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I. INTRODUCTION AND SUMMARY 

The purpose of this program has been to produce coherent 

stimulated emission in the blue-green region in a purely organic 

dopant and host system. Toward this end, a theoretical analysis 

of the problem has been made and experimental work on the development 

of such a laser has been done. 

The theoretical analysis indicates that the short lived 
-8 

( T'MO  seconds) four-level fluorescent compounds are the most suitable 

materials for this purpose. A total of four fluorescent compounds were 

found with the appropriate spectroscopic characteristics. Phosphorescent 
-3    1 compounds, with lifetimes in the range 10 J - 10 seconds, show little 

immediate promise because of high internal loss mechanisms in addition 

to their poor spontaneous emission characteristics. 

The principal experimental difficulties have included the 

development of a suitable host material in which the absorbing and 

scattering losses are kept to a minimum and an optical pump system 

capable of efficiently producing several megawatts of absorbable peak 

power in a short time. An optically Isotropie polymer was developed 

whose properties appear to be suitable as a host material for the 

fluorescing species. Liquid hosts were also used in the early part of 

the program. Two optical pumping systems were used:  (l) a modified 

Xenon lamp, and (2) an argon theta-pinch lamp. Both of these systems 

were used to pump the samples. Some gain was observed in a liquid 

containing perylene as the active compound. This gain was observed at 

k-'JlQ A and probably was due to preoscillation "superradiance." Gain 

in the fluorescent compounds contained in the polymer rods was not 

observed. 

This report is divided into four major segments which includes 

the theoretical analysis, materials selection and preparation, device 

development, and experimental pumping results. 



II.  THEORETICAL CONSIDERATIONS 

A.       Introduction 

The first suggestion of the use of organic compounds for pro- 

ducing coherent stimulated emission was made by Brock, et.al.^ ' The 

possibility of population inversion in organic compounds had been treated 

theoretically earlier by Ivanov^ '.  Subsequently, Morantz and coworkers^"^ 

reported the observation of phenomena in the phosphorescence of several 

systems which they attributed to stimulated emission. Lempicki and 

Samelsorr ', Wilkinson and Smittr '', and Stockman^ % have questioned 

t'^ese results both from an experimental and a theoretical point of view. 

We shall first be concerned with some general observations on the 

various spontaneous emissions occurring in organic compounds and then shall 

qualitatively consider their potential to produce coherent stimulated 

emission in practical systems. 

B. Spontaneous Emission in Aromatic Organic Compounds 

Aromatic organic molecules have some electrons which are delocalized 

over the entire structure of the molecule. The electronic transitions involving 

these delocalized electrons occur mainly in the visible and near ultraviolet 

regions of the spectrum. The spectra are broadened due to the large number 

of vibrational and rotational sublevels within each electronic state. The 

various excited states and their relationships for an aromatic hydrocarbon 

(where only n-n* transitions exist) can be understood qualitatively by the 

modified Jablonski diagram in Figure 1. 

Absorption of light (transitions 1 and 2 in Figure 1) takes the 

molecule from the ground singlet state to the higher singlet states. The 

absorption cross sections for these transitions can be very high 
-16  2 

( "-'10   cm /molecule).  If excitation is to the second excited singlet 

state, a non-radiative internal conversion (transition 3) places the molecule 

in the first excited singlet state.  In this state, the molöcule quickly 
-12 

( ^ 10   seconds) reaches thermal equilibrium with its surroundings.  The 

- 
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subsequent non-radiative and emission procebscs which wiil eventually 

take place are determined at this time whon the molecule either fluurescfcs 

(transition 4) (x ~ 10  seconds) or undergoes an "intersystem crossing*' 

(transition 5)   t0 the lowest triplet state of the molecule.  For an 

aromatic hydrocarbon, such as anthracene, these two processes have comparable 

rates.  In compounds such as benaophenone (where the n-«* transitions are 

also present), "intersystem crossing" to the triplet state generally pre- 

dominates.  The triplet state is rat'rer long lived and in fluid solvents 

collisional deactivation (transition 6) occurs with no significant emission 

being observed.  In rigid media, however, a long lived emission 

(10 - 10 seconds) is observed (transition 7) and this emission is termed 

phosphorescence. 

A third type of emission which has the spectrum of a fluorescence 

and the lifetime of a triplet state is also observed in some compounds. In 

such systems it ha  been shown that the triplet state and the excited singlet 

state are very close in energy and that thermal recrossing from the triplet 

to the singlet stata occurs followed by the fluorescence eraisston. This 

emission is termed a -phosphorescence or long-lived fluorescence*  ', 

One more important transition deserves mention. Molecules als . 

possess higher triplet states.  If a significant fraction of the molecules 

are in the lowest triplet state, a high triplet-triplet absorption can be 

observed (transition 8).  In some molecules these transitions are relatively 

sharp, but In most molecules they are extremely broad, sometimes extending 

over the entire visible wave length region. This process will be one of the 

most important limiting factors for the application of phosphorescent systems 

to the generation of coherent stimulated emission.  These processes are 

discussed in more detail elsewhere^     '. 

C. Oscillation Conditions in an QptJcal Cavity EmDlovinB Organic Compounds 

In this section we will consider the potential of the fluorescent 

and phosphorescent molecules to undergo oscillation in a resonant cavity under 

stimulated emission conditions.  The postulated schematic representation of 



each mechanism is shown in Figure 2. In addition, we shall calculate the 

power gain anticipated above threshold which will give a measure of the 

expected usefulness of the material. We shall follow the procedure of 
tl%\ (Ik) Yariv and Gordon^ '"  although the rate equation approach of Maiman^  ' 

yields essentially the sarre results. 

We use as the "start-oscillation" condition that 

V   ' c3 g(v )T K     ' (1) 
6V c' photon 

where A N»p/V Is the concentration difference between levels 3 and 2 (see 

Figure 2),  per unit volume, and TO    is the intrinsic mean radiative life- 

time.  T0    is related to the observed mean lifetime,T , by 

4 - T; 

where ♦ is the quantum efficiency, T , „  is the decay time constant of photon 
the radiation in a given mode if the amplifying medium is rendered neutral, 

i.e.,  ^ No2 3 0- It thus contains all parameters relating to an experimental 

cavity. It is given by 

L 
photon    a c 

T      = -^    > (2) 

where L is the length of the cavity, c is the speed of light in the medium, 

and a is the total loss per pass in the material (including optical scattering 

losses, reflection losses, diffraction losses, absorption losses, if any, and 

mirror losses). This expression is valid if a < < I. Equation 1 also contains 

the frequency dependence of the spontaneous emission band g(v ). For a Gaussian 

emission line, I 

*(V - Sla^        . (3) 
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whereA v is the t'uil width at half maximum and v  is the center frequency. 

Substituting (2) and (3) in (1), and converting to frequency In wave numbers, 
V 

AN^2    k/c   c u)2 A u ^ 

(« In 2) 

(M 

AN . 
For a four level system where A E- > > kT, then —-^ is an 

accurate measure of the number of molecules required In the system for the 

onset of oscillations under the specified loss conditions. For a three level 

sytem, of course, 

A N (total) » I 
2 No + AN32 t5) 

where N Is the total number of molecules present. 

The power gain per unit length, Y" , can be shown to be' ^' 

r = 
(« In 2)2 (-^ )  / % V  /excess -, 
1, 2 2' A   ., • \6J 4 n u c A w To 

This power gain does not depend on whether the system Is three or four level 

since the oscillation threshold Is reached, the power gain depends only on the 

exiers concentration above threshold. We will now apply these equations to 

particular systems. 

Case A -Phosphorescent Molecules 

We will take 10 a favorable case the molecule benzophenone. Others 

ha\w been considered elsewhere*".  The absorption region of this compound Is 

around 2500 - 3000 A. A phosphorescence lifetime T = 4.5 x lo"^ seconds 

( ♦■ 0.84) Is observed^ ^' with several emission bands. The most Intense 

band Is located (in a Isopentane methylcyclohexane glass) at 22,500 cm  . 



A u (for this band) is 1200 cm  . We will use a refractive index =1-5 

and a loss of 0.18 per pa.ös in a 6 cm. long cell, assuming diat scattering 

is the major contributing loss mechanism which at 1.06 microns was found to 

be jf»  per cm.  Substituting Into equation k,   the critical concentration 

density is 

AN. 
J2       s IQ ^ 
,    =  6.5 x 10    molecules/cmJ  , 
V 

This calculation assumes that all of the phosphorescence is in the 22,500 cm" 

band.  Since only 25^ jf the total phosphorescence is within the 22,500 cm 

band, this calculated concentration musf be increased by a factor ».»f k.    This 

value is tin  actual inversion density required since this sysi -nt is a four 

level system with A E21 ^ I50O cm' (the location of the highest frequency 

phosphorescence peak is at r-2^,000 cm" ). Frcn ehe above calculation, it is 

seen that a very high concentration is needed Just to overcome reasonably low 

losses.  In any practical organic glass system at 770K, the optical system 

will be more complex, which will increase the losses even furtner. 

