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Abstract

A study of the spectral properties of neodymium-doped glasses has been

under taken, objects o e--propwes-o a

I uerfJ ue-ice-tho-.#forinncef f d ped.rss e-a~d-2- itTf1 he

beaLposs.libLeg1-ss& or-h..gh--power-applicati°ons. The work consists of an

extensive study of a wide variety of different glass compositions in parallel

with a detailed study of the spectral properties of one glass. Emphasis has

been on silicate glasses , especially on those which could be manufactured on

a moderately large scale. As a result of this study, the main features of

the influence of glass properties on spectral properties are now known. The

silicates show the longest lifetimes and most intense fluorescence, while the

borates show the shortest lifetimes and weakest fluorescence. Since

oscillator strengths are about equal for all glasses studied, the borates are

apparently quenched.

In addition to gross compositional effects, certain impurities such as

iron, copper, and nickel, quench the neodymium fluorescence.

One of the more promising glasses has been prepared i the best

optical quality available and is currently undergoing intensivestud

-/
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I. INTRODUCTION

Shortly after the development of the ruby laser by T. H. Maiman

in 1960, a number of research groups began to study the possible use of glass

as a laser host material. Attention was concentrated on rare earth ions

dissolved In glass, primarily because the fluorescent transitions occur in

the shielded 4f levels and the fluorescent spectra should therefore be

relatively undisturbed by the random structure of glass. It has been known

for some time that trivalent lanthanide absorption spectra in glass are much

sharper than transition metal ion spectra, although not as sharp as in

crystals. Subsequent study has revealed that rare earth fluorescence spectra

are also relatively sharp In glass. Further, the energy levels for rare

earths in glass are approximately the same as in crystals, although the

glasses generally have longer lifetimes at room temperature.

At the present time four rare earth ions are known to exhibit

stimulated emission in glass, the most Important being trivalent neodymium.

Properties of the others (Y+3, Gd+3, Ho+3) as well as the properties of Nd+ 3

doped glasses have been reviewed and compared with crystals by Yariv and

Gordon. Neodymium is the ion which most readily exhibits stimulated

emission In glass. Threshold energies are low as a result of the many

absorption bands effective in pumping as well as the fairly high oscillator

strength of the pertinent transition. Furthermore, cooling is unneccessary

since the terminal level is several thousand wave numbers above the ground

state and Is normally empty at room temperature (see Figure 2-31.

Beyond its spectral properties, glass has a number of distinct

advantages for use as a laser material. The major advantage is that it may

be formed In very high optical quality In a variety of shapes from thin
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fibers to massive pieces. Since the solubility of rare earth ions in glass

is fairly high, the concentration of the active element can be adjusted

over wide limits. Furthermore, the other physical properties of glass can

be varied widely through wide changes In the base glass composition. It

should thus be possible to adjust a number of the glass properties for

optimum performance in a particular application. There are, unfortunately,

some properties of glass which are not advantageous in a laser material,

primarily its low thermal conductivity. The mechanical strength of glass

is not as high as that of ruby but is equal to or better than the strength

of most ionic crystals (such as CaF2 or CAWO4 ).

The objectives of Corning's glass laser research program on behalf

of the Office of Naval Research have been to determine how the properties of

glass influence the performance of a Nd-doped glass laser, and to develop

the best possible Nd-doped glass for a high power laser device. Since it

was not known initially how much of an effect the glass composition would

have, a large part of our work has been devoted to a survey of the spectral

properties of neodymium in a wide variety of base glass compositions. Such

information, coupled with already existing Information on the effect of

composition on the physical properties of glass, will allow a sensible

choice of the best glass for a particular application.

The number of glasses involved in the exploratory phase of this

program is so extensive as to prohibit detailed study of laser performance

in all of them. To provide basic information on the detailed performance

of a Nd-doped glass laser therefore, we have selected one particular base

glass composition for more extensive study. The following section of the

report deals with this work. Later sections deal with the exploratory
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composition studies.

2. INTENSIVE FLUORESCENCE STUDY OF A SINGLE GLASS COCPOSITION

2.1 The Glass Composition

Although the base glass composition definitely has an effect on Nd+ 3

fluorescence as is shown further on in this report, the general features

revealed by this intensive study of fluorescence and stimulated emission in

a soda lime silicate glass seem to be more or less common to all the glasses

studied. It is helpful, therefore, to keep these features in mind when

analyzing the extensive data on the large number of glasses given later.

The base glass used in this study had the approximate composition by

weight of 71% S102, 15% Na2O, 12% CaO, 1% A1203 , 1% Sb203, and had a density

of 2.56 9 cm "g Various percentages of Nd2 03 were added keeping the weight

ratio of the base glass oxides unchanged. This glass was chosen because It

was of a common type studied extensively in the literature and it can be

made in small amounts with fair optical quality.

2.2 Fluorescence Spectrum and Level Scheme

Figure 2-1 shows the optical absorption near 800K and near 3000K for

the region around 9000 A. This absorption corresponds to transitions from

419/2 to 4F3/2 state. (2- 1  Figure 2-2 shows the relative fluorescence

intensity in the same wavelength region after correcting for self-absorption

and the apparatus response. At room temperature there appear to be weak

fluorescence bands near 8970 A ano 86U A which are not present at low

temperatures. The main feature, however, is two prominent bands at 8860

and 9170 A.

Figure 2-3 shows the proposed level scheme which accounts for the

predominant features of these broad peak spectra characteristic of glasses.
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Presumably each "peak" contains several unresolved crystal field levels,
2 2 )

First, consider the optical absorption. At room temperature the prominent

absorption occurs from the lower 419/P level to the two 4F3/2 levels giving

two peaks. In addition, there is some absorption from the upper 419/2 level

but It is weak since only about 14% of the atoms are in this state. At 80°K,

the main peaks have about the same peak height ratio as at 300K; this Is to

be expected from the level scheme. However, the absorpt ion at long wave-

lengths has disappeared since only about 10- 3 of the ions are now in the

upper 419/2 level. The energies of the two 4 F3/2 levels were determined from

the two main absorption peaks. Next, consider the fluorescence. The two

main peaks arise from transitions from the lower 4 F3/2 level to the two

419/2 levels. The lifetime is long enough for thermal equilibrium to be

achieved in the excited states so about 30% of the excited ions occupy the

upper 4F state at 300°K. The 8970 A and 8680 A bands are therefore weakened

by the occupation of the upper 4F3 /2 level. At low temperatures, the two

weak peaks disappear since the upper 4F3 /2 level is practically empty. There

is an unexplained small wavelength difference between the fluorescence and

absorption peaks, so the energy of the upper 419/2 level was obtained from the

separation of the two main fluorescence peaks.

The steady state fluorescence around one micron at 3000K and 80*K is

given In Fig. 2-4. The 809K curve with the two peaks shows that the 41

state is split into two groups. It was shown above that the fluorescing

4F3/2 statP in Ilso split Into two groups of levels spaced to have the upper

partially occupied at 3OO°*K but empty at 800K. Transitions down from this

upper 4 F3 /2 group give a contribution on the low wavelength side of the two

main peaks which appears to broaden the main peak at 3000K. Thus, the line
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narrowing at 80OK can be explained by static crystal field effects in the

432 group and there is, as yet, no definite evidence of vibrational broaden-

ing in the spectra.

2.3 Quantum Efficiency of Fluorescence

The glass used contained 0.8% Nd203. A polished rectangular

parallelepiped of this glass was exposed to the light of a sodium arc after

that light passed through Corning Glass Works 3482 and 4600 filters. The

rate of photon absorption was calculated from the optical absorption spectra

of the sample and the measured Intensity and spectral distribution of the

sodium arc light. The rate of photon emission in the 1.06 micron fluorescence

band was computed from the measured intensity and spectral distribution of

photon emission. The ratio of these two rates is the quantum yield of photons

in the 1.06 micron Nd3 + emission band. While this experiment is straight-

forward, there are several distinctly different measurements that must be

made. For this reason, this report is organized as a series of small,

Independent experiments. The experimental details, as well as the necessary

mathematics, for each of these small experiments are discussed below.

When the Nd3+-containing glass is exposed to a constant light intensity,

the quantum yield of photons in the 1.06 micron emission band is given by

I) E

where rt is the quantum yield, A is the rate of photon absorption and E is

the rate of photon emission in the 1.06 micron band.

2.3.1 Rate of Photon Absorption

The absorpt ion spectrum of the Nd3+ and of the various filters was

measured with a Cary Model 14 spectrophotometer. The relat lye spectral



-10-

distribution of the photon flux from the sodium arc was determined with a

calibrated monochromator. The absolute intensity of this sodium arc light was

determined with a calibrated thermopi le.

The spectral distribution of the sodium arc emission was measured by

comparison with the intensity of light emitted by a General Electric 200

watt projection lamp operated at 96.7 volts. The filament of this lamp is at

a color temperature of 2850"K and the relative spectral output of the lamp

was available. The comparison of the two light sources was made with a Bausch

and Loft 500 mm focal length grating monochromator containing a 300 lines/n

grating. The grating was used in orders I to 4. The monochromator output was

measured with an RCA 931 A photomultiplier at wavelengths less than 7000 A

and an RCA 7102 photomultiplier, cooled to dry ice temperatures, at wave-

lengths greater than 7000 A. Table 2-1 gives the relative intensities of the

sodium arc lines important here.

The absolute intensities of these lines at the sample were measured by

replacing the sample with a calibrated, windowless Eppley thermopile connected

to a galvanometer. The thermopile was calibrated against an Electronic

Communications Inc. thermal r3diation standard (TRS) operated at 11580K. On

the basis of this calibration, the intensity of the light at the thermopile

is

2) 1 = 50.5 D p/watts cm-2

I - incident light intensity

D - galvanometer deflection in mm

The standard deviation of I/D is 6-1/2%.
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Table 2-1

Quantities Used to Calculate the Rate of Photon Absorption

Wavelength
S(A) ci P/_ i

! 5670 0.024 3.7 x 1012 0.4 X 1012

2 5890 1.00 166 101

3 6160 0.014 2.5 .05

4 7700 0.27 58 3.5

5 8190 0.22 50 9

1 - line number

c = intensity of line in watts/cm2 divided by Intensity of 5890 A line In

watts/cM 2

PI = photon flux at the sample in photons/cm2-sec.

Ai = rate of photon absorption in photons/sec.

AD = total Intensity of sodium arc light passed by C.G.W. 3484 filter but not

by C.G.W. 2403 filter. The units are mm of galvanometer deflection.
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The total intensity of the sodium arc light passed by a C.G.W. 3484

filter but not by a C.G.W. 2403 filter was measured with the thermopile. The

absolute intensities of the sodium arc lines incident on the sample were

computed from:

3) li w ci 12

4) A I Y- I !I AT I - 12 i -T I c T I

ti = intensity of the 11th sodium arc Hne

i = sodium arc line number (see Table 2-1)

12 = intensity in watts/cM2 of the 5890 A sodium arc line

Al = total intensity in watts/cm2 of the sodium arc light transmitted by the

3484 filter but not by the 2403 'filter

ATi = difference in per cent transmission of the 3484 filter and the 2403

filter

c i = relative sodium arc line intensities

The values of ci are listed in Table 2-1. The values of AT, are

determined from the transmission spectra of the filters. The value of Al

Is computed from Equation 2 and the difference in galvanometer deflections

AD for sodium arc light transmitted by the 3484 filter but not the 2403

filter. The absolute Intensities of the sodium arc lines at the sample are

listed in column 4 of Table 2-1.

The photon absorption rate is calculated from the absorption spectra

of the sample and its geometry by assuming that the sodium arc light incident

on the sample is parallel. The surface of the sample normal to the incident

sodium arc light had an area of 2.74 cm2 . The sample thickness was 0.745 cm.
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The rate of photon absorption was computed from

5) A = 2.74 7. A T = 2.74.. a; photons/sec.

A i = photon absorption rate due to arc line I

Pi = photon flux at the sample due to arc line I

at = fraction of incident photons absorbed

Mulripte internaf reflections were taken into account in computing the ails.

The values of Ai are tabulated in Table 2-1. Most of the excitation comes

from the 5890 A line. The 5670 A and 6160 A lines make a negligible

contribution while the 7700 A and 8190 A lines contribute about 11% of the

photons absorbed.

