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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 28, 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 2';.   It is estimated that, with relatively 

straightforward modification, average power levels of 1 k\V could be 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 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 onlv 

have the laser properties been investigated in great detail but considerable light has also 

been shed on the hydrodynamics and optical properties of laser liquids In turbulent flow. 

The nature of the radial thermal gradient in the flowing liquid, and its optical consequences, 

have been investigated theoretically and a degree of experimental 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 comprehen- 

sive 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 solutions. 

• Liquid laser systems - this includes both static and circulatory systems and 

the details of system, sub-system and component design. 
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• 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 nonllnearlties 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 lafer 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 clrculability of this 

Phase that has made possible the interesting and usoful. or potentially useful   develop- 

ments that have emerged from the research effort.   Associated with the movement of 

the liquid, there arise a variety of hydrodynamic and thermo-optical problems that 
add another dimension to laser 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 Semi- 

Anuual 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 Liqr.id Lasers:   Static and Circulatory 

Section 4. Hydrodynamic Model and Thermo-Optical Effects 

Sections. Long Pulse OsciUator Results:  Static 

Section 6. Long Pulse Oscillator Results:  Circulatory 

Section?. 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 onlv   with the 
work performed M 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 ol 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 

ions in solution since the understanding of this problem forms the basis for the concept of 

aprotic solvent systems.   This is followed by the cnemistry of the principal aprotic sol- 

vent systems - SeOCl2 and POCl^    The differences between these are pointed out and 

some of the still obscure points are indicated.   Then, following the presentation of the 

spectroscopic properties of the laser solutions, the problems connected with scattering 

and stimulated scattering processes are discussed.    Finally, the physical properties of 

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

•M THE CHEMISTRY OF LIQUID LASER SYSTEMS 

2.1.1        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 atom and 

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

of the customary solvents of inorganic chemistry.   In the normal process 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 
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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 ions 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 exanples 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. (1) 

TABLE 2-1 

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

Ion (+3) 

Emitting 
State Energy 

(cm"1) 

Highest Ground 
Manifold Energy 

(cm"1) cm 

Number of Phonons 

OH OD 

Sm 

Eu 

Tb 

17800 

17000 

20500 

21000 

1050C 

5000 

6000 

13000 

7300 

12000 

14500 

8000 

>2 

>3 

>4 

>2 

~3 

~5 

~6 

>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, /3-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 
5 6 7 

systems have functioned as lasers '    bU they are subject to chemical effects   and are 

plagued by an extremely intense pump band absorption rendering them rather inefficient. 

Neodymium, in this kind of system, does not fluoresce; but if the second nearest 
Q 

hydrogens are replaced by fluorine,    a neodymium-chelate system will fluoresce and 

does läse. 

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 optical transparency to make laser processes feasible, two solvents, SeOCl   and 
9 2 

POCl3, stand out.     Both of these solvents have been used and in the following sections 

we will consider their chemistry in some detail.   In addition, we will describe the 
+3 

spectroscopy of Nd     in these solvents, the physical properties of the solutions and 

their nonlinear optical behavior. 

2.1.2      Aprotic Solvents 

Both SeOCl2 and POCl3 are aprotic solvents witn dielectric constants of ^6 and 

14 respectively.   Indeed, their use in this application is based on the absence of hydroRcn. 

One can even write parallel equations for the solution of Nd_0„ in these solvents as 
follows: 

♦a 
Nd203 + 3 SnCi4 + 3 ■•0Cl| "* 2 Nd     + 3 SnC1

6      + 3 Se02 (2"1) 

Nd203 + S SnCl4 + 6 POCl3 - 2 Nd+3 + 3 SnClg"2 + 3 P-jOgC^       (2-2) 

The similarity is, however, deceptive because while reaction (Eq, 2-2) does proceed, the 

solubility of Nd203 in POCl3:SnCl4 is so small as to render it useless as a laser solution. 

Tho chemistry of the two types of laser solutions is different; the one for SeOCl   being 

like an aprotic acid-base system while that for POCl3 is, as will be seen later, like a 

che'ate system in an aprotic solvent.    For this reason, we wil' consider the chemistries 

separately and begin with that of the SeOCl   solutions. 

2.1.2.1  Preparation of SeOCk Laser Solutions 

The components for these solutions are SeOClg, Nd203 and a Lewis acid such 

as SnCl4 or SbClg.   In general, all these materials with the exception of SbCU (reagent 

grade available from J. T. Baker is acceptable) have to be purified.   The neodymium 

oxide, even the purest grade, has usually absorbed some carbon dioxide and water from 

the atmosphere.   This is purified by roasting in air to a constant weight at QSOT. 

The purification of SeOCl2 is accomplished by distillation.   Since at higher 

temperatures it decomposes into Cl2, Se02 and Se2Cl2, the distillations (two are re- 

quired) are carried out under reduced pressure.   In the first, the boiling point is kept 

down to 90^.   In the second distillation, it is carried out at 40oC to remove selenium 

monochloride and the distilled selenium oxychloride is obtained as a light straw-colored 
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liquid.   The degree to which the 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 SnCl4 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 SnCl4 in the distillate.   The most 

effective means found for purification is by distillation under 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 du« to hydrogenic containing components.   An alternative technique, passing the SnCl 

through a coW of basic alumina, has been used by Heller,10 Shepherd," and Hunt    4 

and Shepherd,     but the one outlined here is most effective. 

To prepare the laser solution, Nd,^ is dissolved in SeOCl,, acidified with SnCl 
(in a volunu ratio of 5:1).   Now, once again, a step is taken to remove any hydrogen       4 

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 by adding 

SnCl4 and SeOCl2 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 KClCty previously used by 

Heller,   is not necessary. Solutions prepared in this manner have a fluorescence lifetime of 

about 260 MS 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" solutiDn, that is, an excess of SnCl4.   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 br.sic solution).   The two acids studied in some detail by 

Heller,    SnCl4 and SbClg, 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 «olubillty 

problems appear.   For the laser work, acid SnCl4 solutions were most convenient and 

effective.   In view of the negligible quantity of work done with other types of solution^ 

further discussion is limited to the acid SnCl4 type and reference is made to Heller's13 

work for a discussion of the others. 
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2.2.2.2 Preparation of POC1   Liquid Laser Solutions 

There are two different types of solutions based on the POC1   solvent.    In the 

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

these compounds play the role of a Lewis acid the chemistry is, in fact, very differ    t. 
14 There is indeed considerable doubt expressed by Van Wazer     that there is an acid-base 

chemistry in POCL similar to that in SeOCl?.   The preparative techniques reflect the 

different chemistry. 

The materials required for these solutions are: P()C1„, SnCl., ZrCl., 

Nd(CF3COO)3 and Nd.,() .   The purification of SnCl   and Nd O   were described earlier 

and ZrCl. is used as received in the anhydrous state.   NdfCF.COO). is prepared bv 

dissolving Nd O   in trifluoroacetic acid, evaporating the resulting solution and drying 

in a vacuum oven at GOT for several davs.    PC)C1„, as received,  is wet (sec spectrum b 

in Figure 2-5) and is made anhydrous by distillation from lithium.   The POCL. is first 

refluxed with lithium for several hours and then distilled.   About 10rf' of the volume is 

taken as a first fraction and then the distillate collected (B. P. 105-106oC).   The 

following precautions are always taken.    First, the receiver is always dried in an 

oven at 110oC for at least one hour before being put on the system.   Second, the receiver 

is taken from the oven and put on the system as quickly r.s oossible sr that it is still 

hot when put in place.   Third, those points at which the distillation api aratus (see 

Figur ; 2-6) are connected to the atmosphere are protected by drying tubes filled with 

driente.    Fourth, as with the distillation of SeOCL, all ground glass joints are con- 

nected by using Teflon sleeves.   The spectrum of dry POCL is shown in Figure 2-5(a). 

The degree of water contamination can be estimated by using the calibration curve 

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

in excess of 10 ppm ;t is redistilled. 

Ionic salts are only slightly soluble in POCL and this is true of most Nd salts. 

In anhydrous POCL, there is doubt that NdCl.-] is at all soluble.   The first such solutions 

reported by Blumenthal, Ellis and Grafstein^ were relatively dilute and the solubility, 

as will be seen next, was probably the result of water contamination.   Other work in the 
16 17 18 POCL:SnCl4 solvent has been reported by Collier et al.,      Kato and Shimoda,     ' 

19 20 21 
P. M. Buzhinskii et al.,      A. V. Aristov et al.,      M. E. Zhabotinsky et al.,      H. Sergent 

22 23 et al.      and Brun and Caro.   '    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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T Starting with anhydrous Nd.,^ and an anhydrous 5:1 volume mixture of POC1 

4 and SnCI4. there is virtually no dissolution even on boiling.   If. however, water in the 

molar ratio of 1:10 is added to the POC^SnC^ solution, the Nd90_ dissolves.   The 

I result.ng solution is rendered anhydrous by distil!inR off half the^lvent and then 

reconstituting the solution by the addition of an appropriate amount of the anhydrous 

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

found to be stable except under two conditions.   The solutions are sensitive to water 

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

contamination.   Secondly, the solubility of SnCl4 is limited and. at the concentration 

requ.red. the solution is nearly saturated.   Therefore, decreases in temperature 

(below about 20oC) lead to a precipitate of. presumably, the adduct SnCl    • 2 POC1 

This is more an inconvenience, however, since it can be redissolved simply by raising 
the temperature. 

In the course of research on Lewis acids and POCl^ systems, several new 

systems were developed.   The first indication was the use by Schimitschek24 of ZfCL, 

TiCl4 and BBr3 to enhance the fluorescence yield of Nd(ClO )   dissolved in POC1 

The perchlorate is the only Nd+3 salt, which seems to dissolve readily in POC1    3' 

Shortly after this. Brecher and French, and Schimitschek went over to the use of 

Nd(CF3COO)3 as the source 0f Nd+3 h these solutions.   A preparative procedure, 
developed in this work,  is now described. 

A solution of POCL and ZrCl4 is made so that the concentration of ZrCl    is 

I. 5 t.mes the desired Nd     concentration.   The appropriate amount of Nd(CF COO) 

is then added and the solution warmed until the evolution of gaseous CF COaceases 

The solution is then filtered by being forced through a fine fritted disc Lnel and then 

d.st.lled to about one half its volume.   The final step is to dilute the solution to its 

original concentration by the addition of anhydrous POC1 . 

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

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

are rather insensitive to water contamination, however, excessive contamination leads 

to a precipitate of. presumably. ZrOCl,, resulting in instant termination of laser 

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

by Schimitschek.     '      Weichselgartner and Perchermeier.27 Fill. 28 Andreou. 29' 30 

Seiden,     '      and Brecher and French. 33 
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2.1.3      Discussion 
,+3 

The comparative chemistries of the SeOCl2 and POC^^ as solvents for Nd 

depend on the relative acidities of these compounds.   SeOCl   has a well known and well 

documented aprotic acid-base chemistry, in which SeCXTl   and Cl   are the acid and 

base corresponding to H+ and OH- in the water svsteir.    In addition, the high dielectric 

constant indicates that the SeOCl   molecule can readily function as a dipolar solvation 

entity just as H90 does in the common water system.   Thus, the partial equations 

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

SnCl    ♦ 2 SeOCl   ^ SnCl ^ ♦ 2 SeOCl 

and 

6 SeOCl+ ♦ Nd203- 2 Nd+3 + 3 SeOCl2 ♦ 3 SeOg (2-3> 

and the Nd+3 is solvated by SeOCl... 

In the case of POCl„, however, it has been pointed out that water is essential 

in preparing the solutions. Water is known to react with POClg to form, among other 

products, dichlorophosphoric acid: 

H20 + POCl.} - HP02C12 + HC1 

This acid in turn reacts with Nd203 as follows: 

6 HP02C12 ♦ Nd203 -» 2 Nd(P02Cl2)3 ♦ 3 HgO 

The overall reaction being: 

(2-4) 

(2-5) 

3 H O + 6 POCl3 + Nd203^ 2 Nd(P02Cl2)3 ♦ 6 HC1 (2-6a) 

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

3 H20 + 3 POCl3 ♦ NdCl3- Nd(P02Cl2)3 + 6 HC1 

Nd(CF3COO)3 ♦ 3 POCl3 - Nd(P02Cl2)3 ♦ I CF3COCl 

(2-6b) 

(2-Cc) 
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_ In the absence of a Lewis acid, the dichlorophosphate is unstable in POC1   and the 
reaction proceeds: 

Nd(P02Cl2)3 ♦ 3 POCl3- NdCl3 ♦ | P203C14 (2-7) 

and the NdCl3 precipitates from solution solvated by 5 molecules of POC1 .   The key 

question is the role of the Lewis acid. 

This role is the stabilization of the POgClg" anion so that the equilibrium of 

Eq. {2-1) is shifted to the left and the Nd+3 species is soluble.   It is the Lewis acid D 
character of SnCl4, its ability to combine and hold P02C12", that stabilizes this species 

and leads to compounds of the type: 

Nd(P02Cl2SnCl4)3_n (SnCl5 POCl^ (n - 0.1.2) (2-8) 

thus, rendering the solution stable.   The particular compounds described by Eq. (8) have 

no net charge in keeping with the low dielectric constant of POC1,,.   The primary coordina- 

Ition sphere of the Nd+ would contain -O-P only. The introduction 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-O bond.   This results in a reaction to form the neutral 

Zr(P02Cl2) species and would lead to coordination species of the type: 

C12 

2-14 



When water it 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 ♦ POClg-» HP02C19 + HC1 

? HP02C12 ♦ ZrCl4-. Zr(OH)2Cl2 ♦ 2 POClg 

Zr(OH)2Cl2 - ZrOCl2 ♦ H20 (2-9) 

or the overall reaction: 

Ho0 + ZrCl. - 4 ZrOCl2 + 2 HC1 

the second or third of the above reactions presumably being slow, but finally resulting 

in ZrOClg, which is insoluble in POCl». 

The basic chemistry and the identification of many of the intermediate com- 

pounds in the complex- and still-imperfectly understood chemistry of POC1- solutions 

has been worked out by Schimitscheck and by Brecher and French     during the 

course of this research.   The latter work is included as Appendix B and C and provides 

a more detailed description and discussion ot the chemistry. 

Many other Lewis acids have been used in the POC1, solvent.   A bvief list 
27 

taken from Weichselgartner and Pechermeier     is given in Tab It 2-2.   ft 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 I'st is 

rather incomplete since such obvious candidates as Hf, Ti, B and perhaps Ga have not 

been tried.   Since the chemistry in POClg is so varied, there may yet be interesting 

results to be obtained. 
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TABLE 2-2 

.+3 
Nd     APROTIC SOLVENT SYSTEMS 

Solvent Lewis Acid 

Fluorescence 
Lifetime 

US Laser 

POCI3 A1C13 330 Yes 

voci3 SnCl4 70   

PSC13 A1C13 100 Not Tried 

soci2 AICI3     

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 

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+3 is observed.   The SeOCl -based 

solutions exhibit^ sharp absorption edge just above 4000 A and a similar one is observed 

just above 3000 A for POCl3 solutions.   These steeply rising absorption edges are due 

to the solvent and probably play 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) SeOCl2:SnCl4 

b) POCl3:SnCl4 
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absorption of SeOCl2 will result in more heat absorption from the flash lamps while the 

3500 A absorption band 01 

to the pumping efficiency 

3500 A absorption band of Nd+3 available in POCl3 solutions,   will contribute very little 

I 
I 
i 
I 

that in Se()Cl2.   The POClj spectrum in Figure 2-8 is for a solutir.i having SnCl   as 

the acid, but there is virtually no change when ZrCl4 is used.    Figure 2-9 compares 

the absorption spectra of Nd^ in POClgtZrCl^ SeOCl2:SnCl4 and in Schott laser glass 

LG55.        The gross characteristics of the spectra are similar, but there is somewhat 

J more structure evident in the glass spectrum.   The absorption bands in all three cases 

arc broad, so we would expect pumping efficiency in the liquid to be as good as in gla 

There is evidence that the broadening in the liquid is homogeneous which, in general, 
is not the case in glass. 

The spectrum of Nd""  in POClg is shifted slightly to the blue with respect to 

ss. 

2.2.1.2 The Emission Spectrum 

The emission spectrum of Nd " shows the characteristic emission from the 
4 , .4 

F3 '2 t0 the   I9/2,11/2' and 13/2 at ^ 88' l' 05 and 1' ^ respectively.   The first of 
these is, of course, the resonance transition.    The 1. 3/u 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+3 in SeOCl  :SnCl. is illustrated in Figure 2-10 

over a range of concentration of Nd"""   differing by 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 tl 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 

tvpe coordination (solvation), the shapes of the spectra over this concentration range 

would change reflecting the shift in equilibrium between the species. 

The spectra for SeOCl2:SnCl4 and POCl3:SnCl4 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 
44 , 
'9/2 and   \l/2' reflectinS an increased probability to the   L.,, in POCL; and 

relatively insignificant changes in the shapes.   The comparison betweer the liquid 

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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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     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 SnCL, il 

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 point and is unchanged thereafter.   Below 

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

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

and a tendency for precipitation to occur in such solutions.   When ZrCl   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 

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 ZrCl4. as 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 

the ZrCl4 concentration is increased, as shown in Figure 2-15.   The ZrCl   is inter- 

acting with the coordination sphere, probably opening up the structure andtllowing non- 
radiative interactions to occur. 

The difference in behavior observed with ZrCl4, as opposed to SnCl   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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+3 Figure 2-13.    Fluorescence Decay Time of 0.3M Nd     In SeOCl2:SnCl4 and 
P0C1 :SnCl. as Function of Lewis Acid Concentration (at 300°K) 
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.+3 Figure 2-14,    Fluorescence Decay Time of Nd     in POC^cZrCLj as Function of 
Lewis Acid Concentration (at 300° K) 
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ground state interact to leave both in the \5/2 from which both relax nonradiatively. 

This behavior is observed in many hosts.;}8.»  Such a mechanism is. of course, 

enhanced by a high Nd     concentration. 

The final factor entering into the fluorescence lifetime is the protic contamina- 

tion.   We shall consider specifically water,   in both POCl,, using SnCl4 and SeOCl 

solutions, an increase in such contamination results in a marked decrease in the    2 

fluorescence lifetime.   In the case of ZfCI^ however, the fluorescence lifetime will 

ultimately recover.   As noted before, this is attributed to the reaction of H20 and 

ZrCl4 which removes the protons from solution but results in the precipitaron of 
ZrOCl2. 

■■ 

The behavior of the fluorescence lifetime is consistent with the chemical model 

developed earl er.   In the case of solutions using ZrCl4 as Lewis acic. it adds further 

confirmation to the structure already presented for the Ndf3 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 emission coefficient since, as shown by Einstein. 40 the two are equal. 

In the case of Nd+ . 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 Nd+3. we take advantage of the fact that the resonance 

transition and the laser transition arise from the same excited states.    In the subsequent 

discussions we^shall outline the procedure. 41 also used by others. 42'43 and present the 
+3 

results on Nd ' solutions. 

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

/■ 
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and the combined equations: 

f   t     -^£ 
12l21    „22 

f2 ^2     1^499 g2 x2 

where 

k(V) 

Ni 

S.Vn Rl   0 "     ■     ^ % (2-12) 

■ the absorption constant (cm-1) at frequency u 

= the population of state i 

*.0      ■ the peak wavelength of the transition 

n ■ the index of refraction 

gj       ■ 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 ruiiative lifetime of the transition 

In this case, we determine the oscillator strength of the resonance transition which hvs 

an easily measured absorption.   Then, using Eq. (2-12). t^ is readily determined.   New 

smce the laser and resonance fluorescence arise from the same excited state, the ratio 

of the radiative lifetimes ia the ratio of fluorescence intensities.   This determines 

haser and then the cross-section, ff. is obtained from: 

HTtn
2 Lv haser (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 SeOCl,, at room temperature. 
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Figure 2-17.   Emission Spectrum of 0.3M Nd+3 Solutions at 100oK 
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Figure 2-18.   Absorption Spectrum of 0.3M Nd+3 Solutions at 100oK 

a) SeOCl2 

b) P0CL 
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Figure 2-19.   Absorption Spectrum of 4I   ,   - 4F„ ,_ Transition of Nd +3 
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Comparison of the emission and absorption spectra at room and liquid nitrogen 

temperatures reveal that the principal peak frequencies are the same, but the narrower 

lines at the lower temperature provide more resolution and an easier identification of 

the transition frequencies.   An analysis of the spectra leads to the results given in 

Table 2-3 and the energy level structure in Figure 2-20.   These results are character- 

istic fortfie stoichiometric solutions and indicate a low symmetry as would be expected. 

Tolstoi     presents a somewhat conflicting set of results (Table 2-3) for the POC1 :SnCl 

solvent at liquid He temperatures.   In their report, the method of solution prepamion 4 

is not clearly stated.   In addition, they find varying spectroscopic results depending on 

the rate of cooling, and they provide no information on intermediate temperatures which 

might help resolve the differences.    Furthermore. Tolstoi finds evidence for three 

different emitting species in Nd^POC^SnC^ solutions at liquid helium temperatures. 

Brecher and French.      investigating Eu+3 in this solvent, also found evidence for 

multiple species, but this was usually under strongly acid conditions.   Clearly defined 

single species were found generally under stoichiometric conditions.   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-\/2 TRANSITION OF Nd3+ (0.3M) 

IN SeOCl   AND POCl„ 

SeOCL 

Wavelpn^th, 
A 

8668 
8705 
8738 
8778 

8801 
8865 
8905 
8950 

•8990 

Ener 
cm y- 
11.537 
11.488 
11.444 
11.393 

11.362 
11,280 
11.230 
11.173 
11,123 

Assignment* 

b-1 
a-1 
b-2 
a-2 
b-3 

POC1, 

Wavelength, 

8628 
8679 
8718 
8768 

a-3 8805 
b-4 
a-4 8889 
b-5 8960 
a-5 

Ener 
cm 

•gy, 

11,590 
11,522 
11,471 
11,405 

11,357 

11,250 
11,162 

♦Components of the   I9/2 level are numbered consecutively from the ground state (1); 

for the   F3/2 level, a denotes the lower component and b the higher. 
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Figure 2-20.   Energy Level Structure of Nd in SeOClg and POCl3 
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The establishment of the energy levels enables us to evaluate the partition 

function (using only the   lQ/2 levels) and thus, to determine the population of the ground 

state.   Separating out the spectroscopic contribution of the 8705 A (SeOCl ) or 8679 A 

k<y)dv.   Application of Eq.  (II) then leads 

to a value for t^ and the use of Eq. (2-12) provides t^.   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 
Cross-Section 
a (cm2) xlO20 

Fluorescence 
Lifetime 

(MS) 
_(CalculatedJi__ 

Decay Time 
fas) 

(Observed) 

SeOCl9:SnCl4 7.66(a) 290 280 
7.8(b) 280 280 

POCl3:SnCl4 
9.6(b,c) 

5.6(d) (Method 1) 

310 290 

8.3(d) (Method 2) 350 350 
8. 5(d) (Method 3) 

8.l(e) 

10. o(f) 

7.8(g) 

20. oC1) 

POCl^ZrCl. 3           4 9.6 350^ 340 

(a) Ref. 41 
(b) Ref. 23 
(c) Ref. 24 
(d) Ref. 47 
(e) Ref. 49 

(f) Ref. 48 
(g) Ref. 46 
(h) Ref. 21 
(i) Estimate based on similarity between spectra of 

POCl_:ZrCl. and POCL:SnCL. 
3 4 3 4 
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The value obtained by Birnbaum and Gelbwachs     (g) assumes a knowledge of 

the quantum efficiency that is a difficult quantity to obtain.   Collier et al.     (d) evaluate 

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, 

Halter -.nd 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'      (f) indicate 

a valid correction to the calculation of Collier et al., in their application of Method 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. 
+3 

The over-all conclusion is that the cross-section for Nd     in these solutions 

lies between 8 and 10 x lO-20 cm2.   This is compared with values for other typical 

Nd+3 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 

Nd+3 Host 

YAG 

CaWO. 4 

POCl3:SnCl4 

POCl3:ZrCl4 

SeOCl0:SnCl, 2 4 

ED-2 Glass 

LG55 Glass 

Fluorescence 
Lifetime 

(MS) 

240 

165 

290 

350 

280 

310 

560 

Cross-Section 

cm   x 10 

Laser 
Wavelength 

Oxm) 

88.0 

41.0 

9.6 

9.6 

7.8 

4.5 

2.1 

1.064 

1.051 

1.051 

1.055 

1.061 

1.058 

: 

-» 

-- 

•. 
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rlt is also interesting to observe that the ratio of observed-to-calculated 

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

i calculational error), which indicates a quantum efficiency also close to unity.   This 

is in conflict with a value of 0.49 determined experimentally by Schimitschek50 for a 

POCl3: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 

I but, in fact, had an excess of Lewis acid.    This excess would lead to nearly a 20'? 

reduction in fluorescence lifetime (characteristic of quenching) and multiple Nd'3 

species in solution.    It is then doubtful that the value of 0.49 for the quantum efficiency 

is characteristic of "laser" solutions. 

i. 

Substantial contributions to Hd*  laser solutions in aprotk 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- 3 er ixTÜ »I^RAVLt:iGH AXD S™^ LATED-BRILLOUIN AND-RAMAN 

^       In liquid laser solutions of the tvpe involving Nd'3 in aprotic solvents, the 

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 O-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. 

2.3.1      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"1 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. 

2-3G 
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The simplest theoretical treatment is based on the thermodynamic considera- 

tion of a structureless continuum.   This is in essence the original approach used by 

Einstein.       The dependence of the variation of dielectric constant At 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; 52, 53 

1 = I 
»2^ b ttl ßTkT (1 +cosde) (2-14) 

where 
f ■ dielectric constant 

I0 is the intensity of the incident unpolarized light 

V is the scattering volume 

X is the wavelength of the incident light 

L is the distance from the scattering volume to the point where 1 is measured 

P is the density 

ßj. is the isothermal compressibility 

9 is the angle between the k vectors of the incident end 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.  (a€/3P)T, and/3T.   The experimental data on 

scattering intensity and the theory are conveniently connected via the scattering 
coefficient TU: 

n   -   !   L   /     -I, 
(2-15) 

By comparison with Eq. (2-14), it is easy to express the theoretical value of RQ as a 

function of the excitation A-avelength, the scattering angle, and the physical properties 
of the scatterer as follows: 

v-^S dTkT a +cos^e) (2-15 ) 
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The following simple relation connects the scattering coefficient for 9 - 90° with the 

corresponding extinction coefficient, h, of a nonabsorbing medium: 

h    f ^90 (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): 

I = Ioe 
-hx 

(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-   and the cross-section for scattering: 

h'    ^ffR' 
I      n9Ü (2-16  ) 

and 

NO sc (2-16   ) 

N being the number density of scattering centers and O    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 

Ap   have been expressed as a function of the coefficient of isothermal compressibility 
2 

ilr. Alternatively, Ap   can be expressed in terms of pressure and entropy fluctuations, 
2 2 

Ap   and AS : 

adiabatic      isobaric [(«(€^(«(3p] (2-18) 
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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 frequency, 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 

2n A sn H- 

Depolarization Effects 

Both Rayleigh and the Brillouin scattering are completely polarized because 

only Isotropie 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 A   as follows:52, 53 

('    A   'ijo A 

' Pn-\ ) (2-22) 

P   = i /i u    V z (2-23) 
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(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 raMo of 

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

I /T ß     -/i 
isobaric7 adiabatic -    U    B . y - i (2-20) 

where y 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): 

^%-2n(v/c)sin|e (2_21) 

From the measurement of AOJ, c^, 6, and n, the value of the hypersound velocity v 
can be deduced. 

- 
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where 

^u = ^z + U (2-24) 

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

ix and iz 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: 

9»      3e 2 6+6A 
R90    ^4 P^PT'JTkT6-7Au 

u 
(2-25) 

The term (6 46^)7(6-7^) is known as the Cabannes correction factor. 

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

TABLE 2-6 

COMPOSITION AND PREPARATION OF LASER SOLLTION SAiMPLES 

Sample 
Components 

(25:1) 
Nd Content 
(Mole/Liter) FiKered 

Filter 
Porosity 

A POCl3:SnCl4 0.3 Yes Fine 
B POCl3:SnCl4 0.3 Yes Fine 
C POCl3:SnCl4 0.3 Yes Medium 
D POCl3:SnCl4 0.3 

[Nd(TFA)3] 
Yes ntrafine 

E POCl3:SnCl4 0.3 
F POCl3:SnCl4 0.3 Yes Otrafine 
G POCl3:ZrCl4 0.3 

LNd(TFA)3] 
Yes Fine 

H SeOCl2:SnCl4 0.3 No 
I SeOCl2:SnCl4 0.5 No 
J SeOCl2:SnCl4 0.3 No 
K SeOCl2:SnCl4 0.1 No 

2-40 

.-^M—^M^^M 



f —i'" 

Unless otherwise specified, Nd203 was used to provide the Nd+3 ion.   In the other cases 

the trifluoroacetate (TFA) was used.   The less corrosive POClg based solutions were 

filtered prior to use as stated in Table 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 obtained 

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 nsted in Table 2-8.   Only solutions based on SeOCl., gave any appre- 

ciable Rayleigh-wing scattering.   The FV'HM was largest for SeOCl,, (i. e., 0. 204 cm"1), 

and tended to decrease with increasing Nd concentration.   The Brillouin scattering from' 

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 using values reported in the literature for the scattering 

coefficient of benzene: 15 n lO-6 cm-1 for R90 from benzene under 5461-A excitation. 52 

The corresponding scattering coefficients at 6328 and 10600 k were derived from the 

inverse fourth-power relation [Eq. 2-14)J involving X and are listed in Table 2-9. 

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

extinction coefficienit, »hich are listed in the last two columns of Table 2-9. 

It would appear that at 1. 06/i. the scattering losses, even for the solutions based 

on POClg. would be of the order of 0. Ml cm-1.   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 risible that such processes would 

limit the power capabilities of an oscillator or amplifier based on the liquid media or 

limit their mode of operation.   The principal nonlinear processes of concern are stimu- 

lated Raman scattering (SRS). stimulated Brillouin scattering (SBS) and self-focusing. 
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Figure 2-21.   Detail of the Spectral Distribution of Scattered Light at 90° from SeOCl2 
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TABLE 2-7 

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

joluticm 

BnllDU'n- 
TnpU 

Stiacinir' 

(Khcr 
MMsure- 

mcntft 
(cm-1) 

a|iai inR in SBS (cm*   ) 
Rilractivo 

Index 

Hvpcrsound \'i-lontv im M-I 1 

This 
Work1' 

other 
Measurements I'rediind0 (ihaervi'd" 

Snl 14 0. l«0 ". 2: 1 0.232 1. ml -00 .i):!d. 1 

POCI3 O.-'lJ 1 0.005 0. 277 Ii. 214 1.4571 m s:i7c'K 

pciC'l:;;SnH4 ii..>ir, • o.oo") 0. 277 0.294 

A S11 Slilittipi; 
nNiiiif 

B 0.2:15 1 0. mo 11. Ml I, a umnf luMi 12fi.,d-t! 

1; 0.220 . 0. olo i'. 2-: 1.4-71 

c Nu i^ilmmR 
(ibierve<ih 

i 0. 225 • 0. 005 0. 290 

u fcM    11.005 0. .102 

1 0. 2.10 > 0. 005 

MJCIi 11.275 • 0.005 0.554 0. :i56d 1.04"1 1120 11.10 

Si'(< l_.:Sr(l4 0. ijfi11 
1129 

II 

1 

0. 290 , 0. 005 

0..115 1 0.010 

0. :i75 

0. 405 

) 

1 Kam ■ 0.01 -, 0. :t»o 1.671' 11<0 
K 0. 2"5 1 0. 005 n.:u;7 0. M^ UM 

Bvruent' 0. .'125 t 0. M ii. 3.'10k 
1.50111 1450 1500 

I ndcr R^2" — A extitalmn; 90' scattering. 

I nder fiH43 — k exntatmn; hack^ard scattennK. 

Assummn no variation in the pHH-tuct nv from (i:i2" to 6943 *. 

nUUT     .1* M;   \.iu   r:-2\t. 

* Values dcrned usinR B%i  (J-Jl i and observed Bnlloum-tnplet spai ing al li32h A. 

lnttTii'>Uiwi value at MSI «. 

NMM as footnote (et,  for backward M-attermR at KUA'A i. 

Because ol intense Ravleißh scatterinR. 

R. Kocher (private communication». 

No Bnllouin componerrt? observed in stimulated backward scattering measurements. 

Reference 55. 

Index o( refraction at MM *» (sodium iine>.). 

.1 

■  i 
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TABLE 2-8 

OBSERVED RAYLEIGH-WING SCATTERING 

Solution 
Observed 

FWHM (cm"1) 

Relaxation 
Time 

(lO-U s) 

SeOCl2 0.204 5.2 

H 0.128 8.3 

J 0.112 9.5 

K 0.180 5.9 

TABLE 2-9 

DERIVED VALUES OF SCATTERING COEFFICIENTS RQft (cm-1) AND EXTINCTION 

COEFFICIENT h (FROM I ■ I0e "*) FOR LASER SOLUTIONS 

-6       -1 o 

The Value of Rg   = 15 x 10     cm     for Benzene at 5461 A was Used in Conjunction 
with Formula (2-16). 

R90 (6328 A) R90 0.. «M) h (at 6328 A) h (at 1. 06ß) 
Solution (xlO6 cm-1) (xlO6 cm-1) (xlO4 cm"1) (xlO4 cm"1) 

SeOCl2 16.8 2.13 2.82 0.356 
H 37.8 4.8 6.32 0.805 

I 30.2 3.84 5.02 0.645 

J 39.5 5.0 6.6 0.838 
K 19.3 2.45 3.26 0.41 

POClg 5.55 0.70 0.93 0.117 
B 60.0 7.6 10.0 1.27 
C 470.0 59.5 79.0 9.95 
D 47.0 5.95 7.9 0.99 
E 73.0 9.25 12.2 1.55 
F 59.0 7.5 9.9 1.25 
G 84.0 10.65 14.1 1.785 

Benzene 8.4 1.07 1.41 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 linewidths and integrated intensities were then compared with CS0, for which 
56-3 

the SRS gain per unit length     should be 60 x 10     I   if the CS0 linewidth is taken as 
-1(57) 2 

0. 5 cm and where 1   is in MW/cm .   The gain value for POCL was found by 

measuring its integrated intensity relative to that of CS„ and correcting for the line- 

width, since the intensity per unit frequency width at the peak is the relevant parameter 

in SRS. 58 

Spontaneous Raman spectra of pure POCl„ and pure SeOCl0 are shown in 

Figure 2-22.   The most intense line in the POCL Raman active vibratioru:! spectrum 
-1 

is the P-Cl vibration at 488 cm    .   The line is strong and comparable in total inte- 
-1 +3 

grated Raman intensity to the 656 cm     line of CS9.   In a Nd    :POCL laser solution 
-1 -1 

a weak new Raman line appears shifted ~5 cm     to the red of the 488 cm     POCL line 

Its intensity is enhanced relative to the main line at higher molar concentrations of Nd 

The presence of the new line depends upon the presence of the components (other than 

f3 

,+3 Nd '" or POCL) in the laser solution .+3 When Nd     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 solution that are not present in pure POCL is to reduce the 
-1 intensity of the 488 cm     line proportionate to the amount of added components. 

The 386 cm     Se-Cl vibration is the most intense feature of the SeOCL Raman 
-1 -1 spectra.   In a pure SeOCL soMion, the 386 cm     line has a complex structure ~18 cm 

+3 wide.   In the laser solution of Nd     SeOCL, as in POCL, a new line appears shifted to 
-1 -1 +3 the red of the 386 cm     line by ~5 cm    .   When Nd     is removed from the laser solu- 

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 
_2 

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

58 
Theory     states that the most intense spontaneous Raman lines will appear in 

59 SRS.   Tht    ain     per unit length for SRS is given by: 

g 
8ffcN   da 

hlJ2n2dn&h®Au (2-26) 
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Figure 2-22.   Raman Spectrum of Pure P^ Cl   (a) and SeOCl   (b) 
ö it 
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where 

d<J/dQ is the differential scattering cross-section 

AV the Raman linewidth in cm 

ÄVT the laser linewidth in cm 

Cü   the angular frequency of Stokes radiation s 
3 

N is the number of molecules per cm 

Av  ® Ai^ is the convolution of t^e linewidths of the pump and Raman radiation, 
respectively,  (e.g., for Lorentzian line shapes Al'   ®Al' = Av    + AU). 
Under single-mode excitation, A^   ® AU = AU. 

The integrated Raman intensities of the 488 cm"   POCl« and 386 cm"   SeOCl« 

lines relative to CS» were measured, and with a knowledge of the Raman linewidths, 

the gain was computed.   The peak intensity of the Raman line in POCL, relative to the 
-1 

peak intensity of the 656 cm     CS2 line, was measured as 0. 05 ± 0. 01; and the peak 

intensity of the SeOCl9 line, relative to the CS9 line, was measured as 0. 06 ± 0. 01. 
-3 Spontaneous data predicts a Raman gain per unit length of ~2. 7x10     L. in POCL and 

3. 2 x 10"   I- in SeOCl« where I   is in MW/cm .   The gains in SeOCl, and POCL are 

about the same, because the peak intensity per unit bandwidth is approximately the same. 

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 POCL,  POCL doped with dimer 

(P O Cl.), and E (TFA) :POCl :ZrCl,.   The objective was to isolate nonlinear effects pro- 
Z    •>      4 U O o T 

duced by the other components of the laser solution — dimers such as P.O Cl. or complexes 

such as POCLtZrCL 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, 

because a neodymium solution absorbs the 6943 A ruby wavelength. 

The cprve of SRS intensity vs. laser intensity for pure POCL is plotted in 

Figure 2-23.   Only forward Fuvman scattering was observed from POCL.   Backward 

SRS from POCL was measured 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. 
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Figure 2-23,   SRS and SBS Curves in POCL Versus Ruby Single-Mode Laser Intensity 
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As seen from Figure 2-23, substantial Raman conversion occurs over a length 
2 1 of 50 cm at powers of ~100 MW/cm .   The Brillouin scattering curve is also shown in 

2-49 

:i 

0 

2 
Figure 2-23.   A large amount of laser convulsion to SBS takes place at "20 MW/cm . 

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 
-1 2 the beginning portion of the Raman curve to be ~0. 33 cm     at 128 MW/cm . 

When POCl„ was doped with dimer (P 0„C1.), 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 POCl„ 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 POCl„ is responsible for SRS, and the rare earth ions and the addi- 

tional liquid components act like inactive participants in SRS. 

2 At the powers used in this experiment (128 MW/cm ), the SRS gain calculated 

from the spontaneous Raman emission is 0. 3 cm     while the actual measured SRS gain 

is ~0. 33 cm" .   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 POCL solution is not present, since the laser solution has a higher threshold 

and a similar gain as the pure POCl„ solution.   Self-focur.ing, due to the orientational 

Kerr effect, might be expected since the reorientation time of a POCL molecule is 
-11 ~10     s.   However, we were unable to photograph self-focusing. 

To summarize the experimental results, (1) large amounts of Raman conver- 
2 

sion occur only at high power and long cell lengths, typically 100 MW/cm   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. 
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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 

SeOCl2. 

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 tenmerature 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 POCLiSnCl. and POCl3:ZrCl   were made at a later time using a minor varia- 

tion of the same technique. 

2.4.2 Viscosity and Density 

The viscosity measurements were made with an Ostwald viscosimeter using an 

801 glycerine-water solution   T7(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 SnCl4, both in SeOCl2 and POClg, 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 ZrCK, has a viscosity of about 5 cp which is the lowest. 
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TABLE 2-10 

REFRACTIVE INDEX OF LASER SOLUTIONS 

Material 
Refractive Index at 

Temperature 
CC) 

- 

0. 5086^m 0.66 7 8^m 0.7947Mni 1.083^m Accuracy 

SeOCl2 1.66500 1.64188 1.63333 1.62437 ±3 xlo"5 
22.9 

■ 

SeOCl2:SnCl4 

(25:5) 
1.67875 1.65579 1.64717 1.63826 ±4 xl0~5 

22.9 

SeOCl2:SnCl4 

(29. 5:0. 5) 
1.66689 1.64379 1.63522 1.62625 ±2 xlO-5 

22.5 

0. 3M Nd+3 

Laser Solution 
1.69079 1.66733 1.65852 1.64929 ±3 xlO*5 

22.8 

SeOCl2:SnCl4 

0. 03M Nd+3 

Laser Solution 

1.67701 1.65394 1.64541 1.63640 ±1 xlO"5 
22.7 

SeOCl2:SnCl4 

SnCl. 
4 1.51847 1. 50536 1.50027 1.49491 ±2 xlO-5 

22,3 

0. 3M Nd+3 

Laser Solution 

0.6328/im 1.06^m 

±5xl0"4 1.4879 1.4789 

POCl3:SnCl4 

0.3M Nd+3 

Laser Solution 
1.4873 1.4783 ±5 xlO'4 

POCl3:ZrCl4 

I 

I 
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TABLt 2-11 

VISCOSITY AND DENSITY OF LASER SOLUTIONS 

Solution Viscosity (cp) 
-3 

Density (gem    ) 

SeOCl2 
3.0 

SeOCl2:0.3AI Nd+3:2.45M SnCl4 
190.0 

SeOCl2:0.3M Nd+3:1.45M SnCl4 
27.0 

SeOCl9:0.3M Nd+3:0.45M SnCl4 
9.0 

POCI3 1.01 1.645 

POCl3 with i% H20 1.09 

POCl3:Ü.3M Nd+3:1.33M SnCl4 
10.42 1.91 

POC13:0.3M Nd+3:1M SnCl4 (Comm  ) 6.32 1.86 

POC13:0.3M Nd+3:0.45M ZrCl4 (Commb) 5.40 1.79 

POC13:0.3M Nd"3:0.4P^ ZrCl4 
3.95 1.78 

lAll measurements made at 250C. 

Commercial material supplied by Sylvania Chemical and Metallurgical Division, 
Towanda,  Pennsylvania. 

2.4.3      Passive Scattering Losses 

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 1 )ss, 

which we designate as a passive loss, was investigated. 
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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 a cw 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 

scattering 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 to one of the other two methods.   The details of the experimental 

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 LIQUIES 

,! 

.1 

Material 

Light Scatter 
(Arbitrary 

Units) 

Transmission 
Loss at l.OBn 

(% per cm) Method 

Water 0.15 >1.0 
0 

Transmission 

Ethanol 0.25 >1.0 Transmission3 

Benzene 1.0 >l,0 0 

Transmission 

CCL 4 0.4 0.10 Static Loss 

POCI3 0.4 0.10 Static Loss 

POCl3 + ZrCl4 0.6 

H20 + ZrCl4 0.5 >1.0 Transmission 

HgO + Nd (TFA)3 0.4 >1.0 Transmission3 

0. 3M Nd+3 in POCl3-ZrCl4 2.5 0.16 Static Loss 

(Contaminated with HO) 

(Contaminated with HO) 

4.5 

15.0 

0.2-0.3 

0.26 

0.60 

Transmission 

Static Loss 

Static Loss 

0. 9M P203C14 in POCl3 0.8 Static Loss 

11 

Loss values greater than 1^ per cir by direct transmission measurement indicate that 
absorption band in the medium, rather than scattering is a major loss. 
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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 Iß,   Measurements were made on many different solutions, although not all methods 

were used on all samples.   The solutions studied include: 

1) Pure liquids:  vater, alcohol, benzene, CC1., SeOCl„,  POCL. 

2) Mixtures of var/vus components:  SeOCL + SnCl.,  POCL + SnCl., POCL + ZrCL, 

Nd(CH3COO)3 + 11„0. 

r.\ 
3)    Various s^ndar^ .aser solutions:  0. 3M Nd     in SeOCL + SnCl., in POCL + SnCl., 3 

in POCL + ZrCL, with and without 1LO contamination. 

+3 4)     Dilutions of standard laser solutions with pure solvent:   0. IM and 0. 03M Nd 

oolutioas prepared bv reaction of   odium trifluoroacetate with POCL to produce 

various concentrations of P^O^CL. 

The results of the measurements are listed in Table 2-12.   To summarize the 

more important points:  all the pure components of the laser solutions (POCl«, 
+3 

POCL + ZrC^« SeOCL, Nd     in H„0), as well as some other pure liquids (alcohol, 
+3 

water) give scattering measures of 0.1-0. 5; however, when Nd     is present in the 

POCL or SeOCL mixture, the scattering measure is 2. 5-3. 0, a factor of 6-8 higher. 

It is a1 so noteworthy that the ratio of the scattering values for the two pure solvents 
fiO 

CCL   and oenzene (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 

POCL liquid comes out as about 0. 01S1? per cm at 1. 06ß and the absorption loss as about 

0. OG'T per cm.   The latter value is higher than expected, probably due to trace amounts 

of contamination by H90 which has a significantly intense absorption of 1. 06/i.   The 

scattering loss for the complex itself is 0.1^ per cm at 0. 3M concentration. 

POCL solutions that have been contaminated with H„0, even if subsequently 

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

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

an excessively high concentration of polyphosphoryl chloride polymer.   Reduction of the 

viscosity can be accomplished by addition of PCL (which selectively degrades this 

polymer), but the scattering does not go below the "base level" of 2. 5, and further addi- 
+3 tion of PClr causes the Nd     to precipitate.   Since solutions containing only the 

o 
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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+3 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) 

8) 

This scattaring loss can be reduced to a minimum value intrinsic to the medium, 

below which we cannot go without deleterious chemical effect. 

The scattering appears to be caused by a highly polarizable complex of Nd+3 

and P203C14 (and also longer polymeric phosphoryl chlorides).   The latter 

compounds are components of the POClg-based laser solution and are essential 
to the solubility of the aclive ion. 

4)    A laser solution (0.3M Nd+3 in POCl3-ZrCl4) has a loss corresponding closely 

to the absorption loss at 1. 06/z and is a good laser medium. 

2.4.4      QHiCi- 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. 

46 
Birnbaum and Gelbwachs     report a heat capacity of 0. 22 cal/g0C for 

Nd:POCl3:ZrCl4 solutions, but give no reference, nor do they indicate making the measure- 

ment the'i.selv-s.   The most extensive report of physical properties Is made by Zhabotinsky 

et al.     who give the following:  heat capacity: 0. 32 cal/g0C; coefficient of volume 

expan3ion: 10" ^C; density: 1.88 gem"3; viscosity: 4.23 cp at 20<,C; refractive index: 

1. 525 at 20oC; and a temperature dependence of refractive index: (-5 ±2) x 10~4/oC at 

20oC.   The authors do not specify the Lewis acid used with POClg and state that they 

used a number of systems.   From the information given, particularly with respect to 

refractive index and density, it appears that the Lewis acid is SnCl4.   We have assumed 

that they are correct in stating that these values are typical for such systems.   This is 

probably so since the majority component, by far, is POC1 
3 

- 
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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 mnlcs- 

cules are still unclear; 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.   Fin?,lly, on a purely chemical basis, it 

would be of great interest to study the behavior of other Lewis acids in POC1 ; 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. 

2-56 

- 



I 
I 
I 
( 

1 
I 

3.    LIQUID LASER SYSTEMS - STATIC AND CIRCULATORY 

Since we are concerned with a liquid active laser medium, -.ve 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 nnd 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 such systems represents a major contribution and must form the basis for 

any continuat on of this work.   The p .»sentation 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 

IO achieve laser oscillation the liquH can actually be contained in any kind of 

transparent enclosure.   The extreme example of t ds 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 ra*her arbitrarily at each ewd.   The laser solution was admitted 

through a side arm 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 firct 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 bonded 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 

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. 

. 

. 

(gimmmmnmM 
Figure 3-1.   Primitive Flame-Sealed Laser Cell 

n 

h  TAPERED GLASS STOPPER 

QUARTZ TUBE 
QUARTZ DIFFUSION 

BONDED WINDOW 

Wf///////////////////. 
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 tut into the end of the cell body    The windows were compressed onto the 

cell and held in place by two stainless steel washers connected by three tie rods; this 

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

nuts on the tie rods.   Since these were independents adjustable, there was a certain 

amount A play even after Interference rings became visible between the cell window 

ai..u body and parallelism could usually be achieved.   The entire structure was made 

possible by a Teflon covered O-ring seal.    These consist of a silicone O-ring encased in 

a Teflon tube sealed 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 

angle terminations on one side and a flat on the other.   They were even made with two 

different Brewster angles, one appropriate for the air-quartz interface and the other for 

the liquid-quartz interface.    Finally, the cell body could be made of Pyrex instead of 

quartz.    The use of two expansion volumes eliminated the rupture problem; the use of 

tie rods probably 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 cell 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 thickened cell 

body end and the washer opening is tapered at the same angle aj 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 cell window is contacted to the cell body. 

This design eliminates the tie rods but introduces an umpumpeti liquid 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 oe assumed that such a cell was used. 

3-3 

— -^——k-—*. 



^tt? 

Figure 3-3.   Laser CUl:   (a) cell windows, (b) Teflon-coated 
sllicone 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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31.2     Flash Heada 

All flash heads used two lamps located as close as possible to the cell Th. 
amp-cell confl^.on «. tIght,y enclo8£d „ a „^of ^ ^Z^T 
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3- 2 CIRCULAl ORY SYSTEMS 
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if we assume that the heat generation, Wj, 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 such a large 
thermal gradient. 

In liquid laser media the situation is quite different.   First of all. If we circulate 

tv ) liquid through the laser cell, a large portion of this heat can be removi d 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 809? of the heat generated during the pulse.   The rest of the heat 

load is dissipated by forced convection in the radial direction.   It is Important to note 

that even though the thermal conductivity of the laser liquid Is about a factor of 

10 smaller thaa 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 arise 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 POCl3;ZrCl4: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 plastlcizers.   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': le way. 

Above a certain level, water absorbed In the solution causes a precipitate, 

ZrOCl2, resulting In a large and rapid increase in optical scattering which des- 

troys laser action In the liquid.    In general, a watei 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. 

c) The circulatory system must be carefully designed to avoid hydrodynamic in- 

stabilities (cavltation) while maintaining a large volume flow rate ihrough 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.   Tills 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 safety 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 solutions c -er 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 Nd+3 liquid laser. In that a single pump and heat 

exchanger are capable of operating several .'iquid 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 pump<ng a 

'/«-inch I. 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 flashla.np driving circuits, the system is 

also capable of operation In an oscillator-amplifier mode. 

The only Item In the clrcu'.atory 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 < onnecting pipe between the two laser heads.   This arrangement has two fur., ions; 

the hrot 1« to ac' 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 
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The second function of the arrangement is provided by connecting the top of the spherical 

chamber to a large (5 liters) gas ballast.   By means of an external source of dry nitrogen, 

the static preosure of the entire system can be regulated above or below ambient.   As 

the surface c: 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 

svstem when filling. 

In this section we will describe in detail th.? design and the factors affecting the 

design of the circulatory system, and the cells.   We will also describe the flash en- 

closures, the cooling system and the power supply. 

3.2.1      Circulatory Svstem Lesign and Calculations 

One of the most important factors in the design of the circulatory system is the 

system pressure vs. volume 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 nu   be written in the form: 

Ap ^Pj-Pg =pg(y2-y1) +(P/^(VI- 4) (3-1) 

Where: 

PitPp ■ pressure at points 1, 2 

VJJV- = mean stream velocities at 1, 2 

yl,y2 = 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: 

Pl"P2   / \     1 / 2      2\ 
-7r~ = (y2-yl) + 2i(Vl-v2) (3-2) 
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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: 

dynamic head loss ■ expansion or compression head + friction head loss (3-3) 

and proceeds througn theory and experiment to express these in terms of factors 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, R , for an average-fluid flow velocity, V, in a channel of 

hydraulic radius, r, , given by: 

Where: 

Re =4Vrh(p/»x) 

p ■ fluid density (gm cm    ) 

(3-4) 

H = dynamic viscosity (poise ■ gm cm     sec    ) 

r. ■ hydraulic radius 
channel cross-sectional area 

wetted perimeter 
(cm) 

= 5*- = - f.» a cylindrical pipe of radius r. 

The volume rate of flow Q in the channel of cross-sectijnal area A is giver, by: 

Q ■ AV(cm3 sec-1) 

Eq. (3.4), therefore, becomes in a cylindrical pipe of diameter D ■ 2r, 

R    -Hfi. 
e    nDn 

(3-5) 

(3-6) 
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Three distinct conditions of fluid flow are identified by ranges of the Reynr' '.'s Number, 

as follows: 

R   < 2000   :   laminar flow e 

2000 < R   < 3000   :   transition flow (3-7) 
t 

R   > 3000   :   turbulent flow e 

In general, the friction head loss, Hf, for incompressible fluid flow in smooth 

In this case, the average fluid velocity, V, is defined as that in the smaller of the joining 

pipe cross-sections.   The constants, K ,K , have been measured and are most conveniently 

presented in graphical form as functions of the cylindrical pipe diameter rrdio (diameter 
64 smaller pipe/diameter larger pipe). Such a graph is shown as Figure 3-6.       A third 

3-12 
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I Under laminar flow conditions, the velocity profile of the fluid flow across the pipe 

diameter is parabolic.   Under extreme turbulence, this profile flattens out over the 

cf ntral region of the pipe and becomes more steep near the pipe wall.   A further dis- 

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

I 
bore circular pipes may be written as: 

I 
Where: 

L, D - pipe length, diameter 

V ■ average flow velocity [from Eq. (3-5)] 
-2 -2 g - acceleration due to grwity (32. 2 ft sec " or 9*1 cm sec    ) 

f = dimensionless friction factor. 

The value of this friction taciur can be well approximated in the laminar and turbulent 
CO 

flow regions as: 

f ■«*    (laminar flow) > 
e (3-9) 

r u^jib   (turbulent flow; 

e 

Tue second dynamic head loss term in Eq. (3-3), the expansion or compression head 

loss',' H   or H , may be defined similarly to Eq. (3-s) as: 

He-Ho = (Ke-Kc)^- <3-i(» I 

I 
I 
I 
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Figure 3-6.   Expansion and Contraction Head Loss Factors as a Function of Pipe 
Diameter Ratio 
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dynamic head loss term arises 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, 

K^, which is a rather complicated function of the radius of the bend relative to the pipe 

diameter, the angular degree 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 

reference 64. 

As an actual example of these calcabtions as applieo to the design of the 

latest Nd     liquid laser system, these formulae will be applied to each of the elements 

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 10r; of the main 

loop is then assumed so that the bypass flow may be neglected with rospect to the main 

loop flow.    Flow through the bypass is reduced by the addition of a constriction in the 

loop ^o achieve this.    Finally, the pump head characteristics are introduced to deter- 

mine the system operating characteristics.   Final estimates oi system head losses are 

considered accurate to only about ±20r.' but, because of the largely quadratic dependence 

of h on 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 gm cm"3, and a dynamic viscosity of 
-2-11 

M - 5 centipoise ■ 5x 10     gm cm     sec    . 

3.21.2       Liquid Laser 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 meet 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 piece is 

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

3-14 
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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 

Item Head   1 Head   2 Head   3 

Flasti Enclosure Quad Ellipse Dual Ellipse Dual Ellipse 

Number of Lamps 4 2 2 

Pumped Cell Length 10 incnes 10 inches 6-1/2 inches 

Cell Bore Dianeter 7/8-inch 
(2. 2 cm) 

5/8-incl. 
(1.6 cm) 

1/2-inch 
(1.3 cm) 

Cell Active Volume 100 cm3 
50 cm3 

20 cm3 

E
inpUt/pulse (maximum) 4000 joules 2000 joules 750 joules 

Maximum Rep. Rate 5 pps 10 pps 20 pps 

Laser Cell Wall 
Thickness 

0.14 cm 0.10 cm 0. 08 cm 

Thickness of Water 
Coolant Layer 

0.31 cm 0. 20 cm 0.14 cm 

Glass Water Jacket 
Thickness 

0.10 cm 0.10 cm 0.10 cm 

0. D. of Glass Water 
Jacket 

3.32 cm 2.40 cm 1.90 cm 

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 Coming 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.   In this wa} fee "plocity of the liquid, on enterinE the cell, 

changes in direction only but not in speed. 
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The volume enclosed by the nickel transition piece acts as a p'enum 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 direction and the liquid enters onto its 

journey down the cell (pipe).    Figure 3-8 is a full-scale drawing showing the detailed 

construction of the nickel plenum chambers at either end of the laser cell. 

Dynamic head losses for the laser cells are calculated by modeling the cell 

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

chambers plus a pipe friction head due to flow through the active region of the cell. 

Since a flow expansion at one region of the entrance plenum chamber is a flow compression 

at the exhaust plenum, the nickel chambers may be treated simultaneously.   With refer- 

ence to the cell schematic of Figure 3-9, the entire cell model can be visualized as the 

xollowing: 

a) an expansion (contraction) from A   to A, 
o        1 

b) right angle bend (2) at effective area A.. 

c) expansion (compression) from area A1 to A 

d) right angle bend (2) at area A 

e) expansion (compression) from area A   to A 
Z o 

f) right angle bend (2) at area A 

g) compression (expansion) from area A„ to A, 
3        4 

h)   friction loss through pipe. 

As a numerical example, we will calculate the head losses for the cell with 

a bore diameter of 7/8 inches (22. 2 mm) and a pipe length of 14 inches (35. 5 cm). 

From the dimensions of Figure 3-9, the respective cross-sectidal areas for the cell 

are: 

0 ff (0.500 in)2 - 0.485 in2 

ff (0.437 in)2 » 0.601 in2 

A2 - ir[(0. 665 in)2 - (0. 500 in)2] - 0. 604 in2 

A3 - ff (0. 875 in) (0. 281 in) ■ 0. 772 in2 

A4 ■ ff (0.437 ir)2 - 0.601 in2 

a) >JA1/A0 = 0.875 

From the graph of Fitjure 3-6, 

K,K   =0.04 e    c 
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LASER CELL ASSEMBLY 
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METAL END BELL 

Figure 3-8.   Detail Showing Nickel Plenum Chamber at End of Laser Cell. 
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Figure 3-9.   Schematic of Laser Cell End Showing Cross-Sectional 
Areas used for Head Loss Calculations 
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and, 

«.■K-.)^--^ 
where: 

Vj ■ average flow velocity in the 7/a inch pipe section (ft sec"1) 

Vi = 2.22xl0-V0533Q 

where: 

Therefore, 

Q ■ volume flow rate (gallons min"1) 

H  (ft) =3.51xlO~4Q2 

b)  Assume that the Reynold's Number of the flow is on the order of 10, 000 so 

that 

1^ =0.27. 

Therefore: 

V2 _ 0.54 „2      -3^2 Hb(ft) - (0.27+0.27) Jj-- jta v* -2.MX 20"^^ 

c)    ^Aj/A« = 0. 996  and   K , K   = 0. 001 

V2 = —— V2 = 1 OOS V2 

2     0.996     1     1UU!)V
1 

0.002 -4^2 H
c(ft) = -jffi (I- 005) (0. 533Qr = 0. 89 x lo"4Q 

d) h 0.27 

V 
2      0.54 -3^2 Hd(ft) - (0. 54) ■£■. ^| a- 005) (0. 533Q)^ = 2. 39 x IQ^Q 

5)     ./VVliilS-0-884'    Ke'Kc = 0-05 

2     0.1 -4^2 He(ft) = (0.1) ^7 = ^ (1.005)(0.533Qr=4.41xl0"4Q 

f) «b 0. 27        V„ = 
(*) 

, V2 ■ (0. 783) (1. 005) Vj = 0. 786 V. 
0 

i 

I 
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V2 

Hf(fl)- (0.54) ^|^^|(0.619)(0.533Q)2- 1.47xlo"3Q2 

g)      /A4/A3 - Jo. 601/0. 772 ■ JO. 779 ■ 0. «81;    Ke. Kc ■ 0. 05 

9 

H  (ft)«  (0.1)^    |~-(1.00H) (0.533 Q)2- 4.43 xl(r4Q2 

Summing a) througji g): 

H'fft) - H    + .  .  .  ^ H    - 7.57 x 10"3Q2 

a g 

h)   The friction loss through the cell pipe is calculated using the friction 

factor from Eqs. (3-9) and (3-*) in the form: 

w<{m) v
2 

2g        64.4     4 

The total head losses for this cell and the two other eel's used in the laser 

system are compiled by Table 3-2.   The Reynold's Number, Re, of the flow through 

the pipe section of the laser cell is also included for later use. 

3.2-1.3       H iat Exchanger 

A schematic cross-section of the laser liquid heat exchanger is shown as 

Figure 3-10. The device is of the shell and tube type with city water as the cooling med- 

ium surrounding 24 nickel tubes through which the laser liquid flows.   The cooling tubes 

terminate at the entrance and exit at the plenum chambers in the shape of hemispheric 

cavities.   The entering laser liquid stream strikes a conical flow diverter in the en- 

trance chamber to help redirect the stream to the cooling tubes.   The entire unit is 

mounted vertically on the output flange of the pump so that any bubbles contained in the 

fluid are naturally exhausted from the device. 

From a fluid mechanical viewpoint, the device can be analyzed for pressure 

heads as follows: 

a) A free expansion (compression) loss from the connecting tubing to the 
- 

plenum chambers. 

b) A free compression (expansion) loss of the equally-divided flow from the 

plenum chambers to the cooling tubes. 
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Figure 3-10.   Schematic Diagram of Heat Exchanger 
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at the respective ends of the device (K   = 1. 0,   K   - 0. 5).   Letting the 

mean flow velocity in the l-inc:i diameter connecting tubing to designated 

by V. (ft/sec), we therefore have: 

If the volume flow rate of liquid is Q gallons min    , we can convert this to 

cubic feet per second as: 

Q/(ft3sec"1)= 2. 22 X 10"3Q (GPM) 

The mean flow velocity, V-, in the connecting tubing can therefore be cal- 

culated by dividing Q'by the cross-sectional area (ft ) of the tubing.   We 

therefore have: 

The head loss, H , is therefore: 

r'      24* ffx (1/128) 

The expansion and compression head losses at either end of the entrance to 

the tubes is therefore: 

V2 

Hb(ft) - (Ke ♦ Kc) -j^ =(^|)  x (0.483Q)2 = 5.44 x lo"3 Q2 
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c)   Fluid friction head loss for the flow through the cooling tubes. 