In addition, this calculation has assumed that no absorption loss 

will be present for this system.  In fact, this is not true. The triplet- 

triplet absorption of benzophenone has been measured by Porter and Windsor^  ', 

From this measurement, we estimate the absorption cross section a   (at 

22,500 cm  ) >  10   cm /molecule.  There Is an additional relative loss 
~ 20 

corresponding to 0 N_ per cm. At the calculated concentration of about 10 ' 

molecules/cc, this would be the predominant loss».  This loss mechanism should 

manifest Itself by a saturation of the spontaneous phosphorescent Intensity under 

high exci 

recently' 

high excitation intensities.  Such behavior for benzophenone has been observed 

.(17) 

The power gain factor for such a phosphorescent system can be cal- 

culated from equation 6, for benzophenone, to be 

In this instance the equations given above are not valid since the total 
loss per pass, a , must now be expresse«' with an expotential dependence for 
the losses on concentration. 

8 



r= 5.7 x 10'22 (^p) ' * V 'excess phosp 

A comparison with ruby is illustrative. For ruby the following factors 
ilk) are usedN  ' ( a Gaussian emission line assumed). 

V » 69^3 A, u) = 1.^ x 10 cm > T B 3 x 10 ^ seconds, A w a 11 cm' ; 

n «1.76. Therefore, 

T  K  = 3-3 * 10'19 C^) ruby    ^ •* ^ V 'excess ruby 

Now let us assume that we desire the same gain factor as for ruby for a reasonable 

resonant cavity gain. The ratio of the excess concentration of the phos- 

phorescent compound to the ruby excess concentration over that required for 

threshold is seen to be 

(^) -19 . V Excess phosp    ^ x 10 ?  _ ^ 

Kir) w   5«7 x 10 x V ' excess ruby    y   ' 

Therefore, we need large Increases in concentration over ruby to produce the 

same gain above threshold in a phosphorescent system. This implies a very 

low potential power gain for these compounds, due principally to the 

difference in the emission band width. 

Case B - Fluorescent Compounds 

For the typical four level fluorescent case, we will use the molecule 

perylene. The absorption and fluorescence spectrum for perylene in benzene at 

25*0 Is shown in Figure 3. The following data have been obtained (see Section 

Hi  ) here and elsewhere^  '. 

X« U7IO A, ü) >= 2.12 x 10 cm ,A w ■ 800 cm (for the ^700 A band), 

T0 „ 6.9 x 10 seconds (with ♦= O.96), and, as before, n_ a l.J 
L ■ 6 cm and a = 0.18.  Substituting into (h),   the critical inversion 

concentration is 

AN 
■^  = 4.3 x 10 "^    molecules/cm^ 
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This calculation assumes all radiation is in the 21,200 cm"  band whereas 

only one-third is actually there (see Figure 3).  Therefore, the actual 

number required must be increased threefold to 1.3 x 10  molecules/cm-1. 

Because of the low required inversion population, the thermal populatiov, 

of the terminal state may be important. The perylene molecule is, of 

course, not an exact 4-level fluorescent system. The terminal-ground 

state separation is I5OO cm  which means that a solution containing a 

total concentration of 6 x 10  molecules/cm-^ (1 x 10   moles/liter) would 
1^ "3 

have 4.7 x 10  molecules/cm-3 in the terminal state at room temperature. 

This amount must be added to that calculated alone to the losses giving 

a total required population of about 1.7 x 10  molecules/cm . 

The critical or minimum pump power required for this system 

to oscillate is given by 

= _ "total hV pUmp  m    1>25 x ^^3/^ 
tn      V - 1 o 

-IQ 
where h-     = 5 x 10   joules/photon, where P . is the pump power 

required at the surface of the material which is capable of being absorbed. 

For our Xenon lamp pump systems, the luminous efficiency is about lo£ with 

about 10^ of the output radiation within the band of the absorption of 

perylene for an (minimum) equivalent black body temperature of 6000oK. 

Assuming a coupling and absorbing efficiency of 505t, the overall electrical 

pump power requirement is 

k 6      ^ 
^1-^,. <„„i = l*23  x l0 x 10 x 10 x 2 = 2.5 x 10 watta/cm3  . electrical 

For a 3 cc volume, with the pump pulse duration of the order of 10  seconds, 

the electrical energy input is seen to be approximately 7.5 joules. Due to 

many assumptions employed, it is possible that this estimate could be too low 

by one order of magnitude.  (For a three-level fluorescent system, the pump 

power requirements are obviously much higher and probably cannot be attained 

with presently available pumping systems.) 

The power gain for this four level fluorescent system can a  t be 

calculated. Using the same numbers as above for perylene, the ratio of 

11 



excess concentrations is seen to be (when the power gain is the same), 

LM) -19 v V /exce88 fluor    3^.3 x 10      ,    , -^ 
"XN  =    w ■ 1-3 x 10 J . 
N V 'excess ruby     ' 

This implies a relatively low concentration to produce comparable gain 

above threshold and indicates that high power gains could be anticipated. 

C.      Conclusions 

On the basis of the foregoing considerations, it is concluded 

that the four-level fluoresrent systems offer the most potential for the 

production of coherent stimulated emission, in spite of the high peak 

power required from an optical pump. Accordingly, the experimental 

program has concentrated entirely on this type of compound. Calculations 

on the other compounds chosen for this study (see Section III) give 

qualitatively similar results. Certain phosphorescent compounds might 

be found whose line width, triplet-triplet absorption and spontaneous 

lifetimes would be more favorable and they should then be considered for 
_ 

device development. 

12 



III.  MATERIALS SELECTION AND PREPARATION 

A.      Fluorescent Coinpounds and Their Properties 

The choice of a suitable fluorescent compound rests on the 

following general considerations: 

1. The spectroscopy of the molecule should indicate 
at least a pseudo four-level system as indicated 
in Figure 2. 

2. The quantum yield of fluorescence should be very 
nearly unity to prevent build up of the triplet 
state due to multiple pumping (see Section V). 

3. The compound should be relatively insensitive to 
excimer (excited dimer) formation so that 
reasonably high concentrations can be used in 
trying different host materials and in using 
different configurations. 

k.    The absorption of the molecule ghould be at wave- 
lengths higher than about 3^00 A in order that 
they may be evaluated in state-of-the-art optical 
quality plagtic hosts, whose absorption begins at 
about 3U0O A. 

A large number of potential compounds were screened for their 

application as laser materials. The most promising compounds are: 

1. Perylene. 

2. 9-Aminoacridlne. 

3. 9,10-Dlphenylanthracene. 

k. 9-Methylanthracene 

5. Rubrene  (9,10,11,12 - Tetraphenylnaphthacene) 

6. Naphthacene  in an anthracene crystal. 

1.       Perylene 

Perylenes* absorption and emission spectrum in benzene at room 

temperature was shown in Figure 3. The quantum efficiency,0 , and measured 

mean life time, T are related to the intrinsic mean life time T > 
' o 

13 



(calculated from the measured absorption data) by 

T 

T 
O 

Livingston and Bowen^  ' report a quantum efficiency, for perylene in 

benzene of 0-96 with t = 6.9 x 10  seconds whereas Strickler and 

Berg^  ' measure T = U.8 x 10  seconds with a quantum efficiency of 

1. The difference may be due in the difference in determination of 

Livingston and Bowen measured the quantum efficiency and calculated 

from the absorption spectrum, not taking into account the frequency 

change between absorption and emission. Strickler and Berg did take the 

shift into account and measured the decay time directly by phase shift 

measurenents. The quantum efficiency in the plastic host is not 

measurably different from unity. 

The perylene molecule is photochemically stable in various 

hosts under high excitation intensities in the absence of dissolved 

oxygen. It thus meets all of the requirements. The line roost suitable 

for amplification in this molecule is the fluorescent band centered at 

^710 A. although the MjOO A band in principle could also be used with 

correspondingly lower gain. The band at hk^O  A is not suitable since it 

represents a three-level fluorescence. The temperature dependence of the 

spectra has been discussed elsewhere^  ', but there is nothing to be 

gained by lowering the temperature either in the plastic or benzene host. 

The absorption of perylene in the modified polymethyl methacrylate host 

(see Section III-C) is shown in Figure k.     The short wavelength 

fluorescence band has undergone partial re-absorption due to the fact that 

the fluorescence was measured on a 2 x 10 ^ m perylene concentration 

sample rather than on an optically thin sample (  1 x 10  m) as done 

with the solutions.  The foux-level fluorescence peak is located at 

k68k  A + 1 A as compared to U7IO A when in the benzene solution. 

