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Abstract

A study of the spectral properties of‘neodymlunhdoped glasses has been

undertaken with—the ob jects of ~tH-determining—how—the-propertles.of_ glass
influence the performance 6f a Nd=d5ped-gteass---aser—and 127 g&vetoping—the
best poss.ible.-glasses~for_high _power-applicattons. 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 |ifetimes and most intense fluorescence, whiie the
borates show the shortest |ifetimes 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. )
P
i

One of the more promising glasses has been prepared the best

optical quality available and is currently undergoing intensive\stud
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I. JNTRODUCTION

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 3 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 reare
earths in glass are approximately the same as in crystais, although the
glasses generally have longer |ifetimes at room temperature.

At the present time four rare earth ions are known to exhibit
stimulated emission in glass, the most Important being trivaient neodymium.
Properties of the others (Y'3, 6d*3, Ho'>) as well as the properties of Nd*>
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 meny
absorpt fon bands effective in pumping as welAI as the fairly high oscillator
strength of the pertinent tramnsition. 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 2-3),

Beyond its spectral properties, glass has a number of distinct
advantages for use as a laser materlial, The major advantage is that it may

be formed in very high optical quality in a varlety 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 |imits. 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

opt imum performance in a particular appiication. There are, unfortunately,
some properties of glass which are not advantageous in a laser material,
primerily its low thermal conductlvity, 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 CaFy or CaW04).

The ob jectives of Corning’'s glass |aser 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 |aser device. Since it
was not known initlally 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, coupied with already existing informai ion 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 invoived in the exploratory phase of this
program is so extensive as to prohibit detailed study of |sser performance
in all of them. To provide basic information on the detailed performance
of a Nd-doped glass laser therefore, we have selected one particuiasr 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 COMPOSITION

2.1 The Glass Composition

Although the base glass composition definitely has an effect on Ng*3

fluorescence as is shown further on in this report, the general features
revealed by this intensive study of fluorescence and st imulated emission in
a soda |ime silicate glass seem to be more or less common to all the glasses
studied. It is helpful, thereftore, 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 approximete composition by
weight of 71% Si0,, (5% Nay0, 12% Ca0, 1% Al203, 1% Sb03, and had a density
of 2,56 g cm 'é Various percentages of Ndy03 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 80°K and near 300°K for
the region around 9000 R. This absorption corresponds to transitions from

the 4I9/2 to ‘1'F3,2 state, (%=1}

Figure 2-2 shows the relative fluorescence
intensity in the same wavelength region after correcting for self-absorption
and the apparatus respcnse. At room temperature there appear to be weak
fluorescence bands near 8970 A and 8680 A which are not present at low
temperatures. The main feature, however, is two prominent bands at 8860 A
and 9170 ;.

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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"2 (2.2)
Presumably each "peak™ contains severa! unresolved crystal field levels,

First, consider the optical absorption., At room temperature the prominent
absorpt fon occurs from the |ower 419,2 level to the two 4F3/2 levels giving
two peaks. In addition, there is some absorption from the upper 4I9,2 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 300°K; this is to
be expected from the level scheme. However, the absorption at long wave-
lengths has disappeared since only about 10~3 of the ions eare now in the

upper 4'9/2 level., The energies of the two 4F3,2 levels were determined from
the two main absorption peaks., Next, consider the fluorescence. The two
main peaks arise from transitions from the fower 4F3/2 ievel to the two

4I9/2 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 4F3/2 state at 300°K. The 8970 X and 8680 X bands are therefore weakened
by the occupation of the upper 4F3/2 fevei, At low temperatures, the two
weak peaks disappear since the upper 4F3/2 level is practically empty. There
is an unexplained smzll wavelength difference between the fluorescence and
absorption peaks, so the energy of the upper 4I9,2 level was obtained from the
separation of the two main fluorescence peaks.

The steady state fluorescence around one micron at 300°K and 80°K is
given in Fig. 2-4, The 80°K curve with the two peaks shows that the 4l|,,2
state is split into two groups. |t was shown above that the fluorescing
4F3,2 state is slso split into two groups of levels spaced to have the upper
partiaily cccupied at 300°K but empty at 80°K, Transitions down from this
upper 4F3,2 group give a contribution on the low wavelength side of the two

main peaks which appears to broaden the main peak at 300°K. Thus, the |ine
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narrowing at 80°K can be explained by static crystal fieid effects in the
‘F3/2 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
paralielepiped 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 asbsorption spectra
of the sample and the measured intensity and spectral distribution of the
sodium arc light. The rate of photon emission in the (.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 Nd>* emission band. While this exper iment 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 exper imental details, as well as the necessary
mathematics, for each of these small experiments are discussed below.

When the Nds"-contalnlng glass is exposed to a constant light intensity,

the quantum yield of photons in the .06 micron emission band is given by

n no=%
morerl is the quantum yield, A is the rate of photon absorption and k£ is

the rate of photon emission in the 1.06 micron band.

2.3.1 Rate of Photon Absorption

The absorption spectrum of the Nd>* and of the various filters was

measured with a Cary Model 14 spectrophotometer. The relative spectral
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distribution of the photon flux from the sodium arc was determined with a
cal ibrated monochromator. The sbsolute intensity of this sodium arc light was
determined with a cal ibrated thermopile.

The spectral distribution of the sodium arc emission was measured by
comparison with the intensity of light emitted by a Generai Electric 200
watt projection lamp operated at 96.7 voits. 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 |ight sources was made with a Bausch
and Lomb 500 mm focal length grating monochromator containing a 300 |ines/mm
grating. The grating was used in orders | to 4. The monochromator output was
measured with an RCA 931 A photomuitiplier at wavelengths less than 7000 A
and an RCA 7102 photomultiplier, cooled to dry ice temperstures, at wave-
lengths greater than 7000 A, Table 2~1 gives the relative intensities of the
sodium arc |ines important here,

The absolute intensities of these |ines at the sample were measured by
replacing the sample with a calibrated, windowless Eppley thermopile connected
to a galvanometer. The thermopile was callbrated against an Electronic
Communicatlions Inc. thermal radiation standard (TRS) operated at 1158°K, On
the basis of this calibration, the intensity of the |ight at the thermopile

2) | =50.50D /Awatfs an'2

I = incldent |ight intensity
D = galvanometer defiection in mm

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

Quantities Used to Calculate the Rate of Photon Absorption

wavfz‘;"gth < P, /8D A, /8D
5670 0.024 3.7 x 10'2 0.4 x 10'2
5890 1,00 166 101
6160 0.014 2.5 .05
7700 0.27 58 3.5
8190 0.22 50 9
line number

intensity of line in wat ts/cm® divided by intensity of 5890 A line in
watts/cnf

photon flux at the sample in photons/cmz-sec.

rate of photon absorption in photons/sec.

total intensity of sodium arc Iight passed by C.G.W. 3484 fliter but not

by C.G.W, 2403 fliter. The units are mm of galvanometer deflection.
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The total Intensity of the sodium arc 1ight passed by a C.G.W, 3484
filter but not by a C.GW. 2403 filter was measured with the thermopile. The
absolute intensities of the sodium arc |ines incident on the sample were

computed from:
3) ‘i = C' '2

o Bl = 3p 1) ATy = 135 o AT,
t; = intensity of the i'th sodium arc Line

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

I2 = intensity in watfslcmz of the 5890 A sodium arc |ine

Al = total intensity in \nmi'fslo::m2 of the sodium arc |ight transmitted by the
3484 filter but not by the 2403 filter

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

¢; =relative sodlum arc line intensities

The values of c¢; are listed in Table 2-1. The vaiues of AT; are
determined from the transmission spectra of the filters, The value of Al
is computed from Equation 2 and the difference in gaivenometer deflections
AD for sodium arc |ight transmitted by the 3484 filter but not the 2403
fitter. The absolute intensities of the sodium arc lines at the sample are
listed in column 4 of Table 21,

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 c.  The sample thickness was 0,745 cm,
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The rate of photon absorption was computed from

5) A=2.74 E:i A, = 2,74 zf; a; photons/sec.
A; = photon absorption rate due to arc line i

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

a; = fraction ot incident photons absorbed

Muttipie internal reflections were taken into account in computing the a;'s.
The vaiues ot A; are rabuiated in Table 2-1, Most of the excitation comes
from the 5890 A line. The 5670 A and 6160 A |ines make a negligible
contribution while the 7700 A and 8190 A iines contribute about 1i% of the
photons absorbed.

