence of Irradiated ZnS Phosphor (Uncoated) Relative to an

Undamaged Standard for Various Levels of Ultraviolet Illumination

Sample Relative UV Intensity: By Beta

Number Description 2.1 13 100 Excitation

120 Irradiated 2 hrs. 0.96 0.88 0.85 0.29

121 Irradiated 2 hrs. 0.96 0.95 0.89 0.32

123 Irradiated 4 hrs. 0.81 0.80 0.71 0.07

124 Irradiated 4 hrs. 0.84 0.81 0.74 0.17

These data are consistent with those from previous tests insofar

as damage is shown to increase with increasing irradiation. However, unlike

the CdS results in Figure 3.22 and Table 3.7, the ZnS samples showed greater

loss of relative luminosity the higher the UV illumination. A possible ex-

planation of the behavior of these ZnS samples is that their power law

exponent in this region of UV intensity is somewhat smaller than unity.

Our phosphor damage investigation depended almost entirely upon

the detection of small luminescence changes. As a result of the study of
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the effect of different ultraviolet excitation levels, the following decisions

were made concerning the third irradiation:

1. No UV measurements would be made on the green ZnS samples, only

beta measurements.

2. All other phosphors would be measured with both UV and Sr(Y)-90

betas.

3. The UV illumination level would be greatly reduced by further

masking of the UV lamp. Instead of a 350-mm2 hole, one of

5-mm2 would be used, producing a relative illumination level of

about 3 or 4, in terms of the abscissa of Figures 3.22 and 3.23.

Results of Third Irradiation

The final irradiation employed a total of eighty-eight phosphor

powder samples, of which sixty-four were measured after treatment. After

making several exploratory runs, nine fairly satisfactory runs were obtained,

using five different beam energies, and a range of dose rates varying by a

factor of 18 from the lowest to the highest. Samples of all the powders

listed in Table 3.1 were used. The results of the light output measurements

are given complete in Table 3.10, and some are presented graphically, for the

two phosphors basic to this study, in Figures 3.24 and 3.25.

Table 3.10

Summary of Results of the Third Irradiation of Phosphor Powders

Relative* Luminescence

Beam Exposure

Run Energy Time Dose Sample Sr(Y)-90 UV

No. key Hours 109 Rads No. Excitation Excitation

4 300 2 15 157R 0.38 0.20
15 187R 0.26 0.25
15 225R 0.27 0.22

15 142G 0.13
15 221G 0.10
15 230G 0.14
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Table 3.10 (Cont'd)

Relative Luminescence

Run

No.

Beam

Energy

Kev

5 400

6 200

7 750

8 500

9 500

10 300

Exposure

Time
Hours

3.1

3

3

3

1.5

1.97

Dose
109 Rads

21

21

21

21

21

21

26

26

26

26

26

26

19

19

19

19

19

19

24

24

21

19

19

19

19

19

19

19

19

9.7

9.7

9.7

9.7

9.7

9.7

11
11

11

11

Sample

No.

159R

17 5R

191R

143G

224G

228G

155R
193R

227R

145G

165G

23 5G

177R

178R

186R

229G

236G

237G

210R1

109Y

214Y

208B

233B

151R

176R

17 9R

140G

144G
184G

153R

195R

196R

160G

198G

226G

152R
192R

166G

231G

Sr(Y) -90
Excitation

0.49

0.39

0.35

0.54
0.14

0.17

0.78

0.57

0.77
0.33

0.63

0.25

0.36

0.35
0.35

0,18
0.16
0.18

0.16

0.18

0.21

0.20

0.21

0.38
0.24
0.36

0.13

0.13

0.21

0.41

0.36

0.29

0.14

0.20
0.25

0.50

0.45
0.65

0.47

Uv
Excitation

0.63

0.59

0.72

0.67

0.59

0.75

0.63
0.41

0.54

0.57
0.50
0.49

0.67

0.40

0.40
0.70

0.70

0.74

0.68

0.71

0.57
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Table 3.10 (Cont'd)

Relative* Luminescence

Beam Exposure

Run Energy Time Dose Sample Sr(Y)-90 UV

No. Kev Hours 10 9 Rads No. Excitation Excitation

11 200 1.97 13 188R 0.22 0.28

13 197R 0.23 0.41

13 141G 0.21

13 147G 0.18

12 750 1.63 7.8 171R 0.57 0.86

7.8 194R 0.46 0.79

7.8 169G 0.19

7.8 223G 0.20

7.8 232G 0.18

7.8 234R1 0.46 0.38

10 238R1 0.42 0.28
10 200R2 0.36 0.92

8.8 201R2 0.54 1.4
8.8 204R3 0.31 1.4
8.8 205R3 0.44 1.3

7.8 106Y 0.23 0.61
10 213Y 0.35 0.91
8.8 189B 0.16 0.37

10 222B 0.18 0.51

*Some measurements were made to estimate the "absolute"

brightness of the samples; these are discussed in

Appendix C.

Key to sample material: The letter or letter and number following the 3-digit

sample number have the following meanings:

R designates U. S. Radium 1527 phosphor powder, Red CdS:Ag (.005)

G designates Sylvania TT P542 phosphor powder, Green ZnS:Cu (.01)

R1 designates U. S. Radium 3948 phosphor powder, Red CdS:Ag (.001)

R2 designates U. S. Radium 3946 phosphor powder, Red CdS:Ag (.005)

R3 designates U. S. Radium 3947 phosphor powder, Red CdS:Ag (.020)

Y designates U. S. Radium 3950 phosphor powder, Yellow 50%-50% (Cd,Zn)S:Ag (.025)

B designates U. S. Radium 3951 phosphor powder, Blue ZnS:Ag (.005)
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RESULTS OF POST- IRRAD IAT ION MEASUREMENTS
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FIGURE 3.25

RESULTS OF POST-fIRRAD IAT ION MEASUREMENTS

Sylvania TT P542 (Green) Phosphor
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Effect of Vacuum: While it was not believed that subjecting samples to

a vacuum would, of itself, have any effect on their subsequent luminescence,

it was felt that a simple experiment would be desirable to prove the point.

Four red (U.S.R. 1527) powder samples were prepared and their

luminescence measured under beta-ray excitation. Their cover glasses were

then removed and they were placed in a chamber and evacuated. The vacuum

was maintained by a mechanical pump for 137 hours. After being removed from

the vacuum chamber, cover glasses were replaced and the samples were re-

measured.

The observed changes were a result of two effects. First, the

effect, if any, due solely to the evacuation. Second, that due to any dis-

turbance of the powder when removing and replacing the cover glass. A trace

of powder is usually lost when the glass is removed.

The result of the experiment was that the average change in lumi-

nescence was a gain of 1%, the largest change being a gain of almost 3%, the

smallest a loss of less than 0.5%. It was concluded that, at least in the

case of this type of phosphor, the procedures (including evacuation) preceding

and following irradiation had, directly, a negligible effect in producing

luminescence changes.

Appearance of Samples

A large proportion of the samples in this irradiation sustained

such damage that, unlike those from previous irradiations, they showed in-

homogeneities in surface color and brightness. From the standpoint of

uniformity of sample field, the red, "R", samples were best, the R1, R2, R3,
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B and Y samples intermediate, and the green, "G", samples the poorest.

Almost all the red samples were quite uniform, with broad, gentle

gradations of shade in all but a few cases. Even in the latter, the in-

tensity variations, as viewed under UV, were not very great; however, be-

neath the surface layer there were signs of a consolidated, non-luminescent,

brown base.

The R1, R2, and R3 samples showed marked differences in bright-

ness across their field, and the areas were quite sharply defined. The B

samples had a somewhat speckled appearance, but no large, sharply defined

regions. The Y samples were rather uniform, but the luminescent surface

powder seemed to be only a thin layer over a non-luminescent, white base.

A large proportion of the green samples showed some well-defined

areas of darker tone. Frequently they were peppered with dark specks. The

samples giving the lowest phototube readings were the most mottled.

The green phosphor was the only one in this study which had a long

enough time constant (of light build-up and decay) to allow moderate varia-

tions in this quantity over the field of a sample to be detected with the

naked eye. Such variations were observed in the case of almost all of them.

For example, sample 145G had a distinctive bright spot near its center, girdled

by a dark ring about 4 mm in diameter and 1 mm wide. When high intensity UV

illumination is removed, the brightness of this ring drops much faster than

the rest of the sample, and under low UV illumination appears far more con-

spicuous than under high UV or white light. In another case, there seemed

to be a reversal of relative brightness, rather than merely an intensification
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of contrast. This was sample 169G. Under white light three concentric

regions were seen; the outer, green, region was brightest; the central, grey,

region was darkest. About 1/2 min. after excitation ceases, the central

region is appreciably brighter than the outer, and the contrast increases

until the center remains glowing when the rest of the sample is quite dead.