The calculation of each contribution is again shovm below: 

a)  We shall assume the hemispheric entrance and exit chambers act as true 

plenums in that the flow transitions from the connecting tubing to the 

chamber volumes can be idealized as a free expansion and compression 

il 

n 1 

\Vftsec-V Q/(ft  3eC" ^O^OTQ 
1.49x10*'IT ,i 

- 
H  (ft) - (2. 33 x 10 2) x (0. 407 Q)2 - 3. 86 x 10"3 Q2 

b)  Assuming the flow is equally divided among the 24 cooling tubes, the volume 

flow rate Q  ■ Q/24.   The internal diameter of the nickel cooling tubes is 

3/16-inch and the mean flow velocity through each of the tubes is therefore: 

W»-"1» ■ (St)" -^ • 222'<10"3(i
2 ■ ••♦"« 3/16 V24/     ffr2     MxtxA/mr 
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c)  The friction loss for the flow through the cooling tubes may be calculated by 

using Eq. (3-H) where the ratio of length (6 inches) to tubing I. D.  (3/16 inches) 
is L/D = 32. 

Therefore: 

Hc(ft) = {\h)~^r  ^(el^ (0.4H3Q)2^(0.116)xfyQ' 

The "friction factor" f may be calculated from Eq. (3-9) and the Reynold's 

Number of the flow through the cooling tubes as defined by Eq. (3-6). 

The calculated partial head losses Ha, Hb and Hc are shown as a function of system 

volume flow rate, Q. on Table 3-3 for the heat exchanger along with the sum of the 

partial head losses and the Reynold's Number. Re, for the flow through the exchanger 
cooling tubes. 

TABLE 3-3 

HEAD LOSSES AND REYNOLD'S NUMBERS FOR HEAT 
EXCHANGER USED IN THE LIQUID LASER SYSTEM 

1 

Q 
(GPM) 

1 
R 

1 

H 
c 

(feet) 
<     Ha+Hb 

(feet) 
;      WHc 

(feet) 

1 253 0.028 0.009 0.04 
2 506 0.112 0. 037 0.15 
3 759 0.167 0.083 025 
4 1012 0.221 0.148 0.37 
5 1265 0.311 0.231 0.54 
6 1518 0.401 0.333 0.73 
7 1771 0.532 0.453 0.99 
8 2024 0.662 0.593 1.26 

9 2277 0.820 0.750 1.57 
10 2530 0.979 0.926 

1 
1.90 

11 2783 1.163 1.059 2.22 
12 3037 1347 1.333 2.68 
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3.2.1.4       Connecting Tubing 

The three laser cells, pump and heat exchanger are all connected together 

using Coming Beaded Pipe and couplers a-inch I. D. ).   The entire system is laid out 

with gentle slopes to the piping so that there is one unique high point to the circulation 

loop (the "free surface" previously described) where bubbles trapped in the laser liquid 

can eventually collect outside of the main fluid stream.    In this particular system, the 

pump, heat exchanger and bypass filter (to be described) are located beneath an aluminum 

table top which forms a convenient reference surface for mounting the three laser heads 

described earlier.   The total length of pipe required for connecting the components des- 
cribed amounted to 63 inches. 

In addition to the friction loss through the connecting H!pe, head losses also 

arise at the three right angle sweep bends in the tubing, the six pipe couplings used for 

joining sections of the beaded pipe sections and the 1-inch I. D. to 1-1/2-inch I. D. nickel 

transition coupler necessary at the pump input port.   The individual contributions to the 
head loss are calculated below: 

a)  H^ad loss at 1-inch to 1-1/2-inch transition. 

This is an expansion loss with diameter ratio (0. 67).    From the head loss 

factor graph of Figure 3-6 we find: 

K   = 0. 26 e 

so that: 

K v2 
Ha(ft)    it (Vl)       fcff (0-407Q)2 - 6. 70 * lo"4 Q2 

b)  Head loss at beaded pipe couplers. 

The internal diameter of the Corning beaded pipe couplers is roughly 95^ 

of that of the pipe.    Fluid flowing through the coupling, therefore, undergoes 

a rapid compression and expansion.   Consvilting Figure 3-6 once again we 
And: 

K ,K  * 0.015 e    c 

so that for the six couplers used: 

Hb(ft) . 6 x (^Ai faf . gl (0.407Q). .4.6X 1(rV 

• 
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c)  Head loss at sweep bends. 

As mentioned earlier, flow separation occurring at bends in    « pipe leads 

to a head loss across the element.   This effect can usually be expressed as 

a head loss factor. K^ similarly to the Ke. K, we have used above.   The 

magnitude of ^ depends on the ratio of pipe diameter to radius of the bend 

the angular sweep of the bend and the Reynold's Number of the flow through 

the pipe.   As mentioned previously. Reference 64 contains graphs and charts 

which may be used to estimate 1^.   In our case, we estimate from this data 
that: 

K^ 0.40 

and 

Vft^3^(vi)
2 = i^(0.407Q)2 = 3.09x10-3Q2 

since there are three bends, 

d)  Head losses at miscellaneous points In the circulation loop. 

Not mentioned previously are four tee joints let into the circulation loop 

Two of these are for conducting roughly 10^ of the main flow through the 

filter bypass loop.   Another tee occurs at the standplpe leading to the free 

surface and a fourth tee Is let into the side of the pipe to mount a thermo- 

couple finger for monitoring liquid temperature out of the flow-stream    As 

a good approximation, we can assume that the liquid in the side-arm of 

these tees is stagnant except for the inevitable eddy motion that occurs at 

the juncture of the side-arm to the pipe.   This slight flow distortion across 

the location of the side-arm leads to a separation of the flow-stream lines 

and a pressure drop across the tee.   A conservative estimate of this effect 

might be to model this stagnant side-arm tee to the case of an expansion 

followed by a compression from the effective radius, r. of the pipe to the 

radius r ♦ d/8 where d is the Internal diameter of the side-arm of the tee 

In the case where the side-arm and pipe are the same diameter, d - 2r and 

the effective diameter ratio of the transition would be 1/1. 25 ^ 0 8    In this 
case: 

Ke' Kc = 0-105 
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and, for the four tees we have In thki system: 

H, =4x 
o 

(0.10510 • 105) 
2g W F    0.84 2 -^9 

"6^4 (0-407Q)   " 2- 15X10 J Q2 

ii 

e)  Friction head loss throu^i 63 inches of 1-inch I. D. pipe. 

This calculation is similar to that of c) in the heat exchanger.   Again, the 

Reynold's Number, Re, is calculated f^r the flow through the pipe, the 

friction factor, f, is estimated from Eq. (3-10) and the head loss 

determined. 

Table 3-4 shows the Reynold's Number of the flow in the connecting pipe, 

the friction head, H , generated thereby and the sum of H +H, + H   + H   as- e a    b      c      d     * 
Ha + Hb + Hc + Hd = (0- 67 + 0. 46 + 3. 09 + 2.15) x io"3 Q2 (feet) 

= 6.37 x io"3 Q2. 

TABLE 3-4 

HEAD LOSSES AND REYNOLD'S NUMBERS FOR PIPING 
SYSTEM USED IN THE LIQUID LASER SYSTEM 

(GPM) R e 

H e 
(feet) 

H   +H. +H   +H, abed 
(feet) 

Htotal 
(feet) 

1 816 0.006 0.006 0.01 
2 1633 0.012 0.026 0.04 

3 2449 0.025 0.057 0.08 
4 3266 0.039 0.102 0.14 

5 4082 0.060 0.160 0.22 

6 4900 0.080 0.230 0.31 

7 5716 0.106 0.313 0.42 

8 6533 0.132 0.408 0.54 

9 7349 0.163 0.516 0.68 

10 8166 0.195 0.637 0.83 

11 8982 0.231 0.770 1.00 

12 9800 0.268 0.918 1.19 
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32 1-5       Total System Head Losses and Filter Bypass Loop 

The totals from Table 3-2, 3-3 and 3-4 must be summed to give the system 

head losses as a function of flow rate Q through the main circulation loop.   This 

summation Is displayed by Table 3-5. 

TABLE 3-5 

SYSTEM HEAD LOSS VS. VOLUME FLOW RATE Q 
THROUGH MAIN CIRCULATION LOOP 

H    i, cells 
(feet) 

Hu heat 

(GPM) 
exchanger 

(feet) 
loop 

(feet) 

H 
system 
(feet) 

filter loop 
(feet) 

1 0.20 0.04 0.01 0.3 
 ,— 

0.1 
2 0.72 0.15 0.04 0.9 0.8 
3 1.54 0.25 0.08 1.9 1.6 
4 2.63 0.37 0.14 3.1 2.8 
5 4.00 0.54 0.22 4.8 4.2 
6 3.63 0.73 0.31 6.7 5.9 
7 7.52 0.99 0.42 8.9 7.9 
8 9.68 1.26 0.54 11.5 10.2 
9 12.09 1.57 0.68 14.3 12.8 

10 14. 15 1.90 0.83 17.5 15.6 
11 17.67 2.22 1.00 20.9 18.7 
12 20.82 2.68 1.19 24.7 22.0 

The construction of the bypass filter loop must now be considered.   As can 

be seen In Figure 3-6. a liquid filter Is connected between the output of the heat ex- 

changer and the Input of the pump.   The pressure appearing across the filter circuit as 

a function of main loop volume flow rate, Q. appears In the last column of Table 3-5. 

We must, therefore, design the bypass filter loop to have this dynamic head loss at a 

corresponding volume flow rate of 0.1Q.   This Is most simply accomplished by adding 

a flow-constricting element In series with the filter In the bypass loop.   The element Is 
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chosen so that the sum of the dynamic head loss of the elemenc plu. that of the filter 
just equals the drop across the filter circuit from Table 3-5. 

The filter selected for use In the laser system Is a fritted quartz cylinder of 
0. 5 ft   surface area and 2-mIcron porosity manufactured by Chem-Flow. Inc    Head 

loss as a function of flow rate through the filter as estimated from the manufacturer's 

data for this unit Is shown as the second column on Table 3-6.   The first column of 

this Table lists the desired loop characteristic from Table 3-5 data.   The third column 

is the difference of column one values and column two and Is thus the head loss charac- 
teristic of the desired flow control element. 

TABLE 3-6 

BYPASS LOOP HEAD LOSSES VS. BYPASS LOOP 
VOLUME FLOW RATE Q 

B 

(GPM) 
loop 

(feet) 
"filter 
(feet) 

loop "    filter        "constriction 
(feet)                     (feet) 

0.1 0.2 0.01 0.2 0.3 
0.2 0.8 0.05 0.7 0.8 
0.3 1.6 0.10 1.5 1.7 
0.4 2.8 0.17 2.6 2.8 
0.5 4.2 0.25 3.9 4.2 
0.6 5.9 0.34 5.6 5.8 
0.7 7.9 0.45 7.4 7.6 
0.8 10.2 0.57 9.6 9.6 
0.9 12.8 0.70 11.1 11.7 
1.0 15.6 0.84 14.8 14.1 
1.1 18.7 0.99 17.7 16.7 
1.2 2^.0 1.16 20.8 19.4 

This element used as the flow control can. In principle, be any device which 
would constrict the bypass loop fluid flow rate.   In our case, because we desired to 

avoid flow separation problems and possible cavitation. we selected a long, narrow 

Pipe (L/D > 10) with a gradual taper at either end.   The friction head loss of this pipe 

I 

.1 

. 

- 
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therefore serves to limit the flow through the bypass loop.   The final column of Table 3-6 

shows the calculated friction head loss for a 3. 5-mm I. D. pipe of length 11 cm (L/D ~ 30). 

A piece of glass pipe of these dimensions was selected from stock, the ends of the pipe 

were flared to mate with the Corning beaded pipe couplers and a glass reinforcing cylinder 

was bonded outside of this thin tube to make the unit mechanically more rugged. 

3.2.1.6       Pump Characteristics and System Operating Conditions 

The pump is one of the most critical elements in the circulatory loop in that 

the ultimate in purity and stability of the laser liquid is necessary for best laser results 

and this is only possible if contamination of the liquid by water vapor from leaks to the 

atmosphere or abraded or dissolved materials from the pump are kept to a minimum. 

In terms of pump requirements, it therefore is clear that almost any direct means for 

transmitting the driving power to the pump impeller creates a shaft-seal problem both 

in terms of packing material and atmospheric leakage.   The best and thus far only 

long-lived solution to this problem has been found in a hermetically sealed, magnetically- 

coupled pump manufactured by the Liquid Dynamics Corporation as schematically illus- 

trated in Figure 3-11.   The driving power is electromagnetically transmitted from a 

rotating field to a soft iron core encapsulated in a nickel case.   The impeller, pump 

casing and rotor housing are all fabricated from Carpt iter 20 stainless steel, and the 

bushings, journals and associated locating hardware in contact with the liquid are either 

alumina or stainless steel.   In the pump, as well as in the rest of the s/stem, the liquid 

comes into contact only with the materials toward which it is nonreactive or with which 

it reacts exceedingly slowly as determined by corrosion tests.       The pump has been 

operated above and below atmospheric pressure and has proven to be reliable and tight 

with respect to leaks. 

The pump output characteristics (pressure head developed vs. volame flow 

rate) with motor control setting (proportional to shaft rpm) as a parameter are shown 

on Figure 3-12.   Note that while the manufacturer's data gives the total head developed 

by the pump, H , as a function of pump flow rate, (Qp = Q + Q' = 1.1Q), the curve for 

the total system head, H , from Table 3-5 was calculated only for the main loop flow 

rate, Q.   To plot both curves on the same graph, we must add the bypass loop volume 

flow rate, Q' = 0.1Q, to the data on Table 3-5. 

The intersection of the system head loss curve and the pump output curves 

give the pressure head and total system flow rate at any given motor control setting. 

This data is replotted as Figure 3-13 where we have now plotted the main loop volume 
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Figure 3-11.   Cross-Section of Circulating Pump Manufactured 
by Liquid Dynamics, Inc. 
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Figure 3-12.    Pump Output Characteristics and System Head Loss 
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flow rate, Q, against the pump motor control setting.   As may be seen, the experimental 

points may be extrapolated by a straight line to the origin.   This linear relationship be- 

tween the volume flow rate, Q, and motor control setting is fortuitous.   Since the Reynold's 

Number for the flow through each of the laser cells is directly proportional to Q and in- 

versely proportional to the I. D. of the cell [from the definition of Eq. (3-6)], Figure 3-14 

is a direct result of Figure 3-13 mid again shows a linear relationship.   It will be noted 

that on Figure 3-14, the pump motor control setting has an indicated upper limit of 50 

due to cavitation in the system.    This cavitation occurs in the smallest laser cell at a 

Reynold's Number of about 17,000.   At this Reynold's Number, flow separation seems to 

occur In the output plenum chamber of the laser cell where the rapidly moving liquid 

encounters the cell end window and makes a simultaneous right angle bend and expansion. 

The phenomena of cavitation exhibits itself in an abrupt generation of bubbles from the 

dissolved gas In the laser liquid.   These bubbles are carried along m the fluid stream 

and lead to a great Increase In laser losses.   As long as operation of the system is 

restricted to pump speeds below this critical point, optical quality of the liquid is ex- 

cellent and no problems arise. 

3. 2. 2           Water Contamination Control of the Laser Liquid and Circulatorv System 
Materials  

This part of the report is divided into two parts; the first is concerned with 

the measurement of the level of water contamination of the circulatory system and a test 

of Its tightness.    In addition, the question of tolerable levels of water contamination is 

considered.   The second part evaluates the potential construction materials for those 

parts of the pump that come into contact with the laser solution.   This essentially deter- 

mines the chemical compatibility of satisfactory materials with the laser solutions. 

3. 2. 2.1        Measurement of the Water Contamination in the Circulatory System of the 
POC1. Based Inorganic Liquid Laser 

The development of technically significant liquid lasers depends critically on 

the understanding and control of the competitive radiative and nonradiative decay processes 

from the excited state.   In the particular case of Inorganic liquid lasers this is complicated 

by the fact that most solvents contain protons which are extremely efficient in enhancing 

the nonradiative decay processes and thus severely inhibiting efficient laser capability. 

One approach to overcome the problem Is the use of aprotic solvent systems. 

A number of such systems are available and the two that showed the greatest promise 
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were based on SeOCl   and POCl„5    '    ' In these systems, in addition to the aprotic 
Z «5 

solvent and active ion, a Lewis acid is required to enhance the solubility of the laser 

active component to practical levels.   Research effort ultimately resulted in two efficient 

laser solutions:   SeOCl :SnCl4: Nd^/68* 69^ The chemistry of these solutions is different 

but both are exceedingly sensitive to water contamination in, however, different ways. 

In the SeOCl   system, water contamination immediately results in significant nonradiative 

deactivation as evidence by a decrease in both fluorescence intensity and excited state 

lifetime.   The POCL-based system is much less sensitive to protic contamination but 

continued exposure to water results in the precipitation of ZrOCl   and ultimately a de- 

crease in fluorescence lifetime.   In this case the usefulness of the laser materials is 

completely vitiated by the appearance of even the slightest precipitate which occurs well 

before any degradation in the lifetime becomes evident. 

There is no major problem in preparing either of these laser materials in 

large quantities almost completely free of any protic contamination.   Nor is there any pro- 

blem in storing them for, apparently, indefinite periods of time if reasonable precautions 

are taken.   However, their final use in a real, practical laser requires extensive manipula- 

tion and circulation of the solution.   This use involves the risk of protic contamination 

and raises the question of the techniques required for successful manipulation of the 

solution. 

In the simplest terms the problem is to transfer dry laser solution to a dry 

laser circulatory system and maintain an acceptable level of dryness.   The actual trans- 

fer operation has been achieved many times and poses no problem more difficult than 

the techniques for handling up to six liters of solution at one time.   More difficult are 

the following tasks: 

1) To dry out the circulatory system. 

2) To ascertain when the circulatory system has reached a satisfactory level of 

dryness and is sufficiently leak-tight so that water contamination does not 

accumulate. 

3) To determine an upper limit to the tolerable level of water contamination. 

Actually the first task is reasonably straightforward.   The pure solvent itself, 

POCl„, is an extremeIv efficient dessicant since it reacts with water irreversibly.   The 
«3 

basic difficulty is to measure quantitatively the water content of POCl_.   This then is the 

first problem. 
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The absorption spectrum of POClg as obtained from a Perkln-Elmer Model 700 

Spectrophotometer Is shown In Figure 3-15.   The key regions of Interest are the flat part 

from 3200 to 3400 cm" , the weak band at 3050 cm"1, the shoulder at 2675 cm"1 and 

broadband at 2500 to 2600 cm"1.   These spectral characteristics are associated with an 

O-H or P-O-H vibration.       This Is the species that must be examined since the water 

contaminant   reacts rather rapidly with POClg resulting In HOPOC1   and HC1.   As the 

water contamination becomes more extensive, the transmission at these frequencies de- 

creases and the band between 2500 and 2600 cm"1 becomes broader.   Tht spectrum of 
"wet" POCl3 is shown In Figure 3-16. 

A quantitative measure of the water contamination is complicated by the 
difficulty of obtaining and keeping dry POClg.   I.annlng and Cukor, using 10-cm cells 

and POCl3 freshly distilled from lithium were able to establish a calibration curve as 

shown in Figure 3-17.   The ppm H20 represent the actual amounts added to the POC1 

by means of a Hamilton microliter syringe.   These results were extended to higher 

levels of water contamination as shown in Figure 3-18 by measuring the spectra in 1-cm 

cells.   All these results were obtained on a Model 621 Perkin-Elmer spectrometer.   The 

nonlinearity of the calibration curve close to the orign is presumably due to a small but 
unknown quantity of water present In the freshly distilled POC! 

9 

Figure 3-19 shows the results for the same solutions when run on the Perkln- 

Elmer Model 700 in a cell length of 0. 9 cm.   The line designated 2675 cm"1 Is derived 

from an original POCl3 sample that was significantly drier to begin with, and to which 

water was added, using the same microliter syringe.   Figure 3-20 Illustrates the results 

when plotted as a function of inT.   The curves of Figures 3-19 and 3-20 serve to calibrate 
the water contamination. 

Figures 3-21(a) and 3-21(b) present spectra of the actual laser solution, dry 

and wet, respectively.   In this case the main sensitivity resides In the 2675 cm"1 shoulder 

and this It used to measure the degree of wetness.   This Is estimated by using the calibra- 
tion curve for this frequency In POC1-. 

The laser circulatory system was shown In Figure 3-5. The liquid used to 

fill the system Is transferred to the system by pressure through a valve near the pump. 

When the system Is filled this valve Is shut off, the free surface Is pressurized and the 
liquid is ready for circulation. 

In practice, the system Is first filled with dry POC1   to dry out the  nterlor 

of the circulatory system.   The dryness of the system Is determined by noting the wetness 

•   * 
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Figure 3-15.   Infrared Spectrum of Dry POC1. 

3-39 



Figure 3-16.    Infrared Spectrum of POC1   Containing 40 ppm Added Water 
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Figure 3-17.   Calibration Curve of Water Contamination from 0 to 10 ppm in 
POCl„.     From work of Lanning and Cukor. 
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Figure 3-18.   Calibration Curve of Water Contamination from 0 to 60 ppm in 
POC1-.    From work of Lanning ar.d Cukor. 
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Figure 3-19.   Transmission at 3050 cm'   and 2675 cm"   of POCl3   with 
Various Amounts of Water Added.    For the upper two curves 
the ppm H„0 scale is 10 percent of the ore indicated. 
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Figure 3-21.    (a)  Infrared Spectrum of Dry Laser Solution; 
(b)  Infrared Spectrum of Wet Laser Solution. 
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level of the POClg being circulated after the water content has reached a steady level. 

If the water content continues to increase with time, this is taken as an indication that 

tL re is a leak in the system.   To be sure that the sample withdrawn from the circulating 

system represents accurately the material In the system, a special apparatus illustrated 

in Figure 3-22 is used.   The basic idea is that the entire receiving system is flushed with 

dry nitrogen before and after the sample is withdrawn so that no residual POC1   remains 

in the receiving system after the sample is withdrawn.   If this is not done, the trapped 

POCl3 comes into contact with the atmosphere, becomes wet, and contaminates the next 
sample. 

The results of the application of the drying technique and the measurement to 
an actual circulatorv system are Illustrated in Figure 3-23.   As is seen, most of the 

water in the circulatory system was extracted with the first POC1   fill.    Even on the 

first filling there Is a strong tendency of the water contamination level to saturate with 

time. Indicating that there are no, or at the worst only very small leaks.   The second 

and third fillings show a stronger terdency to saturate and a much lower absolute level 

of water contamination.   After the third POClg filling was drained, the system was 
filled with laser solution. 

Figure 3-24 shows the spectrum of the laser solution after use in the laser 

system for 69 days.   From a comparison with the spectra in Figure 3-21, it is evident 

that there Is no significant water contamination.   The extent of contamination of the 

laser solution over a period of six weeks is shown in Figure 3-25.    Over this period of 

time there appears to be a very slight tendency for the water contamination level to 

increase, but the scatter In the points is too great for this to be a firm conclusion. 

After 100 days, the laser solution is as efficient as at the start of the experiment. 

It Is clear that there Is a problem associated with the preparation of 

absolutely anhydrous POClg and ttat Its reactivity with water Involves a serious risk 

of contamination on handling or In use.   The problem with the laser solution is that at 

some level of water contamination, ZrOCl2 begins to precipitate thus terminating the 
effectiveness of the laser. 

As has been seen, even with the uncertainties in the precise level of water 

contamination a level of less than 50 ppm can be maintained in the laser circulating sys- 

tem for long periods of time.   To determine the deleterious effects of contamiration at 

this level, an experiment was set up in which laser solution deliberately contaminated at 

a level of 100 ppm was put In sealed containers.   Over a period of three months, none 

of these showed any sign of precipitation.    Furthermore, at this level the fluorescence 
I 
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Figure 3-23.   Water Level Contamination of Successive Fills of Circulatorv 
Svsfpm  with   T\y,r   Dr^i v.»»v.«iaiui v System with Dry POC1 
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lifetime of the laser solution Is not at all affected.    The 100 ppm then appears to be a 
realistic safe level of contamination. 

3-2-2-2       Investieation of Materials for Circulatory Sy^m 

hi the des.gn of an inorganic liquid laser system one of the most Important 
factors is the selection of materials for the circulator system.    It I. vital that these 

materials be stable to the laser liquid and lead to no deterioration of these parties of 

! irisr HüI rrto th? iaser proces8- ^eariy sy8tems oniy *~ *-< «« virgin), nickel 200. 316 stainless steel, and mercury were used.   Even though the last 

two were known to dissolve at a slow rate, they did not affect the fluorescence lifetime 
of Nd     and were at least acceptable. 

The first circulatory systems, however, were Inadequate aad the central 
dlfflcuKy was the circulatory pump,   ü general, pumps deriving their motive pow^r by 

meaas of a shaft coupled to an external driving motor were considered cnsultoblc     Ml 
such schemes Invo.ve a shaft seal to Umft communication between the pumped I** and 

^external environment,   ta the present application, unless the HquW Isolation Is com- 
Ple e and ach.eved by a totally Inert seal materW. the CreuUto^ system, and the laser, 
will, as experience has shown, have a very short life Indeed. 

The conceptual problem of the pump was solved when the idea of a "canned" 
pump was reopened.   A version of such a pump was used In the earlier liquid laser ^rk 

based on the sdenlum oxycblorlde solvent system.   This solvent system so limited the 

olee of materials for constructing the pump that to seek the assistance of commercial 
pump manufceturers was totaHy Impractical.   Our own pump designs were limited In 
torque transmission so that the pressure head required to achieve adequate flow for a 

high-average-power, hlgh-repetltlon-rate laser system we« not available. 

™e a"™" * KXVbaaed systems relieved some of the material oompatlbllltv 
problems and stimulated the search for a commeroia! pump source.   IM. was not a trivia, 

problem.   Most such pumps are based on electromagnetic coupling to provide the driving 
power.   Consequently, large amounts of heat are dissipated In the circulated fluid    In 

our application this Is not acceptable since It puts an excessive burden on the cooling svs- 

tern   However, a pump manufacturer. Liquid Dynamics Inc.. has recently marketed 

such a pump for the chemical and drug Industry and has a minimum heat dissipation In 
the driving circuit. 
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The basic design of the pump Is Illustrated In Figure 3-26.   The key com- 

ponents with regard to materials compatibility are the Impeller, pump casing, liquid 

containment barrier, and the can encapsulating the ferromagnetic material essential for 

torque transmission.   The work to be detailed describes the requirements for material 

selection and the tests performed on them.   Aside from compatibility with the laser 

solution, it is essential that the pump material be non- or weakly magnetic, have a high 

electrical resistance, and be readily castable or machinable.   Within these restrictions 

the materiaLc tested are listed in Table 3-7 along with their composition.   The pump 

manufacturer suggested the use of Carpenter 20 steel because this is the material cus- 
tomarily used in the construction of the pump. 

TABLE 3-7 

COMPOSITION OF MATERIALS TESTED 

*High resistance alloy suggested by R. Steinltz of Wilbur Driver Company. 

^TTiis was not tested as a pump material.   It was thought that nickel- 
plated brass might be used as piping in the circulatory system. 

Fe Cr Ni Residual 

316 Stainless Steel 0.65 0.17 0.14 0. 04 (Mn, Si. Cu) 
Carpenter 20 Steel 0.30 0.30 0.34 0. 06 (Mo, Cu) 
Hastelloy B 0.05 0.01 0.635 (Mo. 28; Cu. V) 

*Tophet 30 0.015 0.30 0.6^ 0. 01 (Al) 
*Tophet A - 0.30 0.70 
Inconel X 0.07 0.15 0.73 0. 05 (Al. Si. Mn. Cu) 
Ni 200 0.004 - 0.99 0. 066 (Mn. Si. Cu) 

** Brass - - - ~0.6 Cu. 0.4 Zn 

The tests were carried out in the following manner.   Samples of the material 

to be tested were put into one-half inch diameter Pyrex test tubes and a constriction put 

near the top of the tube.   The tube and sample were dried in a vacuum oven, and when 

dry. were quickly transferred to a dry box where they were filled with laser solutions to 

between one-half and two-thirds the tube volume.   The tubes were then tipped off quickly 
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with precaution taken to ensure as little water contamination as possible.   The tubes 

were then put Into cans and held In place by crushed paper ind batting, and, to stimulate 

the effect of a moving, circulating liquid, the cans were rolled on a rolling mill.   In 

addition to a number of tubes for each material, a set of "control" tubes containing only 

the laser liquid alone were set up.   Sample tubes were opened at periodic intervals and 

analyses for the various elemental components were carried out using the techniques of 

atomic absorption.   Before the tubes were opened for analysis, a visual inspection of 

the solution was made and the fluorescence lifetime determined.   The results of thp 

analyses at times of 10, 48 and 55 days are given in Tables 3-8 and 3-9.   In each table, 

the contamination from the control samples (Pyrex tube and laser solution alone) is 

subtracted from the total contamination in the tubes with the various materials to pro- 

vide a measure of the corrosion rate of the material Itself.   From these data, the 

corrosion rates given In Table 3-10 were calculated. 

TABLE 3-8 

SAMPLE ANALYSES AFTER TEN DAYS 

Sample Description 
NI 

(ppm) 
Fe 

(ppm) 
Cr 

(ppm) 
Cu 

(ppm) 
Zn 

(ppm) 

Raw 
Total 
(ppm) 

ppm 
Above 

Control 
Sample 

InconelX 2.2 4.5 1.2 1.2 9.1 2.3 
Ni-plated on Brass 2.0 3.3 - 1.2 1.9 8.4 1.6 
Ni 200 2.6 4.4 1.4 0.9 - 9.3 25 
Tophet A 1.4 3.6 1.2 1.3 - 7.5 0.7 
316 Stainless Steel 1.6 6.0 1.5 - - 8.9 2.1 
Tophet 30 1.2 36 1.2 1.2 - 7.2 0.4 
Control Sample 1.5 

(22^) 
2.8 

(41%) 
1.1 

(16%) 
1.4 

(21%) 
J 

6.8 - 

I 
I 
1 
I 
I 
! 

I 
I 
i 

I 

i 

l 
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TABLE 3-9 

SAMPLE ANAL/SES AFTER 4H AND 55 DAYS 

ppm Above Control Samples Toul 
(ppm) Ni Fe Cr Cu Zn 

InconelX 
(55 days) 

3.8 
(22^) 

11.3 
(65r;) 

1.0 
( 6^7) 

0.2 
( IT) 

1.1 
(6r;) 

17.4 

Ni-plated Brass 
(55 days) 

14.0 
(36^) 

11.3 - 6.2 6.9 
(18^) 

38.4 
1 

Ni 200 
(55 days) 

21.7 
(93r,) 

1.4 
( 9%) 

- 0.2 
( 1%) 

- 23.3 

Tophet A 
(55 days) 

0.4 
(27f';) 

1.4 - - - 1.8 

316 SS 
(55 days) 

3.2 12.5 
(64^) 

3.2 
(20r;) 

- - 19.4 

Control 
(55 days) 

4.1 
m0;) 

4.6 
(35^) 

- 1.6 
(1S%) 

2.8 

01%) 
13.1 

Tophet 30 
(4^ days) 

i 

0.2 
(1%) 

- - - 3.3 
(94r;) 

3.5 

Carpenter 20 
(48 days) 

5.2 3.7 
(31^) 

2.7 0.2 
( 1%) 

11.9 

Carpenter 20 
(4« days) 

2.3 
(46*7) 

1.5 1.0 
(20^) 

0.2 
( 4^) 

5.0 

Carpenter 20 
(48 days) 

3.1 
(44r;) 

2.1 
(30^) 

1.6 
(23r;) 

0.2 
( 3rr) 

1 2.0 

Controls (3) 
(48 days) 

4.8 

(42r;) 
3.3 

(29^) 
0.3 

( 3r,) 
1.5 1.4 

a2(7) 
11.3 

i 
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TABLE 3-10 

CORROSION RATES OF VARIOUS MATERIALS IN Nd+3 LASER SOLUTION 

Material Corrosion Rate (ppm • in"2- day-1) 

Pyrex (4 control samples) 0.020 
Tophet A 0.070 
Tophet 30 0.155 
Carpenter 20 (3 samples) 0.22 
Inconel X 0.41 
316 Stainless Steel 0.45 
Nickel 200 0.53 
Ni-plated Brass 0.93 

Of the possible materials that might be used for pump construction, Tophet A 

had by far the lowest corrosion rate.   However, both Tophet materials are difficult to 

machine or work and their application would have been pursued only in the event that other 

materials were at a very serious disadvantage.   A very interesting result is that 

Carpenter 20 steel, the one normally used in pump construction, has a very low corrosion 

rate.   This rate is in fact less than half that of nickel 200, which had previously been 
successfully used in our own pumps. 

Visual inspection of the tubes during the corrosion tests showed two main 

characteristics.   First, after a period of time, a white precipitate formed.   Attempts 

to obtain analyses of the precipitates were not very successful but tended to indicate 

that the precipitate was ZrOCl2.   This usually precipitates when the laser solution be- 

comes wet.   The plated samples often produced a flaky black deposit.   This seemed to 

be the plating itself, and this development obviated the testing of plated material.   It is 

suspected that the flaking occurred because insufficient care was taken in preparing the 

metal or alloy surface for plating.   The plated brass did not show such a precipitate 

but did show a significant corrosion rate, part of which was undoubtedly brass. 

The lifetime tests showed that, within experimental error, there was no 

change in the fluorescence decay time.   This indicated that the dissolved material 
themselves would present no difficulties. 
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The results of this materials study are twofold.   First, the customarily used 

material, Carpenter 20 steel, was found to be slightly better than nickel 200.   The latter 

material had been used as prior basic pump material with considerable success, so the 

same success can be expected from Carpenter 20 steel.   In addition, it was also shown 

that Pyrex glass piping is superior to nickel-plated brass since it has a lower corrosion 
rate. 

3.2.3 ,+3 Pumps for the Nd     Liq aid Laser 

In this section, the general problem of pumps for the liquid laser system 

will be discussed and a review of the several types of pumps constructed for this applica- 

tion will be presented leading up to the development of the final design used in the present 

system.   The experience gained in trying to develop a suitable means for circulating 

this admittedly difflcult-to-handle laser liquid in small-volume systems can be useful in 

many applications where conditions may not be so severe but in which the circulated 

fluid must be maintained in as leak-free a system as oossible.   This section will review 

past methods and pumps used for circulating the laser liquid and describe the advantages 
and shortcomings of each. 

3-2.3.1       Pressure-Vacuum Reciprocating Flow System 

The initial attempt to flow the laser liquid through a flash-exciteo cell or 

cuvette was not by means of a liquid pump.   The laser liquid used in this system was 

based on SeOCl2 and, because of the limited list of materials compatible with this 

liquid, the arrangement shown by Figure 3-27 was used.   The laser liquid as contained 

in two identical reservoirs and the laser cell beneath them.   The laser cell used in this 

system was a primitive version of the final design but without the plug window-nozzle 

arrangements at either end.   The liquid was simply let into the cell through sidearms at 

either end of the cell which were connected to the bottoms of the respective reservoirs. 

The operation of this system was such that the liquid was made to flow first in one 

direction and then in the other through the laser cell.   This was accomplished by alterna- 

tively connecting th- top of the reservoir flasks to vacuum and dry pressurized nitrogen 

gas by means of a glass four-way valve which was turned by a low-speed electric motor. 

The arrangement thus provides two complete flow cycles, back and forth, for each com- 

plete revolution of the valve.   One complete velocity cycle of the liquid through the cell 

measured by means of stroboscopic observation of the liquid height in one of the reservoirs 

is shown by Figure 3-28.   In the arrangement used for the data of Figure 3-28, the valve 
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Figure 3-28.   Laser Liquid Velocity Through Cell for Push-Pull Pumping System 
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motor speed was set so the valve made one complete turn every 28 seconds.   The velo- 

city waveform (extrapolated by straight lines in the Figure) therefore has a period of 

14 seconds. 

Peak liquid flow velocity in this arrangement could be varied by changing 

the nitrogen gas pressure and vacuum pumping rate simultaneously.    Peak fluid velocity 

was proportional to the maximum liquid level difference in the reservoirs (shown as h 

on Figure 3-2S).    Firing of the flashlamps was synchronized to the liquid flow cycle by 

means of a microswitch and cam fastened to the valve drive motor so that the lamps 

could be flashed at any time during the flow cycle. 

The prime advantage of this sytem is that contamination of the liquid could 

only be by means of water vapor since there are no moving parts in direct contact 

with liquid to generate abraided particles.   The entire wetted portion of the system was 

constructed of either glass or Teflon, which were the most inert construction materials 

known at the time.   If proper care was taiten to make sure that the nitrogen feed gas was 

well-dried, the system would, in principle, be contamination-free.   There were several 

disadvantages, the main one being that the nitrogen pressure and vacuum 

pumping rate had to be carefully adjusted to prevent:   (a) pulling the liquid entirely over 

into one reservoir or the other by using too large a difference between nitorgen feed and 

vacuum pumping rate, (b) having the magnitude of the nitrogen pressure so great as to 

risk blowing the system apart at the- tubing couplings, or (c) making the pumping rate so 

high as to gradually decrease the average pressures at the top of the reservoirs to the 

point where the high vapor pressure of the laser liquid caused the fluid to boil.   Another 

disadvantage was that a steady-state flow was never developed through the laser cell 

since the liquid velocity was continually changing.    It, therefore, was clear that repro- 

ducible results under repetitive pulsing could only be obtained by firing the lamps every 

half-cycle (at best) of the fluid flow.   Practical considerations of liquid density and 

viscosity along with required nitrogen pressures and pumping rates would, therefore, 

limit the repetition ;^ate to about one shot every two seconds. 

3.2.3.2       Magnetically-Coupled All-Teflon Pump 

To overcome the disadvantages of the reciprocating-flow system, a series 

of pumps were constructed.   At the outset, it was clear that we desired a centrifugal 

pump design as opposed to a positive displacement pump (although one of the several 

pumps constructed or purchased was of the latter type).   This choice was based on the 

fact that positive displacement pumps are more prone to cavitation of the liquid than 
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centrifugal due to the more abrupt acceleration of the fluid in the pump.   It is also 

easier to regulate flow with a centrifugally-pumped system by means of a valve in series 
with the pump. 

^The first pump designed and constructed was a magnetically-coupled centri- 

fugal pump        2 shown by Figure 3-29.   The casing, impeller and cover plate were 

machined out of a Teflon block.   To the back of the impeller was attached a cylindrical 

Teflon capsule containing a stack of magnets.    The casing had a thin-walled extension 

Into which the magnet capsule could be inserted and about which a hollow stack of mag- 

nets could be rotated to cause the Impeller to spin.   The external magnets were driven 
at 1140 rpm by an electric motor. 

The diameter of the impeller was 4 inches and the vanes were 3/8-inch high; 

the magnet capsule was 1. 5 inches In diameter and 4 inches deep.   With this pump, 

which was driven by a variable-speed motor, a laser liquid of 12-centipoIse viscosity 

was pumped through a f,-Inch cell of 10-mm bore diameter.    Figure 3-30 Is a plot of 
the flow rate versus motor speed. 

This pump suffered from a lack of torque transmission due to the relatively 

weak permanent magnets used as Impeller and drive units.   Even after design ud con- 

struction changes, the magnetic coupling could not be made strong enough to transmit 

enough power to the circulating fluid without slippage.   Another problem developed due 

to the fact that the laser liquid fusing the SeOClg-based liquid in this case) would harden 

the virgin Teflon surfaces of the pump.    For the thin-walled casing of the Impeller 

magnets, this meant that abrasion of the chemically-hardened surface occurred when 

the casing rubbed against the surrounding pump parts and eventually leakage was ob- 

served.   This pump showed, however, that the principle of a magnetically-coupled pump 

would work.   The main problem remained of devising a strong enough coupling between 

motor drive and impeller.   With the extremely limited choice of materials compatible 

with the SeOCl2 laser liquid, the problem was insurmountable.   As eventual developments 

showed, with a bit more leeway of available materials (using the POC1   liquid), these 

problems were capable of resolution and this type of design was ultimately the one adapted 
for the liquid laser system. 

3-2-3-3        Positive-Displacement Diaphrpgm_Pump 

The next pump used to circulate the laser liquid was a commercial, positive 

displacement pump rated at 5 liters per minute with a maximum outlet pressure of 

20 psig.    '  A system was designed for circulating the liquid through a 6-Inch cell of 
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5-mm bore.   It was calculated that the maximum allowable pressure would not be ex- 

ceeded if a 6-centipoise liquid was used, provided the system had an air chamber or 

some other device to take up the shock of the delivery stroke.   Trials were made with 

acetone, water and finally the laser liquid.   This pump made it possible to test lasing 

on a rapidly flowing liquid.   The splashing of the liquid in the air chamber, however, 

created bubbles so that the pump could be operated for only a few minutes at a time. 

The bubbles escaped from the liquid on stopping the pump.   When the system was taken 

apart if was found that the Teflon diaphragms had lost much of their pliability and that 

there was considerable corrosion of the metal parts.   No holes or ruptures were found; 
some permeation appeared to have occurred. 

Another pump was then developed which was also a positive displacement 

type, but vrtiich had diaphragms having greater resistance to the permeation of solvents. 

This pump was rated at 5200 cm3 per minute and had a dial that set the flow to an in- 

dicated percentage of the maximum by altering the length of stroke.   An expansion chamber i 

that had a spring loaded diaphragm was used instead of the air chamber to smooth the 

flow from this pump.   There uas no difficulty with bubbles in this sytem. and the pump 

could be left running for hours at a time.   There is some question, however, whether 

the pump continued to deliver the indicated rate of flow after a relatively short period 

of operation.   Upon disassembly, the diaphragms again appeared to have failed through 

chemical hardening.    Further development of this pump was abandoned due to the 
diaphragm problem. 
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3-2-3-4       Ceramic and Quartz Pumps with Labyrinth Shaft Seals 

After the failure of the diaphragm positive displacement pumps, a series of 

centrifugal pumps were constructed.    By this time, it had become clear that what was 

desired was a pump that would have volume flow rates in excess of several gallons per 

minute at moderate heads.   This requirement was to be met using a laser liquid 

(SeOCl2) of density 2. 4 gmcm"3 and viscosity 12 cp.   These design constraints implied 

that up to 1/2 hp electric motors were necessary to drive the pump at the requisite 

flow and head values.   It was. therefore, felt that only a direct shaft coupling between 

the impeller and drive motor was capable of transmitting the torque and the problem of 
making a leak-proof rotating shaft seal was thus directly addressed. 

The initial attempt in this direction was to make the length of the shaft seal 

as long as possible (labyrinth shaft seal).   Two such pumps, one of ceramic and the other 

of synthetic quartz, were eventually constructed73 and these are shown as Figures 3-31. 

3-32 and 3-33.   The shaft seal in these pumps consisted of a close-fitting impeller shaft 
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Figure 3-31.   Diagram of Ceramic Pump 

3-65 

- -   ■  ■ — 



" • 

^^■■■■^■■■■■■■■■■l 

BEARING 
HOUSING 

DEMOUNTABLf 
IMPELLER 

COVER 
FLANGE 

PRESSURE 
SEAL 
FLANGE 

FLANGES        INVOLUTE       TIE-RODS 
SPACER 

PRESSURE 
SEAL 
(POSITIVE) 

—11 inch |— 

Figure 3-32.    Diagram of Quartz Pump 

3-66 

 _ . 





—■—•—• 

H 

■ 

:, 

and bushing combination.   Both the shaft and bushings were centerless ground and highly 

polished for a clearance between shaft and bushing of fr m 0.2 to 0. 5 mils (5 to 12 microns). 

This small a clearance did not lead to good results.   In o eration, the shaft had a tendency 

to bind in the bushing, which was probably due to the fact that the shaft was not lubricated 

by a film of the laser liquid.   In several attempts, the binding became so bad that the shaft 

became welded to the bushing and had to be pressed out on an arbor press. 

In an attempt to provide better lubrication for the shaft, the diameter was in- 

creased by about 1 mil (25 microns) which resulted In a shaft-bushing clearance on the 

order of 1 mil.   This change resulted In slightly better performance, except now a differ- 

ent problem was manifest.   The laser liquid seemed to coat the entire length of the shaft 

seal, but after only a few days of operation, the laser liquid film near the motor end of 

the seal would become saturated with absorbed water vapor from the atmosphere.   The 

Immediate result of this would be a dramatic Increase In the film viscosity.   The seal 

area at this end of the shaft would, therefore, not be so well lubricated and would get 

hot.   This heat would evapoi te some of the solvent In the laser liquid and crystals of 

SnCL would form.   When this happened, the shaft would rapidly bind In the bushing once 

again. 

Increasing the shaft-bushing clearance by another 0. 5 mils (12 microns) led 

to still a third problem; now, either the laser liquid would simply leak out the seal due 

to the hydrostatic head of the circulation system or the water vapor In the air would be 

gradually absorbed and diffuse through the laser liquid film In the seal to contaminate 

the system.    Figure 3-32 shows a modification to the seal In the form of a small cup 

added to the rear of the seal to try to prevent this latter failure mode.   This attempt met 

with only limited success In that when the pump was running, the natural tendency Is for 

the liquid lubricating the shaft to be drawn toward the Impeller end of the shaft.   This 

would once again lead to an under lubrication of the motor end of the seal, local heat 

generation, lubricant evaporation, more heat and eventual binding of the shaft. 

Other modifications tried Included prelubrlcatlng the shaft with a TFE grease 

(which was dissolved by the laser liquid and led to eventual failure In the by-now common 

binding mode) and grooving the shaft In the bearing area In an attempt to form a local 

reservoir.   This latter change decreased the bearing area to such an extent that It could 

not support the lateral torque loads of the pump In operation and the shaft, once again, 

bound in the bushing. 
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lubricating the labyrinth seal is thereby avoided.    This concept was proven by eventual 

operation of this pump for several months without any contamination of the laser liquid. 

Operating characteristics of these pumps in actual laser systems are shown by 

Figure 3-36.    In these two figures, the points accompanied by numbers indicate the 

number of laser cell volumes exchanged per second at a given pump shaft, rpm.   In both 

these systems, volume flow rates through the laser cells were large enough to give tur- 

bulent flow (Reynold's Number greater than 3000). 
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The two pumps, shown by Figure 3-35, represent our final attempts at 

developing a rotating shaft seal for the aprotic liquid laser.   As such, the effort was 

deemed a qualified success, judging from how long the pumps would operate before 

failure.    In these final seals, we separated the function of alignment of the shaft-bushing 

combination by using an external set of beamings for locating the pump shaft in the 

labyrinth (bushing).   The external bearings, therefore, took up the shaft side thrust under 

running conditions and especially during start-up and slow-down.   The ultimate embodi- 

ment of the labyrinth concept was thus the design shown in Figure 3-3r>(b) where the 

ceramic bushing was replaced with a nickel sleeve sitting inside a stainless steel cup 

which was partially filled with mercury.   This final design allowed us to construct the 

pump with parts wetted by the laser liquid made exclusively of nickel.   The Garlock oil 

seal shown at the bottom of the stainless cup was a simple rubber lip seal whose only 

purpose was to contain the mercury in the cup. 

The design functioned extremely well in principle but did have a few minor 

flaws in practice.   One flaw was that the length of the nickel sleeve and the volume of 

mercury in the cup had to be carefully chosen.   The problem here was that under opera- 

tion the pump develops a reduced pressure at the rear of the impeller where it joins the 

shaft.   The natural result is that the mercury in the stainless steel cup behaves as a 

manometer; if the pressure of the air above the mercury surface in the cup becomes 

larger than that above the mercury between the shaft and sleeve, the latter level will 

rise.   At a sufficiently large dynamic pump head, the mercury will rise so far as to 

spill out into the pump itself and get into the circulated laser liquid.    In contradistinction 

to this behavior, if the static liquid head above the mercury between the shaft and sleeve 

was larger than that above the mercury in the cup, mercury would be forced out of the 

shaft-sleeve area and laser liquid would enter the cup.   The most common failure mode 

for the entire seal arrangement was the destruction of the secondary- Garlock oil seal 

through poor lubrication and overheating.    It was found that this seal had to be regularly 

lubricated with a good grease to maintain the elasticity of the rubber lip element.   When 

this was done, relatively long periods of operation (up to several months) were possible. 
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Figure 3-36.    (a)   Flow operating conditions of the liquid laser oscillator/ 
amplifier system; (b)   Flow operating conditions; Q-switched 
oscillator laser system 
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3.2.3.6       Liqutdyne Pump 

Toward the middle of 1970, we first became aware of a manufacturer of a 

"canned" or magnetically-coupled pump through contact with Mr. A. P. Frass of the 

Nuclear Reactor Division at the Oak Ridge National Laboratory.   The application at 

Oak Ridge for this pump was the circulation of radioactive molten salts where obviously 

zero leakage was a must.   Our subsequent visit to the manufacturer. Liquid Dynamics 

Corporation of Southampton,  PA, revealed to us that the components of this pump were 

cast, forged or welded from a high-nickel stainless steel (Carpenter 20).   The success 

and availability of this pump thus stimulated a materials testing program (the results 

of which were presented in Section 3. 2. 2. 2) with a component redesign and modifications 

as necessary to adapt this pump to our use.   A schematic diagram of this pump has al- 

ready been presented as Figure 3-26. 

Two identical pumps were eventually constructed and delivered in mid-1971. 

These pumps have served without a single case of failure in our liquid laser systems 

since then, a tribute to the conservative engineering and material qualification efforts 

expended over the lifetime of this project on this thorny problem. 

I 

.1 
i 

3.2.4 Laser Cells for the Circulatory Liquid Laser 

Materials used as the active media for cc  densed-phase lasers must have 

exceptionally good optical properties.    For low-threshold and high-efficiency laser op- 

eration, the sea-cering of the light within the laser material by tiny inclusions or bubbles 

must be kept extremely low.   Similarly, lens aberrations of the laser material can 

degrade the output and raise the occillation threshold by destroying the ideal resonator 

cavity mode spectrum.   When a liquid is used as the active laser medium, small temp- 

erature differences can produce index of refraction gradients large enough to seriously 

degrade the laser performance.   By circulating the laser liquid, one can hope to realize 

the dual advantages of homogenizing small thermally induced refractive index gradients 

and dissipating flash lamp-produced heat in a simple external heat exchanger.   These 

potential advantages make the circulating liquid laser an obvious candidate for a 

reliable high-average-output laser.    From a device viewpoint, it therefore becomes 

imperative to establish for liquid laser cells design criteria based on sound hydrodynamic 

principles in order to maintain the inherently good optical properties of isothermal 

liquids. 

I 
1 
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Optical properties of a flowing liquid are primarily related to the nature of 

the liquid itself.   The perfect optical liquid would be composed of small, rigid and pre- 

ferably spherical molecules.   Such a liquid would exhibit small scattering losses and 

have a low viscosity.   At the present stage of material development, the aprotic liquid 

laser materials in use in Nd+3 liquid lasers do not possess all of these ideal properties. 

This does not necessarily imply that these liquids will not perform satisfactorily as a 
laser medium. 

With these points in mind, we set up a program to test a variety of proto- 

type designs for circulating laser cells using a standarized apparatus to evaluate overall 

optical performance of the cell.   Most of these prototype cells were made of plastic (to 

simulate glass in the actual cell) and instead of the corrosive laser liquid, a glycerin- 

water solution of roughly the same viscosity (10 centipoise) as the laser liquid was used. 

This arrangement allowed inexpensive rapid experiments on many types of cells, re- 

sulting in the establishment of consistent and practical design guidelines for the liquid 
laser cell. 

3.2.4.1       Test Procedure 

A schematic drawing of the test setup is shown by Figure 3-37.    The fluid 

flow system consists of a small positive-displacement pump, a large beaker filled with 

the glycerin-water mixture and a "mixing bottle" P'ong with connecting tubing.   The 

"mixing bottle" is a 5-inch long by 1-3/4-inch OD glass cylinder filled with 3/s-inch 

long by 3/s-inch OD glass cylinders rather loosely packed.   As the figure shows, it is 

placed just before the input port of the laser cell and serves to smooth out any local 

temperature inhomogeneities in the entering fluid stream.    Because of the design of the 

pump used in this particular system, it was impossible to keep the fluid flow rate con- 

stant for all the different cells investigated; however, this limitation was not found to be 

significant for the purpose of these experiments. 

The optical arrangement works as follows. 74   The helium-neon gas laser 

generates a collimated red (632^ beam of small diameter which is expanded by a small 

Newtonian telescope to overfill the aperture of the cell under test.   A variable stop is 

then adjusted to the aperture of the cell and a lOO-lines/inch Ronchi grating is placed 

behind the stop.    Lenses Lj and L,, constitute another telescope which focuses the image 

of the Ronchi grating on the screen to be photographed by the camera.    In practice,!, 

is fixed and L2 is adjusted to focus. In turn, the near-field and far-field images of the 

grating on the screen.    For convenience, let us call the combination of the laser cell 

and the lens L   and new lens l/. 
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Figure 3-37.    Optical Test Setup 
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In the near field, lens l/ will form a real image of the grating, R, at the 

point,  P, as shown in Figure a-:i8(a).    Lens L2 projects this image onto the screen, S, 

as a real noninvorted image composed of a set of parallel lines.   The parallelism of the 

image lines on the screen is a measure of distortion (variation of magnification of 

lens l/awav from the axis of the system), while the distortion of focus of the lines is a 

measure of the monochromatic aberrations (spherical aberration, coma and astigma- 

tism) of the compound lens L . 

The far-field image of the grating is the image of the diffraction pattern of 

the grating, R. formed bv the compound lens, 1.', at its principal focal plane, S, as 

shown by Figure 3-.18(b).    As is well known, the diffraction pattern of the Ronchi grating 

is a series of individual parallel-line images spaced according to the formula: 

;in9 -&) n 
A 

0. 1, 2 

-2 
d - grating spacing     10     inches. 

Since Xd   2.5 ■ 10   .  the line pattern will be equally-spaced for Tjsfi.   Because the 

diffraction pattern is at infinin, the compound lens, I.', will form an image of a regular 

series of small dots at its principal focal plane, s', which is only terminated because of 

the aperture of l/.    The lens, 1..,, is then adjusted to focus this image on the screen, S. 

The far-field pattern may also be described as the result of the transfer function of 

the lens, l/, acting on the spatial Fourier transform of the Ronchi grating (i. e., the 

decomposition of the light wave transmitted bv the grating into a series of plane waves 

with wave vectors k   where |k  | ■ constant).    It then becomes obvious that both the far- 

field and near-field images contain exactlv the same information about the transfer 

function of the lens L'; however, in a different form in each case.    Figure S-39 shows 

typical far-field patterns expected for various distortions and aberrations in the optical 

performance of the cell along with the ideal pattern. 

Aside from these regular and constant lens deformations due to the flowing 

liquid, there may also be present transient optical degradations due to bubbles, fluctuating 

thermal gradients, etc., in the moving liquid.    These phenomena will also show charac- 

tertistic figures in both the near and far-field patterns.    Both the transient and steady 

imperfections in the optical quality of the flowing fluid are related to fluid stream behavior 

observed by eye under white light illumination of the cell perpendicular to the optic axis. 

The glycerin-water solution can be made to entrain small air bubbles as tracers of the 

flow through the cell for this purpose. 
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3.2.4.2       Results 

^^^^ 

This section presents the observations for four basic types of cells for the 

liquid laser:  one small, longitudinal-flow cell designed to be used In a cw laser; two 

designs for a larger, longitudinal-flow cell to be used In a high-average-power pulsed- 

laser system; and a small, transverse-flow cell again designed for a cw application. 

Photographs of the near- and far-field patterns will be presented, and observed fluid- 

flow characteristics of the cell will be discussed with reference to the observed optical 

properties of the cell. 

3-80 

32.4.2.1   Small. Longitudinal-Flow Cell 

This cell is a "barbell" type as shown in Figure 3-40.   The respective 

dimensions of the cell are: 

A = 3 Inches 

B = 5-1/4 Inches 

C = 6 Inches 

D - 3-1/4 Inches 

Cell bore - 3/16 Inch. 

To have a flow with a Reynold's Number greater than 3000 (turbulent flow), such a cell 

requires a flow volume of better than 1. 5 gal/mln. 

Two series of photographs were taken with this cell in the system.   The first 

series was with a small ceramic pump (centrifugal type) which was designed to be used 

with the aprotic laser solutions.   With the cell, this pump gave a system flow volume 

of about 0. 5 gal/mln for a Reynold's Number of about 1000 (laminar flow).   The pictures 

of the near and far fields for this situation are shown in Figure 3-41    The small posi- 

tive displacement pump was then used In place of the ceramic oump and ^ave a flow 

volume of about 1.5 gal/mln (turbulent flow).   Figure 3-42 shows the results. 

Figure 3-41(c) shows a distortion of the near-field close to the axis of the 

cell and Figure 3-41(d) shows a blurring of the first two orders of the far-field pattern. 

The two photos Indicate a barrel distortion near the optical axis with rather strong 

blurring due to small scale variations of the index of refraction.   All these effects are 

due to temperature Inhomogeneitles In the liquid.   As Figure 3-40 shows, the fluid 

siream Is purposely given a rotary motion at the entrance bells to the cell.   The purpose 

of this is to mix any large-scale temperature variations before the liquid enters the 
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Figure 3-40.   "Barbell" CeU 
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optical path.   The two sets of screens shown in the figure are designed to produce a 

pressure drop from the outside chamber of the end bell to the optic axis of the cell so 

that the rotary motion will be broken up and damped out before the liquid reaches the 

optic path inside the cell.   Apparently, this does not happen, and because the flow 

through the cell is laminar, this rotary motion persists throughout the cell length.   A 

stable radial temperature gradient may therefore be established and produce the dis- 

tortion observed in Figure 3-41(c).   Similarly, because of the rotation of the flow through 

the cell, small-scale temperature fluctuations may be "trapped" near the optic axis 

and produce the scattering of the light beam which results in the blurring shown in 
Figure 3-41(d). 

Figures 3-42(c) and 3-42(d) show the great improvement in optical quality 

obtained in this cell by increasing the flow rate so that the flow throughout the cell 

length is turbulent.   In this case, the rotation of the fluid stream is damped as it goes 

through the cell and the improved mixing of small thermal fluctuations reduces the 

blurring of the far field.   The barrel distortion seen in Figure 3-41 (c) also disappears 

in Figure 3-42(c) for the same reason.   The implication of these results is that if a 

particular cell has gross optical distortion due to the liquid flow patterns under a 

laminar flow situation, these distortions may be considerably lessened by increasing 

the flow volume so that a turbulent flow develops along the optical path. 

3.2.4.2.2   Large "Nautilus" Cell 

This cell, which is made of glass, is shown in Figure 3-43.   The cell was 

designed, making use of the above observations, for a high-average-power liquid laser 

system.   A 5-gal/min flow rate is necessary to establish a turbulent flow through the 

central 11-inch region.   As may be seen from Figure 3-43, the incoming fluid is given 

a swirling motion in the entrance bell by placing the feed tube off to one side.   This 

establishes a rotary flow down through the cell to the exit bell which acts as a small 

plenum chamber.   The optical ends of the cell are cut at the Brewster angle. 

The positive displacement pump delivered about 5. 5 gal/min through this 

cell, and a good turbulent flow was assured.   At this flow rate, a vortex was formed 

in the entrance bell on the window surface.   It was fairly stable in location, but was out- 

side the optical path of the beam through the cell and did not interfere with the optical 

quality of the images photographed.   The photographs of both near and far fields for 

this cell are shown in Figure 3-44.   As can be seen, no recognizable distortion in either 

the far- or near-field patterns can be discerned when the liquid is flowing.   Futhermore, 
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the patterns remained undistorted even when the central tube section was heated by the 

flame of a match.   This demonstrated in a very concrete manner that a good fully 

developed turbulent flow was obtained through the cell and that the optical quality of the 

cell as a whole was completely unaffected by the thermal condition of the cell wall. 

3.2.4.2.3   Large "Nozzle" Cell 

A section drawing of this type of cell is shown as in Figure 3-45.   The bore 

of this cell is the same as that of the previous cell (0. 67-inch) and the tube length is 

also the same (U inches).   The hydrodynamic design, however, is quite different. 

Fluid flow is not stablized by a rotary motion through the cell.   The entering (and 

exiting) fluid is forced under pressure fro r a small annular chamber through a nozzle 

formed by a tapered plug laser window and the cell body.   The flow through this nozzle 

snould have a high Reynold's Number and flow separation should occur over the length 

of the cell noted as the transition region of Figure 3-4 5.   There will thus be a pressure 

drop across the region which will establish the flow pattern for the rest of the length of 

the cell.   If the nozzle is properly designed in such a cell, the large-scale turbulence 

induced in this transition region should be rapidly damped out.    Of course, the question 

of flow stability arises in this design and is not easily answered by simple analysis for 

all nozzle geometries and fluid flow rates.    For this reason, we constructed the whole 

cell assembly of plastic and designed the cell so that various plastic nozzle chambers 

could be attached to the main cell body and modified until a good flow pattern and optical 

performance was obtained. 

Several observations of the flow patterns in the cell should be mentioned.   In 

all the nozzle configurations tested (I. e., varying the depth of penetration of the tapered 

plug window Into the nozzle throat and the size of annular entrance chamber), a stable 

flow pattern was observed In the "transition region."   This pattern Is formed because of 

an unequal pressure distribution across the throat area of th^ nozzle due to the asymmetric 

fluid flow Into the entrance chamber.   One nozzle variation was tried with slots cut Into 

the cell throat area parallel to the axis of the cell to try to relieve the pressure difference 

as well as to damp out the rotation of the fluid, but this attempt failed and the pattern was 

even worse than before. 