The contribution of the 7700 A and 8190 A |ines was checked by
measur ing the intensity of the Nd3+ emission spectra ot 1.06 microns when no
‘filter, a 3484 fiiter, or a 2403 filter was interposed between the arc ang
the sample. Since the fluorescence intensity is directly proportional to the
rate ot photon absorption, these data could be used to compute the per cent
of the totai photon absorption rate due to photons transmifted by both the
3484 fiiter and the 2403 filter. The result was thaj these |ines contributed
5% of the total photon absorption rate. The cause of the discrepancy between
this number and the 1% contribution computed above is now known. Therefore,
it is assumed that these infrared iines contribute /2 5 + I1) = 8,0% of the

totat photon absorption rate. The value of this rate used in Equation | Is

6) A= 302 x ,012 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

2

RA = 47rr Y watts/micron

the distance in cm from the source to a detector at which the intensity is
I watts/cmé-micron band width. The value of I) 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

rDg.2 |
=T £,

Ra T
Dg = diameter in cm of TRS limiting aperature
a = distance in cm from TRS limiting aperature to detector
Iz = detector reading for Nd>* fluorescence intensity
lg = detector reading for TRS intensity
W, = black body emission rate in watts/cm@-micron band width (see p. 23 of

TRS manuatl)

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

De = ]
gE 4y =158 x 107 (8 [) w, £ d)
d) a T

integration yields

71 E = k ¢ photons/sec.
8) k = 1.58 x 1017 (2sT)?

a
9) c =

SA W, £ da
lB
A
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In practice, it is convenient to define

10) f L) =

Equation 10 can be used to computef(A) from the Nd3+ emission spectra without

knowing the absolute intensity of the fluorescence. A measurement of the

absolute intensity at one wavelength is then sufficient to determine ¢ and E.
The experimental apparatus used fo determine the photon emission rate

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

througii 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, were placed in the condenser
lens system for the monochromator to limit detection to wavelengths in the
near infrared,

After measuring the Nd>* 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 buf 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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3+ .t . . .
emission spectra in the 1| micron region.

2—sec_micron band width, For this

Figure 2-4 shows the Nd
The ordinate is proportional to photons/cm
1.06 micron band,

e =4.7 x 102 microns
£ (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 Dg = 0.0996 cm. From these data
and from Equations 7, B and 10, the computed photon emission rate is
E = 2.6 x 104 photons/sec. when AD = 3 mne From this result and from
Equations | 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. [t 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 mm. Deflections less
than | 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 % O.1.

2.4 Fluorescence Decay

The decay curve for this glass with 0.8% Ndy0z 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. \there 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,

> (2.5 x 1074 atom fraction Nd) gave an exponential over a span ten

Cal0y :Nd
times its lifetime of I60/l4$ec.

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,
descr ibed 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 4F3,2 - 4l9,2, 4||3,2,
4l|5,2 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 fhe 0.8% Nd,0s glass gave
the same decay curve — a 5 cm x 5 cm x 0.5 cm siab irradiated on the large
face and observed through the other large face, irradiated on edge and
observed through the opposite edge, and & 0.5 cm cube were all equivalent.
The decay may be tentatively assigned to a distribution of transition
probabilities dge to a distribution of crystal fields. The fluorescence is
given by F = J’ pe~Ft f>(P)dP where (>(P) is the number having a transition
probability be;;een 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 @ (P} =2;Ni8 (P~P;), 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 preclsién of the data must be greatly incressed
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 tc 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 - 4!9/2 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
80°K, deduced from the typical output "spikes" on the oscilloscope trace,
was 700 J using an EG and G Mode! 513 Laser Stimulator with the sample in 2
clear dewar cooled by the flow of nitrogen gas. Under comparable exper i~
mental conditions, threshold for the 1.06 1 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

o
spread over a range of about 80 A centered near 9180 Z.
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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 stete transition; the accuracy of this

approximat ion has been examined by Fowler and Dexter.

jO‘d—o = PAZ/&’”'L}' (

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

Then

ition probabliity, A, the free space wavelength, and n the index of re=-
fraction. The number of ions (cm™>) in the excited state, n, can be related

to the losses and gain cross section at threshold by setting

Ry Ry, exp [(nor’n- o(i)ZIj

equal unity, where %; is the absorption due to internal losses and R; Ry is
the product of the end reflectances. Taking the reflectances as near unity
and expanding the exponetial, all the losses may be expressed by C‘, = dI +og
where of o = (I = R, Ry)/2l,

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.
The resonator dissipates power via internal loss and output power.(2°4)
Therefore, the total available energy,& , for stimulated emission may be
written€popa) + €yt e +o 1/ oo AlSo,€ total = Ny = Ny IR with N
the total number of jons pumped to the excited state. Since Ny = (N Ep)/E;

and N; 0 =%, + X, we have
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Om = (-z—f - 1) hool /e ¢ 2)
The internzl lcsses need not be known,

Calculated and measured values of O, may be compared. Equation (1)
provides the calculated values of the gain cross section., A more clear
Identification of the groups of states is obtained with the data at 80°K and
this will be used for computation. The optical absorption at 0,88 microns
gives a maximum absorption cross section of 6.12 x 10721 cm? 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, = 1.43 x 10720 cn, 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/o
where q is the quantum efficiency for the 1.06 micron line and ) the
measured lifetime. Substituting in (1) yields 1.21 x 1020 cn. A measured
value of 1.9 x lo"'20 cm? was obtained from Eq. 7 using 30 microsec. pumping
pulses with a laser having a spontaneous emission of 515 microsec, |nde-
pendent estimates with longer pulses but subject to the same assumptions
(which sets an upper |imit on O ,) have been cbtained by measuring the ratio
of input to output energy and the energy required for oscillation threshold
for two different values of end plate reflecfance.‘z-s) High reflectance

gave 1.1 x 1020 and 1ow reflectance 1.7 x 1020 cnf,

2.5,3 The Vlavelength 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

(2-6)

output spectrum for increasing levels of excitation, NMultimode
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phenomens are easily apparent because of the wide wavelength range over which

st imulated emission occurs. The third line, for example, shows a large number

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

individual |ines 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.‘z'G)
Some inference that the 1.06 micron fluorescence is an inhomogeneous |ine 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 egqual to the width of the fluorescence |ine at half
maximum. Cross relaxation will feed energy into the central part of the line
but the line narrowing cccurs at concentrations lower than where appreciable
Interaction efiects appear in the lifetime (Figure 2-8)., Figure 2-10 for
glasses with 1.5% Nd303 and 4.5% Nd03z did not show & narrower spread of
stimulated emission at higher concentration when operated at the same
fractional increase over threshold. Another possibility is that the main

f luorescence 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 Nd>' AS A FUNCTION OF GLASS COMPOSITION

3.1 Composltion 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 spproach an understanding as to
the reason for the various compositions melted is to review breifly the funde-
mental nature of glass, A simple definition is proposed by A.S.T.M.(s-'): "Glass
is an inorganic product of fusion which has cooled to a rigid state without
crystallizing,"

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 a8 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
SI+4, B+3, p*3 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‘s'z) who first proposed the random network
theory of glass structure and in monographs by Sfanworth(3~3), Sfevels(3'4’.
and Jones.(s"s’

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

exampie, 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 bar lum oxide in place of caicium oxide. The

second category includes properties which have a relaxational character such
as viscosity and dilelectric and mechanical losses, and properties which depend
directly on the entropy changes of the systems such &s thermal expansion.
These wili 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

(3-6) and Volf.(3-7)

Morey
One of the chief advantages of glass over crystai for laser appli-
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 characteristlcs of glass forming systems. Of course,
specific properties are very dependent on type and amount of modifying ions.
() Silicates - high melting, high viscosity, low thermal
expansion, good chemical durability {(except in hydro-
fluoric acid) the widest range of stable glass compo-
siticns.
(2) Borates - low melting, low density, poor infrared trans-

mittance, good ultraviolet transmittance, poor chemica!l

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 uifraviolet 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 ultraviclet 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,

() Soda Lime Glass: Network Former - S§i0,
Network Modifiers -~ Na,0

Ca0

This system provides an easy starting point since melting to good
quality glass is readily accomplished and many modifications cen be made
without moving out of good glass sreas. 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 - Si0,, 8,05
Intermediate - AI203
Network Modifiers - NagO, MgO, CaO, BaO

The prediction of properties of glasses containing alumina and/or
boric oxide is stightly more complicated than for the soda |ime system due
to the dual nature of both alumina and boric oxide in glass. Boric oxlide is
8 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

(>-8, 3-9’and Is evidenced by en anomalous

shown in alkali-boric oxide glasses
change in properties as alkall Is added to boric oxide changing the boron
coordinat ion from three to four. For example, as sodium cxide 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 borosilicate glasses.

