
r ~\ 

U.S. DEPARTMENT OF COMMERCE 
National Technical Information Service 

AD-A033 025 

PH0T0DISS0CIATI0N DYE LASER STUDIES AND HIGH 

PRESSURE DISCHARGE CONDITIONING STUDIES 

EXXON RESEARCH AND ENGINEERING COMPANY 

LINDEN, NEW JERSEY 

NOVEMBER 1976 

Ikiai ■-'-    ■ - mm**  n :  n.  ., ! . ., i4"Y*-'"^-^"' :"-Y¥JfTrfft' —.Ü-fc..^^.......... ■       _■..,...,■..■;    ,- :,._.  .._...v. 



_» 

kO 348070 fe     • 

Q E^)N RESEARCH AND ENGINEERING COMPANY 

CO 
CQ PHOTODISSOCIATION DYE LASER STUDIES AND 
Y^ HIGH PRESSURE DISCHARGE CONDITIONING STUDIES 

tfff Final Technical Report 

^™ November 1976 

Contract Period Covered: October 1, 1974 - September 30, 1976 

ARPA Order Number 
Program Code 
Contractor 
Effective Date of Contract 
Contract Expiration Date 
Amount of Contract 
Contract Number 
Principal Investigator 
Co-Investigfator 
Scientific Officer 
Short Title of Work 

1806, Amendment 16 
6E 20 
Exxon Research & Engineering Coi^pany 
October I, 1974 
September 30, 1976 
$199,997 
NOOO14-73-C-0048 
Abraham Kasdan (201-474-3947) 
Robert J. L. Chimenti (201-474-2298) 
Director, Physics Program ONR 
Photodissociation Dye Laser and High 
Pressure Discharge Conditioning 

The views and conclusions contained in this document are those of the 
Authors and should not be interpreted as necessarily representing the 
official policies, either expressed or implied, ol the Advanced Research 
Projects Agency or the U.S. Government. 

Sponsored by: 

Advances Research Projects Agency 
ARPA Order No. 1806 

EXXON/GRUS.4BEOB.76 

' D D c 
DliC   9    1976 

. 11 
i 

.,  idu, 

0 . BOX 

.      .  

LINDEN   , 
REPRODUCED BY 

NATIONAL TECHNICAL 
INFORAAATION SERVICE 

U. S. DEPARTMENT OF COMMERCE 
SPXINGFIELD. VA. 22161 

NEW JERSEY 0   7   0   3   6 
:"NT h 

eleasej 



«CCuWM Y Cl.««%irir «TION or THI» p«or fUn* "»i« I mrtnn EJfcON 
 REPORT OOCUMEHTATIPW PAGE 
1.   Ml »'ORI   NUMnr N I. OOVI  ACCCttlON NO. 

«.   tITLt (mil Suhflilt) 

Photodlssoclatlon Dye Las-»r Studies and 
High Pressure Discharge Conditioning Studies 

». »IUMO»;.) 

Abraham Kasdan and Robert J. L. Chlmentl 

t.   P» nionttiMG onf.»Ni; «tio»' NAME *NO ADPRCSS 

Exxon Research and Engineering Company 
Government Research Laboratories--P.O. Box 8 
Linden, New Jersey 07036 

• I.    CONTROLLING orriCC NAME  ANÜ AOORCSS 

Phyblc- . Sciences Division 
Office of Naval Research—Dept. of the Navy 
800 N. Qulncy Street., Arlington, Virginia 22217 

«r.An INSTHUCTIONS 
nrroRF. COMPLKTINO FOMM 

I      RCCIPIENT'I CATALOG NUMBER 

».   TV^t or REPORT • PERIOD COVERED 
Final 
Oct.  1,   1975-Sept.  3ü,   1976 

•  PCREORMINw ORO. REPORT NUMBER 

EXXON/GRUS.4BE0B.76 
V.   CONTRACT OR GRANT NUMSER/a) 

NOOO14-73-C-00A8 

•0.   PROGRAM ELEMENT. PROJECT, TASK 
AREA • WORK UNIT NUMBERS 

ARPA Order No. 1806, Amend. 
16—Program code No. 6E 20 

12.   REPORT DATE 

November,   1976 
II.   NUMBER Of PACES 

<*     MONIT0r<IN3  ACCNCV  NAME   •   AOONESSflf dtlirfrxl Irnm Conttolllnt Olllrt) 

Physical Sciences Division 
Office of Naval Research—Dept. of the Navy 
800 N. Qnlncy St., Arlington, Virginia 22217 

IS.   SECURII V CLASS, (of (M. raren) 

UNCLASSIFIED 

IS*.   Df.CLASSiriCATION/OOWNbRAOINr, 
SCHEDULE 

None 
I«     DISTRIBUTION  STATEMENT (ol rM . Riporl) 

Approved for public release; distribution unlimited. 