The transition region has a very short decay and build-up time. It may be

noted from Table 3.10 that sample 145G was in the group receiving the highest

dose, at the lowest electron energy, and that 169G received the lowest dose,

at the highest energy.

The phosphors designated in Table 3.10 as Rl, R2, R3, Y, and G all

appear paler (whiter) in color than the unirradiated material, as observed

under fluorescent "white" light. This may partly be due to the increased

importance of reflected light, now that the contribution of luminescent radi-

ation has been reduced.

The large non-uniformities observed in some samples were believed

to be a result of inhomogeneities in the bulk density of the powder layer.

Densely compacted regions would be expected to conduct heat better from the

face of the powder layer to the sink. Heat conduction parallel to the face

was considered to be very poor. Regions of poorly compacted powder could then

become hotter than expected and possibly pull away from the heat sink. Once

this occurred the patch could be strongly overheated. It may also be speculated

that the vacuum contributed since earlier irradiations (the second) in air at

the same current density gave very uniform red and green samples.

Discussion of Results

In referring to the graphs in Figures 3.24 and 3.25, it should be
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noted that each point represents a single sample result, rather than the

average of replicates, as plotted in Figures 3.16 through 3.19. This, of

course, is because the data from the third irradiation series scatter so

greatly, and is undoubtedly related to the unexpectedly non-uniform damage

the samples had sustained.

Only the results of Sr(Y)-90 measurements are plotted in the

accompanying graphs, for the interpretation of UV measurements has been

found to be even more difficult than that of the former. Thus, in the

following discussions the luminescence referred to is beta-excited.

The graph of results at 200 Kev, in Figures 3.24 and 3.25, indicate

that all the samples receiving the larger dose retained a larger fraction of

their original luminescence. As can be seen from Tables 3.10 and 4.3, this

is also true of the UV luminescence of the red powder, and the crystal sections,

although in the latter case there is an energy difference. It is difficult to

understand how doubling the dose to the powders could roughly double the lumi-

nescence. On the basis of an analysis to be presented below, it seems more

likely that the dose in Run 11 has been underestimated than that the dose in

Run 6 was overestimated, but possibly a perturbation of some other variable

is responsible.

The results of all but one run show that, on the average, the red

samples fared better than the green. The single exception is Run 10, whose

results for the red samples are also too low on the basis of the analysis

which follows.

In connection with the discussion of the results of the second irradi-

ation, earlier in this chapter, a relationship derived in Section 4 was applied
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to the data. Plots were made of the ratio of initial to final luminescence,

versus dose, and presented as Figure 3.21. Practically all the Sr(Y)-90

data plotted (only the data for coated green samples was left out) fell along

a straight line, one for each phosphor. The agreement with the theory sug-

gested it be applied to the third irradiation also.

In runs where there was a large scatter of the L/L values, the

brightest samples were taken as most representative. The justification for

this is that samples in the exploratory runs at higher current densities were

even more non-uniform in appearance (flaking away of small regions being common)

and were also much less luminescent than in samples from later low current runs.

It was reasoned that difficulties which may have occurred during the irradiation -

such as excessive temperature rise - might have caused annealing damage rather

than thermal damage but the experimental evidence showed there was thermal damage

in addition to that produced directly by the bombarding electrons.

The samples chosen for use in this analysis are listed in Table 3.11,

and the plots are shown in Figure 3.26.

Table 3.11

Identification of Samples Used in Analysis

Red Sample Green Sample

No. No.

151R 178R 140G 184G

155R 179R 143G 229G

159R 186R 144G 231G

171R 191R 165G 236G

175R 194R 166G 237G

177R 227R
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The equation indicating that L/L should be linear in 0t is

equation 4.6. Actually, plots of the data are presented in which dose,

rather than time-integrated flux, is the independent variable; for any

given energy, however, the one is proportional to the other. Equation 4.6

shows that the slopes of the straight lines in Figure 3.21 involve the quantity

429 a cross section for producing damage. Since d2 is the only factor in the

slope which is not a constant (independent of energy or dose), a plot of the

slopes as a function of electron energy would show the way in which a2 varies

with the energy. Evidently, no significance could be attached to the absolute

value of the ordinates, however.

Such a graph (of slope vs energy) is shown in Figure 3.27. The

ordinates, here, are proportional to the slopes which would have been obtained

from Figure 3.26 had the abscissa been integrated flux, rather than absorbed

dose. The adjustment of the slopes of Figure 3.26 was performed by multiplying

them by the (1/9)dE/dx values listed in Table 2.5, normalized to the value for

750 Kev electrons.

The shape of the curve in Figure 3.27 for the red phosphor is similar,

in general form, to that given in Figure 7, page 332 of Seitz and Koehler (1.5).

The cross section has a threshold energy, below which it is zero, and rises with

energy to reach a constant value at high energy. The plot of data for the green

phosphor does not follow this type of curve very well, although the cross section

is generally low at the low-energy end and high at the high-energy end. Conse-

quently, it was felt that there was justification for drawing the same kind of

curve as for the red phosphor.
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FIGURE 3.27
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These graphs, Figures 3.26 and 3.27, yield some useful quantita-

tive information about the phosphors. Thus, from Figure 3.26 can be read

the dose required to produce a 50% reduction of luminescence at 750 kev; the

value at 710 key (the energy used in the second irradiation of this study)

can then be calculated by using the ratio of cross sections at the two

energies, from Figure 3.27. At these energies dE/dx is practically constant,

so it is not required for the calculation. The result is that the 50% damage

dose at 710 key for the red phosphor is 9.4 kilomegarads and for the green

phosphor is 3.5 kilomegarads.

Referring to Figure 3.27, the threshold energy values are about 170

key for the red phosphor and 180 key for the green. The precision of these

results, however, is not great enough to justify distinguishing between them,

and the red phosphor curve seems better defined.

Using the results obtained here, it should be possible to calculate

the total dose required for a radioisotope to produce a given luminescence

decrease when mixed with one of these phosphors to form a light source. As

an example, the time required for Pm-147 to produce a 50% decrease in the light

output of the red phosphor will be obtained. Since the relative cross section

for producing damage has an energy threshold of 170 key, beta rays of lower

energy cannot contribute to damage. In the case of Pm-147, most of the betas

are below threshold. Using the remainder, it is necessary first to compute an

effective cross section, d', from the relative cross sections for mono-energetic

electrons (Figure 3.27). Either an analytical method or numerical integration

may be employed. The latter will be used here for calculating the contribution
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of the energy groups of interest:

Energy Range (Kev) Fraction of Electrons, B(E)* d B(E)d EB(E)

170 - 175 .010 0.2 .002 1.73

175 - 196 .022 0.9 .020 4.07

196 - 218 .011 1.9 .021 2.28

218 - 230 .005 3.4 .017 1.12

.048 .060 9.20

*Unpublished results (see WKNL-14-122). **

From the results above, a mean value of d of .060/.048 = 1.25 may

be calculated. In a similar way, one may calculate the mean energy of the

group as 190 Kev. The fractional number of these electrons is .048.

A comparison may now be made with the dof 10.8 for the 750 Kev

beam. For equal flux densities from Pm-147 and the 750 Kev beam, the latter

is more effective by the ratio 10.8/1.25(.048) or 180. Thus the Pm-147 has

an effective cross section d' of 1.25 (.048) or 0.060. This may be noted

directly from the relationship for radiation-induced defect concentration

N2 given in equation 4.5 (no is a constant):

N2 =dno 0 t (4.5)

To relate this to dose measurements, set D = k 0 t where D is the

dose and k is a constant for a given energy but varies somewhat with energy.

For two different energies, the condition for getting the same N2 at the same

flux density is

11 _ d D
= 22

kl k2

Dl =2 - k2 D2

**Available upon request.
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In applying this equation, the dose, D2, for 50% damage was read

at 750 kev (at I,/I = 2 in Figure 3.26); the cross section at 750 key was

taken from Figure 3.27; and the ratio of k's from Table 2.5, the lower-energy

k corresponding with sufficient accuracy to an average value of 200 key. Then

D = (10.8) (1.79) 9 = 1.2 x 102 KR
(1.25) (1.30)

Since the fractional total energy in this group may be calculated

as 0.12 (based on an approximate mean energy value of 75 key for Pm-147), the

effective dose for half-life based on 100% absorption of the Pm-147 beta energy

(a uniform dispersion) is 1.0 x 103 K1f.