Another characteristic of borosilicate glasses is the large area of
liquid immiscibility; il.e., a phase separation occurs at certain temperatures
creating two inmlscible.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 consolidete the structure,

Products made from these glasses are sold under the VYCOR trade mark.,
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Borosilicates are characterized by a flat slope of the viscosity~
temperature curve; i.e,, fairly viscous at high temperatures but relatively
low annealing points. They slso have low thermal expansion. Boric oxide
ie 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
phenomeron 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 glven level of silica, alumina, and boric oxide, the effect of
subst ituting heavier alkali oxides and heavier alkaline earth oxides for
lighter ones results in predictable changes, as for the soda |ime glass,
with increasing expansion, density, etc.

(3) Lead Glasses: Network Former - Sio,
Network Modifiers - Nay0, K 0, Csy0

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 2 lead silicate glass. One difficulty with lead
glasses, particularly over 30 mole percent is the tendency of Pb*? 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 - Si0g
Network Modifliers - MgO, CaO, SrO, BaO, ZnO

(Possibly Mg0 and ZnO may act as intermediates)

invert glasses were first proposed by Trap and Stevels and details of
their nature may be found in the original papers.(3-|°, 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 conmercial 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 & 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 |isted 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 is moderately high.



{5) High Temperature Invert Glasses:
Network Former - Si0,

Network Modifiers -~ ThOp, Lag0s, Tay0s5, Bad

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) Zirconia Containing Glasses:
Network Former - Si0g

Network Modifier - Nay0, ZrQ,

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 timits and other factors which do not permit propef evaluation
of samples, The heating of a given combination of batch materials at a
designated meiting temperature may result in one of the following:

(1) the batch does not melt;
(2) the batch melts but devitrifies as it ccols;
(3) the batch melts but opalizes as it cools either due to pertiai

devitrification or formation of two immiscible liquids;
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{4) the batch partially meits and on cooling forms & 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 meilting temper~
ature is an Important factor which may cause seedy glasses.);

{6) the batch melts and on cooling forms 2 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(s'“) 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, particulariy those used for optical
aspplications, is on the basis of refractive index and dispersion. The
dispersions of glasses are commonly compared on the basis of reciprocal
relative dispersions at ¥ values (iu values), V values of most glasses
fall between 20 and 70. Glasses withV 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 \) value over
50, a high refractive index, and would contain barium as the distinguishing
constituent. Flint glasses usually contain icad, ranging from extra dense
with very high lead content to extra light with low lead. Crown glasses

often contain barium, with a2 high amount of barium in the dense crowins and



~36~

low barium in the |ight crowns. A standerd soda |ime 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 classifled laser glasses Iin this manner.

The melting temperatures of the glasses were selected on the basis of
composition and were in the vicinity of 1300°C to 1550°C. The batches were
mixed by ball milling for four hours then placed in 500 cc. platinum crucibles
for meiting. A typical meiting schedule wes meit 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 | inch. The melting furnace was heated
electrically using Globar rods. The hot glass was placed in an anneal ing
furnace set at the estimated annealing temperature, held for one hour, then
cooled at about 30°C per hour. The slabs were examined for sections of best
optical quality for evaluation,

3.2 Messurements of the Spectral Properties

The results of measurements of neodymium glass fluorescence at 1,06
microns and of absorption at four selected bands sre tabulated in Appendix A.
The glasses |isted in Appendix A are classified into 22 series by base glass
composition.

Compositional variations within a base glass system are given in a
column following the glass code number. {n 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" |ists the relative fluorescent

intensitles of the 1,06 micron fluorescence line for each glass, The details




«37=

of the messurement techniques and est imated precision will be given in Section
3.2.1.

The column labeled "7 |ists the spontaneous fluorescence decay |ife-
times In microseconds measured at 1.06 microns.

The column "Calc. Rel. Pulse Thresh." |ists the relative pulse
thresholds of each glass, calculated from the messured relative intensities
and the fluorescent |ifetimes, using the expression developed in Section 4.

The column labeled "Meas. Thresh." |ists messured thresholds in
Jjoules. 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 1,D. and §6 mm O.D.

The "full bank™ cepacitance 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 standerd deviation in the measurement of 2%.

The lsser 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 iabeled A lists the measured width of the |,06 micron
fluorescence |ine at half-maximum, In Angstrom units.

The last eight columns list the sbsorption cross sections and
absorption line widths of the four indicated absorption |lnes of neodymium
in each glass. The line widths at half-maximum are given in wave numbers

{cm™'). The cross sections were calculated using the peak absorbance of

the line occurring af roughly the indicated wavelength. In the case of the
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visible 5800 A absorpt ion, the IlmT was often split, exhibiting two distinct
absorption peaks. In this case, the wevelength at each on-scale peek is
1isted under the "o column, with its corresponding cross seci-'lon under it.
1f the peaks were sufficientiy resoived to permit messurement of separate
widths at half-maximum, they are both given. For details of absorbance

measurements and typical spectrea, see Section 3.2.2.

3.2.) Fluorescence Intensity and Line Width Messurements

Figure 3-1 is a block diagram of the measurement apparatus. The xenon
lamp I8 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 374 inch by 3/4 inch hole and permits the
escape of fluorescence light at right angles through a 3/4 inch high siit
adjusted to a width of | mm. By looking at only the first millimeter of
fluorescence from the sample we are justified in assuming that the effects
of absorption are negl Ig'lble. The box design prevents reflection of the
exciting Iight from the sample edge Into the monochromator, while permitting
the emission from the leading face (to a depth of | mm.) to be measured.

The arrangement requires & sample which has flat polished faces with at
least one square corner including a flat polished edge at least | mm, wide,

We tested this equipment with seedy and cordy sampies containing no
neodymium in order to determine the magnitude of scattered exciting light
which may have invalidated our measurements. The results showed that a

max imum 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 mm., respective-

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

| micron for the examination of fluorescence |ines which have invariably been
greater than 200 7\ wide.

A Kodak lead sulphide detector mounted at the exit slit provides a
150 cycle signal to a Princeton Applied Research mode! 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 scenned through the 1.06
micron line. |t 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 ssmpie. 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 instabiliities in the excitation-detection-amplification
system and orientation effects for inhomogeneous samples combine to give a

reproducibility in intensity measurements estimated at * 10%. Measurements



on a given glass of reasonable quality reproduce to better than 5%.

Most samples become warm during 2 run, and some become quite hot.
Messured 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 similorly to intensities except that the X axis
of the recorder is driven by a 40-turn Hel ipot across a Zener diode controlled
source, The Helipot 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 Spectral Absorption Measurements

A Perkin-Elmer Corporation Mode! 350 spectrophotometer was used to
measure spectral transmittances in three ranges from 200 to 2700 millimicrons
wavelength., The quantity recorded was the common (base-i0) logarithm of the
reciprocal of spectral transmittance, plotted as a function of wavelength.
This quant ity 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 sbsorption
properties of various glasses whose refractive indices are simitar. Except
where great accuracy is required, even this qualification may be ignored.