The long wavelength absorption of perylene in benzene was 

measured in order to determine if theBoltzman population of the 

terminal state at ^710 A .'as in agreement with the computed values 

Ik 
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based on the spectroscopic observations. From the absorption and 

fcüiission data for perylene, shown in Figure 3, the terminal-ground 

state splitting is measured by .he energy difference between the 

4710 A fluorescence peak and the cross-over (the 0-0 transition) 
e 

point between the absorption and emission spectrum at hkk^  A.  The 

energy separation is 1266 + 20 cm' . The long wavel?T ^th absorption 

(>l4.UU5 A) of the perylene is due to transitions of the upper vibra- 

tional-rotational levels of the ground electronic state to the lowest 

vibrational-rotational level of the excited state. The population 

arises from simple Boltzmann statistics. Owing to the near perfect 

mirror symmetry of the absorption and fluorescence spectrum, it would 
o 

be anticipated that absorption at the VflO A terminal state would have 

the approximately same cross section as the klOO A absorption peak. 

Figure 5 illustrates the experimentally obtained absorption 

of a 5'56 x 10  molar solution of perylene in benzene, using a 10 cm. 
o 

cell. From the optical density at ^JlO A, we calculate that the terminal 
-1 

ground state separation is about I3OO cm  in fair agreement with the 

spectroscopic value. Due to the assumptions employed, no better agree- 

ment should be expected. 

2.  9"Aminoacridine 

9-Aminoacridine exhibits a very high fluorescence efficiency 

in a wide variety of solvents^ ■''.  Table 1 shows the measured 

quantities for this molecule in various solvent systems.  The absorption 

and fluorescence spectrum of 9"aminoacridine in water is shown in Figure 

6. Water was chosen over ethyl alcohol-HCl as a host since the life 

time is longer at comparable quantum efficiencies and because the 
o 

potential stimulated emission band at k^ko  A is higher than the side 

bands whereas in ethyl aicohol-HCl; this effect is not so pronounced. 

16 
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TABLE 1 

Lt  vimes and Quantum Efficiency - 9"Aniinoacridine 

(after Strickler and Berg^ ^') 

9 Q 
Solve-it T x 10^      T x 10 

o 

Ethyl Alcohol I3.87 I5.U3 0.899 

Ethyl Alcohol 
HC1 lU.07 1^.19 0^99^ 

WaL-r 16.OU 16,Uo 0.978 

V.ater-KCl I5.U5 16.67 0.927 

The absorption and fluorescence spectrum in the modified polymethyl 

uiuthacrylate host measured on a sample whose concentration was 1,5 x 10 

moles per liter is shown in Figure 7 (where thr- highest energy fluorescence 

band has undergone partial reabsorption). The terminal-ground state 

separation is 1350 cm 

located at ^582 A + 1 A. 

3.  9.10-Diphenylanthracene 

separation is 1350 cm . The four-level fluorescence band peak is 

The absorption and fluorescence of 9;10-diphenylanthracene 

in isooctane is shovn in Figure 8 and its characteristics in the 

polymer in Figure 9- The measured terminal-ground state splitting is 

about loOO cm  . In the polymer the four-level fluorescence peak is 

located at U266.5 + 1 A. The fluorescence lifetime and quaitum yield 
(21) (22) 

measurements given by Bowenx  , Ware and Baldwin^  ' and Birks and 
(2^) _ _    -9 

Dyson    are in good agreement.  In benzene, T = 7.9 x 10  sec, 

1=7.3+1x10  seconds and, therefore 0 = 0.84.  In the polymer, 

is approximately the same while the relative quantum yield is higher. 

The quantum yield of this compound is sensitive to solvent viscosity 

since the principal mechanism of deactivation other than fluorescence 
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is quenching at a diffusion-limited rate by ground state molecules. 

In the polymer, therefore, the quantum efficiency is virtually 

unity as measured by the relative intensity of two samples of the 

same geometry, refractive index and concentration. 

h.      9-Methylanthracene 

The absorption and fluorescence of 9-methylanthracene in 

hexane is shown in Figure 10 and in the polymer in Figure 11. In 
o      e 

the polymer, the fluorescence peak is at ^137 A + 1 A with a terminal- 

ground state separation of I5OO cm . The only quantum efficiency 
(2k) 

measurements in the literature are those made by Bowen and Sahuv  ' 

who found a very large viscosity effect for the quantum yield of 

fluorescence. They 1   port quantum efficiencies of »^0.6 in toluene at 

room temperature increasing to ~1.0 at -50oC.  In a polymer, the quantum 

yield should be virtually unity at room temperature. The intrinsic 

lifetime   calculated from the absorption spectrum (in hexane) is 
-9 

13-15 x 10  seconds. 

5.  Rubrene 

Rubrene (9^10,11,12-tetraphenylnaphthacene) is a molecule 

which exhibits four-level characteristics.  The absorption and 

fluorescence in solution and in the polymer is shown in Figures 12 
(19) 

and 13.  Although the quantum efficiency is only 0-73 in benzenev  ' 

and is photochemically unstable,it was felt that incorporation within 

the polymer would significantly increase the quantum yield and hence 

lower the rate of photodegradation.  The quantum yield did increase 

markedly in the polymer, but under high flash intensities, rubrene 

still proved to be photochemically unstable. 

23 
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6-  Naphthacene In an Anthracene Crystal 

The last system studied which showed good potential organic 

laser material is the molecule naphthacene (tetracene) in an anthracene 

single crystal. This mixed crystal system represents a rather different 

type of potential organic laser material. Anthracene as a pure crystal 

is fluorescent with a quantum efficiency of at least 0-9 and possibly 1. 

The fluorescence lifetime is 18.8 x 10  seconds^^^,  It has absorption 

and fluorescence bands very similar to the perylene molecule with the 

fluorescence spectrum at room temperature being shown in Figure Ik,    One 

feature of the fluorescence of anthracene is the very rapid rate at which 

the excitation energy migrates through the crystal before emission 

(25) occursx >/. 

Upon addition of the naphthacene molecule in concentrations of 

the order of 10  molar (6 x 10  molecules/cnr); the radiation absorbed 

by the anthracene is transferred with unit efficiency to the naphthacene 

molecule where it fluoreses. The fluorescence spectrum of a mixed crystal 

of naphthacene and anthracene at room temperature is also shown in 

Figur*» Ik.    The anthracene fluorescence is almost completely suppressed by 

the emission of the naphthacene.  In these experiments the naphthacene 

was not directly excited in order to obtain the spectrum shown in Figure 

lh.  The diffusion of the excitation energy into the crystal must occur 

much more rapidly than the lifetime of the excited singlet states.  This 

system could be pumped optically in two ways. 

1. The normal pump power penetration of the crystal 
corresponding to the region 4000-^700 A absorption 
of naphthacene where the anthracene crystal is 
optically clear. 

2. The absorption of light by -he anthracene itstlf 
at the surface with virtually no penetration of the 
incident, radiation, the energy then being transferred 
into the center of the crystal extremely rapidly. 
Calculations of the anticipated threshold for such a 
system show the same range of input powers as for the 
other systems discussed above since naphthacene is a 
four-level system with a terminal-ground state separa- 
tion of about 1300 cm"^-. 
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Proper orientation of the crystal axes with respect to the 

resonant axis would be of some importance since the naphthacene 

fluorescence is polarized along the a and b molecular axes with the 

ratio — = 1.9   • Other mixed crystal systems offer similar 
ä 

possibilities although all of the properties relevant to a potential 

laser material have not yet been investigated. 

B. Preparation of the Liquid Samples 

The liquid solutions were prepared by taking known quantities 

of the rrecrystallized compounds and dissolving them into the appropriate 

quantities of freshly chromatographed reagent-grade solvent. The con- 

centration used was consistent witn the best possible absorption of 

the radiation. The solution were degassed on a vacuum line by 

alternately freezing, pumping and thawing exhaustively. The cell was 

then sealed off under high vacuum. This served to remove all traces 

of oxygen which exhibit deleterious effects of the excited states of these 

molecules. Samples prepared in this manner were stable for several 

hundred flashes under the conditions of low energy (less than 300 joules) 

and high peak power. 

The liquid cell is constructed of thick walled pyrex tubing 

6 centimeters long and about 0.6 centimeters in diameter. The end 

windows are of optically flat quartz and are bonded to the pyrex tube 

with a special epoxy resin after the pyrex tube is machined to insure 

reasonable parallelism of the windows. Exact parallelism of the 

windows is not critical since the optical alignment of the Fabry-Perot 

or confocal cavity is made through the sample and thus any sma1i wedge effects 

are taken into account. 

C. Selection of Plastic Hosts a"d Their Preparation 

There are many plastic materials available which potentially 

could act as a host for an organic dye in a resonant cavity  However, 
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most must be discarded because of a lack of optical clarity; a 

significant absorption in the olue region of the spectra or a lack 

of dimensional stability and hardness. The Bolyolefins, Polyamides, 

Epoxies and Polyesters, Polyacetals, Polyvinyls and all modified 

Polystyrenes are not satisfactory in this respect. A few of the 

relevant properties of the remaining materials are listed in the 

table below. 