For a fairly intense Pm-147 activated phosphor source which contains

1 curie of Pm-147 in 50 mg of phosphor, a dose rate of 3.2 MR/hr may be cal-

culated, assuming all the energy is absorbed. The time to produce 50% damage

in the phosphor at this initial rate may then be calculated to be 35 years.

More intense sources have been made. However serious losses of efficiency be-

gin to show up at these high intensities because of self-shielding and other

factors. If a choice of 4 curie/50 mg is taken as a practical upper limit, the

corresponding half-life at the initial rate is 9 years.

Since this time is long compared with the half-life of Pm-147 (2.6

years), it is apparent on this basis that this type of radiation damage is not

important in limiting the life of Pm-147 activated red phosphor (U. S. Radium

1527) sources at these intensity levels.
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Chapter 4

SINGLE CRYSTALS

It seems likely that knowledge of the behavior of some single crystals

characteristic of certain phosphor matrices would be applicable to phosphor

behavior. Efforts were made to obtain single crystal material suitable for

this study. Single crystals of CdS were commercially available from the Eagle-

Picher Company but no similar source for ZnS could be found. A few crystals

of ZnS were obtained from D. C. Reynolds at Wright Air Development Center.

Since the greatest interest lay in the red phosphor (CdS:Ag), experimental

work has for the most part been limited to CdS single crystals.

The problem of developing satisfactory techniques for evaluating

damage effects to single crystals proved to be a difficult one. Because of

this, and of the secondary importance of single crystal studies in the overall

program, only a few electron irradiations of single crystals were carried out

by the time the work ended. However, the preliminary work done on development

of measurement methods is presented in some detail below for its possible use-

fulness in any continuation of the program.

Method of Measuring Damage

The selection of a suitable property to measure damage effects in

single crystals is one of the basic problems which must be solved before specific

experiments to determine the energy threshold for beta damage can be designed.

Some of the properties which more readily suggest themselves as applicable in

pure (unactivated) crystals are the density, the photo-conductivity, and the

density of color centers. It will be noted that all of these are bulk pro-

perties. The experimental difficulties of measuring significant changes in the
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first two properties reproducibly are grcat. The usefulness of the third

property was determined experimentally by sending a CdS crystal to Brookhaven

National Laboratory for fast neutron irradiation, as described below. No

significant change was observed. Because of those negative results the ap-

proach was modified to use specially prepared activated single crystals.

These could be made to luminesce sufficiently to provide some measure of

damage.

One of the properties of pure crystals not as well known is the

space-charge-limited current. This may be determined using ohmic electrodes

across a thin wafer of insulating material. Experimental results are re-

ported in the literature (4.1) using either In or Ga electrodes on CdS. The

process is analogous to that responsible for the space-charge-limited current

of a diode vacuum tube. According to Smith and Rose (4.2) "space-charge-

limited currents represent one of the most sensitive tools for measuring the

presence of traps, especially in those insulating crystals that approach a

high degree of perfection". A small exploratory effort was made to measure

this property, which is again a bulk effect. Pressure contacts did not give

reproducible results; heat-formed (3000C) In electrodes did, but heating would

anneal damage (4.3). This suggests that Ga should be tried.

It is worth expanding on the general difficulties encountered when

trying to observe a bulk property. The irradiation of single crystal material

produces a gradation of bulk property changes starting at the surface exposed

to the electron beam and varying with the thickness of the crystal. It is

desired that the incident beam be as nearly mono-energetic as possible. There-

fore, one arbitrarily limits the thickness of the crystal to keep the energy

losses in it within certain bounds. A maximum loss of 50 kev has been chosen
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for the present work. Then for a 300 kev beam, the thickness of a CdS crystal

must not be greater than 2 mils (25 mg/cm2). Wafers of CdS about 30 mils

thick are obtainable from the manufacturer as slices obtained from a bar

using a diamond cut-off wheel. Reduction of these wafers to a smaller size

can be done only with appreciable difficulty by optical lapping techniques.

The final material requires extreme care in handling.

The pure crystals discussed above cannot be made to luminesce ap-

preciably. The fact that it is possible to obtain activated single crystals

which one may possibly excite to luminescence gives us a loophole for avoiding

the difficulties described above. If the excitation is by Sr-90, the light

is generated comparatively uniformly throughout the volume and there is no

advantage to having the activator. If, however, the excitation is by ultra-

violet, it is known that the penetration of the exciting radiation is limited

to a certain depth from the surface. Thus, a thicker crystal may be used in

the irradiation but only a small volume close to the surface will be excited

to luminescence, so the results are the same as for a thinner crystal corres-

ponding to this volume. From the literature (4.4), one obtains a penetration

depth for ultraviolet of 1.7 mils in CdS. Thus, this appears as a promising

and relatively easy method.

Absorption Coefficient

One of the experiments performed was an attempt to produce color

centers in single crystals by neutron bombardment. To measure the effect, it

is necessary to measure the absorption coefficient at various wave-lengths for

the crystals both before and after the irradiation. Such measurements were
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made on a ZnS and a CdS crystal before irradiation.

The measurement is done by means of a Beckman spectrophotometer.

The spectrophotometer measures the ratio of the light transmitted by the

sample to the light incident on the sample. To determine the absorption

coefficient, we must take account of the effect of reflection.

R, the ratio of the reflected light to the incident light at the

interface between two media of relative index of refraction n, is given by

R = n-1 2
n+l

Note that R does not depend on whether the light is passing from the denser

to the less dense material or conversely.

In passing through the body of the crystal, the intensity of the

light goes down by a factor el-L, where p is the absorption coefficient and

L the thickness of the crystal. On striking the opposite face of the crystal,

part of the light is transmitted*, and part is reflected back into the crystal.

Considering all the possible reflections, the intensity I of the light trans-

mitted by the crystal, is to the intensity I of the light incident in the

crystal as

= T 2eJ-L/ (1 - R 2e-L)

The value of I/I0 is the quantity measured by the Beckman. The

values of T and R are found from the value of n taken from the literature.

Hence, the above equation can be solved for the absorption coefficient/p.

Transmission Measurements

The results of our measurements are summarized in the following

*T=1-R
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Tables 4.1 and 4.2. Values of P h .ve been computed where the corresponding

value of n was known. The values of n for ZnS are found by interpolation

from three values given in the literature (4.5). The values of n for CdS

are taken from a curve from NP-5791. In Figure 4.1 is given the dependence

of P on X.

Table 4.1

Results of Transmission Measurements on ZnS

(Thickness = 0.278 cm)

(I/Io) x 100

2.75

8.5

29.5

37.2

42.0

49.8

56.9
62.2

63.0

63.7

64.0

64.6

64.6

65.0
64.2

64.2

64.3

64.1

64.2

64.2

n p(cm-1)

2.485

2.46

2.44

2.42

2.40

2.385

2.37

2.365

2.36

2.35

2.335

2.32

1.71
1.14
0.726
0.417
0.406
0.387

0.374
0.360

0.368

0.363

0.419
0.437

) (Millimicrons)

325

350

375

400

425

450

475

500

525

550

575

600

625

650

675

700

725

750

775

800
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Table 4.2

Results of Transmission Measurements on CdS

(Thickness = 0.93 cm)

*Pre-Irradiation Post-Irradiat

X(Millimicrons) (I/Io) x 100 n u(cm 1) I/Io x 100 I/Is x 100

500 0.56
525 0.35

530 0.45

535 3.50

540 13.6 12.1 12.1

550 31.6 2.65 0.756 25.9 28.8

575 43.5 2.54 0.488 37.5 41.0

600 47.1 2.50 0.388 41.0 46.0

625 50.2 2.474 0.329 44.1 49.1
650 53.0 2.455 0.282 46.8 51.9

675 55.0 2.435 0.246 48.5 53.9

700 56.5 2.425 0.225 50.8 55.4
725 57.5 2.406 0.213 52.5 56.8

750 58.5 2.39 0.196 53.1 57.4

* Pre-irradiation results are for a set of faces normal to the first.

Differences ascribed to degree of surface polish.

These crystals were sent to Brookhaven National Laboratory for a

neutron irradiation (see below). Unfortunately, the ZnS crystal was lost.

Another ZnS crystal which had not been prepared with plane parallel faces

was sent them, since these faces could be prepared later. On return both

crystals appeared lighter, if anything. Measurements on the CdS (Table 4.2)

confirmed that there was no significant change for CdS. Since the main

emphasis was on CdS and in view of the limited effort available, the quali-

tative indication for ZnS was accepted.