The contribution of the 7700 A and 8190 A lines was checked by

measuring the intensity of the Nd3 + emission spectra . 1.06 microns when no

'filter. a 3484 filter, or a 2403 filter was interposed between the arc ana

the sample. Since the fluorescence intensity is directly proportional to the

rate of photon absorption, these data could be used to compute the per cent

of the total photon absorption rate due to photons transmitted by both the

3484 filter and the 2403 filter. The result was that these lines contributed

5% of the total photon absorption rate. The cause of the discrepancy between

this number and the 11% contribution computed above is now known. Therefore,

it is assumed that these infrared lines contribute !12 15 + I) = 8.0% of the

totai photon absorption rate. The value of this rate used in Equation I Is

6) A = 302 x 1012 AD photons/sec.
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2.3.2 Photon Emission Rate

A point source of light radiates isotropically at a rate where r is

RA = 4 1 r2  Iy watts/micron

the distance in cm from the source to a detector at which the intensity is

IA watts/cm
2-micron band width. The value of 1) is measured by comparing

the detector readings for the point source and for a source of known spectral

distribution. If the TRS is used as the known source, then

R rD 2 _! F

a 1B

Ds = diameter in cm of TRS limiting aperature

a = distance in cm from TRS limiting aperature to detector

IF = detector reading for Nd3+ fluorescence intensity

IB = detector reading for TRS intensity

W = black body emission rate in watts/cm2-mlcron band width (see p. 23 of

TRS manual)

The rate of photon emission in a band width d microns is

dE ?d =1.58x1019  sf7 W L 7
dA 

IB

integration yields

7) E = k c photons/sec.

8) k = 1.58 x 1019 (Dsr)2

a

I
B.. 1
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In practice, it is convenient to define

10) f (AF -1 IF
IB

Equation 10 can be used to computefP| from the Nd3+ emission spectra without

knowing the absolute i.ntensity of the fluorescence. A measurement of the

absolute intensity at one wavelength is then sufficient to determine c and E.

The experimental apparatus used to determine the photon emission rate

is shown schematically in F1. 2-5. Light from the sodium arc, after passing

througi. the C.G.W. 3482 and 4600 filters, is absorbed by the Nd3 + in the glass.

The fluorescence emitted at right angles to the incident sodium arc light is

analyzed by the previously described monochromator. The monochromator

receives light from all parts of the sample. The monochromator output

strikes a fused silica plate having finely ground surfaces. All slits are

removed from the photomultiplier housing so that the whole cathode of the RCA

7102 photomultiplier, cooled to dry ice temperature, receives light from the

diffuse source on the fused silica plate. This arrangement for detection of

the monochromator output eliminates the need to precisely align the optical

components. C.G.W. filters, No. 2030 and 5030, vere placed In the condenser

lens system for the monochromator to limit detection to wavelengths in the

near infrared.

After measuring the Nd3+ emission spectra, the sample was replaced

by the previously described, calibrated thermopile in order to measure the

total light transmitted by the C.G.W. 3484 filter but not by the C.G.W. 2403

filter. After this measurement, the thermopile was removed and the TRS was

used to calibrate the detector system.
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Figure 2-4 shows the Nd3+ emission spectra in the I micron region.

The ordinate is proportional to photons/cm2-sec-mlcron band width. For this

1.06 micron band,

I A = 4.17 x 10-2 microns
f (10600 A)

with a standard deviation of 0.4%.

The absolute intensity of the Nd3+ emission at 1.06 microns was

measured with r = 53.5 cm, a > 41.0 cm, and D. = 0.0996 cm. From these data

and from Equations 7, 8 and 10, the computed photon emission rate is

E = 2.6 x 1014 photons/sec. when AD = 3 mm. From this result and from

Equations I and 6, the computed quantum yield of the 1.06 micron band is

0.29.

The accuracy of this quantum yield should not be over estimated. It is

notoriously difficult to make quantum yield measurements accurate to two

significant figures. The least accurate measurement made in obtaining this

quantum yield was the measurement of the sodium arc intensity with the

thermopile. The galvanometer deflection was only 3 urn. Deflections less

than I mm are uncertain. Other errors arising from excitation with non-.

parallel light, from anisotropic emission by the sample, and from self

absorption of the fluorescence emission band near 9000 A are probably small

compared to the possible error in measuring the sodium arc intensity.

Accordingly, a realistic value of the quantum yield is = 0.3 ± 0.1.

2.4 Fluorescence Decay

The decay curve for this glass with 0.8% Nd203 added to the base

composition is shown in Fig. 2-6. It is not a pure exponential -- the slope

changes by a factor of three over the range examined. These measurements at
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long times were made with a mechanical shutter that shielded the phototube

from the intense initial fluorescence. Where this was not done, hysteresis

In the phototube gave spurious results. Variation of excitation by a factor

of a hundred did not change the initial slope. In constrast to the glass,

CaV'04 :Nd3 + (2.5 x 10- 4 atom fraction Nd) gave an exponential over a span ten

times its lifetime of 160sec.

The curvature of plots like Fig. 2-6 increases with neodymium

concentration. On the other hand, the variation in lifetime indicated by

this curve does not appear due to quenching of 3 portion of the ions and not

of the others. For such an explanation, the longest lifetime would be

representative of unquenched ions. The initial slope represents the major

portion of the energy out so the quantum efficiency would be the ratio of

initial to final slopes - or about one-third. Energy measurements,

described above, yield a value of 0.3 ± 0.1 quanta in the 1.06 micron line

for each quantum absorbed. Adding the quanta in the 4 F3/2 - 419/29 13/2,

4115/2 transitions from relative fluorescence intensity gives 0.7 ± 0.2 or

greater. Absorption and re-emission of fluorescence can lengthen radiation

decay times. But different geometrical shapes of the 0.8% Nd203 glass gave

the same decay curve - a 5 cm x 5 cm x 0.5 cm slab irradiated on the large

face and observed through the other large face, irradiated on edge and

observed through the opposite edge, and a 0.5 cm cube were all equivalent.

The decay may be tentatively assigned to a distribution of transition

probabilities due to a distribution of crystal fields. The fluorescence is

given by F = f Pe-Pt (, (P)dP where Z(P) is the number having a transition
0

probability between P and P + dP. This may be inverted by well known

transform methods but an approximation will suffice for the present.
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Letting e (P) =ZNi g (P-Pi), the curve may be fit by a series of equally

spaced exponentials as shown in Fig. 2-7. The envelope gives an estimate of

the distribution but the precision of the data must be greatly increased

before the true shape can be ascertained. It Is safe to say that Fig. 2-6

would require a distribution of transition probabilities about as wide as

the mean value. In all that follows, "lifetime" will refer to the value

obtained from the initial part of the curve.

Figure 2-8 shows the lifetime versus concentration of neodymium.

Fluorescence quenching as shown here illustrates why values should be taken

for low concentration in order to be more nearly characteristic of the glass

matrix.

2.5 Application of Fluorescence Data to Some Stimulated Emission
Processes

2.5.1 9100A Stimulated Emission

The level scheme suggests the possibility of inducing optical maser

action at low temperatures with the 4F3 /2 - 419/2 transition. Such

oscillations were obtained using 5-cm long cylindrical samples with die-

lectric end coatings that suppressed the 1.06 micron oscillation. Trans-

missions of the ends at 0.92 microns and 1.06 microns were respecitvely

< 1% and > 60% for one end and < 2% and > 80% for the other. Threshold at

800K, deduced from the typical output "spikes" on the oscilloscope trace,

was 700 J using an EG and G Model 513 Laser Stimulator with the sample in a

clear dewar cooled by the flow of nitrogen gas. Under comparable experi-

mental conditions, threshold for the 1.06/ oscillation would be of the

order of 100 J. No oscillations were detected at room temperature with an

input of 1100 J. At energies 50% above threshold, the stimulated emission

spread over a range of about 80 A centered near 9180 A.
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2.5.2 Maximum Gain Cross Section

First, the fluorescence peak and the stimulated emission process will

be considered to arise from a two state transition; the accuracy of this

approximation has been examined by Fowler and Dexter.

Then

Ja j - P '7T

with(D the cross section for absorption of stimulated emission, P the trans-

ition probabillty, ?o the free space wavelength, and L the index of re-

fraction. The number of ions (cm-3 ) In the excited state, n, can be related

to the losses and gain cross section at threshold by setting

R, R2  exp EInamc- OY)21-

equal unity,where o( is the absorption due to internal losses and R, R2 is

the product of the end reflectances. Taking the reflectances as near unity

and expanding the exponetial, all the losses may be expressed by o(t = d1 + Oe

where * e = (I - R, R2 i/21.

A special case of interest is that of very short pumping pulses so that

the spontaneous emission losses may be neglected. Consider a first experi-

ment in which threshold is measured and a second one where the output energy

is measured with input electrical energy, E, considerably above threshold.
(2-4)

The resonator dissipates power via internal loss and output power.

Therefore, the total available energy,E , for stimulated emission may be

written6total +eout W e +OUi)/ 0 k e. AIso,Etotal = (N2 - NIh3 with N,

the total number of ions pumped to the excited state. Since N2 = (NI E21/E1

and N1 -m = e ( A i we have
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=(- - I) h e/eout (2)

The Internal losses need not be known.

Calculated and measured values of am may be compared. Equation (i)

provides the calculated values of the gain cross section. A more clear

Identification of the groups of states is obtained with the data at 800K and

this will be used for computation. The optical absorption at 0.88 micrors

gives a maximum absorption cross section of 6.12 x 10-2 1 cm2 per ion. This,

together with the ratio (1.33) of peak fluorescence Intensity at 1.06 microns

to that at 0.88 microns, gives O-m = 1.43 x 10-20 cm2. Another estimate can

be made from the quantum efficiency measurement above if it is assumed that

all quanta absorbed yield an excited ion in the 4F3/2 state - e.i., there

are no transitions from states above the 4F3/2 to states below It. Experi-

mentally, no such fluorescing transitions have been found. Then, P = q/

where q is the quantum efficiency for the 1.06 micron line and -the

measured lifetime. Substituting in i) yields 1.21 x 10-20 cm2 . A measured

value of 1.9 x 10-20 cm2 was obtained from Eq. 7 using 30 microsec. pumping

pulses with a laser having a spontaneous emission of 515 microsec. Inde-

pendent estimates with longer pulses but subject to the same assumptions

(which sets an upper limit on TOm } have been obtained by measuring the ratio

of input to output energy and the energy required for oscillation threshold
12-5)

for two different values of end plate reflectance. High reflectance

gave 1.1 x 10-20 and low reflectance 1.7 x 10-20 cm2 .

2.5.3 The Wavelength Spread of Stimulated Emission

It has not yet proved possible to predict the wavelength spread of

stimulated emission from the fluorescence line shape. Figure 2-9 shows the

output spectrum for increasing levels of excitation. (2- 6 ) Multimode
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phenomena are easily apparent because of the wide wavelength range over which

stimulated emission occurs. The third line, for example, shovs a large number

of frequencies from only 6 or 7 "spikes". For short lasers, series of

individual I nes have been found with a spacing of 0.2 A - equal to the

calculated difference between adjacent axial modes. Figure 2-10 shows the

wavelength spread of stimulated emission for various levels above threshold. (26)

Some inference that the 1.06 micron fluorescence is an inhomogeneous line has

been given above. If the individual components were very narrow compared to

the line width, the frequency spread versus input energy should follow the

line shape. That is, at double threshold the frequency spread of stimulated

emission should be equal to the width of the fluorescence line at half

maximum. Cross relaxation will feed energy into the central part of the line

but the line narrowing occurs at concentrations lower than where appreciable

interaction effects appear in the lifetime (Figure 2-8). Figure 2-10 for

glasses with 1.5% Nd203 and 4.5% Nd203 did not show a narrower spread of

stimulated emission at higher concentration when operated at the same

fractional increase over threshold. Another possibility is that the main

fluorescence peak at 1.06 microns has several crystal field components for a

single ion. Stimulated emission will occur at the strongest transition and

eliminate the ion's contribution in other crystal field transitions near the

edge of the line. The strongest transition would have to be 70 A wide.

3. STUDY OF THE SPECTRAL PROPERTIES OF Nd3 + AS A FUNCTION OF GLASS CONPOSITION

3.1 Composition Selection

A systematic study of glass composition to find the best glass host for

neodymium must necessarily Include as many devices as possible to change the
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neodymium environment. Perhaps the best way to approach an understanding as to

the reason for the various compositions melted is to review breifly the funda-
(3-1)

mental nature of glass. A simple definition is proposed by A.S.T.M. : "Glass

Is an Inorganic product of fusion which has cooled to a rigid state without

crystal I iz Ing."