Polycarbonate 

Impact Strength  Rockwell Heat Dis 
D-256 ft        hardness  tortion 
lb/in. of notch    D-785   0-6^3 

Ik 

Polystyrene 0.^5 

Cellulose Acrtate 6 

Cellulose Ac.täte 
Butyrate 7 

Methyl Methacrylate o.k 

R116 
(M-78) 

M-72 

R52 

R61 

M-97 

Water  Light  Re- 
Absorb- Trans- tractive 
tion 2k  mission Index 
Hours  ^-000-o 
D-570  7000 A  

270oF  0.35^   86^  I.586 

1850F 0.0^ 89* 1.590 

1230F 2A^ 90^ 1.480 

1350F l.ki 90f, 1.1*75 

1980F 0-3^ 9$ i .^90 

Z+n. data above are given accc ding to the noted ASTM specif ica „icn. 

The transmission data do not take into account the Fresnel reflection. Thus, 

the 93^ for methyl meth. cry late should be 99-^ • 

The cellulosic materials were eliminated because of the lack of 

dimensional stability as well as the low hardness value. The hardness value 

is an indication of the degree to «rfhich a material may be polished and 

continue to maintain acceptable surface characteristics.  Neither of the 

cellulosics meet these requirements. 

After examining some polystyrene rod, ar\<*  molding some pure pellets, 

styrene monomer was obtained and polymerized in the absence of catalyst to give 
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a particle free styrene blank of extremely fine apparent optical quality. 

Machining characteristics and subsequent dimensional stability were 

observed for polystyrene. In passing plane polarized light through a 

polystyrene rod, it was found to be depolarized.  It is psjfjible that the 

styrene molecule causes this effect or that the cast and machined rod was 

very highly oriented.  This effect was not related to normal strain effects. 

In addition, oxygen diffusion in polystyrene is very rapid which will affect 

the excited states of the fluorescent compounds. 

The desire to investigate a polycarbonate comes from the properties 

of higher heat resistance and greater impact strength. However, the best 

available polycarbonates exhibit scattering to a large extent and are, 

therefore, unsatisfactory. They cannot be prepared by in situ polymerization 

as they require a catalyst bed. 

Polymethyl methacrylate was then investigated. This material has 

even greater hardness than polystyrene and in fact, machines as well or 

better.  In addition, oxygen diffusion into the material is very low. 

There are several potential methods of preparing polymeric methyl 

methacrylate.  They are:  (1) Thermally grown polymer from the monomei 

without the use of a catalyst, (2) Extrusion, (3) Injection molding, (4) 

Compression molding, (5) In situ polymerization. Four of these five techni- 

ques were attempted in the program. 

1.  Thermal Polymerization 

The thermal polymerization was initiated at about 850C in a teflon- 

lined, evacuated glass tube containing the unstabilized monomer and the 

desired concentration of perylene. After se eral days at this temperature 

the polymerization was complete. The samples were quite hard and could be 

easily machined and polished.  However, due to extensive cross-linking of 

the polymer, the molecular weight was so high that the samples exhibited no 

softning point without depolymerization and thus could not be annealed to 

remove density gradients. 
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2. Extrusion 

Extrusion was the next technique attempted. The molecular weight 

of the thermally polymerized material was too high to be used as an extruding 

material since it thermally depolymerized at the teirneratures necessary for 

extrusion.  It was found possible to extrude an "optical grade" Rohm and Haas 

plexiglass molding powder called V-100. This material was extruded with 

both the perylene and 9"aininoacri^i-ne dyes in the form of a l/kn  diameter 

rod. The 1/^" rods exhibited a radially directed strain. Annealing in air 

and in mineral oil was attempted at various temperatures for several days 

followed by slow cooling but the density gradient could not be removed 

completely. 

3. Compression Molding 

The third technique attempted was to compression mold the material 

followed by careful annealing in the mold. Sample rods formed in the mold 

were 0.260" in diameter and 3" long. An extruded rod was used as the starting 

material and the rod was incorporated into the mold and heated to the desired 

temperature (a range of 100-2000C was employed) where it was allowed to soak for 

a period of time varying up to two hours. Pressure was then applied in i, cages 

to the final desired pressure which ranged from 1,000 to 10,000 psi. The 

samples were then cooled slowly over a period varying from 4 to U8 hours. 

The optimum molding conditions were found to be 135°^ and 2750 psi with a 

soak cycle of one hour and a cooling time of at least 12 hours. The samples 

made in this way exhibit smaller gradients than samples prepared by other 

techniques used to date.  There was a residual strain at the end of the rods 

where the pressure had been applied and a minor ar^unt of strair where the rods 

were in contact with the split in the mold.  It was found possible to remove 

the strains by careful annealing in mineral oil at a temperature of 100 to 

105oC followed by slow cooling.  Such samples exhibited no detectable strain 

for 3-il days after the annealing was completed.  Subsequently, the end strain 

reappeared, however. It has not proved possible to date to reanneal the end 

strain out of the compression molded rods on a permanent basis. 
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It was deemed of some importance to investigate the light 

scattering properties of a good compression molded rod as compared to 

the best optical grade plastics available. These measurements of the 

scattering show that the compression molded rod scattered light by a 

factor of 30 more than was the case for a (undoped) rod prepared by 

commercial casting techniques, indicating that the optical grade V-100 

plexiglass used in the compression molding studies is really inferior in 

this respect. An absolute figure for the scattering by the compression 

molding rod is difficult to assess but it is in the range of 0.01 to 

0.03 per cm. On this basis the scattering of the rods prepared by the 

casting techniques must be about 0.001 per cm. 

h.       In Situ Polyaerization 

The process to be described in this section proved to be the 

one that was most satisfactory. During the early studies described 

above, the effects of the molecular orientation of the polymer on the 

birefringence were not understood completely, but evolved gradually as 

the program went along. Samples were prepared by in situ polymerization 

and exhibited good optical properties except for the fact that they 

exhibited stress-birefringence. 

Stress-birefringence in polymers arises because of sterlc 

hinderance of the chemical groups within the polymer chain. Two states 

of the polymer exist which differ in their elastic characteristics. 

The "glassy" state, present at room temperature in most polymers, is 

characterized by a polymer structure so tight and rigid that only short 

range distortion, i.e., steric hinderance, is observed.  In the "rubbery" 

state, the molecular chains can uncoil and extend and thus distortions 
( P7) ( PÖ 'S 

are  propagated over large distances. Andrews and Rudd^ '% Stein  ' and 
(29) 

Gurneev  ' have discussed these effects in detail. The transition between 

these two states is, thermodynamically, second order. For polymethyl methacrylate 

(PMMA), the transition temperature is near 40oC^ ', When the polymer is 

annealed, the cooling cycle must pass through this temperature.  Since exact 
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thermal equilibrium cannot be maintained during this transition^ the 

internal stresses are still observed and the samples are birefrlngent. 

One way to obviate this problem is to design the polymer so that it 

possesses a zero stress-optical coefficient. 

The birefringence A n; introduced into a sample as a result of 

the application of a pressure per unit area F', is given by 

^n = Ki" 

where K is the stress-optical coefficient. 

Pockels in his early studiesw ' on glasses had developed a 

glass exhibiting a zero stress-optical coefficient. More recently, 

Lamble and Dahmouch J '  had shown that this is possible in a polymer by 

the addition of dtbutyl phthalate (DBP) to the methyl methacrylate monomer. 

Their studies showed that varying amounts of DBP added to the methyl 

ir.ithacrylate monomer produced a polymer with a stress-optical coefficient 

which varied from about -k  Brewsters for the pure polymer to +4 Brewsters 

for the 20$ by weight-doped polymer.* A principal difficulty with their 

study was the large stresses employed on thin samples (to give measurable 

retardations), giving rise to some irreversible effects. Also, for our 

purposes, the values given were not accurate enough. 

We repeated this work since our polymerization technique 

involved a different catalyst and a different curing eye15. Measure- 

ments on the stress-optical coefficient as a function of composition 
o 

were made using a collimated mercury source used at 5^61 A in conjunction 

# (32) 
For our purposes, we have adopted the convention employed by othersw ' 
that a compressive stress in PMMA corresponds to a negative stress- 
optical coefficient. 
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with Glan-Thompson prisms and a quarter wave plate whose retardation 

error was + 50 A.  The minimum was determined visually and photo- 

metrically with no significant difference being observed.  The 

samples were 0.6 cm x 0.6 cm x 7-5 cm-  Pressure was applied using a 
7 

hydraulic press on the 0.6 x 7.5 cm area in the range of up to 10 
2 

dynes per cm in order to prevent the irreversible stressing of the 
(^2) 

material found by Lamble and Dahmouchw '.  The retardation could be 

measured to + 2°,   resulting in a lower detection limit of the stress- 

optical coefficient of + 0.05 Brewsters (l Brewster = 1 x 10  cm dyne  ). 