It Is significant, however, that the observed optical patterns of the far- and 

near-fields were both free of distortion and sensibly Identical for all variations of nozzle 

geometry used.   This Is a result of the fact that, even with a stable flow pattern present 

I 
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structure can also be seen in the magnified photograph of the near field with the liquid 

static [Figure 3-48(a)].   Although the near-field photographs show sharp and clear lines, 

the far-field photographs indicate an astigmatic aberration in this cell.   Figure 3-48(b) 

shows this most clearly for the static case.   This occurs because of the asymmetry of 

the rectangular channel.   The difference in temperature between the cell wall and the 

liquid causes a thermal distortion of the index of refraction in the liquid across the small 

channel.   This effect is reduced somewhat when the fluid is moving as Figure 3-48 (d) 

shows; however, the flow appears to be inadequate to eliminate it entirely. 

The cell showed a good even flow through the active cell channel.   The flow 

appeared stable and smooth although, as the photographs indicate, because of the channel 

asymmetry, astigmatism may present a problem unless the flow rate is increased be- 

yond the 2 gal/min rate used here.    The results shown by this cell were considered en- 

couraging enough so that an all-glass design of this type was considered for a small 

cw liquid laser cell. 

3.2.4.2.5   Tests of Small "Nozzle" Cell Under CW Arc Lamp Excitation 

The results above receive considerable support from our Air Force-sponsored 

research'0 into the feasibility of a cw aprotic liquid laser.   In this work it was found that 

as the arc lamp power loading on the cell increased, the undistorted cross-section of the 

liquid in the cell decreased due to a radial temperature gradient.   This is illustrated in 

Figure 3-49 which shows a near-field pattern o;? a 100-line-per-inch Ronchi grating 

photographed through the liquid laser cell.   In Figure 3-49(a) the power loading was 

0 watts; in Figure 3-49(b) it was 34 watts and the lamps had been on for two minutes. 

After a longer time thp pattern degenerated to that shown in Figure 3-49(c).    As the 

flow speed and Reynold's Number increased, the undistorted volume at a given power 

loading also increased, as shown in Figure 3-50.    It was, however, found that this 

corrective measure alone was not adequate since the ultimate flow speed was limited by 

the pump.    Further experiments showed thai a water jacket was extremely beneficial in 

controlling this problem.   With this addition, the temperature of the liquid and of the cell 

wall was independently adjustable, the direction of heat flow controlled and the magnitude 

of the heat flow significantly reduced.    The results of measurements with a water- 

jacketed cell indicated that the decrease in undistorted laser volume was significantly 

reduced. 
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n^r ■ 

Referring to the figure, we have for the incident ray at point M, 

sinei ■ 1/nj 

3.2.4.3       Laser Cells and Water Jackets 

As has been shown in Section 3. 2.4. 2, the addition of a water jacket helps 

to improve the cell optical performance.   One important factor in this is to design the 

laser cell, water-jacket geometry for optimum optical coupling of the flash lamp radia- 

tion while at the same time decreasing the radial thickness of the water layer used for 

cooling the cell wall.   By shrinking this water layer and maintaining a high volume flow 

rate and Reynold's Number, the heat transfer efficiency from the laser cell wall to the 

water coolant is increased. 

As an aid in discussing the optimization o»' the design. Figure 3-51 shows a 

schematic cross-section of the laser cell-water jacket assembly    The center of the cell 

assembly is located at point C, the outer radius of the glass water jacket is R, and the 

thickness of the water jacket is denoted by t.   The outer radius of the laser cell is r and 

the inner radius is p.   The figure shows a tangential light ray entering the assembly at 

point M.   This ray is refracted by the water-jacket assembly to strike the laser cell 

tangentially at point 0.   The laser cell wall thickness, f~ß is chosen such that the lay 

then strikes the laser liquid tangentially at point P.   The latier condition is assured by 

the relation: 

n-sinö.      sin(iT/2) 
1 1 

(3-12) 

and at point N, 

RsinS. p 

-%—IT1-»^* ,3-13, 

Then, from Snell's Law: 

3-96 



" M 11  '" 
i imn , m—»—»■»■in   i ■ i 

I 
I 
I 
I 
1 
I 

- 

LASER 
LIQUID 

TANGENTIAL 
RAY 

Figure 3-51.   Optical Situation on Focusing the Pump Radiation into the Laser Cell 
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In addition: 

Thus, 

r     _    R-t n 
iuTS:    sin(ff/2)    K C 

Using Eq. (3-14), we have: 

nJn-t) 

R s n2(R"t) (3-17) 

Eqs. (3-11), (3-15) and (3-17) serve to define the dc3ign constraints given 

a desired cell bore radius, p, and cell and water-jacket material (Pyrex, n. = 1.45) 
with water (n2 ■ 1. 33) as the cell coolant. 

3.2.5 Flash Excitation Equipment 

3.2.5.1        Flash Enclosures 

The flash enclosures (reflectors) used for focusing pumping radiation from 

th3 flashlamps into the laser liquid were quite similar to those used in Nd+3 glass or 

YAG systems.   They were basically of two types over the course of this work:   close- 

coupled enclosures and .maging enclosures.   The former type usually consisted of 

simply wrapping a polished metal (typically silver) sheet around the flashlamps and the 

laser cell.   The sheet thus served to confine the flashlamp radiation so that it would be 

predominantly absorbed in the laser liquid.    One such enclosure is shown as Figure 3-52. 
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Sin83 = iM=ir    i£t (3-15) 
2 

r - R/n2 

We must impose the constraint at the point N that the angle of incidence. 6 , 
does not lead to total reflection, i.e., 

sine^i (3_16) 
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In this photo, the metal foil is removed and the water jackets for the two flashlamps and 

the laser cell I.self may be seen.   In this enclosure, the entire interior of the enclosure 

was flooded with cooling water and the laser cell therefore has no water jacket of its 

own.   This cooling arrangement proved to be inadequate in that the water therefore became 

hot under repetitive pulsing.   It was, in fact, the results from this laser that showed 

conclusively that a water-jacketed laser cell was a most desirable improvement. 

The secord type of flash enclosures used was the focusing type.   In these 

units, the reflector had an elliptical cross-section which imaged the flashlamp located at 

one focus onto the laser cell located at the other focus.   In all cases, these enclosures used 

multiple flashlamps and the enclosure cross-section was multi-elliptical with the laser 

cell situated at a focus common to all the ellipses.   One such enclosure utilizing two 

flashlamps is shown by Figure 3-53.   The laser cell shown in place on this photo also 

lacks a water jacket.   An enclosure utilizing four lamps is shown as Figure 3-54.    in 

this last enclosure, the laser cell is surrounded by a water jacket.   The flash enclosures 

shown by Figures 3-53 ar-i 3 -54 are basically commercially available units.   They are 

manufactured by Research Incorporated of Minneapolis, Minn., and marketed as infra- 

red radiant heating chambers.   Tn this use, the laser cell is replaced by the sample rod 

to be heated and the flashlamps aie replaced by resistance rod heaters.   All the units 

are cast of aluminum with internal labyrinths for water-cooling the enclosure.   The re- 

flecting surface is polished aluminum which we use as-is for our laser work.   The only 

modifications we make to the commercial unit is to replace the end plates of the en- 

closure with ones we manufacture in our shop to mount the flashtubes, cell cooling jacket 

hardware, etc., required for our application. 

We have not paid much attention to the optical perfection of the imaging in 

these enclosures.   The reason for this is that the effective cell diameter (taking into 

account the refraction in the cell water jacket as mentioned in Section 3. 2. 4. 3 is com- 

parable to the latus rectum (the chord trough either foci perpendicular to the line joining 

the foci).   Under such circumstances, the imaging of the flashtube at the cell cannot be 

too good and the enclosure must function as a cross between a close-coupled and a 

focusing device.    It is, however, a fact that the best long-pulse oscillator efficiency we 

have observed (44 joules out for 1650 joules in or 3. 8 percent efficiency) was obtained 

with the enclosure shown as Figure 3-53. 
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Figure 3-53-   Assembled Flash Head, Laser Cell and Flash Lamps 
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3 2.5.2        Flashlamp PFN's and Trigger Circuits 

The selection of the flashlamps to be used and the design of the pulse- 

forming network (PFN) used to drive them is based on the popular method ci Markiewicz 
7fi 

and Emmett.        In our cases, w specify the total electrical input energy (joules) to the 

flashlr-.nps necessary to obtain a desired amount of long-pulse oscillator output assuming 

an   verall conversion efficiency on the order of 2 percent (which gives a coi servative 

estimate of input energy requirements in general).    Thus, if we desire a long-pulse out- 

put of 50 joules, we must assume that we will want to put up to 2500 joules of electrical 

energy into the flashlamps.   The next most important specification is the flashlamp 

pulse duration.    Since all our liquid lasers have been designed to function primarily as 

long-pulse oscillators and amplifiers, a roughly square-topped lamp current was 

assumed with pulse duration on the order of 600 ßs.   The final specification necessary 

is the maxintm capacitor bank (PFN) voltage to be used.    This is in general set by the 

power supply available.    In most of the repetitively-pulsed work we have done, this 

voltage was 5000 volts.   These three specifications, along with the design limitation 

that the flashlamps be run at no more than 10 percent of their explosion energy per 

pulse, are enough to completely specify the lamps to be used and the PFN configuration 

in the following manner: 

The energy (joules) stoi d in the PFN is given by, 

E - 1/2 CV2 (3.l8, 

where C is the total bank capacitance (in farads) and V is the maximum bank \oltage 

(volts).    From the given specifications (V . 5 kV,    E ■ 2500 J), we calculate that the 

desired PFN capacitance is C - 200 /xF.    Requiring that the lamp current pulse be square- 

topped means that the PFN used must be a delay-line type as shown by Figure 3-55fa). 

As is well-known from circuit analysis, such a combination of L's and C's must have a 

characteristic impedance: 

n e-  '  •  =    C" (3-19) 
\    n 

to be balanced.    Furthermore, to avoid current reversal in the circuit, the characteris- 

tic impedance of the line must be matched to the load; i.e., 

R r   Z - j— (3-20) 
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(b)  Two-Section PFN as Calculated from Text 

Figure 3-55.   Delay Line PFN's for Flashlamp Driving Circuit 
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In the matched line case, the duration of the lamp current pulse will be: 

T     2^Ci    2^totar2«Sotal (3-21) 

In our example, if r    «00 us, C^, . 200 ,F. we find that the flashlamp load and the 

PFN characteristic impeda ce must be R    Z     1.5 ohms.    In the case of a two-section 

PFN. as shovel by Figure 3-55(b). the value of the section inductance will be: 

L = Z   C - (1-5 O2) (IGO^iF)     225 >iH 

The high-pressure xenon flashlamps act as nonlinear da ait elements whose 
resistance may be phenomenologically exprcssea as: 

R(o:.ms) = 3i21i 
/TD~ ^-22) 

where: 

I = electrode spacing (cm) 

D = lamp internal diameter (cm) 

I = current through lamp (amperes) 

The instantaneous power dissipated in the lamp load is: 

p;l2R.   (1^1)^/2 

Expressing the lamp resistance in terms of the power dissipation: 

\    D      / \pf (3-24) 

(3-23) 

Now. the maximum power dissipation in the lamp load in the hypothetical 
been considering is: 

case we have 

p-f- 2500J ,  , 6 
T ^3    * 41y 10   watts 

0.(J x io -^sec 
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We can. therefore, solve for the length to diameter ratio for the flashlamp load as: 

(l.27lY/3   „ ^1/3 « 1/8 
\   ~)       -»W    -(1.5)(4.1xlo6)       =a.5)a.6xloJi) = 240 

D \l-27/     1.27   ~48 

T    - Z C   =       total     _7- 
r n n ~ 20" (3-25) 
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Thus   If the required n^hUmp arc length is lc inehes (M 4 em, ^ we Msh .c „Se .wo f 

nashlan,ps eonneeted !„ aeries, .he .ote, lamp are leng.h ia 50.1 cm.   The ealeu.aUon I 
shows .ha. Uie required lamp 1. D. Is: 

» 
n - A - 50. H cm       ., a 

Such calculattous give a nashlamp speclflcaaon for a particular PFN (or 
vice-versa, for a load maiching only a. one particular PFN voUage becauae of ». non- I 

■near tapedancc characteris.ica of .he flashlamp.   Because .he ^rs. case in .arms of ' 

lamp aud capaciior life occurs under .he co^i.ion of curren. reversal flamp Impedance 1 
ma, er U,an PFN charac.eris.ic Im^ce,, the design poin. for .he lamp PFNILUT. I 

s M. as tte maximum ba^c voltage (energy inpu.,.   A. .ower bank voltages, the lamp 

LTnX,S ,han 'he PFN CharaCtCrlStIC ,mPedanCe ^ *• '"'- h" ' ^ i 
in the PP.0 HTT 

r,8e"mC '" the PUlSe !S 'argeIy COntr0,led by ^ "™,-r <" -«- i 
in the PFN delay Une.   It cau be show that, if the PFN Is made up of „ .dentical sections. 
the current risetlme. T , will be given by 

: 

i 
Therefore. If we make the PFN out of too many sections (1„ «,«t0 _, . „<:lean„ T   ' 

square-topped curren. pmse,. tte riseHme of .he pulse mus. ge. «, short,   in mos. ' 

PFN s we have cons.ruc.ed. we used a .wo-section PFN.   n, resulUng current wave- , 
form has a total rise and fa!, time amounting to abou. 1/2 the total pulse duration.   This 
s lection aMows the lamps to be safely limited in peak curren. wHhou. .he possMUy 

of curren. reversal whl.e a, .he same ..me haying a „ash pulse which Is consis.en. wi.h { 
good long-pulse oscillaior performance as well as acceptable amplifier gain ' 

— ---    -     ■   ■    -       --   ■      - i 
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A separate problem in the PFN design is the provision for triggering the 

flashlamps.   ()n the order of 10 milliseconds after the current pulse through the lamps 

has extinguished, ambipolar diffusion of the ions in the lamp gas to the walls of the 

flashlamp returns the flashlamp to a nonconducting state.   The PFN may then be charged 

to voltage without the lamps "breaking down" and prematurely dumping the PFN energy; 

however, once the bank is brought to the desired voltage, a means must be provided for 

injecting mobile charge carriers into the lamp gas so that it becomes a conductor again. 

Two different means are traditionally used for this flashlamp "triggering."   The first 

is called "external" or "parallel" triggering and involves capacitive)/-coupling a high 

voltage and frequency pulse signal to the lamp gas by means of a imall wire wrapped 

around the outside of the flashlamp.   The signal ionizes enough of the gas to form mobile 

charges which, because of the high voltage across the lamp electrodes, can be be 

accelerated and in an avalanching process form an arc channel in the gas.   The second 

method (series injection triggering) involves rapidly raising the potential of one of the 

lamp electrodes above the breakdown potential of the gas in the lamp.   The triggering 

signal must have enough current capability to form an arc streamer through the gas 

which can act as a conducting path for the main bank discharge cur/ent.   The method 

most commonly used for this is to use a saturable core tr nsiormer for generating the 

high voltage pulse at the lamp electrode above ground,    ^ne seco idary of this transformer 

is therofore part of the PFN.   By using a saturable core transfon ler, the secondary can 

thus present a relatively low inductance under core saturation from the bank discharge 

current while being capable of high voltage generation in the unsaturated condition from 

a large winding ratio between secondary and primary. 

In most of the liquid laser systems constructed, we have used the series 

injection triggering method because vt is just as effective at low PFN voltages at at 

high voltages.   The potential disadvantage of the trigger transformer being pa.t of the 

PFN was overcome by const -ucting a special transformer with a relatively low saturate 1 

inductance (125 microhenries) and high secondary rms current capability (150 amps). 

The transformers were manufactured by Saratoga Industries to our specifications.   The 

completed PFN's used in the most recent three-head liquid laser system are shown as 

Figures 3-56(a) and 3-56(b). 

3.2.5.3       High Average Power Supplies 

The power supplies used to charge the capacitors in the PFN must be capable 

of a high average power.    The maximum capability of the unit was set by requiring that 
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(a)   Pulse Forminsf Network for Two Largest Laser Heads 
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(b)   Pulse Forming Network for Smalles* Laser Head 

Figure 3-56 

3-108 

/ 

HV 
110 MH 

yvwx 
u SARATOGA IND. 

TRIGGER TRANSFORMER 

J^nOTN. 

1 

+HV 

100 Mf 100 pf 

2XENON 
CORP. 

S-200 
FLASHLAMPS 

rh 

I 

.1 

■MiHHMIMlMH __   



i 
■' ■— 

I 
he max mum .„pu. to the pFN ^ 4m) ,„„,„ ^ ^ ^ a 

v^r, :,ts average ^^ *•p— »**for ""^—- ~ i ^ 
ttrt-H   :   The ^ element '" thit ^^ 1S ' —«•"• *- «-P- »y 
Ic IT    k '" i":R SW"t■h",8■   ^'^ from a •"-*- •*" " W '"to - 
LC network arran^ to operate aa a resonant e.reu.ator at tKe „ne ^uencv,   K-weT 

U extraeted ,rom thla network throng another „e.worh t^ted to the three-phL hlgh 

-ouage tranarormer.   Threo patrs of SCR. are aaed as shunts on the prJan side of 

transformer, when the de   red vo.tage is reached on the capacitor bank the SCT. 

Cose and stop the charging cnrrent.   The resonant nature of the cireuiator „mits th 
current tough thc ,SCR.S „ ^^ ^ ^^ .he 

It 1
SMa ^r"'-0"^"' -^ ^'h P"""V over-voitage and over-current protection 

ta add iion. the design of .He SCR contro.iing circuit aiiowa for a charging accuracy of 

P~te,y 0. : percent o, the des.red capacitor hank yoitage at the mlmum cC 

rate,   •n.e suppiy ,s rated for aa output of 30 Mr to the capacitor bank.   At a puise 

repetition rate of she pps. 5000 iouies per puise can be deiivered to the flashlamps    The 

puise repetition rate and the energy deiivered to the iamps can. of cnurse. be var ed 
provided the total power Is in tu- „, i„..     i . vanen 
nnr , .,,     „     . . to aCtUa' Use' no more tha» 2» Wlo^tts is 
normally allowed because of Haahlamp cooling limitations. 

'■*•* Cooling System and ileat Fvr-h^g^ 

Two separate cooling systems are used in the liquid laser system    One 

system uaes temperature-reflated dMoni.ed water for cooling tbe laser cell via the 

ell water iaeket ^ is also used for cooMng the „ashlamps.   T* system is a Cosed- 

h^P system . th the deioni.ed w.Ur being c.rcuiatel though the cei, water Jack t 

nasblamps and a stainless stee, „eat exchanger bv means of a piastic centr.i.gal pump 

TTe deioniZed water temperature is sensed at the output of the heat exchanger    A 

t.me-pro.K.r.ional controller activatas a solenoid vaive on the domestic water line to 

rebate the output temperature to * 0. VC.   «. deionized water ,s also bypassed to . 

tnterna, .oop w* oh .ncludes a particle ,i,ter, deloni.er cartridges a.d a resistivity 

monitor to maintain the quality of the coolant.   The heat exehanger, pump, cartridges 

inc.   the builders of our powar supply described earlier.   This cooling system derives 

us electrtcal power from, and Interfaces ^th. the login systems inside of the Me 

Power supply.   The system is therefore so arranged that. In the event of loss of 0001... 

the power supply shuts down automatlcaHy to prevent damage to the laser system 
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A seconJ independent cooling system uses ordinary tap water with a time- 

proportional temperature controller identical to that in the previous system to regulate 

the temperature of the laser liquid by means of a specially-constructed all-nickel heat 

e; changer.   A schematic of the laser cooling and control circuits are shown as 
Figure 3-57.   The figure shows both the laser liquid temperature control system and 

the deionized water system prev'our.ly described. 

Of the two cooling systems, the deionized water system dissipates the most 

heat because it cools the flashlamps.   We estimate that about 80% of the electrical 
power dissipated in the flashlamps must be handled by this system.   The remaining 

20^ goes largely into heat dissipated by the second cooling system.   A breakdown of the 

power dissipated by the two cooling systems assuming a 10 kW input ;o the flashlamps, 
is shown below: 

Totals 

Deionized Water System     Laser Liquid Cooling System 

500 W 

1500 W 
500 W 

2500 W 

Flash lamp Heat 7500 W 

Cell Water Jacket 500 W 

Laser Output Power - 

Laser Liquid Heat - 

Liquid Pump Friction - 

8000 W 

The extra t<00 w. tts dissipated in the laser liquid arises from the friction of the circula- 

ted laser liquid s s well as heat caused by the electromagnetic drive of the "canned" 
pump previously described. 

In operation, the cooling systems used In the liquid laser system seemed 

quite adequate, at least for the relatively short periods of operation used in the experi- 
ments to be described.    Certainly, the deionized water system was more than adequate 

because it was designed by the manufacturer to dissipate the entire 30 kW capability of 

the power supply while we oily used it to occasionally dissipate about half this amount 
(16 kW).   The deionized water temperature was monitored near the input to the  aser 

cell water jacket and this temperature rarely varied more than 0.10C during the course 

of an experiment.   This excellent control is a testament to the sensitive proportional 

controller and well-designed heat exchanger used in this sytem.   The system used for 
maintaining the temperature of the laser liquid was not as accurate even though the 
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Figure 3-57.    Liquid Laser Cooling and Control Circuit 
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same time-proportional controller was used here.   Under operation, the liquid tempera- 

ture showed tendency to rise about 0, 30C near the end of a run.   The system would then 

start "hunting" about the set temperature.   We suspect that the heat transfer efficiency 

of the all-nickel heat exchanger (designed and manufactured in our own shop) was not 

as nigh as it cc aid have been had we been able to purchase nickel tubing in the proper 

gauge.   Also, the heat exchanger had to be made as small as possible to minimize the 

quantity of laser liquid used in the system, as well as to fit the physical layout of the 

laser system.    Photos of the heat exchanger disassembled and in place on top of the 

pump in the laser system are shown by Figures 3-58 and 3-59, respectively. 

The completely assembled laser system is shown in Figure 3-60 showing the 

circulatory system (below table top level) and Figure 3-61 showing the three laser heads 

on the table top.   In Figure 3-60, the circulatory pump and heat exchanger are clearly 

evident in the rignt-hand portion, the gas ballast system and nanometer in the left , 

and the trigger transformers in the lower left.   The three laser heads in Figure 3-61 

are 6. 5 inch dual ellipse in the extreme left, a ten inch dual ellipse in the center, and 
a ten inch quadruple ellipse in the right. 

I   . 

. 

■ 
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Figure 3-59.   Detail of Pump, Filter and Heat Exchanger 
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Figure 3-60.   Photograph of the Plumbing and Drive Parts of the Liquid Laser System. 
The vertical meter stick is attached to the manometer used to measure 
the pressure above the free surface.   In the lower left is the triggering 
circuit and in the upper left the gas ballast.   In the center right the filter 
and heat exchanger can be readily identified along with the piping used in 
the circulatory system.   The circulatory pump is in the lower right. 
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Figure 3-61.   Photograph of the Liquid Laser System Showing the Three Laser Heads 
In the extreme left is the 6. 5 inch dual elliptical laser head; in the 
center the 10 inch dual elliptical laser head and on the right the 10 inch 
quadruple elliptical laser head.   The standpipe and free surface arrange- 
ment can be seen at the rear of the table between the two 10 inch heads 

1 
I 
I 
I 
I 

I 

«*> 

1 

| 

I * 

I | 
li 

3-116 

 J-  mum^m^ämumimmm 



iimnmuiiiu I"    »IIWIN "■■l  "■  WWPWPWPPWSIW^'"»" ll.illl.HUip) 

T 
II 

4.    THE HYDRODYNAMIC AND THERMO-OPTICAL PROPERTIES OF LIQUID LASERS 

■   <■ 

In all condensed phase optically-pumped lasers, conversion efficiency and 

beam quality are affected by the temperature distribution induced by the optical pumping 

process.    These thermal effects are virtually unavoidable, because only part of the 

absorbed pump energy appears as laser emission; the remainder appears as heat.   Be- 

cause of the spatial nonuniformity of the energy absorbed in the laser medium and its 

vlrtoally '.nstantaneous degradation into heat, thermal gradients are induced in the active 

medium during the pumping pulse, as has been observed by many workers76"85   The 

actual temperature rise in a laser rod has been estimated to range from 3 to 
QO„78, 80, 81,83,86 J H L depending on the material,  rod cooling and flashlamp input energy. 

For practical laser rods, flashlamp absorption nonuniformity is such that the outer 

circumference of the rod reaches a higher temperature than the central core.    Thermo- 

optical distortions, therefore, arise from both the change in index of refraction with 

temperature, dn/dT, and the material linear expansion coefficient, dL/dT.    In addition, 

solid state materials possess nonzero, stress-optic coefficients which contribute optical 

birefringent effects. 

In addition to the pump induced distortion occurring during the laser pulse, 

repetitive pulsing introduces a cumulative heat transport problem.   From this point of 

view, the thermal recovery or relaxation +ime of the system is important, since it limits 

the repetition rate.   This has been variously estimated to range from a minimum of 

perhaps 2s to much higher values    '     '      depending on material thermal conductivity 

and heat capacity, cooling conditions and pumping energy. 

The use of a liquid laser medium provides another approach to the latter 

problem.    In such devices, the active medium can be exchanged for each flashlamp 

pulse, thus, providing a new isothermal sample for each shot.   There is still, however, 

the flash induced distortion to contend with.   Since dn/dT for the laser liquid, 

Nd :POCl„:ZrCl4 is negative, the liquid under flash excitation behaves like a converging 
87  88 7Q 

lens as Malyshev et al.     '      have shown.   Quelle,      in his theoretical analysis of the 

thermal problem, has shown that the large dn/dT characteristic of liquids (between 10 

and 100 times greater than for solids) tends to magnify the effects of a temperature 

differential in a liquid or limit the acceptable input pump energy.    Furthermore, in 

tubular flow, the liquid adjacent to the tube wall is not exchanged at nearly the same 
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average rate as the core liquid.   Thus, the tube wall and the contiguous liquid boundary 

layer constitute a region in which the principal means of heat dissipation is thermal 

conduction.   A laser cell configuration, such as described in the previous section, pro- 

vides for an outer coolant jacket for heat removal from the cell wall. 

In this section, we address ourselves primarily to the calculation of the tem- 

perature gradient that exists in a liquid under turbulent flow contained by a glass tube 

where the liquid centerline temperature is maintained at a value T«. , and the external 

cell wall coolant is set at a temperature T .   We shall then analyze the optical properties 

of the liquid medium using Fermat's principal and ray optics.   The calculation will in- 

volve only the nonoptically pumped medium under steady-state conditions.   The calcula- 

tion will, however, establish a starting point for a discussion of the laser properties of 

a liquid medium. 

4.1 THE HYDRODYNAM1C MODEL 

The analysis of the thermal characteristics of a liquid laser is based on the 

hydrodynamics of the circulating liquid.   In detail, we are interested in temperature 

distribution of a fluid unt jr turbulent flow through a pipe.   The experimental laser cell, 

to which the analysis is to be applied, is illustrated in Figure 4-1 (a).   The region to be 

considered is the active length L (of inside diameter D) between the interior faces of the 

cell windows.   A section of the cell is shown in Figure 4-1 (b).   The bulk circulating 

laser   iquid is maintained at a centerline temperature T«, and the external cooling 

water is maintained at a temperature T-. 

The hydrodynamic analysis of turbulent flow in a pipe is very complicated and 

incomplete at best.   Most descriptions are semiempirical in nature.   The more tractable 

results are obtained for the case of fully developed flow that is established some dis- 

tance after the liquid has entered the pipe.   A value of 10D (where D is the pipe internal 

diameter) is a rough measure of this distance     and L > 10D is not satisfied in some of 

the experimental cases to be discussed later.   However, the plenum chamber of the 

laser cell has a tapered entry into the cell pipe, and this assists the rapid establishment 

of a fully developed flow throughout the active region of the laser cell. 

Under fully developed flow, tho average velocity in the axial (z) direction at 

any radius r is independent of time, distance down the tube (z) and angular position in 

the tube.   In addition, the mean radial velocity, v ,  is zero but there are nonzero 

fluctuations of velocity, v', in the radial and axial directions.   Hence, the mean flow 

, 
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(a)   Side View (Without Water Jacket). 

CELL COOLANT    T 

,— CELL WALL 

LASER LIQUID 

(b)  Cross Section Showing Water Jacket. 

i 
Figure 4-1.   Schematic Drawings of a Water-Jacketed Laser Cell. 
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in the axial direction, v . is one dimensional but the turbulent fluctuations at any point 

are two dimensional. 

For such a system, since the liquid is incompressible, the pertinent equations 

are the Navier-Stokes equation (with no body forces); 

2-* -•    -•    äv 
/i7   v = vp +pv-vv +^7- 

and the equation of continuity: 

(4-1) 

0 

3 
I 

p 7.v = 0 (4-2) 

where 

^i is the dynamic viscosity 

p is the pressure 

0 is the density 

In addition, there is the energy balance equation: 

kV2T = oC    (V.7T)+|r p ot 

where 

(4-3) 

T is the temperature 

C   is the heat capacity 

k is the thermal conductivity. 

The conditions of turbulent flow are introduced into the problem by Eq. (4-4v which states 

that the instantaneous value available in a turbulent flow field is given by the mean value 

(the barred quantity) and a fluctuatip/: part (the primed quantity): 

v = v + v' 

T = f + T' 

p -p +p (4-4) 

I 
I 
I 
I 
I 
T 
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Eqs.  (4-1) and (4-3) undergo considerable simplification when the conditions 

of steady state and fully developed flow are imposed.    For flow in a pipe, we have v 

and T as functions of r only, and the time derivatives are zero.   Then, putting Eq.  (4-4) 

into Eqs. (4-1) and (4-3) and using the continuity equation, [Eq.  (4-2)], and the fact that 

the time averages of the primed quantities are zero, we obtain the time averaged equations: 

O äz     r ar [■•(vV-„^o (4-5) 

and 

ax    1   ä  f   /   , 
T   - a T— r or )] (4-6) 

where the unprimed quantities are the mean values [the barreo quantities in Eq.  (4-1)1 
. 11 It 

and y - ^ and a - ^-.    In Eq. (4-5), the first term represents the pressure forces, 

the second represents the forces arising from tuibulent fluctuations, and the last repre- 

sents viscous shear forces.   In Eq. (4-ß), the first term represents heat transport by 

convection; the second, heat transfer due to turbulent fluctuat'ons; and the last repre- 

sents heat transfer by molecular conduction. 

The quantities involved in the radial derivatives of Eqs.  (4-5) and (4-6) are 

apparent fluxes of momentum and heat.   The first component in each case is a quantity 

arising from the turbulent nature of the flow, while the second component is identical 

to that found in laminar flow alone.   Using Prandtl's concept of eddy diffusivity, we can 

define: 

\  r    I    fh dr (4-7) 

and 

/   /A Sv 
\   r zj       m or 

so that Eqs.  (4-5) and (4-6) become: 

p äz     r är H'mHl] (4-8) 

4-5 

 . . i i  
... r. . ^.J... j^-^,^ ««m^i^m****^^: ^. ^.^^.„^-■...■ m „..,,■ .i,-,,-^--- ^■^...^-■■. .. . ^,...J.^.^^^w^»^l^itliAidM«yyfc*<to*^MaMfa 



•"".•I »«.I ■mp *r^m*^i  . in   ii nip 

and 

4Ä[rK-)l?] (4-9) 

T 

The simultaneous solution of Eqs. (4-3) and (4-9) will provide the temperature distri- 

bution in the flowing liquid.    First, we consider the integration of Eq. (4-8).   At the 

wall, since the flow there is laminar. 

I 

^   T dv      .   0 dv "1 

where r is the shear stress in the fluid and rn is the shear stress of the fluid acting on 

the tube wall.   Then, 

dr 
fll - _ I dfc = I +1 c'T 
LDJ- ~ 0dz    o    p3r 

.) 

Integrating over the limits 0 and rf 

or 

r0  p  "  ~ 2p dz 

1 dp    2T0 
pdz    pr. 

The general integral is: 

r (cm + y) dv^ldEd^.Üo  /rdr = .!o/£\ 
dr   7 pdz proy  rar        p \r0/ . 

or 

llm    ,// dy     p \      r0 
(4-10) 

where y = r. - r. 
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Similarly, a consideration of the heat flow, Eq. (4-9) leads to the equation: 

v dT + VdF (4-11) 

where q/A   is the heat flux from the wall into the fluid. 

Eqs. (4-10) and (4-11) are formally similar in the variables v and T.   Dividing 

Eq.  (4-11) by Eq. (4-10) leads to a differential equation for -j— in terms of ^-, other 

material and system constants, and the ratio 

a + Ct 

V + € m 

These equations may be integrated by assuming an explicit form for the flow velocity 

field v(y). For this purpose, a modified form of the "universal velocity distribution" 

due to Von Karman     is used as defined below: 

+      + 
v   =y 0 5-y   <5 

v+ = 5.0lny+ - 3.05 5<y   *30 

v   = 5. 5 + 2.5 j«ny 
+    y0 

30<y   <-^ 

v+ = 6.75 +2.5 ln-j-5  (l-^ 
•"0       +       + 
T-y  -yo 

where 

+                 V v "TT" 

y+ = ^ro-r\ ti 

I 

yo^jt ro 
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The four regions of application of this function have historically been defined as, 

respectively, the laminar sublayer (near the wall), the buffer or transition sublayer, 

the turbulent sublayer and the core.   In the latter two regions, €h^> ot and €m » V, 

and the ratio € /€    is designated as E.   Experimental values of E range from 0. 9 to 

1.7, and in the absence of detailed information, a value of E = 1 is generally assumed. 

In the laminar sublayer, flow is governed by viscous forces and a and v dominate to the 

degree where we can neglect eh and C^    In the buffer layer, all four quantities eh, a. 

e    and v must be retained. 
m 

The actual integration of first Eq. (4-l(n and then Eq. (4-11) for each of the 

four regions will not be shown here for brevity.   The interested reader is referred 

to the original paper by R. Martinelli90 for the details in the first three regions. 

By extension of these calculations, the calculation of the core distribution is straight- 

forward.   The result of these calculations is, therefore, an explicit expression for 

the radial temperature distribuHon for a liquid flowing through a pipe with centerline 

temperatu ve T«, and wall temperalure T 

distribution: 
w 

The following equations display this 
.. 

TCL - T(r) 
= 1 - 

Pr (y/y^ 

CL w 
D 

(4-12) 

0 < y = r, 

Pr + An 1 + Pr(-^-- ij 

1 " D 

y1 ^y ^y2 

Pr + An (1+5 Pr) + 

1 - 
»•Ktifel 

D 

(4-13) 

(4-14) 

Pr + An (l + 5Pr) + 0. 5 An 

4-8 

y2-y--2 

NtM 
—— <v ^r^ 

2     *       0 

(4-15) 
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where 

Pr = Prandtl number = - (a value of 10 appears to be appropriate for the 
lasv-.r liquid) 

10r0 

y-, =   7/0 
(0.198)Re ^ 

y2 = 6y1 

Re = Reynolds number of flow 
v (2rn) max x    0' 

V 

f    = pipe "friction factor" =   ' . 77 
Re / 

friction factor" =      . 77 
Re / 

D   = Pr + An (1 + 5 Pr) + 0. 5 ^ (^ N/|)
+ 0- 25 

Eqs.  (4-12) to (4-15) and the subsequent definitions, obtained from the 

Martinelli analysis, allow the calculation of the temperature distribution of the flowing 

laser liquid in the cell as a function of the radius.   These results apply to the case where 

there is a constant temperature difference between the centerline (T^.) and inner wall 

(T   ) temperature.   The results are not applicable to the case where the centerline 

temperature is varying due to the addition of heat from an external source (flashlfmps). 

4.2 APPLICATION OF THE HYDRODYNAMIC SOLUTION TO THE LIQUID LASER 

The solution to the hydrodynamic problem for the temperature distribution of 

a liquid flowing in a pipe is given by Eqs.  (4-12) to (4-15), in which the solution is 

expressed in terms of the centerline temperature and the inner wall temperature.   A 

typical example of what such a distribution might look like is shown in Figure 4-2. 

The centerline temperature is reasonably well-approximated by the bulk temperature 

of the flowing liquid; the inner wall temperature is more difficult to determine.   Refer- 

ring to Figure 4-1 (b), it is seen that in addition to the bulk laser liquid temperature, 

the only other temperature that is readily measured and known is that of the external 

cell coolant, T .   The first problem, then, is to estimate Tw in terms of TCL, T0 and 

the flow characteristics.   Thp knowledge of T    enables us to apply Eqs. (4-12) to w 
(4-15) and obtain the temperature distribution. 

4-9 
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i. 

: 

If there is no external heat source, the radial flow of heat is determined by 

the temperature difference TCL - T0 and the volume flow rate through the cell.   At 

the boundary between the liquid and the cell (inner cell wall) there will exist a tempera- 

ture which, in the steady state, is determined by the heat arriving at the cell wall by 

forced convection from the liquid and the conductive heat flow through the cell wall. 

For the latter we can write: 

<*9.~    K    A dT 

dt""KwAd^ (4-16) 

where 

-j? = the heat flow per unit time 

Kw = the thermal conductivity of the Pyrex cell wall 

A    = the suiface area 

' 

dT 
gj- = the temperature gradient in the wall at the interface 

Assuming a uniform thermal conductivity for the cell wall, and also assuming that the 

cell coolant represents an infinite heat sink in intimate contact with the outside of the 

cell, the temperature gradient across the cell wall will be constant and of magnitude 

(Tw - TQ)/*»   
The flat Plate approximation used here is valid since 

r0+t (91) 
——< 1.4,v      where t is the cell wall thickness.    Eq. (4-16), therefore, becomes 

Ädt       Kw\ t~l (4-17) 

The heat transfer under forced convection from the laser liquid to the cell wall can be 
92 

approximated by the calculation     of the Nusscult number, Nu: 

Nu = —^ 0. 27 (Re)0' 8 (Pr)1/3 (4-18) 

4-11 
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As an example, consider a set of experimental conditions described by Re = 9900 and 

Pr - 10 in a cell of r0 = 1.1 cm and t = 0.14 cm.   The physical constants for a Pyrex 

glass wall and the laser liquid Nd+3:ZrCl4:POCl3 are given in Table 4-1.   For the 

case T      - T   = 10oC, we find T    - T   - 7.70C; the bulk of the temperature drop occurs ca&c 1CL       0 w       0 
across the cell wall.   With this value of Tw, one can obtain the solutions for 

(T      - T)/(T      - T  ) as given by Eqs. (4-12) to (4-15).   For the conditions specified 

in the above example, this function: 

\TCL-V \Tw-TcJ 

4-12 

^ 

where the surface heat transfer coefficient, h, is defined as: 

dQ/dt dQ/dt ^.xg) 
h"MTCL:Tw)"2^0L(TCL-Tw) 

and K    is the thermal conductivity of the laser liquid.   Combining Eqs. (4-18) and (4-19) 

and using Pr = 10 for the laser liquid, we obtain: 

d^ = KJlcLlM (4.20) 
Adt        Lp^      r0      j 

where /3 = 2. 91 x lO-2 x Re0, 8.   In the steady state, the rate at which heat arrives at 

the wall [Eq. (4-20)] equals the rate at which it is transmitted through the wall 

[Eq. (4-17)].   Hence, equating (4-17) and (4-20), Tw is found to be 

ß KT /r, 

V 

Tw - V (TCL - T0) ,^/^^A = (TCL - T,) K,1^ <4-21' 
L'  0      w ,   . 

KL 

is plotted against the radius r in Figure 4-3.   The radii r2 an   ^ shown on the graphs 

are the respective boundaries of the buffer sublayer and laminar sublayers.   Also drawn 

to scale on this figure is the actual laser cell wall thickness t.   It is important to note 

that   of the total   2. 30C temperature drop between the centerline and the wall less than 

7% (0.160C) occurs up to r = 1. 0 cm (the onset of the buffer layer).   Most of the tem- 

perature drop occurs in the buffer and laminar layers. 

 ■' - ■     -11 IHM I MllÜMMiMiiHWItil 



I 
I 
I 
s 
I 
I 
I 

■ 

: 

i 
I 

4-13 

OJ 
u 
co rt 
u £ 

£ u 

n. "  a 

a» 
U 
U 
QJ 
w 
rt 
KJ 

0) 
+-> 
en 
«5 
O E 
u 
< 

c 

I 
T3 

O 
fn 
rt 

0) 
w 
to 
0) q 
u 

o 

3 

1 
3 

II    3 

&H '"' 
3 

■(-> 

n 
c 
o 

3 
O 

U 

0) 

o u 

Ü 

CO 
rt 
tn 
09 
O 
c 
o 

    --    ■ 

..   —_-■■>^—^^-^-„^ 



Let us now consider the index of refraction gradient n (r),  Eq. (4-22): 

dn _ dn dT 
dr    dT dr 

(4-22) 

is readily integrated to give: 

»(r)-n(0).^/;ri<lr=f(Tr-Tcl) (4-23) 

I 

TABLE 4-1 

PHYSICAL CONSTANTS OF LASER LIQUID AND LASER CELL 

Thermal conductivity of Pyrex (Kp        ): 2.7 x 10"3 cal • cm"1 ' s"1 • "C-1 

Density of laser liquid (P  ): 1.8 g »cm" 

Index of refraction of liquid 

(X = 1.06/i, T = 20oC) No: 1.4783 

Change of index with temperature -«: -4. 5 x 10"4 "C"1 

Specific heat of liquid (C ): 0. 320 cal • gm"1 • "C-1 

Prandtl number of laser liquid (Pr): 10 

Dynamic viscosity (/u): 
-2            -1         -1 5 centipoise = 5x10     gm * s     »cm 

Thermal conductivity of liquid 

C u 
K                P    • ^liquid     Pr   - 1.6 xlO-3 cal »cm-1 • s"1 »»C-1 

T        - T  • 
CL        0' 

10oC 

T       - T   : ^L     1W 
2.30C 

I 
i 

,! 

i 

if we assume -pp is constant.   Limiting ourselves to the turbulent layer and core and 

using Eqs. (4-14) and (4-15), it is then readily shown that: .1 

4-14 
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: 

n(0)-n(r)=^(TCL-Tw;A- 

Pr + In 11+5 Pr] + 0. 5 An (ti)K] 
(4-24) 

for 

_Ü5 r s r 2 2 

n(0)-n(r)^(TCL-Tw){l 
Pr + fe Cl+5 Pr] + 0. 5 ^(ß J-^  0.25 -(^ 

D 

for 
(4-25) 

0« r« 

where D is the same quantity defined in Eqs. (4-12) to (4-1 5).   By straightforward 
differentiation: 

/. ,    dn 
\  dT/ (TCL " Tw) r0 x D (l - r/r0 

(4-26) 

I 
I 
I 

for 

and 

for 

^ r S r =• rr 

»'H1^CL-w)(^ 

»s'sf 

4-15 

(4-27) 
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4-16 

Eqs. (4-24) and (4-25) describe the radial variation of the refractive index as 

a function of the material and flov/ characteristics, and the imposed temperature differ- 

ential, TCL - T0, since Tw ~ T0 can be calculated accordirg to Eq. (4-21).   Further, 

Eqs. (4-26) and (4-27) express directly the radial refractive index gradient.   Eqs. (4-26) 

and (4-27) will be applied in the next section to obtain the optical properties of the laser 

medium. 

4.3 OPTICAL CHARACTERISTICS OF THE LASER MEDIUM UNDER STEADY-STATE 
CONDITIONS 

For condensed phase lasers, thermo-optical effects arise from the optical 
+3 

excitation energy degraded as heat.   In an Nd     based laser, whose principal absorption 

bands are at 5800 A, 7400 A, 8000 A and 8800 A, with a laser emission at 1. 06/z, about 

50% of the absorbed pump energy is dissipated as heat.   For solid state devices there 

are, in addition, stress-optic effects which complicate the problem.   These do not 

exist in a fluid medium that is subject only to thermo-optical effects. 

Thermo-optical effects are of two sorts.   The first occurs during the excitation 

pulse and arises from nonuniform absorption of pump power.   This occurs very rapidly 

and the distortion introduced by this process is present for each pulse in a train.   The 

bulk of the excited liquid and the associated heat are swept away after the pulse.   How- 

ever, there is a residue in the laminar and buffer layers that is not exchanged as rapidly 

as the turbulent core; this gives rise to the second effect   which occurs on the repetitive 

application of pulsed energy and is more or less   a function of average power.   The 

thermal residues of successive pulses accumulate until the temperature gradient and 

resulting heat conduction are large enough to balance the increment from each pulse. 

The radial temperature gradient gives rise to a radial refractive index gradient that 

distorts the beam in the amplifying medium and results in a marked reduction of output. 

In this section we shall, for simplicity, discuss the optical consequences in 

terms of the second effect.   We will set up a radial thermal gradient through control of 

T0 and T-,    (T      > T ) the external cell coolant and the bulk temperature of the liquid 

laser material.   As has been shown in the previous section, under these conditions the 

radial thermal gradient can be calculated and,given this thermal gradient, the refractive 

index gradient and its effect on the propagated wave will be evaluated.   Optical measure- 

ments on the pure POCL solvent and the actual laser solution under flow conditions will 

be correlated with these theoretical results in Section 4.6.   The actual application of 

these results to laser experiments will be considered later. 

. 
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A light iay, entering normally at the centerline of the laser cell, will propagate 

undeviated.   Rays entering normally at values of r 7^ 0 will deviate from the normal.   In 

fact, since dn/dT and dT/dr have the same sign, the liquid medium will behave as a 

diverging lens.   This is schematically illustrated in Figure 4-4.   The analysis we will 
.   I 

/in; 
93 

82  83 
give, based on this figure, is taken from Riedel and Baldwin;    '      other approaches 

79 
have been given by Quelle     and Winston and Gudmundson. 

The optical path length, S, of a ray entering at z = 0, r = r^^, and leaving at 

z = L, r = r?, is given by: 

S=/      n(r) s/l + n     dz = /      G(r, r/,z)(iz (4-28) 

I. where r   = -p.   Applying Fermat's principle, ÖS = 0, leads to the differential equation: 

ÖQ _ _d. ^G :r 0 

^F    dz 3r 

0 
I 

^M(ltr'2)-„r' = « (4-29) 

If we let q = r   and integrate the resulting equation, we find: 

W) Y\ = ln cin(r) (4-30) 

where C, is a constant of integration.   This is evaluated by the boundary condition 

q(rl)= rl = 0*   Then: 

and 

Cl = 

n^) e 172 

W) = in 1/2 rl) e      J n^) e 
(4-31) 

4-17 
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0 

c 

Eq. (4-31) can now be brought into the form: 

ll/2 

/ *n^ n r. 

dr = /  dz = z + (4-32) 

In the turbulent core, where dT/dr is slowly varying, vve express n(r) as follows: 

n<r) = no+f H-
T

CL] 

and using Eqs,  (4-24) and (4-25), 

n(r) = n^) + ^) [ g J ^n ^Jg ^-j 

r2är'risT 
and 

—^^^gf-fe) 

(4-33) 

(4-34) 

(4-35) 

— * r   r   ^ r 2       '    1       0 

Both expressions may be written in the form: 

n(r 

where 

^)=1+S(^F<r'ri> 

IPCr.^l-^) 

4-19 
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The insertion of either Eqs. (4-34) or (4-35) into Eq. (4-32) leads to an equaMon that is 

not readily integrable„ 

Over the turbulent layer and core, n(r)/n(r1) is a slowly varying function, and 

car be expanded in a Taylor series: 

n/rl n'(rl) ""^ 2 

-a^-fj) 
If we limit ourselves to only the first terms, the expansion of e with 

(4-36) 

a = 
n Oy 
"^7 

has the same form as Eq. (4 -36).   The justification for using this approximation lies 

in the value of n'fa).   In general, over the turbulent layer and core, as we have seen, 

the radial change in temperature is small (0.16oC for TCL - T0 = 10oC).   Rarthermore, 

dn/dT is very small, hence 

is very small.   Again, over the turbulent layer and core the curvature of T as a function 

of r is small and n (r,) is also small. 

From Eqs. (4-26) and (4-27) we find, using the first order approximation 

a = 
^l^(-dn\/TCL-TwVl\/    0.5   \ 
n^)    Wl\ n0xr0 ^   ^l-r^rj (4-37) 

in the turbulent layer and 

- L^j = (^ /TCL"Tw\ (l\ fir) = nO^-^T^ n0xr0 ^D/^ 
(4-38) 

fl 

D 

. 

, 

in the core. 
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n(r)       -a(r-ri) 
Substituting—^-f-=-e into Eq.  (4-32) and integrating, we find: 

z + C, HJ^Mr-v;: 1 - 2a (r - r.) 1/2 ^   . -1 + sin 2a (r - r-) 1/2 (4-39) 

C2 is determined from the boundary condition that ai z = 0, r = r ; this leads to C   = 0. 

Then, using the fact that a « 1, neglecting 2a (r - r^ with respect to 1 and expanding 

the p  »"sine ianction, we obtain 

2   2 
a   z   = 2a (r - r.) 

or 

a   2 n (rl)    2 
n^) (4-40) 

This says that a ray entering the laser cell normally, but off the cylinder axis, follows 

a parabolic path and, since n^r) changes faster than n(r), the curvature of the ray is 

greater the further it is removed from the centerline. 

4.4    BEAM PROPAGATION THROUGH THE TURBULENT LASER MEDIUM 

The parabolic relationship derived in the previous section for the ray path has 

two important consequences. First, a ray entering the medium at (z = 0, r 7^ 0) leaves 

the medium (z = L) at some angle (>0) with respect to the z axis. Secondly, due to the 

curvature of the ray path, there is a phase variation across the beam in a plane normal 

to the propagation direction after a traversal of the medium. In this section, we con- 

sider these two factors in more detail. 

From the laser cell schematic of Figure 4-5, the definitions of the quantities 

shown therein and Snell's law, we can write for the emerging ray: 

Atr2, 

n(r2) sin y(r2) = sin (0(r2) 

irtany(r2)- 

(4-41) 
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From Eq.  (4-40), we find: 

J n  (ri) 

dz   r2      n(r1) 
tan y(r2) 

and then: 

sin(/3(r2) = n(r2) sin 
-ln(rl)T 

For the system involved n'^) « L and n^), so: 

tany(r2) = siny(r2) = V(r2) 

then: 

8in0(r2) = n(r2)-^yL 

However, since n(r2) ^ n'r^ and n^r^L « 1, then «3(r2) = n^r^L.   The refractive 

index gradient n^r) increases with r so that <P{r2) increases with increasing r1.   At 

some value of r, = r , the emergence angle (fl(r ) will be large enough so that in a plane 
la « 

parallel resonator, or one with large radius of curvature mirrors, the emerging ray 

will "walk off or have a very high loss.   From this picture, the laser is then self- 

apertured at this value of ra, in general smaller than the turbulent core.   The extent 

of the self-aperturing will depend on the index of refraction gradient and hence, on 

flow conditions and AT = TCL - TQ. 

With the development of the ray path in the medium, the change in phase for 

a ray propagating through the laser cell off-axis, measured relative to the on-axis ray, 

can be calculated.   Consider the case of a plane wave entering the cell as shown in 

Figure 4-6. 

The optical path length of the ray propagating along the axis of the cell and 

striking the observation plane OP placed a distance d0 from the output end of the cell is-. 

P(0) = nnL + d. (4-42) 

f 
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Figure 4-6.   Ray Diagram of the Laser Cell for 

The optical path length of a ray entering the cell at 

P(r1) = S(r1) + 
cos 0(r2) 

a Plane Wave Input, 

radius ^ and striking the OP plane 

(4-43) 

Now: 

8^)= f    n(r) VlTT71 
dz 

(4-44) 

and, using Eq.  (4-31), we find: 

S(r)=/* "(D dr 
rl        ^^[n^/n^)] (4-45) 

n^) 
Using Eqs.  (4-36). (4-40). and the exponential approximation for J&I. we obtain: 

aL 
n(r )/2   iVS     2 

S(rl^-f-/      ^   dy 
^0 (4-46) 

] 

.. 

a 
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2 2 
where y   = a(r - i^).   Since y   <*: l, we expand the exponential in Eq.  (4-46), retain 

only the first two terms and integrate to get; 

S(r1 ri) = n(ri)L|1+afL!j (4-47) 

Since 0(r2) is small, we can expand the second term in Eq. (4-43) as: 

cL 
0 

cos 0(r )       0 1 + 
^(r2) 

As we have seen before, we may approximate to the same order: 

»(r^-n'o^L 

Substituting into Eq.  (4-43), we have 

i' = n<ri) L+ir Pfc ) = n(r1) "'^f I       (     L2 r ,    - 
>+do1+T-[n<ri) "(r^J  | (4-48) 

Subtracting Eq. (4-42) from Eq.  (4-48), we find the optical path length difference at 

the observation plane for the two beams 

P^) - P(0) H AP^) = ^(r^ - nj L + L 0 
en{r,)     2 n'lVj (4-49) 

Again, we may approximate to the same order of accuracy as previously used nfr.) *, nn, 

so that the first term in Eq.  (4-49) vanishes compared to the last two.   We, therefore, 
are left the final result: 

*P<V = L2(4+T)["'<V] (4-50) 
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4.5 OPTICAL MEASUREMENTS OF A LIQUID WITH AN IMPOSED RAHTAT 

TEMPERATURE GRADIENT UNDER Tm^BULENfpLoWGONM^NS I 

In this section, two independent optical methods are used to measure the radial 

index gradient in a liquid laser cell.   The cell used for these measurements was the 

largest one on the recent three-head laser system described in Section 3. 2.   A sketch 

of the cell actually used has been previously shown as Figure 3-7.    In the experiments 

to be described, two different liquids were circulated through the laser cell - the pure 

POCI3 solvent and the actual Nd+3:POCl3:ZrCl4 laser liquid.   These liquids have differ- 

ent physical properties that are compared in the following table. 

TABLE 4-2 

PHYSICAL CONSTANTS OF LASER LIQUID AND FOCI, 
Constant Units POCI3 

3 
Laser Liouid 

1 Density (P) gm 'cm"3 
1.645 1.8 

Dynamic Viscosity gm •cm'   »sec-1 (poise) 0.010645 0.005 
dn/dT oC-l -4* 

-6 xlO * -6 xlO-4 

Specific Heat (cp) cal 'gm-1 •0C~1 
0.38* 0.32 ; 

Thermal Conductivity (k) cal'cm"   •0C~1 «sec-1 
1.6 xlO-3* 1.6 xl0~3 

Prandtl Number (p      -^-j — 
2.5* 10.0 

■■ 

* Estimated values 

Of the two liquids, the pure POClg solvent has the larger uncertainty of the actual value 

of the indicated physical constants.   The values listed in Table 4-2 are the best approxi- 

mations we could make in lieu of actual reported data.   Since these factors enter into 

the estimate of the Prandtl Number of the liquid, we estimate that any one of the three 

quantities indicated may be off from the actual value by as much as a factor of two. 

These two liquids were circulated in the laser system at a set pump speed. 

but.because of their different physical properties, a different Reynold's Number for 

the flow resulted (Re = 25.600 for the POCl3 and 5980 for the laser solution).    For each 

liquid, the temperature of the cell water jacket coolant (T0) was varied while keeping 

the flowing liquid temperature (TCL) constant.   In this way. a variable, steady-state 

. 
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thermal (and index of refraction) gradient could be established across the radius of 

the flowing liquid.   The results of the previous section were used to calculate this 

gradient for the two liquids used.   The experimental results to be described are. 

therefore, a direct check of the validity of the preceding theory. 

4*5-1      Calculation of the Induced Radial Temperature Gradients 

We first calculate the refractive index gradient dn(r)/dr from Eq.  (4-27) of 

Section 4.2.   Since the data to be compared to theory was taken on a cell whose aperture 

was restricted by an external iris with diameter d < r0 = internal radius of laser cell, 

only those equations in Section 4.2 will apply where 0 ^ r =s r0/2.   The index gradient' 
is therefore given by: 

-'M$) (Wg "a2 
r0xD 

where 

D = P   + An (1 + 5 PJ + 0.5 Jfo 
R      17 
dO   V8 + 0.25 

; 

In the cases we will be considering, the following parameters apply: 

: 

Quantity With POCl3 With Laser Solution 

ro 1.1 cm 1.1 cm 

Pr 2.5 10 

Re 25600 5980 

f 6.25 xl0~3 
9.0 xlO-3 

dn/dT -4      -1 
-6 x 10     "C -6 xlO-4^"1 

D 8.86 14.785 

I 
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The centerline, cell-wall temperature difference Tn    - T   must be calculated 

from the applied temperature difference TCL - T   and the estimated cell wall thermal 

conductivity, etc., as was done in Section 4.2,  Eq. (4-21). 

CL       w CL - T0 - (Tw - Toh T       - T 
CL     10 

1 -■ 

1 + m 
T       - T 

CL     ^0 

rn x K 0       w 
ßtK.  + r_ K L       0    w = A [TCL " To] 

1 

Again, using the data from Table 4-1 in Section 4.2 and the relevant physical para- 

meters for this laser cell: 

Quantity With POCl3 With Laser Solution 

ro 1.1 cm 1.1 cm 

t 0.14 cm 0.14 cm 

Kw (Pyrex) 0. 0027 cal • cm-1 • sec-1 • "C-1 
0. 0027 cal • cm"1 • sec"1 • "C"1 

KL 0. 0016 cal • cm-1 • sec"1 • "C-1 
0. 001 j cal • cm"   • sec-1 • "C-1 

ß = 0. 0135 P1/3 R?' 8 61.6 30.54 

A 0.177 0.303 

Combining the results from these two +ables, we find that: 

a7=2fcL"To)(^)(^)^2(TCL-To)ar (4-51) 

ö = 0. 984 x 10"5 "C"1 • cm-2 for POClr 

= 1. 017 x 10~5 -C-1 • cm"2 for laser solution 

4-28 

«|g|£j|ätttfMblMg|||M|MUI|gU|l|i^^ ii ili^TM'H^l^tMt'^iMIÜl^'Ml 



fii 
lll^l|W>»i»iPiiw^'^^»^i^P!™i^«i«wHwp»»ppiiw»l«i|ww»-aiiR^i«HPi»»pp»iiiiw^ 

I 
I 
I 

r 

| n(ra) - n(0) ^ ' | dr = a (TCL - TJ r* (4-52) 
* 0 

I 

; 

:: 

1 " 

i 

Integrating Eq. (4-51) directly, we find 

r = T      0o 
_ f      L-d     £      f  -d ^      c      2      c      1 c      T 

4-29 

We again must note that the quadratic form of Eq.  (4-52) applies only over the range 

of the experiments to be presented next; i. e., when r   < r   / . 

4. 5.2       Effective Focal Length of Laser Cell — Telescopic Measurement 

In this series of experiments, the "effective focal length" f   of the laser coll 

is measured using a Davidson autocollimator-telescope to project an illuminated reticle 

pattern at a known distance from the principle plane of the telescope. The experimental 

arrangement is shown in Figure 4-7(a).   An aperture, set to a diameter of one centimeter 

(r   for this cell), was placed between the telescope and the laser cell and an aluminized 

flat reflector was placed on the other side of the laser cell.   The experiment consisted 

of decreasing the temperature of the coolant in the laser cell water jacket (T.) while 

keeping the bulk temperature of the circulating POCL or laser liquid (T„T ) constant. 

Since for both liquids dn/dT is negative and TrT > T., the liquid in the laser cell will 

behave as a diverging lens.   The effective optical setup of this experiment is shown in 

Figure 4-7(b).   We note that the laser cell must be considered as a thick lens, and that 

d. and d„ represent the respective distances from the principal planes of the laser cell 

to the telescope and the flat reflector.   In the experiments, the focal length of the 

telescope f— was varied until the projected reticle pattern through the telescope was 

brought into focus.   We   furthermore   adjusted the spacing of the reflector from the 

laser cell so that d   = dj = d.   Under these conditions, the focal length of the laser cell 

f   may be calculated as follows: 

The first lens L,  (the telescope) forms a virtuaj image of the reticle pattern 

at an image distance L from L. given by the focal length of the telescope 

\ =fT (4-5b) 

The second lens L„ (the laser cell) will form a virtual image of the reticle pattern to 

the right of L«, a distance i_ given by the lens formula 

1-11-1        1        -1        1 
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(b) EFFECTIVE OPTICAL SYSTEM 

Figure 4-7.   Autocollimator-Telescope Setup for Measuring Effective Focal Length of 
Laser Cell 
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Thus: 

fc <fT-d) 
l2 = d-fc-fT 

(4-54) 

The third lens L3 (the virtual lens of the cell caused by the reflecting mirror) will form 

a real image of the reticle, a distance i   to the left given by 

1   -1 1        -1            1 

'3    fc i2-2d     fc    tc(fr-d) 

d-fc-fT - 2d 

After a bit of algebra, we arrive at 

fc
2fT+df2

c + 2dfcfT-2d2fp 

2d2 - 2d f   - 2d f^ + f2 

c T      c 
(4-55) 

The image of the telescope in the mirror L. will form a virtual image of the reticle 

pattern at infinity.   Therefore, 

and 

.L--L     _L. -l_n 
i       f    ~d+i_a3 i4    iT    a +13 

fT - d = 13 (4-56) 

By substituting from Eq. (4-55) into Eq. (4-56), we raay solve for f   in terms of f , ard 

d.   When this is done, a simple result obtains 

I 

fc = d-fT (4-57) 

Substituting Eq. (4-57) into Eq. (4-54), we find that the image distance of L   is at 
£i 

infinity, and therefore, the lens combination 1^, L2 acts as a Galilean telescope.   At 

any rate, Eq.  (4-57) is the important result we need relating the "effective cell focal 

length" fc to the measured telescope focal length fT.   In the setup, d was estimated 

to be about 15 cm and was, in general, negligible as regards the actual recorded 
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values of fT.   To an excellent approximation, then, we can say fc = f   and the measured 
cell focal lengths are reported as this below. 