Al though 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 O.1%, throughout the ultraviolet, visible, and neer
infrared spectral regions. Resolutions are better than 3 millimicrons in
the near infrared region, 1.5 millimicrons in the visible region, and 0.5
miflimicrons 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 sampies which gave of f~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 IIne 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 10720 cn@,  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 A, which usually ran
closer to mid-scale or full=scale,

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

3.2.3 Experimental Lifetime Measurements

The exper imental 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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FL9! tubes connected in paraliel, with an output of about 100J and a time
constant of about 49/(sec. The fiiter is a heat absorbing glass (CGW 4600)
to filter out the energy above | micron. The monochromator is the same one
that is described above. The detector is a RCA 7102 photomultiplier tube
(S=1 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 |ifetimes were measured with 8 200 sec
delay from the onset of the flash unless otherwise noted.

The accuracy of the |lfetime data reported here is estimoted
conservat ively at about * 10%.

The liquid Nz lifet ime measurements were made by inserting & small
glass dewar on the sample position, The sample was placed in the dewer
and irmersed into liquid Nj.

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

The concentration quenching effect, that is the decrease in ¢luorescence

lifetime with increasing Nd*> concentration, has been observed in all glssses
that have been investigated in this work. The degree of this quenching
depends on the particular glass forming system, e.g., the bcrate 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. |) determination of the effect of very pure
starting materials on the fluorescence properties of Nd |aser glasses;

2) determination of which impurities have an adverse effect on the
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fluorescence properties and to what extent they must be present to cause
significant changes in the fluorescent properties; 3) 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 materiais on the
fluorescence |ifetime, 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 |400°C. The melts were not stirred. The glssses
were poured onto a polished stainiess steel mold Into I" x 1" siabs. The
samples were annealed, and then ground and polished Into I" x ™ by 5 mm.
samples. The base compositions of the glasses were 735i0,°5Ca0°22Na 0 by
weight, 75510,°25Na,0 by weight and Nay0:2B,03 molar composition. A list

of the raw materlials used are given in Table 3-I.

TJable 3~1
Suppiier Purity
Sillca
Light and Co. 99, 999%#
Corning Fused Silica (Code 7940) > 99,9
Africen Sand 99.9
52-S Quartz 99.6

Nd20

_'zt'?'ndsay Code 629.9, Lot 0920 99
Lindsay Code 629.9, Lot 070! 99
Lindsay Code 629.9, Lot 1109 99.
Michigan Chemical Co., Lot 7i=11~00 99
Johnson, Matthey and Co., Lot 14062 99

Na20 and Ca0
Baker Analyzed Reagents, of NayCO3z and CaCO3 purest available

B203
Baker Reagent HzBO3

* 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.




The purity of the Nd20z varied from supplier to supplier as well as from lot
to lot as determined by our analysis of these samples. The purity of the
Nd,03 could play a large role in the concentration quenching effect since
the Nd;03 contains other rare earth oxides and other impuritles that may well
represent important quenching sites for the neodymium fluorescence.

Figure 3-5 shows the fluorescence |ifetime vs. weight % Nd20s for the
soda-lime-sliicate glass using the various raw materlals as |isted. 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
lifet ime measurement, f.e., the points on the curve corresponding to glasses
that were made by a stirred melt method had a somewhat longer |ifetime than
those that wore 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 smount of compositional inhomogeneity existed. For the
poorest quality glasses the |ifetime varied by 5-10% depending on the
orlentation 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 fho 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 I.Oq/t
vs. wt. % Ndy05 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. % Nd203, for a number of different sources of Nd203 and silica. There
Is for the most part, a certain amount of scatter in the l|ifetime 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 serles of
glasses made with Light and Co. sitica and Lindsay Lot 0920 Nd;03. These
glssses show much less quenching than the other glasses melted to date,
e.g., at 7% Nd O3 the Lot 0920 glass had a lifetime of about 500 sec
while ordinarily at this Nd;Oz level the lifetime would be about 400 sec.
The 0920 Nd_0z used in these glasses has been analyzed but no obvious
conclusijons 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 tifetime vs. wt. % Ndy03 for a pure
sodium borate glass. It is known that the borate glasses exhibit a very
short |ifetime 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 (3-12) that the borate network itself has something
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to do with the quenching process although it has not been stated ciearly 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 meterials does not eliminate the concentration
quenching effect in the sl |icate glasses or the borate glass, 2) if the
preserice of certain lmpurlfies 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 Iimpurities have been added to neodymium doped glasses made from
pure starting meterials. The fiuorescence properties have been measured and
the results are presented selow.
3.3.2.1 Jron

To glasses of base composition 735102°22N230°5Ca0 at four levels of
Nd203 concentration, 0.0l and O.1 wt. % Fe203 were added. The lifetime and
intensities are |isted in Table 3-11, along with the absorption coefficient
of the broad I.lu Fe*2 absorption. It is quite apparent from the data that
the quenching of the lifetime is not dependent on the Fez03 content but
rather on the Fe'? content (which we have assumed to be proportional to the
absorption coefficient at folp ). This point can be shown by plotting the
lifetime vs. the l.l/u absorption coefficient (see Figure 3-8), !t is
interesting to note from this graph that guenching is more rapid for Fe*z
content at 3% Nd,0s than at 0% Nd03. A further example of the quenching

of the Fe'? is from the foliowing 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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Jable 3-11

Base Giass 735i09+22Nag0+5Ca0 (by weight).

sa:ple % Nd203 % Fe03 OD/cm at l.Im ’l“/tsec Rel. Intensity at 1.06M
DO | 0.0} 0.02 518 64
CH ] 0.0l 0 . 530 64
AD 3 0.0l 0.04 410 7
CR 3 0.0l 0.03 400 143
Fd 3 0.0l 0 523 190
ci 7 0.0l 0 285 173
oP 7 0.01 0.04 268 169
AE 10 0.01 0.06 127 97
cs 10 0.0l 0.03 150 93
FK 10 0.0l 0 173 151
AB ! 0.1 0.37 277 17
2z 3 0.! 0.34 245 46
cT 3 0. | 0.17 337 84
FH 3 0.1 0.10 391 15
AC 7.5 0.1 0.32 141 46
AA 10 0.1 - 100 -
v 10 0.1 0.16 e 68

] 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 505102+ 1Nag0+17K20° 10Ca0- 5L i 20+ 7MgO.

Jable 3-111
| 2,5 5.0
%Fegos\szO} sec * 30 usec 30 JMsec bl | ]
0 450 350 210
0.01 470 360 204
0.1 420 340 191

It is observed from Table 3~-111 that the quenching due tc the addition
of Fey03 is practically absent in these glasses even at the 0.1 % Fe 03 level,

3 state.

indicating that the iron is probably all in the oxidized Fe'
It is likely that the quenching action of impuritles on the Ng* 2
iifetime should be proportionat to both the Nd*3 concentration and the
impurity concentration, in this case Fe*?, Figure 3-9 is a plot of the
fluorescence lifetime vs. the product of the Ng*3 concentration, using the

2 concentration, where we have assumed that the

wt. % Nd,03, and the Fe*
absorption coefficient at l.l/l is proportional to the Fe'? 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 O.1 Fey03 to a Nay0°2B203 glass showed no decrease in
lifetime.

3.3.2.2 Copper and Nickel
The presence of cu*? and Ni*2 jons in a Nd glass have been observed

to quench the fluorescence |ifetime as shown in Table 3-1V. Figure 3~10

shows a graph of the lifetime vs. the product of the Nd;03 concentration and
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Tsble 3-1V
Sample Copper A T Relative
# % Ndy03 % Cu0 0.0./cm at .8/4 A sec Intersity
CL | .0l o] 545 102
Ch 3 .01 0 518 239
N 7 .0l ) 290 245
co 10 .01l 0 173 187
FX 0.5 O, 0.16 480 -
cJ | 0.1 0.24 460 63
FN { O.l 0,32 418 37
8T 3 o.1 0.42 318 52
Fo 3 0. 0.36 370 72
CK 7 Ol 0.28 2i8 146
FP 7 O.1 0.46 227 88
BuY 10 0.1 0.44 127 52
FQ 10 o.1 0.46 132 59
Nickel O.D./cm at .63pM
0J 3 0.0t 12 430 -
oL 10 0,01 .16 137 -
FR i 0.l .66 273 18
FS 3 0.1 .70 244 40
T 7 0.l «70 157 42

FU 10 0.1l .74 110 32
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the Cu+2 and Nl*z concentrat ions, respectively. The concentration of the
Cu*? was assumed to be proport ional to the strength of the absorption at
0.8m expressed in optical density per cm., |lkewise the concentration of
Ni*? was taken to be proportional to the absorption coefficient at 0.63Mm .

e

The shape of these curves is similar to that obtained for the Fe* quenching.