17.   OISTNIBUTION STATEMENT (ol iht mbittmrl antarad (n Blor» JO. II aillifni Iram RapxriJ 

Approved tot  public release; distribution unlimited. 

I«     SUPPLEMENTARY NOTES 

None 

H.   KEY WORDS (Coninut on rataraa iirfa il naraa<«r>' and idtmllr by block numbmr) 

Photodlssoclatlon 
Tunable 
Liquid Lasers 

High Pressure Discharges 
Thermionic Emission 

10     ABSTRACT (Lontmur on ravarja tido II nacan»»' and Idmlilf bv block nuirbtr) 

Itils report presents the results of two distinct experimental 
efforta. Tte photodlssoclatlon dye laser (PDL) studies represent an effort 
to develop a new class of tunable liquid lasers. In whlcii laser action occurs 
between the electronic states of radical produced via photodlssoclatlon of 
specific classes of organic molecules In solution.  Specifically, five mole- 
cules from a group known as the hexaarylethanes have been studied as poten- 
tial laser media for the PDL scheme. Of these five molecules, only one - 
hffigaohenYkfillflP'V evhlbtted radical fluorescence upon photodlssoclatlon.  

ClCfON     1473 EDITION OF  • NOV »I IS OBSOLETE UNCLASSIFIED 
■^^.,.,...-.-,.....^,.J.. .^.,,..^„^..^.^.-..,.. SECURITY CLASSiriCATION OE THIS PAGE f«W.ao DM* fnla.ad) 



// 
UNCLASSIFIED 

ItCWWITjr   CV. *\'.l» ■>   « tlUN   O'    tMI>r«(,tll<>,n   tlal«   *n>,„J, 

Measurements of the maximum gain (0.02 cm"1) and fluorescence yield (0.01) 
Indicates that attainment of laser action in this system was not of practical 
interest. 

The high pressure discharge conditioning studies Involve an 
effort to generate and sustain spatially uniform discharges at pd values 
2. 1000 torr-cm y utilizing thermionic emission as the electron source. 
Using a heated ,athode in a transverse discharge geometry, we have success- 
fully demonstrated the attainment of long pulse, spatially uniform TEA 
discharges in several gases and gas mixtures with discharge currents lasting 
for 5 ysec.    ( 

UNCLASSIFIED 

SECUNITV CL AMI PIC «T ION Or TMII PAOCr»*»" Otm Knitf*) 

^-.^..■....^..^-.^ ^.  , 



in 

ABSTRACT 

This report presents the results of two distinct experimental 

efforts. The photodlssoclatlon dye laser (PDL) studies represent an effort 

to develop a new class of tunable liquid lasers, in which laser action 

occurs between the electronic states of radical produced via photodieso- 

clation of specific classes of organic molecules in solution. Specifically, 

five molecules from a group known as the hexaarylethanes have been studied 

as potential laser media for the PDL scheme. Of these five molecules, 

only one - hexaphenylethane, exhibited radical fluorescence upon photo- 

dissociation. Measurements of the maximum gain (0.02 cm"1) and fluo- 

rescence yield (0.01) indicates that attainment of laser action in this 

system was not of practical interest. 

The high pressure discharge conditioning studies involve an 

effort to generate and sustain spatially uniform discharges at pd values 

> 1000 torr-cm by utilizing thermionic emission as the electron source. 

Using a heated cathode in a tranrverse discharge geometry, we have success- 

fully demonstrated the attainment of long puls«!, spatially uniform TEA 

discharges in several gases and gas mixtures vith discharge currents last- 

ing for 5 Msec. 
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I.  INTRODUCTION AND SUMMARY 

This report presents results on two distinct topics of investi- 

gation.  The first phase of our stuu/, covering a period of 1^ years, 

represents « "proof of principle" effort to develop a new class of tunable 

liquid lasers operating in the visible region of the sp^ccrum.  The idea, 

termed the Photodissociation Dye Laser (PDL) concept, relies on laser 

action occurring between an excited electronic state and the ground elec- 

tronic state of radicals produced by the photodissociation of specific 

classes of organic molecules in solution. This scheme is characterized 

by several potential advantages over conventional dye lasers.  In par- 

ticular, one expects no deleterious triplet level effects as well as long 

radiative lifetimes of the excited radical level. 