The properties of glass are determined primarily by the nature of the

anions and cations and their arrangement. By far the most important anion is

oxygen although glasses of minor technical Importance can be made using other

anions such as fluorine or sulfur. Cations are classified as network formers,

modifiers, and Intermediates. A network forming cation is one which can form

a vitreous oxide In a three-dimensional random network; the most important are

Sl1 B+3 V P 5 and Ge+4. Modifying cations are those which break network

bonding and fit Into holes in the network thus modifying glass properties.

Intermediate cations are those which can either fit into the network itself

or assume a modifying position depending on the type and concentration of

other cations present. Aluminum is an example of an intermediate cation. A

more complete discussion of the structure of glass may be found in the

original paper of Zachariasen (3'2 ) who first proposed the random network
(3-3) (3-4)

theory of glass structure and in monographs by Stanworth( , Stevels

and Jones.
1(3- 5)

The properties of glass can be roughly divided into two categories:

those related to size and volume or packing effects, and those related to

orientation and bonding characteristics. Properties of the first type, such

as density and refractive index, usually show an additive relationship or

linear correlation with properties of the individual constituents. For

example, density, in general, increases with increasing atomic weight of
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components as does refractive index. A glass containing a given amount of

calcium oxide would have a lower density and lower refractive index than the

analogous glass containing barium oxide in place of calcium oxide. The

second category includes properties which have a relaxational character such

as viscosity and dielectric and mechanical losses, and properties which depend

directly on the entropy changes of the systems such as thermal expansion.

These will be covered in more detail in the discussion of specific types of

glasses.

The subject of glass properties and their correlation with composition

is very extensive; therefore, this discussion will only outline very briefly

the general characteristics of the glasses studied. Probably the best single

sources of detailed information on glass properties are monographs by

Morey( 636 and Volf.(3-7)

One of the chief advantages of glass over crystal for laser appl i-

cations is that physical properties can be tailored to specific applications.

The most pronounced differences in properties are between glasses with

different network formers. A few very general statements can be made regard-

ing a comparison of characteristics of glass forming systems. Of course,

specific properties are very dependent on type and amount of modifying ions.

(I) Silicates - high melting, high viscosity, low thermal

expansion, good chemical durability (except in hydro-

fluoric acid) the widest range of stable glass compo-

sitions.

(2) Borates - low melting, low density, poor infrared trans-

mittance, good ultraviolet transmittance, poor chemical

durability, higher thermal expansion than silicates.
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(3) Phosphates - low melting and very fluid, relatively high

thermal expansion, poor chemical durability except resistant

to hydrofluoric acid, good ultraviolet transmittance, high

refractive index for a given chromatic dispersion compared

to silicates.

(4) Germanates - lower melting and lower viscosity than silicates,

higher thermal expansion, high density, high refractive

index and dispersion, poor ultraviolet transmittance but

best system in Infrared, poor chemical durability.

Since silica, by far, is the best glass former due to the wide variety

of compositions which produce stable glasses of good quality, the major

portion of the composition work emphasizes silicates. The following summary

lists some of the major glass types and the effect of composition changes on

their properties.

(I) Soda Lime Glass: Network Former - S10 2

Network Modifiers - Na20

CaO

This system provides an easy starting point since melting to good

quality glass is readily accomplished and many modifications can be made

without moving out of good glass areas. At a given silica level substitution

of heavier alkaline oxides for soda or heavier alkaline earth oxides for

calcia results in increasing thermal expansion, density, and refractive index.

At most silica levels, substitution of lithia for soda results in opal glasses.
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(2) Aluminosilicate and Borosilicate Glasses:

Network Formers - S102, 8203

Intermediate - Al 203

Network Modifiers - Na2O, MgO9, CaO, BaO

The prediction of properties of glasses containing alumina and/or

boric oxide is slightly more complicated than for the soda lime system due

to the dual nature of both alumina and boric oxide in glass. Boric oxide is

a network former and the boron may assume either a planar three coordination

or a tetrahedral four coordination depending on the amount of basic oxides

(modifiers) present. This effect, called the boric oxide anomaly, has been

shown in alkali-boric oxide glasses ( - 8 , 3-91 and Is evidenced by an anomalous

change in properties as alkali Is added to boric oxide changing the boron

coordination from three to four. For example, as sodium oxide is added to

boric oxide there is an Initial decrease in thermal exapnsion (in silicate

glasses expansion would increase) up to about 16 weight percent sodium oxide.

At this point the expansion increases with Increasing sodium oxide additions.

The same type of effect holds true in borosillcate glasses.

Another characteristic of borosilicate glasses is the large area of

liquid inmiscibility; i.e., a phase separation occurs at certain temperatures

creating two immiscible liquids. This is the basis of formation of Corning's

reconstituted high silica glasses. An easily melted borosilicate glass which

can be readily formed into various shapes is heat treated to cause phase

separation. One of the phases is leached out with acid leaving a glass con-

taining about 96% silica which is then fired to consolidate the structure.

Products made from these glasses are sold under the VYCOR trade mark.
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Borosillcates are characterized by a flat slope of the viscosity-

temperature curve; i.e., fairly viscous at high temperatures but relatively

low annealing points. They also have low thermal expansion. Boric oxide

Is considered a good flux to facilitate melting of silicate glasses.

Aluminum also undergoes a change in coordination with Increasing

basic oxide content of a given glass. However, in a pure aluminosilicate

glass aluminum assumes a six-fold coordination and acts as a network modifier.

As basic modifying oxides are added the aluminum Is. converted to four-fold

tetrahedral coordination and assumes a position in the silica network since

silicon is also four-fold tetrahedral coordination. Once again such a

phenomenon Is evidenced by anomalous property changes.

Aluminosilicate glasses are characterized by high viscosity both at

low and high temperatures and low thermal expansion. Alumina is noted for

improving the chemical durability of glasses; even one or two percent has a

marked effect on the durability of some glasses. If boric oxide Is sub-

stituted for part of the alumina, meltability of the glass is improved.

At a given level of silica, alumina, and boric oxide, the effect of

substituting heavier alkali oxides and heavier alkaline earth oxides for

lighter ones results in predictable changes, as for the soda lime glass,

with increasing expansion, density, etc.

13) Lead Glasses: Network Former - SiO2

Network Modifiers - Na20, K20, Cs20

PbO

Lead Is rather unusual in its role in that it does not fit Into the

glass structure only as the usual modifying ions. Lead, in high concentration

ranges, takes a position in the network coordinating to the oxygens of two
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silica tetrahedra. For this reason it Is possible to introduce as much as

91.8 weight percent PbO In a lead silicate glass. One difficulty with lead

glasses, particularly over 30 mole percent Is the tendency of Pb+2 to reduce

to Pb.

Lead glasses are relatively low melting and have low viscosities for

silicates. They have high thermal expansion and high refractive index.

(4) Invert Glasses: Network Former - S10 2

Network Modifiers - MgO, CaO, SrO, BaO, ZnO

(Possibly MgO and ZnO may act as intermediates)

Invert glasses were first proposed by Trap and Stevels and details of
(3-10)

their nature may be found in the original papers. Basically, they are

glasses with a low amount of network former and a high amount of modifiers.

The Y factor is defined as the number of bridging oxygens per silica

tetrahedron. The Y factor for fused silica is 4 and most conrerclal glasses

have Y's between 3 and 3.4. Below Y = 2 it should be impossible to form

glasses; however, this is the area where the invert glasses are formed. The

method used to form glasses is based on adding a number of different modify-

ing oxides so that, as the melt cools, the rate of structural rearrangement

to form crystals is retarded and a vitreous state results.

The properties depend, of course, on the type of modifiers. With the

system listed above, the glasses have relatively high annealing points but

low viscosities at high temperature. Infrared transmittance is very good

for silicate glasses. Density and refractive Index are relatively high.

Thermal expansion 1s moderately high.
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(5) High Temperature Invert Glasses:

Network Former - Si0 2

Network Modifiers - ThO2, 1203, Ta2O5, BaO

These glasses have low silica content and require high melting temper-

atures. Annealing point, density, and refractive index are very high. The

modifiers were selected not only because of their high molecular weights but

also for their relatively low vapor pressures at high temperatures to minimize

volatilization of batch constituents during melting. Some compositions In

this field have a tendency to form opal glasses.

(6) Zirconla Containing Glasses:

Network Former - Si0 2

Network Modifier - Na20, ZrO2

In general as zirconia content increases, the melting temperature

increases. High zirconia glasses are difficult to obtain free of undissolved

zirconia. Most glasses containing zirconia have good chemical durability.

The desirability of a complete composition search is often hindered by

glass forming limits and other factors which do not permit proper evaluation

of samples. The heating of a given combination of batch materials at a

designated melting temperature may result in one of the following:

(i) the batch does not melt;

(2) the batch melts but devitrifies as it cools;

(3) the batch melts but opalizes as it cools either due to partial

devitrification or formation of two immiscible liquids;
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14) the batch partially melts and on cooling forms a glassy material which

contains one or more of the batch constituents undissolved resulting

in crystalline inclusions called stones;

(5) the batch melts and on cooling forms a glass which contains many small

gaseous inclusions called seeds High viscosity at the melting temper-

ature is an Important factor which may cause seedy glasses.);

(6) the batch melts and on cooling forms a clear glass.

A glass may also contain more than one of the inhomogeneities described

above. Another type of inhomogeneity affecting optical quality is cord or

stria. Cord is defined by Shand 3- 11) as "An attenuated glassy inclusion

possessing optical and other properties differing from those of the surrounding

glass". Stria is "A cord of low intensity, generally of interest only in

optical glass".

One method of classifying glasses, particularly those used for optical

applications, is on the basis of refractive index and dispersion. The

dispersions of 91asses are commonly compared on the basis of reciprocal

relative dispersions at V values (Nu values). V values of most glasses

fall between 20 and 70. Glasses with P value less than 50 are arbitrarily

classified as flints and above 50 as crowns. The flints and crowns are

further classified as dense for high index and light for low index. In

addition, a designation is often made as to the typical chemical constituent

of the glass. For example, a dense barium crown would have a N value over

50, a high refractive index, and would contain barium as the distinguishing

constituent. Flint glasses usually contain lead, ranging from extra dense

with very high lead content to extra light with low lead. Crown glasses

often contain barium, with a high amount of barium in the dense crovins and
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low barium in the light crowns. A standard soda lime glass has low index and

low dispersion and is classified as a crown.

We are not primarily Interested In the dispersion and refractive Index,

therefore, we have not classified laser glasses in this manner.

The melting temperatures of the glasses were selected on the basis of

composition and were in the vicinity of 13009C to 15500C. The batches were

mixed by ball milling for four hours then placed in 500 cc. platinum crucibles

for melting. A typical melting schedule was melt for one hour, stir for one

hour using a platinum stirrer, soak for two hours, stir for one hour, then

soak for one hour. The glass was then poured into a mold of about 2-1/2 Inches

by 8 inches which gave a thickness of I inch. The melting furnace was heated

electrically using Globar rods. The hot glass was placed In an annealing

furnace set at the estimated annealing temperature, held for one hour, then

cooled at about 300C per hour. The slabs were examined for sections of best

optical quality for evaluation.

3.2 Measurements of the Spectral Properties

The results of measurements of neodymium glass fluorescence at 1.06

microns and of absorption at four selected bands are tabulated in Appendix A.

The glasses listed in Appendix A are classified Into 22 series by base gloss

composition.

Compositional variations within a base glass system are given in a

column following the glass code number. In some cases, the glasses within

a series will be seen to vary only In neodymium concentration, reported in

units of 1020 ions per cc.

The column labeled "Relative Intensity" lists the relative fluorescent

intensities of the 1.06 micron fluorescence line for each glass. The details
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of the measurement techniques and estimated precision will be given in Section

3.2.1.

The column labeled 1"0 lists the spontaneous fluorescence decay life-

times In microseconds measured at 1.06 microns.

The column "CeIc. Rel. Pulse Thresh." lists the relative pulse

thresholds of each glass, calculated from the measured relative intensities

and the fluorescent lifetimes, using the expression developed in Section 4.