It appears ilkely 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 |ime base composition, CoO, MnOy and Y203
were added at 3 and 10 wt, % NdyOz. The lifetime data is given in Teble 3-V
below. Due to the smaill number of sampies no graphs were made as was done
for the Fe, Ni, and Cu data. It appears, however, that Co+2 has the same
effect on the |ifetime as dc the three previously discussed ions. Y303

and MnO, appear to have no effect on the |ifetime.

Table 3-V
Sample
# % Nd0x % lmpurity Lifetime
884D1 3 0.0i Co0 465 * 30
DK 10 0,0} Co0 177 2 15
oM 3 0.01 MnO, 565
DN 10 0.0l MnOp 204
AF 3 0.0! Y503 490
AG 10 0.0) Y203 186
BX 3 0.1 Y203 490
BY 10 0.1 Y504 80
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3.3.2,4 Other Rare Earth lons

There has been some work reported in the iiterature on the etfect of
other rare earth ions in the fluorescence lifetime and intensity of Tb and
Eu‘s'u’ 3"“. No such data pertaining to Nd has been reported. To
investigate this effe‘ct, 8 number of tfrivalent rare earth ions were added to

a Ng*3 doped soda |ime silicate glass. Table 3-V| shows the data obtained.




Sample
#

884V
v

v
cX
cy
Ccz
BR

DA

co
CE
CF

c6

W
FL

FM
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Table 3-V!

% Ndp03 Impurity ™~
wt. Level /Msoc
3 0.1 Prg0s 426
10 " 143
i 0.0! Dy,03 565

3 | " 510
7 " 300
10 " 200
! 0.1 Dy,05 528

3 " 465
7 i 318
10 " 177
3 0.1 Smy03 445
10 " 176
3 0.1 Hog0x 500
10 " 182
3 0.1 €204 500
(¢ " 1e7
3 0.1 Tby03 495

3 1.0 » 39§

Rel. Intensity at 0.09‘
181
125
96
230
265
244
75

142
172
149
216

182

140
219

193
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From the above data it appears that at 0.1% impurity (about 125 ppm, atomicl,
Pr*3, Dy*3 and Sm*3 quench the neodymium fluorescence |ifetime to some extent

while Ho'>, Ce*> 3

and Tb*> have Iittie effect, if any.

. Ven Ultert and Ida'>!3! correlated the quenching effect of other rere
earth ions on the relative fluorescence intensity of Tb*3 and Eu*3, reSpecflvc-
fy. They plotted the log of the intensity vs. the energy gap between the
fluorescing levels and the closest lower-lying ievel of the second rare
edrth ion. They obtained a series of roughly perallel lines for each set of
fons with the same total orbital anguiar momentum of the ground state of the \
second rore earth ion, |f one attempts the same type of correlation for the

effect of other rare earth fons on the fluorescence intensity of Nd*s, using

some of the data of Table 3-VI|, one obtains the results shown in Table 3-VIIIL,

Table 3=Vi|
Impurity lons

wt, % Wt. % Nd 7'/Msec I AE Ground State
0.1 Pr,04 3 426 181 1700 cnr! 4

10 143 125 4
0.1 Smy03 3 445 172 1100 6y

I0 176 149 5/2
0.1 Dy,03 3 465 162 500 6y

10 177 142 , 5/2
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Although the intensity appears to increase with Increasing energy gap
at 3% Nd03, at 10% Nd203 there is no such trend. In any event, the
differences in intensity and |ifetime between the glass at the same Ndy03
level are not significant within the £ 10% 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‘s-'4' proposed that the fluorescence lifetime
quenching of Tb+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
overiap the Nd emission lines at O.qupnd I.OQ/Q. From Table 3=VI it is
seen that the lifetime of the Nd glasses containing Sm, Dy and Pr are
quenched at 3% Nd,03, while at 10% Nd,03 only Dy caused any lifetime reouction,

3.3.3 Effect of Temperature on L1ifetime

The effect of temperature on the fluorescence |ifetime of a few
neodymium doped sode-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 |ife~

time. The results are shown below:
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Tsble 3-Vii1
Sample Room Temper ature Ligquid Ny
# % Nd,Os3 r A-sec T A4-8ec
X 3 540 * 20 485 * 20
Al 5 418 + 20 391 £ 20
AY 10 " 182t 10 195 £ 10
Borate
F 2 605 6l £5

The results seem to show no significant difference in iifetime ot
l1quid nitrogen temperature from that at room temperature. The lifetime is
siightly incressed at the 10% Nd,03 level and slightly decreased at the
3 and 5 wt. % Nd,05 levels. Woodcock 3= 15) has reported the same effect.

The decrease on the lifetime with decreasing temperature for Nd
concentrations < 5 wt. % (little or no concentration quenching) can be
explained in terms of a coupled set of split 4F3,3 states. From Maurer's
{3-18) study of the energy level scheme of Nd*3 in glass it is shown that
the excited 41-'3,2 state is split into two states (see Fig. 3-14), If one
postulates that these two levels are thermally coupled so that

N?/N( = exp (-AE/kT)

4
372
tg1T—No is true, then one can explain the observed
- OE = 160 o~ '
€19 temperature effect, Let P, and P, represent
4 the total transition probabilities from the
first and second levels respectively, —
N N
. ) 2
4 ieee, Py 2 Psjz2~41 , P -2 P32 - 4
multiplet

Figure 3-14
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then
dN = Ny + dNg = =Py N+ Py N
db dt dt

Using the above expression for NE/N' one obtains for the measured lifetime

o _i_* exp (=AE/KT)
m Py + P, exp (-AE/KT)

Evaluating this expression at 300°K and BO°K gives the following ratio of

lifet imes

Tso0k _ [ .30 1%+ 0.057)

"Peo°K (o + 0.4651

where we have used P =P,
It can be seen that for % > | ?300/7’80 will be less than i. Maurer's
(3-18) experimental data seems to indicate that P < P, henced > i,
therefore accounting for the decrease in lifetime wiih 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 Fossible lmpurity Quenching Mechanism

In order fo explain the concentration quenching effect in Nd doped
glesses by an impurity mechaism one must deal with a process whereby a
reiatively small impurity fevel is responsible for the observed quenching
act lon.

(3-16, 3=17)

Dexter has developed a theory by which it is found that

energy transfer can occur with high probability beiwsen centers separated by



o
several dozen A if thelr 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

W, (dd) = o/167@ B2/RE w. td)

tr
4 4 172
where @ - ATA” 2 A [ f, (E) g (E) 45,54]
304
where A =-SET(E)dE, G = absorption cross sectlon of absorption
fa (E), fo (E) are the normalized shape function of the

absorption and emission |ines respectively, 7_- index of
refraction, and ¢ = 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 & resonance jrocess of this
sort, the absorbed energy may traverse & considersble distance in the system,
Jjumping from one molecule to the next, until the energy is finally dissipated
by jumping to a "gquencher" 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, an. 63 'Uﬂ;) = 0.4 at a I% level of activator with an
impurity level of 10 ppme This high degree of quenching at low impurity
levels seems 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-
wsy.) 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 above,the necessary conditions for this transfer process are
that the emission and absorption bands of the fluorescing constituent onrlap
at some point, and that the quenching atom has an absorption band overlapping

this same emission Ilne. This condition Iis fulflililed in Nd, at 8800 X, and

the second is fulfilled for such lons 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 yleld, viz.,

'V'l = l-g.:.g [C *(gaa_.] 29‘& %q

where Xi = fract ion of sites per total sites available

c* = conc. (per cm®) of total lattice sites

Bu)ﬂ.%- effective volume of Influence of activator and quencher
respect ively.