In practice, although the retardations could be measured to ♦ 2% the pressure 

applied was not uniform enough to permit accurate determination of the stress- 

optical coefficient to better than 4.3 Brewsters. The results are shown in 

Figure 15, They are essentially in agreement with the Lamble and Dahmouch 

results and it is evident from these data that approximately IC^t by weight 

DBP is the composition required for a zero stress-optical coefficient 

material. Attempts to measure samples near the correct composition of 

10^ DBP were vitiated because of the small retardations encountered, in 

conjunction with the upper pressure limit available to us and the lack 

of uniform pressure over the path length. A series of samples were 

prepared ranging from 9"11/t DBP 1° 0.1^ intervals. After annealing at 

110oC and polishing, the samples were examined under crossed Glan-Thompson 

polarizers. Samples containing 10.^ to 10.6^ DBP were essentially free 

of birefringence with the 10-5^ DBP sample exhibiting a birefringence, 

An < 6 x 10  . These results were easily reproducible. 

It was surprising to find that the 10.5^ DBP sample did not 

exhibit a zero stress-optical coefficient. What has apparently happened 

is that the rubber-glass transit'on temperature (Uo0C in pure PMMA) has 

been shifted downward belcw room temperature for this composition.  In 

order to test this hypothesis, we made measurements of the expansion of 

the polymer sample using a liquid dilatometer in the temperature range 

-20oC to +^5°^ in order to determine the glass-rubber transition temperature. 

The determination of the glass-rubber transition temperature was made 

36 



o 

.     • 

fi. 
a 
a 

<f_< ek 
4> H o 

X o X 
iä o 
» H 
g 

u 
a a i*. 

Ml 
1- 

< 

i 
« 
< 

o 
& 

X 
Ul 
u X 

Jl ta. 1 
lb 

Ik 
u 

3 o 
• m 

a u 
-1 

& < o o 
J5 H 
x <L 

<0 bl 
U 

O 

bl s 
O. 111 

s 
-   ♦ 

|lt»S- (8ll318Mailfl)-lN3l3iJil03  lV9lldO   SUUIC 

37 



using a liquid dilatometer which contained a polymer rod and was filled 

with a solution prepared by mixing 116 cc ethylene glycol and Bk  cc 

water. Differential volume changes of 0.1^ could be measured by this 

technique. The results are shown in Figure 16.  It is evident that 

at about 5°^ the rate of expansion of the polymer undergoes a change 

and this would be expected for a (second order) transition from the 

(low temperature) glassy state to the (high temperature) rubbery state 

of the polymer. With the absence of the rubber-glass transition in the 

annealing temperature cycle, annealing to remove stresses is possible. 

This is consistent with the view that the transition temperature should 

decrease with the addition of DBF since the polymer chain is made more 

flexible and material stays rubbery at ever lower temperatures. The 

materials become birefringent again above this composition. Why the 

birefringence increases again above 10.5^ DBF is not yet clear.  Thus, 

the polymer developed is actually in a rubbery state. 

The complete process for making an optically isotropic polyiüer 

can now be desribed. The methyl methacrylate monomer is treated to remove 

the stabilizing agent which consists of 25 ppm hydroquinone. The raw 

monomer is treated with a 20^ NaCl, 5^ NaOH water solution. Twenty cc 

of this solution is added for each 100 cc of the methyl methacrylate 

monomer. The mixture is shaken and placed in a separatory funnel. 

After separation, the material is dried for three hours over anhydrous 

NaCO- and then stored in a dry bottle under dry conditions. 

The catalyst used is a , a '-azobisisobutyronitrile. It is 

used at a concentration of O.OJ^ by weight. The dibutyl phthalate was 

reagent grade and was used without further purification. These three 

components are mixed together anu the necessary amount of fluorescent 

dye is added. 

The pyrex tubes (l/2:l ID) in which the polymerization would 

proceed are carefully cleaned. The solution is then put into the tubes 

vis a syringe to which is attached a micropore filter.  The particular 

filter system used as made by the Millipore Corp., Bedford, Massachusetts, 
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and consists of two filters^ one (AP2502200) to remove large gelatinous 

material and the second (NRWPO25O0) to remove all dust particles present 

down to less than 1 micron in size. The cleaned tube is multiply-washed 

with the filtered solution before the actual filling operation. This 

filtering procedure makes a significant difference in scattering 

properties of the final rods. The filled tubes are then put on a 

vacuum line^ the oxygen removed and the system backfilled with clean, 

dust-free nitrogen to about 1 atmosphere pressure. The tubes are then 

sealed off. 

The tubes are then placed into a water bath and raised to ho0C. 

They are held there for two days. They are then slowly increased over a 

one-day period to 60*C and over another one-day period (in an oven) to 

100oC. They are held at 1000C for three days and then cooled to room 

temperature. 

The machining and annealing of the samples is an important part 

of their preparation.  The rods are first annealed in a mineral oil bath 

at 110oC. This is accomplished by a proportional controller which raises 

the temperature to the annealing point at the rate of 10oC per hour. A 
« 

three hour soak cycle at 110oC is provided and the sanples are then brought 

back to room temperature at the rate of 2.0oC per hour. The rods are then 

carefully machined to about 0.5 mm oversize. They are annealed again to 

remove strains introduced by the machining operation. They are then taken 

to the final tolerances (being held in a collet) and then polished. The 

final lapping is done using an AB Metcloth i+07158 cut cloth and 0.3 micron 

Linde-A alumina. During the lapping of the ends, the rods are surrounded 

by a polymer of the same toughness to permit good flatness to be obtained 

over the entire surface. 

5.  Optical Properties of the Polymer 

The refractive index and dispersion of the polymer were determined 

using minimum deviation angle measurements. The results are shown in 

ho 



Figure 17-  The dispersive power of the polymer is almost identical 

to that determined by other workers for normal methvl methacrylate 

polymers^J''' and is comparable to other optical materials with this 

refractive index.  Refractive index gradients within the sample were 

measured interferometrically. Qualitatively, gradients of the order 
5 

of 5 parts in 10 were observed.  This probably could be improved by 

further refinement of the annealing procedures. 

Absorption measurements on a sample 1 ran thick were made with 

a Beckman DK-2 spectrophotometer and indicated that the sample is clear 

to wavelengths up to over 2 microns. The ultraviolet absorption is 

shown in Figure 18 where a constant Fresnel reflection correction has 

been made for the ultraviolet relative to the refractive index at 

Ü046 A. ,A-.. optical density of 1 is observed at about 2575 A. Between 
o o 

2575 A and 3^000 A, the increase in apparent absorption observed could 

be due to anomolous dispersion and/or absorption. 

Expansion coefficient measurements were made using an NBS- 

designed expansion dilatometer manufactured by Industrial Instruments 

Inc., Allentown, Pa. This instrument is capable of measuring expansion 

coefficients two orders of magnitude smaller than encountered. 

Measurements were made only at increasing temperatures since the 

material depressed slightly under the spring loading. 

Measurements were made of the expansion coefficient of the 

10-5^ DBF-PMMA material. The results are shown in Figure 19- The 

first portion of the curve at low temperatures is nonlinear due to 

lagging effects in the instrument but even the upper portion cannot be 

regarded as being linear.  This may be due in part to the spring loading 

system of the instrument. However, a rough estimate of the expansion 
-h 

coefficient yieldsQ = 3.2 x 10  cm/cm0C.  This is a slightly greater 

expansion coefficient than for commercially cast {"glassy") Plexiglas 

withQ ^-6 x 10  cm/cm0C. 
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Measurements on the refractive index gradients within the 

sample were made using a helium-neon laser and a Michelson interfero- 

meter. A 5 nm diameter beam was used to injure large area observation. 

The fringe distortion was measured qualitatively on a sample 2.1 cm. 

long with optically flat ends. A photograph of the fringe system 

with and without the sample is shown in Figure 20. Also shown in 

Figure 20 is a picture taken under crossed Glan-Thompson prisms of the 

residual birefringence. 

For these measurements, a cylinder of birefringent polymer 

closely surrounded the sample red in the center. The sample rod was 

10 cm long. The isogyre of the polymer cylinder can be seen. The small 

amount of center intensity in both pictures is due to off axis scattering 

into the center of the optical system from the polymer cylinder subsequent 

to the last polarizing unit. 

Qualitatively, the hardness and dimensional stability of the 

samples are good after the annealing has been done. The samples can oe 

polished, after the annealing procedure, to 1/10 wavelength flatness over 
2 

areas in excess of 1 cm and do not change in time. The polymer is 

particularly resistant to abrasion, can be cleaned with ordinary tissue 

and possesses good scratch resistance. 