The column labeled "Neas. Thresh." lists measured thresholds in

joules. Laser thresholds were determined with the EG & G Model 513 apparatus

using ten flash tubes - two groups in parallel with each group consisting of

five In series. The samples were resting in a Corning Code 7740 glass tube

of 12.7 mm I.D. and 16 nm O.D.

The "full bank" capacitance of 160 microfarads was used, with a 60

second time lapse between successive pulses allowed to Improve the reproduci-

bility of the measurements. The threshold of any given sample was reproducible

to a standard deviation In the measurement of 2%.

The laser rods themselves were polished with ends flat to 1/10 wave-

length of visible light and parallel to 5 sec. of arc. One end was complete-

ly reflecting Ag coated, the other specified as 2% transmitting.

The column labeled A;JIists the measured width of the 1.06 micron

fluorescence line at half-maximum, in Angstrom units.

The last eight columns list the absorption cross sections and

absorption line widths of the four indicated absorption lines of neodymium

in each glass. The line widths at half-maximum are given in wave numbers

(cr-I). The cross sections were calculated using the peak absorbance of

the line occurring at roughly the indicated wavelength. In the case of the
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visible 5800 A absorption, the line was often split, exhibiting two distinct

absorption peaks. In this case, the wavelength at each on-scale peak is

listed under the "r" column, with its corresponding cross section under It.

If the peaks were sufficiently resolved to permit measurement of separate

widths at half-maximum, they are both given. For details of absorbance

measurements and typical spectra, see Section 3.2.2.

3.2.1 Fluorescence Intensity and Line Width Measurements

Figure 3-1 Is a block diagram of the measurement apparatus. The xenon

lamp Is an Osram 900 watt D.C. lamp focused by means of a spherical and an

elliptical mirror to a spot on the sample face of about 1/2 inch diameter.

Interposed between the lamp and the sample is a 150 cycles per second

sector chopper.

The sample is wedged by a spring Into the corner of a sample box which

admits the exciting light through a 3/4 inch by 3/4 Inch hole and permits the

escape of fluorescence light at right angles through a 3/4 inch high slit

adjusted to a width of I awn. By looking at only the first millimeter of

fluorescence from the sample we are justified in assuming that the effects

of absorption are negligible. The box design prevents reflection of the

exciting light from the sample edge into the monochromator, while permitting

the emission from the leading face (to a depth of I mm.) to be measured.

The arrangement requires a sanple which has flat polished faces with at

least one square corner Including a flat polished edge at least I rm. wide.

We tested this equipment with seedy and cordy samples containing no

neodymium in order to determine the magnitude of scattered exciting light

which may have invalidated our measurements. The results showed that a

maximum error within ± 10% could be expected from this source. The error is
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greater on samples having lowest fluorescence intensity, and compositions

therefore, not of the greatest interest.

A mirror arrangement focuses the fluorescent radiation onto the

entrance slit of a Leiss single pass vitreous silica prism monochromator.

The entrance and exit slits are normally set at 0.05 and 0.04 nm., respective-

ly. This provides a resolution of about 60 angstrom units in the vicinity of

I micron for the examination of fluorescence lines which have invariably been
0

greater than 200 A wide.

A Kodak lead sulphide detector mounted at the exit slit provides a

150 cycle signal to a Princeton Applied Research model JB-4 lock-In amplifier.

The 150 cycle reference signal to the amplifier is provided by a cadmium

sulphide detector which monitors the exciting light reflected from the chopper

wheel. The lock-in amplifier integrates the output signal over two seconds.

The D.C. output from the amplifier is fed to the Y axis of a Moseley

X-Y recorder.

For relative intensity measurements, the X axis of the recorder is

made inoperative, while the monochromator is slowly scanned through' the 1.06

micron line. It takes thirty seconds to scan between the half-maximum

points of a 300 ; wide line. The record then consists of a straight line of

length proportional to the peak emission intensity of the sample. This

length is compared to that obtained from a "standard" sample which is run

periodically for comparison. The "standard" sample was chosen to be free of

solarization and have a "normal" intensity (268 on our relative scale).

Short term instabilities in the excitation-detection-amplification

system and orientation effects for inhomogeneous samples combine to give a

reproducibility in intensity measurements estimated at ± 10%. Measurements
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on a given glass of reasonable quality reproduce to better than 5%.

Most samples become warm during a run, and some become quite hot.

Measured Intensity falls off slightly with increasing temperature, so an

attempt is made to scan over a narrow wavelength range centered on 1.06

microns.

Linewidths are measured similarly to intensities except that the X axis

ol the recorder is driven by a 40-turn Helipot across a Zener diode controlled

source. The Hellpot is geared to the monochromator drum, so that drum

position can be read directly from the record. Representative spectra

obtained are shown in Figure 3-2. These spectra are direct records, un-

corrected for Instrument response.

3.2.2 Sectral Absorption Measurements

A Perkin-Elmer Corporation Model 350 spectrophotometer was used to

measure spectral transmittances in three ranges from 200 to 2700 mlllimicrons

wavelength. The quantity recorded was the common (base-lOl logarithm of the

reciprocal of spectral transmittance, plotted as a function of wavelength.

This quantity does not have a standard designation; the term "spectral

absorbance" applies to the common logarithm of the reciprocal of internal

transmittance, i.e., the transmittance corrected for superficial losses.

Such correction is not necessary for comparing the spectral absorption

properties of various glasses whose refractive indices are similar. Except

where great accuracy is required, even this qualification may be ignored.

Although true absorbance was not measured or recorded, it is customary to say

that the measurement was made on the absorbance scale of the spectrophoto-

meter, and this term will be used to discuss the accuracy of the results.

Both wavelength accuracy and spectral resolution are functions of the
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wavelength of measurement, and photometric accuracy is a function of the

reading of the absorbance scale. Wavelengths read from the chart record

are accurate within 0.1%, throughout the ultraviolet, visible, and near

Infrared spectral regions. Resolutions are better than 3 milllmicrons in

the near infrared region, 1.5 millimlcrons in the visible region, and 0.5

millimicrons in the ultraviolet region. Photometric accuracy is better

than 3%, after compensation is made for the lo (zero absorbance) reading.

Since the present measurements were of a survey nature, no attempt

was made to achieve accuracy beyond about 2% in wavelength, line width,

and absorbance.

A standard sample thickness of five millimeters was chosen to keep

most absorption peaks within the 0-2 absorbance scale of the spectro-

photometer. Those samples which gave off-scale readings were not repeated

except in cases of special interest.

The reported cross sections were arrived at by recording the peak

"absorbance" at roughly the indicated wavelength and substracting an amount

corresponding to the base line in the vicinity of the peak. Multiplication

by 2.3 and division by the sample thickness times the Nd concentration in

Ions per cc gave a cross section of the order of 10-20 cm2. Since the peaks

at 3500 A and at 8800 A were relatively weak, those cross sections were

subject to greater error than those at 5800 A and 8000 X, which usually ran

closer to mid-scale or full-scale.

Figure 3-3 shows a typical set of "absorbance" curves.

3.2.3 Experimental Lifetime Measurements

The experimental setup for the measurement of fluorescence lifetime is

shown schematically In Figure 3-4. The flash tubes are two General Electric
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FL91 tubes connected in parallel, with an output of about IOOJ and a time

constant of about 40//Asec. The filter Is a heat absorbing glass (CGW 4600)

to filter out the energy above I micron. The monochromator is the sawe one

that is described above. The detector is a RCA 7102 photomultiplier tube

(S-I surface), and was cooled by means of a Jacket containing dry ice and

acetone. The oscilloscope Is a Tetronix model 555, equipped with a

Polaroid camera. All fluorescence lifetimes were measured with a 200 sec

delay from the onset of the flash unless otherwise noted.

The accuracy of the lifetime data reported here is estimated

conservatively at about t 10%.

The liquid N2 lifetime measurements were made by inserting a small

glass dewar on the sample position. The sample was placed in the dower

and immersed Into liquid N2.

3.3 The Effect of Impurities on the Fluorescence Properties of Nd
Doped Glasses

The concentration quenching effect, that is the decrease in fluorescence

lifetime with increasing Nd+3 concentration, has been observed In all glasses

that have been investigated in this work. The degree of this quenching

depends on the particular glass forming system, e.g., the borate glasses

quench at a much slower rate than the silicate but they have a very short

lifetime even at low Nd+3 concentration.

The problem in this part of the program was to determine what role

impurities play in this concentration quenching process. The Investigation

was made up of three parts, viz. I) determination of the effect of very pure

starting materials on the fluorescence properties of Nd laser glasses;

23 determination of which impurities have an adverse effect on the
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f-luorescence properties and to what extent they must be present to cause

significant changes in the fluorescent properties; 31 Identification of the

mechanism of the quenching action of these impurities, if possible.

3.3.1 Pure Glasses

To determine the effect of using pure starting materials on the

fluorescence lifetime, a number of melts were made In the laboratory in

small 50g batches. The glasses were melted in pure fused silica crucibles

for about one hour at 14000C. The melts were not stirred. The glasses

were poured onto a polished stainless steel mold into I" x I" slabs. The

samples were annealed, and then ground and polished into I" x I" by 5 nun.

samples. The base compositions of the glasses were 73Si02 "5CaO*22Na20 by

weight, 75Si0 2 "25Na20 by weight and Na2O.2B203 molar composition. A list

of the ram materials used are given in Table 3-1.

Table 3-I

SuppI er Purity

Silica
Light and Co. 99.999%*
Corning Fused Silica (Code 79403 > 99.9
African Sand 99.9
52-S Quartz 99.6

M lndsay Code 629.9, Lot 0920 99.9
Lindsay Code 629.9, Lot 0701 99.9
Lindsay Code 629.9, Lot 1109 99.9

Michigan Chemical Co., Lot 71-11-00 99.99
Johnson, Matthey and Co., Lot 14062 99.98

Na20 and CaO
Baker Analyzed Reagents, of Na2CO3 and CaC03 purest available

B203
Baker Reagent H3803

Our analysis of this material showed it to be less pure than the stated
purity. The major impurities were 100 ppm Zr and 20 ppm Ca, atomic.
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The purity of the Nd2O3 varied from supplier to supplier as well as from lot

to lot as determined by our analysis of these samples. The purity of the

Nd203 could play a large role In the concentration quenching effect since

the Nd203 contaInsother rare earth oxides and other impurities that may well

represent Important quenching sites for the neodymium fluorescence.

Figure 3-5 shows the fluorescence lifetime vs. weight S Nd203 for the

soda-lime-silicate glass using the various raw materials as listed. There

are small differences In lifetime due to the purity of the listed starting

materials but the overall quenching effect is still observed. It was

found, however, that the homogeneity of the glasses had some effect on the

lifetime measurement, i.e., the points on the curve corresponding to glasses

that were made by a stirred melt method had a somewhat longer lifetime than

those that ware melted In the laboratory In small batches. The glasses

made in the laboratory were usually of very poor quality and it is probable

that a certain amount of compositional inhomogeneity existed. For the

poorest quality glasses the lifetime varied by 5-10% depending on the

orientation of the sample. For the stirred melt glasses this effect was not

observed. A chemical analysis of a representative set of the glasses Is

presently in progress, but at the time of the writing of this report, the

analyses are not yet completed. The purity of these glasses is expected to

be quite good considering the purity of the raw materials and the method of

melting. Therefore, if the quenching mechanism Is an Impurity sponsored

effect, the level of the Impurities does not have to be very high to cause

quenching. Also in Figure 3-5 the relative fluorescence intensity at 1.06,V

vs. wt. S Nd203 is plotted. The shape of this curve is what would be expected

where two competing and opposing processes are occurring, viz., the increasing
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concentration of Nd+3 tends to both Increase the intensity due to the

increase In the number of fluorescing sites, and decrease the Intensity due

to its part in the quenching process.

Figure 3-6 shows a graph of the lifetime of a soda silicate glass vs.

wt. % Nd2 03 , for a number of different sources of Nd203 and silica. There

is for the most part, a certain amount of scatter in the lifetime data but

it is difficult to ascertain how much Is due to the relative purity of the

individual glasses. One exception to this, however, is a series of

glasses made with Light and Co. silica and Lindsay Lot 0920 Nd2 03 . These

glasses show much less quenching than the other glasses melted to date,

e.g., at 7% Nd203 the Lot 0920 glass had a lifetime of about 500 sec

while ordinarily at this Nd2 03 level the lifetime would be about 400 sec.