For our purposes we shall replace 'l/,l by ')7'7’0 hence
Bog (¢ * 2
’)7":= '-Pﬁ(c (%aa) 9‘-Nd¢q
where 7% is the value of T at L, —> O

According to this relation a plot of (1 - 'Y/Y.’ VS. L ng» expressed in our

case as the cation fraction of Nd+3, should give a straight line. Figs.




=69~

3-11 and 3-12 show the |ifetime data for a soda |ime sllicate 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 }ines, assuming a number of different
impurity lons, each having an overlapping absorption with the 8800 ;
emission line of Nd*3 and assuming the Impurity level remains constant

throughout the concentration range of Nd+3, would be

Stope = (3,5 C'2 Z (33« OLJQ

It seems worthwhile to try to get an order of magnitude estimate of the
parameters G“ and @aq in order to get some idea of the impurity levels,
Qt'q, which would account for the observed quenching effect.

As written above, 9“, is defined by the following expression:
4 Va

Qoo [ #7824 j $u(B) $e(E) dE/p ]

. 2 'Lq.
For an order of magnitude estimate of this parameter one can remove 4
from under the integral and use LE™4> % (1.09ev™4) = 1/1.43 74

{correspond to 8800 ;t). Aliso rL““ 5. A can be set approximately equal to
0.8800 AE; /2. From the absorption data on a large number of Nd glasses a

typical value of O at 8800 R was found to be equal! to 0.4 x |02° cmz and

a value of AE 5 to be 0,04 ev. Hence

A 1.8 x 10722 cmlay

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

(3-18)

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

fairly well with a Gaussian distribution
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'5'“ = 29 exp = 2745 £ ey
f qe = 1B.2 exp o~ 1000 £ eve!
where
el =B - 1,404 ev
' =€ - 1.395 ev

Evaluatingff-“ fac dE one obtains as an approximation, & value of 5.7 ev-!.
Putting these values into the equation for ﬁ“ one obtains a value of

2 22

4.73 x 1072 em . Using ¢t as 1.27 x 10°¢ cation/cc the equat fon for the

quenching becomes

’)7,“ o | -3.6x10° (B:Q) o

3.3:4.1 Estimationof @ag for Cu and Fe

Order of magnitude estimates of theﬁaq's for Fe*? and Cu*? were made.
The Fe*2 absorption band centered at about l.im and the cu*? absorpt ion
band centered at about 0.78m both are broad enough to overlap the Nd*3 8800 A

emission band.

Fe
(E‘;L) ~ 5.6

w

o

e
R4

1.76

Using these numbers at, for example, 3% Nd,03, %, = 0,02], we would get
= Fe Cu
(- %) = a75,"% + 135,

At 3%, (I - 97‘,0) is observed to be 0.1, hence assuming
7_qu = 7‘qCu one would obtain
7Lq = 0.000197
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which corresponds to about 30 ppm atomic impurity for esch ion. Of course,
this calculation js strictiy an order of magnitude estimate and can be
taken to mean only that the rescnance transfer mechanism explanation of the
concentration quenching effect is conceivable. {f one replots Figure 3-9
in terms of (i= /y,) and (Hyg x 0.D./cm at 1.1, as in Figure 3«13, it
is observed that the curve is approximstely |inear in the first portion.
This indicates that at least for low impurity concentrations the above
explanation may be valid.

3.4 Effects of Base Giass Composition on Neodymium Fluorescence

The first and most obvious conclusion fo 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 giass 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 R, with most glasses falling at about 330 ;.
These observations can be classified on a strictly empirical basis in
whicﬁ 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 compesitional changes on the spectral
properties of neodymium will require the study of many more glasses,
especially the study of selecied series of compositional changes designed
tfo elucidate the effect of & pariicular censtituent in the glass and any
possibie perturbations of this effect by the rest of the glass composition,
While such a study would be possibie, it would clearly be very fime

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 couid be developed
as to why a particular compositional chenge causes a particular spectral
result. On the basis of such a semi~-theoretical study, a |imited 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:
(1) 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 Ng*3 ions, if they are close enough, will interact with the
Nd*3 jon in question, and modify its properties. This can lead to
concentrat ion quenching effects or slight level splitting.
(3) Impurity ions, especially those with spectral transitions over-

lapping one of the transitions of the Ndg*3

properties of the Nd+3, This is an impurity guenching effect.

, can also modify the

The principle compositional effect of interest is The crystal field effect
of the immediate neighbors of neodymium, — oxygen atoms in oxide glasses,
If the number of oxygen atoms around each Ng*> 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.

(1) Coordination of Nd+3 in Glass

The glass has a random structure although some degree of local order
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may exist arcund f{he Nd+3 jons, The disorder is certainly encugh,
however, to cause & distribution of crystal flelds around various
Nd*> sites. There s, unfortunately, no clear cut way to determine
the average number of oxygen atoms coordinated with each Nd+3.
According to the ratio of crystal radil of Nd*3 to 0"2, Nd*> should
have an oxlde coordinatfon number of 8, The ease with which Ng*?

can achieve such s state will depend on the composition and structure
of the glass. For example, in some glasses the oxygen may be bound
by other fons 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.

Electronic "Siate" of fhe Oxygen in Giass

A distinctive feature of glass and cne 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 a3 silicon, boron or phosphorus. These tightly bound oxygens
are called "bridging™ oxygens. On the other hand, some oxygens are
only bound fo one network former and have a net jonic charge (which
is balanced by a positively charged modificr ion such as Na' or Ca*?
in the immediate vicinity)l, As an iliustration of the difference

(>-4) has found that the

between these two types of oxygen, Stevels
molar refractivity for the Ybridging" oxygen is 3.66, while for
"non-bridging" oxygen it is 4.38 in 2 simple sode silicate glass,
The effect of neighboring oxygen atoms on & Ng*3 jon, then, witll

depend not only on the number and symmeiry of the oxygen neighbors

but aiso on whether they are "bridging" or "uon-bridging' ions.
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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*s. In a quant itative 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 fleld strengths, z/8® where “z" is the ionic

valence and "a" is the cation-to-oxygen distance.

If these probiems can be overcome, it may be possible to determine
how the ability of oxygen to couple with Ng*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 |ifetime
to be short, On the other hend, if the coupling is weak, one would expect
absorpt ion 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 hesi. There is, therefore,
no necessary connection between fluorescence intensity and |ifetime from
one base glass to another,

3.4.2 Observed Effects

A simple and direct evaluation of the dafa in Appendix A reveals a
number of empirical correlations between glass composition and fluorescence
properties as enumerated below:

I. Of the alkali oxides, Li,0 gives the highest fluorescent intensity

and the shortest lifetime, with decreasing intensity and increasing



2.

3.

4.

5.

6.

7.
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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
Cs0-5i0, at 2% Nd,03 has a lifetime of Im sec.

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%

Al 03 is present.

The opt imum Nd3+ level is about 5 x 1020 jons/cc. with a maximum

in fluorescent intensity and a broad minimum in calculated pulse
threshold from 3 to 7 x 109 lons/ccm.

Heavy oxides, Laj0x in particular, added to a glass tend to increase
the fluorescent intensity greatly and the l|ifetime slightly. This
effect has been noticed particularly in borate and phosphate glasses.
The evidence is not conclusive in silicates, partially because La,04
is not as readily dissolved in silicate glasses.

Invert glasses generally have a greater fluorescence intensity than
normal glasses.

In & sode~lime glass, a maximum in fluorescent intensity occurs with
the addition of about I% Sby03. This effect is believed unrelated
to the original purpose of Sby03 of enhancing fining action.

U0, quenches both lifetime and intensity.

Some glass networks can spparently couple energy out of the excited
state by some unidentified quenching mechanism. For example, the
addition of B,03 in almost any concentration to a glass shortens the
fluorescence lifetime. B2O3 also decreasses fluorescence intensity,
although it may require as much as 10 mol % B,03 or more to be

noticeable. The addition of AI203 also tends to shorten lifetime and
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decrease f]uorescence intensity, although the effect is less pronounced
than with B03.