6.  Chgracteristics of tha Fluorescent Dye in the Polymer 

One important question jn the nature of the organic fluorescent 

dye concerns whether it is polymerized Into the polymer chain or whether 

♦.t is dissolved as an ordinary solute in the polymer. Although the doped 

polymer was extensively cross-linked, it proved to be slightly soluble in 

hot ethyiene dichloride. Upon cooling the solution, a white polymer re- 

crystallized at the bottom and the fluorescent compound perylene remained 

in solution. This indicates that the dopant compounds do not enter into 

the polymer chains directly during the polymerization but are dissolved as 

an ordinary solute.  Therefore, no polarization effects should ht*  associated 

with the fluorescence of the molecule. Measurements failed to find any 

polarization associated with the fluorescence of perylene. 
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With Sample Without Sample 

Figure 20a - Interferometer Measurement of Optical Quality of Polymer 

With Sample Without Sample 

Figure 20b - Crossed Glan-Thompson Frlsm Study of Birefringence 

46 



D.       Preparation of Single Crystals 

As noted ibovt, single crystals of anthracene doped with 

naphthacene should be a promising organic laser material on the basis 

of the spectroscopy of the system. Some attempts were made to grow 

pure anthracene crystals and also to incorporate the naphthacene into 

the anthracene lattice.  The anthracene used was the Kodak grade H-U80 

and was grown from the melt by a standard thermal gradient technique^ : 

In these experiments the anthracene was incorporated into an evacuated 

chamber which had been backfilled with 100 millimeters argon. It was 

found to be very difficult to grow anthracene with the proper orientation, 

In the experiments in which naphthacene was incorporated into the 

anthracene crystal, concentration gradients of napthacene wjre found 

along the axis of the rod. The extent of this gradient depends very 

sharply on the growth rate which Is ordinarily kept at about 1 mm per 

hour. Subsequently, some pure anthracene with the proper orientation was 

successfully grown. However, the level of effort required to grow a 

single crystal of anthracene in an appropriate size, orientation, and 

with the correct concentration cf naphthacene was deemed too large a 

program for the current contract. As a result, further attempts to 

grow anthracene single crystals suitable for an organic laser rod were 

suspended. 
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IV. DEVICE CONSIDERATIONS 

A.      Optical Pumping Systems 

One of the major problems in the development of an organic 

laser employing fluorescent organic compounds is the generation of 

sufficient peak power in a short time. Several approaches to this pro- 

blem have been attempted. Briefly stated^ the threshold for these 

materials would require an absorbable photon flux of about 10 J photons 

per second into a volume corresponding to a sample 3** long and l/kH  in 

diameter. 

1.  Conventional Xenon Pumping Systems 

The lamp system first attempted was aimed at modifying a 

conventional xenon lamp system to yield a pump pulse duration of less 

than 10 microseconds with an appropriate input energy of about 200 joules. 

For pulses of this length, relatively small caoacitors must be used which 

will have a self-resonant frequency of about 200 KG. A five microfarad-20 

KV GE type ikf  322 capacitor was used. Because the voltages used exceeded 

the breakdown potential of the lamps, a GE type GL7703 ignitron was 

employed as a switch. A variety of series inductances up to about 0.5 

microhenries were employed in order to match the impedance of the driving 

circuit to that of the lamp. Several commercial xenon lamps and some 

custom lamps were tested but they could not withstand the shock waves 

generated. A lamp was built in this laboratory which was able to withstand 

the shock waves produced under these conditions. A photograph of this 

lamp in an optical cavity is shown in Figure 21.  The electrodes were 

made of barium irupregnatcd tungsten whose tips were ground to a hemi- 

spherical shape to reduce the shock wave input and to cllow the hot 

expanding gas to carry sputtered materials to the region behind the 

electrodes.  The ends of the lamp were bent at U50 to allow close optical 

coupling to the sample in the psuedo-elliptical cavity.  Baffles made of 

several layers of 100 mesh stainless steel wire scr» ' ^ *.;re located 
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half way between electrode tip and end of the lamp. The re-entrant 

ends were potted with lead in a brass cup to dampen shock impact 

vibrations. The total arc length was 4" long with a 6 mtlliraeter 

diameter discharge.  The lamp was filleu with 60 cm xenon after 

appropriate degassing. An EG and G FX-45 lamp was used to compare the 

brightness and efficiency for longer pulses. The bent lamp showed 

slightly greater brightness. A maximum peak power (measured at the 

half power points) of ^3 megawatts (300 joules, 7 microsecond width) 

was discharged into this lamp. Because of the properties of the fluorescent 

molecules, the lamps' full peak power could not be utilized in pumping 

the liquids because the pulse was too long (see Section V).  It was used 

to pump the rods formed from the polymer. 

In considering generation of a shorter pulse (of about ^00 

nanoseconds or less), several questions immediately arise; (a) what 

types of capacitors are suitable to obtain such short pulses?, (b) will 

the efficiency and brightness of the xenon lamp or a latap filled with 

other gases be maintained under these short pulse conditions?, (c) what 

techniques can be used to match the impedance of the driving circuit to 

that of the lamp (since the ordinary technique of adding a series 

inductance would lengthen the pulse time)?, (d) the need for an extremely 

fast, low-loss,high voltage switch. 

The capacitor problem was attacked first.  If a peak power of 

the order of 100 megawatts is desired in a k00  nanosecond pulse, the 

stored energy needs to be ^0 joules. The resonant frequency of the 

capacitor must be at least 5 megacycles, and therefore, a low capacitance, 

high voltage capacitor is needed. Several commercial capacitors in the 

range 0.01 to 0.1 microfarads were tested at voltages up to 20 KV. The 

distributed inductance in each of them was too high and as a result the 

light pulses generated were much too long. Under a previous contract 

with the AEG, a series of high dielectric-constant, high dielectnc-strengch 

ceramic materials were investigated as energy storage capacitors. The 

details of this general class of non-piezoelectric barium-strontium 
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(35) titanates can be found elsewhere   .  The dielectric constants of 

these materials can be as high as UOOO with field strengths of kQj 

volts per mil having been observed in some materials.  It was decided 

to make capacitors from these materials in a form of a cylinder so as to 

minimize the distributed inductance.  These capacitors proved to be 

highly successful for generating pulses from ^"p to 550 nanoseconds 

duration depending on the lamp used.  The properties and preparation 

most successful ceramic capacitors used are described in the Appendix. 

One capacitor was 0.016 microfarads and the other was 0.115 microfarads. 

The latter capactiro had a field strength of at least 150 volts per mil 

(30 KV) which corresponds to a stored energy of 50 joules. 

Several types of lamps have b^en considered as potential 

optical pumps to use in developing the shorter pulses required.  It 

was decided to use a lamp body corresponding to the GE FT-91 lamp. 

This lamp body was then filled with a variety of gases which were as 

follows; 

(a) Xenon-30 cm. 

(b) Xenon-2.5 cm. 

(c) Xenon-30 cm., Iodine-2.0 cm. 

(d) Helium-30 cm. 

(e) Hydrogen-U.0 cm. 

(f) Air-2.5 cm. 

(g) Air-10 cm. 

(h) Nitrogen-2.5 cm. 

The pressures were chosen to insure a high voltage breakdown for the 

lamp of about 7 KV and, hopefully, to minimize the impedance.  The 

switches used we'e EG and G GP-17 spark gaps used in series to provide 

the necessary hold-off voltage. The dynamic impedance of these switches 

, a few milliohms. 

The ai.r-filled lamps yielded the shortest pulses when used in 

conjunction with the ceramic capacitors. These pulses were as short as 

125 nanoseconds, but a factor of 15 less bright than the xenon (30 cm.) 
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pulses. The xenon pulses have a full width at half maximum of 350 

nanoseconds. A major portion of the time was spent in making 

surface brightness measurements to determine if the lamps were 

operating efficiently. The brightness standard used for comparison 

was the same lamp pumped from a lower power^ shaped pulse circuit 

yielding a light pulse of 30 microseconds duration.  (This discharge 

condition typically yields for a 30 cm xenon lamp-radiative 

efficiency of about 50$).  The brightness was measured w. . and 

without a narrow band pass filter centered at UlOO A. Although the 

apparent peak power (measured from the pulse width and the stored 

energy) of the shorter pulses was 50 fold higher than for the long 

pulse, the brightness of the short pulse was only a factor of 2 greater, 

indicating that the efficiency of such lamps is not particularly high 

with the short pulses. Measurements of the spectral output of the 

30 cm xenon lamp showed an equivalent black body temperature of about 

7500oK. 

Attempts were made to increase the brightness of the short 

pulse lamps by improving the impedance match between the driving circuit 

and the lamp body. A DC "keep-alive" increased the brightness by a 

factor of 2 with perhaps a slightly improved rate of rise of the light 

output. Double pumping experiments were attempted to see if the type 

of high brightness results reported by Emmett and Schawlow could be 

obtained using the very short pulses. The long pulses were 30 micro- 

seconds with an energy of about 10 joules while the short pulse lasted 

about 350 nanoseconds and had a stored energy of 3-4 joules. The bright- 

ness of this double pump system did not show any significant improvement 

over the DC "keep-alive" results. Varying the time at which the short 

pulse was allowed to dump into the lamp did not produce significant 

changes. Varying the energy discharged into the lamp also did not 

produce significant improvement. 
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2.  Theta-Pinch Lamps 

Another possible pumping source is the argon theta-pinch 

lamp work described recently (as modified for laser pumping) by 

Feldman and coworkers^ "* ', at Carnegie Tech. Feldman's pumping 

system consists of a clam shell capacitor (^0 KV, 1 microfarad) 

connected through an air-gap switch to a brass strap of about 1/4" 

cross section curved to form a circular loop of 1M diameter. 

