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attained. The high brightness goal was not achieved. There is some doubt that
sufficiently good beam quality could be maintained through the amplifier for high brigh

mess applications. It is clear that further research effort is necessary to complete
this part of the evaluation.

The 1eported work is comprehensive in that it extends from research on the laser
materials to system design and construction. In the course of this project, not only
have the laser properties been investigated in great detail but censiderable light has
also been shed on the hydrodynamics and optical properties of laser liquids in turbu-
lent flow. The nature of the radial thermal gradient in the flowing liquid, and its

optical consequences, have been investigated theoretically and a degree of experiment
verification of the model was achieved.

This report is divided into the following technical sections:

—

The chemistry and properties of liquid laser materials - this includes a
detailed discussion of the preparation of the solutions as well as a com-
prehensive discussion of the chemistry. Also included are the scattering
and stimulated Scattering properties and a compilation of the known and
estimated physical constants of the laser soluticns.

Liquid laser systems - this includes both static and circulatory systems
and the details of system, sub-system and component design.

The hydrodynamic and thermo-optical properties of liquid lasers - this is
a theoretical analysis of the very complex processes involved in turbulent

flow and the degree of experimental verification we have been able to
achieve is also presented.

Laser and amplifier behavior (static and circulatory) - here the high
average power performance is described and evaluated. In addition, a
variety of interesting and potentially useful properties, such as self
Q-switching and mode locking are described. The limitations of inorganic
liquid systems in terms of nonlinearities and optical quality is discussed.
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ABSTRACT

This report covers the research on inorganic liquid lasers which commenced
on July 1, 1967 and came to a conclusion on March 26, 1974. The objectives of the
project were to evaluate inorganic liquid laser materials in high average power and
high brightness applications. The first part of this was achieved by the construction of
a repetitively pulsed system and operating it at average power levels in excess of

400 watts, with an overall efficiency of more than 29. It is estimated that, with relatively

straightforward modification, average power levels of 1 kW could be attained. The high
brightness goal was not achieved. There is some doubt that sufficiently good heam
quality could be maintained through the amplifier for high brightness applications. It is

clear that further research effort is necessary to complete this part of the evaluation.

The reported work is comprehensive in that it extends from research on the
laser materials to system design and construction. In the course of this project not only
have the laser properties been investigated in great detail but considerable light kas also
heen shedon the hydrodynamics and optical properties of laser liquids ‘n turbulent flow.
The nature of the radial thermal gradient in the flowing liquid, and its optical consequences,

have been investigatedtheoretically and a degree of experimental v
was achieved.

erification of the model

This report is divided into the following technical sections:

The chemistry and properties of liquid laser materials — this includes a
detailed discussion of the preparation of the solutions as well as a comprehen-
sive discussion of the che.nistry. Also included are the scattering and

stimulated scattering properties and a compilation of the known and estimated
physical constants of the laser solutions.

Liquid laser systems — this includes both static and circulatory systems and
the details of system, sub-system and component design.




The hydrodynamic and thermo-optical properties of liquid lasers — this is a
theoretical analysis of the very complex processes involved in turbulent flow
and the degree of experimental verification we have been able to achieve is

also presented.

‘Laser and amplifier behavior (static and circulatory) — here the high average
power performance is described and evaluated. In addition, a variety of
interesting and potentially useful properties, such as self Q-switching and

mode locking are described, The limitations of inorganic liquid systems in

terms of nonlinearities and optical quality are discussed.
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1. INTRODUCTION

The use of the liquid phase as the host for laser active species has expanded
at an extraordinarily rapid rate in recent years. This aspect of laser work began
some twelve years ago with the europium chelate laser and received a great Impetus
four years later with the extension of that work to neodymium based solutions and
organic luminophors, The inorganic and organic branches of liquid laser work differ
markedly in techniques and applications, but they both have in common those aspects
that are concerned with the liquid nature of the medium. It is the circulability of this
phase that has made possible the Interesting and us.ful, or potentially useful, develop-
ments that have emerged from the research effort., Associated with the movement of
the liquid, there arise a varlety of hydrodynamic and thermo-optical problems that
add another dimension to lager research,

This report is devoted to the inorganic branch of liquid laser research, All
but a small part of this has appeared in scattered and incomplete form in the Semij-
Annual Technical Summary Reports associated with the contract, The Final Report
has been used as a vehicle to gather these fragments Into a unified and coherent form,
In this way, we can see better what the accomplishments were and what the possible
directions are,

The body of the subsequent report consists of six sections of technical
substance and two of related interest, These are as follows:

Acknowledgements
Section 2, The Chemistry and Properties of Liquid Laser Materials
Section 3, The Structure of Lignid Lasers: Static and Circulatory
Section 4, Hydrodynamic Model and Thermo-Optical Effects
Section 5. Long Pulse Oscillator Results: Static
Section 6. Long Pulse Oscillator Results: Circulatory
Section 7. The Amplifier Characteristics: Quasi-Static and Circulatory
Section 8, Summary and Discussion
Section 9. Publications and Patents

The subject matter of these technical sections deals in detail only with the
work performed at the GTE Laboratories but, for completeness, other related work is
mentioned and discussed,
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2. THE CHEMISTRY AND PROPERTIES OF LIQUID LASER MATERIALS

The materials part of inorganic liquid lasers represents one oi the more
interesting and, at the same time, one of the more frustrating aspects of this field of
research. The liquid phase was the last in which laser action was observed, and held
the promise for solving many problems relating to high average power, damage and
cost. In many ways this promise has been fulfilled but the chemistry and physics of
the materials, inorganic (Nd+3) or organic (dye), have always presented a serious

obstacle to the full realization of the potentials.

In this section the chemistry and the properties of inorganic liquid laser materials
is presented. We start with a brief discussion of the fluorescence behavior of rare earth
jons in solution since the understanding of this problem forms the basis for the concept of
aprotic solvent systems. This is followed by the chemistry of the principal aprotic sol-
vent systems — SeOCl2 and POC13.. The differences between these are pointed out and
1 obscure points are indicated. Then, following the presentation of the

the problems connected with scattering

some of the stil
spectroscopic properties of the laser solutions,
and stimulated scattering processes are discussed. Finally, the physical properties of

those materials are listed and the gaps in the available data pointed out.

2.1 THE CHEMISTRY OF LIQUID LASER SYSTEMS

2wl Fluorescence of Rare Earth Ions in Solution

For the most part, the inorganic rare earth ions exhibit very little fluorescence

in liquid systems. The basic reason for this is the low mass of the hydrogen acom and

correspondingly high vibrational energy of the O roup; the most common component

of the customary solvents of inorganic chemistry. In the normal proress of the disso-

lution of ionic salts in solvents, a considerable amount of work must be expended in

separating the charged components of the solute. In fact, simply considering the magni-

tude of the electric field surrounding small positive ions and the mobility of the dipoles

in high dielectric solvents, it is obvious that a much lower system energy can be

achieved by having the dipoles surround the ion. In this way the net charge is distributed

over a much larger surface area and the system rendered more stable. This phenomenon

is known as solvation and, in general, the nearest neighbor solvation shell has a symmetry




closely related to the symmetry of the orbital hybridization of the bonding electronic
states of the cation. The interaction between the solvent and the cation is strong and,
in solution, the species to consider is a cationic complex with a fairly tightly-bound
inner dipolar solvation shell embedded in successively larger, more mobile solvation
shells.

The excitation of the cationic rare earth complex is identical to that of rare
earth fons in any host, and the excitation energy is degraded until the system finds
itseu in the conventional emitting states. These states are usually the lowest ones of
the excited manifold and are separated by a gap in energy from the highest states of the
ground manifold. Some typical exariples are given in Table 2-1. This relatively small
amount of energy can be taken up by a relatively few O-H phonons (see Table 2-1), and
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the rare earth ion is then in the ground manifold and decays nonradiatively to the
ground state. The substitution of heavy water for ordinary water increases the number
of phonons required, as shown in Table 2-1, and decreases the probability of the non-
radiative process; the fluorescence yield increases. This quenching behavior of water

relative to heavy water is illustrated graphically in the Stern-Volmer type plot of
Figure 2-1, @)

TABLE 2-1

FACTORS ENTERING INTO THE FLUORESCENCE QUENCHING OF
RARE EARTH IONS IN SOLUTION

Sate Enengy |  Masifold nergy | & Number of Phonons
Ion (+3) (cm™1) (cm-1) em! OH oD
Sm 17800 10500 7300 =2 ~3
Eu 17000 5000 12000 =3 ~5
Tb 20500 6000 14500 =4 ~6
Dy 21000 13000 8000 =2 >3

In these terms it is qualitatively easy to understand the behavior of rare earth
chelates whose fluorescence yield, even in solution, is very high, - The most common
chelating agents, B-diketones, occupy the nearest neighbor (bonding) sites on the rare-
earth ion, The light hydrogen containing bonds are removed some distance from the
point of excitation and are less effective in the quenching process, A variety of these

systems have functioned as laserss’

: br.. they are subject to chemical effects7 and are
plagued by an extremely intense pump Land absorption rendering them rather inefficient.
Neodymium, in this kind of system, does not fluoresce; but if the second nearest
hydrogens are replaced by fluorine, % a neodymium-chelate system will fluoresce and

does lase,

These studies made it abundantly clear that the solvent played a key role in
the fluorescence quenching of rare earth ions in solution, and that the way around the
difficulty was to employ heavy atom solvents, Then the solvation shell would consist
of molecules or dipoles having only low energy vibrations, and the radiative relaxation
process would compete successfully with the nonradiative ones. The basic solvent

must then have no protons and this leads quite naturally into the field of aprotic chemistry,

When one, in addition, considers the requirements on dielectric constant for solubility
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and optieal transpareney to make laser proeesses feasible, two solvents, SeOCl and

P0C13, stand out, » Both of these solvents have been used and in the following seetlons

we will eonsider their chemistry in some detail, In addition, we will deseribe the

speetroseopy of Nd+3 in these solvents, the physieal properties of the solutions and
their nonlinear optieal behavior,

2,1.2  Aprotie Solvents

Both SeOCl2 and POCl3 are aprotie solvents witn dieleetrie constants of 46 and
14 respeetively, Indeed, their use in this application is based on the absence of hydrogcn,
One can even write parallel equations for the solution of Nd O in these solvents as
follows:

. o5 Sl -2
Nd,Oy +3 SnCl, +3 SeOC, =2 Nd™ + 3 snCl, ™% +3 Se0, 2-1)

. -2 2
Nd,O, +3 SnCl, +6 POCl, =2 Nd™ +3 snCl,™“ + 3 P,0,Cl,  (2-2)

The similarity is, however, deceptive because while reaction (Eq. 2-2) does proceed, the
solubility of Nd O in POCI1 -SnCl4 is so small as to render it useless as a laser solutjon,
Thc ehemistry of the two types of laser solutions is different; the one for SeOCl being
like an aprotie acid-base system while that for POCl is, as will be seewn later, uJ\e a
ehelate system in an aprotie solvent, For this reason, we wil! eonsider the ehemistries
separately and begin with that of the SeOCl2 solutions,

2.1.2.1 Preparation of SeOCl2 Laser Solutions

The eomponents for these solutions are SeOCl Nd O and a Lewis aeid such
as SnCl or SbCl In general, all these materials W1th the exeeptlon of SbCl (reagent
grade avallable from J. T. Baker is aeceptable) have to be purified, The neodymlum
oxide, even the purest grade, has usually absorbed some earbon dioxide and water from

the atmosphere. This is purified by roasting in air to a eonstant weight at 950°C,

The purification of SeOCl2 is aceomplished by distillation. Sinee at higher
temperatures it decomposes into C12, SeO2 and Se2C12, the distillations (two are re-
quired) are earried out under reduced pressure. In the first, the boiling point is kept
down to 90°C. In the seeond distillation, it is earried out at 40°C to remove selenium

monoehloride and the diutilled selenium oxychloride is obtained as a light straw-colored




liquid, The degree to which tihe proton contamination has been ‘educed is shown in
Figure 2-2; the bands in the 3000 - 3500 cm.1 region are indicative of the hydrogen
contamination,

The purification of the SnCi 4 is somewhat more difficult, Simple distillation
alone is not effective, since separation is achieved during the distillation, but the
hydrogen containing compounds recombine with the SnCl in the distillate, The most
effective means found for purification is by distillation Lnder a constant flow of dry
nitrogen through a Vigreux column packed with alumina, The degree of success is,
again, shown by the infrared spectra in Figure 2-3, in which the double peak at 3600 cm-1
is due to hydrogenic containing components, An alternative technique, passing the SnCl
through a co‘umn of basic alumina, has been used by Heller, Shq)herd and Hunt
and Shq)herd but the one outlined here is most effective,

To prepare the laser solution, Nd O3 is dissolved in SeOCl acidified with SnCl
(in a volumc ratio of 5:1), Now, once again, a step is taken to remove any hydrogen
contamination. The resulting mixture is distilled at a pressure of 40 mm Hg until a
constant boiling point of 90°C is reached. The solution is then reconstituted hy adding
SnCl 4 and SeOCl until the final solution has the desired composition: 0,3M in Nd+3 and
IM in Sn With this procedure, the bleaching step (addition of KClO,;) previously used by
Heller, is not necessary. Solutions prepared in this manner have a fluorescence lifetime of
about 260 us and an infrared spectrum as illustrated in Figure 2-4 for the dry solution.