9. Glasses which contain B,03 or Al 03 often show high absorption cross
sections, particularly at 5800 ; 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. Al 03 In excess of 5 mol % in a glass upsets the refative effects of the
glass modifiers on the lifetime and fluorescence intensity as described

in No. | above,

In addition to these empirical correlations, more detailed analysis of
the fluorescence data has been initiated with the objective of understanding
the cguses of the observed correlations. The factors involived in setting up 2
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 Na*3 wil
be the determining factor, a correlation between fluorescence |ifetime and the

average concentration of oxygen ions per cc. of glasses listed in Table 3=IX.%*

* Concentration of oxygen ions per cc. of glass was calcuiated from the
relation:

No =RA//G

where R is the atomic fraction of oxygegzger molecule of glass.
A is Aveagadro's number, 6.023 x | molecules/mole.
P is the glass density in grams/cc.
G is the gltass molecular weight in grams/mole.

Densities are tabulated in Table 3-1X.



Code #

95CDX
95CD2
95CEA
95CEB
95CEN
95C 1P
95CEH
95CEL
95CIN
95CIT

95CIS

Jable 3-1X
Mole Conposition Lifetime
sec
755102+ 10Ca0+15Nag0 622
755109+ 10Ca0+15K20 750
755102+ 10Ca0+15Rb0 775
755102+ 10Ca0+15Cs20 800
758102+ | 5Nag0+10Zn0 645
758 102+ 15Na20+10CdO 465
75502+ | 5Na0+ 1 GMg0 656
755104+ 15Na0+10PbO 630
755109+ 15Nag0+10Sr0 610
558 i 0+ 1 5Na0+30Pb0 380
655 109+ | 5N820+20Pb0 . 500

=80=

Ref. |ndex

1.5143
i.5262
1.5215
1.5419
1.5132
1.5258
1.4995
1.5612
1.521

1.656

1.6407

2.481
2,508
2.866
3.187
2.597
2.724
2.431
3.061
2.686
4.433
3.752



Although & fairly good correlation was found for Series |, Series 2 and 3 did
not fit. The correlatlion was considersbly improved, however, when the effect
of refractive index on fluorescence |ifetime was taken into consideration,

The relation between fluorescence lifetime and refractive index can be
found in the relstion between spontaneous and stimulated transitions first
developed by Elnsteln(c-l, and outlined in Appendix C. The conclusion of
this analysis, equation (5) in Appendix C, Is that the fluorescence |ifetime
is inversely proportional to the cube of the refractive index. When this
relation is considered In the analysis of the data in Taeble 3-iX, a much
better correlstion is found. Figure 3-15 shows the relation between 'r‘rLs
and Ny, the concentration of oxygen ions per cc. of glass, With the exception
of one point, a good inverse |inear relationship was found., It should be
noted that the refractive indices used in this anelysis and listed in Tsble
3=1X 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 R 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 3-1X. 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, decreasse (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 fons 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
|ifetime, but the relation between'rll3 and No Is the same as for Series |.
The same analysis has also been applled to a number of glasses picked more or
less ot random from other glass systems. Some of the results fall on the
{ine plotted In Figure 3-15, while others do not. The glasses which do not
fit usually contain appreciable amounts of Ai203 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 unrave! the factors involved.
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4. NEODYMIUM GLASS LASER PERFORMANCE

The measured thresholds presented in Appendix A were made on lasers
prepared from small laboratory glass meits. An analysis of these measure-
ments convinced us that {t was impossible and probably meaningliess to
contfnue 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 idpurltles -—
not by gross changes in the composition of the host. (This is not uni-
versally true — Van Ultert of BTL did much with CaW0y, 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 relatiorship between spectral properties and
laser performance is only known in a general fashion. For example, in a
Q-spoiled high power system, 1t Is obviously important to have a long
tifetime 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 messure of glass performance.
A low threshold signifies efficlency in converting pump light into laser
light. Glasses with low threshold would be useful for high and low energy

pulsed operation as well as 2 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 (one 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
operat ion.

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.

(1) The rate loss of excited atoms due to stimulated emission is
negligible.
(2) The spectral distribution of the fluorescence measuring lamp is

the same as the laser flash (amp.

(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

2
() n PR
Frax f(1) . blavb)

where Q is the refractive Index, F... is the relative fluorescence intensity
at 1,06, and flt) . 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
8, 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. |0 tube laser simulator.

The complete derlvation of equation | Is given In Appendix B
beginning on page 118,

The computed pulse thresholds for most glasses studied are given,
as ment ioned in Section 3.2, In Appendix A, A plot of the calculated
relative pulse threshold versus the neodymium concentration for a large
varlety of different glass compositions Is shown In Figure 4-2. Notice
that there is qualitative agreement between the calculated values and the
exper imental threshold minimum In the vicinity of 5-6 wt. % neodymium 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
assumpt ions enumerated above have shown plausible reasons for these
discrepencies.

Measurement of the flash lamp |ifetime 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 messurements have shown that the spectral distributlion of
the flash lamp and the fluorescence measuring lamp are not the same,

This latter effect alone is not sufficient to invalidete our analysis:

if the spectral distributions of the continuous and flash |amps remeined
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 §529rimenfal Verification of Predicted Puise Thresholids

We now understand why preliminary attempts to correlate exper imental
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 threshoid,

5. LARGE SCALE LASER GLASS MNELT

A soda~|lime 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
1/20 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 underwsy.

We asre also evalusting the reproducibility of (aser thresholds.
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6., SUMMARY

During the past year we have surveyed the fluorescence properties of
& large number of neodymlum doped glasses and made an Intensive study of a
particular composition. The work has been concentrated mainly on silicetes
and especially on those glasses where past exper ience would give & ressonsble
expectatfon of being able to manufacture the glass in good optical quality on
o fairly large scale. Realizing that the performance of any particular glass
laser device will depend on a farge number of different properties, and that
It would be impractical to measure all of these properties in all possible
glosses, we have concentrated in the flrst Instance on messuring 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 flil 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, |Inewldths, lineshifts and |]fe-
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 Iin the concentration of various Impuritfes. 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 al! of the other
rare earth ions, and & number of them are known to exhibit l|aser action in
gless, we have not found any systems 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



=92

these are Intrinsic properties of the material such as expansion coefficient,
thermal conductivity and refractive index, while others sre 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 3 theoretical mode
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
theoret ical model was not developed to directly evaluate the glasses in high
power devices (which are extremely complicated) but to meke sure the
fluorescent properties could be related to laser performance. Hence, this
simple step was taken first. Experimental confirmation of the mode! remains
to be concluded.

A large scale continuous unit melt has been made and preliminary
studies of the optical quality and absorption at | micron are very favorable.

Experiments have shown index variations of less than | part in 105,
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Appendix A

Exper iment al Data Taken on Neodymium

Laser Glasses

The meaning of the column headings of this Appendix is

descr ibed on page 36 of the text.
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APPENDIX B

Here we descr ibe how fluorescence data may be related to the puilse

threshold.