The 0920 Nd2 03 used in these glasses has been analyzed but no obvious

conclusions can be drawn as to the cause of the longer lifetime from the

standpoint of purity. However, analysis of all the sources of Nd203 used

have not as yet been completed.

On Figure 3-7 Is plotted the lifetime vs. wt. % Nd2 03 for a pure

sodium borate glass. It is known that the borate glasses exhibit a very

short lifetime and low fluorescence Intensity, it was therefore of Interest

to see if these properties were due to impurities. The concentration

quenching effect, as seen from Figure 3-7, is much less pronounced than

that for the silicate glasses discussed before. The borate glasses present

somewhat of an anomaly, since the absorption data show that the Nd absorption

is quite strong yet the fluorescent intensity at all emissions is weak.

This together with the short lifetime certainly suggest a quenching process.

It has been suggested -12) that the borate network itself has something
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to do with the quenching process although it has not been stated clearly by

what mechanism this quenching of excited Nd atoms occurs.

The conclusions that can be drawn from the present work so far are:

I the use of very pure starting materials does not eliminate the concentration

quenching effect in the silicate glasses or the borate glass, 2) if the

presence of certain Impurities cause the quenching effect, the level of the

impurities need not be high.

3.3.2 Effect of Added Impurities on Fluorescent Properties

To determine which Impurities have an adverse effect on the fluorescence

lifetime and Intensity and to what extent they can be tolerated In the glass,

a number of impurities have been added to neodymium doped glasses made from

pure starting materials. The fluorescence properties have been measured and

the results are presented below.

3.3.2.1 Iron

To glasses of base composition 73Si0 2 ,22Na20.5CaO at four levels of

Nd203 concentration, 0.01 and 0.1 wt. S Fe203 were added. The lifetime and

intensities are listed in Table 3-11, along with the absorption coefficient

of the broad l.1p Fe* 2 absorption. It is quite apparent from the data that

the quenching of the lifetime Is not dependent on the Fe203 content but

rather on the Fe+2 content (which we have assumed to be proportional to the

absorption coefficient at I.Ir 1. This point can be shown by plotting the

lifetime vs. the I.I/M absorption coefficient (see Figure 3-8. It is

Interesting to note from this graph that quenching is more rapid for Fe+2

content at 3% Nd2 O3 than at 10% Nd203 . A further example of the quenching

of the Fe+2 is from the following set of data (Table 3-111) which shows the

effect of using a glass which contains a high proportion of modifier oxide
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Table9 3-11

Base Glass 73Si02.22Na20.5CaO (by Wveight)

SamplIe
# S Nd203  % Fe2O3  CD/cm at 1.1^ ?/rsec Rol. intensity at 1.06/k~

-DO 1 0.01 0.02 518 64

CH 1 0.01 0 530 64

AD 3 0.01 0.04 410 114

CR 3 0.01 0.03 400 143

FJ 3 0.01 0 523 190

Cl 7 0.01 0 285 173

DP 7 0.01 0.04 268 169

AE 10 0.01 0.06 127 97

CS 10 0.01 0.03 150 93

FK 10 0.01 0 173 151

AB 1 0.1 0.37 277 17

Z 3 0.1 0.34 245 46

CT 3 0.1 0.17 337 84

FH 3 0.1 0.10 391 115

AC7.5 0.1 0.32 141 46

AA 10 0.1 - 100

cu 10 0.1 0.16 118 68

Fl 10 0.1 0.10 154 104
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to network oxide (this tends to keep Iron In the +3 state). The composition

of the glass is 50Si0 2 .lINa 2 0.l7K20.IOCaO.5Li207MgO.

Table 3-111

I 2.5 5.0
%Fe2 0 Nd203  /Asec±30 C C 3 0 ec ± 15

0 450 350 210

0.01 470 360 214

0.1 420 340 191

It Is observed from Table 3-111 that the quenching due to the addition

of Fe203 is practically absent In these glasses even at the 0.1 S Fe2 03 level,

Indicating that the iron Is probably all in the oxidized Fe+3 state.

It Is likely that the quenching action of Impurities on the Nd
+3

lifetime should be proportional to both the Nd+3 concentration and the

impurity concentration, In this case Fe+2 . Figure 3-9 Is a plot of the

fluorescence lifetime vs. the product of the Nd+3 concentration, using the

wt. % Nd203 , and the Fe
+2 concentration, where we have assumed that the

absorption coefficient at I.I/A is proportional to the Fe+2 content. The

shape of this curve is interesting, insofar as it shows that at low impurity

levels the quenching rate is higher than that at high impurity levels.

The addition of 0.1 Fe203 to a Na2 0*28203 glass showed no decrease in

lifetime.

3.3.2.2 Copper and Nickel

The presence of Cu+2 and Ni+2 ions in a Nd glass have been observed

to quench the fluorescence lifetime as shown in Table 3-IV. Figure 3-10

shows a graph of the lifetime vs. the product of the Nd203 concentration and
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Table 3-1V

Sample Copper "7- Relative

* % Nd203  % CuO O.D.Icm at .Msec Intensity

CL I .01 0 545 102

CM 3 .01 0 518 239

CN 7 .01 0 290 245

Co 10 .01 0 173 187

FX 0.5 01 0.16 480 -

CJ I 0.1 0.24 460 63

FN I 0.1 0,32 418 37

BT 3 0.1 0.42 318 52

FO 3 0. 0.36 370 72

CK 7 0.1 0,28 218 146

FP 7 0.1 0,46 227 88

BU 10 0.1 0.44 127 52

FO 10 011 0.46 152 59

Nickel O.D./cm at .63,.

DJ 3 0.01 .12 430 -

DL 10 0.01 .16 137 -

FR I 01 .66 273 18

FS 3 0.1 .70 244 40

FT 7 0.1 .70 157 42

FU 10 0.1 .74 110 32
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the Cu+2 and NI+2 concentrations, respectively. The concentration of the

Cu+2 was assumed to be proportional to the strength of the absorption at

0.8/4 expressed in optical density per cm., likewise the concentration of

Ni 2 was taken to be proportional to the absorption coefficient at 0.63,.

The shape of these curves Is similar to that obtained for the Fe+ 2 quenching.

It appears likely that the quenching mechanism by which these ions drain

the 4F3/2 state of Nd is the same in each case.

3.3.2.3 Co+2. Mn+4, y+3

To a few glasses of soda lime base composition, CoO, MnO2 and Y2 03

were added at 3 and 10 wt. % Nd2O3. The lifetime data is given in Table 3-V

below. Due to the small number of samples no graphs were made as was done

for the Fe, NI, and Cu data. It appears, however, that Co+2 has the sane

effect on the lifetime as dc the three previously discussed ions. Y203

and MnO2 appear to have no effect on the lifetime.

Table 3-V

Sample
# % Nd203  7 Impurity Lifetime

884D1 3 0.01 CoO 465 ± 30

DK 10 0.01 COo 177± 15

oM 3 0.01 MnO2 5

DN 10 0.01 WnO2  204

AF 3 0.01 Y203  490

AG 10 0.01 Y203  186

BX 3 0.1 Y203 490

BY 10 0.! Y203 180



3.3.2.4 Other Rare Earth Ions

There has been some work reported in the literature on the effect of

other rare earth ions In the fluorescence lifetime and Intensity of Th and

Eu(3- 13 , 3-14)• No such data pertaining to Nd has been reported. To

Investigate this effect, a number of trivalent rare earth ions were added to

a Nd+ 3 doped soda lime silicate glass. Table 3-VI shows the data obtained.
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Table 3-VI

Sample % Nd203  Impurity

# Wt. Level /5sec Rel. Intensity at 1.06-

884V 3 0.1 Pr203  426 181

W 10 " 143 125

CV 1 0.01 DY203  565 96

CYI 3 510 230

CX 7 300 265

CY to 200 244

CZ 1 0.1 DY203  528 75

BR 3 o 465 162

DA 7 i 318 -

BS 10 o 177 142

CD 5 0.1 Sm203  445 172

CE 10 I 176 149

CF 3 0.1 Ho203  500 216

CG 10 o 182 18

BV 3 0.1 C203  500 196

CIo 10 " 187 140

FL 3 0.1 Tb203  495 219

FM 3 1,0 " 391 193
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From the above data it appears that at 0.1% impurity (about 125 ppm, atomic),

Pr+ 3, Dy+3 and Sm+3 quench the neodymium fluorescence lifetime to some extent

while Ho+3 , Ce+3 and Tm+3 have little effect, if any.

Van Ultert and Ida(3-l3) correlated the quenching effect of other rare

earth ions on the relative fluorescence intensity of Tb 3 and Eu+3, respective-

ly. They plotted the log of the intensity vs. the energy gap between the

fluorescing levels and the closest lower-lying level of the second rare

earth ion. They obtained a series of roughly parallel lines for each set of

ions with the sae total orbital angular momentum of the ground state of the

second rare earth Ion. If one attempts the same type of correlation for the

effect of other rare earth Ions on the fluorescence intensity of Nd+3, using

some of the data of Table 3-VII, one obtains the results shown in Table 3-VIII.

Table 3-VII

Impurity Ions
Wt. % Wt. 5 Nd ?/,Msec I AE Ground State

0.1 Pr203  3 426 181 1700 cnrn1  3H
10 143 125

0.1 Sm203  3 445 172 1100 6H
10 176 149 5/2

0.1 Dy2 03  3 465 162 500
10 177 142 5/2
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Although the intensity appears to increase with increasing energy gap

at 3S Nd203 , at 10% Nd2 03 there is no such trend. In any event, the

differences in Intensity and lifetime between the glass at the same Nd203

level are not significant within the 1 I0% accuracy of the data. It is

definitely shown, however, that the intensity does not decrease exponentially

with decreasing energy gap as was found to be the case for the crystal systems

studied by Van Uitert and Ida.

Peterson and Bridenbaugh 3 -14 l proposed that the fluorescence lifetime

quenching of To+3 by certain other rare earth ions was by a resonance

exchange mechanism. The criterion here is that the second rare earth must

have an absorption band overlapping one or more of the emission lines of the

primary rare earth ion. From the absorption spectra of the rare earth ions

one observes that only Dy and Sm have significant absorption bands which

overlap the Nd emission lines at 0.88tand 1.06P. From Table 3-VI it is

seen that the lifetime of the Nd glasses containing Sm, Dy and Pr are

quenched at 3% Nd203 , while at 10% Nd203 only Dy caused any 1ifeti* reouct ion.

3.3.3 Effect of Temperature on Lifetime

The effect of temperature on the fluorescence lifetime of a few

neodymium doped soda-lime-silicate glasses and borate glasses were measured.

The purpose here was to see if the reduction of lattice vibration effects

which accompany a decrease in temperature would affect the fluorescent life-

time. The results are shown below:
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Table 3-VilI

Sample Roam Temperature Liquid N2

# S Nd203  9,M-sec -0sec

X 3 540 ± 20 485 20

Al 5 418 ± 20 391 20

AY 10 182 ± 10 195 10

Borate

F 2 60±5 61 5

The results seem to show no significant difference in lifetime at

liquid nitrogen temperature from that at room temperature. The lifetime is

slightly increased at the 10% Nd2O3 level and slightly decreased at the

3 and 5 wt. S Nd203 levels. Woodcock (3 - 151 has reported the same effect.

The decrease on the lifetime with decreasing temperature for Nd

concentrations < 5 wt. S (little or no concentration quenching) can be

explained in terms of a coupled set of split 4F3/2 states. From Maurer's

(3-18) study of the energy level scheme of Nd+3 in 91.5s it is shown that

the excited 4F3/2 state is split Into two states (see Fig. 3-14), If one

postulates that these two levels are thermally coupled so thot

N4FIN2 = exp (-ME/kT)
4F3/?

E2  2 is true, then one can explain the observed

El-p p NI temperature effect. Let P1 and P2 represent

P2 I the total transition probabilities from the

first and second levels respectively,
N I  N2

41_ _ i.e., PI = '  P3/2 - 41 ' P P32 -

multiplet
Figure 3-14
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then

dN = dNI + dN2  = -(PI N, + P2 N2 )

db dt dt

Using the above expression for N2NI one obtains for the measured lifetime

71m = I + exp (-E/kT)
PI + P.- exp I-ZE/kT)

Evaluating this expression at 300 0K and 80K gives the follcwing ratio of

lifetimes

1'300-K .94 + 0.0571

=8oK W + 0.4651

where we have used P1 = o P2

It can be seen that for o( > I 'T'300/780 will be less then i. Maurer's

13-18) experimental data seems to Indicate that P2 < PI, henceO( > I,

therefore accounting for the decrease in lifetime with decreasing temperature.