Neutron Irradiation

The purpose of this experiment was to produce primarily displacement

effects with fast neutrons compared to the predominately ionization effects
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produced by electrons. In the determination of threshold energies, it is

the displacement of atoms by electrons which must be measured. The pro-

perty changes due to the neutron irradiation are selective for displacements

and may help indicate what properties should be measured for the electron

irradiation. In particular, it was hoped that color centers would be de-

veloped as these are readily measured.

It was decided to irradiate the crystals to such an extent that

about half as many displacements per cm3 occur as would have resulted from

the most intensive electron irradiation given the ZnS and CdS phosphors.

Integrated Fast Flux Required: Using the experimental results for germanium

crystals (4.6), it is concluded that about 100 times as many atoms are dis-

placed per incident fast neutron as are displaced per incident fast electron.

In order for the density of displacements due to the neutrons to be half as

great as the density of displacements due to electrons, the integrated flux

of 'neutrons must be one-two hundredth the integrated flux of electrons.

In our second electron irradiation, the current densities were about

13 pa/cm2 . The maximum irradiation time was four hours. The maximum inte-

grated particle flux was thus:

13 x 10-6 coulomb x 4 x 3600 sec/1.6 x 10-19 coulomb = 11.7 x 1017/cm2
sec cm electron

Hence, the required integrated fast flux = 5.8 x 1015/cm2 .

The total integrated "fast" flux actually received by the CdS crystal

at Brookhaven National Laboratory was about 1.1 x 1016 neutrons/cm2, and that

received by the ZnS crystal about 1.0 x 1016 neutrons/cm2. However, since by

"fast" flux is meant all the flux above 0.5 ev, and no other information could



4.8

be obtained about the spectrum. The dose of fast (Mev-range) neutrons re-

ceived by the samples was lower than these estimates.

Surface Luminescence Trial

The basic simplicity of measuring the surface light output from

single crystal wafers has much appeal. Attempts were made to excite single

crystals activated with Ag to luminescence and these failed. The difficulty

was found to be that the presence of a coactivator, such as Cl, was necessary

for good efficiency. In the case of phosphor powders, the coactivator is

not usually specified explicitly and usually enters with the flux.

A special batch of doubly-activated single crystals was ordered from

Eagle-Picher Company. They found that the two activators did not distribute

themselves uniformly either in length along the crystal or across the cross

section. Thus the wafers received were relatively patchy in their luminescence.

On an absolute level their light output was about 12% of an equivalent area of

a good phosphor (CdS:Ag(.005). The wafers were about 30 mils thick with a

square cross section of 1 cm2 area.

Because of the relatively low light output from these wafers, it was

necessary to modify the apparatus used for phosphor powder work before the

signal to noise ratio became acceptable. These modifications included setting

the samples up on a series of rods emerging from the rotating sample plate so

that the contribution of reflected background was reduced. Another modification

involved setting up a cooling system so that air could be circulated over the

front of the tube to reduce thermal noise. A special sample holder was designed
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so that each wafer could be measured, irradiated and remeasured in a precisely

defined orientation. Thus the holder was physically interchangeable with a

phosphor holder planchet described in Chapter 2 (Figure 2.1).

Tests of reproducibility were run which indicated the acceptability

of this method. Thereupon, it was decided to process all the single crystal

material this way. Before considering the results of the irradiations, however,

a theoretical treatment of the problem is given.

Theory of Effect of Radiation on Luminescence

Materials such as cadmium sulfide and zinc sulfide have been studied

fairly intensively for their photoconductive properties as well as luminescence.

Using solid state band theory (see Chapter 1), a single model is able to simul-

taneously explain both of these phenomena (4.7). Although photoconductivity

and luminescence have much in common, the most striking difference is the gen-

erally much more rapid decay of luminescence emission.

In setting up a model, one may take the point of view that the limita-

tions of the model make the application of a rigorous mathematical technique

somewhat meaningless. This is the point of view expounded by Rose (4.8), which

will be adopted here. There have been some attempts at a general formulation

of the problem (4.9) but solutions are obtained readily only for particular

simplifying assumptions.

Rose's (4.10) general treatment of the problem is followed here, with mod-

ifications made to allow for the introduction of defects due to the radiation. Be-

fore going into the derivation in detail, some general conclusions may be reached a
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priori. We are here assuming that the luminescence is associated with

free hole recombination with electrons in ground states (see Chapter 1,

Recombination Mechanisms) (4.11). For simplicity, only a single class of

ground states is here considered not in thermal equilibrium with either

band. Trapping levels are neglected since they do not affect the mag-

nitude of the steady state luminescence but only the time to reach it.

The steady state luminescence is not modified if the radiation

simply introduces additional recombination centers of the same type as

already present. For simplicity, assume only one new type of center is

formed and that free hole capture by the radiation-produced ground states

is non-radiative. Then the fraction of hole recombination leading to

luminescence should be

(4.1) SE1nl
Spl n1 + Sp2 n2

where n1 is the concentration of electron-occupied originally-present ground

states, Sp1 is the cross-section for capture of a free hole by such states

and subscript 2 refers to quantities similarly defined for radiation-induced

states.

Now the fractional electron-occupancy of a given set of states is

in general a variable (4.12). However, for a given temperature it may be con-

sidered fixed, if the excitation level is fixed. Let Ni be the total concentra-

tion of ground states of type i.

Then the fraction (4.1) may be rewritten as

(4.2) Splr N1

Sp1 r1 N1 + Sp2 r2 N2
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where r = ni/Ni, the ratio of electron-occupied to total number of states.

Using (4.2) we may then write the following expression for the

steady-state luminescence:

(4.3) L = Lo SP1 r1 N1
Sp1r1 N1 + Sp2r2N2

where Lo is the value for the unirradiated material (N2 = 0).

Rearranging (4.3) gives

(4.4) Lo+ sp2r2

L Sp 1r1 N1

Thus for a given excitation and temperature Lo/L should be a linear function

of N2 .

Since for moderate amounts of irradiation (N2<<no see below), one

expects N2 to vary directly as the radiation dose, equation (4.4) shows there

should be a linear relationship between L/L and the dose. If the dose is

delivered at a constant flux density 0 for a time t,

(4.5) N2 = d2 0 not

where d2 is the cross section for producing these ground states and depends

on the nature of the material and the radiation flux (e.g. energy distribution)

and no is the number of equivalent sites c.c. contributing to ground state pro-

duction.

If d2 and 0 are fixed, equation (4.4) becomes

(4.6) Lo = 1 + Sp 2 r2 d 20 no
L Sp1 r1 N1

Thus, subject to all the conditions given, Lo/L is linear in time.
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Detailed Analysis

Two recombination levels are assumed to exist in the forbidden gap

(see above) each of which is assumed filled in the dark. The levels are so

located that they contribute completely to recombination over the range of

excitation considered. Thermal equilibrium of these states is not assumed.

The equation for charge neutrality is

2

(4.7) n=p+L (Ni - n)

i = 1

If F is the concentration of hole-electron pairs created per second

by excitation across the band gap, Sni the cross-section for capture of states

i for electrons, 13 ni the product of Sni and the thermal velocity of an electron,

and pi is similarly defined for holes, then the following equations may be

written:

2

(4.8) dn = F - n E Pni(N-nl)
dtildt 1 = 1

( 4 . 9 ) 2 
F -p E p n

Rdt=F-p pn

i = 1

(4.10) dnl n N-1 ll

dt

(4.11) n2=Pn2(N2- n2) n - Sp2n2P
dt

Equations (4.8) to (4.11) above may be set equal to zero for a steady

state solution of the quantities involved. It will be noted that band to band

recombination has been assumed negligible.

Equations (4.10) and (4.11) may be solved to give

(4.12) n = N nl
l 1 pnln + Pp
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and similarly

(4.13)n2 = N2 n2
2n2N + Pp2P

Thus, ri = ni/Ni depends on the Pi, which are fixed for a given class Ni,

and the free electron concentration n. A value of n determines p and F in

the set of equations given. Therefore, each value of F corresponds to a

value of r as stated above. One special case worth noting is that at high

excitation levels (n, p )N1, N2 ) n = p and ri is constant at the value

Pni'(Pni + Ppi):

Take the luminescence to be given by

(4.14) L = Pp3 1N1

Then from equation (4.9)

(4.15) Lo = F

where Lo is the value of L when N2 (or n2) = 0. Allowing F to be fixed per-

mits setting ni = ri Ni in equation (4.9) with ri fixed; and using equation

(4.15) also gives

(4.16) O=L - L-pPp2r2 N2

This may be rearranged to give

(4.17) Lo = 1 + p 2 r2  N

L pl1 r1 N

which is essentially equation (4.4); the common thermal velocity factor in

may be cancelled.