Let us now return to the results of Section 4.5.1.   There it was shown that, 

over the cell radius 0 < r < r0/2, the index of refraction of the cell can be well- 

approximated as a quadratic [see Eq. (4-52)1. 

:. 

. 

or 

where 

n(r)-n(0)= a (T^-TJ r2 

n(r) = n(0) 1 +2 
$ 

(4-58) 

b2=       2niOL_ 
a (TCL:TO) 

•       ! 

and 

b2>l 
(4-59) 

94 
For such a lens-like medium, Kogelnilc     has shown that the medium behaves 

diverging lens of focal length 
as a 

f = -lb| 

2n(0) sinh — 
Ibl 

(4-60) 

and the principal planes are located a distance Ö from the ends of the cell given by 

Ibl 

where L is the length of the cell = 25.4 cm. 

(4-61) 
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We note that we will have TCL - T0 ^ I'C and that, for both POCI3 and the laser solu- 

tion,« ~ 10"5.   Therefore, using the definition Eq. (4-59), 

b   = 
2n(0) 

alVTo)' 10 
2- ^ 3 x 105 cm2 

5 

Ibl ~ 5 xlO2 cm and-r^-- 0.2 
Ibl 

In this order, we can approximate sinh -pj- "77 and rewrite Eq. (4-60) as 
b bl 

f = 
2n(0) 

^^ = 4a (TCL-T0)n(0)L='2aL(TCL-T0) 
(4-62) 

Table 4-3 presents a comparison between the effective focal length f, calculated by 

Eq. (4-62) for the laser cell and that actually measured (fc) using the telescope 

arraigemert. 

.. 

n 

lr. 

1 

TABLE 4-3 

COMPARISON OF CALCULATED AND EXPERIMENTAL FOCAL LENGTHS FOR 
LASER CELL (FOR POClg AND LASER SOLUTION) 

Using 

POClo 

Using 

Laser 

Solution 

Temperature Difference 
TCL-VC> 

Calculated f 
(Meters) 

-18.1 

-10.9 

- 7.25 

- 6.60 

-27.5 

-18.6 

-13.8 

-11.8 

- 9.75 

Observed f 
(Meters) 

-100.0 

- 45.0 

- 29.0 

- 23.0 

- 42.0 

- 21.5 

- 18.5 

- 16.0 

- 12.0 
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The observed focal lengths are, in both cases, larger than those predicted by 

the calculation.   The observed index of refraction gradient dn/dr is, therefore, smaller 

than the calculated value.   The ratio of observed focal length to calculated focal -ength 

is: 

= 1.32 for laser solution. 

Combining Eq. (4-62),  (4-59) and (4-51), we see that 

b2       VlilciT^.^^ (4-63) 
fc <calc- > ~ li^L = 4i^L -       4n0L Ln (r) 

4-34 

f   (calculated) 
S . -— = 4. 33 fo- POCL 
f   (observed) * 

The calculation of the index gradient at radius r Cn'(r)] is shown best by Fq. (4-51). 

Note that the index gradient is proportional to dn/dT and depends critically on the estima- 

tion of the liquid Nusseult number as was shown in Section 4.2.   The point here is that 

the physical constants for POCI3 as shown in Table 4-2 are not as well known as for the 

laser liquid.   As was mentioned, we estimate an uncertainty of a factor of two for the 

POC1   quantities.   The cumulative effect of these uncertainties can well explain the 

factor of four discrepancy between measured and calculated values of the cell focal 

length.   On the other hand, the better known values for the laser liquid result in good 

agreement between calculated and experimental focal lengths. 

4.5.3      Index Gradient of Laser Cell - Interferometer Meaturemenj 

The radial index of refractive gradient n (r) existing in the laser cell may be 

observed directly using an interferometer.   This has been done by several investiga- 

tors95-97 to measure flash-induced optical path length changes inside a laser rod. 

We used a method similar to that used by Sims, Stein and Roth     to observe the steady- 

state radial index gradient induced by the temperature difference TCL- T0 in the liquid 

flowing through the laser cell.   A sketch of the experimental setup is shown as Figure 4-8. 

A diffraction-limited, pulsed YAG laser was used as a source of collimat.d 1.064^ wave- 

length light.   The laser was a Sylvania Model 610 YAG laser, modified for flash pumping 

and Q-switching.   The laser output consisted of a single pulse of energy 1. 5 mJ of dura- 

tion 20 ns FWHM. The laser beam was almost a pure TEM00 mode (with just a bit of the 

  ■"-'—^-' -■■■-■  ■—J--^-*~—-. -■ . —  .-■—     .    -■       . -.^ -  . ^...-v^.^u^m.jj^iMa.a. 
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I 
Figure 4-8.   Laser-Interferometer Experiment for Observing Index of Refraction 

Gradients in the Liquid Laser Cell. 
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next TEM01* mode present) with a far-field half beam divergence angle of 0. 34 mrad. 

This raw laser beam was expanded by the 5X telescope and passed through an aperture 

of one cm diameter.   A Mach-Zehnder interferometer was constructed with the laser 

cell in one side.   A neutral density filter could be inserted in the other side of the inter- 

ferometer to improve the fringe visibility.   The interferometer was aligned using a 

He-Ne laser to produce fringes of constant inclination at the film plan« located a distance 

d0 from the exit end of the laser cell, as shown in Figure 4-8.   The rperture placed in 

the YAG beam also produced a weak "bullseye" diffraction pattern on the film plane 

which aided in establishing the optical center of the laser cell.   Interference patterns 

were recorded on Polaroid IR film.   A representative selection of the interferograms 
produced are shown in Figure 4-9. 

To measure the phase changes recorded on these interferograms, a straight 
line was drawn through the center of the photo, running roughly through the centers of 

curvature of the fringes.   Distances on the film were measured between neighboring 

dark and light fringes (path differences of X/2).   When this data is plotted as cumulative 

optical path length difference from one side of the photo against radius from the centerline 

of the cell, the results shown in Figure 4-10 are produced.   The points forming the 

straight line on this figure were measured on the cell when AT = T     - T   = 0.   The 

curved line shown was generated from data points for 6T = 50C.   uL subtract the 

ordinate (path length) differences of the first, linear curve from the second data set, 

the "reduced" data set forms a parabola.   A proper representation of the data set is' 
thus given by: 

Ap = optical path length difference = Ar2 + Br (4-64) 

The raw data from the interferograms was fit using a least-squares to the form shown 

by Eq. (4-64).   In the data thus reduced, the linear term is generated by the alignment 

of the interferometer and is, within experimental error, constant for all the photos 

measured.   The quadratic coefficient A. on the other hand, is a function of the tempera- 
ture differential T      - T . 

Referring back to Section 4.4. we had calculated the optical path length differ- 
ence for a ray entering the cell at radius r. P(r), and a ray propagating along the 

centerline of the cell. P(c).   In the absence of any temperature differential (AT = 0), 

these optical paths are equal.   The expression given by Eq. (4-50), therefore, givel the 
optical path difference as measured on the interferograms as 

~\ 

; 

. 

. 
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4   . 

(a) AT = 0 (b) AT = 2.50C 

(c) AT=40C (d) AT = 50C 

Figure 4-9.   Mach-Zehnder Merferograms of Laser Cell Using POC1   with 
Different Values of AT = T      - T . 3 
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Figure 4-10.   Data From Interferogram Shown as Figures 4-9(a) and 4-9(d) 
AT = 0, 50C; Using POCl„ 
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Ap(r) = L2 n'(r)]' 

Using the results of Eq. (4-51). this becomes 

(^4)[n'< (4-65) 

Ap(r) = 4 
\6no     2/ 

2   2 
(TCL-To)   r (4-6G) 

The factors to the left of r   are identical to the measured values of A from the experi- 

ment.   Table 4-4 gives a comparison between the experimental and calculated values 
for this quantity. 

TABLE 4-4 

COMPARISON OF CALCULATED AND EXPERIMENTALLY DETERMINED 
PATH LENGTH QUADRATIC COEFFICIENT 4p(r) = Ar2 + Br 

Temperature Difference 

Using 
POOL 

1.0 

2.5 

4.0 

5.0 

A Calculated 

(cm" ) 
A Measured 

(cm" ) 

2.06 xlO -5 

Using 
Laser 
Solution 

j       2.0 

(      4.0 

1.29 xlO -4 

3.30 xlO -4 

1.32 x 10 -5 

3.93 xlO -5 

5.15 xlO -4 

8.77 xlO 

3.55 xlO 

-5 

-4 

3.49 xlO" 

2.71 xlO 

3.10 xlO" 

1.63 x10' 

-4 

Although the agreement is only fair, it must be emphasized that the calculated 

values are based on a model (Martinelli calculation) for the turbulent flow properties 

that have never been applied before to a calculation of the optical properties of flowing 

liquids.   In view of the necessary approximations made in the calculation, along with 

the uncertainty in physical properties of the liquids, the agreement represented above 

(within an order of magnitude in all cases) is reasonable for validating the original 

model and the preceding calculations. 
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4.5.4      Radial Index Gradients Under Flash-Pumping in the Laser Cell 

This section presents the results of extending the work reported in the pre- 

ceding section to the case of flash excitation of the liquid flowing through the laser cell. 

The radial index gradients induced by the combination of the imposed temperature differ- 

ential, and that resulting from absorption of the pump radiation in the flowing liquid were 

measured using the Mach-Zehnder interferometer shown on Figure 4-8.   A delayed 

trigger circuit was added to fire the liquid laser flashlamps and synchronize them to 

the Q-switched YAG pulse.   The arrangement was such that the liquid laser lamps would 

fire a predetermined time, ranging from 250 to 600 microseconds, before the YAG 

laser pulse would probe the medium.   In general, varying this time delay showed that the 

flash-induced, thermal gradient became stronger as the delay time was increased for 

both the laser liquid and the pure POCl3 solvent.   This observation is in complete 

agreement with results reported for laser rods by several authors. 95"98 we, therefore 

chose a time delay (400 /is) corresponding to the peak of fluorescence emission of the 

laser solution under these pumping conditions, and studied the radial gradients induced 

as a function of input energy to the flashlamps.   This was done for both the laser liquid 

and the POClg solvent.   The following set of Mach-Zehnder interferograms.  Figure 4-11, 

are representative of the data set for this experiment. 

i JS data were reduced Irom photos similar to those shown on Figure 4-11 by 

the same method described in Section 4.5. 3.   The quadratic coefficient A^rn"1) of the 

optical path length difference was calculated by a least-squares analysis of the raw 

data to the form shown by Eq. (4-64).   The coefficients thus calculated are shown in 

Table 4-5. 

As may be seen from Table 4-5, the flash-induced gradients are larger in the 

laser solution than in the POClg, because of the greater absorption by the laser solution 

of the pump radi? ion.   Also, the table shows that the gradient induced by the flash 

pumping is larger than that resulting from the imposed temperature differential.   If we 

assume that the induced index of refraction in the liquids has the quadratic form 

0 
fl 

—f 

u 

.1 

.1 

4A 

mk 

. 

u(r) = n0(l+|r
2) (4-67) 

Then: 

n (r) = n0 pr (4-68) 
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: 
(a) AT = 0oC 

Ein = 0 

(b) AT = 0oC 
Ein=1000J 

(c) AT = 0oC 
Ejn=1500J 

(d) AT = 0oC 
Ejn = 2000J 

Figure 4-11.   Mach-Zehnder Interferograms of Laser Cell Using Laser Solution 
with 6T = Tni - T-, = 0 and Different Values of Flashlamp Input 
Energy        C1J

      
ü 
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TABLE ^-5 

PATH LENGTH QUADRATIC COEFFICIENTS A (cm"1) MEASURED FOR LASER 
SOLUTION AND POClg Ap(r) = Ar2 + Br 

Temperature Using POCl3 

Difference 
T     -T 
^L     0 

rc) 
Flashlamp Input Energies 

0 1000J 2000 J 3000 J 

0 0 1.8 xlO-4 2.79 xl0~4 4.07 xlO-4 

1.0 0.13 xlO"4   3.00 xlO"4   

2.5 0. 39 x 10~4   4. 01 x 10"4   

4.0 0. 35 x10"4       

5.0 2.71 xlO"4   4.21 xlO"4   

Using Laser Solution 

TCL-T0 
rc) 0 1000J 1500J 2000 J 

0 0 2. 54 x 10"4 5.92 x10"4 i:.48 xlO"4 

2.0 0.31 xlO"4 5.05 xlO"4     

4.0 1.63 xlO-4 5. 84 x 10"4   12.48 xlO"4 

( 

: 

n 

Substituting this into Eq. (4-65) and equating the resulting factor of r   to the measured 
_2 

coefficient A, we can sol 'e for the factor p (cm    ) as 

11/2 

p(cm    ) = 

2T2/L   +
do\ 

(4-69) 

The values of the coefficient p, thus determined, are shown on Table 4-6. 
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TABLE 4-6 

VALUES OF COEFFiCIENT p CALCULATED FROM DATA OF TABLE 5* 

Temperature 
Difference 
TCL-T0 

rci 

Using POCl3 

Flashlamp Iiput Energies 

0 1000 J 2000 J 3000 J 

0 0 -3.97 xlO"5 
-4.89 x10~5 -5.90 xlO"5 

1.0 1.06 xlO-5   -5.07 xlO"5   

2.5 1.84xl0~5 
-5.86 xlO"5 ____ 

4.0 1.72 xlO-5     —___ 

5.0 4.82 xlO"5   -6.01 xlO"5   

UsLig T.aser Snlntinn 
TCL-T0 

rc) 0 1000 J 1500 J 2000 J 

0 0 -4.67 xlO"5 -7.14 xlO"5 -11.88 xlO"5 

2.0 1.63 xlO"5 -6.58 xlO'5     

4.0 3.64 xlO"5 -7.06 xlO"5   -10.32 xlO"5 

♦Note:  The values of p for Ein i 0 are negative because the flash-induced distortion 
causes the liquid to behave as a converging lens. 87» 88 

1 

Substituting from Eqs. (4-51) and (4-68), we find 

n/(r) = n0pr = 2frCL-T0)ar 

where 

P = ^(TCL-TO)^(TCL:TO) 

q = 1. 331 x 10"5 "C-1 cm 2 for POCl_ 

- 1. 378 x 10'5 "C-1 cm"2 for laser solution. 
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Eq. (4-70) shows that the measured value for p should be directly proportional to 
6T = TCL" T0' with a coefficient calculable from the physical properties of the liquid. 

Using the data from the first columns of Table 4-6, we can calculate an average measured 
value for this quantity as: 

meas. = 0.71 x 10"5 »C-1 cm'2 for POClr 

-5     -1       -2 
= 0.86 x 10     0C     cm     for laser solution. 

The measured quantities are again within a factor of two of the calculated quantities 

showing good agreement with theory.   If we now assume that this measured quantity p 

varies linearly with the amount of flashlamp energy absorbed in the liquid and is, 

therefore, linear in flashlamp input energy, i. e., 

P(AT, E   ) = (q x AT) - (m x E. ) in in' (4-71) 

The first row of data in Table 4-6 allows us to calculate an average value of m as 

m = 2. 80 x 10"5 kJ-1 cm"2 for FOCI, 

-5     -1       -2 
= 5.12 x 10     kJ    cm     for laser solution. 

The data thus show that due to the larger amount of energy absorbed from the flash- 

lamp radiation, the flash induced distortions in the laser liquid are larger than in the 

pure POCl3 solvent.   We can calculate the effective focal length induced in the laser 

cell by equating the form Eq.  (4-67) to Eq.  (4-58), whence we have: 

b= M (4-72) 

and the focal length (negative) of the laser cell is given by Eq.  (4-60) as 

-1 f = 
\/pn0 sinh „Jp L 

(4-73) 
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We now can recalculate the effective focal lengths observed by this method, and compare 

these to the ones observed directly using the autocollimating telescope listed in Table 4-3. 
The results are shown in Table 4-7. 

TABLE 4-7 

EFFECTIVE FOCAL LENGTHS OF LASER CELL CALCULATED FROM THEORY AND 
OBSERVED USING TWO INDEPENDENT METHODS 

(FOR POClg AND LASER SOLUTION) 

Temperature 
Difference 

Calculated f 
(m) 

Observed f 

Telescope 
(m) 

Interferometer 
(m) 

( 1'1 -18.1 -100.0 -33.8 
Using 1 2.3 -10.9 - 45.0 -16.2 
POCI3 1 2'8 - 7.25 - 29.0 -13.8 

(3.1 - 6.60 - 23.0 -12.0 

Using 

Laser 

Solution 

^1.0 

1 1.5 

\ 2.0 

1 2.35 

-27.5 

-18.6 

-13.6 

-11.8 

- 42.0 

- 21.5 

- 18.5 

- 16.0 

-30.6 

-20.5 

-15.4 

-13.1 
\2.85 - 9.75 - 12.0 -10.8 

As is apparent from Table 4-7, the observed results from the interferometer 

experiments fall between the observed focal lengths   using the autocollimating telescope 

and the calculated focal lengths from the theory.   The agreement between all these sets 

of numbers is very good but is, once again, better for the laser solution measurements 

than for the POClg, due to the uncertainties in the physical constants of the POC1 , which 

probably contribute an error of a factor of two or more to the calculated effective focal 

lengths for the first four rows in Table 4-7.   The fact that better estimates are available 

for the laser solution result in better agreement between theory and observations. 
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A final observation on these data is that the interferometer results allow one 

to estimate the flash-induced lens produced in the liquid in the absence of an initial 

temperature gradient across the laser cell (T^- T0 = o).   We can apply the averaged 

results from Table 4-6 to Eq. (4-73) to obtain this.    Figure 4-12 shows the estimated 

focal length of the laser cell in diopters (diopters = 1/focal length in meters) plotted 

agamst flashlamp input energy for the large 4-lamp laser cell.   As may be seen from 

the graph, this relation is linear.   It should be recalled that the induced focal length 

of the laser cell is positive87'     and. therefore, the laser acts as a converging lens 

Figure 4-12 shows that, with the system filled with the laser liquid, focal lengths as 

short as one meter may be generated by energy inputs of 5000 J to the flashlamps. 

4.6 DISCUSSION 

The actual temperature and index of refraction profile across the liquid in the 

laser cell is a composite of that imposed by the temperature differential T     - T     and 

that caused by absorption of the pump radiation.   In the most common case? we usually 
Set TCL- T0 > 0-   Since ^/dT for the laser liquid is negative, this results in the liquid 

actmg as a diverging lens.   The absorption of pump radiation, on the other hand, results 

m the liquid near the cell wall becoming warmer than that near the centerline of the cell 

with the result that the liquid acts as a converging lens.   Under a single-shot condition 

if the situation is such that T^- T0 > 0. at some time during the flashlamp pump pulse 

or at some particular energy input at a given time during the laser flashlamp pulse 

the laser liquid will appear to act neither as a converging nor a diverging lens.   This 

condition (at a time delay of 400 ßs from the start of the laser flashlamp pulse) may be 
derived by setting Eq. (4-71) equal to zero. 

AT ^T    m      2.8 „        -1 i 
E~ _ q" = (TTT 

C kJ     4- 0OC kJ     for POC1, 

5 12 -1 
= 0786 ^ 6' 0 oc kJ     for laser solution 

In the experiments described, a 400 ßs delay was selected because this time corresponded 

to the peak of the 1. 052M fluorescence emission of the laser liquid in this laser cell 

For this time delay and the input energies used shown on Table 4-6. it is clear that none 

of the temperature differentials used would satisfy the above requirements.   This re- 

quirement also indicates that for flashlamp inputs above 3000 J. a temperature differential 

of about 20°C would be required.   Meeting this requirement would hardly seem practical 
under normal circumstances. 
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Figure 4-12.   Estimated Focal Length of the Laser Cell in Diopters 
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In any event, the flash-induced gradients in the laser liquid are not really 

radially-symmetrical as a glance at the photo of Figure 4-11 (c) will prove.   Since the 

cell is being pumped by four flashlamps in a quadruple elliptical flash enclosure, the 

lamp rac.ation is not completely uniform over the cross-section of the laser cell, and 

the photo rather clearly shows the lamp positions at about 1, 4, 7 and 10 o'clock.   This 

distortion was even worse on the other two-lamp dual elliptical heads used on the laser 

system.   In principle, this distortion could be removed by using either a helical flash- 

lamp or mrny linear flashlamps with a diffusing glass cylinder around the outside of the 

laser cell.   Both alternatives were not practical on the present liquid laser system for 
reasons of time availability. 

Although the externally-applied temperature differential T„T -T„ could not be 

made large enough to be helpful in reducing beam divergence of the liquid in the ampli- 

fier mode, it could be adjusted to optimize the laser output in a long-pulse, repetitively- 

pulsed oscillator mode as will be shown in the next section.   In these experiments, the 

externally-impressed initial temperature differential, TCL- T0, was used to offset the 

temperature rise (under repetitive pulsing) of the relatively stagnant laminar and buffer 

sublayers in the liquid.   In this case, the flash-induced distortions were still present 

for each lamp pulse, but t».i cumulative effect of repeated lamp pulses could be compen- 

sated.   The net result was that the laser could be operated at average input powers in 

the kilowatt range while maintaining the same pulse output energies as measured under 
single-shot conditions. 

. 

One final word should be mentioned here concerning the optical properties of 

the flowing liquid.   The actual microscopic velocity field in the liquid under steady-state 

turbulent conditions is a very complex affair.   At the very beginning of the Martinelli 

calculation [Eq. (4-4)], we divided the temperature, pressure and velocity variables into 

mean values plus time and space dependent fluctuations.   We then stated that the time 

average of the fluctuating part of these variables vanished to reduce the Navier-Stokes, 

energy-balance and continuity equations to solub'e forms.   In point of fact, these fluc- 

tuations are non-zero over the time scale of most laser phenomena.   A good example of 

the importance of these fluctuations may be seen in the photos of Figure 4-9.   In these 

pictures, it is apparent that the interference fringes do not only bend more as the tem- 

perature differential is increased, but they also become less distinct due to the larger 

fluctuations caused by the increasing differential.   The fluctuations in the turbulent 

liquid are revealed in these photographs because the source of illumination here was 

■ -...,.., ..-i.,—..^■.■^.. —  .. ,-..  ^—.,—-,-.^,..J».^.^..J-M..>-■■....—^—i^^i.,^-^,.,...- .i-  --.^—...w.-.^ „,,.....:....,..,„L^.^*^M**±**i4jti*amtm*m*mdkimaiiiä 
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Q-switched laser with a 20 ns pulse duration.   On this time scale, the time average 

of these fluctuations is nonzero.   On the other hand, fhe photos of Figure 4-11 do not 

show the same degree of fluctuations.   This is because the flash-induced temperature 

gradient across the laser cell has not yet (400 /xs) had enough time to be mixed by the 

turbulent flow of the laser liquid and establish fluctuations due to shear forces at the 

liquid boundary layer near the cell wall. 
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5.   STATIC MODE LASER CHARACTERISTICS 

Long pulse oscillator experiments were carried out in both static and circulatory 

modes.   The initial laser work on aprotic solvent sj'stems was, of course, carried out 

on static systems.   The requirement that the solutions be made and maintained anhydrous 

presented a new set of conditions on the construction of laser cells.   These, in turn, 

led to interesting and novel solutions especially in terms of the materials used because 

of the corrosiveness or sensitivity of the solutions.   The actual laser work itself resulted 

in the discovery of several new laser effects, some of which have become understood and, 

at least one, which is still a bit of a mystery.   Because of the fluidity of the medium, the 

pulse repetition rate   in the static mode   was restricted to very low values and average 

power was, of necessity, limited.    In the circulatory mode   the main objective of the 

work was the achievement of high average output powers; values in excess of 400 watts 

were achieved.   The first part of this section presents the physical model for the laser. 

The analysis leads to equations which are of considerable value in the understanding of 

the laser behavior.   Following this, the laser properties of the static systems are de- 

scribed.   We also describe such properties as dynamic loss, efficiency, the effects of 

material parameters, a self Q-switching, Q-switching,mode locking, and spectral 

broadening.   The next section is concerned with circulatory systems and high ave;.age 

output power.   The output properties of the laser are related, as far as possible, to 

the hydrodynamic and thermo-optical model developed in Section 4. 

5.1 PHYSICAL MODEL FOR DESCRIBING THE LASER OUTPUT PROPERTIES 

To describe the behavior of a laser, we require the solution to two equations; 

one involves the population of the excited state based on the pumping rate and the relaxa- 

tion kinetics of the system, and the other describes the photon flux.    In the strictest 

sense, these are two coupled, non-linear, differential equations and there are no simple 

solutions in a closed form.   There are, however, a number of simplifying assumptions 

and approximations which do allow the basic features to become clear, since they result 

in solutions to the equations that lend themselves readily to comparison with experimental 

results. 

The use of these assumptions and approximations actually serves to separate 

these two equations by taking advantage of two properties: first, below oscillation 

threshold or in the absence of a resoiiator the stimulated emission term is so small 

that it is negligible with respect to other relaxation processes; and second, above 

threshold, the population of the upper laser level is fixed and all the pump energy is 
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converted to laser radiation.    Even so, the solutions are not so readily obtained.   The 

kinetic equation cannot be easily solved for an arbitrarily shaped excitation pulse. 

Solutions in closed form can be obtained for two extreme cases; a delta function excita- 

tion (i.e., very short compared to the fluorescence lifetime), or an infinitely long 

excitation pulse.   In practice, for the Nd+3 system, neither of these obtains in the usual 

type of pulsed laser systems.   However, the latter is a more appropriate assumption 

and leads to what is generally called the steady-state approximation. 

+3 
The energy level system of Nd    , for laser purposes, is readily idealized to 

a 4-level system as illustrated in Figure 5-1. 

>   f 

Figure 5-1.    Four-Level System 

Level 1 is the lower laser level. Level 2 is the upper laser level. Level 0 is the ground 

state and Level 4 is the states that ultimately result in the population of Level 2.    The 

kinetic equations appropriate to such a system are"'100 

dN2 

"dT 

dNj 

"dT 

N2 
R2-^r-(N2-Ni)W 

N, N, 

«l-tf + (N, 
sp 

.N1) W (5    ) 
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N. = the population density of Nd+3 in state i 

Rj = the pumping rate/cm   to state i 

t = the decay rate of state 1 

Tsp = the sPontaneous transition probability between states 2 and 1 

T = the decay time of level 2 

W = the induced transition rate between levels 1 and 2 

I 
I 

Assuming a steady state (^ = 0) or the long pump pulse approximation, the solution for 
N2 - ^ is: 

U2     V     1 +[T+(l-&)t1]W 

where 6 is T/T
s •   In all cases of practical interest t1 « T and 

(5-2a) 

I 
AN = N -N, = 

R2T 

2     1     1 + WT 

Furthermore, below threshold WT ^ 1, hence: 

(5-2b) 

AN = R2T (5-2c) 

I 
1 
I 
I 
I 
I 

The quantity R2T is designated as AN0, that is the population that would result if there 

were no stimulated emission. 

Above threshold, the inversion is fixed at a value AN   by the gain saturation 

and Eq.  (5-2b) yields: 

AN0-ANr 
WAN = 

This is the rate of stimulated emission per unit volume into the cavity. 

(5-3) 
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In terms of cavity power it is: 

0 hviy 

Pc - (ANU - ANT)-^- (5-4) 

where 

h    = Planck's constant 

V- = laser frequency 

V  = volume of the active medium 

Pc = power emitted in to the cavity 

To render this equation more useful, AN0 has to bo related to the pumping 

conditions and ANT to the cavity and medium properties.   The quantity AN0 is given 

terms of R2, the rate of pumping.   If P is the electrical power into the flash lamps, 
then: 

in 

V 1    c   q 
hv V 

p 
(5-5) 

I 

: 

where 

T^ - the efficiency of the conversion of electrical power to light power in 
the pump bands 

T7c = the efficiency with which the light power is coupled into the cavity 

77    = the quantum efficiency 

V   = the "average" pump photon frequency 

Putting this into Eq. (5-2c) and then using the AN obtained in Eq.  (5-4), we find: 

p 
(5-6) 

out' 
The power coupled out of the cavity, Pnii+, is given by: 

T P      = P   —— 
out       c T+A (5-7) 

■ 
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where T is the output mirror transmission and A is the distributed loss per pass or 

1- e        (where a is the loss per centimeter and L the path length in the active medium). 

Finally, the sheath effect must be taken into account.   This is an effect that 

arises whenever an active medium is clad in another material, as it always must be in 

a liquid laser.    A problem related to this has been discussed by Devlin,101 McKenna 
103 

and Sooy,      and we restrict cjrselves to the approximate treatment of Devlin.   In a 

cell configuration, the wall functions as a lens focusing the Isotropie radiation of the 

close coupled enclosure.   Light incident on the outer cell wall is refracted so that an 

active medium of radius PM = — (where R is the outer radius of the cell and n is the 

refractive index of the cell material) would intercept all the refracted rays.   An active 

medium of radius p smaller than p    would intercept only P/P,, of these rays.   This is M M 
an explicit factor in the T? , and taking it out, we can write the power output equation as: 

Pout=<P-PT>"l*c^ir£T& M    p   M 
(5-8) 

Eq. (5-8) is strictly applicable to an infinitely long pulse or cw operation.   To apply it 

to pulsed operation, we assume that the pulse is long enough so that the steady state 

approximation is valid, and we further assume a square pulse.   With these assumptions, 

the power quantities become energies and Eq.  (5-8) is applicable in the pulsed domain. 

If the experimental data are organized according to Eq. (5-8), the threshold 

energy and slope efficiency can be readily determined.   The threshold energy for a 

given sample and enclosure is dependent on the output mirror transmission and the 

distributed material losses.   The latter are constant and can be evaluated by varying 

the tormer in a known way.   To see how this comes about, we note that the condition 

for oscillation is: 

R1 R2 exp (aANT a)L = l (5-9) 

where Rj^ and R2 are the reflectivities of the cavity mirrors, a the absorption cross- 

section, and the other quantities have been previously defined.   Expressing AN-, in 

terms of energy and a proportionality constant ß (assuming the steady state approximation) 

Eq. (5-9) can be recast to read: 

XnR, R. 
E    -   a 1    2 

T    ßO ßOL 
(5-10) 
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The loss obtained from Eq. (5-10) is the dynamic loss, that is, under pumping conditions. 

It will, therefore, be larger than the passive losses discussed in Section 2. 

We will make extensive use of Eqs.  (5-8) and (5-10) for analyzing the energy 

output data of the various lasers.   Eq.  (5-10), of course, provides the information on 

loss.    Eq.  (5-8) can also be used for this by plotting jp against ^ and, from the equation 

of the resulting straight line, the quantity A can be obtained.   In general, this is less 

reliable than the use of Eq. (0-10) for this purpose.   The principal use of Eq.  (5-8) is 

to provide information on the product of the efficiencies, V^V .   These relate tu the 

flash lamps, the enclosure and the laser material; if any two are kept constant, informa- 

tion on the third can be extracted provided the dynamic loss is known. 

:, 

5. 2 ENERGY OUTPUT OF STATIC LIQUID LASERS 

The experimental work on the subject of energy output is concerned with a 

comparison of three liquid laser materials (SeOCl2:SnCl4, POCl3:SnCl   and POC1 :ZrCl ) 

with each other and with a glass  (LG 55,    Schott).   In addition, the effect of Nd+3 con- 

centration and the effect of variable cell bore diameter (with a fixed cell outer diameter) 

were studied.   The cells used in this work were described in Section 3, and the resonator 

was of the plane parallel type.   In these experiments similar flash lamps, in a close 

wrapped configuration, were used.   The output was detected by a TRG 105B thermopile, 

with care taken to ensure that all the output radiation entered the detector.   Experiment- 

ally, the laser output was determined for a set of different electrical input energies to 

the capacitor bank.   Two measurements were made for each input energy and sufficient 

time allowed between shots so that there was no residual thermal history.   The time 

required for this was determined in a separate set of experiments. 

A peculiarity observed with the laser liquids used is the requirement of a 

"break-in. "   For a given electrical input energy, the laser output increases, at first, 

with the number of shots.   After a large number of shots, the output stabilizes at a 

value between 50 and 100% larger than the first one.   All the solutions used were fired 

until this steady value was reached. 

Typical experimental data are illustrated in Figure 5-2 and 5-3.    From these 

it is seen that there is always an initial linear region with an increasing slope efficiency 

as T increases (R decreases) in conformity with Eq. (5-8).   At higher values of input 

energy, there is a break in the curve and a change to a lower slope efficiency; this will 

be discussed later.   For the present, we will concentrate on the initial linear range 

(lower input energies) and the extrapolated threshold energies. 
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The extrapolated threshold energies are plotted as a function of -JtnR (corrected 

for the reflectivity of the second side of the flat mirror) in Figures 5-4 and 5-5. where 

we use only the corrected output mirror reflectivity, since the second mirror was totally 

reflecting.   The points are fitted by a straight line consistent with Eq.  (5-10).    In addition 

to he expenments with the liquid laser solutions, a similar set was carried out with an 

0. 25 inch diameter LG 55 glass rod.     To make the results comparable, the glass rod 

was sheathed in similar manner to the liquids; the opening in the sheath was Just large 

enough to make a close fit with the laser glass rod.   The loss values obtained are sum- 
marized in Table 5-1. 

. 1 

Cell Diameter 
(inches) 

0.25 

0.375 

0.500 

TABLE 5-1 

LOSS FACTORS (r; cm"1) 

POCLrSnCL 3 4 

1.9 

1.0 

2.10 

POC1  -ZrCL 3 4 

1.2 

0.89 

SeOCL 

0.12 

0.60 

0.83 

Glass 

2.4 

There are several features of this table deserving comment.   The high loss values 

observed in the POC^^nC^ system are related to a solubility problem associated with 

this system.   It was found that the loss in these solutions increases with time and that 

when it approaches a value a few times higher than the values given in Table 5-1   a 

macroscopic precipitate appears.   A fresh solution typically has a loss in the 0 5 to 

1. 0 percent cm     range.   The v^lue of 0.12 percent cm'1 reported for one of the 

SoOCl2:SnCl4 experimental sets is anomalously low. and in fact, is the lowest value 

observed for all of the solutions used.   The losses are principally due to scattering and 

are not associated with any one of the solution components, but only when all the compo- 

nents are together as in a laser solution.   This has been confirmed by the light scatter- 

ing measurements reported in Section 2.    The high value reported here for the 

POCl3:ZrCl4 solution most likely arises from the fact that these measurements were 

made on some of the first solutions prepared.   Subsequent development improved the 

quality of these solutions markedly and. as will be seen later in the section on circulating 
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liquid laser systems, dynamic losses were usually less than 0.5% cm     and frequently 

in the range 0. 2 to 0. 3% cm    .   The loss value obtained for the   LG 55 glass appears 

to be somewhat high, but not anomalously inconsistent with the results of other workers. 

The conclusions to be drawn from this study is that the liquids have a lower dynamic- 

loss than  LG 55   glass and that their dynamic loss is, in general, probably comparable 

to that of glass. 

The next factor to be considered is the efficiency product of rj1 T? rj .   This is ob- 

tained from the experimental slope efficiency (efficiency above threshold) and Eq.  (5-8) 

using the known transmission and loss factors and the ratio P/p...   The factor VT /v 
M „        L    p 

need not be taken out, since this is approximately the same for all the Nd    based sys- 

tems.   A comparison of results of data reduced in this way for SeOCl9:SnCl, and 
20       3 <s 4 

POCLtSnCl. solutions of concentration 1. 3 x 10    /cm    (0. 3M) and different cell 

diameters is listed in Table 5-2. 

Averaging these results over the different output mirror reflectivities and the 

results of similar experiments in the POCl-rZrCl. solvent, the results in Table 5-3 
20       3 are obtained.   These results were obtained for a concentration of 1. & x 10    /cm . 

Since the same lamps and flash enclosures were used in all the experiments, these 

results reflect the material efficiency factors involved in 77 .   The conclusion here is 

that the laser liquids are at least comparable to, if not better than, LG 55 glass. 

We also note a tendency for the efficiency factors to increase with the bore diameter. 

Since the differences in coupling arising from changes in bore diameter (P/P,,) have 

been taken into account, the differences must reside in an improved utilization of the 

pump radiation because of the longer path length in the active medium. 

+3 The next material parameter studied was the concentration of Nd    .   Threshold 

values do not vary significantly over the r ige of concentration studied (0.6, 1. 8 and 
20       3 

3.0 x 10    /cm ), but there is more information in the efficiency factors.   The results 

obtained from experiments with an 0. 50 inch bore diameter cell are listed in Table 5-4. 

Here we observe a tendency (or the efficiency to increase with increasing concentration. 

This is due to an increasing coupling efficiency   due to the increasing optical density of 

the solution.   Qualitatively, these results are similar, and are based on the same 

optical effect   as those on increasing the bore diameter.   Comparable concentration 

studies were not carried out with the POCLtZrCL solvent, but based on the general 

similarity in the behavior of this with the other liquid system in other studies, similar 

results would undoubtedly be obtained. 

104 
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Cell Diameter 
(inches) 

0.25 

0.375 

0.500 

0.25 

0.375 

0.500 

0.25 

0.375 

0.500 

0.25 

0.375 

0.500 

0.25 

0.375 

0.500 

TABLE 5-2 

EFFICIENCIES T7. 7?  TJ '1   c 'q 

POCU 

R = 85% 

0.0635 

0.0483 

0.0595 

R = 75% 

R = 67% 

R = 539? 

R = 45% 

0.0472 

0.0324 

0.0525 

SeOCL 

0.0288 

0. 0590 

0. 0705 

0.0522 0.0277 

0.0523 0.0522 

0.0652 0. 0762 

0. 0497 0. 0288 

0. 0516 0. 0540 

0.0586 0.0591 

0.0449 0. 0317 

0.0442 0.0448 

0.0510 0.0549 

0.0269 

0.0437 

0.0507 

Glass 

0.0324 

0.0283 

0.0262 

0.0235 

D 
;; 

n 
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TABLE 5-3 

AVERAGE EFFICIENCIES 77, T7  T7 
1   c  q 

Cell Diameter 
(inches) 

0.25 

0.375 

0.500 

POCl3:SnCl4 

0.0515 

0.0468 

0.574 

POC1 -ZrCl, J 4 

0.0345 

0.055 

SeOCl2:SnCl 
Glass 

0.0287 

0.0507 

0.0623 

0.0276 

The input-output curves i„ Figures 5-4 and 5-5 all show a break toward lower 

s ope ernceney as the input .ner^ is inereas,*.   Mated elteets have been observed 

that us.ng a K,,Cr04 sol,,-,, ,„ as .-, cell coolant rather than water alone corrected the 

,«.on „at^edly.   Ti,Jse deviate Iron, lin.rity in the experiments were obs Ld 

,npu energ,es u, excess of one kilUoule.   Vama^chi et a,."» report a similar elfect 

TZ1Tenergles ot about 500 J-Hon8yo et al-107 h—• ^ * "- relat.onsh.p up to mput energies of 1.5 KJ with a water coolant.   Above this value 

rZo " r,e'(
at'Vely Smal1 dePlrtUre trom U™rity which ls —'^ ^ *° - 'or 

a NaN02 solutmn as a coolant.   In general, such effects have been attributed to optical 

d,stort,o„ ansmg Trom the pump Hash and is supported by some work, such as that of 
Nanjo,     on the optical quality ot pumped liquid laser solutions. 

A closer look at the results shown in Figures 5-4 and 5-5 indicates a more 

complex phenomenon.   The br^k in the curve, for each cell diameter and output 
nurror    n   t ^ at ^^ ^ ^ ^ ^ 

hermal-opfcal effect, such a result woulc , ot be expected,   ft looks more iL an 

effect dependmg on the cavity power density.   The average power density in the active 
medmm can be calculated from the expre^ion: 

P = out 
ATt (5-11) 
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where 

E = the output energy 

A = the cross section area of the active liquid 

T = the output mirror transmission 

t = the time duration of the laser pulse 

Putting in the energy at which the break is observed and using 100 ßS as the laser pulse 

length (an average of the times observed in the experiments), Table 5-5 can be con- 

structed. 

TABLE 5-5 

POWER DENSITIES AT ENERGY BREAK (kW/cm ) 

Output 
Mirror 

Transmission % 

Cell Diameter (inches) 

0.25 0.375 0.500 

SeOCl2 POCI3 SeOCl2 POCI3 SeOCl_ POCI3 

0.15 

0.21 

0.29 

0.33 

0.45 

0.48 

159 

227 
167 

193 

162 

106 

113 
83 

108 

83 

177 

128 

91 

94 

93 

66 

88 

31 

47 

45 

170 

88 

120 

90 

91 

54 

61 

62 

62 

41 

Average 182 99 117 49 112 56 

The scatter in these results is rather large, and this can be attributed to uncertainties 

in accurately locating the energy at which the break occurs and mostly to the use of a 

single value for t.   Clearly, howevei, there is an effect which depends on the power 

density of the laser flux in the cavity, and it is different for POC1   and SeOCl9 based 

solutions.   It is tempting to attribute this to a stimulated scattering process, but the 

I 
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thresholds for these (Section 2.4.2) are almost an order of magnitude higher than the power 

densities determined.   A possible explanation, but one by no means established, is that 

the distortion could be due to transient bubbles caused by the high power density. 

This is not to propose that there are no thermal effects due to the flash lamps, 

and indeed, we shall later characterize these.   With proper precautions, such thermal 

effects can be minimized.   The results observed by the other workers might largely be 

attributed to flash lamp saturation, experimental variables or improper attention to 

existing non-isothermal conditions.   As an example of high flash lamp input energies 

without such deviations from linearity, we present the results of two experiments on a 

cell built as a prototype for a circulating liquid laser; this is shown in Figure 5-6.   The 

solid line represents the actual experimental data in which a marked curvature is ob- 

served.   However, if the flash lamps are corrected for saturation, that is, the light 

output is adjusted to correspond to the electrical input energy required if the flash lamp 

output were linear in electrical input, the dotted curves are obtained.   These are linear. 

It should also be noted that the dotted curves correspond to slope efficiencies in the 

range of 5 to 8%. 

A final set of experiments relating to threshold and output efficiency were 

carried out to determine a cell design feature.   This relates to whether the inner sur- 

face of the cell should be smooth or rough.   To avoid laser modes arising from internal 

reflections, the inner wall of the cell is usually roughened.   To see the extent of this 

effect, two cells of 0. 50 inch diameter (one rough and one clear) were compared and the 

results are given in Table 5-6.   A detailed comparison of threshold energies is difficult 

because the values scatter badly; there are, however, no major effects.   The slope 

efficiency values, on the other hand, show a consistent behavior; they are significantly 

lower for the smooth cells.   In fact, if the loss factors are removed from the efficiency 

values as in the last row of Table 5-6, it is clear that there is a reduction of efficiency 

in the smooth cells to almost 55% that of the rough cells.   This could be explained by a 

decrease in coupling efficiency, but such an explanation is inconsistent with the absence 

of a corresponding effect in the values for threshold energy.   It is more probable that 

the smooth cells support a significant number of off-axis laser modes, and that a con- 

siderable amount of laser radiation is coupled out through the sides of the cell.   This 

would lead to a significant reduction in efficiency with little change in threshold values. 

The roughening of the cell inner wall is, then, a significant feature in cell construction. 

A factor which has not been studied is the roughening of the exterior wall of the cell. 

I 
1 
1 
1 

I 
I 

. 

. 

A 
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Figure 5-6.   Energy Output as a Function of Energy Input for a 25-cm Long 

7 ; J"^?"Diameler Cel1 in a Double Elliptical Flash Housing- 
(a) R Output = i2%; (b) R Output = 55^- 
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This is frequently done with solid state rods to frustrate i 

it also tends to make the pumping radiation 
internal reflection.   However, 

more Isotropie, and this would be useful. 

R(%) 

85 

75 

67 

55 

45 

Loss 
Parameter a 

Average: rig 3^- 

TABLE 5-6 

COMPARISON OF ROUGH AND SMOOTH CELLS 

SeOCL 

Rough 

ET        ^S 

POCL 
Smooth 

ET ^S 

82.4 

84.8 

119.9 

132.6 

0.017 

0.015 

0.016 

0.015 

Rough 

ET ^S 

Smooth 

ET ^S 

0.0083 

77.2 

137.3 

127.3 

172.5 

0.0082 

0.0093 

0.0093 

0.0082 

79.4 

94.7 

102.0 

125.0 

0. 0098 

0. 0061 

0.0094 

0.0102 

0.0107 

71.9 

86.7 

UO. 5 

0. 0046 

0.0060 

0. 0083 

139.0 

0.012 

128.8 

170.2 

0.0084 

0.011 

0.026 0.015 

0.021 

0.025 

0.0094 

0.013 

In summary, the laser liquid, if properly prepared and handled, does show a 

low dynamic loss as anticipated from the passive loss measurements described earlier 

(Secüon 2).   As expected from the spectroscopic properties, thresholds are generally 

lower than those found in glass laser materials.   Output efficiency is strongly dependent 

on the cavity configuration and can be as high as 4% (using existing flashlamps) in a good 

cavrty.   The material efficiency, as far as could be determined, is better than that of 
LG 55 glass. 

. 
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. . 

5. 3 Q-SWITCHING, SELF Q-SWITCHING AND MODE LOCKING 

He three parte of We eeotion are to aoe,« extent iaterreiated but are   for 

somewhat secondary role. this work win he d.sonesed ,n .Me sectZn    ^ T    , \. |s an fatere8tlng phenome„on and __ ^^^ ^^ ^tC« JL«    „I"8 

LtTdT liqU'd S"temS• haS a Sligh,ly m™* — thanTn g ST al"* 
tem6 and deservee mention.   We shall consider these tadependently. 
5.3.1      Q-Switching^ 

^attention had to he paid to the mode stmctJlnd LtT^ ZeTZ' 

Eor this purpose, the nature of the resonator was as important as the medium 

sisted of I' IaSer T6" emPl0yed a Cir0U,a,inB IiWid-   ^^ °*^ory system con- sisted of the pump, heat exchanger and the npii     T?^ 
only on the cell «nH n. »,.    . OUr purPoses here. we shall focus 
only on the cell and flash head and accept as a given fact that the other components 

nTtr p;rde an acceptabie opticai medium ^ *<*d— ^ zz ^ flash head used for this laser are illustrated in Figure 5-7. 

Presence of sma.l particles or other optical scatter inside theler I" i't 

c™ * :ron in th:,a8er output pr™-tws—- - ~LC 
00^1   r " ^ ,0 be eXP",ed-   TheM ^-'»^ -re simply to 

operate the laser in the long-pulse mode and measure the laser output while214 

h l d p;nrand "*"mirror reflec"v'ties- ^ ^ «- -- thresholds and slope effleiencies .'or a series of different output codings   a dirl 
measure of dynamic laser resonator losses can be made    Ftenre ,« T 

cally the resonator stn.cbrre used in these expert    The Tim   T S     matI" 

inside the laser cavity and „ear the end of JlaseTc^ tlcut oTfa T "^ 

- to ten^erature inbomogeneities in the laser liquid ^^Z ^es. 
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Figure 5-7.   Cross-Section of the Flash Enclosure and Cell Used in the 
Q-Switching Laser Experiments 
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Figure 5-8.   Laser Resonator for Long Pulse Experiments 
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Since the laser cell had a bore diameter of 16 mm, this aperture limited the output 

energy. Threshold, however, was only slightly affected while the beam divergence 
was reduced and the beam uniformity improved. 

The data obtained are presented in Table 5-7 and Figure 5-9. In these experi- 
ments the laser was pulsed at the rate of 0. 5 pps and output was measured for ten or 

more pulses. At this pulse rate, no significant decrease in output was seen from the 

first pulse to the last indicating that, at this 400 watt average input power level, 

temperature stability of the laser liquid in the optical path is good. Also, as may be 

seen from Figure 5-9, the change in laser threshold energies with liquid volume flow 

rate are small, and both data sets indicate a scattering loss of about 0.46% cm"1. 

TABLE 5-7 

RESULTS OF LONG-PULSE OSCILLATOR DATA* 

,                                               0.96 GPM**                                2 26 GPM** 
H        4 out -.en R    _ 

out ^s (%) ET(J) n8 (%) ET (J) 

90. 5% 0.0998 0.368 99.8 0.374 92.3 
82. 0% 0.198 0.541 159.5 0.555 161.1 
75.0% 0.287 0.662 182.7 0.672 184.7 
71.0% 0.342 0.765 215.5 0.800 219.9 
71.0% 0.342 0.589 217 4 

(Rerun) 

60.0% 0.510 0.709 278.5 0.675 284.1 
57.0% 0.562                    0.667 279.7 0.675 284.0 

TJO^ pSse^ ^ threSh0ld Calculated usi^lll ^ta points (1st pulse + 3rd pulse 

All T7s and ^T's are results from computer least-squares fit. 

** Volume flow rates through laser cell in gal- min"1. 

To make optimum use of the high peak powers generated by pulsed condensed- 

phase lasers, it is necessary to control the angular divergence of the laser beam.    For 

some high brightness applications, such as ranging, the beam spread must be reduced 

to the smallest possible value.   The Nd+3 liquid laser is similar to the other condensed 
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Figure 5-9.   Threshold Energy vs. £n R    ,    . for Long Pulse Experiments at 
Two Different Pump Speeds0   p 
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phase pulsed lasers in that the active medium aperture-to-length ratio is about an order 

of magnitude greater than that in most gas lasers.    For gas lasers with reasonably- 

sized laser resonators (up to one meter length), the tube bore diameter restricts the 

number of available transverse laser resonator modes possible.   However, in the case 

of Nd l liquid or glass lasers this restriction does not usually apply.    For this reason, 

a liquid or glass laser of 1/2 inch diameter by 6 inch length produces a multimode output 

with a beam divergence angle on the order of 10 milliradians or more.    If such a beam 

were to be focused to a spot with a lens of focal length f, the resultant spot diameter would 

be no smaller than 

d = fed (5-12) 

where 9^ = far-field full beam divergence angle. 

For this reason, a considerable effort has been directed towards designing a 

laser resonator for the liquid laser that limits the laser beam divergence angle (BDA), 

but at the same time, maintains adequate pulse output in the O-switched mode of opera- 

tion.   Therefore, an investigation into the use of intra-cavity apertures, to limit the 

number of transverse laser modes possible in the resonator, was undertaken.   Figure 5-10 

shows the schematic laser cavity of the Q-switched oscillator.   The output mirror and 

totally reflecting mirror, with respective radii of curvature R. and R0, are separated 

by the effective optical distances d1 and d   from the plane of the minimum TEM     mode 
1 'S 00 

radius w0.   The effective optical distances, c^ and d2, must take into account the effects 

of index of refraction of the laser liquid and cell windows, the KD*P Pockels cell Q- 

switch, and the Glan-Laser prism polarizers.   Aperture stops of various diameters 

are placed at the beam minimum to limit the number of modes the cavity could sustain. 

109 
Following Kogelm ■ Li      th; beam radii and exfective optical distances can 

- 
be calculated from: 

4     A«   /^2/K2 w,   ■    ■*■   ■ 

I 

i - «^ läpIteTspl «s-1') 

<'^>2(^)iR-kp) <s-14) 

5-23 

'— ..-....^...^      ....^...»^^^^^^^^-^^^^^^^^.^     .       ., ..,..^.....^.,.,..... .....^^^^^^^M,^^^. 



R, J 
]     LASEI 
'. CELL 

APERTURE 
AT MINIMUM 
OF BEAM POCKELS 
DIAMETER CELL 

POLARIZER      O-SWITCH 

R» 

=^ÖB 
-2wf 

100% 
REFLECTING 

Figure 5-10.   Laser Resonator for Pockels Cell Q-Switched Operation 
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WQ = (X/TT)2 
l {R -I) (R2-i) (R^+R^i) 

(R1+R2'2l)' 

i (R2-i) 

1 = R1+R2-2£ 

d2 = i-dl = R1+R2-2l 

(5-15) 

(5-16) 

(5-17) 

where all variables are de'.ined by Figure 5-10.   The stability condition for the resonator 

is given by: 

-K)Kh 
If the plane of the minimum spot size is taken as z = 0, the beam radius at the 1/e 

intensity point of the TEM00 beam is described by the equation: 

(5-18) 

2 

\v(z) = w 
0 1 +(\z/Trw2) 

1/2 
(5-19) 

The hyperbola described by Eq. (5-19) has, in the far fiald, asymptotes separated by 

nby: 

900 = Lim [2w(z)/z] = 2X/7rw0 (5-20) 

the angle 9     given by: 

Z —to 

and far-field zone of the laser is defined by the relation: 

Z > TT W   /X (5-21) 

For a given pair of mirrors R., R , and effective cavity length I,  Eqs. (5-15) 

and (5-20) allow us to predict the smallest BDA the resonator structure will support. 

Then the measured BDA of the oscillator with various aperture stops can be compared 

to see how close to diffraction-limitid operation (TEMnn mode) the laser will work. 

5-25 



Two types of Q-switching were tried on the liquid laser, a Pockels cell with 

prism polarizer and a rotating roof prism.   Both methods produced Q-switched pulses 

Lat the Pockels cell was by far the best method in terms of laser output reproducibility 

and beam quality. 

Figure 5-10 shows the location of the Pockels cell Q-switch inside the laser 

resonator.   The Pockels cell was a commercial KD*P unit, AR coated on both exit and 

entrance faces, with a quarter wave voltage of 3.7 kV.   The polarizer element was an 

air-spaced Glan- Thompson prism, also AR coated on both faces,   A commercial, high- 

voltage pulse unit switched the quarter-wave voltage to the Pockels cell with a rise 

time of less than 10 nanoseconds.   Cavity apertures used were stainless steel electron- 

gun apertures and ranged in diameter from 7.9 mm to 4. 9 mm.   The resonator mirror 

radii were varied in these experiments. 

The experiments were run with a constant, laser-power input of 760 joules/ 

pulse at a repetition rate of 0. 5 pps.   Laser output, especially when the smaller pin- 

holes were used as aperture stops, was reproducible on both shot-to-shot and long term 

bases, but not enough data were collected to make a detailed statistical analysis.    Ex- 

periments were prematurely terminated because of laser damage to the polarizing prism 

from the high peak-power densities generated in the resonator.   As the manufacturer's 

specification for damage threshold in the calcite polarizer was 150 megawatts/cm , 

rather large power densities were obviously being generated in these experiments. 

Representative data from this series of experiments is presented in Table 5-8 

and a typical oscilloscope trace of a single pulse of full-width-at-half-maximum of 

about 25 n«; is shown on Figure 5-11.   No double-pulsing is observed with this energy 

input to the laser and the trace shows no modulation.   Laser output beam patterns are 

rather uniform, although obviously, from the data of Table 5-8, the beam consists of 

several transverse laser modes oscillating simultaneously.   The best output beam 

quality was obtained with the 5 meter radius of curvature cavity mirrors.   In this case, 

the minimum spot diameter 2w   was about a factor of 5 smaller than the aperture 

diameter, while the measured beam divergence angle was only a factor of 3 larger 

than the theoretical TEMon divergence angle. 

1 

] 
3 

1 
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I 
! Figure 5-11.   Q-Switched Output Pulse.   Time Scale is 10 ns per Division 

l. 

i 
I 
I 
I 
I 
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TABLE 5-8 

Q-SWITCHED OSCILLATOR PERFORMANCE 

**9     calculated itom w. and Eq. (5-9). 
00 0 

Aperture Energy Measured TEM00- 

Diameter Output BDA wo* BDA 

Mirror Combination (mm) (Joules) (mrad) (mm) (mrad) 

75^ Refl., 60 cm Rc, 7.9 0.86 12.4 0.367 2.2 

lOO^r Refl., 100 cm a. 

75^ Refl., 60 cm Rc, 4.9 0.15 9.1 0.367 2.2 

1007r Refl., 100 cm Rc 

657c Refl., 5M Rc, 4.9 0.10 4.4 0.528 1.3 

1007 Refl., 5M Rc 

A             -           J'.. _i i„i„j r-, .^n-,        l.V,           tR-A\ 
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A rotating prism Q-switch was also tried as the totally reflecting cavity mirror. 

A 40 cm focal-length lens was placed between the rotating prism and the laser cell to 

produce a rotating mirror of 80 cm radius of curvature.   The prism was driven at a 

speed of 30,000 RPM (500 RPS).    Figures 5-12a and 5-12b show typical results obtained 

in this manner.   Because the laser output was so erratic from shot -to-shot, the figure 

shows only representative sketches of the results.   Typical laser output consisted of a 

pulse train about 4 ßs in duration composed of from 3 to 9 giani laser pulses, randomly 

distributed, with individual pulse durations on the order of 200 ns.   The laser output 

beam was smeared in t) e direction of rotation of the spinning prism and had very poor 

uniformity.   The laser beam divergence for this mode of operation was not measured. 

From the above work it is concluded that Q-switching with good beam quality 

and output reproducibility is best accomplished with a Ferkels cell.   Apparently, not 

enough mechanical stability is easily obtained with a spinning prism to assure repro- 

ducibility of output.   Also, ordinary prism Q-switches are plagued by multiple-pulsing 

due to their lower ^'itching speed.   The KD*P Q-switch with intra-cavity aperture 

mode control resulted in reproduc'Me, single giant pulses with relatively uniform beam 

patterns; however the high intra-cavity laser power densities generated resulted in 

damage to optical components, 

5. 3. 2      Self Q-Switching 

Self-Q-switching is the production of giant pulse laser spikes without the inter- 

vention of an active oi passive Q-spoiler external to the laser matorial.   Because of the 

high gain of the liquid laser material, it can be operated conveniently at low output mirror 

reflectivities with moderate thresholds.   As the output mirror reflectivity is decreased to 

below 50%, giant spikes become interspersed v ith the more normal, lower power, 

microsecond-long spikes characteristic of the free running output.   At yet lower output 

mirror reflectivities the giant spikes begin to dominate the output.   With only the cell 

output window for feedback, the output consists exclusively of the giant spikes, usually 

only a few of them.   The power in these spikes has been determined to be as high as 

500 MW.    Most of the work to be aescribed was done with the SeOCL solvent system, 

but it ha? also beei; observed in the POCL solvent. 

If the resonator consists of a lOO'Fc reflecting mirror and the cell output window 

only, the output spectrum extends over a range of 5 to 10 A and consists of a saries of 

sharp lines with a spacing characteristic of the interferences arising from ? plane- 

parallel element having the thickness of the output window.   If the cell forms its own 
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Figure 5-12.   Typical Rotating Prism Q-Switched Results 
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cavity, the feedback consistf, only of the Fresnel reflection from each end-window, and 

the output consists only of a few giant pulses as high as 500 MW.   The output spectral 

distribution shows fewer lines (never more than the number of spikes) spanning a width 

of less than 5 A.   in the case of multiple lines, their frequency separation usually does 

not correspond to any known interference element in the cavity. 

In those cases where there is a totally reflecting mirror, the beam diverges 

and transverse mode patterns (of high order) are us tally detectable.   With no external 

mirrors, the output beam is quite divergent and the mode patterns more clearly dis- 

cerned. 

■ 

In the absence of feedback from the cell window, it was not possible to generate 

the giant spikes, at least within the available range of input energies.   This does not 

prove that yet higher energies would not produce the effect, but does indicate that a 

small amount of feedback is very helpful.   A tentative explanation, put forward for the 

effect, was that some small amount of feedback, possibly arising from stimulated 

Brillouin or Rayleigh scattering due to the high flux in the active medium, acts like a 

mirror that is suddenly turned on.   Thus, it behaves as if there were an internal Q- 

switch. 

At about the same tim   that the work reported here was done, Freund   '  and 

Collins, Braun and Dean111 reported a similar effect in ruby.   In these experiments, 

the transition to giant spiking was observed as the totally reflecting mirror was gradu- 

ally misaligned to a very small extent.   Freund tried, but could not produce the same 

effect in Nd+3:glass.   Birnbaum and Finchner112 weie able to achieve, self Q-switching 

in Nd+3:YAG and ruby using a pulsed argon laser for excitation.   Here, also, a principal 

factor was an element of misalignment, either the resonator or the pumping beam with 

respect to the resonator. 

While the effects observed in the solid and liquid media are similar, the main 

factors appear to be different.   In the liquid, it was always the cavity reflectivity that 

was dominant and this was irrespective of the liquid employed (the effect is also observed 

in POC1   solutions).   It is, of course, difficult to estimate misalignment in the liquid 

systems.   It was always clear that the cavity was aligned; however there could be a 

slight misalignment in the cell end windows that would be difficult to detect . 
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The basic explanation for the effect was hard to find.   While, in theory, the 

proposed atimulated Brillouin scattering was a possible mechanism, the experimental 

evidence for it was lacking.   The spectrum of these giant spikes always shows one line 

per spike and no second one separated by the frequency shift associated with Brillouin 
32 

scattering.    Seiden     was able to make a more plausible case for stimulated Rayleigh 

back scattering as the mechanism for the enhancement of the cavity Q.    In effect, he 

puts forward the idea that a normal pulse and the associated electromagnetic wave 

produce a grating by thermal refractive index modulation; this leads to the required 

back scattjring.   Where there is a high field, the stimulated emission rate is high and 

more transitions occur at that point.   The heat associated with the relaxation from the 

terminal laser level to the ground state is greatest there, and a corresponding decrease 

in the refractive index occurs.   This mechanism appears to be most consistent with the 

observations and has the lowest threshold for all the stimulated scattering processes. 

5.3.3      Mode Locking 

Mode locking is related to Q-switching, in that it is observed in almost all 

kinds of Q-switched pulses and is generated when a passive Q-switch (a saturable 

absorber) is employed.   The particular interest in the Nd+3 liquid laser materials from 

this point of view is that there is a large bandwidth for the fluorescence (~ 180 A) and 

the broadening appears to be largely homogeneous. 