For the purposes of this investigation, five promising candi- 

dates for the PDL active media were synthesized from a group of molecules 

known as the hexaarylethanes.  Fluorescence measurements were performed 

on these molecules to assess their use as laser media. 

The most promising molecule of the group appeared to be hexa- 

phenylethane.  Visible fluorescence from photodissociation of the diuier 

into excited state radicals was observed and long fluorescence lifetimes 

(~200 nsec) were measured. However, these lifetimes were observed only 

at low temperatures (-80 c). Room temperature lifetimes were measured 

to bj short (~10 nsec). On the basis of absolute fluorescence intensity 

measurements, the potential optical gain coefficient for ':his system was 

esimated to be at most ~.02 cm  under our N2 laser pumping conditions. 

Experiments to achieve laser action in this system proved unsuccessful. 

Chemical reactivity problems associated with hexaphenylethaneu were also 

1 liim" ■'•nnirru'Vi^ltiifi'ii i ' . ... .  ..    _  ._. 



Investigated. The remaining hexaarylethane molecules that vere studied 

did not exhibit photodissociation into excited state radicals, and con- 

sequently were not of interest to the PDL scheme. 

The second phase of our study, covering the remaining six months 

of the contract period, investigated the applicability of thermionic emis- 

sion to sustain a long pulse, spatially uniform electrical discharge in 

high pressure (pd values £. 1000 torr-cm) laser media.^__ 

In these experiments, the cathode in a transverse discharge 

configuration was rapidly heated to high temperatures (~1500oC) Just 

prior to the initiation of the discharge and the effects of the heated 

cathode on discharge uniformity in several high pressure gases were studied. 

Spatially uniform TEA discharges were successfully generated using this 

technique, and the results are consistent with calculations based on 

thermionic emission from the cathode.  The primary advantage of this tech- 

nique lies in Its simplicity and low cost, when compared to existing c- 

beam and other preionization techniques. 
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II.  PHOTODISSOCIATION DYE LASER STUDIES 

A. The Photodlssoctatlon Dye Laser Concept 

In its most general fotm, the photodlssoctatlon dye laser Idea may 

be understood as follows:  A stable molecule, AB, In solution Is optically 

pumped to Its first excited singlet state.  The absorbed pump energy ex- 

ceeds the molecule's dissociation energy and two radicals are formed upon 

dissociation.  The excess energy is partitioned as electronic and vibra- 

tional excitation in one or both of the radicals A* and B-.  In particular, 

we consider radical A* to be electronically excited.  A partial population 

inversion is produced between the first excited and the ground state of 

the radical.  Laser action occurs in A# and the resulting A* and B* ground 

state molecules are unstable against recombination.  The processes may be 

written as: 

AB + ^pump  >     (A8)* 

(AB)* > A'-  + B' 

A-*  > A-  + hvlaser 

A-  + B-   > Aj + B2 + AB 

In the final recombination step, not all of the radicals form the original 

molecule AB, but the dimeric forms A2 and B2 «re also produced.  Continuous 

laser action would then require replenishment of the starting material, AB. 

Let us consider in more detail the special case where A - B so that the 

starting molecule is dimeric. 

1. Molecular Structure and Kinetics 

The general energy level scheme for such a photodissociation dye 

laser molecule is shown schematically in Figure 1.  The stable parent dimer, 

having no unpaired electrons, exhibits the usual singlet and triplet level 
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structure. The ground and excited electronic singlet levels are denoted 

by Ds , Ds , . . . and the triplet levels are denoted by D™ , Qj.., . . . 

The lowest electronic levels of ehe radicals, obtained from the 

symmetric photodissociation of the dimer, are shown adjacent to the dimer 

structure. The radical, having a single unpaired electron, exhibits a 

doublet structure.  In the figure the radical ground state is shown dis- 

placed upward in energy from the dimer ground state by an amount equal to 

the dimer dissociation energy. 