After 5% Nd where concentration quenching becomes a factor, the

decreasing of the temperature merely reduces the lattice effects and, hence,

since it is the dominant factor in the lifetime, the lifetime should increase.

3.3.4 F'ossible Impurity Ouenching Mechanism

In order to explain the concentration quenching effect in Nd doped

glasses by an impurity mechaism one must deal with a process whereby a

relatively small impurity level Is responsible for the observed quenching

act ion.

Dexter(3 16, 5-171 has developed a theory by which it is found that

energy transfer can occur with high probability between centers separated by
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several dozen A if their absorption bands overlap their emission bands

appreciably, and if the transition is an allowed one. The transfer

probability per unit time by the dipole-dipole mechanism is given by

Wtr (dd) = 9/16e @ 2/R Wr (d)

where 3 4 , A ~Jf. (E) f. (E) dE/E4] J

where A =f(-EIdE, T = absorption cross section of absorption

fa (E), fe (E) are the normalized shape function of the

absorption and emission lines respectively, r- index of

refraction, and c = velocity of light.

Hence, we have then a radiationless transfer of energy from an excited

molecule to another unexcited molecule of the same species separated from

the first by comparatively large distances. In this way the primarily

excited molecule returns to the ground state, and the second molecule is

raised to the excited state. By repetition of a resonance iro(x ;i of this

sort, the absorbed energy may traverse a considerable distance in the system,

Jumping from one molecule to the next, until the energy is finally dissipated

by jumping to a "quencher" site. The observed lifetime should decrease with

increasing concentration directly as the quantum yield decreases.

Dexter has shown that a considerable degree of quenching can occur

at quite low impurity levels. For example, for a typical system on which

transfer occurs, '/rj ('" ̂/'r.) = 0.4 at a IS level of activator with an

impurity level of 10 ppm. This high degree of quenching at low impurity

levels seem toagree with the concentration quenching effect observed in

the Nd glasses. The purity of the pure melts made in the lab should be
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good. (A chemical trace analysis of a series of glasses is presently under-

way.) in the pure glasses concentration quenching still occurs, Indicating

that if this is an impurity sponsored effect, then the level of impurity need

not be appreciable. It seems worthwhile to pursue this proposed mechanism

further to see If it can be establ ished as being operative in the Nd system.

As was stated abovetthe necessary conditions for this transfer process are

that the emission and absorption bands of the fluorescing constituent overlap

at some point, and that the quenching atom has an absorption band overlapping

this same emission line. This condition is fulfilled in Nd, at 8800 A, and

the second is fulfilled for such tons as Fe+ 2 , Cu+2 , NI+ 2 , and Sm+ 3 among

others. Dexter derived an expression for the rate of quenching In terms of

the quantum yield, viz.,

-@aaP 
a '~ a~

where i fraction of sites per total sites available

C' = conc. (per cm3 ) of total lattice sites

44 - effective volume of Influence of activator and quencher
respect ively.

For our purposes we shall replace r1/1 by "er. hence

/r,= I ..- (C +( aa ) 2 9C Nd %q

where%, is the value of 'rat '*. --- O

According to this relation a plot of (I - "; r.' vs. 'cNd, expressed in our

case as the cation fraction of Nd+ 3 , should give a straight line. Figs.
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3-11 and 3-12 show the lifetime data for a soda lime silicate and a soda

silicate glass plotted in this way. The data seems to show a fair fit to

a straight line. The shape of the lines, assuming a numiber of different

Impurity ions, each having an overlapping absorption with the 8800 A

emission line of Nd*3 and assuming the Impurity level remains constant

throughout the concentration range of Nd'3, would be

Slope = aa C 2  aq 'q

It seems worthwhile to try to get an order of magnitude estimate of the

parameters Paa and aql in order to get some idea of the impurity levels,

94, which would account for the observed quenching effect.
As written above, Paa, is defined by the following expression:

For an order of magnitude estimate of this parameter one can remove E
-4

from under the integral and use E-4 > < 1.09ev, = l/.43t "4

lcorrespond to 8800 A). Also 4  5. A can be set approximately equal to

O08800 IEI/2. From the absorption data on a large number of Nd glasses a

typical value of Oat 8800 A was found to be equal to 0.4 x 1020 c2 and

a value of AE 1 /2 to be 0.04ev. Hence

A . 1.8 x 10-22 cm2 e.v

The next term to be evaluated is the overlap integral. Using the emission

and absorption line at 8800 A given by Maurer one can fit the shapes

fairly well with a Gaussian distribution



Page 70

4~z0

0 0

0 O

ILIi

000

94~

I LL z

zQ z

00

0 .N
0

Q

(OL/.L-I)



Pa" 7 1

00
10 0

z O

ILe 0
I-I z

2 z
N k.

00

. z
ro 0

0 0 Nas "Com)

> 5

f Wn.4

(0. /4 L_



-72-

aa 29 exp - 27,25E 0 2 vI

f e l~2 exp - I00 W.)F i

where

El .E -l1.404 ev

El =E- 1.395 ev

Evaluating faa fae dE one obtains as an approximation, a value of 15.7 ev-1.

Putting these values into the equation for P aa one obtains a value of
4.73 x 10-2 cm2. Using C -as 1.27 x 1022 cation/cc the equation for the

quenching becomes

l I- 3.6 x 103 (Pa

3.3.4.1 Est imat inof pa for Cu and Fe

Order of magnitude estimates of the Raq's for Fe +2 and Cu+2 were made.

The Fe+2 absorption band centered at about 1.1^I and the Cu+2 absorption

band enteed atabou 0 7 Ak both are broad enough to overlap the 8800

emission band.

N F e 5.6

fla Cu)1.76

Using these numbers at, for example, 3% Nd203, 9e- = 0.021, we would get

(1 2 ~ 4 2519 Fe + 13' q Cu

At 3%, (1 - Is observed to be 0. 11 , hence assuming

q Fe C ewould obtain

'q = 0.000197
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which corresponds to about 30 ppm atomic impurity for each ion, Of course,

this calculation is strIctly an order of magnitude estimate and can be

taken to mean only that the resonance transfer mechanism explanation of the

concentration quenching effect is conceivable. If one replots Figure 3-9

in terms of (i- ")r./'r and (I d x O.D.icm at 1.1tk, as in Figure --13, it

is observed that the curve is approximately tinear in the first portion.

This Indicates that at least for low impurity concentrations the above

explanation may be valid.

3.4 Effects of Base Glass Composition on Neodymium Fluorescence

The first and most obvious conclusion to be seen from the data In

Appendix A is that both the fluorescence and absorption of neodymium in

glass vary over wide ranges from one glass to another. Fluorescence

intensity and lifetime, for example, each vary over an order of magnitude

at a given neodymium concentration level. Linewidths vary by a factor of

two from about 220 A to 440 A, with most glasses falling at about 330 A.

These observations can be classified on a strictly empirical basis in

which correlations are made between compositional changes in glass and the

effect of these changes on the spectral properties of neodymium. A number

of these correlations have been found and are outlined below. A complete

knowledge of the empirical effect of compositional changes on the spectral

properties of neodymium will require the study of many more glasses,

especially the study of selected series of compositional changes designed

to elucidate the effect of a particular constituent in the glass and any

possible perturbations of this effect by the rest of the glass composition.

While such a study would be possible, it would clearly be very time

consuming. !t would be much more desirable if,from the spectral data on a
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few characteristic series of glasses, some interpretation could be developed

as to why a particular compositional change causes a particular spectral

result. On the basis of such a semi-theoretical study, a limited number of

new glasses would then be studied to test specific features of the interpre-

tation.

3.4.1 Expected Effects

The spectral properties of a neodymium ion will be influenced by its

host matrix in three principle ways:

(I) The immediate neighbors, and to some extent its next-nearest neighbors,

will perturb the electronic structure of Nd+3 and thus modify Its

spectral properties.

(2) Other Nd+ 3 ions, if they are close enough, will Interact with the

Nd+3 ion in question, and modify its properties. This can lead to

concentration quenching effects or slight level splitting.

(3) Impurity ions, especially those with spectral transitions over-

lapping one of the transitions of the Nd+3, can also modify the

properties of the Nd+3, This is an impurity quenching effect.

The principle compositional effect of interest i5 the crystal field effect

of the immediate neighbors of neodymium, - oxygen atoms in oxide glasses.

If the number of oxygen atoms around each Nd+3 ion as well as the electronic

state of these oxygen atoms and resultant crystal field at the Nd+3 are known,

It should be possible to account for changes in the Nd+3 emission and

absorption spectra. In the case of glass, a few problems must be faced

before this can be done.

(I) Coordination of Nd+ 3 in Glass

The glass has a random structure although some degree of local order
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may exist around the Nd+3 ions. The disorder is certainly enough,

however, to cause a distribution of crystal fields around various

Nd+3 sites. There is, unfortunately, no clear cut way to determine

the average number of oxygen atoms coordinated with each Nd+3.

According to the ratio of crystal radii of Nd+3 to 0-2, Nd+3 should

have an oxide coordination number of 8. The ease with which Nd
+3

can achieve such a state will depend on the composition and structure

of the glass. For example, in some glasses the oxygen may be bound

by other ions in the glass so as to leave very few interstices where

Nd+3 can be near 8 oxygens. Or, on the other hand, there may be

such places but they may be filled with other ions.

(2) Electronic "State" of the Oxygen in Glass

A distinctive feature of glass and one which has profound effects

on all of its properties is that the oxygen ions are not all

equivalent. Some of them are covaiently bound to two network cations

such as silicon, boron or phosphorus. These tightly bound oxygens

are called "bridging" oxygens. On the other hand, some oxygens are

only bound to one network former and have a net ionic charge (which

is balanced by a positively charged modifier ion such as Na+ or Ca
+2

in the irrediate vicinity). As an illustration of the difference

between these two types of oxygen, Stevels has found that the

molar refractivity for the "bridging" oxygen is 3.66, while for

"non-bridging" oxygen it is 4.38 in a simple soda silicatE glass.

The effect of neighboring oxygen atoms on a Nd+3 ion, then, will

depend not only on the number and symmetry of the oxygen neighbors

but also on whether they are "bridging" or "itorbridging" ions.



-77-

Another way to express this Is to say that the polarization of each

oxygen ion will depend on its neighbors, and the polarization of

oxygen ions will influence the degree to which they interact or

"couple" with Nd+3 . In a quantitative sense, it is very difficult

to determine the average polarization of oxygen In glass. The

relative ability of cations to polarize oxygen ions is frequently

Indicated by their field strengths, z/a2 where "z" is the ionic

valence and "a" is the cation-to-oxygen distance.

If these problems can be overcome, it may be possible to determine

how the ability of oxygen to couple with Nd+3 depends on the glass compo-

sition. If the coupling is strong, one would expect the absorption spectra

to be strong, the fluorescence to be intense and the fluorescence lifetime

to be short. On the other hand, if the coupling is weak, one would expect

absorption to be weaker, fluorescence of lower intensity, and longer

fluorescence lifetime. This superficial analysis is, of course, subject to

many possible pitfalls. One important problem is that even though absorption

may be strong, the fluorescence may be weakened by some quenching process,

causing the absorbed energy to be converted to heat. There is, therefore,

no necessary c.onnect ion between fluorescence intensity and Iifet ime from

one base glass to another.

3.4.2 Observed Effects

A simple and direct evaluation of the data in Appendix A reveals a

number of empirical correlations between glass composition and fluorescence

properties as enumerated below:

I. Of the alkali oxides, Li2O gives the highest fluorescent intensity

and the shortest lifetime, with decreasing intensity and increasing
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lifetime for heavier alkali ions. For example, the addition of Cs

and Rb to certain glasses tends to Increase the lifetime, e.g., a

Cs20-SiO 2 at 2% Nd203 has a lifetime of Im sec.

2. Of the oxides of Mg, Ca, Sr, and Ba, Intensity and lifetime increase

with atomic weight, so that Ba Is best, except when more than 5%

A1203 is present.