+3 
Experiments performed with Nd    :SeOCl2 employed the apparatus shown in 

Figure 5-13a.   The laser cell was 15 cm long and the other components are described 

in the figure.   The Kodak 9740 O-switch solution was used with absorption constants, 

a, ranging from 0.19 cm"   to 1.63 cm~ .    In these experiments, all the mirrors were 

plane parallel and the return mirror for the two-photon fluorescence dye cell was 

separated and removed from the cell.   The peak power was a maximum of 170 MW for 

an a of 1. 25 cm     and decreased i'or higher and lower values of a, as shown in 

Table 5-9.   The giant spikes observed, were invariably mode-locked and the period of 

4. 5 ns agreed very well with measured optical length of the cavity.   The individual 

pulses of the mode-locked train had a width of about 2 ns in the Tektronix-519 oscilloscope 

trace, indicative of poor or complex mode-locking.   This was confirmed by the two- 

photon fluorescence experiments which showed a substantial substructure to the pulses, 

due to the subsidiary resonances in the cavity. 
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Figure 5-13a.   Schematic of the Experimental Arrangement for Studying 
Mode-Locked Pulses 
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■ 
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* M2 

Tc ■ 7.5 ns 

Figure 5-1 3b.   Schematic Arrangement of Mode-Locked Liquid Laser 
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TABLE 5-9 

PEAK POWER OUTPUT 

Dve Absorption 
Constant 
o (cm-1) 

Input 
(J) 

Output 
(MW) 

0.19 640 15 
0.32 360 25 
0.63 640 80 
0.88 810 125 
1.25 810 170 
1.63 810 60 

Further experiments were carried out with the experimental arrangement 

shown in Figure 5-13b using the Nd+3:POCl3:ZrCl4 material.   This experimental 

arrangement is more carefully designed than the previous one and eliminates the spu- 

rlous reflections.   The length of the active medium is 25 cm and the diameter is 1. 0 cm 

Mj has a 10M radius of curvature and a reflectivity of 100%; while M   is wedged with 

an angle between 1 and 5% and its reflectivity was varied from 4% to 80%.   The laser 

was O-switched with Kodak 9860 dye. having a transmission between 60 and 70% and the 
dye cell is anti-reflection coated. 

The spectral output of the laser is shown in Figure 5-14.   The spectrum extends 

over 100 cm     and shows no structure except for a sharp line near the line center of 

1. 052M.^There is also an emission due to stimulated Raman scattering displaced 
488 cm    , which is the Raman frequency for POC1 

The pulse trains themselves, often lasting microseconds, show a "clean" mode- 

lockmg with a 7. 5 ns spacing characteristic of the cavity.   These are illustrated in 
Figure 5-15. 

I 
I 
I 

Stimulated Raman emission always accompanies the usual emission in the 

spectra of mode-locked pulses, but may or may not occur on normal Q-switching    A 

Brewster-Brewster Nd+   SeOCl,, laser of cavity length 70 cm. cross-section ~1 cm2, 

and active medium length 25 cm was Q-switched with a 60% transmission Kodak 9860' 
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POCIj Lira" 

Figure 5-14.   ^ectra of Mode-Locked Liquid Laser.    Two Shots Show ^ 100 cm 
Central Band and Raman Shifted Light 

-1 

100 ns 

20 n« 

Figure 5-15.   Typical Oscilloscope Traces of Laser Pulse Train 
(a) 100 ns/cm; (b) ns/cm (airbrushed). 
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dye.   When this laser was operated in a Q-switched but nonmode-locked mode, as 

shown on a Tektronix 519 scope, no SRS was observed in the output.   When regular 

trains of short pulses were emitted, however,  intense SRS was observed.    Both first 

and second Stokes of the SeOCl2 386 cm"   line were recorded on sensitized Kodak 1-7. 

plates.   The Raman emission occurred in a band ~6 cm    wide with a laser excitation 

spectra bandwidth of ~6 cm" , also.   A Bausch and Lomb two-meter spectrograph 

was used to detect the spectral output.   The laser pulse width, at measured by two 

photon fluorescence, was ~6 ps.   With an Nd+3 POCl0 laser of similar construction as 
+3 3 

the Nd     SeOCl2 laser,  intense stimulated Raman scattering was observed when the 

0 laser was operated in the mode-locked mode, Q-switching with a saturable absorber, 

and also in the self-Q-switched mode.   When the laser was Q-switched and mode-locked, 

first Stokes and anti-Stokes lines of POCl3 (488 cm-1) were recorded with a 1/2-meter 

Jarrell Ash spectrograph and with Polaroid infrared No. 57 film.   Highest-order Stokes 

lines were not recorded because the film was insensitive at longer wavelengths.   Raman 

scattering occurred on almost every shot.   Raman scattering in the first Stokes and 

first and second anti-Stokes modes were recorded with the laser self-Q-switched.   Self- 

Q-switching was obtained by using a quartz wedge as an output reflector and by removing 

the O-switching dye cell.    Figure 5-1G shows a typical self-Q-switched spectra and 519 

scope trace.    It should be noted that the scope trace shows some degree of self-mode- 

locking.   Raman scattering, during self-Q-switching only, appeared on the most intense 
shots. 

5. 4 SPECTROSCOPIC PROPERTIES OF THE LASER OUTPUT 

The spectroscopy of the laser output is often useful in understanding some of 

the properties of the material itself.   While these observations may not always be 

conclusive, they often provide a great deal of information.   Thus, in the previous sec- 

tion, the spectral output of the self-Q-switched laser provided the evidence to rule out 

one mechanism.    In the present section, we shall discuss the output of the free running 

laser in terms of its spectroscopy. 

In this work, ^ve use a streak camera to trace the time evolution of the spectrum 

of the spikes in a laser pulse.   This camera is put in place of the plate-holder at the exit 

of the spectrograph.    The spectrograph output strikes the surface of a highly-polishea, 

rapidly-rotating stairless steel parallelepiped and focuses on the film pack of a Polaroid 

camera back.   The phase of the rotating steel parallelepiped and the trigger pulse are 

adjusted so that at least 150 -xs of the laser pulse is photographed. 
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Figure 5-16.    (a) Self-Q-Switched Spectrum Showing Stokes and Anti-Stokes Raman 
Scattering; 

(b) Time Output on Tektronic 519 Oscilloscope. 

5.4.1      Free Running Laser 

The output of the free running laser depends on the nature of the feedback. 

One of the first experiments done was to compare output spectra from mode-supporting 

and nonmode-supporting cavities; the results for the SeOCl2 solvent are illustrated in 

Figure 5-17.   It is seen tlm in the high reflecting cavity, the laser action is confined 

to a range of about 15 to 20 A.   The spacing between the lines is determined by the 

multiple beam interference spectrum of the front window and the partially transmissive 

output mirror.   With a nonmode-supporting cavity, the output spectrum narrows to 

3. 9 cm   .   This sort of behavior is quite different from that of glass, and suggests that 

the ? 30 k spontaneous line width is principally homogeneously broadened, and that the 
inhomogeneous width is of the order of 3 k. 

To explore the nature of the line broadening in more detail, the streak camera 

was used to display the laser emission spectrum.   The experimental arrangement con- 

sisted of a static cell, 6 inches long and 0.25 inch in diameter placed in a close-wrapped 

configuration between two FX 45 linear flash tubes, with the cavity mirrors mounted 

external to the laser sample.   The output was focused on a pinhole which replaced the 
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Figure 5-17.   Spectra of Laser Emission,   (a) High-Reflectivity Mode-Supporting Cavity 
(b) Nonmode-Supporting Cavity. 

lit of a Bausch and Lomb dual-grating spectrograph, and the plate camera of the 

opectrograph was replaced by a rotating mirror streak-camera with a linear sweep 

speed of about 20 ßs/cm at the film and a linear dispersion of 1.7 cm"1 per millimeter. 

The replacement of tho slit by the pinhole greatly improved the time resolution of the 
+3 

streak.   Nd    :SeOCl2:SnCl4 was the liquid system used. 

A typical spectrum obtair-d when plane parallel mirrors are used on the laser 

is shown in Figure 5-18.   The laser emission occurs at several .vavelengths with a 

spread of 10-20 cm    .   At higher input energies, the density of spikes (and dots on the 

streak) increases without significant broadening of the lasing spectral range.   This 

result indicates a basic difference in the behavior of liquid from that of glass lasers 

whose spectral width tends to broaden with input power.113 A more pronounced differ- 

ence is observed when a confocal, rather than a plane-parallel, cavity is used.   The 
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results for the liquid, shown in Figure 5-19. indicate that the spectral range is quite 

narrow, 2 to 4 cm" . and remains narrow at higher input powers.   Under the samt 

conditions, glass lasers show a pronounced broadening and eventual hole-burning effects 

The implication of this result is that the predominant line-broadening mechanism in 

liquids is homogeneous and. thus, quite different from that encountered in glass    The 

homogeneous nature of fluorescent line aiSo makes it possible to obtain a narrow emission 

from a .lane-parallel laser cavity.   This is advantageous, since the plane-parallel 

geometry can utilize the full volume of the material without a great increase in beam 

divergence.   To explore the spectrosoopy more fully, an output mirror consisting of a 

variable spacing Fabry-Perot interferometer was used, as illustrated in Figure 5-20 

The windows of the cell and the outer surfaces of the interferometer were antireflection 

coated, and the interior faces of the interferometer were coated with dielectric films 

having a reflectivity of 54%. giving it a finesse (F) of 5 and a maximum resonant 
reflectivity of 92%. 

The condition of oscillacion of a laser can be expressed as: 

R(We^mN-a]L 
" 1 (5-22) 

which takes the dispersive nature of R into account.   The other symbols have the same 

meaning as before.   Eq. (5-22) can be rewritten as: 

00/) ANL - aL = lnR{v) (5_23 

The first term on the left-hand side is proportional to the gain of the laser.   The second 

term can be assumed nondispersive and therefore a constant.   The whole left-hand side 

can. thus, be considered as a generalized "gain curve." having the same shape as the 

fluorescence line and translatable a.ong the ordinate axis.   The function R(y), for the 

case of an output mirror consisting of a Fabry Perot interferometer, is given by: 

B.(v) =   4F^ sin   (27rt/d) 

*   +4F   sin2 2Tri^d (5-24^ 

where F is the finesse and d the interferometer spacing.   The negative logarithm of this 

function has a periodic series of positive infinities and minima spaced at one half the 
inter-order spacing Af = l/2d. 
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Figure 5-20.    Experimental Arrangement for the Study of Streak Spectra Using 
Variable Spacing (d) Fabry Perot Interferometer as the Output 
Reflector.   AR-Antireflection Coated Surface. 

I 
Consider a plot of the function -ZnRM versus u, which represents the frequency- 

dependent part of the loss and which will be called the "loss curve. "   The oscillation 

condition, Eq.  (5-23). requires that the loss curve make at least one point of contact 

with the gain curve.   This is illustrated in Figure 5-21 for an interferometer spacing 

of 0.02 cm.   Since nothing is known about the absolute phase of the reflection, both 

curves can be translated horizontally with respect to each other.   The gain curve may 

also translate vertically until it re-establishes a point of contact with the loss curve. 

In general, at most two such points of contact are possible, if the maximum of the gain 

curve falls between the minima of the loss curve.   The same is true of the case illus- 

trated in Figure .5-22, which shows a loss curve corresponding to a larger spacing of 

the interferometer (d = 0.1 cm).   In this idealized case both interferometer spacings 

should permit oscillation at one or two frequencies. 

The oscillation condition,  Eq.  (5-23) is, of course, only valid in the steady 

state.   In a pulsed laser, the dynamics of the situation permits the crossing of the 

loss curve by the gain curve beyond the point of contact.   It is, however, obvious that 

this is far more likely to occur for the large interferometer spacing (Figure 5-22), in 

which the minima occur close together in frequency and a number of them lie close to 

the gain curve.   The output spectra of the laser, with the two different interferometer 

spacings, are shown in Figure 5-23 and confirm the qualitative predictions.   When the 

inter-order spacing of the interferometer exceeds 20 to 25 cm"1, the liquid laser 

oscillates in a narrow line without any tendency to spread. 
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Figure 5-21.   Gain and Loss Curves for an Interferometer Spacing of 0.02 cm. 
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Figure 5-22.   Gain and Loss Curves for an Interferometer Spacing of 0.1 cm. 
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Figure 5-23.  .Streak Spectra Obtained with Interferometer Spacing of 0. 02 and Ö.1 cm. 

5.4.2      Spectral Broadening 

The final phenomenon to be discussed in this section is spectral broadening 

Tins can be observed in simple, plane-parallel resonators at intermediate input powers 

and when self-Q-switching does not occur.   The work to be reported was done with the 

SeOCl2 solvent.   The experimental arrangement shown in Figure 5-24 consisted of a 

15-cm laser cell placed between mirrors of reflectivities *   = 95% and R   = 80 or 20% 

The output beam (passing through R2) is directed into a Bausch and Lomb 1 8-m 

spectrogruph. whose plate holder has been replaced by a rotating mirror streak camera 

with a sweep of 18.7 ^s/cm.   To obtain improved time resolution, the vertical entrance 

Silt was replaced by a 0.4-mm pinhole placed at the focal ooint of a f = 20 cm lens 

With ^is arrangement, only light diverging less than 2 mrad can enter the spectrograph 

The spectrograph and streak camera combined produce a 1.7X magnification of the 
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Figure 5-24.    Experimental Setup:    C - Laser Cell; RJRJJ - Mirror; D - Detector; 
L - Lens; Sp - Spectrograph; Sc - Streak Camera; F - Film. 

entrance pinhole.   A camera placed behind the 1^ mirror was focused on the plane of 

the cell window giving a 3X magnification.   Since the laser emits in the region of 1 06M 

an infrared-sensitive film (Polarid type 413) was used in both cameras.    Each experi- ' 

ment consisted of recording the time-resolved spectrum, the near-field pattern (from 
the back) and the laser intensity. 

Figure 5-25a shows the results obtained at low input energy.   The streak 

spectrum is seen to be composed of large dots (images of the entrance pinhole).   Multiple 

wavelengths arise from the mode-selecting properties of the laser cell, windows and 

mirror R,,.   The near-field pattern shows evidence of high-order modes indicating that 

under these conditions the laser behaves very much like any solid-state laser.   At 

slightly higher input energies (Figure 5-25b). the character of the streak patterns change 

abruptly with the occurrence of spectral broadening; this is evidenced by the formation 

of "strings of beads" extending a few tens of cm"1 with a slight asymmetry towards the 

Stokes side.   When the rear mirror reflectivity is increased from 95 to 99. 9%. the 

broadening and beading becomes more pronounced.   A streak spectrum taken under these 

conditions is shown in Figure 5-26.   Note that diameter of the "beads. " being smaller 

than that of the large dots, is not determined by the size of the entrance pinhole    It 

represents therefore a high degree of collimation of the light.   The streak camera does 

not have sufficient sweep-speed and resolution to measure the true time duration of the 

laser spikes.   All we can say is that the spikes responsible for the "beads" are of 

: 
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shorter duration (<0.63 ^s) than those giving rise to the large dots.   The spectral 

broadening is accompanied by the disappearance of mode patterns.   The near field 

shows, instead, the occurrence of bright filaments.   In some cases when the spike 

density is low, it is possible to correlate particular spikes with particular "strings," 

although not with filaments whose picture is time integrated.   Examination of a large 

number of photographs shows that the occurrence of filaments is invariably accompanied 

by the broadening or "beading" of the streak spectrum and vice versa.   Neither of these 

phenomena could, however, be correlated with the spike heights.   This is understandable, 

since filament formation is likely to depend more critically on field configuration 

rather than intensity. 

The diameter of the filaments was estimated in two different ways.   If we 

assume that the diameter d of a "bead" can be identified with the Airy disc of a dif- 

fracting filament, then the diameter D of the filament is given by D = 1. 22  f X /d 

where m is the magnification of the optical syster.   Typical values of D are of the 

order of 1 mm.   The second estimate can be obtained from direct photographs and 

yields values between 0. 5 and 0. 8 mm.   Neither of these can be taken as too accurate 

because of the obvious difficulty in focusing at 1. 06/i. 

In another experiment (see Figure 5-24), the lens L was placed so that its 

focal point was 20 cm in front of the spectrograph pinhole.   With wire stops placed at 

this focus, no light from the laser could be detected entering the spectrograph independent 

of the position of another lens placed between the stop and the pinhole.   This demonstrates 

that light emerging from the laser, including filament light, is very nearly parallel. 

This parallelism, together with the estimated diameters of the filaments, indicates that 

the observed phenomena are due primarily to large scale trapping. 

It has been shown earlier that at very low reflectivities (fil%) of the output 

mirror, the peak power of the laser spikes can be increased to multimegawatt levels 

and their duration reduced to 20-40 ns.   Under these conditions the giant spikes give 

rise to simple mode patterns.   Figure 5-25c shows the results obtained with R- = 20% 

which represent an intermediate case.    Both the spectral broadening and the filaments 

have disappeared and some mode patterns are again discernible.   Hence, in this regime, 

like in the case (Figure 5-25a) of high reflectivity and low pump energy, the laser again 

does not appear to be dominated by effects leading to filament formation. 
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The enlarged "string of beads" shown in Figure 5-26 shows some intensity 

modulation along its length.   This is often, but by no means always, observed.   Many 

strings show a monotonic intensity decrease towards the Stokes and anti-Stokes sides 

Other features which distinguish this broadening from that observed in CS ^ are the* 

lack of elongation of the beads, and the constancy of their spacing.   This spacing, which 

is equal to 1.2 cm    . is constant within one string, from one "string" to another and 

from one experiment to the next.   It is also independent of the mirror spacing.   We 

conclude, therefore, that the theory of the broadening proposed by Shimizu115 .and 

Cheung et al.^6 based on the modulation of the refractive index, is not appropriate 

for the present case.   Rather, an iterative effect similar to the optical mixing observed 

by W^gins et al.      would appear to b. more likely,   it is difficult, however, to account 

for the rather large spacing of 1.2 cm"1 in terms of either Brillouin or Rayleigh 

scattering.   Backward Brillouin scattering (at 6940Ä) gives a shift of 0.2 cm"1 and 

stimulated Rayleigh shift is expected to be even smaller on account of the high viscosity 
of the laser solutions (-10 centipoise). 

The disappearance of the broadening and the filaments under conditions of high 

laser peak power is not understood, but may be related to the duration of the laser 

pulses.   If the molecular reorientational time T is involved in the mechanism of the 

phenomena described here, we may expect their time constant to be large    Since the 

laser solutions are viscous and presumably contain large solvated entities, the relaxation 

times could well be in the lO"8 - lo"7 s range.   This would make them comparable to 
the duration of the spikes. 
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. 

•« 

ii 

I 
I 

On the basis of the spectroscopic data and a comparison with both the YAG 
+3 and glass materials doped with Nd    , we were able to project that high output pulse 

energies were to be expected from the liquid laser systems.   This was. indeed, shown 

in the experimental work on static, liquid-laser systems and the achievement of high 

average powers depends on attaining a reasonable repetition rate.   In the work to be 

described, repetition rates used ranged up to 10 pps. depending on the input pulse 

energy. 

In repetitively-pulsed operation, serious thermal and thermo-optical problems 

arise as the average power input increases.   All laser systems involve a significant 
+3 

dissipation of pump power as heat, and in four-level laser systems, such as Nd    . 

there is an additional energy arising from the relaxation between the terminal laser 
+3 

level and the ground state that is also dissipated as heat.   For Nd     laser systems, 

the total dissipation can amount to as much as 50% of the absorbed power.   The depo- 

sition of this heal Is radially asymmetric for cylindrical laser geometries, and leads 

to severe thermo-optical distortions resulting in substantial loss in output and deteri- 

oration of beam quality. 

Various approaches have been used in coping with the thermal problems of 

repetitively pulsed lasers.   In one of the more common approaches   the active 

material is segmented and the coolant circulated between the segments   as well as 

around the outside of the active material.   This has met with some success but has 

difficulties associated with it.   The alternative of the liquid medium has obvious 

advantages.   The medium is circulated and the heat deposited in it   is removed con- 

vectively by the gross movement of the liquid through an external heat exchanger. 

If the active volume in the cell can be exchanged for each excitation pulse, a fresh 

isothermal laser medium is always available.   A second problem is, however, 

created by the use of liquid media and that is the cell.   This, too, absorbs pump 

power and its temperature rises.   The thermal problem here is somewhat easier to 

deal with, since it is a thin cylindrical shell and can be cooled inside by the laser 

liquid and outside by a circulating coolant. 

In this section we describe the results on three different experimental 

arrangements.   In the first, the cell has no external coolant and in the others, there 

is external cell cooling but the design is different.   We also set up a model for 

reducing the experimental data, discuss the dynamic losses of the laser system. 
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and present the experimental behavior of the repetitively pulsed laser.   We then discuss 

the results in terms of the hydrodynamic-thermal model developed in Section 4. 

6.1 BRIEF DESCRIPTION OF THE LASER SYSTEMS STUDIED 

The principles involved in the construction of the circulatory liquid laser 

system and in the design of the components have been given in Section 3.   In Section 3 

the principles were applied, in detail, for the final system constructed, but the devel- 

opment of various components was traced through from beginning to end.   In the course 

of this development, three different long-pulse oscillator systems were constructed 

and tested; the results of these experiments will be presented in this section.   First, 

however, we will briefly describe the laser systems so that the experimental results 

can be related to the system structure and understood in these terms. 

6.1.1 Laser System No. 1 

The first, repetitively-pulsed, liquid laser system was of a very simple 

construction.   The circulatory system was a shaft-seal pump described in Section 3. 2. 3. 5 

in series with a nose-piece type of cell, 10 inches long and 0.5 inches in diameter. 

The cell had no external water jacket and was enclosed in a dual elliptical flash hsad. 

A shell and tube type heat exchanger completed the circuit.   The power supply used 

was the one manufactured by Hadron, Inc. and series injection triggering was used to 

fire the flash lamps.   Four different fills of laser liquid were used and before each 

fill, various modifications were made to the circulatory system, principally in the 

shaft-seal arrangement on the circulatory pump. 

6.1.2 Laser System No. 2 

To increase the high-average, power performance with an improvement in 

beam quality, a number of modifications were made to the design of the exploratory 

Laser System No. 1.   In this laser, there were two four-lamp flash heads, one close- 

coupled and the other a quadruple ellipse.   In the close-coupled head external cell, 

cooling was provided by flooding the volume of the head between the cell and the 

reflector.   While in the quadruple ellipse, thv cell itself was equipped with an external 

water jacket.   The other modifications to the circulatory system were the installation 

of a 2ß porosity-fritted, quartz-liquid filter in a bypass arrangement, an improved 

heat exchanger, and the use of the Liquidyne pump.   The filter path was so arranged 
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that about 10% of the laser liquid passed through the filter on each circuit.   The 

Liquidyne pump, described fully in Section 3. proved to be an ideal solution to the 

pump problem since it eliminated the shaft seal problem completely. 

The Systomation, Inc. power supply replaced the Hadron unit used in Laser 
System No. 1 and it proved to be more reliable and reproducible. 

The output detection and measuring system was also modified.   The laser 

output was collected by a lens, and passed into a beam splitting arrangement so made 

that the measured output was not dependent on any possible polarization of the laser 

output.   A part of the output was sent to an EG&G Lite-Mike, functioning in the 

integrating mode.   The output from the photodetector was sent to a Honeywell Visi- 

corder recorder.   Another part was directed to another port that could be equipped 

with a second photodetector or blocked off.   The bulk of the beam was transmitted 

directly through the beam splitter arrangement and could be used for other purposes 
or simply absorbed. 

The thermal load of the dissipated power was divided between two cooling 

circuits.   One included the flash lamps, flash head and cell water jacket and the other 

the laser liquid.   The temperatures of the cooUng water in the two circuits were 

monitored and separately controlled, so that a temperature differential between the 

laser liquid and the cell coolant could be established.   In principle, the cooUng system 

was satisfactory, however   the temperature regulation process was too slow and the 

thermal inertia of the cooling system too large for any long time experiments. 

6.1.3      Laser System No. 3 

The new features incorporated into this laser relate to the design of the cellj 

and to the cooling system.   The water jackets in these cells were thinner and construc- 

ted in conformity with the calculations of Section 3.2.4.5.   In each case, the cell jacket 

and cell wall thickness were designed so that the entire cell volume would be pumped 

when the optical focussing properties of the material, external to the cell volume, 
were taken into account. 

The cooUng system was improved by the addition of a unit designed for this 

appUcation and purchased from Systomation. Inc.   The basic unit provided deionized 

water for the flash lamp, cell water jacket and flash head cooling.   This was the bulk 

of the thermal load.   The second was used to cool the laser liquid when it passed 

through the heat exchanger.   The temperatures were controlled by Harrell 
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proportional controllers and the sensors were thermistor units, one monitoring the 

temperature of the laser liquid after it exited from the third cell and the other moni- 

toring the temperature of the deioni zed water as it entered the cell water jacket. 

Similarly placed iron-constantan thermocouples measured these temperatures and either 

the actual temperatures or their difference could be read.   The difference in tempera- 

ture was also recorded on one of the channels of the Honeywell Visicorder used to 

record the laser output.   The difference temperature variation was kept to =0.10C 

during a run.   The laser output was recorded as in the previous experimental arrange- 
ment. 

This cooling arrangement proved far more satisfactory than that used in 

Laser System No. 2.   The circulatory system contained three laser heads, one a 

quadruple ellipse and the other two double ellipses.   The dimensions of the cell in 

the quadruple ellipse was 0.875 inch diameter and 10 inchea in length, while those in 

the double ellipses were 0.625 inch diameter and 10 inches in length, and 0.5 inches 

diameter and 6.5 inches in length, respectively.   These dimensions were selected to 

provide flexibility to the system.   Individually, the cells could function as long-pulse 

oscillators in different repetition-rate and pulse-output energy regimes or, if used 

simultaneously as an amplifier chain or in an oscillator-amplifier mode. 

6.2 EXPERIMENTAL PROCEDURE TREATMENT OF THE DATA 

Before presenting the experimental results, the experimental procedure will 

be described and the parameters clearly deUneated so that a reasonable means for 
reducing the mass of data can be obtained. 

A run is made in the following manner.    For a predetermined temperature 

differential between the laser liquid and the cooling water in the cell water jacket (AT), 

a series of laser pulses is run off at preset repetition rates and pulse input energies. 

The laser output for each pulse is detected and recorded as is the temperature differ- 

ential during the run.   The number of pulses in a given run is large enough so that the 

transient pulse output, usually encountered in the first few seconds, has died down 

and the pulse output energy has become sensibly constant.   The number of pulses in a 

train for any other than a quasi single-shot experiment is never less than .15 and can 

be as large as 80.   For a given temperature differential, the set is completed by 

repeating the above procedure until the desired set of repetition rates and pulse-input 

energies has been spanned.  The pulse-output energy characteristics of a given set of 

conditions is taken to be the steady state value, since by this time, the thermal condi- 
tions have also become steady. 

J 
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The independent variable is the average input power, the dependent variable 

is the average output power, and the parameter is the temperature differential set 

between the water coolant external to the laser cell and the laser liquid.   The average 

power input is, of course, the pulse energy times the repetition rate.   However, this 

is only an approximate variable.   In terms of the heat deposited in the laser liquid, 

average power is not important as long as there is at least one exchange of the active 

volume per pulse.   The real effect is in the cell wall itself.   The heat deposited here 

has to be removed by convection and conduction.    Let us consider the particularly 

simple example of a thin sheet of material in contact with an infinite reservoir main- 

tained at a fixed temperature.   Now, let the temperature of the sheet be suddenly 

increased.   The rate of cooling will follow an exponential law 

^T e "   o 
-Kt 

(6-1) 

where AT is the temperature of the sheet above the reservoir at time  t, AT   is the 

initial rise in temperature, and K a constant governing the heat transfer between the 

sheet and the reservoir.    For a fixed average power input, the response of the system 

will van with the repetition rate, as can be readily shown.   We take as the lowest 

repetition rate one pulse per second and assume that the energy of this pulse raises 

the temperature by AT .   We further assume that at a higher repetition rate, a, the 

temperature increment is AT /a per pulse.   Then at the end of N pulses, just before 

the delivery of the (N + 1) pulse, the temperature increase of the sheet is: 

AT 
AT = 

N 
-    E    e 

3=1 

M 
a (6-2) 

The behavior of this function as a function of time (N/o') is shown in Figure 6-1.   For 

a fixed value of K,AT/AT    increases faster and reaches a higher steady value for 

higher repetition rates.    Furthermore, the steady values for AT/AT   decrease with 

increasing K, as shown in Figure G-2.   This analysis indicates that the average power 

input is only an approximate variable when describing the thermal behavior of the 

laser; it is, however, the most convenient.   In using it, we expect to find that the 

experimental points will scatter, but that we can get a seir .quantitative understanding 

of the processes involved. 

During the course of an experiment, the cell wall temperature will rise and, 

if the system were initially isothermal, there will ultimately be a thermal gradient, 

due to the difference in temperature between the circulating laser liquid and the cell 
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wall, that will lead to optical distortion of the laser medium and a consequent deteri- 

oration of the output.   Experimentally, as we shall see. this is readily observed as an 

initial decrease in laser output with each pulse until the steady state sets in.   If the 

thermal constant, K, is large enough and the repetition rate low enough, the system 

will recover between pulses, (for example, a rate of one pulse per second and a value 

of K ^ 7 in Figure 6-2).   The output will show no significant variation for the duration 

of the pulse train.   This has been observed experimentally und^r isothermal conditions. 

The pulse output, in this case, is the same as observed from a properly executed 

single shot experiment and is affected only by the flash induced distortions.   This is 

the maximum that can be obtained from a given system under a given set of pumping 

conditions and it becomes the normalization value.   The steady-state, pulse-output' 

energy   under other thermal and pumping conditions normalized to the value described 

above   is the dependent variable.   A series of such curves, parametrized by the 
externally imposed temperature differential between the laser liquid and the external 

water coolant, constitute the reduced experimental data.   A second parameter is the 

circulation rate of the laser liquid; this affects the Reynolds number and the heat 
transfer rate between the ceil wall and the laser liquid. 

3 
«* 

. j 

6.3 SINGLE SHOT OUTPUT AND DETERMINATION OF DYNAMIC LOSS 

When the repetition rate is low enough (< 1 pps) and the laser solution and 

cell are isothermal, the output from each pulse of a train is constant.   In terms 

of output, this is equivalent to a static experiment.   The circulation of the liquid has, 

however, resulted in a marked increase in the repetition rate.   The output data for 

Laser System No. 1, for different output reflectivities, is shown in Figure 6-3. 

Output data for Laser Systems No. 2 and No. 3, under similar thermal and repetition 

rate conditions, are illustrated in Figure 6-4.   These are for a 52% output mirror 

reflectivity.   The improvement in performance for the quadruple elliptical head of 

Laser System No. 3 over that in System 2 is related to the improved coupling of the 

flash lamp radiation to the laser liquid.   This, as is seen, resulted in nearly 100 J 

output pulses for a 4000 J input pulse.   That these results are virtually independent of 

repetition rate and do constitute an isothermal reference output is shown in Figure 

6-5.   The data were obtained from Laser System No. 2.    For one part of the experiment, 

the pulse repetition rate was kept constant at 0.5 pps independent of the pulse input 

energy   For the other part, the repetition rate was decreased as the pulse input 

energy increased so that the average power input remained constant at 350 watts. 
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As is seen, the pulse output energies are indistinguishable except at the 4000 J input 

level.   From this, it is concluded that up to 0.5 pps cumulative thermal effects are 

negligible with the laser medium circulated.   These output results are used to normalize 

the output energies obtained under other thermal and repetition rate conditions.   In 

general, they represent the maximum pulse output for a given pulse input. 

Dynamic Loss 

The single-shot experiments were also used to determine the dynamic loss. 

To do this, the intercept and slope information, obtained from experiments as illus- 

trated in Figure 6-3. were treated according to Eqs. (5-8) and (5-10).    For Laser 

Laser System No. 1 only, the threshold information was used and is plotted in Figur 

6-6; the dynamic loss is 0.35% cm"1.  A similar plot for Laser System No. 2 is shown 

in Figure 6-7 and the dynamic loss here is 0.25% cm"1. 

For Laser System No. 3. both the threshold and slope efficiency information 

was used to obtain the dynamic loss.   Typical threshold plots. ET versus -InR        for 

the three lasers are^shown in Figure 6-8.   In the case of slope efficiency, r,'^ 

plotted against T^"   (Tout = output mirror transmission) and these are sholn in 

Figure 6-9.   The losses are presented in Table 6-1. 

! 

TABLE 6-1 

LOSS IN % cm"1 

System 

10" Quadruple Ellipse 

10" Dual Ellipse 

6.5" Dual Ellipse 

E™ vs. - inR 

0.36 

0.38 

1.30 

TL~   vs.  T    f1 
's out 

0.52 

0.89 

1.95 

Based on threshold energy, the values obtained for the larger lasers are 

typical of what is expected from the laser material.   A substantially higher value for 

the small laser was obtained because this system was studied when the laser liquid 

had already begun to deteriorate.   It should be noted that the loss values obtained from 

the slope efficiency information are higher than those from the threshold information 

This seems always to be the case, and generally, from the way the points tend to scatter 

in these and other experiments, the values derived from the thresholds are probably 
more reliable. 
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6.4 OUITUT UNDER REPETITIVE PULSING 

As was seen in the preceeding section (6.3), nearly 100 J output pulses are 

available under single-shot conditions^   High average output power is most easily 

achieved by increasing the repetition rate, but under these conditions the cumulative 

thermal problem must be considered.   The significance of this will become clear when 

the results of the three different laser systems are compared.   In this section, we 

present the results of the repetitive pulse experiments. 

I 
I 
I 
I 
I 
I 
• 6.4.1      Laser System No. 1 

The purpose of this set of experiments was purely exploratory.   Rather than 

•, present all the detailed results obtained, we will present only a summary of them 

Y stressing those results more pertinent to the behavior of repetitively pulsed liquid 

lasers.   Typical output pulse trains are shown in Figure 6-10.   These are obtained 

by deflecting a part of the output from a beam splitter into an EG&G Lite-Mike photo- 
f 

detector operating in the integrating mode.   The output of the photodetector was put 

into an oscilloscope.   The photodetector-oscilloscope combination was calibrated in 

single-shot experiments using a thermopile to measure the laser output.   In each 

■■ oscillogram, the upper trace is the laser output and the lower trace is the voltage to 

the capacitor bank.   In general, the voltage variations are reflected in the laser output 

as a modulation of the overall decrease in output with time. 

The salient characteristics of these traces are the decrease in pulse output 

energy with time and the time required to reach the steady state.   At the 3 pps rate, 

the output decreases to about 60% of its initial value in a time of about five seconds. 

At the higher repetition rates, the steady value is usually less than 50% of the initial 

value, and the time required to reach it is perhaps slightly larger.   The case of 4 pps 

at a Reynolds number (Re) 3300 is more like that of 3 pps at Re = 2200.   In a qualita- 

tive way, these results bear out the temperature considerations of Eq. (6-2) for the 

case K = 1.   That is, that there is an increase in the wall temperature resulting in a 

radial thermal gradient into the liquid and a consequent drop in output.   This wall 

temperature effect is more pronounced at higher repetition rates and higher average 

input powers.   The deleterious effect is decreased at higher flow rates, probably 

because of a more efficient heat transfer rate (larger value for K). 

The best steady-state output power available from this system was about 75 

watts, with an efficiency slightly greater than 1%.   Part of this was due to the faci that 

r the light output from the flash tubes began to saturate markedly at the higher pulse 
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input energies, but principally due to the lack of good control of the cell wall cooling 

and limited liquid flow speed. 

6.4.2      Laser System No. 2 

The basic work done with this laser was a study of the output in the repeti- 

tively pulsed mode of operation.   The independent parameters were the pulse repeti- 

tion rate, the pulse input energy and the temperature differential AT.   The first two 

led to an average input power, while the third was an important factor in the steady 

state thermal condition of the laser.   The dependent variable was the pulse output energy 

of the laser.    For a given experiment, the input energy flow speed and repetition rate 

were selected and the laser was repetitively fired long enough to insure that a steady 

value of the pulse output energy was obtained.   The output mirror reflectivity for 

these experiments was 52( c, which is either at or near the optimum. 

The most convenient way to represent Lie data is to plot the reduced pulse 

output as a function of average input power.   The reduced pulse output is taken to bd 

the pulse output energy under the given input power and temperature conditions, 

divided by the pulse output energy under isothermal conditions (AT = 0), at a repetition 

rate of one pps or less at the flow speed used.   The results for .IT = 6.4°C and *0C are 

illustrated in Figures 6-li and 6-12, respectively.   It should be noted that at low 

average power inputs, the normalized output, E/Eo, is significantly less than unity. 

At intermediate average input powers, E/Eo increases and then falls off again as the 

input is further increased.   The curves for all the temperature differentials studied 

are illustrated in Figure 6-13. 

The general characteristics of these curves clearly bear out the properties 

expected from a qualitative understanding of the thermo-optical behavior of a laser 

medium.   All the curves (except for AT = 18CC) pass through a maximum in E/E   as 

a function of average input power.   The maximum occurs at higher values of average 

input power as AT increases.   On the low average input power side of the maximum, 

E/Eo fall off fairly sharply to a lower intercept at zero input power for increasing v.T. 

On the high input power side, the curves tend to fall off more gr idu^Ily in more or less 

the same way.   A discussion of the experimental results will be given after chose on 

Laser System No. 3 are presented. 

I 
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6.4.3      Laser System No. 3 

In the work on this system, considerable difficulty was experienced with the 

laser liquid and before proceeding to the actual experimental results, the state of the 

laser medium merits some discussion.   The principal experience we had with the 

laser medium Nd:POCl3:ZrCl4 in a circulatory system was that of the experiments 

described in the preceding section (6.4.2).   In this system, and in the Q-switched 

oscillator described earlier in Section 5, a single fill of the laser system was used 

for more than nine months.   At the end of this time, the output and laser performance 

was indistinguishable from the results obtained after the initial break-in period was 

passed.   This certainly is ample evidence for the long term stability of the laser 

liquid when it is properly prepared.   In our own experience, sealed, one-liter am- 

poules have exhibited a shelf life in excess of three years and there is evidence of even 

longer shelf life (yet ongoing) from the experience of others.   At the time the system 

we are now discussing was activated, new production runs of the laser liquid were 

used.   In four different instances, the solution deteriorated rapidly.   Twice, in fact, 

the degradation was detected before the ampoules were opened.   The cause for this 
problem was ultimately traced to a relaxation in quality control steps on the part of 

the manufacturer.   This problem caused lengthy delays in the progress of the work and 

made some interpretations of the data more difficult than necessary.   All the results 

reported in this and the subsequent sections were obtained while the active liquid was 

still good or, in only a few instances, just as it started to deteriorate but at a state 

where appropriate correction could still be made. 

In this section we will report the behavior of the three lasers separately. 

The experiments were carried out with three different fills but overlapping experiments 

indicate the results were comparable.   Typical examples of the type of pulse trains 

observed are given in Figure 6-14.   It is seen that the initial transient decayed 

reasonably rapid and that the steady state arrived in a time of two seconds or less. 

Similar resuics were observed with Laser System No. 2 and are to be contrasted with 

those of Laser System No. 1.   In the latter systems (2 and 3), the steady state set 

faster and the drop off in output energy was not nearly as large. 

A typical curve for (Eout/E0)AT versus average input power is illustrated in 

Figure 6-15 and the composite for all AT values at this Reynold's number flow are 

shown in Figure 6-16.   The composite curves for Reynold's numbers of 8400 and 

10,000 are shown in Figure 6-17 and 6-18, in which the individual data points have 

been suppressed for clarity.   Figures 6-19 through 6-22 compare the data for different 
flow speeds at a fixed value of AT. 
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For the dual elliptical Rash head containing the 10-inch laser cell, the reduced 

output data are shown in Figure 6-23.   In these experiments, the Reynold's numbers 

for the now were 8400 and 11,000   and the repetition rate extended to 8 pps.   The 

maximum average input power was Umited to 10 kW, so that the maximum repetition 

rate was not used at pulse input energies in excess of 1250 J although pulse input 

energies up to 2000 J were used at lower repetition rates.   The output curves are 

compared for the different flow speeds and AT values of 3CC and 50C in Figures 6-24 
and 6-25. 

The temperature effect is shown in Figures 6-26 and 6-27 for the dual 

elliptical head containing the 6.5 inch laser cell.   In these experiments, the input 

power was limited to 4.8 kW again with maximum pulse repetition rate of 8 per second 

and a maximum pulse input energy of 600 J.   In this set of experiments, a curve for 

1T -0is also Included.   The data are plotted in Figures 6-28 and 6-29 so that the 
effect of the flow Reynold's number can be readily seen. 

6.5 DISCUSSION 

We will restrict our consideration to systems 2 and 3, since only these systems 

provide the essential temperature control of die cell wall by means of the water cooling 

jacket.   Qualitatively, the experimental results are easily understood.   In the absence 

of any externally imposed temperature gradient (AT = 0). the reduced pulse output 

decreases with increasing pumping power.   This decrease is obviously due to the 

thermal gradient-based optical distortions arising from the power loading.   To 

counteract this, an external thermal gradient (AT > 0) is imposed.   At low power 

loadings, the cell wall temperature is lower than that of the laser liquid and, because 

of the decrease in refractive index of the liquid with temperature, the active medium 

beb ives as a negative lens.   The resulting divergence of the cavity flux severely re- 

stricts the effective volume, resulting in a marked decrease in laser output.   As the 

power loading is increased, the thermal gradient decreases and the strength of the 

lens also decreases.   As a consequence, the effective laser volume increases and the 

output also increases.   A continued increase in the power loading will ultimately lead 

to a change in sign of the gradient and the lens will become converging.   This, too, 

will result in decreased output but the drop-off will not be as severe. 

There are three detailed aspects of these data that merit further consideration. 
The first is the behavior of the ratio E/Eo at zero power input.   In all cases, this is 

an extrapolated value and, because of the scatter of the experimental points, the 
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extrapolation is rather difficult to make. However, since the power loading at this 

point is zero, it is easy to make a connection with the hydrodynamic theory described 

earlier. The second point of interest is the average input power at which the value of 

E/Eo is a maximum. This will be a function of both AT and the Reynold's number and 

usually defines the range of most efficient operation. The third point of interest is the 

behavior at AT = 0. This provides some information on the effect of repetition rate at 

constant power input. 

: 

. 

I 

6.5.1      Temperature Dependence of Output at Zero Input Power 

An inspection of the reduced output curves shows that for increasing tempera- 

ture differentials, the values of E/E   decrease on the low average, input-power side 

of the maximum.   At zero input, the conditions under with the hydrodynamic model, 

presented in Section 4 are met.   This provides an opportunity to relate the model 

to the experiment. 

If the extrapolated values of E/E   are plotted as a function of the imposed 

temperature differential as in Figure 6-30 and 6-31, it is seen that the semi-logarithmic 

representation provides a reasonable fit.   Further, it is seen that the rate at which 

(E/E )       falls off with increasing AT is, in all cases, lower for the higher Reynold's 

numbers.   Now, both AT and the Reynold's number determine the magnitude of the 

radial temperature gradient.   As was shown, the radial temperature gradient will 

cause the light flux in the active medium to diverge, the amount of divergence in- 

creasing as the cell wall is approached.   The divergence can become so large that, 

in effect, the effective volume of the laser is decreased and the output becomes less. 

This model can be made more quantitative.   Assume that (E/E ) _   is pro- 

portional to the effective laser volume or, its equivalent, the effective cross section 

of the laser beam in the resonator.   Further assuming that the entire cross section is 

effective at AT = 0, a critical or effective radius, r , at AT = 0 can then be calculated 

from (E/Eo)       at this AT.   Then, with this value of r , a value of (dn/dr)^^ can be 

obtained from the hydrodynamic analysis using the appropriate flow parameters.   The 

results of such calculations are given in Table 6-2. 

Over a wide variety of flow conditions and imposed gradients, the value of 

dn/dr at the critical radius appears to be constant for each cell, as would be expected 

within a given experimental arrangement.   The value of the index gradient is, however, 

different for each laser cell and there are probably two reasons for this.   The first 

is the aspect ratio of the cell and the resonator length.   The higher the aspect ratio 
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TABLE 6-2 

REFRACTIVE INDEX GRADIENT AT THE CRITICAL RADIUS 

a)    FOUR-LAMP LASER HEAD 

AT(0C) Re 

5980 

rc(cm) 
c 

3.5 0.87 6.78 
5 5980 0.81 7.76 
6.5 5980 0.76 8.65 
8 5980 0.685 8.74 

10 5980 0.62 9.50 
13 5980 0.545 10.7? 

5 7940 0.865 8.01 
8 7940 0.80 13.65 

10' 7940 0.72 10.06 
5 9900 0.94 10.06 
8 9900 0.815 9.25 

10 9900 0.76 9.72 
6.4 15630 0.92 7.55 
8 15630 0.88 7.85 

14 15630 0.76 9.01 
18 15630 0.665 9.11 

b)   TWO-LAMP, 10-INCH, DUAL ELLIPSE 

1.5 

3 

5 

1.5 

3 

5 

1 

2 

3 

4 

8370 

8370 

8370 

11100 

11100 

11100 

9210 

9210 

9210 

9210 

0.51 

0.43 

0.30 

0.545 

0.485 

0.38 

0.52 

0.495 

0.42 

0.365 

9.15 Av. 

1.85 

2.89 

3.35 

1.79 

2.84 

3.56 

1.20 

2.20 

2.64 

3.05 

:. 

;: 

.i 
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TABLE 6-2 (Continued) 

i . 

b)  (Continued) 

AT{0C) Re r (cm) P          x lO"5 (cm"1) 

9210 

\  /r=r c 
5 0.31 3.24 
1 12210 0.71 3.33 
2 12210 0.66 4.08 
3 12210 0.54 3.21 
4 12210 0.51 3.87 
5 12210 0.41 3.56 

c)   TWO-LAMP, 6.5-INCH, DUAL ELLIPSE 

1 11530 0.545 
2 11530 0.425 
3 11530 0.375 
4 11530 0.275 
1 15290 0.560 
2 15290 0.485 
3 15290 0.415 
4 15290 0.365 

2.91 Av. 

3.48 

2.99 

3.62 

3.42 

3.36 

3.36 

3.50 

3.78 

' 6-45 

3.43 Av. 
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(leagth/diameter), the smaller is the value of (dn/dr)^^.   A second factor of possible 

significance is the optical pumping arrangement.   In the four-lamp head, optical pumping is 

more symmetric than in the two-lamp heads, and this could play a role in the substan- 

tially larger, refractive-index gradient at the critical radius. 

6.5.2      Temperature Dependence of the Maximum of E/Ep 

We now consider the average input power level at which the reduced or 

normalized pulse output energy is a maximum.   In general, these maxima are broad 

in terms of the average input power, and tend to decrease in the peak E/Eo value as 

the temperature differential (AT) increases.   The two trends that are most significant 

are that the maxima move to higher input powers as AT and the Reynold's number 

increase.    This is displayed graphically in the log-log plot of Figure 6-32.   The slopes 

of these lines tend to increase as the cell diameter or the cell lenfr.*' decreases but the 

overall average slope is 0.70 ± 0.02.   There is a definite shift to higher average powers 

as a function of increasing Reynold's number for a given laser configuration, but the 

slope is not significantly sensitive to the Reynold's number. 

It is difficult to tie tue quantitative aspects of the descriptions presented in 

Figure 6-32 to the details of the hydrodynamic model.    The trend in the 

values of P        is easy to understand, qualitatively.   At higher values of AT, it re- 
max 

quires more power to bring the refractive index gradient to a minimum or zero value, 

hence   P        increases with AT.   For a given AT, increasing the Reynold's number 
max 

accomplishes two things.   First, it improves the heat transfer rate at the cell wall 

and secondly, it extends the low gradient region in the laser liquid further towards 

the cell wall.   These factors bring about the two effects seen in Figures 6-19 through 

6-22, 6-24, 6-25, 6-28 and 6-29; first, Pmax 

increases, 
o        max 

increases and, secondly, the value of 

E/E    at P 

The comparisons and discussions of this section are the key to the under- 

standing of the liquid medium, when used as a high average power laser oscillator. 

Because of tie turbulent flow, one is able to extend the range of relatively efficient 

operation int.) the region of high average input power.   This has been achieved with no 

corrective intra-cavity optics over a wide range of operating conditions. 

:. 
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6.5.3      The Effect of the Pulse Repetilion Rate 

In the first part of this section, a simple analysis was presented for the 

cumulative thermal effect at a fixed power input in terms of the pulse repetition rate. 

To carry this analysis over in a simple way to the output data requires the assumption 

that there is no flash-induced, thermal distortion in the active medium.   That is, all 

optical distortions arise from absorption in the cell wall and the closely associated 

boundary layer.   As we shall see, this is not the case. 

From data on the ten-inch, dual-elliptical-head laser, we construct the 

entries in Table 6-3.   At AT = 0, it is expected that as the repetition rate, at a con- 

stant average power input, is increased, the temperature differential should increase 

and E/E   decrease.   This, in fact, is the case.   Furthermore, as the average input 

power increases, E/E  , at a constant repetition rate, tends to decrease. 

At values of AT > 0, the picture that emerges is more confusing.   First, at 

all input powers except 6 kW, at some value of AT the dependence of E/Eo on the 

repetition rate goes through a maximum.   At the 6 kW level, there is an indication 

of this even at AT = 0.    Furthermore, at the 2 kW input level for AT :> 20C, it appears 

that thero are two maxima.   It is probable that the first maximum /at he lower repe- 

tition rate) arises from the cooperative effect of the relatively high pulse input energy 

and the cumulative thermal effect, while the second maximum is principally due to the 

cumulative thermal effect.   This interaction is responsible for the scatter of the points 

in the E/E   versus R"      ie power input curves, and makes the extrapolation to zero 

power input subjeoi 

any great detail. 

^iuerable error.   These effects have not been studied in 

6.6 SUMMARY 

The experimental results on the long-pulse, high-average-power, liquid laser 

oscillator are most encouraging.    What has been shown is: 

1. Such high avsrage power oscillators can be constructed quite 

readily with outputs in excess of 400 watts and overall efficiencies 

over 2%. 

2. If proper precautions are taken in the manufacture and use of the 

laser liquid, the system- are capable of providing long service. 

3. In a circulatory system, the dynamic loss of the laser medium 

is low. 
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TABLE 6-3 

E/Eo FOR FIXED INPUT POWER AND TEMPERATURE DIFFERENTIAL 
AT DIFFERENT REPETITION RATES                ^NTIAL 

\ Watts "         1 
\  input 1000                2000                4000                 6000 

AT0c\ pps 

1                   1.0                  i,o 1 
0 

z 
4 
6 
8 

1.0 
0.85 

0.98 
0.95 
0.93* 

0.95 
0.93 
0.83* 

0.94 
0.95 

0.77 0.75 0.75 

1 0.94 0,98 
- 

1 
2 0.97 1.02 0.96 

* t 

4 
6 
8 

0.77 0.96 
0.83* 
0,85 

0.95 
0.84** 
0.79 

0.90 
0.85 
0.77 

1 0.88 0.91 

2 
2 0.88 0.98 0.98 

■ 4 
6 
8 

0.77 0.96 0.96 0.91 
1.02* 0.86** 0.84 
0.70 0.80 0.79 

1 0.72 0.79 
p 

3 
2 0.68 0.84 0.92 
4 
6 
8 

0,46 0.77 0.93 0.89 
0.86* 0.83** 0.83 

■*- 

0.76 0,80 0.80 

i 1 0.54 0.72 

4 
2 0.53 0.71 0.87 

1.   r 4 
6 
8 

0.30 0.65 0.91 0.88 
. 0.74* 0.84** 0.82 

- 0.54 0.79 0.79 

If 5 

1 
2 

0.48 
0.48 

0.68 
0.67 0.83 

^- 
4 
6 
8 

0.30 0.55 0.93 0.92 
0.71* 0.84** 0.89 

i..       L 0.62 0.80 0.79 

•v 'alues for 2250 W 

 ' 1 1 

**\ 'allies for 4500 W 

I 
6-49 



jJJJIIiWIJJWPW»« IWI|IJU»PP.P«.H.II^.I.I—.i-.n « .11 Mu«inLij.Biiw    ij.iiiiaiiuiLijiiiiuiiiiii.iuimMWvaMWnuiin.iii   I,IV   IIIUWIIIIWUI „„„„-,.,.,,.,.. 
- ■MVMBM ■ 

6-50 

1 

The results achieved to date can be improved.   A major problem affecting 

the laser output and beam quality is the uniformity of the pump radiation.   The pump 

radiation in all the enclosures used was not uniform over the circumference of the 

laser cell.   This evidence will be presented in Section 7.   An improvement in pump 

uniformity would bring a decrease in the divergence of the oscillator beam and probably 
an increase in efficiency. 

:: 
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7.    LIQUID LASER AMPLIFIERS 

+3 This section will deal with the use of the liquid solvent systems for the 

Nd     ion as amplification media.   Experimental investigations of Nd+3:SeOCl :SnCl , 

as a small signal amplifier under single-shot conditions, will be presented in^ectio4« 7 1 

This work was performed before the advent of the more tractable Nd+3:POCl :ZrCl 

laser liquid with the accompanying breakthrough in the materials problem.   L a retult 

the reported work was done using a liquid circulatory system that was only capable of a' 

relatively slow   flow rate of laser solution through the laser cell.   The laser flash head 

used in these experiments was a water-filled type in which the laser cell was immersed 

This cooling water was maintained at the same temperature as the laser liquid.   As a 

result of this, these experiments may be viewed as being static and isothermal, with no 

radial temperature gradients other than those induced by the pump flash itself    These 

results are exclusively single-shot, as a reliable repetitively-pulsed power supply was 
not available at the time of these experiments. 

+3 The next section (7.2) presents the most recent results obtained using 

Nd    :POCl3:ZrCl4 laser liquid in the most recent laser system described in the last 

part of Section 3.       The signal source for this work is a diffraction-limited. Q-switched 

YAG laser, the same laser as was used to investigate the thermo-optical behavior of the 

liquid m the laser cell as was described in Section 4.   The results here are again single- 
shot results. 

Section 7.3 is a discussion of the results obtained in Section 7.1 and 7 2 

along with a discussion of optical distortion in liquid amplifiers.   This will draw heavily 

from the results obtained in Section 4.   The final section (7.4) is an application of the  ' 

results of the preceeding work and Section 6. to the case of a repetitively-pulsed liquid 

ampUfler.   As such, it outlines the region of application of the Nd+3 liquid amplifier for 

the generation of high average power, high beam quality laser outputs. 

7.1 SMALL SIGNAL GAIN IN Nd+3:SeOCl -SnCl 
2 4 

This section presents the results of a study of small signal gain amplifica- 

tion using the laser solution Nd+3:SeOCl2:SnCl4.    The work to be described consisted of 

using the attenuated output from a long-pulse Nd+3 glass oscillator as a signal source 

for a liquid amplifier.   The random spiking behavior of the probe oscillator allowed the 

I 
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measurement of the build-up and decay of small signal gain in the amplifier.   A simpli- 

fied mathematical model derived from the rate equations for inversion density and 

amplified photon flux is derived and applied to the data.   Comparison is made at the end 

of this section of the results of this study and those made by other investigators. 

7.1.1 Mathematical Model 

To describe the amplifier behavior, two equations coupled the amplified 

photon flux and the inversion density are required.   Following Schultz-DuBois118 and 
119 Cabezas et al.,       these equations can be written: 

y 

0 
f = -crNl - | + W(No- N) (7-1) 

I 

where: 

ell 
dZ = aNI- öl (7-2) 

: 

Z = position variable along laser axis 
o 

N = inversion density (ions/cm ) 
+o   / o 

N   = concentration of Nd     (ions/cm ) 
— 2 1 I ~ amplifier photon flux (photons cm    sec    ) 

CT = amplifier stimulated emission cross-section (cm2) 

1/T = spontaneous emission rate (sec    ) 

a = scattering loss coef.  (cm- ) 

W = pumping rate from ground to upper laser level (sec    ) 

For small-signal amplification, the condition that the amplifier flux be small in com- 
parison to spontaneous losses and pumping is: 

a! < M1-^)- (7-3) 

Under this condition, Eq. (7-2) can be written: 

^WNO-(!+W)N. (7-4) 
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and the coupled equations can be separated.    The solution is: 

S N ;.e-H)' 
(7-5) 

Substituting Eq. (7-5) into Eq. (7-2) and integrating over the amplifier length L. we 
obtain: 

I 
out 

/ ^ 
I. 
in 

H' a\L= Unl out 
I. 
in 

(7-6) 

where ß - aNoW/(w+ i) and L is the single pass path length.   Eq. (7-6) can be written 
in the following form: 

/crN LWl 
dB gain (t) = 4. 34.-3 <( —?— 

W+ - 
T   /L 

\.;H} ah. (7-7) 

Eq. (7-7) is used to relate the experimental results to the system parameters. 

7-1.2 Experimental Arrangement 

The apparatus was assembled as illustrated in Figure 7-1.   The probing 

oscillator was a 6-inch Nd+3 glass laser rod of one-half-inch diameter (Schott LG 55) 

whose output beam was polarized for minimum insertion loss into the amplifier by 

Placing two glass blanks set at Brewster's angle inside the laser cavity.    A pinhole was 

used as an aperture stop for the oscillator output and a small Galilean telescope was 

used to expand the beam to fill the input aperture of the amplifier.   This arrangement 

allowed the one joule output of the oscillator to be attenuated to the range 0. 01 to 

0.1 J total input to the amplifier with good beam characteristics.   Since the flashlamp 

circuits of the laser heads were not identical, a dual-trigger generator with variable time 

delay was used to trigger the amplifier and oscillator flashlamps independently.   In 

practice, the oscillator was triggered some 260 MS before the amplifier so that the first 

spike in the oscillator long-pulse output arrived close to the start of the amplifier pump- 

ing, allowing gain build-up in the amplifier to be studied.    A beam splitter and photo- 

multiplier sampled a portion of the amplifier input signal while a photodiode monitored 

the amplified signal.   Input and output signals were displayed simultaneously on a dual- 
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beam oscilloscope, and amplifier gain as a function of time was measured by simply 

taking the ratio of corresponding peak heights.   A sample of the experimental traces is 

shown in Figure 7-2.   Figure 7-3 shows current and light output waveforms for the 

amplifier flashlamps which were fed by a iour-section pulse-forming network.   Current 

pulse duraMon is 225 jxs, 

A cross section of the experimental laser head is shown in Figure 7-4.   The 

liquid laser cell was made of Pyrex and was provided with individually demountable 

Brewster windows as shown.   The cell bore diameter was 0. 55 inch and the active length 

6. 5 inches.   Excitation of the laser was provided by two heavy-duty Xenon Corporation 

flashlamps (6. 5-inch arc length, 12-mm bore) in series, externally-triggered from the 

close wrapped silver-foil reflector.   The flashlamps were enclosed by special sharp- 

cutoff yellow filter tubing which absorbed the uv generated by the flashtube, but which 

transmitted radiation in the pump hands of the laser material.   The entire interior of the 

head was filled with demineralized water to stabilize the laser cell wall temperature and 

provide cooling for the flashlamp filters.   A small, nylon pump circulated this water 

through a demineralizing column and a regulated-temperature water bath.   The laser 
+3 liquid was Nd    :SeOCl iSnCL, and a separate pumping system was used for circulating 

the liquid laser medium.   This system included a heat exchanger through which the water 

from the laser head passed.   The whole circulating system was insulated with asbestos 

and cotton batting to maintain a constant temperature for both the water system and the 

liquid laser material.   Because of the extremely corrosive nature of the laser liquid used 

in this system, construction materials for the circulation system were essentially limited 

to glass, certain types of ceramics or Teflon.   The pump parts of the connecting tubing 

were made of Teflon.   However, the liquid had an adverse long-term effect on the virgin 

Teflon surfaces that was manifested by a permanent staining and a decrease in resistance 

to abrasion.   This effect showed up as small Teflon flakes suspended in the liquid after a 

long time.   The circulation rate of the laser liquid was so slow that the liquid may safely 

be assumed static and isothermal. 

7.1.3 Experimental Results 

Data such as shown in Figure 7-2 were used to evaluate I ouAn    Using 

Eq. (7-7) with the assumption that the pump radiation of Figure 7-3 can be represented 

by a square pulse and with a, rand o- known (from oscillator experiments), W can be 

determined.   Two such fits of the measured gain to Eq. (7-7) are given in Figures 7-5 

and 7-6 for input energies of 930 and 2580 J.   In these calculations, the values 
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(a) Ejn = 930  Joules 

(upper scale MX lower scale) 

(b) Ein= 2580 joules 

(upper scale 45X lower scale) 

0 
0 
[I 

0 

D 
n 

Figure 7-2.   Oscilloscope Traces of the Signal Input and Output Beams in 
the Amplifier Experiment.   Upper trace:  amplified signal; 
lower trace:  input signal.   Time base, 50 us/major division. 

U 

Figure 7-3.   Current (Upper) and Light Output (Lower) Traces for the Flash 
Used to Pump the Amplifier.   Input energy, 2580 joules; time 
base, 50 us/major division. 
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Figure 7-4.    Cross Section of the Flash Enclosure and Cell Used in the 
Amplifier Experiments 
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120 160 
TIME   (fisecl 

:: 

Figure 7-5.   Time Development of Small Signal Gain; 930 joules Input 
Energy, W = 102 sec"1. 
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Figure 7-6.    Time Development of Small Signal Gain; 2580 joules Input 
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4,343 (a AN - Q!)L=dB gain = -Slog 10 (R1R2) (7-8) 

where R^R« is the product of the cavity mirror reflectivities.    Here we denote dB gain 

LO mean the measured (or effective) gain, including any distributed losses present in the 

oscillator excluding transmission losses at the mirrors.    Thus, by extrapolating the 

oscillator input-output energy curve to intersect the energy input axis, we derive a point 

on the srnall-signal gain curve for each value of RjR, used. 