The preparative details have been described for those solutions using SnCl as
the Lewis acid and for an "acid" solution, that is, an excess of SnCl The composition
of the solutions can be varied in terms of the particular Lewis acid used whether it
is in excess or stoichiometric (acid or neutral solutions) or whether there is an excess
of chloride ion present (a basic solution). The two acids studied in some detail by
Heller, 8 SnCl and SbCls, do not lead to marked differences in the properties of the
solutions, More significant differences occur on going from acid-to-neutral-to-basic
solutions, In this order, the fluorescence lifetime decreases and some solubility
problems appear. For the laser work, acid SnCl solutions were most convenient and
effective, In view of the negligible quantity of work done with other types of solutions,
further discussion is limited to the acid SnCl type and reference is made to Heller's 43
work for a discussion of the others,
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2,2,2,2 Preparation of POCl,i Liquid Laser Solutions

There are two different types of solutions based on the POCI,3 solvent, In the

first of these, SnCl4 is the additive and in the second, ZrCl, is used. While ostensibly

4
these compounds play the role of a Lewis acid the chemistry is, in fact, very differ: t,
There is indeed considerable doubt expressed by Van Wazer14 that there is an acid-base
chemistry in POCI,; similar to that in SeOClz. The preparative techniques reflect the

different chemistry,

The materials required for these solutions are: P()Cls, SnCl4, ZrCl4,
1’\'d(CF3COO)3 and Nd203. The purification of SnCl4 and l\'dzoJ were described earlier
and ZrCl4 is used as received in the anhydrous state. Nd(CF3COO)3 is prepared by
dissolving 1’\'d203 in trifluoroacetic acid, evaporating the resulting solution and drying
in a vacuum oven at 60°C for several days. POC13, as received, is wet (see spectrum b
in Figure 2-5) and is made anhvdrous by distillation from lithium, The POCl3 is first
refluxed with lithium for several hours and then distilled. About 107 of the volume is
taken as a first fraction and then the distillate collected (B. P. 105-106°C). The
following precautions are always taken. First, the receiver is always dried in an

oven at 110°C for at least one hour before being put on the system. Second, the recciver
is taken from the oven and put on the system as quickly cs possible sr that it is still

hot when put in place. Third, those points at which the distillation ap, aratus (see
Figur: 2-3) are connected to the atmosphere are protected by drying tubes filled with
drierite, Fourth, as with the distillation of SeOC12, all ground glass joints are con-
nected by using Teflon sleeves, The spectrum of dry POCl3 is shown in Figure 2-5(a).
The degree of water contamination can ke estimated by using the calibration curve

shown in Figure 2-7. In general, if the collected POCl3 has a water contamination

in excess of 10 ppm it is redistilled.

Ionic salts are only slightly soluble in POCl3 and this is true of most Nd salts.
In anhydrous POClg, there is doubt that NdClg is at all soluble, The first such solutions
reported by Blumenthal, Ellis and Grafsteinl® were relatively dilute and the solubility,
as will be seen next, was probably the result of water contamination, Other work in the
POCl3:SnC14 solvent hasisl))ecn reported by Colli;(;' et al,, it Kato and Shimodzal, e
P. M. Buzhinskii et al.,, " A, V, Aristov et al,, M. E. Zhabotinsky et al,, H. Sergent
et al, o and Brun and Caro. a3 In many cases, preparative procedures are not described
and it is, therefore, difficult to evaluate the results. We shall describe a procedure,

developed in this work, which provides excellent laser solutions,
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Starting with anhydrous Nd O and an anhydrous 5:1 volume mixture of POCl

e ey gy

and SnCl4, there is virtually no d1ssolut10n even on boiling, If, however, water in the
molar ratio of 1:10 is added to the POCl SnCl solution, the Nd O,; dissolves., The
resulting solution is rendered anhydrous by dlstxllmg off half the solvent and then

|

reeonstituting the solution by the addition of an appropriatc amount of the anhydrous

solvent mixture, In all the work we have done with such solutions, they have becn

b found to be stable exeept under two conditions, The solutions are sensitive to water

content in that the fluorescenee is quenehed (fluorescence lifetime shortened) by water

L eontamination, Seecondly, the solubility of SnCl is limited and, at the concentration
required, the solution is nearly saturated, Therefore, deereases in temperaturc
(below about 20°C) lead to a precipitate of, presumably, the adduct SnCl ¥19) POCl
This is more an ineonvenience, however, since it can be redissolved 51mply by ralsmg
the temperature,

In the course of research on Lewis acids and POCl systems, several new
systcms were developed. The first indication was the use by Sehimitschek?4 of 2rCl,,
T1Cl and BBr to enhanee the fluoreseenec yield of Nd(C10 )3 dissolved in POCl
The pcrehlorate is the only Nd™" salt, whieh seems to dissolve readily in POCl
Shortly after this, Brecher and Freneh and Schimitschek went over to the use of
Nd(CF COO)3 as the souree of Nd in these solutions, A preparative proeedure,
developed in this work, is now described,

A solution of POCl and ZrCl is madc so that the coneentration of ZrCl
1.5 times the desired Nd+3 eoneentratlon. The appropriate amount of Nd(CF COO)
is then added and the solution warmed until the cvolution of gaseous CF COCl eeases
The solution is then filtered by being forecd through a fine fritted dise funnel and then
distilled to about onc half its volume. The final step is to dilute the solution to its
original concentration by the addition of anhydrous POCl

These solutions have been used extensively in the bulk of the reeent inorganic

liquid laser work, They have some advantages and some disadvantages. These solutions

are rather inscnsitive to water eontamination, however, excessive contamination leads

to a preeipitate of, presumably, ZrOCl2 resulting in instant termination of laser

activity, Considerable laser and chemical work on these solutions has been reported

by Schimitschek, 25, 26 Weichselgartner and Perchcrmeier, o8 Fill, 3 Andreou, 5,50

Selden, 5ty 59 and Breeher and French, -

e
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2:1.8 Discussion

The comparvative chemistries of the SeOCl2 and POC]3 as solvents for Nd+3
depend on the relative acidities of these compounds. ScOCl2 has a well known and well
documented aprotic acid-base chemistry, in which se0C1" and Ci~ are the acid and
base corresponding to H' and OH™ in the water systerr. In addition, the high dielectric
constant indicates that the SeOCl2 molecule can readily function as a dipolar solvation
entity just as H20 does in the common water system. Thus, the partial equations

leading to the overall Eq. (2-1) are:

SnCl, + 2 SeOCl, & Snc162' +2 seocl’

and

4t

6 SeOC1’ + Nd,0,~ 2 Nd'~ + 3 8eOCl, +3 SeO (2-3)

2

d+3

and the N is solvated by SeOClz.

In the case of POC13, however, it has been pointed out that water is essential
in preparing the solutions. Water is known to react with POC]3 to form, among other

products, dichlorophosphoric acid:

-— 2-4
HZO + POC]3 HP02C12 + HCl (2-4)

This acid in turn reacts with Ndzo3 as follows:

6 HPO,Cl, + Nd,0y — 2 Nd(PQ,Cly)g +3 Hy0 (2-5)

The overall reaction being:

3 H20 +6 POC]3 & Nd203—° 2 Nd(P02C12)3 +6 HCI (2-6a)

With NdCl3 or Nd(CF3COO)3 the equations are as follows:

: n
3 H,0 +3 POC, + NdCly — Nd(PO,Cl,), +6 HCI (2-6b)

Nd(CF4C00), + 3 POCl, = Nd(PO,Cl,), + 3 CF4COCl (2-6¢)




In the absence of a Lewis acid, the dichlorophosphate is unstable in POCl and the
reaction proceeds:

7 —> -
I\d(P02C12)3 +3 }’OCI3 NdCl +3 P O3C1 (2-7)

4
and the NdCl precnpltates from solution solvated by 5 molecules of POCl The key
question is the role of the Lewis acid.

This role is the stabilization of the P02C12 anion so that the equilibrium of
Eq. (2-7) is shifted to the left and the l\'d species is soluble, It is the Lewis acid
character of SnCl 4 its ability to combine and hold PO Cl2 ,» that stabilizes this species
and lcads to compounds of the type:

I\'d(I’O2C125nC14)3_n (SnCl5 POC13)n n=0,1,2) (2-8)
thus, rendering the solution stable. The particular compounds described by Eq. (8) have
no net charge in keepmg with the low dielectric constant of POCI The primary coordina-
tion sphere of the Na* would contain -O-P only. The mtroductlon of water would lead
to the introduction of the stronger OH bond in the solvation sphere and subsequent fluo-

rescence quenching,

A different picture emerges when ZrCl4 is used as the Lewis acid, because of
the greater strength of the Zr-0O bond. This results in a reaction to form the neut:ral

Zr(P02C12) species and would lead to coordination species of the type:

Cl2

l'\
\sz
/

\
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When water ic added to this solution one observes an im nediate drop in the fluorescence
lifetime as expected. However, in time this lifetime returns to its original value. The
reaction can be viewed in the following manner.

H20 + POC13—‘ HP02C12 + HCl

2 HP02C12 +ZrCl, — ZI‘(OH)2CI2 +2 POCI3

4

Zr(OH)2C12 =3 ZrOCl2 + H20 (2-9)
or the overall reaction:
H20 + ZrCl4—' ZrOCl2 + 2 HCl1

the second or third of the above reactions presumably being slow, but finally resulting
in ZrOClz, which is insoluble in P0C13.

The basic chemistry and the identification of many of the intermediate com-
pounds in the complex- and still-imperfectly understood chemistry of POCl3 solutions
has been worked out by Schimitscheckas'37 and by Brecher and French34 during the
course of this research. The latter work is included as Append'x B and C and provides

a more detailed description and discussion of tte chemistry.