3. The optimun Nd3 + level is about 5 x 1020 ions/cc, with a maximum

In fluorescent intensity and a broad minimum In calculated pulse

threshold from 3 to 7 x 1020 ions/ccm.

4. Heavy oxides, La2O3 in particular, added to a glass tend to increase

the fluorescent Intensity greatly and the lifetime slightly. This

effect has been noticed particularly in borate and phosphate glasses.

The evidence is not conclusive in silicates, partially because La203

is not as readily dissolved in silicate glasses.

5. Invert glasses generally have a greater fluorescence intensity than

normal glasses.

6. In a soda-lime glass, a maximum in fluorescent intensityoccurs with

the addition of about IS Sb203 . This effect is believed unrelated

to the original purpose of Sb203 of enhancing fining action.

7. U02 quenches both lifetime and intensity.

8. Some glass networks can apparently couple energy out of the excited

state by some unidentified quenching mechanism. For example, the

addition of 8203 in almost any concentration to a glass shortens the

fluorescence lifetime. B203 also decreases fluorescence intensity,

although it may require as much as 10 mol % B203 or more to be

noticeable. The addition of A1203 also tends to shorten lifetime and
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decrease fluorescence intensity, although the effect is less pronounced

than with B203.

9. Glasses which contain B203 or A1203 often show high absorption cross

sections, particularly at 5800 A and in the UV, although, as noted above,

the stored energy is not emitted efficiently as 1.06 micron fluorescence.

Phosphate, germanate and tellurate glasses also show high absorption

cross sections throughout the spectrum, but in these cases, the absorbed

energy is more efficiently emitted as 1.06 micron radiation.

10. A1203 In excess of 5 mol S in a glass upsets the relative effects of the

glass modifiers on the lifetime and fluorescence Intensity as described

in No. I above.

In addition to these empirical correlations, more detailed analysis of

the fluorescence data has been Initiated with the objective of understanding

the causes of the observed correlations. The factors involved in setting up a

suitable model on which to base an Interpretation have been outlined In Section

3.4.1. Working on the assumption that the availability of oxygen to Nd+3 will

be the determining factor, a correlation between fluorescence lifetime and the

average concentration of oxygen Ions per cc. of glasses listed in Table -IX.*

* Concentration of oxygen Ions per cc. of glass was calculated from the
relation:

No = RA/*/G

where R is the atomic fraction of oxygen er molecule of glass.
A Is Avagadro's number, 6.023 x I0- molecules/mole.
/Pis the glass density In grams/cc.
G Is the glass molecular weight in grams/mole.

Densities are tabulated in Table 3-IX.
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Table 3-IX

Cod. # Mole ompoiton Lifetime Ref. Index Density
sec 1cm3

95CDX 75SIO2-4I0CaO+15Na20 622 1.5143 2.481

95CDZ 75S102+IoCO+15( 20 750 1.5262 2.508

95CEA 75SI02+IOCaO+iSRb2O 775 1.5215 2.866

95CEB 75S102+I0CaO+15C320 800 1.5419 3.187

95CEN 75Si02+15Na 20+IOZn0 645 1.5132 2.597

95C1P 75SI02+I5Na2O+I0CdO 465 1.5258 2.724

95CEH 75Si02+I5Na2 0+lIg0 656 1.4995 2.431

95CEL 75S102+I5Na20+lOPbO 630 1.5612 3.061

95CIN 75Si024-I5Na20+IOSrO 610 1.521 2.686

95CIT 555i02+15Na 20+3(Fb0 380 1.656 4.433

95C1S 65Si0 2+15Na 20+2OPbO 500 1.6407 3.752



Although a fairly good correlation was found for Series I, Series 2 and 3 did

not fit. The correlation was considerably improved, however, when the effect

of refractive index on fluorescence lifetime was taken Into consideration.

The relation between fluorescence lifetime and refractive index can be

found in the relation between spontaneous and stimulated transitions f irst
(C-I)

developed by Einstein and outlined In Appendix C. The conclusion of

this analysis, equation (5) in Appendix C, Is that the fluorescence lifetime

Is inversely proportional to the cube of the refractive index. When this

relation Is considered In the analysis of the data in Table 3-IX, a much

better correlation is found. Figure 3-15 shows the relation between IP 1 3

and No, the concentration of oxygen ions per cc. of glass. With the exception

of one point, a good inverse linear relationship was found. It should be

noted that the refractive indices used in this analysis and listed In Table

3-IX are the indices for the D-line of sodium, although the Index of Interest

for Nd+3 is at 1.06 microns. Use of the 5890 A index is not expected to

significantly influence the conclusions of the analysis, since the dispersions

of these glasses are all relatively low.

The reason for the relation shown In Figure 3-15 can be seen by

referring to the raw data in Table 3-IX. In Series I, changes of the alkali

ion from Li to Na to K to Rb to Cs cause significant increases in the life-

time as the number of oxygen ions per cc. decrease (thus reducing the O-Nd

interaction). At the same time, the refractive index does not change very

much, being 1.514 for the Na glass and 1.542 for the Cs glass. On the other

hand, in Series 2 and 3, substitution of heavier bivalent ions for Ca causes

an increase in refractive index in addition to the decrease in No, the

number of oxygen ions per cc. In other words, the O-Nd Interaction is
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de-coupled by dilution of the oxygen content, but the refractive index

Increases. This Increase in refractive index decreases the fluorescence

lifetime, but the relation between'h'r3 and No is the same as for Series I.

The same analysis has also been applied to a number of glasses picked more or

less at random from other glass systems. Some of the results fall on the

line plotted In Figure 3-15, while others do not. The glasses which do not

fit usually contain appreciable amounts of A12 03 or B203. Further, all

glasses containing more than a minor amount of alkali fall on the line. The

correlation will be analyzed further to try to unravel the factors involved.
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4. NEODYMIUM GLASS LASER PERFORMNCE

The measured thresholds presented in Appendix A were made on lasers

prepared from small laboratory glass melts. An analysis of these measure-

ments convinced us that It was impossible and probably meaningless to

continue this type of measurement until it Is known how the optical quality

and other extrinsic properties of the laser rod affect the performance.

We have amassed a large body of neodymium fluorescence data on a

wide variety of glass compositions. The problem is to try and predict

laser performance using this data.

This Is a less severe problem for crystals since the fluorescent

properties can only be adjusted by changes In doping level, and impurities

not by gross changes in the composition of the host. (This is not uni-

versally true - Van Ultert of BT did much with CaWO4 , but glass is

infinitely more variable in any case.)

In predicting performance as a laser, it is necessary to decide

what type of laser you have in mind - an application e.g., high power

Q-spoiled, high energy pulsed, low energy pulsed, continuous, etc. In most

of these applications, the relationship between spectral properties and

laser performance Is only known in a general fashion. For example, in a

Q-spoiled high power system, It Is obviously Important to have a long

lifetime for the excited state so as to store the maximum amount of energy

in the excited state before the cavity Is "un-spoiled".

We decided to use the threshold as our measure of glass performance.

A low threshold signifies efficiency in converting pump light into laser

light. Glasses with low threshold would be useful for high and low energy

pulsed operation as well as a continuously operating laser. We did not
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extend the analysis to include factors which would be important for an

energy storage laser lone of which was mentioned above). We believe we

have sufficient data on the fluorescence properties but insufficient data

as yet on other properties to characterize the glass for this mode of

operation.

4.1 Theoretical Analysis of Pulsed Laser Threshold

The relative pulsed threshold of a laser can be calculated from

primary spectral data such as that given In Appendix A using the following

major assumptions.

(I) The rate loss of excited atoms due to stimulated emission is

negligible.

12) The spectral distribution of the fluorescence measuring lamp is

the same as the laser flash lamp.

(3) The time dependence and the frequency dependence of the laser flash

lamp are separable.

(4) Quantum efficiency Is independent of wavelength.

The result of the calculation, assuming equal losses, shows that the pulse

threshold should be proportional to

(I) ri2 a

Fmax f(t)max * b(a+b)

where is the refractive Index, Fmax is the relative fluorescence Intensity

at 1.0/jA, and f(t)max is directly proportional to the number of atoms

excited to the metastable state which is read from a computer derived plot

of fluorescence lifetime versus f(t)max. This function is derived using the

a, and b coefficients which describe the shape of the flash lamp pulse and

the fluorescence lifetime. Figure 4-1 shows two curves derived for 1/2 and
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full capacitor bank conditions In an E.G. and G. 10 tube laser simulator.

The complete derivation of equation I is given In Appendix B

beginning on page 118.

The computed pulse thresholds for most glases studied are given,

as mentioned in Section 3.2, in Appendix A. A plot of the calculated

relative pulse threshold versus the neodymium concentration for a large

variety of different glass compositions Is shown In Figure 4-2. Notice

that there is qualitative agreement between the calculated values and the

experimental threshold minimum In the vicinity of 5-6 wt. S neodymlum as

found by us and others.

When quantitative agreement between relative pulse thresholds and

measured thresholds is sought, significant discrepencies are found. A

reappraisal of our analysis and especially a reexamination of the major

assumptions enumerated above have shown plausible reasons for these

d iscrepenc les.

Neasurement of the flash lamp lifetime and intensity as a function

of wavelength has shown that the time dependence and the frequency

dependence of the laser flash lamp are not separable as assumed. Further-

more, these same measurements have shown that the spectral distribution of

the flash lamp and the fluorescence measuring lamp are not the same.

This latter effect alone is not sufficient to Invalidate our analysis:

If the spectral distributions of the continuous and flash lamps remained

constant relative to each other, the calculated threshold would be in the

correct relative order. A more disconcerting factor is that the spectral

distribution and the lamp lifetime are significant functions of the lamp

voltage (heretofore we have changed the voltage to arrive at a measured
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laser threshold). Thus, it is not surprising that quantitative agreement

between calculated and measured thresholds has not been achieved.

4.2 Experimental Verification of Predicted Pulse Thresholds

We now understand why preliminary attempts to correlate experimental

and calculated thresholds were not satisfactory. The problems are found to

be associated with the measuring techniques rather than the theoretical

analysis. The final analysis will take the aforementioned shortcomings into

account.

We plan to remove the internal loss effects by using a series of

laser rods having different end reflectivities. The thresholds on these

rods will be measured without changing the lamp excitation conditions.

Another method to check the theory will be to examine the effect of pulse

shape on the threshold.

5. LARGE SCALE LASER GLASS IELT

A soda-I i me silicate laser glass has been melted in a continuous

melting process. The glass was formed with a 1-1/2 inch diameter mold and

rods were cut to 24 and 40 inch lengths.

The optical quality obtained was excellent. A variation of 1/10 to

li'20 fringe (over a 2-1/2 inch length) corresponding to a change of less

than 9 in the seventh decimal place of the refractive index was achieved

(see Figure 4-3.

Other optical measurements on this glass are planned or underway.

We are also evaluating the reproducibility of laser thresholds.
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6. SIJWARY

During the past year we have surveyed the fluorescence properties of

a large number of neodymium doped glasses and made an Intensive study of a

particular composition. The work has been concentrated mainly on silicates

and especially on those glasses where past experience would give a reasonable

expectation of being able to manufacture the glass in good optical quality on

a fairly large scale. Realizing that the performance of any particular glass

laser device will depend on a large number of different properties, and that

it would be impractical to measure all of these properties In MI possible

glasses, we have concentrated in the first Instance on measuring the intrinsic

spectral properties of a large number of different glasses. We already have

extensive experience in relating properties other than rare earth fluorescence

to the glass composition, and It was necessary to fill this gap in order to

pick the best overall glass when the laser device requirements became more

clearly defined. As a result of this program, we now have extensive knowledge

of the absorption and fluorescence spectra, linewidths, lineshifts and life-

times of neodymium ions in these glasses, and how these spectral properties

are affected by changes in the glass composition, in the concentration of

neodymium and in the concentration of various impu-itles. Detailed Interpre-

tation of these data.where possible, is underway and will continue for some

time. It should be added here that although we have examined all of the other

rare earth Ions, and a number of them are known to exhibit laser action in

glass, we have not found any system that remotely approach neodymium in

efficiency and ease of operation.

The performance of a glass laser will depend on a number of other

properties in addition to the spectral properties noted above. Some of
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these are intrinsic properties of the material such as expansion coefficient,

thermal conductivity and refractive index, while others are extrinsic prop-

erites such as optical quality, pumping geometry, etc. Since the Intrinsic

material properties of the glasses studied In this program can fairly

readily be estimated from our glass experience, it has not been necessary to

measure these properties for all the glasses studied.