The vibrational level spacing in both the dimer and radical 

ranges between 150-1500 cm  while the rotational spacing ranges between 

15-150 cm-1. Therefore, as in conventional dye lasers, a quastcontinuum 

exists for each electronic level comprised of the thermally broadened 

rotational and vibrational levels. 

A characteristic of the photodissociation dye laser molecule is 

that the D0 and D,,, levels in the dimer lie above the dimer dissociation 
Sl     To 

energy.  Consequently, upon optically pumping the dimer to D^ the mole- 

cule will undergo dissociation into two radicals.  Dissociation may occur 

via two possible paths.  The first is directly from the optically pumped 

Dg level. However, the Dg level may. in principle, undergo a rapid 
1 i> 

intcrsystem crossing to the D™ level.  Dissociation of the dimer may then lo 

occur from this level. 

Upon dissociation, the excitation energy is partitioned between 

a manifold of levels in the quasi-continuum of both the excited and ground 

state of the radical. The radical ground state initially has a negligible 

population; consequently, a partial inversion in the radical can be produced. 

The stimulated emission is tunable as in conventional dye lasers because 

- ■    
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Intersystem  ' 
Crossing    . 

Lion 

A«(Dc )  + hv 2  aj       pump 
A2(DSl. V") 

* A2(DSo, V') 

-► A2(DTo, v') 

A2(DSl, v") - 

A2(DSl, v") - 

A2(DSl. s>") - 

A (R2, V") - 

A(R1)  + ACR^   ► A2(DSo) 

excitation of dimer 

singlet re axition 

intersystem crossing 

■♦ A(R2, v"') + ACRj, V):  dissociation 

-♦ ACR., v"j  + hv laser laser action 

recombination 

Figure 1. Photodissociation Dye Laser Molecule 
Structure and Kinetics 

i;^^^^ ^iiiiith^^hii^tfMiitfr^^^^---^---'  .  äa*£."™m-^   
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of the quasi-continuous distribution of the upper and ground levels. An 

interesting point is that for radicals considered suitable for the photo- 

dissociation dye laser, both the calculated and measured oscillator strengths 

for the first doublet-doublet electronic transitton are often small. Thus, 

even though these transitions are allowed by the selection rules, they ex- 

hibit a partial "forbiddenness".  Conseqaently, the radiative lifetime of 

the laser Lransitlons can be expected to typically be a factor of a hundred 

times longer than in conventional dye lasers. This has be-sn experimentally 

verified in some cases as will be discussed later. The longer lived upper 

laser level can permit a larger population density to be obtained and there- 

by allows the possibility of high power output. 

The ability of the photodissociation dye laser to operate on a 

cw basis requires, as usual, that the depletion rate of the lower laser 

level exceed the radiative transition rate from the upper to the lower 

laser level. The lower laser level is the radical ground state which is 

unstable to recombination back to the original parent dimer. Thus, for a 

steady-state population inversion to be maintained, the radical combination 

rate must be greater than the laser transition radiative rate. 

2. General Chemical Properties of Free Radicals 

Recombination is only one of many possible reaction paths that 

can occur in a free radical system. Because they are characterized by an un- 

bound electron, free radicals are usually very reactive. Consequently, 

competing processes can occur which make their production, handling, and 

any subsequent experimental analysis difficult. The primary redical re- 

actions are: 

üraMiiTifhli - inr . ■■■ ^ :^ ._. __ . . 
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(1) Dlsproportlonation - two molecules of the radical are re- 

duced at the expense of a third radical which is oxidized. This reaction 

car be catalyzed by heat or light. 

(2) Irreversible Dimerization - this reaction results in an 

isomer of the original hexarylethane.  It may be avoided by the rigorous 

exclusion nf acids from the reaction system. 

(3) Addition reactions - rapid absorption of atmospheric or 

dissolved oxygen to form colorless peroxide precipitates. Rfporous ex- 

clusion of oxygen is essential to minimize this reaction path. 

The extent to which these reactions effect the chosen PDL ma- 

terials will be elaborated in more detail later In this report. 

3. Criteria for the Selection of Photodissociation Dye Laser Molecules 

There are several requirements that an ideal photodissociation 

dye laser molecule should satisfy.  Firstly, the dimer ground state must be 

thermally stable against dissociation at room temperature.  Specifically, 

the ratio of the ground state radicals to ground state dimers at room tem- 

perature should typically be no greater than 10" . This will Insure that 

there will be a negligible initial population in the lower laser level and 

that cryogenic operation will not be required. 