Many other Lewis acids have been used in the POCI3 solvent. A bhyief list
taken from Weichselgartner and Pechermeier27 is given in Table 2-2. It is difficult
to evaluate this work to a greater extent than is given in the table, since each system
requires its own development and this obviously has not been done. Even this list is
rather incomplete since such obvious candidates as Hf, Ti, B and perhaps Ga have not
been tried. Since the chemistry in POCI3 is so varied, there may yet be interesting
results to be obtained.
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TABLE 2-2

Nd™® APROTIC SOLVENT SYSTEMS

Solvent

Lewis Acid

Fluorescence
Lifetime

us

Laser

POCI3
VOCl3
PSCl3

SOC1

AICI3

SnCl4

AICl3

330
70

100

Yes

Not Tried

AlCI3

2,2 SPECTROSCOPIC PROPERTIES

The spectroscopic properties and the physical properties bear on two different

aspects of the laser application. The former are concerned primarily with the way

in which the laser medium absorbs radiation and converts it into fluorescence, This
provides information on the efficiency of the processes as well as on the cross-section 4
of the laser transition, a particularly important parameter, In addition, it bears on

the chemistry of the materials used and to some extent on the nature of the fluorescence
line broadening., In this area we have a reasonably complete picture. From a laser
point of view such physical properties as; the index of refraction and its temperature
dependence, the viscosity, and the thermal conductivity are significant factors in the
flow characteristics and the thermo-optical performance of the laser liquid. In this
area the information is rather sparse, Here we shall indicate what is known and later,
during considerations of flow and thermal effects we will have to estimate or guess at

some of the quantities,

2,2,1 Spectroscopic Properties of the Laser Solutions

2,2.1.1 The Absorption Spectra

Over most of the visible and near infrared regions of the spectrum, illustrated
in Figure 2-8, the characteristic spectrum of Nd+ is observed The SeOCl1 -based
sulutions exhibit a sharp absorption edge just above 4000 A and a similar one is observed
just above 3000 A for POCI solutions. These steeply rising absorption edges are due
‘ to the solvent and probably pla) only a minor role in laser behavior. The longer wavelength
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Figure 2-8, Absorption Spectrum of 0.3M Nd+3 Laser Solutions

a) SeOClz:SnCl4

b) POCly:8nCl,
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absorptlon of SeOCI2 will result in more heat absorption from the flash lamps while the
3500 A absorption band of Nd” available in I’OCI3 solutions, will contribute very little

to the pumping efficiency.

The spectrum of I\‘d+3 in POCI3 is shifted slightly to the blue with respect to
that in SeOCl,,. The POCl3 spectrum in Figure 2-8 is for a solutica having SnCl as
the acid, but there is v 1rtuall) no change when ZrCl is used. Figure 2-9 compares
the absorption spectra of \d in POC13.ZrCI4, SeOClz.SnCI4 and in Schott laser glass
LG55. The gross characteristics of the spectra are similar, but there is somewhat
more structure evident in the glass spectrum. The absorption bands in all three cases
are broad, so we would expect pumping efficiency in the liquid to be as good as in glass,
There is evidence that the broadening in the liquid is homogeneous which, in general,

is not the case in glass,

2.2.1.2 The Emission Spectrum

The emission spectrum of I\'d+3 shows the characteristic emission from the
4F3 /2 to the 419‘ 2,11 /2" and 13/2 at 0.88, 1,05 and 1, 3u, respectively., The first of
these is, of course, the resonance transition. The 1. 3u transition is weak and contains
a relatively small fraction of the total energy emitted. Therefore, we shall confine our

discussions to the 0. 88 and 1. 05 regions.

The emission spectrum of Nd+ in SeOCl SnCl is illustrated in Figure 2-10
over a range of concentration of Nd dlffermg b) a factor of 100, It is clearly seen
that there are no changes in the spectra’ hape other than those expected at the short
wavelength end cf the resonance transition, We thus conclude that the emission is
probably from a single species or that different species have insignificant variations in
optically thin spectra, Were there significantly different species, say in degree or
type coordination (solvation), the shapes of the spectra over this concentration range

would change reflecting the shift in equilibrium between the species,

The spectra for SeOCl,,:SnCl4 and POCI,;:SnCI4 are compared in Figure 2-11,
The major effects to be noted here are: first, the blue shift corresponding to the one
in absorption; a change in the relative distribution between the transitions to the
4 ?
11/ In POC13, and
relativelv insignificant changes in the shapes. The comparison betweer the liquid

4 , . e 4
19/2 and 1.11/2, reflecting an increased probability to the "1

systems and LG55 glass is shown in Figure 2-12, again showing the marked similarity

of the different systems. In a later section concerning the absorption cross-section,
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Figure 2-10, Fluorescence Spectra of Nd+3:SeOCl2 Laser Solutions at Various
Concentrations
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Figure 2-11. Emission Spectra of 0.3M NdJ'3 Laser Solutions
a) SeOCIZ:ShCl4

b) POCl3:SnCl4
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we shall provide a more detailed discussion of some spectroscopic features required
for the calculation of the cross-section,

2.2.2  The Fluorescence Decay Time

The fluorescence decay time is a sensitive indicator of the environment of
Nd+3 ion, This measures the competition between the radiative and nonradiative pro-

cesses in the relaxation of the Nd+3 ion from the emitting state.

In general, the fluorescence lifetime increases with increasing concentration
of Lewis acid up to the stoichiometrically required amount, as illustrated in Figure 2-13,
Stoichiometry is based on the quantities as defined by Eqs, (2-1) and (2-2)., When SnCly4 is

used as the Lewis acid, the lifetime reaches a maximum at stoichiometry and then

remains constant. This is taken to mean that the environment surrounding the Nd+3

reaches its stable configuration at this pcint and is unchanged thereafter. Below

Sd

stoichiometry, the coordination is more open and allows for interactions that result

in nonradiative quenching, Chemically, this is accompanied by a marked instability ]

~pd

and a tendency for precipitation to occur in such solutions, When ZrCl4 is used as .
the Lewis acid, the behavior above stoichiometry is different, as shown in Figure 2-14,

As a function of Lewis acid concentration, the fluorescence lifetime has a rather well i
defined peak at stoichiometry, falling off above it as well as below. Indeed, the rate at
which it falls off depends not on the ratio of ZrCl4 and Nd+3, but on the concentration
of ZrCl 4 38 would be expected in the event that a new species were being formed,

That this is probably the case is indicated by the new emission lines that appear as i
the ZrCl4 concentration is increased, as shown in Figure 2-15, The ZrCl4 is inter- -3
acting with the coordination sphere, probably opening up the structure and allowing non-

radiative interactions to occur,

The difference in behavior observed with ZrC14, as opposed to SnCl4 as the =
Lewis acid, is also found in the behavior of lifetime as a function of Nd+3 concentration,
This is illustrated in Figure 2-16. The increasing lifetime with increasing Nd+3 con-
centration seen in solutions with SnCl4 as the Lewis acid are expected as a result of the
trapping of resonance radiation. With ZrCl4, however, just the reverse is observed,
The difference is attributed to the bidentate nature of the coordination resulting with
ZrCl4. The coordinating groups form rings and these coordinating species can just
as well "bridge" or connect two Nd+3 ions. In so doing, the Nd+3 ions can interact

and the result is quenching, The mechanism is that an excited Nd+3 ion and one in the
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Figure 2-13. Fluorescence Decay Time of 0, 3M Nd+3 in SeOCl12:SnCl4 and
POCl3:SnCl4 as Function of Lewis Acid Concentration (at 300°K)
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ground state interact to leave both in the 11 5/2 from which both relax nonradiatively,
This behavior is observed in many hosts, 38, 39 Such a mechanism is, of course,

enhanced by a high Nd ™ concentratlon.

The final factor entering into the fluorescence lifetime is the protic contamina-
tion. We shall consider specifically water. In both P OCI,;, using SnCl and SeOCl
solutions, an increase in such contamination results in a marked decrease in the
fluorescence lifetime. In the case of 7rCl4, however, the fluorescence lifetime will
ultimately recover. As noted before, this is attributed to the reaction of H O and

ZrCl4 which removes the protons from solution but results in the prec 1p1tat on of
ZrOClz.

The behavior of the fluorescence lifetime is consistent with the chemical model
developed ear:‘er, In the case of solutions using ZrCl4 as Lewis acid, it adds further

confirmation to the structure already presented for the Nd "3 complex in the solution,

2.2.3  The Absorption Cross-Section

With the possible exception of fluorescen:e efficiency, the absorption cross-
section is probably the most important spectroscopic parameter for estimating laser
performance. This is the factor entering all gain considerations whether in the oscilla-
tor or amplifier mode. In determining the absorption cross-section, one also determines
the stimulated emnssnon coefficient since, as shown by Einstein, @ the two are equal,

In the case of l\'d » where the terminal level of the laser transition lies about 2000 cm_1
above the ground state, it is experimentally difficult to obtain a sufficient population in
this state to get a measurable absorption, In practice then, one obtains this information
by indirect methods. In the case of l\'d+3, we take advantage of the fact that the resonance
transition and the laser transition arise from the same excited states, In the subsequent

42,43

discussions \\e shall outline the procedure, 4 also used by others, and present the

results on l\d solutlons.

The basic equations for the derivation are given by Mitchell and Zemansky:44
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and the combined equations:

g g
__mc "2,2 1,499 °2 .2 ¥
f12t21 : A = b A (2-12)

gn%e’n 81 O g 0
where
k) = the absorption constant (cm_l) at frequency Vv
N; = the population of state i
AO = the peak wavelength of the transition
n = the index of refraction
8; = the degeneracy of state i
f12 = the oscillator strength of transition 1,2
m, e = the electronic mass charge
c = the velocity of light
t21 = the raliative lifetime of the transition

In this case, we determine the oscillator strengti of the resonance transition which h-s
an easily measured absorption. Then, using Eq. (2-12), t21 is readily determined. Ncw,
since the laser and resonance fluorescence arise from the same excited state, the ratio
of the radiative lifetimes is the ratio of fluorescence intensities, This determines

t and then the cross-section, O, is obtained from:
laser

2
A0 1

g =
87Tn2 Ly tlaser

(2-13)

where AV is the half width of the fluorescence line,

To carry out this calculation, a more detailed knowledge of the emission and
absorption spectra are required than has thus far been presented. In Figure 2-17 we
show the emission spectra of Nd+3 in SeOCl2 and POCl3 at liquid nitrogen temperature,
while Figure 2-11 presents the same information at room temperature. The absorption
spectra at liquid nitrogen temperature are shown in Figure 2-18, and in Figure 2--19
there is the absorption spectrum of Nd+3 in SeOCl2 at room temperature.
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Comparison of the emission and absorption speetra at room and liquid nitrogen
temperatures reveal that the prineipal peak frequencies are the same, but the narrower
lines at the lower temperature provide more resolution and an easier identifieation of
the transition frequencies. An analysis of the speetra leads to the results given in
Table 2-3 and the energy level strueture in Figure 2-20. These resuits are character-

istie for the stoichiometrie solutions and indieate a low symmetry as would be expected,

Tolstoi45 presents a somewhat eonflicting set of results (Table 2-3) for the POC13:SnC14

solvent at liquid He temperatures. In their report, the method of solution preparation
is not clearly stated. In addition, they find varying speetroseopic results depending on
the rate of cooling, and they provide no information on intermediate temperatures which
might help resolve the differenees. Furthermore, Tolstoi finds evidence for three
different emitting speecies in Nd+3:POC13:SnC14 solutions at liquid helium temperatures,
Breeher and French, 34 investigating Eu+3 in this solvent, also found evidence for
multiple speeies, but this was usually under strongly acid conditions. Clearly defined
single species were found generally under stoichiometrie eonditions, Considering these
factors, it is probably most appropriate to use the values for the energy levels found in
our work and shown in Figure 2-20,