The theoretical prediction from the above that L/L0 may vary with

the excitation level has been confirmed experimentally (see Chapter 3 on

effect of varying ultraviolet intensity and ref. (3.3)).
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Irradiation Results

Some single crystals were included in the third set of irradiations.

Inasmuch as crystals exposed in all the exploratory runs had given evidence

of overheating (cracking and blackening of the base plate) it was felt ne-

cessary to limit their exposure to such runs as would not imperil the whole

phosphor irradiation program by possible volatilization and contamination.

Thus, only four crystals were run after the bulk of the phosphor exposures

had been completed, two each at 200 and 300 key and at 10 pa/cm2 rather than

13 pa/cm2 as used for most runs. Of these, one at each energy showed no signs

of darkening the base plate and one each gave a slight indication of this. The

dose was 20 kilomegarads at 200 key and 17 KMR at 300 key in the region of the

surface exposed to the beam (for a depth equivalent to about 50 kev drop in

beam energy which is 2.3 mils at 200 kev). This upper region was measured by

the ultraviolet excitation (see Surface Luminescence Trial above).

The results of the measurements are given in Table 4.3 below. It will

be noted that the 200 key single crystals for this run are lower in output after

the irradiation than the 300 key run. A comparison of results from other samples

of this same run, which included red powder samples and green powder samples,

shows that all samples from this run are inconsistently low. For this reason,

the 200 key point will be ignored in further discussions.

Table 4.3

Single Crystal Results from Third Irradiation

Beam % Relative

Sample No. Remarks Run No.* Energy Luminescence

(kev) (100 I/Io)

W3 Excellent 11 200 8

W20 Good 11 200 2
W6 Excellent (cracked) 10 300 67

W9 Poor 10 300 46

W4 Secondary Standard -- --- 102
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* For conditions of runs see Table 2.1.

The data are too few to warrant any detailed analysis. If we plot

the reciprocal average I/I versus dose at 300 key, a half-life dose of 22

KMR may be determined. The brighter sample (W6) above gives 35 KMR for the

same quantity. This may be compared to the value 10 KMR for red phosphor

powders at 300 key taken from Figure 3.24, indicating that the single crystals

are more radiation resistant by a factor of two to three.
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Chapter 5

RADIOISOTOPE LIGHT SOURCES

The behavior of radioisotopically activated light sources, and

their methods of preparation, are described in this chapter. Long time

light output decay data are given and the indicated damage is compared with

the damage from electron beam irradiation. Data from two nuclear batteries

prepared before this study began are included also. Two radioisotopes were

used: Pm-147, with a maximum beta energy of 0.23 mev, and Kr-85, with a

maximum beta energy of 0.67 mev. Since the Kr-85 is used as a pure, chem-

ically inert gas any damage it causes the phosphor can be ascribed to radia-

tion effects. Pm-147 is applied to the phosphor particles as a coating of

promethium oxide, and the possibility exists for chemical as well as radia-

tion damage effects. Also, in the previous studies for nuclear battery

development; the promethium-activated sources were prepared in polystyrene

containers sealed with cement. To reduce the possibilities for chemical

damage, the present sources were contained in glass bottles closed with ground-

glass stoppers.

The two phosphors studied most were CdS:Ag (.005) (Red) U. S. Radium

1527, 8 p size and ZnS:Cu (.01) (Green) Sylvania TTP544, 25 u size. These

were chosen because the emission spectrum of the red phosphor matches the sen-

sitivity of the silicon photocells used in battery work, and the emission spec-

trum of the green phosphor matches the sensitivity peak of the human eye, making

it desirable for visual observation. Also, the beta-to-light conversion
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efficiencies are relatively high. Furthermore, they provide adequate light

transmission; this is to say that the opacity of the phosphor to its own

light is relatively low. Because of these qualities, the overall efficiency

of the red phosphor for use in the conversion of beta-ray energy to electricity

approaches the maximum value that can be obtained through the use of these

methods.

Upon aging, gradual damage to the activated phosphors is noted.

From promethium-147 light sources, the light output should fall about 50% in

2.6 years, and from Kr-85 sources about 50% in 10.3 years, if radioactive

decay of the @ source is the only effect. If the rate of decrease is greater

than this, phosphor damage can be inferred.

Kr-85 Sources

Kr-85 Source Fabrication

In the first series of loadings four sources were prepared, each in

the form of a sealed pyrex glass bulb filled with Kr-85 gas and containing a

layer of unbonded phosphor (see Figure 5.1). The thickness of the layer was

about 60 mg/cm2. The sources were firmly mounted in a lead-shielded holder

over individual silicon photocells. Once a smooth phosphor powder film was

formed upon the holder surface in contact with the photocells, it was not dis-

turbed between or during readings. The surface area of the side in contact

with the photocell was 3.46 cm2

Two of the sources contained red (CdS) phosphor and two green (ZnS)

phosphor. In each case the gas was under an absolute pressure of 70 cm of Hg,

the volume was 4.65 cm3 , and the activity 314 mc. Table 5.1 presents the data.
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Table 5.1

Kr-85 Sources in Pyrex Glass Holders

Phosphor Phosphor Loading Kr-85

Sample Weight Thickness Pressure Activity

No. Color and Composition (mg) (mg/cm2 ) (cm/Hg) (mc)

6 Red, CdS:Ag(.005) 211 61.0 70.0 314

7 Red, CdS:Ag(.005) 234 67.6 70.0 314

8 Green, ZnS:Cu(.01) 192 55.4 70.0 314

9 Green, ZnS:Cu(.01) 202 58.4 70.0 314

For the second series of Kr-85 fillings, cerium-stabilized non-darkening

glass was employed. A larger amount of phosphor was used, which provided a more

uniform bottom layer facing the photocell. The volume of the bulb was 5.2 cm3

and the surface area of the side in contact with the photocell was 3.80 cm2. This

bulb is shown in Figure 5.1. Table 5.2 lists the experimental data for the four

sources prepared.

Kr-85 Sources in

Color and Composition

Red, CdS:Ag(.005)

Green, ZnS:Cu(.0l)

Red, CdS:Ag(.005)

Green ZnS:Cu(.0l)

*No. 4 dilu

Table 5.2

Non-Darkening Glass Holders

Phosphor Phosphor Loading
Weight Thickness Pressure

(mg) (mg/cm2 ) (cm/Hg)

463 122 66.6

447 118 64.0

605 159 60.8

671 177 70.0

ted with air

Sample

No.

1

2

3

4

Kr-85

Activity
(mc)

334

321

305

106*
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Before preparing the Kr-85 sources, a theoretical investigation

was made to determine the optimum shape for the container, i.e., the shape

that would maximize the beta flux on a portion of the wall of the container

for a given volume of the gas at given pressure. This optimum shape was

found (see Appendix A) and is given by rotating Figure A.l about its axis

of symmetry.

Since this is not a practical shape the best possible shape for a

cylinder was investigated and it was found to be one whose height is 1.259

times its radius. It was further found that this was 97% as good as the

optimum shape.

A description of the apparatus and procedure for filling the Kr-85

sources is given in Appendix B.

Kr-85 Source Measurements

The four initial Kr-85 light sources, fabricated of Pyrex glass,

were measured over a period of 301 days. Table 5.3 presents the light output

measurements obtained during this interval in terms of the short circuit

current of the photocells. Galvanometer deflection values are given. The

individual values of the four sources cannot be intercompared directly as an

indication of relative output, since the individual photocells vary considerably

in sensitivity and spectral response.