A simple rate-equation model (see Section II-D) of the photo- 

dissociation dye laser based upon the dissociation of the dimer from the 

Ds level can be employed to determine the dominant rate processes. Such 

a model shows that the steady-state population (Ds,) of excited singlet 

dimers is related to the population density of ground state dimers (Dg )• 

(DS ) -   Ü-    (DS) 
ki + k2 + 

1kD + 2kD       o 

where 

kp    = optical pumping rate 

 .      __. . 



kl    " DSi  * Ds relaxation rate 

k2    " DSi  > DT intersystem crossing rate 

U«  2 
o 

kn  ^k D'   D     = dissociation rate into the R-^  and R2 radical levels, \ 
respectively. 

The Rj upper laser level popula-ion density, (Rj), obtained from the disso- 

ciation of the Ds  level is given by: 

(R2) = ^1 ^ 1 5  (DS > T-l (kx + k2 + lkD + 2kD)    ^o 

where T"1 is the radiative lifetime of the upper laser level. 

It can be seen from the above two equations that to obtain a 

large upper laser level population the pump rate must be large compared 

with the total depletion rate of the Dg, * Dg rates, the Intersystem 

3g  ^ DT crossing rate, and the dissociation rate to Ki  and R2.  In 

addition, the dissociation rate to R» should be large compared to the 

radiative decay rate through the laser transition. The fact that In some 

of rhe candidate molecules the proposed laser transition Is partially for- 

bidden helps to satisfy this requirement. 

B. The Selected PPL Materials 

A class of organic compounds known as the hexaarylcthanes exhi- 

bit some of the prerequisites necessary for a PDL active medium. For the 

purposes of this Investigation five such compounds were selected, synthe- 

sized, and purified for further study. These five are*: 

* The accepted structures of these dimer molecules are non-planar, and 
recent studies have shown them to possess a quinoid-type atomic arrangement. 
However, this does not affect in any way the proposed operation of the 
PDL scheme. 

fiolllll ■lirtfilHIllf-ill tfiWhlliiiiiliMliiMlliiii-i I   _ _ .     .   
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1.  Hexaphenylethane 

2.  12-12' Blliuoradenyl 

3.  Seaquixanthydril 

Ptntaphenylethane 

H 

0-A~I^°) 

L ^jiMm  ! .      .      .... 
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5.     l-p-Biphenyl-l,l,2,2-tetraphenyletbane 

® ; 
<ö>-<ö>-i-i-<5> 

Details on the synthesis routes and experlu^ntal technique used In the pre- 

paration of these compounds are given In Appendix I. It should be pointed 

out that these materials are not conjugated double bond systems and there- 

fore strictly speaklr.s *re net considered dyes according to the usual 

chemical usage of the word. 

A sumnary of the relevant properties of each of the synthesized 

PDL molecules, based on a literature survey as well as our own Initial ob- 

servations, follows: 

1. Hexaphenylethane 

(a) Chemical Properties 

Historically, hexaphenylethane Is by far the most well characterized 

of the five synthesized compounds.    Lg solid at room temperature, and 

Is readily dissolved In most orga       nts to form a yellow colored 

solution. This color Is attributed UL» the formation, via thermal disso- 

ciation In solution, of the trlphenylmethyl radical (1). 

® (24°, 0.10M in Benzene) 

Hexaphenylethane Trlphenylmethyl Radical 
(Colorless Solid) (Yellow in Solution) 

■ 
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The existence of the radical has been proven by a multlpllci.ty 

of analytical techniques. For example, cryoscoplc molecular weight deter- 

minations of such compounds in solution have shown that the apparent mole- 

cular weights are well below that of the dimer.  In addition, spectrophoto- 

metric measurements have established that solutions of the dimer do not 

obey Beer's law; the intensity of absorption increases with dilution as 

would be predicted for the dissociation of a colorless compound into a 

colored radical. Finally, absolute methods of radical detection - magnetic 

susceptibility and electron spin resonance spectroscopy - have shown beyond 

doubt the thermal dissociation of hexaphenylethane into ground state tri- 

phenylmethyl radicals. 

Two factors determine the position of the hexaphenylethane- 

triphenylmethyl equilibrium:  (a) Steric effects and (b) Radical stability. 