Energy Threshold for Pulsed Lasers

l. 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
h ﬁ;‘;&’ & V)d

where

Ip(v,f) is the intensity of the pumping light per unit frequency

interval.
a(v) is the absorption coefficient,
€ 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
T
where
Ne Is the ions/cc in the metastable state at time "t".
Tm is the measured [ifetime,

If we ignore the rate of loss due to stimulated emission, the differential

equat ion governing fhe population of the metastable state as a function of
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time is,
: Ipt, 1) () N
3) N, = €] D d - 2
¢ h~ Y Tm

The intensity of the pumping pulse can be assumed to be of the form
4) lp(v,t) = 1M gllf)

where IO(V) is the spectral distribution of the lamp and g;(t) is the shape

of the pulse. A good approximation for gltt) is given by
5) g (t) = (e~ bt

where a and b are constants that can be determined experimentally. Egn. 4

then becomes
6) L, H = 1 O (1-e2t) bt
substituting Eqn. 6 into Eqn. 3 gives the following

7N Ny + e - gf__.__'omdm d'v} (1-e™2f) bt
T hy

The solutijon of the equation, with the boundsry condition that at t = O,

Ne = 0, yields

8) —€[AL P A (D) . aTmz "'“Tm + Yol e~bt Tme-(ub?f
[~Tta+b)] I-bT] <61, I-Tatavb)

or rewriting in a more compact form

9 Ne = Kf (1)
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where
10) K = Tmﬁf"‘%m dv,

fhy = T et ~bt  =latb)t

[1-Tmta+o1][1-6T,) l:-bTm T 1 tarh)

Now at threshold the population N, must fulfill the following condition

1} Nc(thr:) - g_%s_s
m

where Ol loss is the absorption coefficient corresponding to the losses and
O‘m is the amplification cross section, We are concerned with the value of
€ that will make

Ne Nc(thr)

- Nc(fhr)

at some time tc, Ng where N, is & maximum., Therefore, the

necessary condition at threshold is

120 Yo e['°m°\m dv= .- loss
hy Omf (Hmax

where 1,(Y) is now the intensity needed to make this equality. The question
is how is this to be related to the threshold encrgy E? The energy output

of the lamp corresponding to this 1, (7) is

°0
13)  EC = Gflp(')),ﬂ dt
(]

where G |s a geometric constant in units of area. Or, using Eqn. 4, Eqn. 13

becomes

14) EC = _Ea_._.flo(')‘) dvy
bla+b)



The groblem nea - fo eliminaie rhe 1,0V between | oug, 1+ sna 14
1%

this can be accomplished ty fhe Follatwng wethod, Divrwing Lgne b4 by

Egn. 12 one obiaing

159 £¢ . __ Aloss Ga L!QW'D Y
Tulm 0 dmare DlatbY . A loIM AV gy
N

hey
in the flucrescence specirun measuremant ; there exists 1 sle.dy-—tlafe proces
given by

/ [ i~y

167 N, =T, € 1 ohawy oo

’ . . " L ¥
where I (7} is now the spectrar iotensity relating fo ¢ lucy ebcenss apecirum
measurement., The intensity of an emission I¥%ne is given by. fn th(s case

the Nd 4F5/? - 4BHU/2 trans tion,

where Py, gy z i85 Yhe fransition probability nd & 15 4 geometesc fouve
having the damensicn of Jenglh.,  ~48UMing 3 Grwend drnw shape for the emp-Tiron

line i can also be seep that

ie) fﬁ.r a¥ = g ey 0P

Now we must grares: to develop The bazis 1 rhe poxt Ste,

buantum mechamc.l theory gives the foliow.ng fwn f4presiicng

he?
54W4€?¢§ lwngm\'

b

aj Tm =

and

b3 Jeuy - -'f—éw [ o al



-|22-

where 'Xn’m' is the matrix element of the ifransition and O is the absorption
cross section. Solving fcr’ Xn’mzl and el iminating it befween the two

equations the following expression results

72
c) % = Psym_ 112 = Q@%’%/b’sm- g 979
“o

. atnd

This is written for the desired transition 4F3,g - 4'!8//

O3z - 1172 is now an amplification coefficient since we are dealiing with
stimulated emission rather than absorption. The integral over the cross
sectionU can be expressed in terms of its maxinum valueQ’, and the half

width multiplied by some shape factor depending on the !ine shepe assumed.

d) f6'3/2- /2 49 = SO &V

142 V Win 2 , Goussiaen Hine shape

s =Tz . Lorentzian line shape

d) S

Therefore combining Eqn. &, ¢ and d one obtaing the f-ustion for Oy,
2
£) o, = ¢
m * Pagz - sz
-——fk;gx; 3 (R

arn
Lquafing equations 17 and 18 and making use of Ean. (¢} for Pz, _ 19,0 Ore

obtains for Om
I " ?
19) Cm = f max “o

T’ e /i'_’_mds L gfy)mrn%’—,r2
hy

The equati~n for EC, Eqn. 15, after substituting io tor O, BEgne 19, yields

the following expression

2 1/ (7 A a9
20} EC = am >’ h L Sess | _af “[I{,Wl dy f"""‘““‘ﬁ?j’—-

Y

AY
Co FUi ) ey bla’b) jlomawa 49 't max
hy
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Assuming one can write the intensify distributions in the form,

e = il g oh g, 1¥) is the shape function of the
spectral distribution
I = 1, ga¥)
21) and
e max = g ig Finax {the actual messured value of the

relative fluorescence intensity)

One obtains the final desired result

22) E, = ¢’hy | .y . SKloss _ Ga J'"gzw, PPy
§ Frox Co®  Fltdyax blatd)

Grouping the terms that are constants one gets

23) E, = I N2 v
Froxf (Fnay  Df@rDd)
, .
where [1= & h"’3 WG] gaM) Y Ryuen

§ Co?

Il. Evaluation of Caliculated Relat ive Thresliold

Eqn. 23 shows that E. can be evaluated on rejative basis since ail
the quantities on the right side are either constant or measurable directly
or can be evaluated from fthe messured data. The constants & and b cen be
cowpuied from the lamp pulse shape. The index of refraction, fluorescence
lifetime and maximum relative fluorescence intensity are all measured

quantities. This feaves only t{r) ..  to be computed. Thiz can be accomplished

X
by the following method: for each sef of a, b vuluew, corresponding to the
shape of the lamp puilse, f1f) is plotted vs. t for & aueber ot T, values,

The maximum f(t) is then plotted against tne corrv.i wmying 7, value.
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Once these curves are obtained, one need only know T‘m to obtain the appropriate
f(t)max. This calculation has been programmed on the IBW 1620 computer. Curves

of T"m vs. f{t)pax are given in Figure 4-1 for several lamp geometries and

flash tube arrangements.
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APPEND IX C

RELATION BETWEEN L IFETIME AND REFRACTIVE INGEX

Two coefficients, A and B, are commonly used to describe spontaneous and
stimulated transitions. The first is the probablility of spontaneous transition
per unit time and the second is the probability of induced transition per
unit time per unit intensity per unit frequency intervai. Einstein tc-
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 holad.

) Nn(Am+8m41ﬁ) = By 4T IN,

where | is the undirectional intensity per unit solid angle per unit freguency

interval, N.

; s the number of atoms in state i, and A and B are the quantities

ment ioned above referred to the specific transition from n tomor m to n.
The quantity | is related to the energy density by e = 4WMl/c., From this,

Einstein showea

.3 = 8¥h
c2

Often the B coefficient is expressed in terms of the energy density and an
extra factor of c appears in the denominator of (2), The right-hand side
arises from the intensity of radiation inside a black cavity-~that is, a
cavity with black walis. Hence the ¢ is the velocity of {ight 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 B 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 quant ity 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 fleld within the cavity and the atomic states as a
single system with weak interaction between the two perts. Matrix

elements result having the form{C-21,

e [ hiNeD) VPG e itk
{
-= [— \),.:] /5§”n e Pe /Za a4 r

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 spontanecus transition probability shifts relative to the
induced transition probability because the density of states enters into the
computation for the former and not the laffer.‘c~3’ Thus, when B is expressed
in terms of an energy density, A/B =(’(v)h = Gnhx?/cS (Equat ion 2) where ¢ (v)
is the density of states,

Returning to the guantities A and B as defined at the start, equations

relating these to measurable paramelers are

3) A=D1

v
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where ") is the spontaneous emission {ifetime, and

= L
4) B mjm:v

where 0 is the optical absorption cross sectlon associated with the trans-
ition, Tnese formulas hold strictiy only for fransitions between two fairly
well defined states. In any solid, degenerate stetes wili 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
descr ibe many situations,

An approximation will be chosen to estimate the infivence of
refractive index on these properiies, !t will be assumed that the wave

. (Cn2)
functions of the atom are unchanged on varying the glass. Then, since c-

SR O

ch?
where
e
/XOD/ = fy'n Xyo iad
we have
5) Y o= A
&
52 nse ’ vz/ Xon /E
Z 2
6) @’dv = i‘%:.i/xon/ 4

From (5), it is seen that the lifetime wit] 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,

verious glass composition can be compared on this basis,

e e el
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