7-10 

I 

-1 -20       2 a = 0. 02 cm    .  r^ 227 ßs and CT = S ^ 10      cm   were used.    The resulting variation of 

the pumping rate W with input energy is illustrated in Figure 7-7. 

The variable W represents an average parameter that describes the inter- 

action between the laser medium and the flux of flashlamp pumping-light inside the 

pumping; cavity.   However, it also implicitly contains factors involving the flashlamp 

conversion efficiency of electrical energy into light flux within the proper pumping bands, 

as well as the interaction between off-axis spontaneous emission and the population in- 

version.   The first of those factors becomes difficult to characterize when fast-risetime, 

high current flashtube pulses (like the ones in this experiment) are used.   Under these 

circumstances, strong shock waves are formed inside the flashtube with shock amplitude 
120 directly proportional to electrical energy input,  "   and these shock waves affect flash- 

tube conversion efficiency.    As a consequence, there exists a maximum of flashtube 
121   122 

conversion efficiency with changing energy input (keeping pulse duration constant). 

Conversion efficiency is also indirectly affected by flashlamp "self-loading" due to the 

reflective enclosure.    Thus, although at first thought one would assume that flashlamp 

intensity and, hence, W would vary directly Aith electrical power dissipation in the lamp. 

Therefore, total light energy would be proportional to total electrical energy dissipated 

in the flash; it turns out that both flashlamp intensity and W vary directly with the current 

through the lamp and   hence, saturate with input energy. 

For amplifier gain-saturation calculations, the experimental curve of 

Figure 7-7 is important.    Equally important is a plot of measured-peak, small-signal 

gain (in decibels) against electrical input energy (in joules) as shown in Figure 7-8. 

Notice that the curve is composed of three types of data points.    The points represented 

by circles are those derived directly from the smaH amplifier experiment just described. 

The second set of points (denoted by the small triaigles) represent threshold energies 

extrapolated from oscillator data as follows.   In terms of small signal gain, the oscilla- 

tion threshold condition may be written: 

.1 

1 
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Figure 7-7.    Pumping Rate W as a Function of the Input Energy to the Amplifier 
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A third series of data points are plotted on Figure 7-8 by the crosses.    These 

points represent a measurement of the broadband time-integrated light output of the flash- 

lamps operating inside the laser enclosure.   The dB gain values for the integrated pump 

light output are obtained by assuming this light output is proportional to the gain, and 

determining the proportionality constant using the 17.1 dB gain and the measured inte- 

grated light value at 2580 J input.    As may be seen by this figure, the fit to the experi- 

mental small-signal gain curve is good.   This fact is most significant in that these 

points are directly a measure of the total flashlamp radiant energy output.    Likewise, 

dB gain (peak) = 4,343 (a AN        -a LI 
\ max I (7-9) 

and the peak small-signal gain is directly proportional to the energy stored in the laser 

material in the form of the population inversion.    The correspondence between the gain 

points and the flashlamp points in Figure 7-8 means that, for at least up to 2580 J into 

the laser flashlamps, amplifier performance was not being significantly degraded by 

premature depletion of the population inversion due to the high gain of the laser material 

and spontaneous emission within it (internal depumping losses).   We are, therefore, left 

with the conclusion that the observed "saturation" of both small-signal gain and pumping 

rate parameter W with the lamp input energy is due to the degradation of flashlamp 

efficiency with increasing input energy. 

The fluorescence maximum or peak gain frequency for Nd+3:SeOCl   is about 

50 cm     higher than for the glass oscillator.    In the small signal experiments described 

above, no discernible difference was observed between the gain observed at the peak 

frequency (oscillator experiments) and the amplifier experiments (Figure 7-8).   Sasaki 

et al.,       however, observe that the closer the frequency is to the peak, the higher the 

amplification factor.   Their experiments were carried out at high probe power and 

saturated gains of about a factor of 3 were observed. 

,28 

,+3 
Fill     has carried out a series of amplifier measurements using 

Nd 'J:POCl3:ZrCl4.    In this solvent, using a cell of diameter 9-mm and 33-cm long 

small-signal gains of about 28 dB have been observed for 2000 J of flashlamp input 

energy.    The dB gain was linear up to 1500 -J but deviated slightly at higher input ener- 

gies.   In these experiments, a Q-switched liquid or glass oscillator was used as the 

probe, and the ratio of the small-signal gain observed agreed within experimental error 

with the ratio of the fluorescence intensities (or absorption cross-sections) over the 
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SOAdifference in wavelength.   Saturated gains of 17 dB, agreeing well with those calcu- 

lated from the gain saturation parameter, were also obtained. 

124 
Andreou       has also carried out a series of amplifier experiments using 

Nd    :POCl3:ZrCl4.   In this case, both the oscillator and amplifier were of the same 

material and the amplifier cell was 22. 8 cm long, and 0. 9 cm in diameter.   Gains of 

nearly 20 dB were obtained.   The amplification of an 0. 5 J, 11 ns pulse to a pulse of 

0. 57 GW power with no distortion of pulse shape is reported.   The shape of the output 

beam at the high input energies does show distortion.    In a later work, Andreou, Seiden 

and Little      describe the amplification by a liquid amplifier of mode locked pulses from 

a glass oscillator.   Gains of 9 were observed from a 15. 5 cm long amplifier at an input 

of 1 kJ.   The beam patterns again showed significant distortion. 

The thrust of this interest, as well as ours, in the high power amplifier work 

is the high gain and damage free operation of liquid laser amplifiers.   The work described 

here bears out the promise; high gains have been measured experimentally and no dam- 

age has been observed.    The main problem is associated with the beam distortion and 

we shall address ourselves to this later. 

7.2 AMPLIFICATION OF A Q-SWITCHED PULSE IN Nd+3:POCl -ZrCl 
3' 4 

The work to be described in this section parallels that of Andreou124 in that 

a Q-switch pulse is used as input to a liquid amplifier.    It differs from this work in that 

the probe oscillator used here is a flash-pumped YAG with laser emission centered about 

the wavelength 1. 0648 M-    This wavelength is quite removed from the peak of the fluores- 

cence emission of the laser liquid as shown by Figure 7-9, and the relative fluorescence 

intensity of the laser liquid at this wavelength is only 51% of the peak value at 1. 052^- 

Fill      has measured small-signal gains both at the peak of the fluorescence emission 

in this liquid and at 1. 060^. and found that the ratio of measured small-signal dB gain 

agreed within experimental error with the ratio of the fluorescence intensities at the two 
wavelengths. 

7-2.1 Experimental Setup and Equipment 

A sketch of the arrangement used to study amplification in the laser liquid 

is shown as Figure 7-10.    The pulsed YAG laser, used in these experiments, is the 

same device used in the Mach-Zehnder experiments described in Section 4.   It is a 

Sylvania Model 610 laser modified for flash pumping.   An intra-cavity aperture for 

: 
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Figure 7-9.    Fluorescence Spectrum of Nd^POCl :ZnCl. 
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Figure 7-10.    Amplifier Experimental Setup 
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(7-10) 

transverse mode selection and a KD*P Pockels cell Q-switch were also added to the 

original laser.   The total bank capacitance used with the flashlamps was 50 ^iF and 

triggering of the lamps was by series-injection.   Although bank voltages in excess of 

1000V were occasionally used, all the data reported here was taken with a bank voltage 

of 800 V (E.n = 1/2 CV2 = 16 J).    At this input to the flashlamps, the resulting Q-switched 

output pulse was quite reproducible.   Figure 7-11 is an oscillogram of the pulse gener- 

ated under these conditions.   It is apparent that the pulse is partially mode-locked, as 

the spikes on the pulse envelope occur at a period of about 2 ns which corresponds to the 

laser cavity transit time.   Total pulse energy measured calorimetrically averaged about 

1. 3 m T for this setup.   Assuming the pulse envelope is roughly Gaussian of form: 

where T«12 ns from Figure 7-11, the peak pulse power is approximately given by 

I   =6xio4W. o 

The YAG laser beam intensity profile was measured using a calibrated closed- 

circuit TV camera and dual-time base oscilloscope in a method developed by C. Luck.l25 

In this method, the CCTV camera Vidicon acted as a time-integrating detector for the 

Q-switched pulse in that the intensity distribution of the laser beam was "stored" as a 

charge pattern on the Vidicon photoconducting layer until read out by the scanning elec- 

tron beam.   By using a dual time base oscilloscope (Tektronix 545A), an individual TV 

line from the raster field could be selected, displayed on the CRT and photographed. 

A small TV monitor was used, with video blanking derived from the oscilloscope sweep- 

gate pulse, to observe the beam spot with the TV line displayed on the oscilloscope in- 

dicated as a dark line across the monitor.   Because the "gamma" of the Vidicon is not 

unity and varies from tube to tube, the CCTV camera was calibrated in terms of video 

voltage vs. illumination on the Vidicon.   Once this was done, the CCTV camera video 

output could be converted into illumination and the laser beam intensity profile measured. 

Figure 7-12 shows the results obtained using this method for the raw laser 

beam at a distance of about four and a half meters from the laser.   As may be seen from 

this graph, the output beam is not purely Gaussian (TEM     mode), but has a bit of 

ripple superimposed on the Gaussian form.   The slight distortion is a result of using a 

slightly larger-than-necessary intra-cavity aperture.   As has been shown by Freiberg 

and Halsted       in their study of low order transverse modes in argon ion lasers, as the 

intra-cavity aperture is increased, higher order transverse modes begin to appear in 

the laser output beam.   The next laser mode to appear after the Gaussian TEM     mode 

will be in the donut-shaped TEM01* mode.   In our case, the data of Figure 7-12 indicates 
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Figure 7-11.   Oscillogram of YAG Laser Output Horizontal Time 
Scale:   20 ns/div.; pulse full-width-at-half-maxlmum 
(FWHM):   20 ns. 
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Figure 7-12.    Pulsed YAG Laser Beam Profile at 450 cm From the Laser 
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that roughly 20^ of the output energy of the beam can be ascribed to the TEM    * mode 

while the remainder is in the lowest-order TEM00 mode.    A calculation of unexpected 

spot sizemside the resonator at the plane of the aperture, using the method of Kogelnik 

and Li       along with the data of Freiberg and Halsted.l26 shows remarkable agreement 
with the observations. 

Returning to the experimental setup for measuring amplifier gain shown by 

Figure 7-10. the raw beam from the YAG laser was passed through a 5-times beam ex- 

pander consisting of a 10 cm focal length and a 50 cm focal length converging lens 

combination.   These lenses were manufactured by the Continental Optical Corp to yield 

spherical aberrations less than or equal to the Rayleigh limit.   The beam expander 

could be removed from the optical path to increase the input power density at the ampli- 

fier.   To decrease the input pulse energy, neutral-density filters could be inserted in 

the beam after the beam expander.    These were filters from the NO series by Schott. 

Only one liquid amplifier was studied in this work.   This was the large 

22 mm (7/8 inch) bore diameter by 25 cm long laser cell in the 4-lamp quad-ellipse 

flash enclosure.   This was the same laser cell used to investigate the thermo-optical 

distortions in the flowing liquid; the results of which were described in Section 4    The 

same cell was used in the long-pulse, repetitively-pulsed oscillator work presented in 

Section 5.   The cell was equipped with end windows with a 5" wedge angle to frustrate 

multiple reflections inside the cell.   The reflected portion of the input YAG beam   off 

the outer face of this window, was sent to a detector which monitored input beam energy 

and an identical detector was used on the beam transmitted through the laser cell to 

measure output energy,   n.ese detectors were E. G. &G. "Lite-Mike" photodiode detectors, 

whose output current was electronically integrated to give a voltage step signal with mag- 

nitude proportional to the energy received by the photodiodes.   Infrared filters and 

scattering plates were used in front of the photodiodes. and apertures were placed between 

he detectors and the laser cell to cut down the effects of stray flashlamp radiation    The 

detectors were calibrated in energy using a small ballistic thermopile as a secondary 

standard, and were cross-calibrated relative to each other through the known trans- 

mission of the laser cell at the laser wavelength from the results of the long-pulse 

oscillator experiments.   The outputs from the two detectors were displayed on a dual- 

beam oscilloscope, two representative photos of which are shown as Figure 7-13    The 

bottom photograph shows the effect of flashlamp radiation on the detectors by the gently 

rising portions of the oscilloscope traces.   The break in the curves occurring 400 ^s 

after the start of the traces is the Q-switch laser pulse.   As was mentioned before, the 
magnitude of this step is proportional to the energy in the pulse. 

Ü 
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Figure 7-13, Osclllogram Data of Amplifier Experiment, 
Upper trace on each photo is from input de- 
tector and lower trace is output energy. 
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7.2.2 Data and Calculations 

;i 

o 
, i 

J 

All data was taken under the following circumstances: 

a) Reynold's Number of liquid flow through the laser cell was held constant 

at 6000. 

b) The laser liquid and the cell coolant temperatures were made equal 

^CL - T0  = 0 >• 

c) The YAG probe pulse was kept at a constant time delay from the start of 

the amplifier lashlamp pump pulse of 400/^8. 

Under these constant conditions, the amplifier input energy was varied along 

with the YAG pulse input power density by using filters with and without the 5x beam 

expander in place.   The greatest attenuation of input power density was obtainei by using 

the 5x beam expander with a neutral density filter of transmission 0. 0303.   The combin- 

ation of these two factors is a maximum attenuation factor for the pulse input power 
_2 

density (Wem    ) of: 

0.0303x(|j   = 0.00121 = 1.21 x 10"3. 

The experimentally-measured amplifier gains did not change with input power density 

over this entire range.   This point is most significant and will be addressed a bit later. 

In the same way as was done in Section 7.1. 3, the long-pulse oscillator 

threshold-energy points   for different output mirrors   can be used to establish small- 

signal gains for the amplifier at the peak of the fluorescence emission (1. 052 JJL).   This 

data can be extended to larger lamp input energies by measuring the fiashlamp integrated- 

energy output as a function of input energy.   The results of doing this, along with the 

averaged data from the YAG- amplifier experiment, are presented in Table 7-1. 

The average of the ratios of the measured gains is 0. 54, which is quite close 

to the ratio of the fluorescence intensity of the liquid at the two wavelengths (0. 51), as 

shown previously by Figure 7-9.   Actually, we did not take a spectra of the YAG Q- 

switched output.   It is possible that the center of the laser emission was not quite at the 
B 

10,6480 A assumed.   In fact, if the center of the laser emission from the YAG were 

shifted just 40Atoward the blue, the ratio of fluorescence intensities would be equal to 
28 0. 54.   At any rate, the data from this experiment confirms the results of Fill     that tho 

gain away from the line center in the laser liquid is proportional to the fluorescence 

intensity. 
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TABLE 7-1 

AMPLIFIER GAINS MEASURED FOR 4-LAMP LIQUID LASER 

Input Energy 
(J) 

Oscillator Results 
{X= 1.052 M) 

Gain (dB)* 

YAG Results 
(X-1.064M) 
Gain (dB)* 

Ratio 
Gain @ 1.064 M 
Gain @ 1.052 M 

500 1.98 1.08 0.543 

1000 3.92 2.18 0.556 

1500 5.89 3.21 0.545 

2000 7.60 4.06 0.534 

2500 9.01 4.81 0. 534 

3000 10.28 5.52 0. 537 

3500 11.35 6.15 0.542 

* neglecting sc attering losseu. 

I 

Let us now return to the calculation of gain in the liquid amplifier.    Rigrod 

expresses the gain relation in an amplifying medium with distributed loss a and gain 

g   = a ^N  as: 

127 

(g   -a)L -ft) a 
in 

g - a   1 + 
E n o 

/      E. i\ 

MJ 
(7-1- ) 

where: 

g„ crAN (cm    ) 

E , E. = output, input energy densities (Jem    ) 

E   = saturation energy density = — (Jcm~ ) 
c -1 a = distributed loss coef. (cm    ) 

The values of the respective quantities (evaluated at the YAG laser wavelength) are: 

a= (0.51) x (6xlo"20cm2)~3.1 x 10"20cm2 

„     hu     „ „ T      -2 E = —- = 6. 2 J cm    . c     a 
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Eq. (7-11) expresses the saturation of energy gain of the amplifier with increasing 

input energy density.   Because the duration of the Q-switched input (T= 12 ns) is small, 

at compared to the spontaneous lifetime of the upper laser level in this material 

(~ 300 ns), the effect on the amplifier population inversion of spontaneous emission and 

pumping may be neglected.118, 119' ^ l29, 130, 131   As a result, the purely material 
132 parameter E   becomes a figure of merit for the amplifier medium. The larger the 

saturation energy density of the material becomes, the more energy can be extracted 

from the population inversion before pulse sharpening of the amplified signal becomes 

a problem.   This may be best seen by rewriting Eq. (7-11) in the form: 

R o L = Jin 
ft) 

(R+l) In 
RE  - E   , c      ol 
RE  - E. 

c      i 
(7-12) 

where: 

R N > 1 for any realistic amplifier. 

Two regimes of Eq. (7-12) are of interest.    If E.,E   « RE , the amplifier 

is operating in the small-signal gain regime.   Under this condition Eq. (7-12) becomes: 

RaL^nl^j  - (R+l) Ind) = inl^-\ 

and 

• i 

H 

i! 

. 

E   =E.eRo'L =E.e(go-0')L 

o       i i (7-13) 

The output erergy is, therefore, given by the difference between distributed gain and loss 

in the amplifier.   On the other hand, when the input energy density becomes very large 

so that E,, E   » RE    [Eq. (7-12)]becomes reduced to: 

then 

and 

R a L :n(y-(R+l)£n(y .RXn(^ 

Jtahe = -rvL E. 

E   = E.e o       i 

aL 
(7-14) 
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and the amplifier acts simply as an attenuator.   In the intermediate region when either 

E. or Eo is comparable to REc, Eq. (7-12) must remain a transcendental equation that 

cannot be easily reduced.   It should also be noticed that Eq. (7-12) has a singularity at 

E. = REc and that Eq. (7-12) becomes undefined in the region E. <RE   <E .   The 

traditional region of gain-saturated amplification is, therefore, defined by the conditions 

E, ^E   while E   <RE . 
i      c o c 

The quantities g   and o (and therefore, R) must be measured by experiment 

on the particular amplifier under investigation,    m the liquid amplifier under discussion, 

the distributed loss coefficient a was measured by using the laser as a long-pulse 
-3     -1 oscillator to be a = 7 x lo    cm    .   The distributed gain coefficient g   naturally depends 

on the energy input to the amplifier flashlamps.   If we set the flashlamp input energy 

equal to 3000 J, we can calculate g   from the measured data of Table 7-1 and Eq. (7-9) 

as: 

4. 343 g L = 5. 52 dB Oo 

e 5.52 
o     4.343 x 25.4 cm 5x lO^cm"1, 

The quantity R is, therefore: 

R 
a 

5 x io' 

7 x 10" 
- 1 = 6.15 

The region of gain saturation for the amplifier under these conditions will be defined by: 

, 

J 
J 

E. ^E    = 6. 2 J cm 
i      c 

(7-15) 

E    SRE   =38 Jem 
o c 

-2 

The maximum energy density at the input to the amplifier E        will occur 

when the raw YAG beam is propagated without the beam expander through the liquid 

amplifier.   If we assume that YAG beam intensity profile is Gaussian and use the re- 

sults from the TV measurement on the beam intensity presented previously, we can 

calculate the peak on-axis energy density in the laser beam.   The beam "spot size" at 

the input to the amplifier was measured to be w = 2. 96 mm.   The (normalized) energy 
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distribution of the input beam may be therefore written as: 

^w \ w    / 
(7-16) 

.-3 where E = total energy in pulse = 1.3 x 10 ' J and the reader may verify for himself that: 

0 
0 

, 

2irrE.(r)dr = E. 
(7-17) 

The peak on-axis energy density of the beam is therefore: 

E        -E.(o)=-^- 
max       lw     „2 

2.6x10 J.J  -2 -2 
 jr ^l x lo    J cm    . 

TTw        7r(0. 296 cm) 
(7-1S) 

The energy density is at least two orders of magnitude smaller than that necessary, as 

given by Eq. (7-15), to reach the gain-saturated amplification regime.   As the calculated 
Emax was tlie larSest input power density used in those experiments, all values of gain 

measured were well in the small-signal regime. 

7.3 GAIN AND OPTICAL DISTORTIONS IN LIQUID AMPLIFIERS 

As was show" in the previous section, the laser stimulated emission cross- 

section is inversely proportional to the saturation energy density E , which can be used 

as a figure-of-merit of the amplifying medium.   Table 7-2 below lists the relevant physical 
+3 parameters of Nd     emission in the various host materials. 

4.3 
It may be seen from this table that Nd    :glass is capable of storing from about 

+3 two to twenty times the energy density of Nd     in the liquid hosts at the same small- 

signal, single-pass gain (dB).   It would appear from, this conclusion that Nd    :glass is 

the optimum amplifier material for high-brightness laser systems.   One of the serious 

problems encounted in the construction of high brightness systems is the target feedback 

problem.   If the small-signal gain of the amplifier chain is made too large, back reflec- 

tions of the target or optics in the amplifier chain can drive the system above threshold 

leading to oscillation.   In may cases, this can lead to damage to the chain or optical 

components.   What is needed for these systems is a large energy storage capacity with 

as low a single-pass small signal dB gain as possible.   Table 7-2 shows that Nd+3:glass 
+3 is best suited to these requirements, while Nd    :YAG would be the worst choice of 

materials; the aprotic 1'quid solvents would fall in between these two host materials. 

. 
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TABLE 7-2 

PROPERTIES OF Nd+3-DOPED LASER MATERIALS 

Absorption 
Cross-Section 

(cm2) 

Fluorescence 
Lifetime 

(fiS) 

Ec 

(Jem-2) 

Peak Emission 
vVavelength 

O^m) 

Nd+3:SeOCl2:SnCl4 8 x lo"20 280 2.35 1,058 

Nd+3:POCl3:SnCl4 6 x Kr20 310 3.14 1.054 

Nd+3:POCl3:ZrCl4 6 x lo"20 330 3.15 1.052 

Nd+3:glass19'20'21'14 -90 
0.3 - 3 x 10 100-1000 6-60 1.058 - 1.064 

Nd+3:YAG19'22'23 30 - 90 x 10 240 0.2-0.6 1.062 - 1.065 

In terms of optical distortions, as was shown previously, these are of two 

types in the liquid laser:   distortions arsing from the flash pumping and those arising 

from the flow of the liq'üd medium itself.    The latter type of distortions occur on two 

distinct time and space scales:  a macro- and steady-state scale and a micro- and milli- 

second scal^.   Both of these latter manifestations are related to the turbulent flow 

nature of the liquid media and arise from thermal gradients in the liquid. 

In Section 4 of this report, a steady-state physical model of turbulent flow 

was presented and calculations based on this model were performed.   These calculations 

were shown to be in excellent agreement with experiment.   The success of the physical 

model in predicting the steady-state, large-scale distortions observed in the liquid laser 

enabled us to qualitatively explain the results of a series of repetitively-pulsed oscilla- 

tor experiments with the liquid laser as due to radial thermal gradients.   We have shown 

how these gradients can be partially compensated in the case of the long-pulse oscillator 

under kilowatts of average input power.    In the final part of this section, we want to 

address ourselves to the possibility of constructing high-beam quality, high-average 

power liquid amplifiers. 

7.4 HIGH-AVERAGE POWER LIQUID AMPLIFIERS 

We have shown, both by direct experiment and by way of a physical model 

developed through theory and confirmed by experiments, that by proper design of a 

water-jacketed, axial-flow laser cell with independent temperature control of the laser 
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liquid and the cell coolant average power inputs of several kilowatts can be handled. 

Long-pulse oscillator outputs, under these circumstances, were identical to single- 

shot outputs, showing that large-scale thermal lensing problems can be overcome in the 

liquid by a combination of rapid circulation plus thermal control of the medium.    These 

extremely positive results must now be tempered in the case of a repetitively-pulsed 

amplifier for Q-switched laser pulse. 

As was shown in Section 4 by the Mach-Zehrder interferograms, lens-like 

optic 1 distortions are generated in the liquid laser due to absorption of the pump light. 

When the pump radiation incident on the outside of the laser cell is not circumferentially 

symmetric, distortions are produced in the laser medium.   In this respect, the liquid 

behaves no differently than any other condensed-phase, optically-pumped laser medium. 

By proper design of the flashlamp pumping geometry, as is necessary for any other 

good amplifier, this asymmetry can be eliminated.    Flash pumping would then result 

only in a radial thermal gradient.    In principle, the magnitude of this radial thermal 

gradient can be controlled by the concentration of the active Nd+3 ions in solution and 

the bore diameter.   As has been shown in Section 4, the present laser cell behaves as a 

converging lens under flash pumping.   Since the variation of refractive index with tem- 

perature (dn/dT) is negative for the liquid, this means that the layers of liquid near the 

cell wall absorb more pump radiation and, therefore, become hotter than the liquid 

near the cell axis.   The effective focal lengths, induced in the present laser cell, were 

measured to be as short as one met: r during the pump pulse.   Although this is not as 

severe as had been estimated by early workers in this field, 93 the lensing is strong 

enough to require compensation measures.   Malyshev and Salyuk87 observed the same 

results as this in the liquid Nd+3:POCl3:SnCl4.    They pointed out that the one-meter 

focal length in a laser cell of the same numerical aperture, but almost twice as long as 

the one we used, was about the limit for compensation by a simple diverging lens 

because for focal lengths smaller than one meter aberrations in the effective lens 

caused by the flash pumping increase rapidly.    These authors point out that the power 

of the effective lens induced in the liquid may also be decreased by increasing the bore 

diameter of the laser cell while keeping the product of Nd     concentration and bore 

diameter constant.    This latter suggestion would probably be desirable in any case to 

decrease the inversion loss rate due to stimulated fluorescence along the cell axis. 

It would   thus   appear practical, by a proper combination of all these methods, to re- 

duce the flash-induced distortions in the liquid amplifier at a given time during the 

pump pulse to those of a simple converging lens that could be compensated by diverging 

lenses external to the laser cell. 

. 

ii 
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The next effect to be considered is the long-term cumulative heat effect of 

repetitive-pulsing on the amplifier optics.   A3 has been shown in the long-pulse oscillator 

work, maintaining the coolant in the laser cell water jacket at a lower temperature than 

the bulk laser liquid temperature can restore the output of the laser to that observed under 

isothermal conditions.    For each laser cell studied, a particular temperature differen- 

tial was found to compensate for the effects of a specific average input power to the flash- 

lamps.   This reladonship was found to break down when the pulse repetition period be- 

came comparable to the mean liquid transit time through the laser cell.   The mechanism 

of this compensation was postulated to be the removal of residual heat from the liquid 

near the cell wall by radial forced convection to the coolant surrounding the laser cell. 

The efficiency of this process is dependent on Reynold's Number of the liquid flow 

through the cell, and the thermal conductance through the cell wall itself.    Good radial 

heat transport can be assured by using Reynold's Numbevs on the order of 10, 000, as 

was shown by the work reported earlier.    The thermal impedance of the cell wall could 

be decreased by using Huartz rather than the Pyrex used in the cells here.    These rela- 

tively simple changes would be possible even with a greatly increased cell diameter, 

desirable for the reasons st   ed previously. 

The final question to be answered is what are the limiting factors in the des- 

:.gn of the liquid amplifier?   Certainly one limitation is the nonlinear optical effects in 

the laser liquid measured by Alfano and Shapiro54   Although self-focusing was not 

observed in the liquid, stimulated Brillouin scattering (threshold:   35 MW/cm2) and 

stimulated Raman scattering (threshold: 100 MW/cm2) were seen.    In the latter case, 

large amounts of Raman conversion will, therefore, occur at flux densities of typically 

100 MW/cm   and cell lengths of 50 cm.    The lower SBS threshold will place an even 

lower limit on the gain attainable in the liquid amplifier.    For example, if we say we 

want co limit the input power density of a 20 ns FWHM laser pulse to 30 MW/cm2 to 

avoid SBS, the peak energy density at the amplifier input will be roughly: 

Ein(max) = 3 x lo7  ^ x 2 x lo"8 sec - 0. 6 J/cm2. 
cm 

(7-19) 

This number is about 1/5 of the saturation energy density for the Nd+3:POCl :ZrCl 

laser liquid. 

Another limitation on amplifier output brightness might be the effect of 

small-scale fluctuations induced in the fluid by the turbulent flow.    These were seen in 

the interferograms of Section 4 under single-shot conditions where T     - T   >0.    It is 

t 
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not clear, from the data that we have collected, if these will be present under repetitive- 

pulsing when the average input power balances out the temperature differential near the 

cell wall.   The results of the long-pulse oscillator work indicates that the extent of these 

fluctuations should be small, but it should be pointed out that the oscillator output occurs 

over several hundred microseconds in this case.   The long-pulse data only indicates that 

the optical state of the flowing liquid averaged over this perioJ is similar to that of the 

isothermal case.   The instantaneous state of affairs in the cell is another matter entirely. 

A final series of experiments was planned to investigate thia point, but the laser liquid 

in the system precipitated before these experiments could be run. 
. ] 
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8.   EVALUATION AND RECOMMENDATION 

The subject matter presented and discussed in this report concerned the field 

of inorganic liquid lasers in its entirety.   It includes materials and systems as well 

as the laser and amplifier output properties     Although these divisions interact with 

each other, they form a convenient and useful basis for the evaluation of the results. 

The objectives of this research were to evaluate the potential of Nd+3 aprotic liquids 

as the active medium for use in high average power oscillators and in high brightness 

oscillator-amplifiers.   It is the purpose of this final section to make such an evaluation 

in terms of the divisions stated.   We will also suggest directions for further work 

consistent with these objectives. 

8.1 MATERIALS 

The molecular system, involving ZrCl4 and POCl3. devaloped in thia work, 

is a reasonably satsifactory laser material.   A severe disadvantage is its sensitivity 

'o water in that such contamination ultimately leads to a precipitate.   A definite im- 

provement would be to find a Lewis acid that would isolate the Nd+3 ion, still scavenge 

the contaminating water but would not lead to a precipitate.   One could investigate such 

chlorides as those of Vanadium, Hafnium or Niobium as possibilities.   Apart from the 

work of Weichselgartner and Perchermeier27 there has been no systematic investigation 
of the Lewis acids. 

The spectroscopic properties of Nd+3 in the P0C13 system are ideal for the 

long pulse oscillator application and satisfactory for use as a Q-switched oscillator. 

The laser absorption cross-section and gain are high and this leads to low threshold 

and high efficiency operation.   In the Q-switched mode of operation, high peak powers 

(of the order of gigawatts) have been observed.   For a power amplifier, however, the 

gain is too high and the energy storage is too small.   To overcome this, a more ex- 

tensive materials investigation has to be undertaken.   Control of the chemical envir- 

onment surrounding the Nd+3 ion should be possible and this, in turn, must affect the 

cross-section of the la^er transition.   At this point, such a suggestion is tentative, 

because very few sound ideas have been put forward and no such work has been 
reported. 

•- 
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8.2 THE CIRCULATORY SYSTEM 

The circulatory system, in its present stage of design, is adequate for this 

laser system.   The materials of fabrication are stable to the laser liquid and would 

not require any modification shoulj a less corrosive solvent system be employed. 

The size of the pump and the piping are in the proper range for the repetition rates 

used.    Should these rates be increased, the system would require higher flow speeds 

and pressurization would be necessary to prevent cavitation; this feature is already 

built in.   The major improvement required is a more efficient heat exchanger for the 

laser liquid. 

. 

8.3 THE LASER SYSTEM 

In terms of average output power, it may be possible to attain a value of 1 kW 

with some tnodification to the present system.   Basically, this involves using a six- 

er eight-lamp flash head in a close-coup\-,d arrangement. This would allow for an 

increase in average input power and, equally important, would lead to a more uniform 

distribution of the flashlamp radiation.    The uniformity is a significant factor in coupling 

efficiency and in beam quality. 

As far as the amplifier is concerned, our experiments have shown that the 

average optical quality of the liquid medium is similar to that of solid state materials. 

We have also shown that there are small scale fluctuations which, for a short pulse, 

may not be averaged out.   This could be a serious limitation in the beam quality of 

amplified Q-switched pulses.    Just how limiting this may be has not been ascertained 

and would require more work. 

8.4 SUMMARY 

Overall, we have shown that in the long-pulse oscillator mode, the liquid 

laser is capable of high average power outputs with good efficiency.   The limitations 

may actually lie in the power supplies, flashlamps and the available heat exchange 

rates.    Furthermore, the ability to control two temperatures leads to good efficiencies 

at high average power inputs.   For amplifiers, there appear to be basic limitations; 

a good measure of which has yet to be made. 

The laser system itself has reached a level of design and development that is 

adequate and reliable.   Improvements in this aspect are fairly straightforward. 
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The laser liquid requires more study.    The present material is in many 

respects the first acceptable one in terms of safety and system compatibility.   It has 

a disadvantage in that it is difficult to manufacture with reproducible quality.   Good 

quality cont: ol is essential at every step, and this is not easily achieved.   It would be 

surprising if the present liquid were the only acceptable material, but this can be 

ascertained only with more research effort. 

' 

5-3 

 -—  -—  «<uyiuAU 





••. wmmmi^tmmmmmrmmim* mmimim« .< '* 

9.2 PATENTS 

Patents acquired under this contract are: 

1. Method of Preparing an Active Medium for a Liquid Laser, 355B504, C. Brecher 
and K. W.  French. 

2. Active Medium for a Liquid Laser aid Method of Preparation Therof, 3623995, 
K.W. French. 

3. Cell for Use in Circulatory Liquid Laser, 3668216, R. Kocher, F. Moore and 
H. Samelson. 

4. Cell for Use in Circulating liquid Laser, 3663891, R. Kocher and H. Samelson. 

5. Transverse Flow Laser Cell, 3678410, R. Kocher,  F. Moore, H. Samelson and 
W. Watson. 
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APPENDIX A 

DETERMINATION OF THE ABSORPTION CROSS SECTION OF THE LASER 
TRANSITIONS OF THE Nd+3 ION IN THE Nd+3:SeOCl2 SYSTEM 
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Determination of the Absorption Cross Section of the Laser Transitions 
of the Nd13 Ion in the Ndw:SeOClo System 

H SAJIELSOS, A. HELLKK, ANB C. BKECIIKK 

Ilif Baytide Lahoralory. Resrarrh Centn njGeneral Telephoneis- Electronic Lihnralorie* Incnrporaled. 
Bay side. NtW York 11360 

(Received 19 l'ehruary I96H) 

The ahsorplinn cross section of the «/■,, ; </,, i (I.()56KI and V, ■■ '/i, .. il .U4„) transition of Nd*1 in 
SeOCl,. and the overall radiative lifetime of the *t\ * slate, have heen calculated from spectr.scopic measure- 
ments. Values of the order of 85X10-*' cm' for a, of the l.()56-M transition and 288 (usec for T„„,.II »ere 
found, implyins a «luantum etficie,ic> of the order of unity. 

INDEX HKVDINT.S: AI>soriilion; l-asers; N'eodymium; Selenium; Spectroscopy. 

THE (toss striion for stinmlaled emission is one 
of the important lonslanis of laser malmals. In 

primiple, this i|uaniil\ CM be measured directly; in 
prartiie, however, sueh measurement may be quite 
difficult. Therefore, indirect methods are frequently 
used. 

In the cue of Xd'', where the terminal laser state 
is about 2000 cm"' above the ground state, direct mea- 
surements require high temperature and large samples. 
Mauer1 reports such a measurement for Sä** doped 
borate am' silicate glasses, based on the measurement 
of the absorption constant for the laser transition and a 
detennination of the population of the terminal level. 
Another method reported by Edwards2 is based on a 
measurement of the change of gain coefii; lent with the 
i hange of energy stored; the laser material is used as 
an amplilier in this esperiment. A purely speclrosopk 
method is reported by l'unlollkek'' and is based on the 
relationship between the oscillator strength and the 
absorption cross section as given by Mitchell and 
/emanskx* or Sni.ikula.-' A method reported t,/ Belan, 
(irigoryants, and Zhabolinski', directly measures the 
rate of stimulated emission in the laser transition. 
Finally, a method is reported by Nceland and Evtuhov7 

which does not depend on the determination of a 
quantum yield or am of the assumptions ancillary to 
such a detennination; the method reported here is 
essentially the same. 

METHOD FOR DETERMINING THE 
ABSORPTION   CROSS  SECTION 

OF THE LASER TRANSITION 

The basic equations underlung the application of 
this method are those given In Mitchell ami /eman-ky4 

1
 •'. Maurr. Appl  Opi  J, 4.vi il<Ml. 

J  (i. Kdwards. Nature 212. 752 (19fK)i 
■ J   Pantotlicek. Czech. J   I'lns. B17, 27 UWj 
• A. C. G. Mitchell and M. W, Zemansky, Resonance Radianon 

■ind Fnited Atom* iCamliridse Iniversilv Press, New York, 
1'Ml) 

' Sve I". Curif. I.iimiiiescenie Crislillinr iDunod Cic, I'aris, 
IQ«»), p  78 

'V. I'. Hrlan. \ \'. (irigoryants. and M I. /.hahotii^ki. J 
<,>iiaimim Klritron  QE-.V 42S (196*1 

: I. K. NecUnd aii'l V  Kctuhov, rh\>. Kr\   I5«i, J4I il'M7i 

and Lengvel,' 

jk{r)drm— M j«      ,    (i) 

mm    r n    f 
fu- I *(»)«/»—37.680— I k(v),li; 

V.Tf2.' \J 

and the combined ecjuations 

mc   /?■>        1.4Wg. 
/lit«- -Ao2= Xo!. 

STV
2
H Rl It       gi 

(21 

{M 

Th' .e  e(|uations  are  concerned  with   the  transition 
between any lower state 1 and any upper state 2. 

The symbols are defined as follows: 

kit/) absorption constant at v. per centimeter 
A . population of state i 
•V, peak wavelength of the transition (= 8750 A) 
n index of refract ion ( = 1.65 i 
g, degeneracy of state / 
/IJ osciLalor strength of the transition 
m. e electronic mass, charge 
c velocity of light 
Tei radiative lifetime of the transition. 

Eirst, the oscillator strength is determined for a 
transition having an easily measurable absorption; in 
the case of Nd*1 this is the V, j —• 4F:i;. With a value 
for fxt we can then readily determine r-.M. Since tin- 
laser transition and resonance transition arise from 
the same excited state, the ratio of the radiative life- 
limes is the same as that of the tluorescence intensities. 
Thus ri,„r i»determined and /i,,M follows from Eq. (Ji, 
l-inally, the absorption cross section a, lor the laser 
transition can be found. 

IT,= (Xn: HmrAi'Ml   n,. 

where Ac is the half-width of the line. 
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I Hi. I. Ahsurplion spectrum (if 'Itt 'I'm transition of SA" 
The shaded area denncs the resonance refiion. 

DETERMINATION OF ABSORPTION CROSS 
SECTION FOR Nd 3:SeOCl2 SYSTEM 

In pructic«, il'-c applkatiun of ihe method outlined 
is not quite direct «nee CfRnfdicatimu arise from the 
lift in« of the degeneracy of the *I» ■■ and *In ■< states of 
Nd*3 in the Se()C"lj Sn'U solution. Examination of the 
absorption and enMssion spectra of these solutions yields 
some information about the energy-lev»! structure ol 
Nd"' in tl is system. The first point is that bo'.h com- 
ponents of the ^Fi ■; level are seen, so that only the 
Kramers degeneracy remains. The Kramers degeneracy, 
however, applies to all the levels and can be neglected 
since onK the ratios of degeneracies are involved in the 
calculations In this sense, the components ol the tFi.. 
can be considered Bondcgenerate. Similarly, the ,/i/i 
state can have at most five components, of which four, 
located at 0, 25, \M), and 2W) cm ', have been identified. 
I'or the fifth component, there is some questionable 
indication of a level at 350 tnr1 as well as the possibility 
that any of the four above-mentioned identified levels 
may be doubly degenerate. Thus some ambiguity in 
assigning the population remains; taking all these 
possibilities into accounl we obtain for the partition 
function, ()-£, g, c\p(- KJkT), values of 3.71 nr^.frfl 
if one of the two lowest levels is de^enerale, and 3.25, 
3.00, or 2.(>0 otherwise. With no rational basis of choice, 
we will use the average values, 3.()5 and 3.05 respec- 
tively, in the later i all illations, linally, about all that 
car. be said about the '/ii/t level, the state on which the 
main emission terminates, is that it can have as many 
as six components, although some of these may be 
degenerate. 

The transition between each ground state (V» j) com- 
ponent and each upper state (♦ft il component should 
now be considered. For the transition between the ith 
component of the lower state and the jth component 
of the upper, Eq. (1) can be rewritten 

8800 4000 10400 
WAVELENGTH    IA) 

10800 

I-li.. 2. Kmiss on ;-|ieclriim of •fj/i '/,/; and '/■., , '/n j transi 
lions of the Nd'1. The shaded areas define the portions used in ihe 
cross section determination. 

since, with the upper state completeh split, f,,= \- 
This expression is then summed over all of the individual 
transitions within the resonance band. However, since 
it is difficult to break the spectrum clown and find each 
of the individual T;I'S, we must be satisfied with an 
overall value, which we find as follows. 

The absorption spectrum in the region of the 
•/t,|—»Vi i is shown in Fin. I. The part arising from 
the two upper levels of the 4/9 i multiplet can be readily 
separated from that arising from the pair of levels at 0 
and 2(J cm1. The separation of the latter pair is less 
than between the two levels of the %Fti% (^-53 cm M and 
no further resolution can be made. However, since 
these two ground levels are so close together and since 
their populations ditTer by only about 10%, we will not 
attempt to distinguish between their respective con- 
tributions to the absorption. Over this region of the 
spectrum (see Fig. 1), the value of fk(v)dv is 1.37X10" 
cm-1 sec-1. The state population of the two lower states 
is 0.78 Nu if one of these stales is doubly degenerate 
(Case   I),  and   0.02   No  otherwise   (Case   2).   Then, 
substituting   these   values   into 
\„=].KX10-"cnr;'j, w-enel 

F:<|S.   (l)-(3;   (with 
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T21 

I'M« 1 
o.twx 10 
7()2 (isec 

Cast 2 
759X10 - 
917 /«sec. 

i' Xo2 R, -V,     Ao2 .Voexp(—A", kT) 

STT/I- ({, T,,    ST»/-' ('T;, 

(51 

Having found these values for the resonance transi- 
tion, we can now calculate the corresponding values for 
the laser transition. For this, we use the ratio of the 
number of photons emitted in the transitions from the 
•Fi/i stale to the two ground levels and to the 4/ii ; 
stale, respectively. Denoting this ratio by R, we can 
readily show that, neglecting dispersion, 

We now encounter one lasl complication, since the 
emission to the*/« jstaie is distorted by self-absoiplioii. 
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Comparison of Aprotic Solvonls for Nd,+ Liquid Laser Systems: 

Selenium Oxyehloridc and Phosphorus Oxychloride1 

by C. Brecher and K. W. French 
Thr liaysüif Lalmratnry, Hesrarrh f'ttilrr of frrnrrat Tth phnnt Ar Eltrtmniel Lnh. 
(Hrrninl Drcrmlnr 0, l$$t) 

Inr., Hnifsiih , \t ir  York     11300 

The iiruporlitN of ScOCI.. and K)^!,, its apmlic Milventi for Nil3* li(|iii>i lavr> arc cumpareil, DctaiK air 
givpu ronccriiiiiK |in'|)aralivc |trocedUKK, !il)sor|)tioii anil emimlOII s|)('rtro-(o|i\, cnrrity li'vcl- ami mdilitlvi' 
lifctimos, and laser iicrformanic. The two MIIVOIIIS arc shown to IK' e<|UHlly siiilalilc for iw in IHKII-IMHIHK 

liquid lawn. 

Introduction 
Aprotic solvents, boraiise of tlieir freedom from tlie 

liinti-eneruy vitiralions which effieii titly denrade eiieruv 
from oxritcii ions, have received eonsideral !e attention 
as host media in liquid laser a|)|iiieatioiis.: ■'' The first 
such material in which laser action was achieved con- 
tained selenium oxychloride fSeOCIj) as its major com- 
ponent ; this liquid, with a dielectric constant of 1(>, is an 
excellent medium for the dissolution of ionic salts (such 
as those of Nd*+), particularly when aciditicd by the 
addition of tin tctrachloriile (Sn('li) or other similar 
aprotic acids. Sutiseijuently, another system l.ased on 
phosphorus oxychloride (I'OCI,) was developed; 'his 
solvent, with a dielectric constant of 14, is a less weU- 

■uited host for ionic salts but is more attractive for 
liquid laser uses hecaus-e it is far less toxic and corrosive 
than SeOCl2. This paper compares the chemical and 
spectroM'opic propertiesof these two systems atid relates 
them to the laser characteristics. 

Experimental Section 

The similarities and differences in the chemical prop- 
erties of the two liquid laser systems were reflected in 
their preparative procedures. With SeOCli, the laser 
solution was prepared by directly dissolving ncodym- 
ium oxide in anhydrous Se()ri2 which had been acidi- 
fied with SnCb (in a volume ratio of approximately 5:1), 
a reaction which can be described bv 

\d,03 + 38nCl, + 38eOCl, —> 

2Nd3+ + SSnCU'- + 3Se0i (I) 

To remove bydro(?en-containinp contaminants (such as 
H2() or HCI) which are the principal sources of non- 
radiative quenching,* the reaulting mixture was dis- 
tilled at a controlled pressure of 40 mm until a constant 
boiling point of about 90° (pure BeOCU) WJ reached 
and about one-third of the total solution had been re- 
moved. This procedure differs from that reported 
earlier7 in that the lower temperature of distillation pre- 
vented the discoloration of the solution by S^Ch. ob- 

viatitiK the need for blearhitiR, At this point, atialysis 
of the remainder for tin showed a solution which con- 
tained only about half of the stoicbiometric quality of 
SnCI, as defined in c<| 1. The finished laser solution 
was then prepared by dilution with completely anhy- 
drous SnCI, and SeOCl.. to reach the desired concentra- 
tior, of Si** and the desired acidity. For this inveMi- 
Halion. a solution was prepared having an Xd1* con- 
centration of 0.3 M and an SnCI; concentration of 0.1 .1/ 
in excess of stoichiometric concentration. Thi- -olution 
had a fluorescence decay time of 'JflO^sec. 

With POC'Ij, the dissolution of Nd..(), can nominally 
be described by the same sort of equation as forSe*»( 1. 

Nd,(), -f WnC'I, + (il'OCI., —*- 

L'Nd-1' + WnCJ,»- + M'.O.Cl,    i_') 

However, because of the much lower solubility of rare 
earth salts in POCIj (even when acidified with SnCI, in 
the same volume ratio as with SeOCl..), concentration- 
of Nd1+ desired for laser solutions could not be achieved 
and maintained in the pure, completely anhydrous sol- 
vents. If, on the other hand, amounts of water were 
added to the acidified POCli in ■• molar ratio of about 
1:10, the solubiliiy of the Nd3+ was dramatically in- 
creased, enabling concentrations greater than 2 .1/ to be 
readily achieved. The reactions of water with I'OCl, 
have been founds to yield a large number oi compounds 

(1) This rWMrrh was partially nipportad by Project Defenilrr unrlpr 
the joint .s|,i,nMir-hiii of llio Ailvanred BiMnrrh rroject- Amiry, 
the Oftirp of Naval lieseanh. :incl the Departmenl of Defense, unrlrr 
Contract No. NOOOH-OK-COl 10. 

hll<r».9. 100(1986); A. I-eiiipirki and 
(hi T. it. Bheiihord, Xalurr, 216, 1200 

(g)   (HI A. Heller. Appl. PhtH 
A. Heller, ihid . 9, lUi (IWM1 
(IWi"). 

(3i D. Kalo and K. Shimoda, Japi.n. J. Appl. I'h;/«.. 7, 548 (KMiK . 

(4i V, P. Man, V, V, (Maoryantt, and M. E, SubotiaaU. IEEE 
Conferriice on Lonr Eniinwring and AnpUeatioa«, UToahincton 
D. C, 1067. 

(5)  N. Bhnnenthal. ( . B. EUh, and D. (;rafstein, J. (hrm   Phys 
48, 5726 (19(W|. 

(61 A. Heller, ./. .4m. C'.,m. Sor.. 88, 20M (1066), 

(7)  A. Holler, i'././.. 90, 3711 (l!»iiv. 

6-i Voh.mi 7,*, \uml:irß   Juni l!Mi:i 
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POCl, system. Tims M constdcriibly (iicntcr propor- 
liim nf the tot'ii ciicrny rraching Ihe ^l- <\:\\v is emittpd 
in the ilcsircil spcrdal region, while the over-all transi- 
tinii probability from iliis state is deeresaed, milking 
possiiiic (in theory at least) a more efficient laser system. 

On the other hand, n contradictory behavior is ob- 
served in the ii\ei all fluorescence decay times. In 
SeOCIj. the measured decay time i- nearly identical 
with thai (aleulaii d from HpectroBcopic conmderatioiia, 
implying an almost total abtence of nonradiative losses 
from the emitting state and hence a quantum efficiency 
rloso to unity. In POTU. however, the measured decay 
time falls some HY ', below the calculated value, im- 
plyiiiR the presenee of some nonradiative loss. It is 
known that the major cause of such loss in these sys- 
tems is an interaction between the ion and high-energy 
vihrations in the host medium, siieh as might be intro- 
dueed by small amounts of hydrogen-containing impuri- 
ties.    The infrared spectra (Figure« R and 8) show that 

('. BBSCHBM AM) K. W    1 IIKNCH 
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Figure 7.   Energy output from 0.3 .1/ Nil3* laser mtlutionc 
O, SeOCI,;  A. PUCU. 

neither of the solutions exhiliits ^nifieant amount- of 
sueh contamination; however, the rather intense ab- 
sorption in the region of the tirst overtone of the V <> 
stretching vibration (rompared with the extremely 
weak second overtone of the Se O vibration) suuiie-i- 
vibrational coupling throu)!h this transition as a pos- 
sible source of nonradiative loss in the POCIi sy>icni. 
In any event, the points mentioned emphasize the sen- 
sitivity of the various transition probabilities of the 
\(1:'' ion to chemical interactions with the host medium. 

Land' ('Itaittilcnshc*. Laser experiments on the two 
liquid systems were conducted under as nearly the 
same conditions as possible. A I'yrex cell fi in, long 
with a bore diameter of 0.<W in. was used. A cell with 
demountable end windows" was chosen because of the 
importance of keeping the interior face- of the cell par- 
allel to each other in order to minimize the effect of the 
refractive index mismatch between the cell material'1 

and the solutions. The laser cavity was formed by ex- 
ternal dielectric mirrors (one with 0fl.0r; reflectance 
the other .17r,') parallel to the cell window faces. The 
cell was filled with each of the two solutions and flashed 
in a close-coupled arrangement tunng three xenon flash 
lamps at input energies from zero to (UO ,T. Output 
energy measurements were made with a TRCi 107 cali- 
brated thermocouple detector and microvoltmeter. 
The results obtained are illustrated in Figure 7. It is 
seen that the slope efficiency for the POCL system is 
1.9%, almost .r)0r; highei than for SeOCT. This is so 
despite the fact that the neodymium concentration and 

(III H,  Bamebon,  A, Lcmplrki, nml V. A. nmiiliv, ./. Qmniliim 
F.hrlrnv.. 4, «49 (1910), 
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..iitput tvtlcriivitio rlm«n were nearly optimum for 
wMTgy output fur the HeOClrbMed sysK-.i wherra« it 
lias not IM'CU csfahlishi'il whether llicy arc also optimum 
for I'OCI,. I'lui-r these eotulitions thres'iolds occur in 
the region of -»(K, .1 (SeOCti some 10r; lower, POOi 
MY'. lii)jli<r); lu.wever. with uarrow-hore eells and 
liililer refleetanre output mirrors, botil SeOCIr MwJ 
r()('l1-l)ase.l systems have shown thresholds as low as 

HM input. 

ConcluHions 

On the hnsis of these experiments, it is olear that the 

differenees between the two ti(|uid lasei systems are not 
larne. The !'(KM, system starts witl the advantac-of 
lower rorrosi%-euess and toxieity and under one set of 
experimental conditions shows a higher slope efficiency 
of power output. Nevertheless, its over-all decay time 
of fluorescence is lower (some I^ l.elow wi at is calcu- 
lated from spectroscopic consideratif is), and therefore 
it presumahly has a lower quantum efficiency than has 
the SeOCU system. On the win le, however, both sys 
tems are quite similar in their physical characteristics 
and the choice of one or the other would he dictated 
largely hy experimental conditions. 
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Spectroscopy and Chemistry of Aprotic Nd3+ Laser Liquids1 

C. Br*ch«r* and K. W Fr«nch 
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■nd aome apparent inconkiatenci« reaolved   The formation of comnl« Pn n   t J aesenhed 

'■troduetiM 

One of the major advance« in the liquid lauer field has 
been the development of aprotic hoau for the Nd»* ion 
Thia ion, which ia the baaia for the moat widely used claaa 
of cryitalline and (laaa laaera. had never before been usa- 
ble in the liquid »Ute because of its hiKh susceptibility to 
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nonradiative deexcitation. The importance of high-enerRy 
vibration« in this quenching process, and the mechanism 
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Aptotic Nd3' Laser Liquid» 

«f  the  interaction,  were elucidated  by   Heller,'"  whose 
work led to the tirnt successful utilization of an inorganic 
aprotic liquid, SeOCIj, as a laser host medium.2b Subse 
quent  work1 • yielded  more practical systems involving 
the much less tone and corrosive FOCI, liquid, now the 
mainstay of present liquid laser research. Many individual 
aspects of these laser media have been studied in relation 
to laser applications 7 '   There have, however, been many 
unanswered questions regarding the details of their chem 
ual and spectroscopic behavior   It is the purpose of this 
paper to gather the pertinent observations in these areas 
in order to construct a coherent and consistent, if not nee 
essanly unique, picture of the behavior of the Nd3,  ions 
in such liquid media 

experimental Section 
(himirat Although the procedures for preparation of 

the solutions involved in this work have been described 
elsewhere,8 H'SI* they are sufficiently important to the 
subsequent discussion to be summarized here. The 
Se(Ml2 SnC\, Nd3' solution is prepared by dissolving 
(with heating I pure anhydrous Nd2()3 in an anhydrous 
,=>:! (by volume) mixture of SeOC^ and SnCI«. The mix- 
ture is then distilled under reduced pressure (40 mm I 
until a boiling point of about 90° (pure MKU is reached 
and about one third of the total solution has been re- 
moved to eliminate the last traces of protic contamina 
tion The solution is then reconstituted to the desired 
Nd:1 concentration and acidity by addition of appropri 
ate quantities of pure SeOCI, and SnCI«. Similar proce 
dures «re followed if NdClj rather than NdzOa is used. 

The  POClj SnCU Nd3-   solution  was prepared  in  a 
similar manner, with the following important exception. 
Water, in the molar ratio of 1:10, is added to the POCIa- 
SnCU   mixture  to enable  dissolution  of the   NdjOj  or 
NdCIs, for reasons to he discussed later. The deliberately 
introduced protic contamination is then removed by boil 
ing off (at atmospheric pressure, final temperature 116°) a 
sufficient fraction of the total liquid volume. The solution 
is reconstituted to the desired concentrations by addition 
of the appropricte pure liquids. The POCUZrCU-Nd3 • 
liquid,  in contrast,  utilizes the pure anhydrous trifiuo- 
roacetate salt of Nd3'  rather than the oxide or chloride, 
since the presence of water causes precipitation of the zir- 
conium   The Nd(CF,COO)3 can be prepared by cryr'allt- 
zation from a solution of NdjOj in aqueous trifluoroacetic 
acid, followed by complete removal of the water by heat 
and vacuum   This salt dissolves directly ir the POClj 
ZrCU mixture, which is then boiled to remove traces of 
protic contamination and reconstituted as before. Other 
pertinent points are mentioned in the subsequent text. 

Spectrnscopic Emission .-.leasuremenU were made on 
the Nd3 • solutions at both liquid N» and room tempera 
tures, with spot checks at various intermediate tempera- 
tires. All three liquid systems passed continuously from 
liquid to glassy slat?, with no crystallization or spectral 
discontinuities (except for occasional problems at low 
acidity). The systems are excited by a Hanovia 538C-1 
xenon arc lamp through Coming 3-69 and 4-97 .liiere, and 
the emissions measured with a Jarrell-Ash 0.5-m Ebert 
monochromator and an ITT FW 118 photomultiplier. 
Some absorption measurements, particularly at low tem- 
peratures were made with the same apparatus but with a 
tungsUn ribbon filament lamp replacing the xenon arc 
lamp. Room temperature absorptions were also made with 
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Figure 1. Emission spectrum ol 0 3 M Nd34 solutions at SOO'K 
(a) SeOCIj. (b) POCI3 Stoichlometric concentration ot bnuu 
Spectrum »- th ZrCU not measurably diflerf nt 
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Flour« 2. Emission spectrum ot 0 3 M Nd3* solutions at 100°K 
(a) SeOCI;   (b) POCIa   Stoichlometric concentration of SnCU 
Spectrum with ZrCU differs in relative in: jnsity of components 
(see Figure 4) 

a Gary-14 spectrophotometer. Decay time measurements 
were made with a helical xenon flashlamp surrounding the 
sample, with the emission detected axially. Some of the 
pertinent spectra are shown in Figures 1-5 and values list- 
ed in Table I; further discussion follows. 
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Figure 3. Absorption spectrum of 0.3 M Nd1' solutions at 
1000K: (a) SeOCIj; (b) POCI3. Stoichiometric concentration of 
SnCU. 
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Figure 4. Emission spectrum of 0.3 M Nd3+ solutions in POC^- 
ZrCl4 solutions at different Lewis acid concentration (at 100°K). 

TABLE I: Components of the *Pt/t-4tt/l Transition of Nd ' 
(0.3 M) In SeOCI? and POCI, 

SeOCI ? 

Assign- 

POCI3 

Wavelength, Energy. Wavelength. Energy. 
A cm   ' ment0 A cm-' 

8668 11,537 b-1 8628 11,590 
8705 11,488 a-1 8679 11,522 
8738 11,444 b-2 8718 11,471 
8778 11,393 a-2 

b-3 
8768 11,405 

8801 11,362 a-3 8805 11,357 
8865 11.280 b-4 
8905 1\230 a-4 8889 11,250 
8950 11,173 b-5 8960 11,162 

-8990 11,123 a-S 

1 Components of the *l» j level are numbered consecutively Irom the 
ground slate (t|: for the •F|/| level, a denotes the lower component and 
b the highe These assignments yield the following values (cm ') for 
the energies of levels 1. 2. 3. 4. 5. a and b. respectively: in SeOCI;: 0. 94. 
125. 245. 352. 11,487. 11.537, in POCI3 0, 118, 165. 272, 428. 11.522, 
11,589 See ret 6. 

MOO . 9000 
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Figure 5. Emission spectrum of Nd3+ in two aprotic hosts (at 
100oK). (a) in crystalline Nd?(ZrCl6h-12POCl3; (b) in POCh 
solution at stoichiometric ZrCU concentration. 
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Figure 6. Fluorescence decay time of 0.3 M Nd3"1' in SeOCI?- 
SnCU and POCIj-SnCU as function of Lewis acid concentration 
(at300°K). 

(ZaCI.I  >Cl0 CONCCNTOTION   IUI 

Figure 7. Fluo jscence decay time of Nd3+ in POCb-ZrCU as 
function of Lev« is acid Concentration (at 300°K). 

i 

Discussion 

Spectroscopy. One of the sensitive optical probes is the 
behavior of the fluorescence decay time. The influence of 
the acidity is shown in Figures 6 and 7, which reveal two 
distinct effects. When the concentration of Lewis acid is 
below stoichiometric with respect to the Nd3+, the fluo- 
rescence decay time  and emission intensity are strong 

functions of acid concentration, dropping sharply as the 
acidity is reduced. This is true both at room temperature 
and at liquid N2 temperature in all systems studied, and 
in the total absence of rr^asi .able protic contamination. 
This behavior is accompanied by marked decrease in the 
chemical stability of the solutions, with precipitation oc- 
curring more and more readily. Only in the SeOCU sys- 

Th» Journal of Physical Chemistry. Vol 77. No  11. 1973 d-i 
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Aprotlc Nd " Laser Liquids 1373 

terns could solutions be prepared at zero acid concentra- 
tion, and even they eventually precipitated out. This 
would indicate that the coordination sphere which solubi- 
lizes and protects the Nd3, ion is becoming less and less 
effective, allowing external influences (Nd-Nd or Nd sol- 
vent interactions) first to quench the fluorescence, and fi- 
nally to cause the Nd to precipitate out of solution. This 
point will be considered later. 