TABLE 2-3

COMPONENTS OF THE 4F2 /2—419 /5 TRANSITION GF Nd°* (0. 3M)
IN SeOC1, AND POCI,

SeOCl POCl3

2
Wavelength, Enerq, Wavekength, Energy,
A em” cm-

Assignment*

8668 11, 537
8705 11,488
8738 11, 444
8778 11, 393

]
—

8628 11, 590
8679 11,522
8718 11,471
8768 11, 405

U
—

8801 11,362
8865 11, 280
8905 11, 230
8950 11,173
~8990 11,123

8805 11, 357

8889 11, 250
8960 11,162

NC"NC"N?"NC"NC’

]
(52057 I - N U RO OO )

*Components o the 419/2 level are numbered consecutively from the ground state (1);
for the 4F3/2 level, a denotes the lower component aud b the higher,
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Figure 2-20, Energy Level Structure of Nd in SeOCl2 and POCl3
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The establishment of the energy levels enables us to evaluate the partition

function (using only the 419/2 levels) and thus, to determine the population of the ground
state. Separating out the spectroscopic contribution of the 8705 A (SeOClz) or 8679 A
(PCC13) transition enables us to calculate fk(V)dV. Application of Eq. (11) then leads
to a value for f12 and the use of Eq. (2-12) provides t21. Partitioning the fluorescence

emission in the laser transition and the resonance transition, in terms of the number

of photons, leads to the radiative lifetime in the laser transition, Here, care must be

taken to work with more and more dilute solutions until a constant ratio is found, and

the effect of the self-absorption in the resonance transition eliminated. Finally, the
application of Eq, (2-12) gives the desired cross-section, Table 2-4 lists the results of

these measurements and compares them with the results of others,
TABLE 2-4

ABSORPTION CROSS-SECTION AND FLUORESCENCE LIFETIME
FOR LIQUID LASER SOLUTIONS

Absorption Flu9rescence Decay Time
: Lifetime
Crossz-Sectlgg %) ws)
O(m<) x10 (Calculated) (Observed)
SeOCl, :SnCl, 7.66@ 290 280
7.8(0) 280 280
POCl,:SnCl, 9.6 c) 310 290
5.6(d) (Method 1)
8. 3(d) (Method 2) 350 350
8.5(d) (Method 3)
8.1(€)
10,0
7.8(8)
20.0®)
POCl,:ZrCl, 9.6 35041) 340
@) Ref. 41 (f) Ref. 48
(b) Ref, 23 (g) Ref. 46
(c) Rel, 24 (h) Ref, 21
(d) Ref, 47 (i) Estimate based on similarity between spectra of
(e) Ref, 49 POC13:ZrCl4 and POCl,;:SnCl4.
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The value obtained by Birnbaum and Gelbwachs46 (g) assumes a knowledge of
47

the quantum efficiency that is a difficult quantity to obtain, Collier et al.
the absorption cross-section by three different methods: the first is based on the

spontaneous fluorescence drop occurring when a Q-switched probe pulse is amplified

through the pumped liquid medium; the second is similar to the technique of Samelson,

Heller ond Brecher;41 and the third is based on direct absorption. Their results are

in general agreement with the other workers. In fact, Boling and Dube'(48)(f) indicate

a valid correction to the calculation of Collier et al., in their application of Methcd 2,
which changes their value to one in better agreement with Brecher and French (b,c).
Belan et al, 49(e), using Method 1 of Collier et al., obtain a value on the low side but
higher than Collier.

The over-all conclusion is that the cross-section for Nd+3 in these solutions
lies between 8 and 10 x 10"20 cmz. This is compared with values for other typical
Nd e systems in Table 2-5, The cross-sections of the liquids are about a factor of 2
or 3 higher than glass, and nearly an order of magnitude smaller than for crystals,
indicating that liquids will have lower thresholds than glasses and greater energy
storage than crystals.

TABLE 2-5

ABSORPTION CROSS SECTION FLUORESCENCE LIFETIME
AND LASER WAVELENGTH OF Nd*3 IN VARIOUS HOSTS

(d) evaluate

i Fuorescence | Crogs-sectin | ybatongn
Nd " Host us) cm” x10 (um)

YAG 240 88.0 1.064
CaWO4 165 41.0

POC13:SnC14 290 9.6 1.051
POC13:ZrCl4 350 9.6 1.051
SeOCIZ:SnCl4 280 7.8 1.055
ED-2 Glass 310 4.5 1,061
L.G55 Glass 560 2.0 1.058

-e
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It is also interesting to observe that the ratio of observed-to-calculated

fluorescence lifetime is close to unity for ligrids (values greater than unity suggest

a calculational error), which indicates a quantum efficiency also close to unity. This
is in conflict with a value of 0,49 determined experimentally by Schimitschck50 for a
POC13:ZrCl4 solution. It should be pointed out, however, that the solution used by
Schimitschek did not correspond to the stoichiometric composition used in laser work
but, in fact, had an excess of Lewis acid, This excess would lead to nearly a 207
reduction in fluorescence lifetime (characteristic of quenching) and multiple Nd+3

species in solution. 1t is then doubtful that the value of 0.49 for the quantum efficie
is characteristic of "laser"” solutions.

ncy

Substantial contributions to Nd” laser solutions in aprotic solvents were made
in the open literature during the course of the work performed under this contract. In
these papers there are more detailed discussions and descriptions of the experimental

work, and the publications relating to the solution preparation and the spectroscopy are
included as Appendix A, B, and C.

2.8 BRILLOUIN, RAYLEIGH AND STIM ULATED-BRILLOUIN AND-RAMAN
SCATTLCRING
In liquid laser solutions of the type involving I\.'d*3 in aprotic solvents, the
+3 g 5 s . ;
Nd "~ containing molecule or ion is a large, polarizable species. As such, these can
constitute effective scattering centers and contribute to transmission losses. In addition,
some laser properties as self C-switching and spectral broadening, to be discussed
later, raised the possibility that stimulated scattering processes, either Brillouin or
Rayleigh wing, could be playing a role. Stimulated Raman scattering represents a laser
loss, in that laser energy appears at another frequency, Consequently, the work de-
scribed in this section was undertaken. The description given in this section is a brief

condensation of the published work contained in Appendix D and E, These should be
consulted if more detail is desired.

2.8.1 Brillouin and Rayleigh Scattering

One important respect in which Brillouin and Rayleigh scattering differs from
Raman scattering is that the frequencies to which they give rise are well within the
fluorescence line width of the laser transition and, in fact, within 1 cm—l of the peak
fluorescence., Raman scattering on the other hand lies well outside the fluorescence

band. Here we will only consider the results interpreted in terms of a thermodynamic
model,
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The simplest theorctical treatment is based on the thermodynamic considera-
tion of a structureless continuum. This is in essence the original approach used by
Einstein, L The dependence of the variation of dielectric constant Ae on temperature
fluctuations is neglected in comparison with its dependence on the density fluctuations,

Assuming a single-phase system, the following expression is derived for the intensity

of the scattered light; '8
‘n2V o€ 24
I= IOW pB’ETBTkT (1 +cos™0) (2-14)

where ¢ = dielectric constant

IO is the intensity of the incident unpolarized light

V is the scattering volume

A is the wavelength of the incident light

L is the distance from the scattering volume to the point where I is measured
P is the density

BT is the isothermal compressibility

6 is the angle between the k vectors of the incident 2nd scattered light

Most of the quantities in Eq. (2-14) are external parameters, since they depend on the
experimental geometry and the excitation conditions, The only internal parameters
characterizing the scatterer are p, (BG/BP)T, and 8. The experimental data on
scattering intensity and the theory arc convenicntly connected via the scattering
coefficient Rg:

[\&)

Rg = %LV em ) (2-15)

By comparison with Eq. (2-14), it is casy to express the theoretical value of RO as a
function of the excitation wavelength, the scattering angle, and the physical properties
of the scatterer as follows:

9
Rg =§ (p 3%) BT kT (1 +00529) @2-15'
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The following simple relation connects the scattering coefficient for 8 = 90° with the

corresponding extinction coefficient, h, of a nonabsorbing medium:52

16

hr3

TRy, (2-16)
The extinction coefficient is defined from the expression connecting the initial and final

intensities of a light beam after it has traversed a homogeneous medium of length x (cm):

-hx
=15 (2-17)

The measured scattering coefficient for a laser solution can then be converted into an
extinction coefficient and, as such, inserted into the expression for the gain character-
istic of a laser medium, nonabsorbing at the frequency under consideration. A slight
modification of Eq. (2-16) leads to a connection between the scattering coefficient per

unit volume R;)O and the cross-section for scattering:

v 16 ’

h' - 2R 2-16")

and
’ . "
h™ = No_ (2-16 )

N being the number density of scattering centers and csc the scattering cross-section

per particle,

So far, no spectral distribution of the scattered light has been considered. A
preliminary discussion of the spectral characteristics of the scattered light can be
derived from the following considerations: In Eq. (2-14) the fluctuations of the density
Apz have been expressed as a function of the coefficient of isothermal compressibility

;3,1.. Alternatively, Apz can be expressed in terms of pressure and entropy fluctuations,
2 2
Ap~ and AS™:

3¢\ ap2—2 3e\2 3\ —3
1= 1 diabatic * lisobaric = VC [(EE)T(E)SAP "\ \3s) 4% (2-18)
p
2-38
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with G an "external" parameter, not containing quantities characterizing the scatterer.
The pressure fluctuations obey a wave equation and will propagate, while the entropy
fluctuations obey a flow equation and will not propagate. Pressure fluctuations cause
Doppler-type scattering with change in frequeacy, while entropy fluctuations will cause
no change in frequency. The first term in Eq. (2-18) gives rise to Brillouin scattering,
the other to Rayleigh scattering. Brillouin scattering in a given direction will be
maximized when Bragg's relation is satisfied and

2nAsn (-;— 9): A (2-19)

where n is the index of refraction of the medium for the wavelength X of the incident
light and A is the wavelength of density waves involved in the scattering event. From
Eq. (2-13), the following relation (Landau-Placzek formula) is obtained for the ratio of

the intensity of the Rayleigh and Brillouin components of the scattered light:

Br-Bg
Rs

Lisobaric’ladiabatic - =y-1 (2-20)

where ¥ is the ratio of the specific heats cp/cv. The relative frequency shift in the
scattered radiation due to pressure fluctuations can be derived from Eq, (2-21):

Auywo = 2n (v/c) sin %9 (2-21)

From the measurement of Aw, wo. 6, and n, the value of the hypersound velocity v
can be deduced,

Depolarization Effects

Both Rayleigh and the Brillouin scattering are completely polarized because
only isotropic fluctuations of the refractive index have been considered so far, Depolari-
zation effects on the expression of the scattered intensity can be formally introduced by

the use of the empirical parameter Au as follows:52’ 53
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&, =i /@, + i) (2-24)
where

I is the scattered intensity inclusive of scattering due to orientation
fluctuations

ix and iy are the intensity components of the depolarized scattered light
In the scattering plane and normal to it, respectively

u stands for unpolarized incident light,
The expression for the scattering coefficient then becomes:

U 660,
R, , = — P3g By kT g (2-25)
90 2X4 P T T 6 7Au

The solutions used in the experimental work are described in Table 2-6,

TABLE 2-6

COMPOSITION AND PREPARATION OF LASER SOLUTION SAMPLES

Components
Sample (25:1)

Nd Content Filter
(Mole/Liter) Filiered Porosity

POCl3:SnCl4 0.3 Yes Fine
POCl3:SnCly 0.3 Yes Fine
POClg:5nCly 0.3 Yes Medium

POC13:SnCl4 0.3 Yes Ultrafine
(Nd(TFA)5]

o 0O w »

Q m m

A IEa =

POCl3:5nCly
POCl3:SnCl4
pOC13:ZI‘C14

SeOCly:SnCly
SeOClg:SnCly
SeOCl2:SnCly
SeOCiy:SnCly

0.3
0.3

0.3
(Nd(TFA);]