Within the loop he places a toroidal bottle with the laser rod at 

the center. The bottle contains any of the rare gases (usually argon) 

to a pressure of a 1 to 100 millimeters. When the switch is triggered, 

the large induced electrical field ionizes a channel in the gas in 

the toroidal bottle. Enormous currents are induced for a very short 

period of time.  Typical current densities reported by Feldman are 

5 x 10 amperes/cm , power inputs to the gas reach U x 10 watts and 

the total energy dissipated in his lamps have been as high as k00 

joules. The pulse length is about 1 microsecond. The lamp has been 

operated repetitively at rates as high as 60 cycles per second and 

as long as 5 minutes at 30 cycles per second using only natural 

convection for cooling. Thus, the lamp is apparently exceptionally 

effective at re-radiating the input energy. 

An optical pumping system based on Feldman's design was 

constructed in this laboratory.  It utilized a 0.9 microfarad, 50 KV 

clam shell capacitor (GE 1^F-756G2) in conjunction with high current 

pressurized switch (obtained from Cooke  Engineering Company, 

Alexandria, Virginia) and a toroidal bottle (containing 2.5-3.O mm 

argon) of the same dimensions (l 1/8" CD., 5/16" I.D. 3M long) which 

Feldman used. A photograph of this apparatus is shown in Figure 22. 

In order to check on the earlier, rather crude results of 

Feldman^"' on the spectral properties of argon theta-pinch lamps, a 

series of measurements were made on the spectral properties of the 

lamp which we had built. 
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A dual-grating, 2-meter Bausch sxd Lomb spectrograph was 

the basic component of the measuring system. The 3amp was operated 

at 36 KV for these measurements and was a distance of I53 cm from 

the entrance slit of the spectrograph. A 1 mm entrance slit 
o 

(corresponding to U A dispersion) was used and Type IO3-O Kodak 

film plate was employed. A Hg-Cd source was used to calibrate the 
o o 

wavelengths.  The region covered was 2700-5700 A in 1000 A sections. 

The plate densities were recorded on a Leeds and Northrup recording 

densitometer and are shown in Figures 23-25. Note that the plate 

density scale is different for the wavelength region from ^900 to 

5500 A. The response of Type 103-0 plates is such that the 

sensitivity vs. wavelength curve is essentially flat over the region 
o 

3000-^700 A. Due to an error in moving the grating, the region 

3600-3775 A was missed. There are eleven lines of argon I of good 

intensity in this region and one line of un-ionized argon so that 

some information was lost. Time and money did not permit repeating 

the measurements for this data, since they wei_ performed in another 

laboratory. In interpreting the spectroscopic data, plate densities 

in excess of 1.7 or  less than .05 should not be regarded as being 

particularly accurate. Between these regions the relative intensity 

data should be good. 

The result of this measurement is the general confirmation of 

Feldman's observation that a continuum exists with a very large number 

of spectral lines superimposed on top of it. The continuum peaks near 

38OO A in our data. The most interesting feature of this new data show 

that almost all of the lines present are dispersion-limited to U A in 

width. A measurement of the total energy radiated with these lines is 

therefore not possible. 

At the lamp pressure employed (2.5 mm), pressure broadening 

should not be significant and this data confirms this observation. A 

tabulation of all of the lines with respect to their origin was started 

but not completed.  However, the higher ionized states of argon are 

present and apparently in high enough concentrations to significantly 

contribute to the brightness of the source. 
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At the latjjp pressure eyipioyed (2.5 tran), pressure broadening 

should not be significant and this data confirms this observation. A 

tabulation of all of.  the lines with respect to their origin was started 

but not completed. However, the higher ionized states of argon are 

present and apparently in high enough concentrations to significantly 

contribute to the brightness of the source. 

The brightness of the lamp is important in order to establish 

if it will develop enough radiated power within the pumping bands through 

each threshold for the organic fluorescent materials. A direct measure- 

ment of the spectral irradiance was made by calibrating the system against 

a GE 7^58-2 standard lamp which had been directly compared with an NBS 

standard. For this measurement, a set of eight photomultipliers replaced 

the photographic plate on the spectrograph. The slits for the photo- 

mulitpliers were 7 mm wide (28 A) and were separated on centers of 35 mm 
e 

(1^4-0 A) and an entrance slit with 1 mm was used. More detailed data on 

the instrumentation used can be found elsewhere^  '. The photomultipliers 

were operated identically for the two measurements except that different 

calibrated load resistors were used to correct for the four orders of 

magnitude difference in brightness between the calibration and the theta- 

pinch lamp source. Voltages for the calibrating lamp were read on a volt- 

meter while the theta-pinch lamp peak brightness was read off the oscillo- 

scope trace. 

The spectral irradiance, S ( \), in watts per cm per micron 

was measured using the slits of 7 mm. Since both the calibration 

source and the lamp were used with the fixed slits of 7 w®)   ^e relative 

brightness of the source is given by 

6 V 
c  ( .) - S  f v ^ x ^10 x 10      x      lainP  5  ^ ^source " S  l ^standard      c  1O      irt2 V ,     ._. 

5,10 x 10      standard 
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where the resistances used for the two different measurements have been 

put in as a multiplier. At 3795 A, the standard source irradiance was 
-li 2 

given from the calibration as 6.96 x 10  watts per (cm micron) while 

the voltage ratio V,   /V „  ,  . = 0.70, therefore, 0       lamp standard    ' '        ' 

S(\ )      = 6.96 x 10" x 0.7 x 10 'source 

= U.8 watts cm  micron 

p 
The average spectral radiance (in watts per (cm micron)) of the lamp is 

given by multiplying the spectral irradiance by the square of the distance 

of the lamp from the slit divided by the projected area of the lamp. For 

our measurements, the distance was I53 cm and the projected area was 
2 * I.65 cm . Thus, the spectral radiance at the maximum (3795 A) was 

i+.8 x ^'?i L10 ^   = 5-9 x 10^ watts cm'2 micron"1 . 

For a blackbody radiating at its maximum Wavelength and whose spectral 
h 2 

radiance is 5-9 x ^0 watts per (cm micron) the temperature would be 
o 

8600oK and the radiation would have its maximum at about 3^00 A. In view 

of the accuracy of the data, these results are in reasonably satisfactory 

agreement but it should be pointed out that possible errors in the measure- 

ment preclude definitely assigning the origin of the continuum to black- 

body radiation. 

A measurement of the total radiated power, and thus the efficiency 

of the lamp, is not really possible on the basis of these, measurements. 

This is due to the fact that the spectral lines are for the most part much 
o 

narrower than the k  A dispersion used for the measurements. In addition, 

the lamp does not radiate uniformly, but is most intense near the coupling 

loop and falls off towards the end of the toroidal lamp. 

If we consider as an assumption that the effective radiating area 
2 

is one-third of the total 60 cm and if we consider that the peak power of the 
2 

lamp is given by 1/2 CV / "T , where 'f is the full width of the pulse at 
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half maximum, then at the 36 Kv (0-9 |if) we have a peak power of about 

195 megawants. For 20 cm effective radiating area, the input electrical 
6       2 

power is 1 x 10 watts/cm .  For blackbody continuum at 8600oK, the system 
k 2 

radiates 3,1 x 10 watts per cm  for an emissivity of one.  This givev 

an overall efficiency of 3^ for conversion of electrical energy to continuum 

radiation.  Since the spectral lines contribute heavily, the real efficiency 

is considerably above this figure.  In addition, considerable circuit losses 

in the switch and the capacitor will prevent the full energy from being 

dissipated into the lamp and so the real efficiency of the lamp is increased 

even further quite probably. 

A series of studies were performed on the lamp in an effort to 

study the time relationships between the various species radiating In the 

lamp. This is Important to understand whether or not a quasi-equlllbriutn 

exists between the various ionized species of argon. These measureme. ts 

were taken with the photomultlpller units previously described. The results 

were fed to the two Type 555 Tektronix oscilloscopes with dual channel inputs. 

Since the pulses were faster than the chopping rates available, only four 

channels (on two oscilloscopes) could be monitored at one time. After two 

flashes the photomultlpller units were shifted 7 mm to study the next portion 

of the spectrum. Using this technique it was possible to measure the time- 

resolved ou»-nnt over the range 3700-^700 A.  Some data obtained are plotted 

in Figure 26. Only times above and below each other should be compared since 

the left and right hand pairs were taken with different flaahes. The relative 

amplitudes have meaning only with one plot. The symbol 385O A (385U A) refers 

to the first number to the center frequency of the radiating species and the 
e 

second number to the center wavelength of the 7 n™ (28 A) wide photomultlpller 
o o 

slit. The un-ionized argon lines at 3^50 A and ^225 A are of moderate 

intensity and al&o  continuum is evident in these traces. The argon I and II 

outputs follow the electrical ringing in the circuit while the un-ionlzed 
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argon and the continuum exhibit only a very small variation with respect 

to the circuit characteristics. 