On the other side of stoichiometry, however, the sys- 
tems behave quite differently. With SnCU as the acid in 
both POCli and SeOClj, the decay time remains essen- 
tially constant as the acidity increases to even three or 
four times stoichiometric. With ZrCl« in POCI3 (it is in- 
soluble in SeOC^l, however, the decay time has a rather 
well-defined maximum, dropping significantly as the acid 
concentration is increased. Furthermore, as the acid con- 
centration is increased new emission peaks appear in the 
fluorescence spectrum (particularly at liquid Nj tempera- 
tures (Figure 4»), becoming continuously more intense up 
to the solubility limit of ZrCU. It is apparent that the 
ZrCU is altering the coordination structure surrounding 
the Nd3' ion; indeed it is likely that a Zr-containing 
anion is entering into the coordination structure, since the 
mere increase in acidity should have produced the same 
effect with Snt'U (which has the same shape and size). A 
supporting, if circumstantial, point is the remarkable 
structural similarity (Figure 5) in the spectra of Nd3 • in 
stoichiometric POCIs-ZrCU solutions and in the 
Nd2(ZrCl6)3-12POCl3 salt (see Chemistry discussion). It 
should also be noted, as shown in Figure 7, that at a 1:10 
dilution with pure POCI.i, the decay time drop-off for the 
same stoichiometry ratios is considerably slower; indeed, 
the effect seems to be proportional to the actual excess 
over stoichiometry. rather than the ratio, as would be ex- 
pected for a new species in equilibrium with the old one.17 

The decay time is also affected by the concentration of 
the Nd3- ion itself. This arises from two characteristics of 
the energy level structure. First, most of the emission 
from the 'Fi 2 metastable state arises from transitions to 
either the Me 2 or the Mn 2 lower states. The latter transi- 
tion is the laser transition; the former, on the other hand, 
is the resonance transition to the ground state, and with 
increasing concentration considerable self-absorption will 
occur. Such self absorption has the result of decreasing 
the apparent radiative probability for emission through 
the 4F.'j 2-4l9 2 transition, thus effectively increasing the 
lifetime of the 4F3 2 state in optically thick samples. Such 
behavior is observed in the SeOC^-SnCU and POCI3- 
SnC'U systems;10 indeed, as seen in Figure 8, the lifetime 
increases by as much as 30% from its low-concentration 
value. 

There is, however, also a second effect which a-ises 
from the fact that the energy gap between the 4F3 2 emit- 
ting state and the Mis 2 state, the highest of the M 
"ground ' multiplet, is essentially the same as the energy 
of the M15 2 state above ground. Thus when an unexcited 
Nd3' ion is in close proximity to one excited to the ^3 2 
state, transfer of energy between them can take place, 
leaving both in the Mu 2 state, from which they rapidly 
decay nonradiatively to ground. This sort of mechanism 
can provide a sufficiently competitive path for deexcita- 
tiet) to markedly reduce the lifpt:,n» of the 4F3 2 state, 
and give rise to the concentre'' «. quenching observed 
with Nd3* in many crystalline and glassy hosts.18 Such 
behavior is alco observed  in the POCU-ZrCU medium. 

0 2 OS 0 4 0 9 
H4" CONCINTIOTION 

Figure 8. Fluorescence decay time of Nd3- aprotic solutions at 
stoichiometric acidity as function of Nd3* concentration (at 
300°K): (a) SeOCb-SnCU; (b) POCh-SnCU; (c) POCb-ZrCI. 
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Figure 9. Infrared absorption spectrum of 03 M Nd34 in 
SeOCI? (a) contaminated with H2O (about 10 ' M); (b) anhy- 
drous 

where the decay time decreased with increasing Nd3' 
concentration even in the face of the lifetime lengthening 
effect of the self-absorption, which is still taking place. 
Since, as we have seen, the coordination in the POCI3- 
ZrCU liquid is such as to allow excess ZrCU to alter it. it 
is not surprising that excess Nd3' should do the same. 
This will be discussed subsequently. 

The remaining important influence on the lifetime to be 
discussed here is that of protic contamination. It is now 
well established that the effectiveness of O-H and other 
hydrogen-containing groups in deexciting Nd3', or other 
ions, arises from the relatively high energy of vibrations 
involving the proton; so that with Nd3', only two O-H vi- 
brational quanta are needed to bridge the gap between 
the 4F3 2 and Mis 2 states. It is as a consequence of this 
mechanism that the aprotic liquid media were devel ped 
for Nd3' liquid lasers. Generally, great care must be 
taken in the preparation of such solutions to avoid even 
small amounts of protic contamination, whirh, ever, at 
the level of 10 4-10 5 M, can be readily detected both by 
infrared (Figures 9 and 10) and by the shfrp decrease in 
lifetime (as much as 30-50%). Indeed, exposure of the 

(17)   (Nd3*.solvaled(l)) + 2rCl4 .- 
(Nd3'-ZrCU. solvatedcomple« (Uli 

Keg — (species ilj jspecies l](ZrCl4| 
or. if 

f> ■ (species II|  (species l( 

then 

p » K,q|ZfCI.| 

(18) See. for example G E Peterson and P M Bndenbaugh. J Opt 
Soc Amer. S4, 644 (1964): K Hauptmanova. J Pantothcak. and 
K Patek. Phys Status Solid'. I, 525 (1965). C K Asawa and M 
Robinson. Phys Rev . 141, 257 (1966): other references cited 
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Figure 10. Infrared absorption spectrum of 0.3 M Nd3+ in 
POCI3: (a) contaminated with H20 (about 10 5 M); (b) anhy- 
drous 

SeOCIs-SnCU and POCIs-SnCU to the open air for even a 
short time enables sufficient water to be absorbed to have 
a markedly deleterious effect on the lifetime. In contrast 
to this, however, the POC^-ZrCU medium is remarkably 
insensitive to protic contaminatinn. Short exposures to 
atmospheric moistu/e seem to have almost no measura- 
ble effect on the lifetime. Dropwise addition of water does 
have the expected effect, drastically decreasing the life 
time and the emission intensity; however (unlike the 
other two media), over a period of hours t'ie solution re- 
stores itself with the lifetime and intensity -egaining their 
original levels. 1 his is accompanied by the MIOW precipita- 
tion from the solution of the white powder of ZrOC^ (or 
its hydrate), and tiie virtual disappearance of the pre 
viously intense OH infrared absorption. The contaminat 
ed solution, if carefully filtered, becomes as good a laser 
solution as before. 

As an explanation for the unusual behavior of the 
POrij-ZrCU solutions, we observe that Zr has a much 
greater affinity for oxygen than has Sn.19 For example, if 
water is added to pure SnCU liquid, the crystalline 
SnCU-nHjO hydrate forms; if the same is done to ZrCU, 
a strong reaction takes place, with the liberation of HCI 
gas and formation of ZrOC^, which dissolves in water. 
The ability of other oxygen-containing acids, such as ace- 
tic, to displace chlorine from ZrCI4, forming ZrCl^OPOz, 
has been well established.19 Thus, the following model is 
proposed for the behavior of aqueous contamination. The 
addition of water to the solution forms the protic acid 

H20 +  SeOCl2   —   H2SeO,Cl, (la) 

H20 + POC1, -* HP02CI2 + HCI (lb) 

Unless removed by boiling (with evolution of HCI), the 
protic acid remains in solution as a contaminant, and 
SnCU has no measurable effect on its presence. With 
ZrCU, however, we can get further reaction 

ZrCI,  +  HP02C12   —   ZrCU(P02Cl2)  +  HCI    (2a) 

ZrCU +  2HP02C12   —    Zr(OH)2CI2 +  POCU   (2b) 

effectively removing the protic contamination. In eq 2a, 
the ZrC^POjClj) in solution may then slowly rearrange 
to regenerate one molecule of POCU and one of ZrOCI2, 
which is insoluble in POCI3 and precipitates out. 

At this point, nothing has been said of the symmetry 
and structure of the coordination sphere surrounding the 

Figur.» 11.  Emission spectrum of 0.3 M Eu3+   in POCl3-ZrCi« 
solutions (a) at300°K; (b) at 100oK. 

TABLE II: Emissions from Eu'' (0.3 M) in POCl, 
Solution all 00 K 

-ZrCU 

Wavelength. A Assignment 
Energy ol underlined 

state, cm   ' 

5788 5Do-7Fo 17,277 
S884 
5920 
5945 

5Do-'F, 
282 
385 
456 

6116 
6127 
6166 
6182 
6201 

'Do-'F, 

926 
956 

1.059 
1.101 
1,151 

Nd3' ion. fn earlier work on Eu3, liquid laser solutions,2" 
it was shown that eightfold coordination around the cen- 
tral metal ion is almost universal ir. »irongly bonded rare 
earth compounds like chelates, with the few exceptions 
leading towa.d higher (nine- or tenfold) rather than lower 
coordination. It would seem quite unlikely that Nd3 

with the same chemical bonding behavior and even a 
slightly larger ionic radius, would be satisfied with lower 
coordination. 

Detailed information on the symmetry and stability of 
the various coordination structures could be unequivocally 
obtained because of certain unique spectroscopic proper- 
ties of the Eu3' ion, and it was hoped to glean similar in- 
formation about the aprotic Nd3, laser solutions by 
studying equivalent solutions made with Eu3». This hope 
was dashed by the highly structured spectra of the result- 
ing solutions (Figure 11; see also ref 8c). In many cases, 
particularly under strongly acid conditions, more than one 
sDo-7Fo transition was observed, a unique positive indica- 
tion of more than one coordination species. Whenever a 
clearly defined single 5Do-7Fo transition was found (gener 
ally at stoichiometric acidity), the sDo-7Fi and >D(-TF| 
transition regions showed three and five components, re- 
spectively, the maximum possible splitting 2I This was 
true at both room temperature and liquid nitrogen tem- 
peratures, although of course the components were much 
better resolved in the latter case (Table II). Indeed, the 

(19) P Pascal. Nouveau Traite de Chimie Mineral, Masson et Cle 
Pans. 1963 

(20( H Samelson C Brecher, and A Lempicki, J Uol Spectrosc 19. 
349 (1966), other references cited therein 

(21) Emissions from the 5D, stale 10 the 'F5 and 'Fj stales, respective- 
ly, can also lall in these regions Such emissions are generally 
much less intense (the observed emissions from the 5D. state to 
the 'Fo. 'F,, and 'F? states are two orders ol magnitude weaker) 
and are neglected here 
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TABLE III: Analytical Results on Various Nd  ' Precipitates Irom POCh Solutions 

fr       1375 

Material 

Precipitate 3 (measured) 

NdjIZrCleh • 12POCI3 or Nd?(ZrCi4(P02Ci2)?)3 • BPCU (theory)      95 

Precipitate 2 (measured) 
NdClj • SPOCb (theory) 
NdCI?(POjCI?) • 4POCI3 (theory) 

Schimltschek precipitate" (measured] 
Nd(PO?CI;), (theory) 

1 Reterence 28 

spectrum is reminiscent of those obtained from tris biden- 
tale chelates of europium in polar solvents.22 While an 
analogy between two such different systems is tenuous at 
best (see Appendix), this would imply that the coordina- 
tion needs of rare earths in POCI3 are satisfied in a simi- 
lar manne-, that is. with six equivalent oxygens (three hi- 
dentate groups) and two or three other (solvent) mole- 
cules. In any event, no single coordination species having 
a symmetry higher than C| is compatible with the spec- 
trum and. while it is not jnlikely that there are a'.tually 
more than one symmetry species in solution, the single 
•Dj-T« transition would indicate that, in the primary 
coordination sphere, the differences are largely matters of 
geometric arrangement. 

Similar evidence of low symmetry and. or possible mul 
tiple species is obtained from the Nd3    spectra (Figures 2 
and :)). Here at least eight clearly defined components can 
lie found in the 4F3 2-4l9 2 (resonance) transition region in 
all three types of solution, indicating a complete splitting 
of both  upper and lower states (ten possible energies) 
While this does not agree with a nearly octahedral sym 
melry  inferred  by  Kato from  the  laser  behavior23 and 
Tb3-   spectra,24 it  is completely consistent with various 
studies in the Soviet Union,2* and appears unequivocal. 

The effect of acidity on the Nd3 • spectrum is shown in 
Figure 4   In all three cases, when the Lewis acid concen 
tration is below stoichiometrie there is no measurable dis 
tortion ot the spectrum from the normal (stoichiometrie) 
situation shown in Figures 1-4, indicating no significant 
emission from more than one species. The intensity of the 
emission, however, does decrease sharply, in line with the 
decrease in measured decay time. The SeOCU Sn('l4 and 
POCU-SaCl« media also show no significant spectroscopic 
effect above stoichiometrie acidity; in POCU-ZfCU, how 
ever, at least four new components do appear, exceeding 
the maximum of te»   allowed for a single species. This 
supports the multiple species hypothesis inferred from the 
lifetime measurements, but gives no information ahout its 
nature.  For further insight, we must consider other as 
pects of the chemistry of these solutions. 

Chrmistry Although all three types of aprotic solutions 
were prepared with similar starting materials (a Nd*' 
salt, a strong Lewis acid, and the aprotic solvent), there 
are considerable differences in the product solutions. The 
chemistry of the SeOC^ system has been discussed else- 
where," ar.d appears straightforward. This solvent is high 
ly polar (dielectric constant -46), and can thus readily 
dissolve ionic salts. The Nd3 goes into solution, solvated 
by a shell of SeOCIj molecules (akin to hydration in aque 
ous solutions), to which it is bonded through the oxygen,28 

% composition 

Nd Cl O P Zr 

79 
:ii (theory)      9 5 

63.0 
630 

4 6 
6 3 

149 
122 

96 
90 

(by difference) 

15 1 594 7 8 195 
14 2 52.7 79 152 
150 589 100 16 1 

242 438 15.0 170 
264 39 0 176 170 

and which interchange readily with other solvent mole- 
cules. The Nd3' chloride can even dissolve in hot SeOCI, 
without any Lewis acid, producing a clear solution but 
with considerably reduced fluorescence intensity and short 
( - UK) /isec) decay time. The cooled solution is not stable, 
and precipitates out in a matter of days, somewhat akin 
to the slow precipitation of FeCU ^OHl, from an aque 
ous unbuffered solution of ferric chloride. With Lewis acid 
(SnCU) at stoichiometrie or higher concentrations, the so 
lution is completely stable and suitable for laser use. 

Phosphorus oxychloride behaves rather differently. Its 
dielectric consult in only 14, and hence it will not readily 
dissolve most ionic salts   Thus, Nd20j will not dissolve 
under completely anhydrous conditions  and the addition 
of water is needed for the reaction to p-oceed   When this 
reaction is performed slowly, at moderate Nd3    concen 
trations  (say 0 01  .Vf),  with reactants cooled  in an  ice 
bath, the intermediate product (a granular light blue pre 
cipitate, denoted ppt 1) can be held for some time. If the 
temperature of the solution is allowed to rise, the precipi 
täte dissolves forming a clear solution, followed by a new 
precipitate (ppt 2) some seconds later  The new precipi 
täte does not dissolve, except upon addition of sufficient 
Lewis acid. 

Similar observations are made in the third case. Here, 
at moderate Nd3- concentrations, the NdlCFjCOOb can 
be observed to dissolve completely to form a clear blue so 
lution, only to be followed a few seconds later by forma- 
tion of a precipitate (ppt 2), which itself is soluble onlv on 
addition of Lewis acid (ZrCI«). Addition of PCU to the re 
suiting stable solution causes yet another precipitate (ppt 
.')) to form. Analyses of these precipitates (except ppt 1. 
which was not stable), thoroughly dried by flowing nitro 
gen gas at room temperature, but not heated or pumped 
to drive off bound solvent of crvstallization. is given in 
Table III. 

The following mechanism is proposed to explain the 
dissolution of Nd3* salts in POCI3. First, the addition of 
water (or the use of the trifluoroacetate salt) forms the di- 
chlorophosphate 

3H,0  +  6POC1,  +   Nd20, — 
2Nd(PO,CI2),  +  6HCIf (3a) 

(22)  C   Brecher.  H   Sameison   and A   Lempicln   J   Chem   Ph*s     42 
1081 11968) 

1231  D Kalo.J P&ys Soc Jao   to b* submitted tor publication 
(241  D KaloandK Shimoda Jap J »DO' P^S   1.581 119701 
125)  M   N   Tolstoi   E   L   Lyubimov  and I   M   Batyaev  Ool SDt...o.r 

28 389 (722) (1970) other references cited therein 
(261  I    Lindqvist.     inorganic  Adduct Molecules ol Duo-Compounds 

Springer-Verlag Berlin   1963 
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3H20 + SPOClj + NdCl, — 
Nd(P02CI2)3 + 6HCI» (3b) 

Nd(CF3C00), + 3POCI3 — 
Nd(P02Cl2)3 + 3CF3COC1» (3c) 

The by-products go off as gases, leaving the dichlorophos- 
phate in solution. This material, crystallized by cooling, is 
identified as ppi 1. However, in solution this compound is 
unstable in the presence of POCI3,27 reacting further and 
being converted to the pyrophosphoryl chloride 

Nd(P02Cl2)3 + 3POC1, — NdClj + 3P203C14 (4) 

The NdCls precipitates out of solution, carrying with it 
approximately five molecules of POCI3 as solvent of crys- 
tallization, as confirmed in Table III (ppt 2>. This materi- 
al differs from that obtained by Schimitschek and Trias.2" 
who identified a similar precipitate as the dichlorophos- 
phate NdtPOjC^s- However, they isolated and dried the 
precipitate differently, as will be seen. 

Since addition of Lewis acid causes the precipitate to 
dissolve, the final step (as in SeOClj) might be written as 

aNdClj + 3SnCl4   —  Nd2(SnCls)3 (5a) 

2NdClj + 3ZrCl4   —  Ndj(ZrCl6), (5b) 

in which the Lewis acid simply lowers the Cl    concentra- 
tion in the solution sufficiently to shift the equilibrium 
from    the    precipitated    chloride    to    the    solubilized 
Nd3*nPOCIa ion. This, however, does not answer a num 
ber of specific observations on the chemical behavior: 

(1) Neither this precipitate (NdCl3-5POClj), nor pure 
Ndt lj,  will dissolve  in pure POCla  to which adequate 
Lewis acid (ZrCl« or SnCU) has been added but do dis 
solve if water is also added. (Except that too much water 
will cause ZrOCl2 to precipitate.) 

(2) They also dissolve when Lewis acid Is added to the 
clear liquid from which the material originally precipitat- 
ed, or to the clear liquid prepared by reaction of POClj 
with the requisite amounts of water or sodium trifluo- 
roacetate. 

(3) The addition of sufficient water will cause the pre- 
cipitate (or the pure chloride) to dissolve even without 
and Lewis acid. 

(4) A precipitate prepared in the same manner, but 
bal;ed out under vacuum to remove alt solvent of crystalli- 
zation (Schimitschek), does dissolve in pure POClj-ZrCU. 

(5) Completely stable solutions prepared in the stan- 
dard manner are caused to precipitate by addition of PCI5 
(forming ppt 3). 

The behavior of Lewis acids in POClj is complicated. 
The low dielectric constant is much less favorable for tl.e 
formation of POClj* and Cl species than for the corre- 
sponding ions (SeOCl* and Cl ) in SeOClj and is even 
less favorab1 .or the doubly negative SnCI»2 and 
ZrCle2 ion. This is borne out by the low conductivity 
■~10 o ohm/cm) of POClj-ZrCU solutions. Indeed re- 
search on POCIs-containing systems by maiy investiga- 
tors29 indicates that the validity of extending to it the 
ionic model appropriate to SeOClj is extremely question- 
able. On the other hand, it is known that both Sn and Zr 
chlorides readily satisfy their coordination needs in POCI3 
by direct addition of two solvent molecules, forming 
MCI4-2POC13, and compounds of this form have been 
isolated. Furthermore, as stated earlier, suitable oxy- 
gen  donors  (water,  acetic  acid,  etc )  will  readily dis- 

C Brecher and K. W. French 

place chlorine from Zr (but not from Sn), forming sta- 
ble compounds of the form ZnCMOR^ (or ZrOCI2 with 
water). We therefore propose that the important factor 
in the dissolution of Nd3* in POCI3 is the stabilization 
of the PO2CI2 ionic species, and hence the reversal of eq 
4. The Lewis acid would accomplish this, not by forming 
ZrClg2 or SnCl»2 ions, but by direct bonding with the 
PO2CI2 ion itself. Thus in item 1, the precipitate or the 
NdCl3 will not dissolve in pure POCI3 even with sufficient 
Lewis acid, because not enough P2O3CU is present to be 
converted back into PO2CI2 (reverse of eq 4). If, how- 
ever, enough is generated even by other means (item 2) 
dissolution will occur. Item 3 is merely item 2 carried to 
extreme, in which enough P2O3CI4 is formed to push the 
equilibrium in eq 4 sufficiently to the left. Item 4 is mere- 
ly the result of the same leftward push of eq 4, this time 
by the complete removal of POCI3 by heat and vacuum, 
followed by dissolution in pure POCU-ZrCU. And finally, 
item 5 is a result of the destruction of the solubilizing 
species by PCI» 

P203CI4  +   PCI,  —  3POCI3 

P02C12-   +  PCI,   —   2POCI3 +  ( 

(6a) 

r    V/i (6b) 

This leads to the following picture of the Nd3' ion in 
POCI3. With SnCU as the Lewis acid, species of the type 
SnCU^POCU are present with the two oxygens donat- 
ing electrons into vacant 5d orbitals of the tin and com- 
pleting its octahedral coordination. The PO2CI2 ion, 
being a stronger electron donor, displaces the POCI3, 
forming species like SnCU(P02Cl2) . Exchange of the 
PO2CI2 ions would readily take place among the SnCU 
molecules and between them and the Nd3- ion. The pri- 
mary coordination sphere of the Nd3- would be occupied 
by these POCI3 and PO2CI2 groups and the SnCU mole 
cules associated with them, producing a number of possi- 
ble coordination species. The most probable ones, because 
of the low dielectric constant, would bear no net charge, 
and would have the general composition 

Nd(P02Cl2-SnCU)3 - «(SnCI9.POCl,)n (n = 0, 1, 2) 
where the relative proportions would be determined by 
the concentration of Lewis acid and by the equilibrium 
constants between the respective species. The remaining 
coordination n-eds for both Nd and Sn would be filled by 
POCI3 groups, leaving only oxygen in the primary coordi- 
nation sphere of the neodymium ion. The overall size of 
the coordination entity would necessarily be considerably 
larger than in SeOCU; this is supported by the rather 
large Rayleig» *ing scattering observed in such solu- 
tions.30 A si..dll but nonnegligible concentration of 
charged species, of the same general structure but with a 
neutral POCI3 group replacing one or more of the chlo 
rines or the larger negatively charged groups, must also be 
present, as indicated by the electrical conductivity; in- 
deed studies of the electroluminescence in similar solu- 
tions18 lead to essentially the same chemical model. 

With ZrCU as the Lewis acid, the picture is different 
only in the strength of the metal-oxygen association: here 
-he stronger Zr-0 bond (involving the 4d orbitals rather 

(27) J   R  Van Wazer     PhosphoruJ and Its Compounds    Inlerscience 
New York, N  Y . 1961 

(281 E J Schimitschek and J  A  Tnas Inorg  Nucl Cham  Lett 
(1970). see also E   J   Schimitschek. J   A  Trias, and C   Y 
Specfrocriim Acfa. ParM, 27,2141 (1971) 

(29) V  Gulmann.   The Chemistry ol Non-Aqueous Solvents    J 
gowski. Ed . Academic Press. New York. N Y . 1966 

(30) R Pappalardo «i d A Lemplcki J Aopi Pftys   43.1699 11972) 

(, 761 
Liang 

J   La 
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than the much higher energy 5d's as in Sn), and the abili 
ty to form neutral ZrCMPOjClj)» species, would lead to 
more stable Nd3'  coordination structures and probably 
ring formation of the type 

0 

a 
A 

/ 
C1,P 

\ 

\ 
0 

/ 
0 

PCI 

which is known to take place in other systems.31 

This picture of the solvation of Nd3* in POCI3, while 
speculative and far from proven, has the virtue of explain- 
ing all our various experimental observations as well as 
those of others. It also provides a rationale for the differ- 
ences in the behavior of Nd3- in POCI3 with the two 
Lewis acids. The more stable ring formations in the 
POCIa ZrCI« solution would be more effective in shielding 
in the Nd3- ion from interaction with contaminants. The 
sharp increase in viscosity when both Nd3' and Lewis 
acid are present in the solution, as against either one sep- 
arately, is explained by the relatively large size of the ag- 
glomerations. The fact that excess ZrCU alters the life- 
time and spectrum of Nd3' (see Figures 4 and 8) while 
SnCU does not, arises from the ability of the ZrCU to be- 
come directly bonded into the Nd3* complex species. And 
finally, since at higher Nd3* concentrations the OPO 
Zr-OPO groups should form bridges between different 
Nd3' ions as readily as they form rings with only one 
Nd3" ion. the observed concentration quenching is a 
straightforward result of the model. In conclusion, there- 
fore, the foregoing picture reveals both the fundamental 
similarities and the disparities in detail characteristic of 
the most widely used Nd3' aprotic liquid laser solutions, 
and we feel that we have derived a consistent and coher- 
ent model for their chemical and spectroscopic behavior. 
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Appendix 

Spectroscupic Charactvnstic* of Eu3" Tri* Chelate» in 
I'olar Solient*  The emission spectra of europium chelates 

were subject to intense study a number of years ago.20 

Considerable information was generated because of two 
particularly useful spectroscopic characteristics. First, the 
5Do-7Fo transition cannot be split by the coordination 
field, so that the observation of more than one component 
is a positive indication of more than one coordination 
structure. Secondly, the small number of components pos- 
sible in the 5Do-7Fi and 5Do-7F2 transitions (three and 
five, respectively) and the great sensitivity of the latter to 
the symmetry of the coordination structure makes it pos- 
sible to distinguish between structures having the same 
coordination number. It was further ascertained that for 
rare earths, a coordination number of less than eight is a 
rarity, and that tris and bis chelates will fill their unsatis- 
fied coordination needs by associating with polar solvent 
molecules, either in solution or as molecules of solution in 
the solid. This tendency results in a low molecular sym- 
metry and consequently a highly structured spectrum with 
full splitting of the known transitions. 

Nevertheless, and despite differences in detail, the vari- 
ous europium tris chelates had many qualitative features 
in common, particularly in contrast to the tetrakis che- 
lates. The ADo 7Fo transition falls between 5796 and 5800 
A, as against over 5800 A for the tetrakis and below 5796 
A for others. The intensity of this transition is within an 
order of magnitude of the sDo-7F2, and some 1.5 orders of 
magnitude stronger than for the tetrakis. The intensity of 
the 5Do-7Fi transition is nearly the same as that of the 
sDo 7F2. instead of almost 1 order of magnitude weaker. 
The existence of a *Do-7Fi component in the 5870-5900-A 
region is characteristic of these chelates, since those for 
tetrakis chelates are higher. And finally, the existence of 
strong 9Do-7F2 components in the 6160-6220 A region is 
similarly characteristic of the tris species. 

The large number of components makes determination 
of the actual symmetry difficult. The fact t .,t there are 
two chemically distinct types of oxygen cooru.iiated to the 
europium, to be distributed among eight lor nine) posi- 
tions results in not only a low symmetry, but also the pos- 
sibility of many geometric arrangements, each with its 
own selection rules and its own contribution to the spec- 
trum. Since these species are virtually indistinguishable 
chemically, the 5Do-7Fo transition will be essentially un- 
affected. 

131) See lot example J Damelsen and S E Rasmussen Ada Chem 
Scana 17.1971 (1963) H Grunze. K H Jost, and G U Woll Z 
Anorg Allg Cherr   365.294(19691 
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Brillouin and Rayieigh Scattering in Aprotic Laser Solutions Containing Neodymium 

R.  PappaJardo and A.  Lempickt 
Bayside Research Center   GTE Lahnratories Incorporated. Ba\side. Neu York 11360 

(Received 11 Augurt 1971) 

KayleiRh and Brillouin scattering spectra have been measured at 63JH A in aprotic laser 
solutions of neodymium containing SeOCl2 and POCIj.    The intensity of the scattered radia- 
tion was mainly concentrated in the Rayieigh component of the scattering spectrum.   TV 
Haylcigh line was quite intense,  while the intensity of the Brillouin line was comparable to 
that of benzene and other common liquids.    TV POCI, laser solutions were generally 
stronger scatterers than the SeOCI; solutions.    Values of the scattering coefficients in the 
laser solutions have been obtained by comparison with the scattering spectra of benzene. 
This made it possible to derive values of the scattering losses at 1. 06 Mm.    The values ob- 
tained are of-» 0. 02'"/cm.    SeOC^-based laser solutions exhibit Raylcigh-wing scattering. 
The width of the iinc indicates molecular reorientation timeu of the order of 50-100 pMC. 
In PtiClj-based solutions such processes appear to be much slower. 

I    INTRODUCTIOiN 

The characteristics of condensed-phase substances used 
for the generation of laser radiation can be divided into 
two categories:   The first category deals with prop- 
erties essentially determined by the active ion and its 
immediate surroundings, namely, quantum efficiency, 
radiative lifetime, linewid:h, etc.   The second category 
describes the medium and its effects on the propagation 
of electromagnetic radiation. 

In gas lasers this latter category can often be totally 
neglected, since a gaseous medium, especially at low 
pressures, has a weak effect on the propagation of 
radiation.   In condensed-phase lasers the properties of 
the medium are of great importance because they large- 
ly determine the losses through various forms of scat- 
tering,  refraction, absorption, and,  in the case of 
solids, damage.    In the case o' liquids all of these ef- 
fects, with the possible exceptioL of damage, also play 
an important role.   In addition, nonlinear effects asso- 
ciated with the rotational motion of molecules may 
strongly affect the propagation of radiation through sell- 
focusing. ' 

In an attempt to fully characterize the physical prop- 
erties of aprotic laser solutions, this paper deals with 
spontaneous Brillouin and Rayieigh scattering of the 
medium.   Raman scattering contributes negligibly to tie 
loss (typically one part in a million) and has been deal, 
with in Ref. 1.   In contrast with Raman scattering, botn 
Brillouin and Rayieigh scattering are quasielastic and 
lead to the creation of frequencies which are well within 
the 100-cm'' width of the fluorescence line of the Nd'' 

ion.   They do not, therefore, lead in a straightforward 
way to the creation of new frequencies in the output of 
the laser, as is the case with the Raman scattering, 
which involves shifts of hundreds of wave numbers. 

Apart from contributing to the irreducible loss of a 
solution, however, it is felt that the Brillouin and Ray- 
ieigh scattering may play a role in some of the still un- 
explained phenomena in liquid lasers.   It has been sug- 
gested, for instance, that self-Q-switching often ob- 
served in Nd liquid lasers is connected with Brillouin 
scattering,2  The spectral broadening of the laser out- 
put' can perhaps be partially attributed to stimulated 
Rayleigh-wing scattering in much the same manner as it 
contributes to the broadening of a monochromatic pulse 
if radiation passing through CS2. *'* 

II    THEORY 

The light-scattering effects in a homogeneous, Isotrop- 
ie, condensed medii'.m,  such as an aprotic laser solu- 
tion, arise basically from fluctuations of the dielectric 
constant t of the medium.    In order to evaluate these 
fluctuations, the physical system is described by ap- 
propriate models, with an increasing degree of com- 
plexity, starting from a simple structureless continuum, 
suitable for a thermodynamic description, and working 
up gradually to a molecular model of the system.   Once 
a givtn physical model is chosen, the scattering system 
cün either be described at thermodynamic equilibrium, 
or its dynamic behavior in nonequilibrium conditions 
can be followed in detail.   The theory of light scattering 
correspondingly increases in complexity and involves 
more and more physical parameters. 

V-z I  Appl  Ph>s . Vol 4.V No   4, Apnl \t~: 
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Ihrrmudyiumic Theory 

The simplest theoretical treatment is based on the ther- 
modynamic consideration of a structureless continuum. 
This is in essence the original approach used by Ein- 
stein. '  The dependence of the variation of dielectric 
constant At on temperature fluciualions is neglected in 
comparison with its dependence on the density fluctua- 
tioiis.    Assuming a single-phase system, the following 
expression is derived for the intensity of the scattered 
light1'*: 

/-/o r/ra . cos^) (1) 

where /0 is the intensity of the incident unp.larized 
light. V is the scattering volume,  X is the wavelength of 
the incident light, L is the distance from the scattering 
volume to the point where / is measured, p is the den- 
sity, ßT is the isothermal compressibility, and 0 is the 
angle between the A' vectors of the incident and scattered 
light.    Most of the quantities in (1) are external param- 
eters, since they depend on the experimental geometry 
and the excitation conditions.   The onlv internal param- 
eters characterizing the scatterer are p,  (<*« <*,))T, and 
i>r-    The expetimental data on scattering intensity and 
the theory art- conveniently connected via the scattering 
coefficient R,: 

R,   j p(cm-1). (2) 

By comparison with Eq.  (1) it is easy to express the 
theoretical value of Rg as a function of the excitation 
wavelength, the scattering angle, and the physical prop- 
erties of the scatterer as follows: 

^(Vp) Pj-A'TO • cos2f) (2') 

The following simple relation connects the scattering 
coefficient for •» 90   with the corresponding extinction 
coefficient It of a nonabsorbing medium7: 

h - ¥ nfl, (3) 

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 r cm long: 

/-/„< (41 

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 char- 
acteristic of a laser medium, n mabsorbing at the fre- 
quency under consideration.   A slight modification of (3) 
leads to a connection between the scattering coefficient 
per unit volume R'm and the cross section for scattering: 

and 

.Va.c (3") 

A being the number density of scattering centers and u, 
the scattering cross section per particle. 

So far, no spectral distribution of the scattered light 
was considered.   A preliminary discussion of the spec- 

1  Appl  Phys . Vol 4.V No   4. Apnl l1^: 

tral characteristics of the scattered light cm be derived 
from the following considerations:    In (1) the fluctua- 
tions of the density Ap2 have been expressed as a func- 
tion of the coefficient of isothermal compressibility pT. 
Alternatively Ao2 can be expressed in terms of pressure 
and entropy fluctuations,  A/j' and A.S'2: 

/=/. ^Iiob- Vt* 'KSK^s^-fölföl AS2 

(5) 
with C an "external" parameter, not containing quan- 
tities characterizing the scatterer.    The pressure fluc- 
tuations obey a wave equation and will propagate, while 
the entropy fluctuations obey a flow equation and will not 
propagate.    Pressure fluctuations cause Doppler-lype 
scattering with change in frequency, while entropy fluc- 
tuations will cause no change in frequency.   The first 
term in (5) gives rise to Brillouin scattering, the other 
to Rayleigh scattering.    Brillouin scattering in a given 
direction will be maximized when Bragg's relation is 
satiified and 

2«Asin2e= X (61 

where n is the index of refraction of the medium for the 
wavelength A of the incident light and A is the wavelength 
of density waves involved in the scattering event.    From 
(5) the following relation (Landau-Placzek formula) is 
obtained for the ratio of the intensity of the Rayleigh and 
Brillouin components of the scattered light: 

y-1 (7) 'noly /tdl.b= (Pr- Ps)/'3« 

> is also the ratio of the specific heats c'f c,.   The rela- 
tive frequency shift in the scattered radiation due to 
pressure fluctuations can be derived from (6): 

Au)/u)0= 2n(c/r)sinlö   . (8) 

From the measurement o( Ax1,  a)0,  B, and w, the value 
of the hypersound velocity r can be deduced. 

Urpolariulion Eifccls 

Both the Rayleigh and the Brillouin scattering are com- 
pletely polarized because only isotropic fluctuations of 
the refractive index have been considered so far.   De- 
polarization effects on the expression of the scattered 
intensity can be formally introduced by the use of the 
empirical parameter A,, as follows7,8: 

\      P.- \   / 

Py=(,/l.       . 

(9i 

(10) 

(11) 

where « is the scattered intensity inclusive of scattering 
due to orientation fluctuations; /, and i, are the intensity 
components of the depolarized scattered light in the 
scattering plane and normal to it,  respectively.   The 
subscript n stands for unpolarized incident light.   The 
expression for the scattering coefficient then becomes 

R. -2   / "V     ;.T6,6
^ (12i 

The term (6. 6AJ (6 
correction factor. 

7 A,,) is known as the Cabannes 
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Rrliution Thcury 

The model considered so far does not take into account 
the existence of a band of scattered radiation found n- 
ponmentally for some liquids, with a spectral distnbu- 
tior reachint; m some cases up to 100-150 cm'1 away 
from the frequency of the incident radiation.    This is the 
5o-called RayleiKh-wint; scattering, which shows pro- 
nounced depolarization.    While the depolarization could 
be accounted for by the optical anisotropy of the scatter- 
IB« centers,  the frequency shift would still be unex- 
plained, and hence must be due to molecular reorienta- 
tion processes in the scatterint; medium. 

A theory has been developed by Loontovich' to describe 
by the same formalism both polarized Mattering (Bril- 
loum and Rayleigh) and depolarized scattering (Rayleich 
and Rayleigh-wing scattering).    This is the so-called 
relaxation theory, somewhat akin to the Debye theory for 
the electric susceptibility of polar molecules in liquids 
In this approach the state of the liquid is characterized 
by the deformation tensor e,., the anisotropy tensor", 
and the stress tensor S,.,   Small departures from equi- 
librium conditions are considered, and the return to 
equilibrium is^characterized by a relaxation time r that 
is common to r„ and S^.   A specific molecular model 
can be introduced to connect some of the relevant 
parameters with molecular quantities, Mek as the mo- 
lecular radius for spherical molecules.   The fluctuations 
are expressed in the form of spatial sinusoidal waves 
From the temporal dependence of the latter   the spec- 
tral composition of the scattered intensity is obtained by 
means of a Fourier transform. 

Conntction between Scillering Meisurements md Theory 

As mentioned at the beginning of Sec. II. the more re- 
fined the theory of molecular scattering, the greater the 
number of physical parameters required to characterize 
the scattering system.    In the relaxatkm theory the 
scattering data must be supplemented bv the elasticity 
and deformation constants of the fluid, measured not 
only under steady-state conditions, but also at high fre- 
quencies. 

Since no data on the solutions studied are presently 
available, except for the scattering measurements and 

the index of ref/action, the potentialities of the existing 
theories cannot be fully exploited.   Tl.e measured data 
could only be related to the thermodynamic theory and 
to some simple aspects of the relaxation theory, 

til    EXPERIMtNTAL 

Apparatus 

A schematic representation of the experimental arrange- 
ment is given in Fig.   I.    The radiation scattered by the 
liquid samples was provided by a He-Ne laser.    The 
laser cavity between mirrors M, and M2 was 230 cm 
long.    Either a 2-m He-Ne laser or two 1-m tubes were 
placed in the cavity.   The laser output polarized in a 
vertical direction was focused at the center of the sam- 
ple cell (SC) by means of lens L,.   An interference fitter 
for 6328 A removed unwanted spectral components in the 
laser output. 

The scattering volume in the sample was defined by an 
aperture in the light shield (LS).    An additional light 
shield surrounded the sample cell, allowing the primary 
beam in and out of the sample, but removing stray light 
within the sample compartment.   The sample compart- 
ment itself was painted black and was light-tight    All 
the optical components of the system were connected by 
sections of photographic bellows, and all metal surfaces 
were painted black. 

The beam scattered at 90 , went through a spiked inter- 
ference filter for 3328 A with a hal^.-assband of 6 A 
followed by a Glan-Thompson prism (to select the polar- 
ized and unpolarized components) and a collimating lens 
(Li).   The parallel beam emerging from Lj was reduced 
in diameter by a [-in. -diam aperture, prior to entering 
the pressura-scanned Fabry-Perot interferometer 
Lens L, (an achromat of 335-mm focal length) focused 
the resulting interference patterns on a pinhole situated 
in front of the cathode area of a cooled ITT FW 130 pho- 
tomultiplier.   The dc current was detected with a Keith- 
ley picoammeter.   The resulting signal was sent to the 
v channel of an v -v recorder.   A pressure transducer 
monitored the nitrogen pressure in the brass casing 
containing the Fabry-Perot interferometer, and its sig- 
nal activated the v channel of the recorder    The pres- 
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FIG.  1.    Block diagram of expeii- 
mental arrangement.    FP—Fahry- 
Perot interferometer; GT—Clan- 
Thcmpson prism:  I-iris-shutter 
combination:  IF-interference filter 
for 6328 A;  I-He-Ne bsen  I.,    I.,, 
In-lenses;  LM-JEA light meter: 
I,S—light shield:  ni—micrometers 
for positioning sample cell;  M,, 
M;—dielectric mirrors;  MV—meter- 
ing valve;  l-H-pinhole:  POL-poltr- 
izer;   PMT-ITT ! W ISO photomulti- 
plier;  PSFP-pressure-scanned 
Fabrv-Perot interferometer:  PT— 
pressure transducer; SC—sample 
cell;  SCI -solar cell,  laser output 
monitor:  SH-sample holder;  TVC- 
thermoelectric cooler;   IX -toggle 
valve. 
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sure in the closed system containing the Fabry-Perot 
interferometer was varied from atmospheric pressure 
to 8 psi over atmospheric pressure.   The large gas 
reservoir (R) acted as a ballast to smooth out pressure 
variations.   The pressure scan rate was dictated by tht 
requirement of matching the time constant of the PMT 
detection system, which varied from 1 to 100 sec. 

The Fabry-Perot etalon plates were coated for 95'^ re- 
flectivity at 6328 A, the nonreflective surfaces were 
antirellettion coated.   The etalon spacing was kept con- 
stant at 10. 13 mm throughout all the measurements, ex- 
cept for a few runs with a spacing of 3. 17 mm.   The 
time required to scan a free spectral range was typically 
20 mm. 

The calculated finesse of our system was in excess of 
the finesse achieved in the measurement of the Brillouin 
and Rayleigh scattering, where it was limited by the 
intrinsic half-width of the laser line, typically 2. 7xl0"2 

cm'1 (- 800 MHz).    Narrowing of th? laser line was ob- 
served on introducing a 2-in. fusei-quartz rod in the 
cavity10 |minimum observed linewidth 300 MHz full 
width at half-maximum (FWHM)|.   The resulting power 
output was, however, not constant in time, and given 
our rate of scan, no reliable measurements could be 
taken under these conditions.   It has been reported in 
the literature11,12 that single-mode operation in "long' 
He-Ne lasers can be achieved, with only a lO'i loss in 
output power, in a cavity containing a nonlinear loss 
element such as Ne gas.   Attempts to reproduce these 
results, using a 1-m intracavity loss tube of Ne gas at 
a fixed pressure (3 Torr) were unsuccessful.    Line 
narrowing was observed, but power loss reduced the 
signal to unacceptable levels. 

The frer spectral range of the Fabry-Perot interferom- 
eter and the pressure excursions feasible with the pres- 
sure transducer limited the investigation of the scatter- 
ing to a region • 0. 25 cm'1 on each side of the ?xciting 
6328 A line.   The observation of Rayleigh-win; scatter- 
ing in systems based on SeOCl2 raised the question of 
extending the observation beyond these limits,  in order 
to confirm whether the Rayleigh-wing scattering actually 
covered only the region indicated by the scattering mea- 
surements with the Fabry-Perot interferometer.    For 
this purpose some samples were studied by means of a 
.Jarreil-Ash 1-m spectrometer provided with a high- 
resolution Harrison grating.   The maximum resolution 
that could be achieved with the spectrometer was " 10'2 

cm-', by working in the 13th or 14th diffraction order. 
The exciting source in these scattering measurements 
was the 4880-A line from an argon-ion laser, at power 
levels of the order of 100 mW.   The samples were con- 
tained in a cylindrical cell, positiont-d with its axis in a 
vertical direction (Fig.  2).   The incident light was 
polarized in a horizontal direction, parallel to the plane 
of the spectrometer slits.   The scattered liuht was 
focused on the spectrometer entrance slit; a Glan- 
Thompson prism in front of the entrance slit determined 
the polarization of the scattered radiation    The spec- 
trally dispersed light was detected with an RCA 7265 
photomultiplier and a Keithley picoammeter. 

FKJ. 2. Schematic diagram (side vie«i for scatterirm mra- 
suremcnls in liquids using an argon-ion laser ami a uratinK 
spectrometer, M^mtmri F—interference filter foi «■»O \; 
P—polarizer; SC—sample cell; SCP—sample romparinu.il; 
I—lens; (IT—(ilan-Thompson prism; SP—spectrograph; 
PMT—low-noise photomultiplier; PA—picoammeter; UK- 
recorder. 

Materials 

Samples of the aprotic solvents for laser solutions and 
of the laser solutions themselves, which are both air- 
sensitive and corrosive, were contained in quartz or 
Pyrex cells with parallel faces.   The cells were filled 
with the liquids under an inert atmosphere.   Air or 
grease contamination was avoided by scs'ing the cells 
with Teflon screw caps and Teflon-coated G rings.   The 
cell windows were optically contacted to the cell body 
and then vacuum diffused to ensure parallelism to a few 
seconds of arc. 

The composition and preparation1'14 of the liquid sam- 
ples studied are summarized in Table I.   All of the 
POClj-based solutions had the same Nd (III) content, 
namely, 0. 3 mole/ liter.   Various filtering procedures, 
carried out on the reactive, corrosive, and air-sensi- 
tive laser solutions, are also indicated.   Only the solu- 
tions based on POClj were filtered.   No satisfactory 
filtering procedure has been developed yet for the solu- 
tions containing SeOCl2.   One of the POClj-based solu- 
tions studied was prepared by dissolving ir. iOCis-SnCl^ 
the trifluoracetate Nd (CFJCOO)J |or.  in short. Nd 
(TFA)jl instead of the usual NdjOj.   The solution F was 
a comruercially available laser solution 'available from 
Sylvania Precision Materials. Towanda.   Pa. ;.   One of 
the solutions (G) contained ZrCl, as Lewis acid instead 
of SnCl4. 

IV    RKSILTS 

The results of the spontaneous scattering measun-ments 
are summarized in Tables II-V and indicated in Figs. 
3-7. 

HnHouinTripIrt Spii'inp 

Measured values ol the Brillouin triplet spacings and 
values of the hypersound velocities derived from the 
latter using Eq.  (8) arc listed in Table II, columns 2 

I   Appl  Phys.Vol 43. No   4 Apnl 147; D - t. 
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TABLE I. romposition and preparation of laser solution 
samples. 

Sample 
Components 

tU'.l) 
N(l content 
(mole'liter) 

Kilter 
Filtered    porosity 

A 

II 

C 

n 

l 

r 

i; 

II 

I 

■i 

K 

pon, snn, 
pori, snCI4 

P(K-l3   SnCI, 
POCIj: SnCl, 

P(W"1,: Snll, 

PfK-lj: SnCl, 

POCIj   ArClf 

SeOCl, Snri, 
Se()Cl, : SnCI4 

Se(KM?: SrCI, 
Se<»CI;   SnCl, 

0. 3 
ii.:t 

0.3 

0.3 
(NdlTKA),! 

i).:) 

". :i 

0.3 

IMCITA)]] 
0.3 

ii.:, 

||. :i 

». i 

yes 
yes 
yes 
yes 

yes 

yes 

no 
nn 

rid 

no 

fine 
fine 
medium 
ultrafine 

ultrafine 

fine 

and 7. respectively.   The values in column 2 of Table II 

pertain to the Brillouin-triplet spacings observed for 
90   scattering under 6328-A excitation.   The data listed 
-efer to various liquid constituents of the laser solu- 
l.ons and to the actual laser solutions.   Values pertain- 
ing to other common liquids measured under the same 
experimental conditions are also tabulated for com- 
parison purposes. 

Intensily of Scattered Light 

The data listed in Table III summarize the properties of 
the laser solutions with respect to the scattering inten- 
sity.   The table lists:   (a) the relative pe?1! intensity of 
Rayleigh (central) and Drillouin components PC'PHB;  (b) 
the over-all ratio of isobaric to adiabatic scattering 
Vm« (c) the relative peak height of the Rayleigh line 
normalized to that of benzene, used as a standard and 
run under the same conditions;  (d) the intensity of an 
individual Brillouin line, relative to that for benzene, 
that is. Puh PuS1"'-   The depolarization factors of 
polarized incident light have been calculated under two 
different conditions:   p,   /„ /„ is the depolarization 
factor exclusive of the intensity contribution due to the 
frequency continuum in the free spectral range: the 
primed quantity pj includes the continuum contribution 
both in the polarized and in the depolarized scattering. 
The final two columns of Table III list thf relative 
scattering intensitv of the solutions studied, normalized 
to the intensity scattering from benzene.   Again,  un- 
pnmed intensity values neglect contributions to the in- 
tensity due to the frequency continuum within a free 

spectral range of the Fabry-Perot interferometer, while 
the primed quantities include these contributions. 

■Uyleigh-vvini Scattering 

The FWHM for the depolarized Rayleigh-wing scattering 
in some of the systems investigated are listed in Table 
IV.   Only solutions based on SeOCl2 gave any apprecia- 
ble Rayleigh-wing scattering    The FWHM was largest 
for SeOCl, (i. e.. 0. 204 cm"1), and tended to decrease 
with increasing Nd concentration.   Other liquids were 

studied for the purpose of comparison.   Carbon disul- 
phide gave a very wide Rayleigh-wing band with a FWHM 
of 6. 0 cm'1, while nitrobenzene exhibited a Rayleigh- 
wing scattering similar to that of SeOClj. 

V   I). X.USSION 

Brillciuir I nplfl ''pacing 

I        6 

The over-all range of the observed Brillouin-triplet 
spacings was bracketed between the values ol 0. 180 cm'1 

(for SnCl4) and 0. 40 em^ (for quinoline).   The largest 
splittings were ex' ;bited by the aromatic liquids, such 
as benzene, nitrobenzene, and quinoline, run as com- 
parison systems.   SnCl4 exhibited one of the smallest 
spacings reported so far for liquids, even smaller than 
that of diethyl ether.   The values for the laser solutions 
were well within the range defined by the values for 
SnCl, and quinoline.   The POCl,-based laser solutions 
showed a splitting that was a* most IVi wider tuan that 
of pure POCIj.   Since SnCl« was only a minor component 
in these solutions (less than f|), the predominant POCl, 
component is expected to determine the BriDouir.-triplet 
spacing.   Similarly, the laser solutions bassd on SeOCl2 

exhibited a spectrum analogous to that of SeOClj.   The 
spacing was found to increase monotonically with the Nd 
content of the laser solution.   The 0. 5-.V/ solution in Nd 
had a triplet spacing wider by approximately 20't than 
that shown by SeOCl| alone. 

Some of the parameter values for laser solutions listed 
in Table II are contrasted with values obtained from 
stimulated Brillouin scattering (SBS) experiments, using 
the 6943-A radiation from a ruby laser.    The predicted 
values of both the triplet spacing and the hypersound 
velocity at 6943 A are contrasted for consistency with 
values derived from the actual observation of backward 
SBS (Table II, columns 5 and 8).    Excellent agreement 
is found for SnCl, and SeOClj    A less precise agree- 
ment is found for solution I and POCl,: SnCI4. while ». 
definite discrepancy exists for POCIj and solution B. 
The values of Table II. column 4 have been derived from 
formula (8) on the assumption that the product m of the 
index of refraction and the hypersound velocity re- 
mained unchanged.   Typical varia'ions of the refractive 
index of the liquids under consideiation are of the order 
of 0. 6'; in going from 6328 to 10600 A.    A much smaller 
variation should then occur from 6328 to 6943 A.   The 
hypersound frequencies responsible for 90   scattering 
at 6328 A and for backward scattering at 6943 A from 
POCl, range Irom 3 to 4 GHz.    A comparison ol the 
values of Table II for POCl, (columns 7 and 8) would 
imply a dispersion of 15 < in the value of the hypersound 
velocity in going from^ 3 to 2 4 GHz.   Such a value for 
the dispersion is definitely too high and appears very 
unlikely, in view of the lack of such a dispersion for the 
case of SnCl4 and SeOCl2. 

Again a comparison of the value of the Brillouin-triplet 
spacing for the spontaneous scattering case and the case 
of SBS suggests that the divergence in column 5 between 
the triplet spacings of POCl, and POCl,: SnCl, is far too 
large and in contrast to the corresponding lack of varia- 
tion from SeOCl., to SeOCl2: SnCl4 The increase in 
triplet spacing (column 5) from SeOCl, to solution K is 
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TABLE II.    Brillouin-trtplet spsciims;  refractive index of solution« and derived values of hyperscund velocity 

Solution 

Brlllouln- 
triplel 
spacmu* 
(cm-'l 

Other 
measure- 

ments 
(cm-'» 

Spacing in SBS (cm-'l* 

predicted'        observ«]" 
Refractive 

index 

Hvpersound velocity (m/sec) 

this                   other 
work*        measurements 

SnCl, 0. |M 0.232 0.232 i. m' 800 m**' 
POCI, 

P(KI,   Snil, 
(25   1» 

0.215 ,0.005 
0.215 ,0.005 

0. 277 
0.277 

0.234 
0.294 

1.457' 990 ■17 «tl 

A 

1 
('. 
( 

no splitting 
observed* 
0. 235 , 0. 010 
0.220,0.010 
no splittint! 
observed' 

0.302 
0.2H3 

0.36 i^^g' 
1.4873 

1060 UM'*' 

K 0.225 ,0.005 0.290 

li 

e 
0. 225 , 0. 005 
0.230,0.005 

0.302 

SeOCI. 0.275,0.005 0. 354 o^se" 1.648' 1120 1130 

Seocl,   Snri, 
(.'■.   1) 

H 
1 
.1 
K 

0.J90 ,0.005 
0.3i:. ,0.010 
0.295 ,0,005 
0.2K5 ,0.005 

0.373 
0. 405 
0.3*0 
o. 3(;7 

•.SM1 

i 

0.3 H0d 
1.671' 1180 

1188 

list 

lien/ene 
acetoni' 
(ilerh\ lelher 
pthanol 

carhon 
disulphide 
nilrohenzene 
quinoline 

0. 325 , 0. 005 
(1.23« 
0.191 

- O.2K0' 

0. 29h 
0.345 
0.40 

n 
II 

0 
0 

ii 

330 » 

2^4 
192° 
230» 

299' 

1.5011' 
1.35K8' 
1.3497' 
1.3624 ' 

I.f.295' 
i  5529' 
1. 6245 ' 

1450 
1175 
950 

123M 
1490 
1650 

1500" 
113«' 

1112.3' 

1253° 
1535' 
1572 « 

'Inder'i32x-A excitation;  90   scaltering. 
'l nder 6943-A excitation, barlonard scatterinK. 
fAssuminK no variation in ih» product nr from 632'« to 6943 A 
(see 'tiscussionl. 
Heferem e 1. 

'Values drri\ed usinK formula («I and observed Ilrlliotiin- 
iriplei spacing at 6328 A 

'inierpolaied value al (i.'i2- A. 
'Same as footnote (el.  for liackwani scatiering at 6943 K. 
IlM-ause of intense Kaviiigh scatlfring. 
F.   Kochei ipruale communirationl. 

compatible with the behavior observed in spontaneous 
scattering both with the POClj-based and with the 
SeOClj-bastd and with the SeOCl2-based User solutions. 

As already mentioned, the addition of 0 3 mole liter Nd 
to POCI,: SnCl, and SeOCI2: SnCl, produced an increase 
of 10, in the Brillouin-tnplet spacing.    At fixed geom- 
etry of observation and with the same exciting source, 
the increase must be due to an increase in the value of 
the product m .   The increment in the value of .; on com- 
plex formation is 1 4 , (see Table II).   So the bulk of the 
variation must arise from a change in the hypersound 
velocity.   The following relation connects the hyper- 
sound velocity with the density and the coefficient of 
adiabatic compressibility7: 

'No Brillouin components observed in stimulated backward 
scattering measurements. 

'Reference 17. 
'index of refraction at 5893 A (sodium lines). 
■Reference IK. 

'Reference 16. 
"Reference 15. 

32. 5 T. 
lectrographic determination under »'•••o-A excitation. 

'Reference 19. 
"Reference 20. 

r"» 1 P*-;s   ■ (13 

Since the density of laser solutions containing neody- 
mium increases with respect to that of the POClj; SnCl, 
and SeOCl2: SnCl, solutions, the coefficient of adiabatic 
compressibility 

$, 

must be decreasing with the increase in the Nd solva- 
tion. 

The results on the remaining liquids were mainly used 
as a check on the performance of the Fabry-Perot 
spectrometer.    The agreement with the values reported 

. 
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TABLE HI.   Scattering intengltle« and depolarization factors.   (See text for symbol«.) 

1705 

Pc'Pw 

H 
I 

J 

K 

POC1, 

A* 
R 

I) 

F 

V 

c 

SnCI, 
POCIj   SnCI, 

(25: 1) 

6.3 

23.3 
45 
40 
1« 

1.35 

SB 
■.>:. 

«I 

200 

~1 
- 1 

PJPU     P,'lJ'm fi't/fm , «, 
Vkm    VT"   Ptn/Put    (xio2)        (xio2) (xio2)        W*m     rJta 

3.2 

M 
a.2 
16 
8.7 

0.76 

2.5 

5.3 
5,3 

8 
3.3 

0.73 

~ 1 

0.68 
0.7 
0.7Ü 
0.56 

0.73 

not avail 
86 

not avail.      not avail 

not avail,   not avail, not avail. 
not avail.         35 0.85 

234 not avail. 
24                11 0.6 
10                16 1.75 

28 

not avail. 

0.5 

10.6 0.75 

-1.0 

4.2 
5.4 
3.0 
2.5 

~0 

5.5 
2.0 
2.8 

4 
-0 

4.7 

2.8 

ü 

5.7 

4.8 
12.2 
3.0 
3.8 

~0 

not avail. 
0.62 
2.8 
3.1 
-0 

1.68 

3.4 

19 

18 
not avail. 

13 
9 

11 

9 
3 

.'0 

14 

2.2 

7.0 
4.4 
8.4 
3.3 

0.78 

14.5 
123 
8.5 
13 

12.5 

17 

2.0 

4.5 
3.6 
4.7 
2.3 

0.66 

not avail,     not avail,     not avail. 
7.15 

56 
5.6 
8.7 

10 

•ohsi /ved minimum FWHM of RayleiKh line was 300 MHz (0.01 cirT'). 

!. 

i; 

in the literature is quite satisfactory (see Tabie II).   In 
the case of quinoline, a strong Rayleigh wing is present 
even in the polarized scattering.   Since the Brillouin 
peaks are superimposed onto the Rayleigh wing, the ac- 
curacy in determining the Bnllouin-triplet spacing is 
accordingly reduced in quinoline. 

On the whole the Brillouin scattering from 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 hyptrsound velocity are within the 
range of the values obtained for simple liquids. 

Intemity of Scattered Light 

The data listed in Table III are related to the intensity of 
the scattered light, both with regard to the spectrally 
integrated intensity and to the relative intensity of the 

TABLE rv.    Observed RavleiKh-win« scatterinR. 

Observed other Relnxj' ion Other 
Solution           FWHM (cm"1) meas. lime (lO"" sec) meas. 

SeOCL                 0.204 5.2 

H                      9.1M 8.3 
J                       0.112 9.5 
K                        0.180 5.9 

CS,                         6.0 6.0* 0.18 
CeHsNO,                0.225 4.7 
quinoline            0.33 3.2 4.0» 

'Reference 20. "Reference 21. 

p-s 

scattered light in the Brillouin and Rayleigh components. 
The results on SeOCl2 and related solutions will be con- 
sidered fL-st.   The data of Table III, column 1 indicate 
that the relative peak height of the Rayleigh line to that 
of one of the Brillouin 'omponents, that is, the ratio 
JBC//>IIB= 6. 3 is quite large for SeOCl2    This is to be 
compared with lower values of this ratio in commor 
liquids |Fig.  4(d),  Table III].    The ratio is further in- 
creased in laser solutions. 

Here again an effect related to tne Nd concentration 
reappears, in the sense that the progressive decrease 
in Nd content from solution I to solution K is reflected 
in a monotonic decrease of the ratio P,. PUB.   Similarly 
the intensity ratio of the Rayleigh peaks for the sys- 
tems studied (relative to the benzene Rayleigh-peak), 
which has a value of 2.5 for SeOClj alone, is only 3.3 
for solution K, which is low in Nd content.   The rela- 
tive peak height of the Brillouin lines of the solutions 
investigated, normalized to the corresponding peak 
height for benzene, decreased from unity for SeOCl2 

to a minimum of 0. 56 in solution K. 

Column 8 lists the depolarization factor p'v.   TTiis fac- 
tor for SeOClj was approximately 20 t and was not much 
differer.   in the laser solutions, except for solution K. 
where tl e depolarization appeared reduced by half.   In 
the lattei solution (low Nd content) the intensity of the 
polarized L-attering, normalized to the corresponding 
depolarized Sv ottering in benzene, was also appreciably 
reduced, to a vnlue quite close to that for SeOClj \l'„ 
/i, (benzene) = 2.3 and 2.0, respectively!. 

All of the POClj-based laser solutions had the same Nd 
content,   "nie only variable parameters were the fil- 
tering procedure and the presence of Nd (TFA)j.   The 

J  Appl  Ptiys . Vol 43. No  4. April I"»-': 



w Mü 

1706 R.   PAPPALARDO AND A.   LEMPICKI 

'"ABLK V.   Derived values of scattering coefficients S90(cm"') and extinction coefficient h (from I ^ I^'''x) for laser solutions. 
 The value of R90   15x 10'' cm"1 for benzene at 5461 A was used in conjunction with formula (3). 

fiM(632« A) 
Solution (x 10' cm'1) 

Seori. 16.8 

H 37. H 
I 30.2 

■i 39.5 
K 19.3 

pon., 5.55 

B 10 
c 170 

n 17 
F 7:t 

1 59 

a M 

benzene h.4 

Ä9(,(1.06)i) 
(xlO'cm'1) 

h (at 632H A) 
(xlO* cm"1) 

It (at 1.06 m 
(x lü* cm'1) 

2.13 

4.8 
3.H4 
5.0 
2.45 

0.70 

7.6 
59.5 
5.95 
9.25 

T.a 

10.65 

1.07 

2.H2 

6.32 
5.02 
6.6 
3.26 

0.93 

111 
79 
7.9 

12.2 

1.9 

14.1 

1.41 

0. 3S6 

0. K05 
O.MS 
0. H3H 
0.41 

0. 117 

1.27 
9. 95 
0.99 
1. 53 

1.25 

1.703 

0. is 

relative intensities of the Rayleigh and Briilouin lines 
will be consMoreci first.   For solution A and C the Ray- 
leigh line was so intense that the Briilouin peaks could 
not even be detected.   Filtration of the POClj laser 
solutions with the medium-porosity filter (solution C) 

I—SnlO-'0* 

f 

5 
O 

I 
a 

W«^ 

0.4 0 2 0 0 2 
WAVENUMBERS (cm'1) 

FIG. 3. Detail of the spectral distribution of scattered 
liRht at 90" from SeOCl2 (a) polarized scattering (/^); 
(hi depolarized scattering. 