0.3
0.5
0.3
0.1

Yes
Yes

No
No
No
No

Ultrafine

Fine
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Unless otherwise specified, Nd O was used to provide the Nd+3 ion., In the other cases
the trifluoroacetate (TFA) was used The less corrosive POCl based solutions were
filtered prior to use as stated in Table 2 2-6,

A typical experimental result is illustrated in Figure 2-21 and the measured
values of the Brillouin triplet spacing and values of the hypersound velocities obtamed
from Eq. (2-21) are listed in Table 2-7,

The FWHM for the depolarized Rayleigh-wing scattering in some of the systems
investigated are iisted in Table 2-8, Only solutions based on SeOCl gave any appre-

ciable Rayleigh-wing scattering. The FWHM was largest for SeOCl (i.e., 0.204 cm 1), -~
and tended to decrease with increasing Nd concentration, The Brllloum scattering from i
the laser solutions does not show unusual features, either with respect to the intensity of )

the two Brillouin components or with respect to the over-all triplet spacing. The derived
values of the hypersound velocity are within the range of the values obtained for simple
liquids. Table 2-9 lists the value of the scattering coefficients of the solutions investi-
gated. These were obtained by usmg values reported in the literature for the scattering
coefficient of benzene: 15 x 10 1 for R90 from benzene under 5461-A excitation, " 8
The corresponding scattering coefficients at 6328 and 10600 A were derived from the ?
inverse fourth-power relation [Eq, 2- -14)] involving A and are listed in Table 2-9,

columns 3 and 4. Finally the scattering coefficients were changed into the corresponding

extinction coefficients which are listed in the last two columns of Table 2-9,

It wouid appear that at 1. 06y, the scattering losses, even for the solutions based
on POCIS, would be of the order of 0, 029 cm-l. These are less than 10% of the lowest

observed values found for dynamic loss in laser liquids and may be considered negligible,

2.3.2 Stimulated Raman and Brillouin Scattering

The large and polarizable Nd+3 containing molecules in inorganic liquid laser
solutions could readily result in nonlinear processes arising from the interaction of the
medium with the pulse undergoing amplification. It is russible that such processes would
limit the power capabilities of an oseillator or amplifier based on the liquid media or
limit their mode of operation. The principal nonlinear processes of concern are stimu-

lated M2man scattering (SRS), stimulated Brillouin scattering (SBS) and self-focusing.

2-41




“itrary originl

2
—
4
(™)
[ @
x
' 3
" I ] - 0276 e
& 18 x10°%
5
e
5
_.1 =
=
E PN . {a)
2 04 x10™'%
e
o
0.4 n2 0 0.2 04

WAVENUMBERS (cm™")

Figure 2-21. Detail of the Spectral Distribution of Scattered Light at 90° from SeOCl2

242




TABLE 2-7

BRILLOUIN-TRIPLET SPACINGS; RE FRACTIVE INDEX OF SOLUTIONS
AND DERIVED VALUES OF HYPERSOUND VELOCITY

Brillouine (ther

Trple: Measure-
Spuciypz“ ments c 5 Refractive This (rher
Solution (em=%) (em-1y Predicted”| Observed Index Work® Measurements

9.5 Hypersound Veloaty (m/sew)
)

Spuacing in SBS (em

$nCly 0. o.200 | 0,232 00 ~0ad. %
POCt; 0.213 + 0,005 0,217 24 1. 4571 990 Y O

POCT,:8nC Ly 6,215 + 0,005 0,277
25:1)

A No Splitt IRK
Ubscrved

0,215 + 0,010 0, 302 1, 4879
0,220+ 0,010 0, 283 1, 4%11

No Sphtt IRK
Observed

0.225 + 0, 005 6, 290
D 0,225 + 0,008 0, 302
E 0,230 = 0, 005

Se(Cly 0.275 + 0,005 0. 3564

Se0C 1p:SnC1 0. 354
| 0.290 = 0, 005 j
I 0.315 4 0,010
1 0,295 1 0,005
K 0,255 + 0, 005
0.325 + 0,905 0. 330k

al'nder 632 = i excitation; 90° scattering,

bl'nder 6943 - 4 excitation; backward scattering,

cl\h!umln’l no varmation in the product nv from 632+ to 943 :’\.

dl(cler' ce 543 g, (2-21),

“Values derived using kq. (2-21)and observed Brillouin-triplet spacing at 6325 A,
1Imerpolawd value at 632x A,

Fsame ax fontnote te), lor backward scattering at 6943 A,

hBN'au.-ae of intense Ravleigh scattering.

'R. Rocher {private communication),

'No Brillouin eomponents observed in stimulated backward scattering measurements,
kn('lorenu' 535,

llndc\ ol refraction at 5=93 A (sodium iines).




TABLE 2-8

OBSERVED RAYLEIGH-WING SCATTERING

Solution

Observed 1
FWHM (cm™™)

Relaxation
Time
@o-11 s)

SeOCl2
H

J

0.204
0.128
0.112

0.180

5.2
8.3
9.5

5.9

TABLE 2-9

DERIVED VALUES OF SCATTERING COEFFICIENTS R90 (cm_l) AND EXTINCTION
COEFFICIENT h (FROM I = IOe_hx) FOR LASER SOLUTIONS

The Value of Ry, =15 x 107 cm™ for Benzene at 5461 A was Used in Conjunction

with Formula (2-16).

Solution

Rg, (6328 A)
(x106 cm™1)

Rgq (1. 06u)
(x 108 cm"l)

h (at 6328 .7\.)
(x 104 cm'l)

h (at 1, 06y)
(x104 cm"l)

SeCCl2
H

Benzene

16.8
37.8
30,2
39.5
19.3

5. 55
60.0
470.0
47.0
75,0
59.0
84,0

8.4

2.18
4.8
3. 84
5.0
2,45

0.70
7.6
59. 5
5. 95
9.25
7.5
10.65

1,07

2.82
6. 32
5, 02
6.6

3.26

0.93
10,0
79.0

7.9
18.2

9.9
14,1

1.41

0. 356
0. 805
0.645
0. 838
0.41

0.117
<, 217
9.95
0.99
1,55
1,25
1.785

0.18
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From the intensities of the spontaneous Raman spectra, estimates of the SRS
gain can be made. The spontaneous linewidth and intensities of the vibrational Raman
lines of POCl and SeOCl were measured in the pure liquids and in laser solutions,
Raman lmewidths and mteg'rated intensities were then compared with CS for which

the SRS gain per unit length should be 60 X 10 0 if the CS2 11neW1dth is taken as 1
0.5 cm =SH(Em) and where IO is in MW/cm . The gain value for POCl, was found by |
measuring its integrated intensity relative to thut of C52 and correcting for the line- v
width, ssiélce the intensity per unit frequency width at the peak is the relevant parameter

in SRS,

Spontaneous Raman spectra of pure POCl3 and pure SeOCl2 are shown in
Figure 2-22, The most intense line in the POCl3 Raman active vibrationzl spectrum
is the P-Cl vibration at 488 cm-l. The line is strong and comparable in total inte-
grated Raman intensity to the 656 cm-1 line of CS Ina Nd* POCl laser solution

2°
a weak new Raman line appears shifted ~5 cm_1 to the red of the 488 cm~ POCl lme

Its intensity is erhanced relative to the main line at higher molar concentrations if Nd
The presence of the new line depends upon the presence of the components (other than
Nd+3 or POC13) in the laser solution. When NdJr3 was removed from the solution, the
line was still present. The intensity of the line is proportional to the amount of acid

in the solution, i.e., the more acid, the stronger the line. The main effect of the extra
components of the laser solutlon that are not present in pure POCl is to reduce the

intensity of the 488 cm™~ lme proportionate to the amount of added components.

The 386 cm ™ Se-Cl vibration is the most intense feature of the SeOCl, Raman
spectra, In a pure SeOCl sol'xtlon, the 386 cm™ lme has a complex structure ~18cm
wide, In the laser solutlon of Nd SeOCl g» a8 in POCl g0 @ new line appears shifted to

the red of the 386 cm~ lme by ~5 cm 1. When Nd is removed from the laser solu-

-1

tion, the extra line is still present, indicating that the other components of the laser
solution are responsible for this new line. At the highest molar concentrations studied ‘

(10_2 molar), the red-shifted line is nearly as intense as the main Raman line, ‘

Theory58 states that the most intense spontaneous Raman lines will appear in
SRS. The ",'alin59 per unit length for SRS is given by:

87 cN do 1
(2-26)
hwi 2 agl AUL®AV
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Figure 2-22, Raman Spectrum of Pure P\‘Cl3 (a) and SeOCl2 M)
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do/dQis the differential scattering cross-section

AV $is Bemnn Linawidth, in am -

Av, the laser linewidth in em™ !

ws the angular frequency of Stokes radiation
N is the number of molecules per cm3

AUL®AV is the cgnvolution of the linewidths of the pump and Raman radiation,
respectlyely, (€. 8.» fox: Lqrentzian line shapes AVL®AV = AVL + AV),
Under single-mode excitation, AVL®AV = AV,
The integrated Raman intensities of the 488 cm-1 POCl3 and 386 cm-1 SeOCl2
lines relative to CS2 were measured, and with a knowledge of the Raman linewidths,
the gain was computed. The peak intensity of the Raman line in POC13, relative to the
peak intensity of the 656 cm_1 CS2 line, was measured as 0. 05 + 0. 01; and the peak
intensity of the SeOCl2 line, relative to the CS2 line, was measured z;s 0.7 + 0.01,
I0 in POCl3 and
o in SeOCl2 where I, is in MW/cmz. The gains in SeOCl2 and POCl, are
about the same, because the peak intensity per unit bandwidth is approximately the same,

Spontaneous data predicts a Raman gain per unit length of ~2,7 x 10
-3
3.2x10 "1

A single-longitudinal and single-transverse mode Korad ruby laser was used
to measure Raman gains in the inorganic liquids. This laser consists of a sapphire
etalon output reflector, a 1-mm aperture, a four-inch ruby rod, a Kodak Q-switch dye

cell antireflection coated at the ruby wavelength, and a 100% reflectivity rear output

reflector. SRS and SBS gains were measured in pure POC13, POCl3 doped with dimer
(P203C1 4),
duced by the other components of the laser solution — dimers such as P203C1 4 °T complexes
such as POC13:ZrC14 and those effects produced by the rare earth ions — Nd*3 itself. The

solution doped with europium ions was used to simulate a neodymium-doped solution,

and Eu(TFA)3:POC13:ZrC14. The objective was to isolate nonlinear effects pro-

because a neodymium solution absorbs the 6943 A ruby wavelength.

The curve of SRS intensity vs. laser intensity for pure POCl3 is plotted in
Figure 2-23. Only forward Raman scattering was observed from POC13. Backward
SRS from POCl3 was measuied to be =0, 01 of the forward scattering at the power
levels of the experiment. Theoretically, the forward-to-backward ratio is unity under
steady-state conditions, but its theoretical value is computed in the absence of backward

SBS which experimentally is present and competing against the back SRS light,




— e

+—

04
MATERIAL : PURE POCI,
LENGTH: 50 cm
RUBY LASER
03 .
o 2
o ‘
o2t (b)SBS
/’5/-9_
/°°
TH TH
/
: nj
wlO0*"O
0 i i L A 1
35 70 10 140 I75

MW/cm?

Figure 2-23, SRS and SBS Curves in POCl3 Versus Ruby Single-Mode Laser Intensity

eommne

248




As seen from Figure 2-23, substantial Raman conversion occurs over a length

of 50 cm at powers of ~100 MW/cmz. The Brillouin scattering curve is also shown in
Figure 2-23. A large amount of laser conveision to SBS takes place at =20 MW/cmz.
At the powers where substantial Raman conversion begins, ~20 percent of the laser has
been depleted into backward Brillouin scattering. At the highest laser powers in this
experiment, as much as 40% of the laser beam is converted to SBS and 30% to SRS light.