During the course of this work we have developed a theoretical model

to predict, on the basis of the measured spectral properties, the relative

merit of all the experimental glasses in a simple pulsed laser device. The

theoretical model was not developed to directly evaluate the glasses in high

power devices (which are extremely complicated) but to make sure the

fluorescent properties could be related to laser performance. Hence, this

simple step was taken first. Experimental confirmation of the model remains

to be concluded.

A large scale continuous unit melt has been made and preliminary

studies of the optical quality and absorption at I micron are very favorable.

Experiments have shown index variations of less than I part in 10 6.
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Appendix A

Experimnental Data Taken on Neodymium

Laser Glasses

The meaning of the column headings of this Appendix is

described on page 36 of the text.
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APPENDIX B

Here we describe how fluorescence data may be related to the pulse

threshold.

Energy Threshold for Pulsed Lasers

I. Theoretical Considerations

Consider first the population in the excited metastable state as a

function of time. The rate of production of excited atoms by the pumping

pulse is given by

I)~ ~ lp(- St) ~ ( d
-, h-b

where

I( -,t) is the intensity of the pumping light per unit frequency

interval.

d(V) is the absorption coefficient.

E is the efficiency of conversion of absorbed photons into
excited atoms in the meta stable state.

The rate of loss out of the metastable state by spontaneous emission is

2) Ne

where

Ne  is the ions/cc in the metastable state at time "t".

''m is the measured lifetime.

If we ignore the rate of loss due to stimulated emission, the differential

equation governing the population of the metastable state as a function of



ti!me is,

3)hNe0 Tm

The intensity of the pumping pulse can be assumed to be of the form

where 1,N~) is the spectral distribution of the lamp and 91 It) Is the shape

of the pulse. A good approximation for 9,Mt Is given by

where a and b are constants that can be determined experimentally. Eqn. 4

then becomes

6) 1 p (- t) = l (I(le-t) e-bt

substituting Eqn. 6 into Eqn. 3 gives the following

7) Ne +, Ne (Io ") Ok ) d Vj (1....at) e-bt

The solution of the equation, with the boundary condition that at t =0,

Ne = 0, yields

8) Ne d~f ~ e' + Y-iQ!bt - Tea~,
hl -t U7m'(a~b [I-b~j I b'. 1-rm(a+b I

or rewriting in a more compact form

9) Ne =Kf(t)
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where

10) K = dm E hC

fet) = aT et/ 'm ,-bt -(a+blt

[-Tm (a+b [l-b'rmj  1-bTm l-jrm(a+b)

Now at threshold the population Nc must fulfill the following condition

II) Nc(thr )  =
C'm

where O loss is the absorption coefficient corresponding to the losses and

Cm is the amplification cross section. We are concerned with the value of

E that will make

Ne = Nc(thr)

at some time tc, No = Nc(thr) where Nc is a maximum. Therefore, the

necessary condition at threshold is

12) 10 Nflo)o'('i' d'V= loss
/ h mf O (t)max

where ION) is now the intensity needed to make this equality. The question

is how is this to be related to the threshold energy E? The energy output

of the lamp corresponding to this 10()) is

13) Ec = G f-I (),t) dt

0

where G Is a geometric constant in units of area. Or, using Eqn. 4, Eqn. 13

becomes

14) Ec = Ga Jlol'-) dV
b(a+b)J



The prob Iem ncA Io e3 Ir rv e ' he 1,94) be tveon 11

this can be accompl 6se oy the iti ietou. Fs tJ u , iflg L .1t

Eqn, W one obtains

5 c OWd-

In the f gum~ escence uedr' rnee. uremnt. theve exst 'j ..A.y te

gtven by

6) Ne. = T M l~L2?

where I 10 0 t s ntsy the zpeetraa gntem ity r e t ' nr) I ': Uce iPec um

measurement. The ;ntes7Py uk an emii, ion 0 !'e is g ven by, in th' iSCis

the Nd 4F 4 tr d nA

In Jf h' mf'P ~ L- G

wher e P., _ I If t he tr ,ns if ion prod o C i- geomat, sc f~rtvr

hav~pn; the aimens n oi qen9qgh. :,smmgr inq ven h nw Aw~ for- Hi~p cmn

9ine it can atlso be ee th.,t

Now we must owqre5 to devetop the~ ba-,ic ti* tfle mxl Ji-

iYuanlum men"jiA&.A m-eory 9 vtei5 the to* )ov~i~m Ywyoreac.

&) C,

~A~fe~I<~
,;Td

n dl~
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where IXnmj is the matrix element of the transition and C'is the absorption

cross section. Solving forl Xnm 2 1 and eliminating it between the two

equations the following expression results

c) - P3/2 - 11/2 .jJ../ d3

C0

This is written for the desired transition 4F3/2 -4111/P

0"/2 - 1112 is now an ampl ificat ion coefficient since we are dealing with

stimulated emission rather than absorption. The integral over the cross

sect ionO" can be expressed in terms of its mnximurn valueo',, and the half

width multiplied by some shape factor depending on the 1ine shape assumed.

d) J(312  = sd-m

d) = 1/2 /fn 2 Gaussian I jne shape( 7r/I ? Lorentzian line shape

Therefore combining Eqn. e, c anj d one obtains th, r-u;ation forOa

f) ~ C 2
SI 8 SA ' P3/ ,_ ll-

Lquating equations 17 and 18 and making use of En. Mf) for P31 - 11.2 one

obtains for 0 -m

19) 0Tm I f max Co -

'r,,G hkQP1, (-9 61

The equation for Ec, Eqn. 15, dfter sut:titutirn i,, toi a-,, Eqn. 19, yields.

the following expression

Co2  f(t)maX b( db) JI) '3 , I f rrdx

hi)
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Assuming one can write the intensity distributions in the form,

I' g2/q 19 g. ) is the shape function of the
spectral distribution

loo() = 9 (2 9)

21) and

Imax = I Fma (the actual measured value of the
relative fluorescence intensity)

One obtains the final desired result

22) Ec = G' h-j 8n 2  0 loss Ga ' 1 d d,
Fmax C f(t)max b(a+b)

Grouping the terms that are constants one gert

23) EC p N2  . a
Fmaf(t)ma b(a+b)

wee Gh BUG gr d-)) 'lorwhere G C9X

II. Evaluation of Calculated Relatlve Threshok,'

Eqn. 23 shows that Ec can be evaluated oi, relative basis since all

the quantities on the right side are either constant or measurable directly

or can be evaluated from the measured data. The constants a and b cdn be

computed from the lamp pulse shape. The index of refraction, fluorescence

lifetime and maximum relative fluorescence intensity are dll measured

quantities. This leaves only Illimax to be computed. Thil. can be accomplished

by the following method: for each %et of a, b vlule ; correzponding to the

shape of the lamp pulse, f t) is plotted vs. t for . curber of Tm values.

The maximum fMt) is then plotted aqainAl trio c,. rr'v. ting I,,, value.
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Once these curves are obtained, one need only know 1 m to obtain the appropriate

f(t)max* This calculation has been prograrned on the IWM l620 computer. Curves

of T m Vs. f(t)max are given in Figure 4-1 for several lamp geometries and

flash tube arrangements.
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APPENDIX C

RELATION BEIWEEN LIFETIME AND REFRACTIVE INDEX

Two coefficients, A and 8, are commonly used to describe spontaneous and

stimulated transitions. The first is the probability of spontaneous transition

per unit time and the second is the probability of induced transition per

unit time per unit intensity per unit frequency interval. Einstein IC-11

demonstrated the necessity for a relation between A and B using the principle

of detailed balancing in equilibrium. Consider an atom with upper state n

and lower state m in equilibrium with a black body radiation cavity. Then

the following relation must hold.

11 Nn ( Am ,n,4 ) = Bmn 4 T I Nm

where I is the undirectional intensity per unit solid angle per unit frequency

interval, Ni is the number of atoms in state i, and A and 8 are the quantities

mentioned above referred to the specific transition from n to m or m to n.

The quantity I Is related to the energy density by e = 47rl/c. From this,

Einstein showed

2) Brim Brn B

A -8h

9 C2

Often the B coefficient is expressed in terms of the energy density and an

extra factor of c appears in the denominator of 12). The right-hand side

arises from the intensity of radialion inside a black cavity--that is, a

cavity with black walls. Hence the c is the velocity of light appropriate

to the medium which fills the cavity. This first appearance of the refractive
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Index in transition probabilities may be traced back to the higher density of

states In a black cavity filled with a medium, but it Is not possible from

Equation (2) to say to what extent this influence Is in A or 8 separately.

The importance of Equation (2) is that spontaneous and induced transitions

are not independent but are related by a simple expression. Thus, there is

only one quantity necessary to characterize all aspects of such a simple two

state transition.

The heuristic argument used to obtain Equation (2) was replaced by a

unified theory with the advent of quantum electrodynamics. This theory

treats the radiation field within the cavity and the atomic states as a

single system with weak interaction between the two parts. Matrix

elements result having the formiC-i).

ChINl 12 J 4 ilr
1 e P0 :~

where N is the number of quanta of energy h . This yields induced transitions

from the N and spontaneous transitions from the "one".. Even though

spontaneous and Induced transitions are coupled with the same factor in this

matrix element, the spontaneous transition probability shifts relative to the

induced transition probability because the density of states enters into the

computation for the former and not the latter. (C- 3  Thus, when B is expressed

In terms of an energy density, A/B =t U01h = h1/c (Equation 2) where

is the density of states.

Returning to the quantities A and B as defined at the start, equationa

relating these to measurable parameters are

3) A
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wltere " is the spontaneous emission lifetime, and

4) B k

where Uris the optical absorption cross section associated with the trans-

ition. Tnese formulas hold strictly only for transitions between two fairly

well defined states. In any solid, degenerate states will be split into

many levels and this adds further complications. However, for rare earths

in glasses this problem is not very serious and (3) and (4) adequately

describe many situations.

An approximat ion wiI be chosen to est imate the influence of

refractive index on these properties. It will be assumed that the wave

functions of the atom are unchanged on varying the glass. Then, since

B = 1e %/Xon/

where

/ X0

we have

5) 7 - c3

6) UdN 41fe2  / Xo/-f c

From (5), it is seen that the lifetime will decrease with the cube of the

refractive index, while the absorption increases with the first power.

Although the assumption underlying (5) and (6) will never be exactly correct,

various glass composition can be compared on this, b--iS.



REFERENCES

(C-I) Einstein, A., Phys. Zeits. 18, 121 (1917).

This derivation can be found In almost any book on quantum

mechanics, such as: Mott and Sneddon, Wave Miechanics and Its

Applications, Oxford University Press, 1948.

(C-2) Mott and Sneddon, op. cit.

IC-3) Schiff, L.l., Quantum Mechanics, McGraw-Hill Book Co., 1949.

pages 586-87.



Distribution

Department of the Army Department of the Air Force

Dr. Robert A. Watson Major E. N. Myers

Dr. Hans K. Ziegler Mr. Robert Feik

Dr. E. M. Reilley Lt. Col. Ivan Atkinson

Dr. Harrison J. Merrill Major H. 1. Jones, Jr.

Dr. Edwin Minor Mr. Don Lewis

Mr. William D. McKnight Mr. Don Newnan

Capt. Marvin Atkins

DepartMent of the Navy Mr. Phillip Sandier

Mr. Ben Rosenberg Mr. Thomas Henlon

Mr. C. H. Harry

Dr. G. C. Sponsler Advanced Research Pro lects Aaency

Dr. Sidney Reed Lt. Col. William B. Lindsay

Mr. Frank lsakson

Dr. Van 0. Nicolai Joint Chiefs of Staff

Dr. Irving Rowe Col. C. A. Barninger

Dr. Fred W. Quel le

Dr. Elliot Weinberg Materials Contractors

Mr. Lloyd A. White Mr. R. W. Young

Dr. Jack A. Soules; Mr. R. D. Maurer

Dr. Francis T. Byrne Mr. Wayne L. McKusick

Mr. J. W. Smith Dr. J. W. Nielson

Dr. C. C. Kiick Dr. Jamies F. Miller

Dr. L. F. Drummeter Dr. C. B3. Sclar