J  Appl  Phys . Vol 43, No   4, April 107: 

was inadequate, as shown by the very high values of 
/„//""•'•in Table DL A marked improvement followed 
upon filtration on a fine frit, but no further gain in this 
respect derived fro;:, the use of ultrafine filters (- 1 (im 
porosity) (Tables I and III). 

In general, the central Rayleigh component in POClj- 
based laser solution was at least one order of magnitude 

FIG. 4.   "AginK" of POCK solutions:   (ai POC1, filtered li- 
quid from distilled material; polarized scnttcrinc.   Note the 
very strong central component,   (b! Same; scunietrv unal- 
tered, but next day.    Roth the Briilouin tad Rayleigh lines, 
but especially the Rayleigh line,  are decreased in intensity. 
(c)   Same, but after the cell was removed from the s.stem 
and later returned to it; the Rayleigh components still de- 
creased,    (d)   By comparison.  Briilouin triplet from ben- 
zene, run under the same conditions (/„). 
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:. 

BENZENE 
24 . IO''0A 

PEAK 
/SxlO^A 

0 6«IÖ,0A 

008>IÖ 

0>»5«IO",0A 

OZxIO'^A 

FIG. ').   Comparison of scattering specira of SeOCl, and 
POC1, laser solutions:   (a) Polarized scatterinR (/„)" from 
benzene; the RavleiKh peak is relative^  stronger than us- 

ual,   fh)   Polarized scattering (/„) fron a selenium laser 
solution (K), under the same conditions as (a),   (c) Same 
as (b). but depolarized scatterin« (/„).   (d)  Bv comparison 
the depolarized scattering from a POCIj-based las^r solu- 
tion (POCI3-ZrCI4; 0».   In the latter case there is no in- 
dication of Rayleigh-wing scattering. 

WAVE NUMBERS (cm"') 

KIG. 6.   (a) Polarized scattering C/J from SeOCI, laser 
solution H; slits 100 ßm; scale 0-1 x lO"" A.    (b)   Same as 
(a) but depolarized scattering (/,,); current scale 0-1.0 
x 10_" A.   (c)   For comparison,  scattering from a diffuser 
(/,); slits 100 ^m. Scale 0-3. 0 x lO"9 A.    The wing of the 
scattering lines from the laser solutions appears some- 
what broader than the wings of the scattering line from the 
diffuser.    The effect, though,  is not very conspicuous. 

based on SeOClj.   The depolarization factor was in the 
same range as that of the SeOClj-based solutions. As 
for the relative intensity of the polarized scattering 
with respect to benzene, the best POClj laser solution 
was about 6 times more scattering than benzene. 

Derivition of the Scattering Coefficient 

Table V lists the value of the scattering coefficients of 
the solutions investigated    These values were arrived 

more intense than in SeOCl2, even in the ultrafine-fil- 
tered solutions.   This was true in spite of the fact that 
the SeOClj solutions were unfiltered.   It would then 
appear that besides the solvated Nd complex, larger 
aggregates are formed in POClj solutions.   This hypo- 
thesis seems confirmed by the following observations 
on POClj:   The scattering of POCI3 appeared very sensi- 
tive to the preparative history of the samples investi- 
gated.  Some of the samples of distilled and filtered 
material showed a very intense centra component in 
the scattering spectrum, while in t:,e best sample the 
ratio Pc PUB was less than 2.   The sc ntering of the 
sample of Fig. 4 decreased with time.    The decrease in 
the intensity of the Rayleigh component was not due to 
a trivial mechanical settling of the solution, since the 
sample was removed from the system, handled, and 
returned to the system, still maintaining its reduced 
scattering properties. 

As evidence of a similar effect, the POClj-ZrCl4 laser 
solution G, although  ine filtered, exhibited a tremen- 
dous Rayleigh component, with a Pc PllB ratio of 200. 
In summary, the POClj solutions had a considerably 
stronger scattering than the corresponding systems 

WAVENUMBERS (cm"'| 

FIG. 7.    RayleiRh-wing scattering in CS,.    (at Kcference 
scattering from a diffusing screen,   polarized scatterini; 
/„;    slit in« pm: current scale (i-;!.()« lir1' .\_    (]-,) Polar- 
ized scattering from CS,; current scale 0-3,11. in"' A. 
(c) Same as (b) but depolarized scattering   scale 0-1  0 

10"  A.    Slits 100 Mm. 
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at by using values reported in the literature for the 
scattering coefficient of benzene.   We assumed the 
value of 15 < KT8 cnT1 for fl,0 from benzene under 
5461 -A excitation.7   The correspouJing scattering co- 
efficients at 6328 and 10 600 A were derived from the 
inverse fourth-power relation (1) involving \.   The 
values thus obtained are Usted in Table V, columns 3 
and 4.   Finally the scattering coefficients were changed 
into the corresponding extinction coefficients.    The re- 
sulting values are listed in the last two columns of 
Table V. 

It would appear that at 1.06 M the scattering losses 
even for the solutions based on POClj would be of the 
order of 0.02t cm'1.   Somewhat higher values of the 
scattering losses at 1.06 n for aprotic laser solutions 
containing Nd have been reported by Brecher and co- 
workers. m 

KaNlngh-Wing Scaltrring 

The scattering spectra of the POClj- based laser solu- 
tions showed no evidence of Rayleigh-wing scattering 
[Fig.  5(d) i.  The SeOCl, laser solutions on the contrary 
exhibited a wing extending a 0.25 cm-1 on each side of 
the exciting line.   The measurements on the grating 
spectrometer confirmed that the Rayleigh wing does 
not have an over-all spread appreciably wider than 
0. 5 cm"! in the SeOClt laser solutions (Fig. 6). 
This situation is contrasted in Fig. 7 with the pro- 
nounced Rayleigh-wing scattering in CSt. 

From the observed FWHM of the Rayleigh wing the 
value of the relaxation time for the anisotropy or, what 
is equivalent, the orientation r taxation time of the 
molecules in the liquid can be determined.   The values 
thus derived are indicated in Table IV.   Both for 
SeOCl2-based solutions and nitrobenzene the relaxation 
time is of the order of - 50 psec, more than an order of 
magnitude longer than the very fast molecular relaxa- 
tion time for CSt. 

VI    CONCLUSIONS 

(I) The Brillouin-triplet spacing of the laser solutions 
increased monotonically with the Nd concentration, in 
the concentration range investigated. 

(II) The Brillouin spt ctra of the laser solutions and 
their liquid components did not exhibit unusual proper- 
ties, either with respect to the spacing of the triplet 
or to the intensity of the Briliouin components. 

(iii)  It would appear that the coefficient of adiabatic 
compressibility decreases on complex formation in the 
laser solutions. 

(iv) SeOCl,-based laser solutions exhibit polar- 
ized scattering intensity 2. 5-4. 7 times stronger 
than the corresponding scattering from benzene. On 
the other hand, POCl,-based laser solutions are 
stronger scatterers by a factor of 2 or 3 than the 
corresponding systems based on SeOCl^.   The dominant 

contribution to the scattered intensity in both systems 
arises from Rayleigh scatt ring.   The intensity of the 
Brillouin scattering is only a .n.nor component of the 
over-all scattered intensity. 

(v)  The losses due to molecular scattering in the POC! 
laser solutions investigatrd are calculated to be of the ' 
order of 0.02% cm"1 at 1.06 M.   This compares with 
dynamic loss measurements of 0. 3-0.4? cm"1 obtained 
from lastr experiments performed on a flowing sys- 

This indicates that molecular scattering tem. 

contributes only a small fraction of the loss erTcountered 
in lasers based on these solutions. 

AtKNOWLfclM.MhNTS 

The authors wish to thank Dr. C. Brecher and Dr. H. 
Samelson for many interesting discussions,  K. French 
for making available the laser solutions,  and T. Dünn 
for technical assistance. 

K. R. Alfano.  A.  Lempickl.  and S.  Shapiro,  IKKK J. Quan- 
tum Klectron. QE-T,  4Hi (1971). 

3H.  Samelson.  A.  I.empicki.  and V.  A.   Rrophv   .J   Appl 
Phvs. 39.  4029 (1968). 
H.  Samelson. A.  Lempicki.  and V. A.  Brjphv (private com- 
munication). 
M.  BloemberKen and P.   I.allemand.  Phvs.  Kev    1 etters 16 
HI  (1906). 
F. Shimizu, Phvs.  Rev.   Utters 19,   1097 (1967). 

'A.   Einstein.  Ann.  Physik 33,  127.-) (1910). 
I.  L,  Fabelinskii,  Molrcular Scafterin/; of I.ighl (P\enum. 
New York,   196K). 

"S.  Bhagavantam, Scattering of Light and the Raman Effect 
(Chemical Publishing To.   Inc.,   New York,   1942). 

'M.   I.eontovich.  J. Phvs.   USSR 4,  499(1941). 

IEEE 

Stoicheff,  J. Opt.  Soc.  Am. 54,   12S6 

M 

"V.  P. Chebotavev.  I.   M.  ileterov,  and V,  N.   I.isitsvn. 
J. Quantum Electron. QE-4,  7HH (196H). 
P.  H.  Eee, I .  B.  Schoefer.  and \V.  B.  Barker. Appl. Phys 
Letters 13.  373 (1968). 

,3A.   Heller, J.   Mol.  Spectn. 28,   101 (1968). 
MC.  Brecher and K. W.  French,  J.  Phvs. Chem. 73   1785 

(1969). 
"R.  Y.  Chiao and B. P. 

(1964). 
"D.  M. Rank.  E.  M.  Kiess,  Uwe Fink,  and T. A.  WigginKS, 

J.  Opt.  Soc.  Am. 55,  926 (1965). 
H.  Z. Cummings and R. \V. Gammon,  Appl. Phvs.   letters 
6.  171 (1965). 

'^Quoted by I.   1..  Fabelinskii (Ref. 
mings and Gammon's data. 
V.  S. Starunov,   E.  V.  Tiganov,  and I.   L.  Fabelinskii,  Zh. 
Eksperim. i Teor.  Fiz.  Pis'ma v Redaktsiyu 4, 262 (1966); 
M.  S.  Tunin, dissertation (Moscow MOPI.   1961) (un- 
published), 
S.   I..  Shapiro and H. P.  Broida.  Phvs.  Rev.  154.  129 (1967). 

•G.  I. A.  Stegemann and B. P.  Stoicheff.  Phvs.  Rev    Letters 
21.  202 (1968). 
C.   Brecher,  K.  French.  \V. Watson,  and D.  Miller. J. Appl. 
Phys. 41.  4.')7S (1970). 
H.  Samelson and R.  Kocher (private communication). 

"),  as derived from Cum- 

II 

M 

n 

is 

.. 

J Appl Phys.. Vol 43. No   *, Apnl I'»7; 

D-" 

■Ml _—   



■   "      ■■111     1 m 

APPENDIX E 

NON-LINEAR EFFECTS IN INORGANIC LIQUID LASERS 

I 
I 

E-l 

- HMMMUMMMi 



(«kzai mm 

, 

- 

I 

Krjll lllltll   In   |irlllllsMiill  flaw 
lUf   |OIR\U    ()1   (X   WIIM  FIK  IKONKN 

Vol  QE-7. Na. S.  XURUM 1071 
I ■-t■^rl((^^1  t   1071, hv tin   IntiiMiii  .,i Lie. tti. .il HIVI Elrctruak« ^t^KtIlfet*, In 

I'KIM HI   l\    I UK   I' > A 

Nonlinear Effects in Inorganic Liquid Lasers 
R. R. ALFANO, ALEXANDER LEMPICKI, AND STANLEY L SHM'IUO 

Abttract—lnotgtnic liquidi, (> otphoroui, and Mlecium oxy- 
chlon *», used •■ solvent« for Nd, exhibit a number of nonlinear 
propertiet, which may reflect in the performance of liquid laiert. 
Spontaneous and stimulated Raman srattering have been studied. 
Measured cross sections tnd fains indicate that up to power 
levels of a few hundred metawatti per square centimeter the 
effect on laser and amplifier properties are neghgibK No self- 
focusin( has been observed. Under mode-locked conditions sub- 
stantial conversion to Raman frequencies have been obtained. 
No connection has been found between stimulated Brillouin 
scatterinc and the phenomenon of self-Q-switching. 

I.   ISTHOIHTTION 

RECENTLY inoruanic liquid lasers operating at 
high output energies and powers have been con- 
structed [1). Solutions of Nd in selenium oxy- 

chloride (SeOCU) or phosphorous oxychloride (POCU^ 
have been operated in Q-switched, self-Q-switched, and 
mode-locked rcgirnes [2]-[71. Under these conditions 
the power available inside a liquid laser cavity can be 
as high as in conventional glass or ruby lasers. Since the 
active medium is a liquid, however, many of the non- 
linear effects associated with the third-order susceptibil- 
ity can be expected to occur and to affect the laser out- 
put. 

The nonlinear cfTccts associated with liquids are us- 
ually investigated by using high peak power solid-state 
lasers. Thus the first observation of stimulated Raman 
scattering was made by placing the nitrobenzene Kerr 
cell inside the la-^r cavity to Q switch the ruby (8). 
Also, saturable absorber liquids are used in Q-switcbed 
and modelocked lasers [9], and anisotropic molecular 
liquids can be used lo couple modes of solid-state lasers 
through the optical Kerr effect [10], fll). Our case dif- 
fers in that the entire active medium is a liquid and the 
effects may become "self-generated." 

The specific problems that are of interest concern lim- 
itations imposed by nonlinearities on the output of liquid 
lasers. Thus, for instance, generation of stimulated Ra- 

Mannsrript rrrcivrfl Frlini.Tr>' 25. 1971. 
Tlic nuthors arr» nilh Ike Baysitfe Research Center, GTE Lab- 

ornlori's. Biivsiile, N. Y. 

man or Brillouin scattering can lead to a power limita- 
tion while self-focusing may cause the deterioration of 
the beam quality and thus limit the usefulness of the 
liquid laser. Another effect which is particularly easy to 
observe in liquid lasers is that of self-Q-switehmg. So far 
no adequate explanation of its mechanism has been given, 
but the suggestion [4] that it may be due to stimulated 
Hrillouin scattering is not l»ome out by the present in- 
vestigation. 

In general, the type of effect,« dc-eribed here have ob- 
vious pertinence to all liquid laser media, including dyes. 
This paper, however, is limited to the investigation of 
Raman scattering, Brillouin scattering, and self-focusing 
in inorganic liquid lasers only. 

II. MATERIALS 

Inorganic laser solutions are multicomponent systems. 
They consist of a salt of Nd (chloride or fluoroacetate) 
dissolved in either selenium oxychloride (SeOClj) or 
phosphorous oxychloride (POCL) acidified with a Lewis 
acid such as tin tetrachloride (SnCl«) or zirconium oxy- 
chloride (ZrCU) [3]. In addition, depending upon the 
Nd salt and solvent used, some reaction products can be 
present in solution. In the most commonly used solution, 
Nd*,:POCl.1:ZrCl4, Nd is introduced as a fluoroacetate 
(NdCCF^COO).!). The composition of the solution is 
(in moles per liter): Nd-0.3: ZrCl«-0.45; POCl:,-9; re- 
action product (dimer) PjOaCl«-*!.?, The mos* «'.»undant 
component is the oxychloride solvent, ana one would ex- 
pect that the main contribution to nonlinear effects 
should therefore be determined from the properties of 
SeOCl, or POC1:, It should be noted that both of these 
molecules are highly anisotropic having symmetries of 
r, and CV, respectively. and highly pjlarizable [12]. 
One can exp ct therefore that nonlinearuies associated 
with molecular orientation in strong optical fields may 
play a role. 

III.  SPONTANEOIS RAM'N SrATTERING 

The study of spontaneous Rai lan scatterinfr has ob- 
vious pertinence to our problem since a measurement of 
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Fig   I.   Gromelr>' of the epontam mj Raman scattorinR ex|>rri- 
inent. 

the scattprinp; cross sortion can lead to a theoretical 
estimate of the stimulated gain. A comparison of calcu- 
lated and measured gain can in turn shed light on the 
occurrence of self-focusing. Since data on oxychlorides 
in the li'erature [13). [14] are rather qualitative, a quan- 
titative experiment had to he performed. 

Spontaneous scattering spectra were ohtaincd by using 
the geometry shown in Fig. 1. Excitation was provided 
by the 4880-Ä line of argon-ion laser with 50 m\V power 
output and a vertically polarized beam Radiation scat- 
tered at 90° was focused into the slit of a i-m Jarrell- 
Ash spectrometer, and detected by an RCA 1P21 photo- 
multiplier, Keithley ammeter, and strip chart .•econler. 
Vertically or horizontally polarized components of the 
scattered light could be selected by an analyzer. The 
spectrometer resolution was 0.5 A or 1.5 cm"1, sufficient 
to measure the much broader Raman lines of POCi., and 
SeOClo. To provide comparison between the scattering 
of different liquids, solutions could be placed in identical 
cells. 

Spontaneous Raman spectra of pure POCl, and pure 
BeOCIi arc shown in Fig. 2. The moi-t intense lines are 
the metal halogen vibrations at 488 cm'1 (POC1,) and 
386 cm"1 fScOCIt). The 488 cm1 POCl., line is shown 
under high resolution in Fig. 3fa). The FWHM was 
measured to be 5.2 ± 0 8 cm '. A large fraction of this 
width i« presumably due to the presence of different 
chlorine isotopes. The line is almost completely polarized 
vertically with an extinction ratio >30. 

Tpon addition of the Nd ion and Lewis acid, several 
rlianges omir in the spectra of the pure solvents. The 
488 cm*' line of POCI» is reduced in intennity by about 
10 percent and a new line appe;ir> xmie 9 cm'1 to the 
red of the 488 cm"1 line Thi- new line, shown in Fig. 
31hi, appears to be caused by the :iddition of the Lewis 
acid since it is also present in solution«: containing no 
Nil ion. The intensity of the 1297 cm-' line i< substati- 
tially reduced upon the addition of Xd prr-umablv be- 
cause it coincides with an ab-orption due to the ion WIKII 

the exciting wavelength i< 4880 A. 
The most intense feature of the Sc()ri_, Raman «jwrfra 

i= the 386 enr1 Se-CI vibration. It- linc^huiw in the pure 
-olution and in lauer M>lution< with differrnt Xd * con- 

1 
(a) 

'58       Z4C  272     J46    sat 
► (e»i"'l 

(b) 

t v 2.    (a) Raman spn Imm of purr POCU. lb) Raman spectrum 
of pun ScOCU. 

Dtaa'l 

(b) 

Ik ?,. fil Iss .„i i vil.rtii..n.il Im. MI POri, iin.l.T l.iL-li r.-n- 
liiiHvn. 'lii Ks riu i 'mi ,i i f.iMi-r S' in »i....| »Imwina r\tw 
\i irrl in 11- r v.lii'r.n 
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rent rat ion;- is rhown umlcr hiph resolution in Fig. 4. In 
a pure Se(X'l2 sol\ition the 386 cm ' line has a complex 
structure 2=18 cm'1 wide an«l is polarized vertically. In 
the laser solution of Nd" SeOClj, as in POC1,, a new 
line appears shifted to the red of the 386 cm"' line by 
5= ä cm'1. When Nd*' is removed from the laser solu'ion, 
the extra line is still present indicating that the ionic 
complex is not responsible for this new line. At the high- 
est molar concentrations studied MO* molar), the red 
shifted line is nearly as intense as the main Raman line. 

For the calculation of gain in stimulated Raman scat- 
tering, it is noccssary to know the magnitude of the fnr- 
unr<1 spontaneous scattering cross section per molecule, 
per unit solid angle (Jrr/dnU-. #. w. This quantity is 
rather difficult to measure absolutely but in some special 
case-- can be deduced from comparative measurement« 
performed at 90°. Puch a special case arises if we com- 
pare the 488 cm'1 and 386 cm"' lines of POCU and 
«VOn... with the 656 cm"1 Raman line of CSo. All of these 
lines are completely polariied and therefore correspond 
to totally symmetric vibrations [15]. The scattering 
cross section for vertical polarization is therefore inde- 
pendent of the angle 9 [16], [17]. For this special case 
one can therefore obtain values of the forward scattering 
cross sections of the oxychlorides, relative to that of CSj, 
by using only 90° measurements 

To obtain the cross-section ratios, spectra of the 656 
cm'1 line of CS-.. were taken in the same apparatus. The 
measurable quantities such as frequencies, linewidths, 
and relative peak intensities are then related to the cross 
section in the fo'lowing manner. We define [18] a dif- 
ferential cross sei .«on per unit waveleng+h interval, per 
unit solid angle and volume rfs <r(k)/d\ dildV. If we as- 
sume that the dependence of the cross section is Lorentz- 
ian in wave-i umber space f» = 1/A) we have: 

dv 
W      \da\      Z^L ± to 

9» 
1 

(,- 4- (f)' 
(1) 

We can integrate the differential cross section over the 
linewidth \v and volume and obtain 

da 

dU 'II dofr) d\ dV 
dXdSldV -II di'dild\ 

dvdV 

' L * ]..,. 2   ■ (-') 

Using  the  parameter  Km„x  defined  by  McClung  and 
Weiner [18], we obtain 

„        r<MMl i fdyfrOl m 
The cross section per molecule is obtained from (2) 

and (3) 

(^)v 
= /v'-''?^(cm,8r) (4) 

where .V is the nmiilicr density of the substance. 
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(a) 

(b) 

I—^T"1 

(c) 

ÜP^*^   % 

Mt 
»   lim   I 

Fin. 4. <«) Raman »pectnim of SeOCU line at 386 cm-1, (b) 
386 cm"1 line in 03 molar Nd*' laser solution ahowinx ride 
band, (c) 386 rnr' line in 0.6 molar Nd*' laser whition. 

Since the quantity A",,,, is proportional to the peak in- 
tensity of the Raman line /p.,», we can obtain the ratio 
of the cross sections of two liquids (/ and 2) from a 
measurement of their peak intensities and linewidth: 

(da\ (to l\ 
Wv. m /,..>. W NA 
(4a\       ' I~.*.* (to l_\ 
\dü)y.t W AT/, 

c« 

The following results were obtained for the relative in- 
tensities: 

I„ACS,) 

/„.qSeOCl,) 
/p..k(CS2) 

0.05 ± 0.01 

0.06. 

(6) 

From the linewidth of CS; measured by Clements and 
Stoieheff [19], its cross section taken as 3.8 X 10" 
cm2 [20], and our measurements of intensity ratios (6) 
and linewidth. we can obtain the cross sections for the 
oxychlorides at 4880 A. These, together with other per- 
tinent data, are given in Table I. To obtain cross sections 
for other exciting wavelengths, we can use the relation- 
ship [21] 

wo/.. " W W.. w 

where M, H are the wave number frequencies of the ex- 
citing radiation and »n, \K are the corresponding fre- 
quencies of the Stokes lines. 

IV.  SXIMI LATED RAMAN AND 
BRILLOI IX SCATTERINO 

Stiimilated scattering in liquid laser media was ob- 
tained in two different ways   For the measurement of 
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TABLE I 
STIMII.ATEK IUMAN IcAfTCaiM DATA ftn OtmHOIMrHH 

«M 

Unman »hift i., 
Linrwidih Ar« 
Korward mucring CMM Mdkm ^la '/'..'; 

4H.sn A 
604(1 A' 

10C()0 A 
Gsin ropflirient (oalcnlateil I '' 

MM A 
int*;" A 

Gain roptiicifnt (nnmnd): 
6040 A 

• CtleulMcd from '"i. 
' Calculated from (11 and (7). 

4vs rin  ' 
.') 2 crn ' 

^ 08 K Id " ein« 
(I Mi v  |0 Jt ,.m. 

«t 16 >   id »mi' 

J  II   •   Id '  nu  \1\\ 
l.f     <  Id"1  rm  \I\V 

2 6    X 1(1«  rm  MW 

:;s(i nn ' 
Is mi  ' 

!t 6 . Id '»nn' 
8.7 X in »cm» 
it.41» ^   Id" nn» 

3 6.1   < 10 «  nn  MW 
I «     •   Id"'  nn  MW 

- 
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sprrtral sliifts and rncrpy coiive^ion, an rxtornal la-or 
sniirer (ruhy or Nil classl was ittrH aiv! it< oiitimt pawrd 
through a rcll rontaininR tho liqniil (Si-rtions t ami B). 
In a srcond s,.t of cxpi'riinrnt« the ouput of a iiquitl la*pr 
it.-nlf was shown to rontain stimulali'il Raman mÜSfion 
internally pciirratod (Portion C). 

.1. Thrryhnld and Encrtjj/ Converaiiin 

A ringk transverse and lonpitiidinal niliy lasrr 
iKnradt was used for inn-t mr.i-iiriimnts of onrrcy con- 
vrrsion into stinmlatod Raman »attrrinß (SRSl and 
stimulated Rrillonin srattcrinß (?BSi. Tho rxporimrntal 
arrantcmrnt i« shown in Fip. ö. The Korad laser con- 
sists of a sap; hire etalon output rcfledor, a l-mm aper- 
ture, a 4-in ruby rod, a Kodak Q-switch dye cell anti- 
reflection coated at the ruhy wavelenpth, and a 100 
percent reflectivity rear-output reflector. 

The ruhy laser output pulse duration was lö ns as 
measured bjr a TRG detector connected to a Tektronix 
519 scope (O.ö-fis risctime). Independent measurements 
of the laser output power with an EGO radiometer and 
a TRC caldrimeter yielded a value of 1 MW. An inverted 
telescope reduced the beam area size to 0.5 mm2 across 
the Raman cell, which was öO cm lone. The output power 
enterine the ceil was typically 07 MW, thus pivinc a 
power per unit area of a 140 MW 'cm:. The Raman cell 
was several meters from the laser and tilted to minimiu 
optical feedback. GhiM microscope --WiU^ were placed in 
the laser beam to van- the power. The beam polarization 
was perpendicular to the table. The laser output power 
was monitored before and after the hpman cell as was 
the forward and backward SR> and SB?. Gla>s wedge« 
with surfaces parallel to the laser polarization reflected 
the light u|)on MRO reflectors. The diffused scattered 
light from the MßO plates then fell upon RCA 922 photo- 
tubes fSl respoii^el whose outputs were displayed on a 
535 Tektronix o-eilloscope. Attenuators were placed in 
front of the tubes so that they operated in a linear re- 
spon-e repion. The phototube responses were calibrated 
by conventional techniques. Conver-ion efficiencies were 

«-. 

»«0*J3 ;3f 
»HC'ODOOt       * 

> >«,C   »tFLtCTj» 

flit* S^OLE   MOOt 
»vi»  L45t<» 

\ 

Kin 5    ExperimenUl   irranirrmint   for iavpatigatillR stiiiv.i!;i'<d 
K:un:in and Bnllouin scattirinR. 

measured by comparing the pulse heights on the scope. 
The forward Raman beam was observed by placing 
Corning 7-69 filters in front of tube 1. and the back 
Hrillouin beam was observed by placing a narrow-band 
filter in front of tube 2. 

Most of the stimulated Raman -catteriim experiments 
were carried out with POCI.-ba-cd laser solutimi-. In 
order to separate the nonlinear effects of the main com- 
ponent (POri,) from possible contributions of Xd"3, 
Lewis acii, and reaction products, experiment» were ear- 
rid out on pure I'OCI,. a mixture of POCI-, and !•,( I C"!,,1 

and in standard laser solution with the Xd'1 inti n plaeed 
by Eu*'. This replacement wa< nece«-ary beeaii-e Xd'' 
has a strong abscrption hand at the ruby frcqiioncy. The 
use of a different rare-eatlh ion was not Iwlicved to 
change any of the relevant properties of the material. 

The curve of SRS versus the ruby lasrr intensity fur 
pure POClj is plotted in Fig. fi. Only forward Raman 
scattering was observed from ROCl,. Raekward SR3 
from POCI, was measured to be <0 01 of the forward 

1 Tliis mixture was iirrr:irrtl by iliMiihins NM'l'r.COOl« in 
pure POCI, :md (■!•.nni: >iiil IIM .\.| riintiiitl.llll |>nii|iil.iti<, Tin» 
rrniainder is holjeveij In nintnin i liiixtnn of I'OCI, :in.| r.(\CI, 
in pni|.uriii iirniik' m »landard 11« r ~ilillliHi l'.,'.'l. 

Reproduced  from 
best  available  copy. 
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iiK  6    Stimiilni.Ml   Raman   and   Brillouin   »cattrrinn  in   POCU 
MTSU» rnhv laser intensity. 

srnttcrinB at tht power levels of the experiment. Thco- 
retirallv (23]. tue forward-to-backward ratio is one, 
uiKlcr Meady-s-tato conditions, but this value is computed 
in the absence of backward SBS, which, if present, can 
compete against the back SRS light. 

As seen from Fig. 6, substantial Raman conversion 
occurs over a IcnRth of 50 cm at powers of ~100 MW/ 
cm5. From the initial rising portion of the SRS curve, 
we can calcuhtc the gain of the stimulated process by 
U*in]| the ^■^|lrf■s^ion 

fit ■ h exp (glj) (S) 

wliore IK is the Raman intensity as it leaves the cell and 
I, is the intensity of the laser. We obtain l(P0Cta) = 
2 6 x 10' frm/MW). 

The Briilouin-scattering curve shows that a large 
amount of laser conversion to SBS takes place at ~20 
M\V/cm'. At powers where substantial Raman conver- 
sion begins, approximately 20 percent of the laser has 
been depleted into backward Brillouin scattering. At the 
highest laser powers in this experiment, as much ns 40 
percent of the laser beam is converted to SBS and 30 
percent to SRS light. 

The curves of the Raman and Brillouin intensities ver- 
sus laser power reach sa uration regions at high powers 
because of laser depletion into SRS and SBS The laser 
depletion was further vwifad by observing that the laser 
beam intensity transmitted through the cell decreased as 
the SBS and SRS built up. 

For solutions containing a mixture of POCl.., and 
Pi.O:,CI4 the only differencr in Raman scattering was an 
increase of threshold by approximately 20 percent. This 
corresponds roughly to the volume decrease of pure POCI., 
caused by the presence of the dimer. When pure POCI, 
was doped with its dimer plus europium, the threshold 
for Raman scattering increased still further. These re- 
sults show that at laser powers used in these experiments, 
pure POCl, is primarily responsible for SRS, and that 
rare-earth ions and additional liquid coraponente act 
like inactive participants. 

To ascertain if SRS is associated with self-focusing, 
photographs of SRS light were taken at the em of the 
cell. No filaments could be detected at the power levels 
used. 

UXt JOVnSALOf Qt ANTLM tLECTRONUS. MHKWI 1971 

In another series of experiments picosecond pulse ex- 
citation was used to produce stimulated scattering. Under 
these conditions Brillouin scattering usually does not 
occur and one can expect more efficient conversion into 
Raman scattering 124). The experimental set up was 
similar to that used for observations of self-phase modu- 
lation in liquids and solids [85]. It consisted of a mode- 
lacked Xd: glase laser whose output was converted to 
the second harmonic and the beam eollimated to a di- 
ameter of 1,2 mm. The energy per pulse was ~5 mJ, 
pulse duration ~4 ps. and peak power ~1 OW/cm2. The 
output from the cell was passed through a 10-cm focal 
length lens placed at the focal distance from a 2-cm-high 
slit of a  3-m Jarrell-Ash spectrograph, and recorded 
phr'ographicully on Polaroid 3000 speed film. Corning 
filters 5-60 and 5-€l were used to attenuate the funda- 
mental frequency and nass the anti-Stokes shifted light. 
For observation of Stokes shifted light a 3-67 Coming 
filter was used. The exposed film containing both spectral 
and angular [24], [25] information is shown in Fig. 7. 
As much as eight anti-Stokes and five Stokes stimulated 
lines eould be detected. In all probability the decreasing 
sensitivity of the Polaroid film limits the number of ob- 
servable Stokes lines. In addition to the Raman line a 
substantial amount of self-phase-modulated emission is 
seen to form a spectrally continuous and spatially diverg- 
ing background. 

No attempts were made to e-timate the energy con- 
version into Raman and self-phase-modulated radiation 
under this type of excitation. The results indicate, how- 
ever, that the use of liquid lasers for amplification of 
very-high-inknsity picosecond pulses may lead to a 
very complex output. 

R. Frequency Shifts Due to SBS 

The frequency shift due to SBS was measured in order 
to elucidate the possible connection of this phenomenon 
with the self-Q-switching properties of the aprotie 
laser [4]. The experimental arrangement used for these 
measurements was similar to that described by Brewer 
and Shapero [26] and is shown in Fig. 8. A TRG 104 
mby laser Q stvitehed by a rotating prism and crypto- 
cyanine dye was tised as a source. A resonant reflector 
consisting of two sapphire plates produced a single longi- 
tudinal-mode output. 

The peak power of the pulse was measured by an ITT 
planar photodiode 7V Part of the signal reflected from 
beam splitter R. was passed twice through a quarter- 
wave plate, rotating its polarization by 90°, and was 
then directed to the Fabry-Perot interferometer. The 
major part of the signal was focused by a 100-mm focal- 
length lens L into a 150-mm cell containing the liquid 
under study. 

This lens was used to increase the power density of 
the ruby radiation, which otherwise was insufficient to 
produce SBS in Nd-containing solution. As previously 
noted, an absorption at the ruby frequencv made thi« 
necessary. The bark-scatteved radiation  from the cell 

- -     ■ 
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Fif 7.   Anpilnr emisBion from purr POCU undi r ricoeroond lasrr 
rxntalion. (a)  Anti-Stokrs cmi.'sion. (b) Slokos I'miaiion. 
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MIRROR 

i f- M ^-0c^ 
B' ••! B, I    CELL 

PO^iBQiD OuADRANT 
■ FILM 

• t 

t • 

? j Expenmental arranRement for the mes«urpmpnt of slimu- 
la.t*d Bnlloum shifts. Z^-rubv laser; T,, fr-planar photodi- 
odes; B,, B,, ßr-beam splitters; A',, f.—filters;  L   hM. 

was detected by the photodiode Tj, and part of it was 
allowed to enter the Fabry-Perot interferometer. To dis- 
tinguish between the incident and scattered radiation, 
which, upon arrival at the interferometer, are polarized 
at right angles, a quadrant of sheet polarizers was placed 
in front of the film. 

Typical interferograms of the incident and back-scat- 
tered radiation are shown in Fig. 9. Table II gives the 
measured shifts A^ for a number of solutions. From Al- 
and the refractive index fn) at the ruby frequency v, the 
velocity of sound v, can be calculated by using the ex- 
pression 

AK = 2M'1n/csin 0/2 (9) 

where 6 = 180°. This is also tabulated in Table II. As- 
suming no dispersion in the velocity of sound, one can 
also calculate the Brillouin shift at the Nd-laser wave- 
length of 1.06 /* by using the appropriate refractive in- 
dex in (9). These values are given in the last column of 
Table II. 

No correlation was found between these shifts and the 
spacing of lines occurring in the spectra of self-Q- 
switched outputs. On this basis one can therefore rule 
out stimulated Brillouin scattering as the mechanism re- 
sponsible for self-Q-switching. A more likely explanation 

StOCi, 

£, •• »0 I7B cm"1 

a» • o nr cm'1 

a»- > o «9cm-' 

FIR. 9. Interfiroirrams of the incident (L) and scattered (S) 
radiation. Inter-order sparinn for SeOCl,—0.494 cm"'- POCU— 
027 cm >; Nd'3 SrtX'l!:SnCI.-0.494 onr>. 

of the phenomenon resides in the formation of refractive 
index gratings recently discussed by Key et al. [27]. 

C. Stimulated Ramnti Srnltering: Self-Generated 

The toternal generation of Raman scattering in a liquid 
laser has been briefly reported by Alfano and Shapik-o [7] 
and by ',and et al. [28]. 

The experimental set up in the present work is shown 
on Fig. 10. It consisted of a 2ö-cm cell of 1 eni: cross 
section placed in a dual elliptical cavity. Up to 2Ö00 J 
could be discharged through two flashlamps. The cavity 
was formed by a 10-m radius, fully reflecting mirror, 
and a 50 percent reflecting flat mirror separated by 70 
cm. The external surfaces of cell windows were cut at 
the Brewster angle, and the output mirror was wedged 
to reduce subsidiary resonances in the cavity. Since the 
refractive indices of quartz (1.45» and WrPOCU 
(1.452) match quite well, no reflection is obtained from 
the quartz-solution interfaces; as a consequence, the 
inner surfaces of the windows can be parallel to each 
other, greatly simplifying the cell construction. 

The laser could be operated in three different regimes: 
Q switched by a saturable absorber (Kodak 98fiO dye); 
mode locked by suitably adjusting the concentration of 
the same dye; and self-^-switrhed by removing the dye 
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TABLE II 
*— BKILLOUIN SHirre, REFBACTIVE I NDICES, AND ViUX-ITY or SOUND IN LABEB SOLUTIONS 

,. 
Ar{6942} n   , ■   . V. Ar(10600) 

MatrnaJ (ciu-') 6042 A 10660 A (cm/a) (cm-'> 

. 
SeOCI, 0 1VN 1.6396 1.6249 1130 0 115 
PCX1, 0.117 I.4UI 1 4501 837 0.076 
SnCl, (' 116 1.5042 1.4952 803 0.075 
SfOCI,:SnCI4 0.17« 1.6416 1.626N 1129 0.114 
POCI,:SnCI, 0.147 1.457« 1.452' 1050 0 096 
S»<K-l,:SnCl.:Nd' »■ 0 19 1.6650 1 6499 1188 0.123 

• ■ 
POCl.iSnCl^Nd" 0.18 lAHl* 1.475' 1266 0.117 

• Estimatfd values based on increase ot refractive index of SeOCU upon tddition of SnCl. and Nd. 1 0 3 molar concent ration of neod> mmm. 

^* 

FiR. 10    Sohrmatir arranarmrnl of a mode-'.ocked liquid lasfr. 

coll and rrplaoinR the oupnt reflector by an uncoated 
quartz «tdp. The output of the laser was directed into 
either a 2-m Bausch and Lomb or a J-m Jarrell-Ash 
sprctrograph and recorded on sensitized Kodak 12 plates 
or Polaroid 57 film. A planar photodiode and Tektronix 
.519 oscilloscrpe was used to monitor the time dependence 
of the output. 

The Nds':P0Cl3 laser showed stimulated Raman scat- 
tering in all throe modes of operation. Figs. 11 and 12 
show a spectrum and an oscilloscope trace obtained with 
a mode-locked laser that had a pulse duration of 3 ps 
and produced Raman scattering with every shot. The 
stimulated first Stokes line at 488 cm"1 is clearly visible. 
In other spectrograms the second Stokes line was also 
sometimes detected. The lasting band of about 100 cm"1 

width is devoid of any structure except for a sharp line 
of about 2 cm"' width, positioned to the leit of the center 
of the band. The SRS lines were also structureless and 
of about the same 100 cm" width. The position of the 
center of the Raman emission shifts within 10 cm"1 from 
shot to shot with respect to the center of the iasing band. 
Since not all the pulses in the mode-locked train produce 
Raman scattering there should not necessarily be exact 
agreement between the laser bandwidth, which contains 
the spectrum of all the pulses, r.nd the SRS bandwidth, 
which contains the spectrum of only some of them. The 
Paman conversion to first Stokes was measured by plac- 
ing neutral density filters over the film at the location of 
the la^er line and attenuating it until it reached the same 
intensity as the Raman line. By calibrating the film spec- 
tral response with a tungsten lamp at conversion of ap- 
proximately 12 percent (into the first Stokes) was ob- 

Fig 11. (a) Mode-locked NdtPOCU laaer output «howinn stimu- 
lated Raman line, (b) Time output on a Tektronix 519 oscillo- 
scope. 

tained. Spectra and oscilloscope tracer obtained in the 
solf-Q-switched mode of operation are shown in Fig. 13. 
In this case SRS appeared only on the most intense shots 
but contrary to the mode-locked case contained anti- 
Stokes lines as well. 

With Nd^SeOClj solutions we were able to obtain Ra- 
man generation only in the mode-locked regime. An ex- 
ample is given in Fig. 14. When regular trains of pulses 
wer<j emitted (a rather exceptional case with SeOClj) 
the first and sometimes the second Stokes lines (386 
cm'1) were detected. The laser and Raman emission both 
occurred over a narrow band of approximately 6 cm'1. 
The pulse duration measured by two-photon fluorescence 
was 6 ps. The narrower bandwidth and longer pulse dura- 
tion can be attributed to the presence of reflections at the 
parallel liquid-window interfaces, which is larger than for 
POCls because of poorer refractive index matching 
(SeOClo-l.e?; quartz-1.45). The presence of parallel re- 
flecting surfaces in the cavity is known to cause band- 
width narrowing and pulse lengthening [7]. 

V. DISCUSSION 

The measurements of spontaneous Raman cross sec- 
tions reported in Section III can be used to calculate the 
gain of the stimulated process that in turn can be com- 
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Sp«ctr« of mode-locked Nd :POC:, liquid laser. Two ihot» »how ~109 cm"' central bmnd »nd Raman shifted 
light. 

the performance of liquid amplifiers. The question that 
we would like to answer is how much of the signal that 
is fed into an amplifier is likely to be converted into 
Raman scattering at the output of the device. Since we 
assume that the stimulated scattering will be generated 
from noise in the amplifier medium (the input does not 
contain any Stokes radiation), an accurate calculation 
is far from trivial and in fact cannot be obtained with- 
out approximations in an analytic form. To obtain an 
estimate, let us reft-r to Fig. Ifl, which shows a cell of 
length / and cross-sectional area .4, filled with the liquid 
laser medium and traversed by a beam from another 
laser. The amount of Raman flux produced in the ele- 
ment rfr and directed so that it will pass though the 
right window of the cell can be written as 

(a) 

J^L 
• —-      ^-4- »»• 

(b) 

Fig. 13. (a) Seif-0-»witrhed »pertrum showinK Slokc» and anti- 
Slolcc» Raman scatterinic. (b) Time output on a Tektronix 519 
oscillosrope. 

dl. IL-2e"L,dx. (ID 
'M X 

Since Raman flux generated near the entrance window- 
deft) will experience the greatest gain, we can replace 
i by / in the solid angle (A/r2). Upon integration we ob- 
tain 

Fig. 14    Stimulated Raman •rattoiwf from Nd'VSeOCVSnCU 
laaer Q switched with a dye. 

pared with the directly measured values of the gain. The 
gain coefficient g defined by (8) is given by [29] 

NwAl jfti (12) 

HwcN 
(10) 9 " a    s    s" 

where m, is the angular frequency of the first Stokes line 
and the other symbols have their usual meanings. 

Using (10) we can calculate the gain coefficient g for 
POCI3. The measured and calculated values are tabu- 
lated in Table I. We see that they agree within ten per- 
cent. This close agreement constitutes a strong proof 
that at the power levels used in SRS (150 MW/cm') 
there is no evidence for self-focusing. This confirms the 
earlier result (Section III), which showed absence of 
filaments on photographs, and indicates that the beam 
quality of liquid lasers is not likely to detc.iorate from 
self-focusing—at least up to these power levels. 

A knowledge of the gain for SRS pemiits us to make 
an estimate of the limitation impostc. by scattering on 

Using quantities characteristic of the experiment that 
lead to Fig. 6 (i = 50 cm, ^ - I cm», X = 6940 A) and an 
input /,, = 100 MW/cm2, we obtain /« ä 2 X lO"" MW/ 
cm1, which is about three orders of magnitude less than 
what is observed. This result leads us to believe that the 
relatively high SRS output shown in Fig. 6 is the result 
of residual feedback that changes the cell from a Raman 
noise amplifier to a multiple-pass oscillator.5 This possi- 
bility makes it very important to eliminate optical feed- 
back whenever a liquid is used as an amplifier. This is, 
of course, standard practice even if no SRS is generated. 
With good design, SRS from liquid amplifiers should 
not impose any limitations at power inputs in the 100- 
200 MW/cm2 range. 

Self-generation of SRS in liquid laser oscillators will 
be governed by similar consideration. Here the problem 
is somewhat more critical since it imposes a condition 

»An sltrrnnlivp pxplnnntion would be that self-focuainR doe» 
occur in Ihr cell. This, however, would contradict the remnrkable 
nurccnicnt bnwoen culcuintcd and meinurcd KRin» cited above. 
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Ft« 15 Goomftry leadins to (11) Luer beam of inteD«ty h 
tm.rars a rpll of length I »nH rom sectixjal area A and 
produce» a «ingie-pa» Riman output /,. 

on tho resonator mirrors to have optimum reflectivity for 
the fundamental and essentially zero reflectivity for the 
Riman frequencies. The difficulty in observinR Raman 
emission under Q-switched conditions indicates, how- 
ever, that no serious loss due to PRS does occur at power 
levels of 100 MW'cm2. 

A somewhat different picture is presented in the case 
of very hißh-peak-power picosecond pulses where SRS 
emission accompanies every shot and conversion efficien- 
cies to SR8 of 12 percent have been measured Quanti- 
tative estimates of the conversion would require the use 
of transient Rain equations f30| and a knowledRe of dis- 
persion effects. Additional data on thresholds and gains 
would be needed to warrant such treatment. 

In condu-ion, we would like to emphasize that re- 
sults presented in this paper were obtained usinR sta- 
tionary (not flowinci liquid Iswr media. The natural 
regime of operation of these devices is in the flowing 
mode, wlii.ii greatly improves the reproducibility of 
results. The technology of flowing Xd liquid lasers only 
recently has been developed, and as their levels of per- 
formance climbs to higher value«, the effects of nonlinear 
properties of the medium will become more clearly de- 
fined. 
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The Kerr Constant of Selenium Oxychloride 

C. F. Buhrer, A. Heller, and A. Lempicki 
Gentral Telephone & Electronics Laboratories Inc., Bayside, 
New York 11360. 
Receivcl 15 February 1907. 

Selenium oxychloriile, an inorKanic solvent recently employed 
in liquid lasers1, has a hi^h dielectric constiint', a hi({h density3, 
a high index of refraction4, and may have a high polarization an- 
isotropy.' All of these properlies snRgesl that this liquid should 
exhibit a large eleclrooplic birefringence or Kerr effect. (The 
experimental Kerr constant B is »iven by H = n — ni/CK E') 
where n and nj_ arc the refractive indices for light polarized 
parallel and perpendicular to the applied electric field E and X 
the wavelength of the light in laruo.) Furthermore, because of 
the low vibrational energies of the BUilKule*, it is transparent 
throughout ihe near ir as well as most of the visible spectrum. If 
so, it may be useful for fast Kerr shutters in the ir where other 
Kerr liquids such as nitrobenzene are ab  irbing. 

For the measuremenl of the birefringence we used a cell with 
1 cm X 10 cm tantalum electrodes spaced 0.50 cm apart. When 
the cell was filled with punfied SeOCl., its resistance was ap- 
proximately 1000 B, A pulsed voltage technique was therefore 
used to attain a high field with low average power dissipation. 
Microsecond-liiiiKpuUesl/ tween 10 kV and 25 kV were applied to 
the cell between crossed polarizers such that the electric fi" id was 
at a 45° angle to the light polarization. Pulse heights were 
adjusted to the values at which the birefringence was an integral 
multiple of a wavelength, as indicated by extinction during the 
pulse as well as when the field was off. These voltages therefore 
correspond to values of electric field strength E satisfying the 
relation A = nX = W/£SX, where A is the optical path difference, 
n is an integer, X U the wavelength, B is the Kerr constant, and I 
is the optical path length within the field region. Using this 
technique for nitrobenzene, we obtained a Kerr constant of 345 X 
10"' cm statvolt"' at the sodium D line. This is somewhat 
greaterthan ihepublished value of 326 X Kf'crpstalvolt-' [Hef. 

(7)1. 

Table I.    Kerr Constants of Selenium Oxychloride 

X(Ä) Lamp Filler 
B X 10' 

esu" 

5,461 
5,893 
7,800 

10,600 

Hi 
Nu 
HI) 
Incandescent 

Interference 
Corning 3-66 
Corning 7-69 
Iiterference 

203 ± 8 
192 ± 4 
133 ± 8 
100 ± 2 

•cm X statvoll-';   1 stalvolt = 300 V. 

The measured values for selenium oxychli.ride aresuiiiiiiiirizeil 
in Table I. A plot of B vs 1/X, -IKUMI in Fig. 1, givi - ll «■ i\- 
|)ecled linear relation. 

05 10 IS 
iÖ'/X  (cm"') 

2 0 

Fig. 1.    Variation of the Kerr con-luni ..i Set »CI; with rei ipim-.i! 
wavelcnglli 

We see that, as predicted, the Ken cimstant of selenium i«y- 
chloride is among the highest known. In spite of the relalivelv 
low resistivity of this material. Ihe high Kerr constant and n- 
transparency in the ir should make this liquid useful for fa^t 
electrooptical shutters in this region as well as for other ir a|>- 
plications where a high eleelrooptical birefringence is de-ircd. 
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Transmission Losses in Aprotic Liquid Lasers 

C. BRKCMKK, K. FRKNCH, \V. WATSON, ANU li. MILLKR 

Bayside Research Center oj General Telephone and IJeclronics Laboratories, Incorporated, Bayside, .\ev York 11360 

(Received 27 May 1970) 

Transmission losses in phosphorus oxychloride and selenium oxychloride based laser solutions have 
been measured by four different methods. These solutions have intrinsic scattering losses in the range of 
0.1','o-0.3rc per cm. A possible explanation of this scattering loss is presented. 

I. INTRODUCTION 

Since their inception, Xd+ä aprotic liquid laser ma- 
terials have been subjects of great interest.' 6 Some of 
the chemical properties have been ascertained'1 10 and 
many of the output characteristics have been defined 
and described."" ^ However, one of the most critical 
problems that has been limiting the application of these 
lasers as useful devices, particularly for cw operation, 
has been the optical transmission loss in the medium. 
It is, consequently, of considerable importance to as- 
certain the cause of this loss, to measure it, and to deter- 
mine the lower limit below which such loss is intrinsic 
to the nature of the medium; this is the problem to 
which this paper is addressed. 

II. CHEMICAL BACKGROUND 

Of the many different variations of aprotic liquid 
media investigated in these laboratories, only three 
have been used to any great extent for laser systems 
applications. The first utilized ScOCli acidified with 
SnCl4 as a solvent, in which \d2O3 was dissolved1; 
the second was similar, bvt with POCI3 instead of 
SeOClj4; while the third, whicii also used POCI3 as 
solvent, utilized ZrCl^ instead of Sn^'U as the acidifying 
agent and Nd(CF|COO)i instead of he oxide as the 
solute." Formally, the chemical equat'ons for formation 
of the respective laser media are quite similar: 

NdA+3SnCl,+3SeOn2-.\d2( SnClolj+^SeO. (1) 

Ndj03+3Snn1+61>OClj--*Xd2(Snn,l5+.W),Cll (2) 

2Xd (CF,CO() I,+37^1,+12POCl3-*N'd2 (ZrCle 13 

+ 6IV)3Cl)+6CF1COCl. (3) 

The differences on the right side of the equations arise 
from the different stabilities of the products. SeC)2 is a 
known stable compound, but PO|Cl, its phosphorus 
counterpart, is not and reacts further with additional 
POCl» to form PÄCI4 and higher polymers of the 
polyphosphoryl chloride type." Similarly, the reaction 
of the CFjCOO" group forms yet more of these poly- 
mers, while itself escaping as the gaseous acyl chloride. 
In all cases, the Xd"" ion remains in solution solvated 
with an undetermined number of molecules of the reac- 
tion products and the POCU solvent. 

Historically, the stability of Xd+3 solutions in POCl» 

has always been a diffkf't problem. This arises from 
the fact that POClj has a low dielectric constant, less 
than U as against 46 for SeOCl2 and 80 for H20, so 
that the solubility of ionic salts must be inherently 
much lower. Indeed, it has not been possible to dissolve 
pure anhydrous Nd4* ionic salts in pure POClj with any 
Lewis acid tried (SnCl,, ZrCX SbCls, TiC'l,, among 
others). On the other hand, if sufficient quantities of 
polyphosphoryl chloride polymers are added to the 
solvent during the preparation of the solution, either by 
direct addition of the material or by reaction of POfij 
with H20 or the CFiCOO" or oilier suitable anions, 
the solubility of the Xd+3 ion is greatly increased, and a 
stable solution is produced. Degradation of the poly- 
mer, readily accomplished by addition of PCli to the 
liquid, invariably leads to precipitation of the Xd"""3 out 
of solution. 

III. OPTICAL LOSS MEASUREMENTS 

In a high-gain liquid-laser material such as we are 
dealing with here, the most critical parameter governing 
its utility in a practical system is the optical transmis- 
sion loss. With Xd"*^1 there is a residual transmission 
loss (below which we cannot go), which is determined 
by the absorption of the ion at the laser wavelength due 
to the steady-state population of the terminal state 
(Vn 2) of the transition involved. From the measured 
absorption cross sectioa of the laser transition" and the 
thermal population of the state (some 2000 enr1 

above ground), the residual absorption at the laser 
wavelength is approximately 0.15rc per cm. This ab- 
sorption will be an effective loss only insofar as the 
light which is reabsorbed at this wavelength is re- 
emitted in the other fluorescent transition: from the 
4F3 2 state. Under lasing conditions, however, this ab- 
sorption should not present an effective loss, since the 
light flux is then so high as to stimulate re-emission of 
the energy at the same wavelength (and direction) 
before any significant redistribution of fluorescence can 
occur. 

Four different methods have been used for obtaining 
a measure of the optical loss in laser solutions. These 
are direct transmission, laser static loss, laser dynamic- 
loss, and right-angle scattering. Because of their various 
levels of difficulty, not all these methods were used on 
all solutions, but enough measurements were made to 
enable correlation between them. 
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The first method, direct measurement of the trans- 
mission, is the simplest in principle, but because of the 
relatively low level of the losses, the least precise. This 
method involves the use of matched 10-cm cells with 
windows antireflection coated at 1.06 ^ I the reference 
cell is filled with distilled POCla, the sample cell with 
laser solution. Measurements here range downward 
from 0.5rf per cm ±0.1r;. 

The second method, more precise but more difficult, 
involves the use of ^'d+, YAG laser in cw operation 
^ee Fig. 1). The cell (10-cm long, antireflection coated 
containing the liquid is placed within the laser cavity, 
and the threshold for lasing is ascertained. The cell is 
then removed from the cavity and replaced by a quartz 
plate which introduces a known reflective loss as a 
function of the angle the plate makes with the beam; 
this angle is then varied until the same threshold for 
laser action is obtained as before, whereupon the loss 
can be calculated. This method is limited to solutions 
with losses less than about 0.5r; per cm, and thus is 
usable in the low-loss range where direct transmission 
measurement is least precise. Measurements in the two 
regions are quite consistent with each other. 

The dynamic loss method consists of direct measure- 
ment on the solution during its actual use as a liquid 
laser. This is a rather involved and tedious process, 
requiring measurement of the energy output from the 
laser as a fraction of energy input, with mirror reflec- 
tivities varied over a wide range as a parameter. It can 
Ne shown15 that the dependence of the threshold energy 
for laser action obeys the equation 

£=(a/<;)-(l/c/)ln/?,/?2, (4) 

where £ is the threshold energy (joules); a is the 
dynamic loss coefficient (cm"'); c is the gain per joule 
per cm which equals o-/3 (where a is the absorption 
coefficient of laser transition and /3 is the total conver- 
sion efficiency of electrical energy into inversion); / is 
the length of'the cell, and /?i, Rt are the mirror reflec- 
tivities. Thus by plotting the threshold energy against 
the logarithm of the mirror reflectivities, one can get a 

MiPrtOR      OmCTOR 
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Fie 1 Simplified schematic of transmission loss measure- 
ment The beam switch directs light through either of the two 
legs (adjusted for optical equivalence). The threshold is deter- 
mined (plot of output power vs input power) alternately in the 
two legs, and the quartz plate i which introduces known re- 
flective loss as fraction of angle) is rotated to obtain same thresh- 
old. Measurement is repeated with cell in, and loss introduced 
by cell can be calculated. 
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I ic. 2. Correlation between transmission loss iat 1.06»«) and 
intensitv of scattered  light    at 6328  k). Scattered light was 
measured perpendicular to the beam, transmission loss was 
measured as in l-'ig. I. 

direct measure of the effective loss per centimeter in an 
actual operating laser. This was done for a number of 
different solutions, as shown in Table I, producing 
loss values only slightly higher than those from other 
methods. This method is the only one which measured 
the loss of the medium itself during the lasing process; 
however, the length of time required for measurement 
precluded its extensive use. 

The nght-angle scattering method is the simples', 
and most widely used, but the most indirect. This in- 
volves simply the placing of a cell containing the liquid 
into the beam from a Ke-N'e laser (such that the beam 
passes through the center of the cell) and detecting with 
a photomultiplier the light scattered at right angles to 
the beam. This provides a measure of the concentration 
of scattering centers within the solution, which must 
be minimized. It does not, of course, measure any losses 
due to absorption. However, as shown by Table I and 
Fig. 2, there was a reasonably good linear correlation 
between the transmission and static loss values on one 
hand, and the scattering on the other, so that the latter 
method could be used to give a measure of the former. 

IV. RESULTS 

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 1 p. 
Measurements were made on many different solutions, 
although not all methods were used on all samples. 
The solutions studied include 

pure liquids: water, alcohol, benzei e, CCI4, SeOClj, 
POO»; 

mixtures of various components: SeOCU+SnCLi, 
POClj+SnC^, POCU+ZrCU, NdlCHjCOOjj+HjO; 
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TA3LE I. Light scattering and transmission loss in various liquids. 
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Material 

Light scatter 
(Arbitrary 

units) 

T4 ■ nsmission 
loss at 1.06ß 
(% per cm) Method 

Water 
Ethanol 
Benzene 
CCli 
POCI, 
POCIj+ZrCI, 
HjO+ZrCI, 
H.O+NMCTFA), 
0.3-Af Nd+'inSeOCU-SnCI, 

(Contaminated with H|0) 
0.3-M Nd+» in POCI,-SnCI. 

(Contaminated with H,0) 
0 3-J/Nd4* in POCU-ZrCI, 

(Contaminated with J!,0) 
(Contaminated with HjO) 
(Contaminated with H,0) 

0.9-WP,O,CI,inPOCIs 

0.15 
0.25 
1.0 
0 4 
(I 4 
0 0 
0 5 
04 
2 2 

2 5 

4.5 
15.0 

o.a 

>i 
>i 
>i 

0.10 
0.10 

>i 
>i 

0.6 

2.0 
0.16 

0.2-J.3 
0.26 
0.60 
1.0 

Transmissionb 

Transmission'' 
Tran5missionb 

Static loss 
Static loss 

Transmissionb 

Transmission1" 

Dynamic loss* 

Dynamic loss* 
Static loss 
Transmission 
Static loss 
Static loss 
Dynamic loss* 
Static loss 

* Dynamic low values from Rtf 

Ummkmmmmm, 1%m*m*tomtmnmMmmm.umu*    HUTUl" *bf0"'ti0n *""*in lhe me"ium'rather ,ha:, """""'• "• 

various standard laser solutions: 0.3-M Nd+' in 
SeOClH-Sna, in POC^-SnCU, in POCla+ZrCl,, 
with and without H,0 contamination; 

dilutions of standard laser solutions with pure sol- 
vent: 0.1-M and 0.03-M Nd""; 

solutions prepared by reaction of wdium trifluoro- 
acetate with POO to produce various concentrations 
of PACl. 

The results of the measurements are listed in Table I. 
To summarize the more important points: All the pure 
components of the laser solutions (POCI,, POClj+ 
ZrClj, SeOClj, \dy3 in HjO) as well as some other pure 
liquids (alcohol, water) give scattering measures of 
0.2-0.5; however, when Nd4' is present in the POCI, or 
SeOCl, mixture, the scattering measure is 2.5-3.0, a 
factor of 6-8 higher. It is also noteworthy that the 
ratio of the scatterng values for the two pure solvents 
CCI4 and benzen? (0.4) is in good agreement with 
that found by othe.-s (0.37)." 

A linear correlation was found between the scattering 
values and the transmission losses. These losses range 
between 0.1% and 0.3% per cm, sufficiently below the 
effective 0.5% upper bound111 for the attainment of cw 
lasing action. The scattering loss for the pure POCI, 
liquid comes out as about 0.015% per cm al 1.06 ß, 
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 H:0 which has a 
significantly intense absorption of 1.06 M. The scattering 
loss for the complex itself is 0.1% per cm at 0.3-A/ 
concentration. 

POCI, solutions that have been contaminated with 
H5O (even if subsequently dehydrated by distillation) 
invariably have high scattering (of the order of 10 or 
higher) and high loss (greater than 0.5% per cm) 
and are also quite viscous. This is attributed to an ex- 
cessively high concentration of polyphosphoryl chloride 
polymer. Reduction of the viscosity can be accom- 
plished by addition of PCI, (which selectively degrades 
this polymer), but the scattering does not go below the 
"base level" of 2.5, and further addition of PCI. causes 
the Nd« 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 scat- 
tering entity is a complex containing both Nd+3 and 
the polymer. 

V. CONCLUSION 

The results of this investigation have led to the 
following conclusions: 

(1) A distinct scattering loss is characteristic of those 
aprotic liquid laser solutions, even after all particulate 
matter is removed. 

(2) This scattering loss can be reduced to a minimum 
value intrinsic to the medium, below which we cannot 
go without deleterious chemical effect. This value is, 
however, less than originally thought and below the 
approximately 0.5% per cm effective upper bound for 
the attainment of cw operation, 

(3) The scattering appears to be caused by a highly 
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polarizable complex of Nd-*1 and PjO^U (and also 
longer polymeric phosphoryl chlorides). The latter 
compounds are components of the POClj-based laser 
solution and are essential to the solubility of the active 
ion. 
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