The curves of Raman and Brillouin intensities vs, laser power reach saturation
regions at high powers, because of laser depletion into SRS and SBS. The laser deple-
tion was further verified by observing that the laser beam intensity, transmitted through
the cell, decreased as the SBS and SRS built up. The Raman gain was measured from
the beginning portion of the Raman curve to be ~0, 33 cm-1 at 128 MW/cmz.

When POCI3 was doped with dimer (P203CI 4), the only apparent difference in
the Raman curve was a slight increase in the Raman threshold by approximately 20%,
corresponding apparently to the approximate percentage of the volume taken up by the
dimer. When POCI3 was doped with its dimer plus a rare earth (europium), the thresh-
old for Raman scattering increased still further, These results show that at these laser
powers only pure POCl3 is responsible for SRS, and the rare earth ions and the addi-
tional liquid components act like inactive participants in SRS,

At the powers used in this experiment (128 MW/cmz), the SRS gain calculated
from the spontaneous Raman emission is 0,3 cm-1 while the actual measured SRS gain
is ~0, 33 cm-l. The rough agreements of the calculated and measured values indicate
that self-focusing is not playing a dominant role, Since the gain figures are close, we
can get a reasonable picture of the role of Raman scattering inside a laser cavity by
using the experimental SRS gain value, Electronic self-focusing due to the rare earth
ions in the POCI3 solution is not present, since the laser solution has a higher threshold
and a similar gain as the pure POCl3 solution, Self-focusing, due to the orientational
Kerr effect, might be expected since the reorientation time of a POCl3 molecule is

~1 0-113. However, we were unable to photograph self-focusing.

To summarize the experimental results, (1) large amounts of Raman conver-
sion occur only at high power and long cell lengths, typically 100 MW/cm2 and £ = 50 cm;
(2) the threshold and conversion efficiency for SRS in laser solutions are comparable to

many non-self-focusing liquids. In long-pulse operation, no limitations on laser per-

formance is to be expected from nonlinear effects.




A more complete description of the stimulated scattering effects is provided

in Appendix E, and Appendix F describes the measurement of the Kerr constant in
SeOC12.

2.4 PHYSICAL PROPERTIES OF APROTIC SOLVENT SOLUTIONS

The physical properties of these laser solutions are important quantities in the
design of laser systems. The index of refraction and its tem»erature dependence play
a significant role in system design and in understanding the thermo-optical behavior of
the laser. Other constants, such as viscosity, thermal conductivity, density and heat
capacity are basic in the design of circulatory systems and in controlling the thermal
gradients. Some of these have been measured but, for the most part, there are gaps in
our knowledge. In this section we will present the available information and indicate

the deficiencies.

2.4.1 The Index of Refraction

The index of refraction of selenium oxychloride and selenium oxychloride
based solutions was determined by a team from the National Bureau of Standards. For
this work they used a hollow glass prism constructed from carefully fabricated plane
parallel slabs, and they measured the deflection of a collimated beam at different fre-
quencies. The results are presented in the first six entries in Table 2-10. The measure-
ments on POC13:SnC14 and POC13:ZrC1

tion of the same technique,

4 were made at a later time using a minor varia-

2.4.2 Viscosity and Density

The viscosity measurements were made with an Ostwald viscosimeter using an
807 glycerine-water solution M(viscosity) = 45.86 cp (centipoise) as a calibrating
fluid. A negative pressure of 150 Hg was maintained at the efflux end of the viscosimeter
to keep the measurement times at a reasonable level. The results of these measurements

are listed in Table 2-11,

For solutions containing SnC14, both in SeOCl2 and POC13, the viscosity in-
creases markedly with increasing concentration of the Lewis acid. The lowest viscosity
(for a stable solution) attainable with SeOCl2 is 9 cp while with POCl3 it is 6.3 cp. The

laser solution, using ZrC14, has a viscosity of about 5 cp which is the lowest.
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TABLE 2-10

REFRACTIVE INDEX OF LASER SOLUTIONS

Refractive Index at
Temperature
Material 0. 5086um 0.6678um 0.7947um| 1, 083um| Accuracy C)

SeOCl2 1.66500 1.64188 1.63333 1,62437|+3 ><10-5 22.9
SeOCl2 :SnCl4 1,67875 1.65579 1.64717 1,63826|+4 x 10—5 22.9
(25:5)

SeOClz:SnCl4 1,66689 1.64379 1.63522 1,62625]+2 x 10"5 22.5
(29. 5:0. 5)
0.3M Nd+3 1.69079 1.66733 1.65852 1.64929|+3 ><10"5 22,8
Laser Solution

SeOC12:SnCl4
0.03M Nd™3 1.67701 1.65394 1,64541 1.63640| +1 x 10"5 22.7
Laser Solution

SeOC12:SnCl4
SnCl4 1, 51847 1, 50536 1, 50027 1,49491|+2 x 10'5 22.3

0.6328um 1,06um

0.3M Nd*3 1. 4879 1.4789 |+5x 1074

Laser Solution

POC13:SnCl4
0.3M Nd*3 1. 4873 1.4783 [+5x107¢

Laser Solution

POC13:ZrCl4
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TABLE 2-11%

VISCOSITY AND DENSITY OF LASER SOLUTIONS

Solution

Viscosity (cp)

Density (gcm-B)

ScOCl2

SeOCl:0. 311 Nd"%:2. 45M snCl,,

5e0Cl,:0. 3M Nd 3.1, 45M snCl "

Se0Cl,:0. 3M Nd*3:0. 45M SnCl :

I’OCl3

POCl3 with 1% H20

POCL:0. 3) Nd "1, 33M snCl,

POCI4:0. 3 Nd":1M $nCl, faamn)

POCI:0. 3M Na*3.0.45M Zrcl, (Comm®)

POCI,:0. 3M Nd*°.0. 45M ZrCl L

3.0

190,0

27.0

9.0

1.01

1.09

10. 42

6.32

5,40

3.95

1.645

1,91

1.79

1,78

aA11 measurements made at 25°C.

Towanda, Fennsylvania,

2.4,3 Passive Scattering Losses

which we designate as a passive loss, was investigated.

bCommercial material supplied by Sylvania Chemical and Metallurgical Division,

The molecular entities in the inorganic liquid laser solutions are large and
may even be small chain polymers. As such, these may give rise to yet another kind

of scattering, that could function as a loss mechanism. The possibility of such a 1sss,




These investigations were carried out by three different methods; a transmission

measurement, a right angle scattering measurement, and by determining how the inser-
tion of such a solution in the cavity affected the threshold of acw Nd+3 YAG laser and
comparing this with a known loss. This is called the static loss, The transmission
measurement is difficult to carry out precisely at the levels of loss involved, The
scatiering measurement is performed by passing a He-Ne laser beam through the solu-

tion, and measuring the radiation scattered at a right angle to the beam, This has to be

calibrated by reference ‘o one of the other two methods,

methods are discussed in detail in Appendix G, The results of these measurements

are given in Table 2-12,

TABLE 2-12

LIGHT SCATTERING AND TRANSMISSION LOSS IN VARIOUS LIQUIDS

Light Scatter Transmission
(Arbitrary T.oss at 1, 06u
Material Units) (¢ per cm) Method
Water 0.15 >1.0 Transmissiona
Ethanol 0.25 >1,0 ’I‘ransmissiona
Benzene 1.0 >1.0 Transmissiona
CCl4 0.4 0.10 Static Loss
POCI3 0.4 0.10 Static i.oss
I’OCI3 + ZrCl4 0.6
H20 + ZrCl4 0.5 >1.0 ’I‘ransmissiona
H,O + Nd (TFA), 0.4 s, 0 Transmission®
0.3M Na'*3 in POCI,-2rCl, 2.5 0.16 Static Loss
0.2-0,3 Transmission
(Contaminated with 1{20) 4,5 0. 26 Static Loss
(Contaminated with H20) 15.0 0.60 Static Loss
0, 9M I’203Cl4 in POCl3 0.8 Static Loss

Loss values greater than 1%

absorption band in the mediu

per cm by direct transmission measurement indicate that

m, rather than scattering is a major loss.

2-53

The details of the experimental

«




A number of significant points were revealed by the measurements. The laser
' solutions must be filtered to prevent a high scattering loss. Hence, all solutions studied
in detail were filtered through an ultrafine sintered glass frit having a nominal pore size

] of 1y, Measurements were made on many different solutions, although not all methods

were used on all samples, The solutions studied include:
1) Pure liquids: vrater, alcohol, benzene, CC14, SeOC12, POC13.

2) Mixtures of varinus components: SeOCl2 + SnC14, POCl3 + SnCl4, POCl3 + ZrC14,
Nd(CH3COO)3 + }I;‘O.

3) Various s.andarr .aser solutions: 0.3M Nd+3 in SeOCl3 + SnC14, in POCl3 + SnC14,

in POCI3 + ZrCl,, with and without H_,O contarnination,

4 2

4) Dilutions of standard laser solutions with pure solvent: 0,1M and 0. 03M Nd

+3
H

solutioils prepared by reaction of :odium trifluoroacetate with POCl3 to produce

various concentrations of P203C1 4

The results of the measurements are listed in Table 2-12, 710 summarize the
more important points: all the pure components of the laser solutions (POC13,
POCl3 + ZrC14, SeOClz, Nd+3 in HZO)’ as well as some other pure liquids (alcohol,
i water) give scattering measures of 0,1-0, 5; however, when Nd+3 is present in the
POCl3 or SeOCl2 mixture, the scattering measure is 2, 5-3.0, a factor of 6-8 higher,
It is a'so noteworthy that the ratio of the scattering values for the two pure solvents

CC14 and benzene (0.4! is in good agreement with that found by others (0. 37). .

A linear correlation was found between the scattering values and the transmission
losses, which ranged between 0.1% and 0. 3% per cm., The scattering loss for the pure
“‘ POCl3 liquid comes out as about 0.015% per cm at 1, 06u and the absorption loss as about
0.06% per cm. The latter value is higher than expected, probably due to trace amounts
of contamination by H20 which has a significantly intense absorption of 1, 06u. The

scattering loss for the complex itselif is 0.1% per c¢m at 0, 3M concentration,

POCI1,, solutions that have been contaminated with H20, even if subsequently

3
dehydrated by distillation, invariably have high scattering (of the crder of 10 or higher),

high loss (greater than 0. 5% per cm) and are also quite viscous. This is attributed to

viscosity can be accomplished by addition of PCl5 (which selectively degrades this
polymer), but the scattering does not go below the "base level" of 2,5, and further addi-

' an excessively high concentration of polyphosphoryl chloride polymer, Reduction of the
! tion of PCl5 causes the Nd+3 to precipitate. Since solutions containing only the




polyphosphoryl chloride polymer gave scattering values considerably less than laser
solutions of equal polymer concentration, it would appear that the scattering entity is
a complex containing both Nd* and the polymer,

From this work we conclude that:

1) A distinct scattering loss is characteristic of those aprotic liquid laser solu-

tions, even after all particulate matter is removed,

2) This scattzring loss can be reduced to a minimum value intrinsic to the medium,

below which we cannot go without deleterious chemical effect.

3) The scattering appears to be caused by a highly polarizable complex of Nd+3
and P203Cl 4 (and also longer polymeric phosphoryl chlorides). The latter
compounds are components of the P0C13-based laser solution and are essential
to the solubility of the ac!ive ion,

4) A laser solution (0, 3M Nd+3 in POC13—ZrCl4) has a loss corresponding closely
to the absorption loss at 1, 06 and is a good laser medium.