Figure 5.2 is a plot of the light output data. A large initial drop

in readings was noted, which was found to be caused by the darkening of the

pyrex holders. Comparison with data obtained subsequently with the non-darkening

sources (see below), indicated that the glass-darkening reached saturation in a

fairly short time and could be corrected for.
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Table 5.3

Kr-85 Sources - Decay Measurements

(Pyrex Glass Holders)

Elapsed Time Since
Loading, Days

0
4

5

6

7

10
11

12

17

18

19

20
21

24

25

Galvanometer Readings

Sample No. and Color

#6 Red #7 Red #8 Green #9 Green

94

50.5
50.5
47

52
52
52
51
51

53
52
52
52

52

52
55
54.2

Annealing Test

37.0
35.8

39

73

131

132

133

140
185
228

241
244

245
248

249

252
263

269

270
280
291
301

33.8

32.8

32.0
31.4
31.4

31.3

31.4

31.4
31.3

31.3

30.6
31.1
30.9
30.8-
30.6

105
52
50
50

50

50
50
45
46.5

46.5

46

46

44

44

44

42

40.2

40.0
39.2

38.3
38.0
38.0

37.8

37.7

37.8

37.8

37.7

36.7

37.4

37.2

37.0
36.8

28.6

31.1
31

30

20
18

16

12

12

11.5
11.5
11

11

11

10
9

8.2

8.2

7.8

7.3

7.4

7.4

7.3

7.3

7.3

7.2

7.3

6.9

7.1
7.1
7.1
7.0

24.9

27.6

27.5

26.5

26

26

25.5
25
25.5

25.5
25.5

25
25
25

24

24

23.0

23.3

22.8

21.8

21.7

21.7

21.3
21.4

21.5
21.4

21.6

20.3
21.1

21.3
21.2

20.9
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After 131 days, sample number 6 (red) was removed from the lead

shield and was given a one-hour heating test in an attempt to remove the

glass darkening. This test proved quantitatively unsatisfactory since a

loss in light output was actually observed. This indicated a slight damage

to the phosphor which overshadowed any recovery from the glass annealing.

An indication that some annealing actually took place can be seen by the

rapid drop off in light output during the eight-day period following the

test, indicating that darkening of the glass was once again taking place.

The four new Kr-85 light sources, fabricated of cerium-stabilized

non-browning glass, were measured for a period of 60 days. Table 5.4

presents the light output measurements obtained. Light readings were measured

with 1 cm2 silicon photocells, compared to 1/4-inch-square (0.40 cm2) photo-

cells for the Pyrex sources. In addition, the second set of sources con-

tained a phosphor loading at least double those of the first set.

Figure 5.3 is a plot of the data. It may be noted that the non-

browning glass holders did not exhibit the initial rapid loss in output associ-

ated with the Pyrex glass darkening and proved adequate in this regard.

An examination of the curves in Figure 5.2 for Pyrex glass containers

indicates that the long term behavior of each source may be represented over

the range shown by a simple exponential. After making allowances for Kr-85

decay, and correcting for darkening by comparison with Figure 5.3, the damage

half-life may be calculated as 5.5 years for each of the red sources (No. 6 and

No. 7), 4.4 years for No. 9 and 2.5 years for No. 8, both green.



FIGURE 5.3

100

90
LIGHT OUTPUT DECAY

801
Kr-85 Activation, Radiation-Resistant Container

70

60

50 _ _ _ _ _ _ _ _ _

40

30

20
Sample 1 0 Red
Sample 1 & Green
Sample 1 0 Red

Sample 1 V Green

ASSOCIATED NUCLEONICS, INC.

8
Report AN-121 F89U

Time (days)

10_I I
o 10 20 30 40 50 60 70





5.7

Table 5.4

Kr-85 Sources - Decay Measurements

(Non-Browning Glass Holders)

Galvanometer Readings
Elapsed Time Since

Loading, Days

0

1

2

3

4

7

8

9

10

11

22

29

39

50

60

Sample No. and Color

#1 Red #2 Green #3 Red #5 Green

50.2

50.8

50.5

50.6

50.4

50.3

50.3

50.4

50.3

50.4

50.1

50.0

49.1

48.9

48.4

38.2

38.0

37.7

37.2

37.4

37.7

37.6

37.6

37.5

37.2

36.4

36.6

36.6

36.1

51.8

52.5

52.0

51.5

51.5

51.3

51.2

51.3

51.1

51.2

50.5

50.4

50.0

49.8

49.4

25.2

25.4

25.5

25.5

25.2

25.0

25.1

25.2

25.2

25.2

25.1

24.7

24.1

23.9

22.9
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A somewhat different approach may be taken since theory predicts

(Chapter 4) LQ/L (corrected for Kr-85 decay) to be linear with dose. Un-

fortunately, the range in Lo/L values here is too small (maximum of 1.2) to

serve as a good check on the theory. The data in Figure 5.2 were corrected

for initial darkening by extrapolation of the longer term data to the time

origin. Values of Lo/L were then plotted against time and found to be linear.

An extrapolated half-life and average dose over the first 240 days were cal-

culated. From this dose, an average dose over the half-life was calculated.

The data are given in Table 5.5.

Table 5.5

Half-Life Dose for Krypton Damage

Sample No. Half-Life (yrs.) Dose (Kilomegarads) for Half-Life

6 (Red) 5.7 8.0

7 (Red) 8.8 11.6

8 (Green) 3.2 4.6

9 (Green) 5.7 8.2

Note that these results agree well with the average dose for half-

life at 0.7 Mev from the second and third irradiations. This is 8 KMR for the

red phosphor and 6 hMR for the green.

The data for radiation-resistant containers were taken over too short

an interval to warrant a detailed analysis.

Promethium-147 Sources

Promethium-147 Source Fabrication

Fabrication of light sources with Pm-147 requires the use of the
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isotope in a purified form to eliminate the possibility of contamination

and damage to the phosphor from these impurities. Although the Pm-147 pur-

chased from Oak Ridge had undergone some purification from adjacent rare earths

by ion-exchange separation, a further ion-exchange treatment with Dowex-50

resin was used to reduce the solids content still further and also to eliminate

gamma-emitting impurities. The conditions under which milligram quantities of

rare earths have been isolated by this technique were described by Freiling

and Bunney (5.1) and Mayer and Freiling, (5.2).

The ion-exchange column was packed with the resin, heated to 87 0C

for its entire length, and the crude Pm-147 activity transferred to the top

of the column in the form of a small portion of activated resin slurry. The

eluant was 10% lactic acid adjusted to pH = 3 with NH4OH. The purified ac-

tivity was then separated from the lactic acid eluate by precipitation as the

oxalate with the addition of oxalic acid. After filtering, the oxalate pre-

cipitate was converted to a water-soluble salt by decomposing the anion with

concentrated HNO3 and H202. Evaporation to dryness removed traces of acid

and then the purified Pm(N03)3 was taken up into a definite volume of water

for storage and future use.

To prepare a light source, a known amount of promethium activity in

solution form must be deposited as a solid coating upon a measured amount of

phosphor. Like other rare earths, promethium may be precipitated as Pm(OH)3

by adding a base. Similarly to Al(OH)3 , the rare earth hydroxides are insoluble

in near neutral solutions; the deposition is best carried out by a slow addition

of concentrated NH4OH until the pH = 8. In the presence of the insoluble ZnS
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or CdS, the hydroxide coagulates around the suspended particles.

After deposition of the activity on the phosphor particles, the

active phosphor is separated from the aqueous phase by a vacuum filtration

through a sintered glass funnel. After washing the phosphor button, the

funnel containing the phosphor is dried over a hot plate. It is believed

that, after drying, a thin layer of rare earth oxide, Pm203 , clings to the

surface of each phosphor particle. This configuration favors the efficient

conversion of beta energy to light, by keeping the relative amount of self-

absorption low. The Pm-147 coated phosphor is then transferred to the con-

tainer used as the source holder.

Two promethium-activated sources were prepared, one with red (CdS)

phosphor and the other with green (ZnS). Each source contained 90 mg, with

a specific activity of approximately 20 curies/gram. To minimize possibility

of any chemical damage or contamination from the container, the sources were

enclosed in 1 ml glass weighing bottles (about 1 cm I.D.) sealed with un-

greased ground glass stoppers. The sources are in the form of a loose powder

of phosphor coated with promethium oxide, evenly distributed over the flat

bottom of the container. Arrangements for following light output history were

the same as for the krypton sources described above.

Light output measurements were made with a microammeter. After a

short aging period, glass darkening occurred. A second series of Pm-147 ac-

tivated sources was made similar in all respects to the earlier ones, except

for the use of cerium stabilized glass.
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Promethium-147 Source Measurements

The two original promethium-147 light sources, fabricated of Pyrex

glass, were measured for an interval of 129 days. At this time, to determine

the magnitude of the glass-darkening effect, the activated phosphors were

transferred to new Pyrex containers and decay measurements continued for an

additional 165 days. Table 5.6 presents the light output data for the two

sources. Figure 5.4 is a plot of the data.