We can interpret this type of data to mean that no quaai- 

equilibrium exists between the i.onizatlon states and the continuum while 

the un-ionized argon may be in equilibrium. The failure of the un- 

ionized argon follow the circuit characteristics is evidence that it Is 

not participating in power coupling btcween the electrical loop and the 

plasma. 
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B.       Fabry-Perot and Confocal Resonant Cavities 

The resonant optical cavity can be forced in a number of ways 

using a variety of reflector materials. One important criterion for 

threshold in a four-level system is that the reflectivity of the end 

mirrors be kept as high as possible. Silver mirrors are unsatisfactory 
o 

In this respect since they have a maximum reflectivity at k'JOO  A of 

97•5^- Other metallic coatings have even lower reflectivities in this 

region. Dielectric coatings are superior in this respect and are used 

to form the resonant cavity. The dielectric coatings presently used 

were made by Perkin-Elmer Corp. especially for us and have greater than 

99^ reflectivity at k'JOO A extending over a 10^-15^ bandwidth and one 

set of mirrors covered all of the compounds given attention in this 

study. Optical flats and confocal mirrors are equipped with these 

coatings. The confocal arrangement has the advantage that the optical 

alignment need by much less precise to obtain re coducibly low 

thresb.Oids. The radius of curvature of the confocal mirrors used was 

5 i/a". 

Antireflection coatings on the ends of the rod become an 

important consideration for reducing the threshold requirements when 

the scattering losses are reduced to the order of 0.02 per cm or less. 

For a material of refractive index I.50 such as is the case for a polymer 

rod, the perfect quarter wavelength thickness antireflection coating 

should have a refractive index of 1.22. However, a quarter wave 

magnesium fluoride film (refractive Index = I.37) would reduce the 

Fresnel reflection losses from k^,  per surface to 0.4$ per surface. 
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V.  RESULTS OF OPTICAL PUMPING EXPERIMENTS 

Optical pumping experiments with the resonant cavity in place 

have been made with the long light pulses generated by the bent lamp and 

power supply described in Section IV-A-1.  Because the life time of 

the fluorescence in these materials is a factor of 1,000 shorter than the 

pump pulse duration, an exact steady state exists and the fluorescence 

intensity at any point in time represents the true density of excited 

states. 

It was decided to observe the pump pulse and the fluorescence 

pulse simultaneously to look for non-linearities in the fluorescence 

output. The bent lamp (see Section IV-A) was used to pump the samples 
16 ^ 

A solution of 6 x 10  molecules/cm"5 of perylene in benzene at room 

temperature was used for these experiments. The experimental arrangement 

used is shown in Figure 2"].    A photocell was used to monitor the pumping 

radiation as a function of time. A filter which passed only the pumping 

band of the fluorescent material was placed in front of the photocell. The 

pump pulse thus represents the true rate of absorption of photons by the 

perylene molecules. A 500 mm. focal length grating monochromator 

(resolution 16 A per mm) was fitted with an RCA 1P28 or RCA 7265 photo- 

multiplier and monitored the fluorescence output along the axis of the 

resonant optical cavity. For most of these experiments the resonant 
o 

cavity was formed using dielectric hfQO  A reflectors in a Fabry-Perot 

structure or in a hemispherical cavity. Appropriate apertures limited 

scattered pump radiation to an insignificant fraction of the fluorescent 

output. The half angle of the cone of observation was 2 minutes of arc. 

Measurements were made at various wavelengths along the fluorescence 

peaks and in regions where the fluorescence is negligible. The results 

are as follows: 
o 

(a) The fluorescence at k-JlO  A (see fluorescence spectrum 
in Figure 3) rises faster than '-he pumping radiation 
with the resonant cavity in place in both the liquid 
and plastic samples when the peak power of the pumping 
system is increased to a certain point. When the resonant 
cavity is destroyed by removing one mirror, this effect 
can no longer be seen. Figure 28 shows plots of the 
observed effects. 
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(b)  The increase in fluorescence intensity mentioned 
In part (a) occurs only at wavelengths corresponding 
to the four-level transition.  At ^500 A (in the 
three-level fluorescence band) the effects are not 
observed with or without the reronant cavity (see 

"iguregS). 

As estimate of the maximum excess fluorescence intensity shows 

it to be about 5^ per cm.  Since the fluorescence lifetime is a factor 

of 1,000 shorter than the pump pulse duration, the excited singlet state 

population is in an exact steady state at any time.  Thus, there is no 

possibility of excess fluorescence being generated by the pumping 

system. We believe, tentatively, that the excess fluorescence represents 

gain taking place due to stimulated emission by the perylene in the 

benzene solution. 

The premature decay of the fluorescence is probably due to a 

depletion of the molecules available for pumping the singlet states 

because of the gradual build-up of triplet states, which have a relatively 

long relaxation time (IQ-^ to 10  seconds). This build-up occurs because 

the quantum efficiency of fluorescence for perylene in benzene is only about 

963t. The other U^fc represents conversion to the lowest-lying long-lived 

triplet state.  Since each molecule is pumped on the average of 1,000 times 

during the pump pulse, the triplet state can build up to appreciable levels 

at high pumping rates. As a result the full peak power of this pumping 

system could not be utilized. 

Attempts to achieve gain by pumping the liquids samples 

with the theta-pinch lamp were unsuccessful. Perylene, y-amino- 

acridine, 9~n>e^ylanthracene and 9/10-diphenylanthracene contained 

in the polymer were pumped in both the xenon lamp system and in the 

argon theta-pinch lamp system. No gain could be detected using the 

xenon lamp system. Forty-three megawatts was the highest peak 

power used. The theta-pinch lamp was exceedingly noisy and prevented 

accurate gain measurements for being performed. With this lamp, one 

looks simply for a spatially coherent beam or for a large increase 

in intensity. None was found although the peak powers employed 

reached values up to 250 megawatts. 
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VI. APPENDIX 

Preparation of Ceramic Capacitors 

Under a previous contract with the AEC*^', this laboratory 

developed a series of ceramic capacitors employing high dielectric- 

constant, high dielectric-strength materials for application as energy 

storage units. Since the capacitance per unit volume with these 

materials is high, it was thought that the fabrication of coaxial 

cylinders of these materials would yield a capacitor with very low 

distributed inductance, which would enable very short pulses to be 

obtained. Such a material must exhibit no piezoelectric characteristics 

as it would disintegrate upon rapid discharge due to rapid volume change. 

Barium tltanate and strontium titanate are well known for their 

high dielectric constants. Barium tltanate has a high dielectric constant 

but it is also piezoelectric at room temperature. Strontium titanate has 

a somewhat löwer dielectric constant, but also a Curie temperature far 

below room temperature.- A mixture of 65^ barium tltanate and 35^ 

strontium titanate by weight has been used extensively In Industry as 

a capacitor material. The Curie temperature is Just below room tempera- 

ture and a high dielecfiric constant is obtained. However, uniform 

density and controlled grain size are of the utmost importance in obtaining 

good electrical characteristics. In order to obtain these good characteristics 

a very pure starting material must be employed along with careful techniques 

of preparation and controlled firing conditions. Two compositions were 

chosen for the present work. The designations are DL85 and K12(Xr^ . The 

latter material is a barium titanate with bismuth stannate added to reduce 

the piezoelectric character of the barium titanate. 

The DL85 mixture was weighed and mixed by dry ball milling for 

l6 hours. It was broken up and calcined at 1200oC for two hours.  It was 

then broken up again to 4-mesh particle size and dry ball milled for four 

hours to a 20-mesh particle size. Water was added and it was ball milled 

again for 16 hours. Hyform I2ih  emulsion was added and it was dried at 

70oC for two hours. It was then made into a 20-mesh particle size again. 
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It was then pressed Isostatically In the form of a cylinder at 3000 psi. 

The final firing was accoiupllshed by raising the temperature to 1175°^ 

in a forced air atmosphere. From 1175-13500C an oxygen atmosphere was 

used.  It was then soaked at lU50oC for two hours in a forced air atmos- 

phere. An atgon atmosphere was then used and the sample cooled in this 

environment. The cylinder was then ground to the final dimensions of $" 

length, 2-1 A" outside diameter and about 0.200*1 wall thickness. 

Dupont ^+731 silver paste was applied inside and outside of the 

cylinder as an electrode and fired 720oC for one hour. Two to three 

layers produce a uniform electrode possessing extremely low resistance. 

Silver electrode tabs were then applied with Eccobond 56C conducting 

epoxy.  The resistivity of this epoxy is 10  ohm-cm. With this operation 

the capacitor is complete. A measured capacitance of 0.115 microfarads for 

the DL85 cylinder was obtained corresponding to a dielectric constant of 

385O-39OO. The K1200 material was made for us employing similar techniques 

by ehe Electronics Ceramic Unit of General Electric^ Syracuse, New York. 

To avoid corona at the edges, the cylinder was immersed in a 

siltcone oil when used at voltages in excess of 10 KV. The pulses obtained 

from this capacitor are described in Section IV-A 
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