2.4.4 Othcr Physical Properties

The other physical properties that are of interest are the thermal conductivity
and the specific heat, For these there is little or no information, and we have not made
any such measurements.,

Birnbaum and Gelbwachs 0 report a heat capacity of 0. 22 cal/g°C for
Nd:POCl :ZrCl solutions, but give no reference, nor do they indicate making the measure-
ment the'r.selvus The most extensive report of physical properties is made by Zhabotinsky
et al, # who glve the following: heat capacity: 0, 32 cal/g°C; coefficient of volume
expanzion: 10 /°C deusity: 1.88 gcm 3, viscosity: 4, 23 cp at 20°C; refractive index:
1. 525 at 20°C; and a temperature dependence of refractive index: (-5 £2) x 10-4 /°C at
20°C. The authors do not specify the Lewis acid used with POCl and state that they

used a2 number of systems., From the information given, partlculatly with respect to
refractive index and density, it appears that the Lewis acid is SnCl We have assumed
that they are correct in stating that these values are typical for sur'h systems, This is
probably so since the majority component, by far, is POC13.




2.5 DISCUSSION AND SUMMARY

From the work prese ited in this section, the general conclusion is that sub-
stantial progress has been made in our understanding of how to make these solutions
and how they work. The preparative procedures require a meticulous attention to
detail and extreme care and quality control is essential if a good, long-lasting laser
solution is to be made., Many of the details of the chemistry and structure of the mole-
cules are still uncleai; what is also unclear is how important these details are to the
laser performance itself. However, it is possible that such knowledge could be helpful
in terms of understanding solution stability, Finzlly, on a purely chemical basis, it
would be of great interest to study the behavior of other Lewis acids in POCl3; it is
already clear that they all do not behave similarly, In terms of physical properties,
it would be extremely useful to have more and better information on the thermal and
mechanical properties of the solutions, particularly on how they depend on the chemical

composition.
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3. LIQUID LASER SYSTEMS — STATIC AND CIRCULATORY

Since we are concerned with a liquid active laser medium, we can expect to
find some unique features. Even though this is a condensed phase, it is obvious that
some form of container or cell is required and for static and circulatory liquid lasers,
this feature requires some explanation. The system design considerations center
around the chemical properties of this particular set of liquids, but by and large, the
laser system physically resembles other solid state lasers. In the case of a circula-

tory liquid laser, flow characteristics must be taken into account.

The first section is concerned with static systems. This is relatively brief
and, for the most part, traces out the development of laser cells. The bulk of the
material relates to circulatory systems. The details of the design considerations in-
volved in suchk systems represents a major contribution and must form the basis for
any continuation of this work. The p: 2sentation centers principally around the last
system we built but the evolution of the various components such as pumps, cells, etc.
is also given so that future investigators can avoid some of the pitfalls and traps into
which we stumbled.

3.1 STATIC LIQUID LASERS

3.1.1 Cells

To achieve laser oscillation the liquid can actually be contained in any kind of
transparent enclosure. The extreme example of tiis is a simple one-cm diameter
sphere. Such an enclosure was designed to study certain fluorescence properties but
the experiment was defeated because the fluorescence exhibited nonlinear or supra-
linear behavior when excited by a flash lamp. While actual oscillation was not observed
in this case (probably the input energy to the flash lamp was not high enough), the next
simplest case did produce a laser. This cell was, in effect, nothing more than a piece
of quartz sealed off rather arbitrarily at each eud. The laser solution was admitted
through a side armn which was then sealed. When the solution was excited, laser oscilla-
tions were observed; this is illustrated in Figure 3-1. Such an arrangement is indicative
only of the high gain of the material and would be of no value for the acquisition of
quantitative information.

The firzt cells used are illustrated in Figure 3-2. The tube ends and windows
were finished as parallel and as optically flat as possible. The windows were optically
contacted to the tube and these quartz components diffusion bondcd to m~ke a permanent
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seal, The liquid was admitted through the side arm which was closed by the tapered
stopper. Such cells had many drawbacks. First, during the heat treatment involved

in the diffusion bonding, the parallelism of the end windows was degraded; often by as
much as 15 minutes/arc. Second, the single entry port was an insufficient shock absorber
and the cells, when subjected to high input energy flashes, frequently ruptured at the d
opposite end. The rupture did not occur at the diffusion bond but at some point up to
about 2 mm into the cell. Thirdly, the cells were difficult to clean and, finally, were
consistent only with a plane parallel geometry.
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Figure 3-1. Primitive Flame-Sealed Laser Cell
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GUARTZ DIFFUSION —
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Figure 3-2. Quartz Diffusion-Bonded Laser Cell
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A major advance was achieved when the windows were made demountable,
Such cells were in every way similar to the diffusion bonded cells except that an O-ring
groove was cut into the end of the cell body. The windows were eompressed onto the
cell and held in place by two stainless steel washers eonnected by thrce tie rods; this

is illustrated in Figure 3-3. The tension in the tie rods was adjusted by tightening the

-~ nmd NI

—y

nuts on the tie rods. Since these werc indepcndent'y adjustable, therc was a certain
amount »f play even after Interference rings became visible between the cell window

ar. body and parallelism could usually be achieved. The entire structure was made
possible by a Teflon eovered O-ring seal. These consist of a silicone O-ring encased in
a Teflon tube scaled on itself so that no liquid permeated the Teflon to attack the silicone
rubber. These cells had the advantages of being easy to clean and dry, involved no
costly diffusion bonding step and offered great flexibility. The latter aspect is best

illustrated by the ease with which such parameters as bore diameter and window thick-
ness and configuration could be altered. The windows could be fabricated with Brewster
anglc terminations on one side and a flat on the other. They were even made with two
diffcrent Brewster angles, onc appropriate for the air-quartz interfacc and the other for
the liquid-quartz interface. Tinally, the cell body could be made of Pyrex instead of
quartz. The use of two expansion volumes eliminated the rupture problem; the use of
tic rods prubably also helped. The major disadvantage of this structure was that the
rods obscured some flash lamp radiation.

The final modification is illustrated in Figure 3-:. This type of eell is basically
identical to the simple demountable cell except that the cell body ends are thickened and
machined into a conical shape. The windows are now held on by two stainless steel
washers. The one outside the cell window is the same as in the earlier demountable
cell. The second ring has a large enough opening so that it fits over the thiekened cell
body end and the washer opening is tapered at the same angle a: the cell body. A split
nylon sleeve sits between the cell body and stainless steel washer. The two washers
are drawn together by three screws until the eell window is contacted to the cell body.
This design eliminates the tie rods but introduces an umpumped liguid volume. This is
removed by counter boring thickened ends and extending the window by a ""nosepiece"
arrangement so that the liquid-quartz interface occurs where the laser liquid is being
pumped.

The results reported in this section were obtained with one or another of the
types of cells described; the bulk of it with the demountable cell shown in Figure 3-3

and, unless otherwise specified, it can pe assumed that such a cell was used.
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Figure 3-3. Laser C.il: (a) cell windows, (b) Teflon-coated

silicone O-ring, (c) Invar tie rods, (d) cell body.
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Figure 3-4. Laser Cell, Disassembled. Shown in photograph are

the cylindrical cell, the plug windows and the com-
ponents required to assemble the cell.
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3.1.2  Flash Heads

All flash heads used two lamps located as close as possible to the cell. The
lamp-cell configuration vas tightly enclosed in a wrapping of 5-mil aluminum which

also served as the means for introducing the external trigger pulse. The cell and

lamps protruded through two mica-lex end pial s which served as a support. The box-

eg and base and a demountable metal

d of two external mirrors aligned by an autocolli-
mator so that the cell faces and the mirrors were parallel.

!ike flash enclosure was completed by metal sid
top. The optical resonator consiste

Most of the experimantal

work on static lasers was done with a plane parallel resonator.

3.2 CIRCULATORY SYSTEMS

It became apparent very early in this
physical characteristics of the liquid medium,
laser medium was in the generation of high ave

work that, because of the Spectroscopic and
the most natural application of the liquid

rage output powers in a repetitivcly flash-
pumped mode of operation. The liquid laser medium has unique advantages in the high

av.rage power mode of operation. Since all flash-lump pumped lasers are relatively
inefficient, a large fraction of the inpi.t power to the device will appear as heat to be
removed. At a minimum, the amount of heat that must be dissipated in Nd*

$ lasers un-
der flash excitation must equal the amount of laser output power,

A more realistic
estimate might be twice the maximum expected output power

Thus, we see that if we
desire to construct a long-pulse oscillator with an average power output of 500 watts, we
must reckon on dissipating about one

kilowatt of heat in the laser medium. This is a ser-
lous problem in solid-state Nq* lasers where the only means of removin

g this heat is by
thermal conduction. As an wXample,

consider a 1/2-inch diameter by 6-inch long YAG

rod whose thermal conductivity, K, is 0. 07 watts cm—1 T 1. 61 Let us assume v e

wish to generate an average output power of 500 watts from this rod and therefore must

dissipate about one kilowatt

of heat in the rod. The average heat gencrated per unit
volume is, therefore,

3
10° wa "
w, =42 2 s 50 watts em
ﬂro L

3

The temperature difference between the center of the

rod and the rod outside surface
will be given by: 52
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i we assume that the heat generation, Wi. is uniform across the rod diameter. Such

a large temperature differential must lead to a large refractive index change across the
rod, assuming that the rod will withstand the radial stress imposed by suck a large
thermal gradient.

In liquid laser media the situation is quite different. First of all, if we circulate
t¥ > liquid through the laser cell, a large portion of this heat can be removed from the
active region by the mass transport of the liquid, which is then cooled in an external
heat exchanger. If we consider a repetitively flash-pumped laser in which several cell
volumes of laser liquid are exchanged between each succeeding shot, this process can
dissipate more than 80% of the heat generated during the pulse. The rest of the heat
load is dissipated by forced convection in the radiai direction. It is important to note
that even though the thermal conductivity of the laser liquid is about a factor of
10 smaller tihan that of YAG, the radial transport of heat in the liquid is greatly aided
by the flow of the liquid so that the heat transport rate in the liquid laser is, in general,
much larger than that in the crystalline YAG.

‘The design and construction of the circulatory system for the Nd+3 laser liquid
presents a set of unique problems for the laser designer. These urise partly from the
chemical properties of the inorganic liquid laser medium and partly from the use of a
liquid as the active laser medium. Some of the problems are then unique to this laser
and others to the general class of liquid lasers. These unique problems, forming a set

of design constraints for the construction of the system, are detailed below.

a) The laser liquid POC13:ZrC14:Nd+3 is an acid which will attack most materials.
For example, most rubbers (natural and synthetic) are hardened to the point of
brittleness because the liquid leaches out the plasticizers. The problem of gas-

ket seals for the laser circulatory system is, therefore, made more difficult.

b) The laser liquid is a powerful dessicant; absorbing water any poss’ile way.
Above a certain level, water absorbed in the solution causes a precipitate,
ZrOClz. resulting in a large and rapid increase in optical scattering which des-
troys laser action in the liquid. In general, a water contamination level of 100 ppm
in a freshly-made sample of laser liquid is the upper limit tolerable, although sev-
eral batches of liquid have precipitated at water levels in a factor of five lower
than this. As a result, water contamination must be reduced and maintained at
20 ppm in the circulatory system liquid to be assured of stable operation.