Table 5.6

Pm-147 Sources - Decay Measurements

(Pyrex Glass Bottles)

Galvanometer Readings

Elapsed Time Since Sample No. and Color

Loading, Days 9.4 G3, Green 9.5 R5, Red

0 23.8 28.4

3 18.9 26.8

4 18.9 26.8

7 18.6 26.6
10 17.9 25.9

14 17.3 26.0

20 16.9 25.5

25 16.5 25.4

31 16.0 25.0
35 15.5 24.8

42 15.3 24.5

48 14.9 24.2

52 14.4 24.0

59 14.0 23.9

66 13.3 23.8

70 13.0 23.5

73 12.9 23.2

77 12.6 23.0

80 12.5 23.0

83 12.5 23.0

101 12.0 22.3

119 10.8 22.0

129 10.8 22.0

Phosphors transferred to new clear bottles
0 15.2 25.3
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Table 5.6 (cont'd)

Pm-147 Sources - Decay Measurements

(Pyrex Glass Bottles)

Galvanometer Readings

Elapsed Time Since Sample No. and Color

Loading, Days 9.4 G3, Green 9.5 R5, Red

2 12.1 24.5

4 11.2 24.5
46 7.2 22.7

58 6.6 22.0

60 6.6 22.8

63 6.2 22.3

74 5.9 21.7

88 5.0 20.8
98 4.5 20.1

105 4.8 20.4

116 4.2 19.7

135 4.2 18.8

144 4.0 18.8

155 4.0 18.5
165 4.0 18.2

The final two promethium-147 sources were stored in the non-browning

containers and measurements were made over a 102-day period. These decay data

are given in Table 5.7 and plotted in Figure 5.5.

Table 5.7

Pm-147 Sources - Decay Measurements

(Non-Browning Glass Bottles)

Galvanometer Reading

Elapsed Time Since Sample No. and Color

Loading, Days 9.9R5, Red 9.10G3, Green

0 26.9 6.9

11 26.2 6.0

25 25.8 4.0
35 25.1 3.2

42 25.0 2.9

53 24.7 2.4

72 23.4 2.0

81 22.9 1.8

92 22.1 1.8
102 21.2 1.8
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From Figure 5.4, it is apparent that a simple exponential cannot

fit all the data on samples in pyrex glass containers (9.5 R5 and 9.4 G3).

An analysis of the data in terms of LQ/L (corrected for Pm-147) was attempted

as described for the Kr-85 sources above. In Figure 5.6 is shown L/L versus

time. It will be noted that the red sample (9.5 R5) is linear and the green

one (9.4 G3) starts this way. There is a break in the curve for the green

sample corresponding to changing the container. An average dose was calculated

(assuming 100% absorption of the beta energy), as well as the dose for a half-

life. The latter is given in Table 5.8. The half-life for the green sample

is based on the first part of the curve.

Samples in radiation-resistant glass (9.9R5 and 9.10G3) may be

analyzed similarly. In Figure 5.7 values of L/L versus time are shown. It

will be noted that here both samples are approximately linear with time. Table

5.8 gives half-life, and dose for half-life as before. There is fair agreement

between the two red samples in the table, but not the green. The half-life

doses of 33 and 78 KMR for the red samples with Pm-147 are 5 to 10 times that

for Kr-85. The expected half-life dose (see Chapter 3) is 1,000 KMR. These

values indicate that the damage is not predominantly a radiation effect but may

rather be largely due to other physical and chemical effects.

Table 5.8

Half-Life Dose for Promethium Damage
Dose for

Sample Phosphor Container Half-Life Half-Life

No. Type Type Years KilomegarardQ

9.5R5 Red Pyrex 3.0 78

9.4G3 Green Pyrex 0.69 17

9.9R5 Red Non-darkening glass 1.3 33

9.10G3 Green Non-darkening glass 0.09 2.3

.

V O
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Nuclear Battery Sources

The maximum duration of the tests using promethium-147 light

sources has at best been under a half year, which.is a small fraction of

the promethium half-life of 2.6 years. In connection with previous work

on development of a promethium-147 activated nuclear battery, two light

sources were prepared for which decay measurements have been taken over

a 30 month period. This is approximately a full half-life for the

promethium-147 and is included in this report for comparison with the

shorter interval data presented above.

These nuclear power sources, designated as B4 and B5, each con-

tain about 50 mg of activated red phosphor (R-3, Sylvania TT-P635, 70-30

CdZnS:Cu) spread over an area of 1 cm2 and sealed into a polystyrene disc.

This disc is sandwiched between two silicon photocells. Table 5.9 gives

the short circuit current, which is of course a measure of the light output,

at various times.

Table 5.9

Pm-147 Sources - Decay Measurements

(Polystyrene Holders)

Short Circuit Current (ua)

Elapsed Time Since Loading, Months Battery B-4 Battery B-5

0 8.60 7.45

1 8.02 7.10

12 5.31 4.55

24 3.56 2.59

30 3.04 2.19



FIGURE 5.6

RATIO OF INITIAL TO FINAL LUMINESCENCE

Pm-147 Activation, Pyrex Container

(Corrected for Pm-147 Decay)
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FIGLBE 5.7

RATIO OF INITIAL TO FINAL LUMINESCENCE

Pm-147 Activation, Radiation-Resistant Container
(Corrected for Pm-147 decay)
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Figure 5.8 is a plot of this data. Additional details on the

initial conditions for these sources is given below:

Power Source No. B4 B5

Pm-147 content, curies 1.55 0.90

curies/g 32 16

Dose rate, megarad/hr 5.1 2.6

A plot of L/L (corrected for Pm-147 decay) versus integrated

dose was made for the battery sources. This is shown in Figure 5.9, from

which the dose half-life was calculated for each. The data are given in

Table 5.10.

Table 5.10

Half-Life' Dose for Promethium Damage, Batteries

Sample No. Dose (Kilomegarads) for Half-Life

B4 148

B5 52

It will be noted in Figure 5.9 that L/L versus dose does give an

approximately linear relationship, in support of the theory. It is impossible

to intercompare these sources directly with the Pm-147 sources above, since a

different phosphor was used. However, there is a strong indication that the

cemented plastic container used in the batteries did not contribute to the

damage. The half-life dose of 150 KMR for B4 is the highest value observed

for this parameter in any of our work.

Intercomparison of Sources

In Figure 5.10 are shown data comparing L/L for different red phos-

phors versus dose. The electron beam data are taken from the second irradiation
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for an energy of 0.71 Mev. It will be noted that the rate of damage for

Pm-147 is significantly lower than for either Kr-85 or the electron beam.

The maximum energy of the Kr-85 beta is 0.67 Mev, so one would expect it

to be somewhat less damaging than the beam. Actually it is slightly more.

It is worth noting that the Kr-85 sources do not involve any chemical ef-

fects on the phosphor.

In Figure 5.11 are shown similar data for the green phosphor.

Here all the curves fall close together. Since a large energy dependence

is expected for the radiation damage, one could conclude that the green Pm-147

sources show a very much more pronounced chemical or physical effect than the

red ones.

In the analysis of the data above, it has been assumed that the

radiation effect is dose dependent only. It is possible that the intensity

of the irradiation might have an effect which should be explored.
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FIGURE 5.9

RATIO OF FINAL TO INITIAL CURRENT
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FIGURE 5.10

RELATIVE LUMINESCENCE OF RED PHOSPHORS FCR IRRADIATION DOSES FROM DIFFERENT SOURCES
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PIGUR3 5.11

RELATIVE LUMINESCENCE OF GREEN PHOSPHORS FOR IRRADIATION DOSES FROM DIFFERENT SOURCES
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APPENDIX A

Best Shape for a Container of Krypton-85 for Use as a Source

Consider the following two problems:

1. Given a fixed volume of gas, what is the container shape that

will maximize the number of particles striking an infinitesimal area at some

point on the container wall?

2. How much better is this best shape than such convenient shapes

as a sphere or cylinder?

Before going into these matters, note the following rather obvious

facts concerning the current density at the wall of the container.

1. Regardless of the shape of the container, the current density

normal to the surface, at a point on the surface, is directly proportional to

the source density, i.e., to the gas pressure.

2. For similarly shaped containers with the same source density,

the ratio of the current density to the cube root of the volume for corres-

ponding points is constant.

Thus, the current density at the surface can be doubled either by

doubling the pressure or by increasing the volume eightfold. Furthermore, for

a given shape and source density, the ratio of current density at the surface

to the cube root of the volume is a measure of the efficiency of that shape as

a source container.

The optimum container shape is found as follows:

First of all, it is obvious that the best surface is symmetric about

the normal to the surface element at which the current density is to be maximized.
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It is further obvious that a vector from the surface element considered cuts

the surface only once, since otherwise the surface would shield the target

from part of the source. Thus the length of this vector from the surface

element considered, to any point on the container surface, is a single valued

function of the angle between the vector and the normal to the surface element.