¢) The circulatory system must be carefully designed to avoid hydrodynamic in-
stabilities (cavitation) while maintaining a large volume flow rate through the

laser cell(s). Typical values for Reynold's Numbers in the system are on the
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order of 10, 000 (turbulent flow regime). Because of this, pipe bends, unions
and couplings must be designed to avoid flow separations and sharp pressure
drops.

d) A high optical quality must be maintained in the laser cells. This means that
scattering from abraded particles in the laser solution must be kept to an
absolute minimum. The laser cells themselves must be designed for a well-
mixed, stable fluid flow pattern for best optical performance. In addition,
good optical coupling must be provided between the laser cells and flashlamps.

e) Because of the corrosive nature and moderate health hazard of the solvents
used in the laser liquid, adequate safet, margins must be built into the circula-
tory system to protect against breakage or catastrophic seal failures. It should
be noted that, although we have experienced many problems working with ihese
laser solutiont ¢ rer the years, we have never had a catastrophic system failure
that might have endangered the health and safety of any project personnel,

The above considerations eventually lead to the construction of a hermetically-
sealed circulatory system with multiple laser cells arranged in a series flow combina-
tion. The ability to have more than one laser cell in the circulatory system points out
an important economy factor for the NdJr3 liquid laser, in that a single pump and heat
exchanger are capable of operating several liquid laser cells. A schematic drawing

of the most recent system constructed is shown by Figure 3-5, demonstrating just
this point.

In this diagram, Head 1 is a 4-lamp, quad-ellipse flash enclosure pumping a
"/8-inch 1. D. by 10 inches long laser cell; Head 2 is a two-lamp, dual-ellipse flash
enclosure around a 5/8-inch 1. D. by 10 inches long laser cell; and Head 3 is another
two-lamp, dual-ellipse enclosure surrounding a 1/2-inch 1. D. by 6-1/2 inches long
cell. With the proper power supplies and flashlainp driving circuits, the system is
also capable of operation in an oscillator-amplifier mode.

The only item in the circuiatory system which is not self-explanatory is the
"free surface’” shown between Heads 1 and 2. This consists of a vertical standpipe
topped by a half-filled spherical chamber of about 0.5 liters capacity located midway on
the connecting pipe between the two laser heads. This arrangement has tvo fur._‘ions;
the hi-st ie to act as a sort of shock absorber ior the pressure wave generated in the

liquid by the rapid thermal expansion of the fluid in the laser cells under flash excitation.
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Figure 2-5. Liquid Laser Circulatory Schematic Diagram




The second function of the arrangement is provided by connhecting the top of the spherical
chamber to a large (5 liters) gas ballast. By means of an external source of dry nitrogen,
the static pressure of the entire system can be regulated above or below ambient. As

the surface ¢ the liquid in the standpipe is also the highest point in the circulatory sys-

] tem: this also provides a convenient means of collecting and releasing bubbles from the

! system when filling.

In this section we will describe in detail the design and the factors affecting ihe
design of the circulatory system, and the cells. We will also describe the flash en-
closures, the cooling system and the power surply.

3.2.1 Circulatory Svstem Design and Calculations

One of the most important factors in the design of the circulatory system is the
system pressure vs. vclume flow rate characteristic. This curve along with the pump
} pressure head vs. volume flow rate information enables us to determine the system flow
as a function of either pumpshaft rpm or power supply setting. The pump data is usually
supplied by the manufacturer but the system data must be calculated from the geometry
of each of the components and the physical constants of the laser liquid. Because of the
importance of establishing the operating characteristics of the system, these calcula-
tions will be presented for the latest liquid laser system shown schematically in
Figure 3-5.

3.2.1.1 System Pressure Head Calculations

In general, the pressure drop across an element me be written in the form:

2
8p =p)-p, = PEW,-Y,) +(p/2)(v1 - vg) @-1)
Where:

pl,p2 = nressure at points 1, 2
VsV, = mean stream velocities at 1, 2
¥q+¥, = mean channel height at 1, 2

p = fluid density

g = acceleration due to gravity
Dividing each side of the equation by pg, we arrive at Bernoulli's equation:

Py =P
L S W X
og "(yz y1)+2g ("1 "2) n
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where each term in this equation has the dimension of length. The reduced pressure
terms in this form are called heads and in English units are measured in feet. Des-
criptively, Eq. (3-2) states that the total head across an element is equal to the

static head drop plus the dynamic head loss and is strictly applicable «:nly to an inviscid,
incompressible fluid under irrotational flow. If we consider only liquids which can be
assumed to be incompressible, the liquid viscosity and flow separation in a confining

: channel leading to rotational flow patterns must modify this equation. The general
engineering approach to this problem divides the dynamic head loss term into two parts:

dyramic head loss = expansion or compression head + friction head loss (3-3)

and proceeds through theory and experiment to express these in terms of faciors involving
the physical properties of the liquid. A complete exposition of this development is beyond
the scope and needs of this report, so we shall simply present the commonly-used results
pertinent to our calculations.

One of the most important of the dimensionless quantities used in fluid mechan-
ics is the Reynolds Number, Re’ for an average-fluid flow velocity, V, in a channel of
hydraulic radius, Ty given by:

Re =4Vrh(p/u) (3-4)

Where:
p = fluid density (gm cm-3)

p = dynamic viscosity (poise = gm em! sec-l)

channel cross-sectional area )

= hydraulic radius = wetted perimeter et

T

2
r

27r

e ]
w5

f~. a cylindrical pipe of radius r.

The volume rate of flow Q in the channel of cross-sectional area A is given by:
Q= AV(cm3 sec-l)
Eq. (3.4), therefore, becomes in a cylindrical pipe of diameter D = 2r,

R =m
e TDu




Three distinet eonditions of fluid flow are identified by ranges of the Reync!!'s Number,
as follows:

Re < 2000 : laminar flow
2000 < Re < 3000 : transition flow (3-7)
Re > 3000 : turbulent flow

Under laminar flow eonditions, the veloeity profile of the fluid flow aeross the pipe
diameter is parabolie. Under extreme turbulenece, this profile flattens out over the
eentral region of the pipe and beeomes more steep near the pipe wal!. A further dis-

cussion of the properties of turbulent vs. laminar flows will be presented later.

In general, the frietion head loss, Hf, for ineompressible fluid flow in smooth
bore eircuiar pipes may be written as:

) V2
- 1(%) - (3-8)
Where:
L, D = pipe length, diameter

V = average flow veloeity [from Eq. (3-5)]

g - aceeleration due to gravity (32.2 ft see 2 or 981 em see-z)

‘-.-y

f = dimensionless frietion faetor.

ey

The value of this frietion taetur can be well approximated in the laminar and turbulent
flow regions as:63

f 13—4 (taminar flow) ‘*
2 (3-9)
= O,ilg (turbulent flow) 1
R‘/4 '
e
Tue seeond dynamie head loss term in Eq. (3-3), the expansion or compression head L
loss} He or He' may be defined similarly to Eq. (3-8) as:
: & 3 [
H,H = (}\e.I\e) — (3-10)
In this case, the average fluid veloeity, V, is defined as that in the smaller of the joining I
pipe eross-seetions. The eonstants, Ke. Ke' have been measured and are most conveniently ‘.
presented in graphieal form as funetions of the eylindrieal pipe diameter radio (diameter
smaller pipe/diameter larger pipe). Sueh a graph is shown as Figure 3-6. * A third I
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dynamic head loss term ariscs in bent tubes or tubing elbow couplings. If the flow in
the pipe is turbulent (as it is in almost all of the calculations we will encounter), this
loss can be expressed form..ily by an equation like Eq. (3-10) with a head loss factor,
Kb’ which is a rather complicated function of the radius of the bend relative to the pipe
diameter, the angular degrce of the bend and the Reynold's Number of the flow. Such
factors as used in the calculations ~re taken from the design charts and graphs of

refercnce 64.

As an actual example of these calculations as applied to the design of the
latest Nd liquid laser system, these formulae will be applied to cach of the clements
in turn of the system as shown in Figure 3-5. A brief description of the component
precedes each calculation (presented in tabular form). The head losses of the compon-
ents in series in the circulation loop are then summed to yield the system pressure head
loss. A particle filter in a bypass loop with volume flow rate less than 107 7 of the main
loop is then assumed so that the bypass flow may be neglected with respect to the main
loop flow. Flow through the bypass is reduced by the addition of a constriction in the
loop to achieve this. Finally, thc pump head characteristics are introduced to deter-
minc the system operating characteristics. Final estimates of system head losses are

considered accurate to only about +20% but, because of the largely quadratic dependence

of H &n Q, the final estimates of system volume flow-rates and Reynold's Numbers should

be accurate to +10%. In this calculation, the circulating fluid is assumed to be the Nd#3
liquid laser solution with a density p=1.8 gmem 3, and a dynamic viscosity of

p = 5 centipoise = 5% 10 gm cm 4 sce 1.

82 Ik 2 Liquid faser Cells

Three laser cells of different active lengths and internal diameters are used
in this system. These cells can be visualized as consisting of identica! entrance and
exit chambers connected by a cylindrical flow tube. In all three cells, the entrance and

exit chambers are identical; only the flow tube joining them is changed in length and in-

ternal diameter to mcet the individual laser requirements. The individual cell dimensions

and design parameters are show by Table 3-1.

The type of cell used is illustrated in Figure 3-7. The body of the cell is
Pyrex tubing of the appropriate bore diameter and wall thickness. Sealed to each end
of the tube is a truncated conical Pyrex end piece having a centrally located hole the

same size as the bore diameter of the tube. In actual fabrication, one conical picce is

first attached and a water jacket of appropriate dimensions slipped over the unfinished




K Figure 3-7. Cutaway View of Actual Water-Jacketed Laser Cell
Demonstrating Cell Assembly
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TABLE 3-1

CELL DIMENSIONS AND FLASH HEADS FOR LIQUID LASER SYSTEM

i Item Head 1 Head 2 Head 3
Flasn Enclosure Quad Eliipse Duai Ellipse Dual Ellipse
Number of Lainps 4 2 2
Pumped Cell Length 10 inches 10 inches 6-1/2 inches
Cell Bore Diareter 7/8-inch 5/8~-incl. 1/2-inch
(2.2 cm) 1.6 cm) (1.3 cm)
Cell Active Volume 100 cm3 50 cm3 20 cm3
Einput/pulse (maximum) [ 4000 joules 2000 joules 750 joules
Maximum Rep. Rate 5 pps 10 pps 20 pps
Laser Cell Wall 0.14 cm 0.10 cm 0.08 cm
Thickness
Thickness of Water 0.31 em 0.20 cm 0.14 em
Coolant Layer
Glass Water Jacket 0.10 cm 0.10 cm 0.10 em
Thickness
O. D. of Glass Water 3.32 cm 2.40 cm 1.90 em
Jacket

end and then the second conical piece is added. The thick ends of the cell are ground
and polished to be flat and parallel. Teflon-covered O-rings are used to seal the
finished cell body to nickel plenum chambers consisting of a nickel tube with an inlet
pipe at right angles which is terminated with a bead to mate to a Corning glass pipe
used for connecting the circulatory system. The assembled cell is then completed at
each end by a two-inch thick homosil quartz window. The end of the window facing the
liquid and the nickel transition piece are both tapered as they approach the cell entrance
so that the window diameter matches the cell diameter. The annular space between the
window and the nickel transition piece is made to have an area as close as possible equal
to the cell cross-section, Inthis way ilic velocity of the liquid, on entering the cell,
changes in direction only but not in speed.
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The volume enelosed by the niekel transition piece acts as a plenum chamber.
There is vigorous mixing as the liquid flow enters and is diverted by the nosepiece of
the cell window. The flow then assumes a new direetion and the liquid enters onto its
journey down the cell (pine). Figure 3-8 is a full-scale drawing showing the detailed

eonstruetion of the nickel plenum chambers at either end of the laser eell.

as a series of pipe expansions, eompressions and right angle bends in the nickel plenum

chambers plus a pipe frietion head due to flow through the aetive region of the eell.

Sinee a flow expansion at one region of the entranee plenum chamber is a flow eompression
at the exhaust plenum, the niekel e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>