The current density normal to the target element will be designated by

d. and is given by
dA

dN - So CosG dT

dA 4R/ r2

So = source density

dT = volume element of container

r = distance from target to volume element

9 = angle between r and the normal- to the target element

The integration extends over the volume of the container.

If P(9) is the distance from the target element to a point on the

surface we have

Tr/2 P271
dN - So ' d ( dr d0 (Sing CosH)
dA 47r 0 0

So T7/2
/ d ( / (9) Sing Cos9)

So J u (u) d u

0

where u = CosO.
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The total source S in the container is

S = So dT

W/2 p 2w

=So f d9 f dr J d0 r2SinG
0 0 0

= 27FSo p du

3 0

dNNow maximize -- by varying O(u), subject to the condition that S

is constant. By the method of the Calculus of Variations (c.f. Methods of

Theoretical Physics, Morse and Feshbach, p 276) this leads to

2 - uP = -- ; X = undetermined Lagrangian multiplier

or

P = C u1/ 2 ; C = constant proportional to V1/3

The shape of this curve is shown in Figure Al.

For this shape we then have

1 dN = C

So dA 5

4Tr 3V 4=-- C
15

__ 1'1/3
1 dN V1/3 =_ 1  .1/ = 0.212
So dA 5 47

For a sphere of radius R we have

1 dN R
So dA 3

V = 7rR3
3

1/3
1 dN 1/3 1 3

- V -.- 0.2065
So dA .34W



A.4

It is readily shown that most effective cylinder is one whose height

is 1.259 times its radius. For this cylinder we have

1- N = 0.326 R
So dA

V = 1.2597 R3

1 dN 1/3= 0.206
So cIAV

We thus see that, for a given volume of source, a sphere or a

cylinder will give a current density at the target element over 97% as large

as the best possible container. Hence there is no point in using a more

complicated shape than a cylinder.

The results of calculations for the number of electrons per cm2

per sec at the target element for Krypton-85 at S.T.P. in various containers

are shown in the attached table.



FIGURE A.1

OPTIMUM SHAPE FOR CONTAINER
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Table Al

Number of Electrons Striking Per Unit Area Per Unit
Time at Center of Target For a Kr8 5 Source

at S.T.P. in Various Containers

Volume (cm 3 )

0.954

2.93

6.31

11.15

18.75

101

Total Curies

0.076

0.234

0.505

0.894

1.50

8.06

Type Container*

1

2

3

4

5

6

1
2

3

4

5
6

1
2

3

4

5

6

1

2

3

4

5
6

1

2

3

4

5

6

1

2

3

4

5
6

1 dN

So dA

0.203
0.189
0.173

0.203
0.203
0.209

0.254
0.296

0.276

0.295

0.296

0.304

0.270
0.378

0.367

0.381
0.382

0.392

0.275
0.437

0.442

0.460

0.462

0.474

0.280

0.507
0.530
0.547
0.550
0.565

0.281
0.770

0.880

0.958
0.963
0.990

dN

dA
X10a9 2

(particles/cm sec)

0.609

0.567
0.518
0.609

0.609

0.625

0.762

0.888

0.828
0.885

0.888

0.922

0.810

1.134

1.101

1.143
1.146

1.176

0.825

1.211
1.326

1.380

1.386

1.422

0.840

1.521
1.590

1.640

1.6 50

1.694

0.843

2.310

2.640
2.874

2.889

2.970

1 -
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*Source Types:

1. Cylinder of lcm2 Cross Section
2. Frustum of a Cone, 300 Apex Angle, smaller Base of Unit Area

3. Frustum of a Cone, 450 Apex Angle, smaller Base of Unit Area

4. Cylinder, height equals 1.259 x Radius

5. Sphere
6. Optimum Shape Container
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APPENDIX B

Apparatus for Kr-85 Source Preparation

An all glass gas-filling system was designed and constructed. This

made possible the transfer of Kr-85 from supply cylinder to sample holder.

Figure B.1 is a photograph of the apparatus while Figure B.2 is an outline draw-

ing. The connection from cylinder (A) is made by means of a ball and socket joint.

The ball is brass and joined to (A) with a short length of pressure rubber tubing.

A glass socket at the terminal of the tubing is fitted with the brass ball. An-

other ball and socket joint facilitates the linking of the closed end manometer

to the system. All glass tubing to the right of (2) is small bore type, 3 mm I.D.

Use of small bore minimizes hold up of Kr-85 in the gas lines. Part (D) is a

Toepler mercury positive displacement pump. Sample holder (G), containing the

phosphor, is a glass bulb connected to the system with gum rubber tubing and

grease and checked for vacuum conditions. When filled, the holder containing

the Kr is carefully sealed with a torch and pulled off and a new container is

fixed into position. Buret (F) serves as a reservoir for Kr-85 during manipula-

tion of gas, while (H) is a leveling bulb used to compress gas into (G). Stopcocks

(1), (2), (3), (4), (5), (6) permit the direction of gas to the desired chambers

during the transfer operations. Mercury trap (I) protects the vacuum pump.

Storage ampoule (E) (with break seal) serves to remove all unwanted gas from the

system when operations are complete. Filling of (E) is similar to the filling of

sample holder (G). A Cenco-Hyvac vacuum pump was adequate to produce the desired

pressure. All operations were conducted in a hood with a continuous exhaust

operating. The turning of all stopcocks with slotted wooden blocks during transfer

operations was a precaution taken to avoid over-exposure from radiation.
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Initially, the sample holders were fabricated of pyrex glass. To avoid

problems introduced by glass-darkening due to radiation effects a switch to a

cerium-stabilized glass was necessary. This was utilized for the second series

of Kr-85 sources.

Silicon photocells approximately 1 cm2 in area were utilized for the

detection of light output. These cells were horizontally mounted in a lead-brick

housing. Atop the photocells, the radioisotope source containers were arranged.

Leads from the photocells are connected through a rotary selector switch to a

Leeds-Northrup Galvanometer having a sensitivity of approximately .0032 ua/mm.



FIGURE B.1

GAS-FILLING SYSTEM
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FIGURE B.2
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APPENDIX C

"Absolute" Brightness Measurements

In order to obtain some brightness data of a comparative type, a small

amount of work was done on the photometric sensitivity of the two multiplier

phototube detectors used in this study. This, in turn has resulted in estimates

of the equivalent brightness of our samples.

The lamp of known intensity (32 c.p.) used in this calibration was a

conventional tungsten filament bulb, rated at 40 watts, and operated at 115 volts

(CENCO 84482). The response of each phototube to a known illumination level (7

lumens/sq. meter) was measured, and, having determined the voltage-current char-

acteristics of the tubes, the readings obtained with the samples were related to

this response.

The red-sensitive RCA phototube No. 7102 (with the added Corning filter

No. 3408 to exclude UV) showed a response to the undamaged red "standard" sample,

when beta-excited, some 1400 times smaller than to the tungsten lamp. Consequently,

a tungsten illumination level of 0.005 lumens/m2 would have produced the same

phototube reading. Similarly, a tungsten level of 0.02 lumens/m2 would have pro-

duced the same reading as the UV-excited sample. An estimate was also made of the

equivalent luminance of the excited surfaces. The number obtained represents the

luminance of a cosine-law surface the same size as the sample, having the same

color as the tungsten lamp, and producing the same phototube response as the red

sample. Defined in this way, the equivalent luminance of the Sr(Y)-90 excited red

standard is about 6.1 microlamberts; when UV excited it is about 72 microlamberts.
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Among a group of more than thirty red samples prepared for the third

irradiation, a considerable variation was encountered in the brightness when

excited by betas, and in the ratio of UV to beta excited brightness. Thus beta-

excited brightnesses between 0.9 and 1.6 times the value for the standard sample

were observed, and UV-to-beta brightness ratios ranged between 0.7 and 1.4 of

the value for the standard.

The green-sensitive Du Mont phototube No. 6292 without a UV filter was

used in conjunction with the yellow sample which served as standard for all the

green, yellow, and blue samples prepared for the third irradiation. It was found

that the tungsten illumination equivalent to the beta-excited yellow sample is

0.014 lumens/m2 , and that for the UV-excited sample is 0.12 lumens/m 2 . The

comparison was made without a UV filter in the first case, and with a Corning

UV filter No. 3387 in the latter case. The equivalent luminance of the beta-

excited sample was estimated to be 25 microlamberts, and about 23 times larger

under UV.

As in the case of the red samples, there were variations among the

more than thirty green samples prepared for the third irradiation and measured

with the Du Mont tube. The phototube response to these (beta-excited) samples

ranged from 0.9 to 1.4 times that of the yellow standard.
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