(a) Steric Effects - This factor favors the formation of radicals 

in two ways.  First, there is a relief upon dissociation of the steric 

interactions in the ethane.  In essence, the central carbon-carbon bond in 

the hexaphenylethane is weakened by the steric repulsion of the aromatic 

rings produced by interactions between the ortho-substituents. The bond 

weakening can be experimentally verified by comparison of the .bond-length 

and strength of the central carbon-carbon bond in hexaphenylethane and the 

nonscerically-hindered ethane: 

Hexaphenyle thane       Ethane 

o o 

Bond Length     1.58 A 1.54 A 

Bond Strength   11.5 kcal/mole      85 kcal/mole 

Th« second steric effect is typified by a steric hindrance to 

recombination once a radical is formed. 
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(b) Rarilcal Stability - The stability of the trlphenylmethyl 

radical Is provided by a resonance jtabllization effect resulting from the 

delocalization of the free electron throughout the three aromatic rings 

of the structure. 

As mentioned earlier, a number of chemical properties act to 

complicate the use of hexapheviylethane as a PDL active media candidate. 

These properties arise from the reactivity of the produced radicals. The 

first of these is its  propensity towards üisproportionation. This trans- 

formatior> is  promoted Sy heat or light and is Illustrated below: 

r?i 

<°>. c • + 2 

In essence, two molecules of the radical become reduced at the expense 

of a third radical which is oxidized.  For the trlphenylmethyl radical, 

the products are trlphenylmethane and the dehydro-dimer of 9-phenylfluorene. 

Measurements of the effect of this photochemical or thermal degradation 

on the use of hexaphenylethane as a laser media will be present later in 

this report. 

The second deleterious reaction path which occurs when radicals are 

produced is the addition reaction. This involves the rapid absorption of 

atmospheric oxygen to form colorless trlphenylmethyl peroxides: 

 ■ ■.JM.,..tli..J. 1. . _      ._   _       . . 
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0 
c - o - o 

& 

-o 
As the radicals react, more dissociation must occur In order to maintain tae 

dlmer-radical equilibrium constant.  In this way, a continuous depletion of 

both the radical and dlmer concentration occurs until all the hexaphenylethane 

in solution has reacted to form the peroxide precipitate. However, careful 

preparation under vacuum conditions and subsequent storage and handling 

under a nitrogen atmosphere has yielded solutions that are quite stable with 

respect to such reactions.  Spectrophotometrlc measurements of the radical 

concentration over a period of time In solutions we have prepared Indicate 

a decrease of only several percent per week; and this decrease Is probably 

due primarily to thermal dlsproportlonatlon. 

(b")  gpectroscoplc Properties 

The reported major bands in the electronic absorption spectra of 

hexaphenylethane and the triphenylmethyl radical are shown below along with 

the measured extinction coefficients (2): 

Hexaphenylethane 

^•max " 31^0 A  (usin8 KBr pellet technique) 
o 

Xmax ■ 3130 A (dissolved in cyclohexane) 

Triphenylmethyl Radical 

^max " 3450 A, e - 11,000 

Xmax ■ 5100 A» e - 210 

(both in cyclohexane) 

The major absorption bands can be associated with electronic 

transitions.  The res-ilting dlmer and radical energy level structure is 

shown in Figure 2.  The first excited singlet level of the dlmer, Ds-., 

is ~ 31,750 crn"^- above the ground state.  The activation energy for dissociation 
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is ~ 7000 cm"1 ^3) while the dissociation energy is ~4000 cm   (4). The 

ground vibrational level of the first excited electronic state in the 

triphenylmethyl radical lies at 19,410 cm"1 and the second excited electronic 

level is at ~ 29,000 cm  above the ground state. 

The mirror image symmetry of the absorption and fluorescence bands 

is illustrated in Figure 3. The spectra were originally reported by Lewis 

et al. (5) and were measured by suddenly cooling a solution of hexaphenylethane 

in EPA (5 parts ether, 5 parts isopentane, and 2 parts ethanol by volume) to 

liquid No temperature (-190oC).  It was reported that rapid cooling preserved 

the highly colored radicals in the clear EPA glass, and that under these 

conditions, there was no evidence of dtsproportionation.  Unfortunately, no 

details regarding the measurement techniques used in taking the fluorescence 

data were presented—nor was the excitation source or wavelength described. 

More recently, Okamura et al. (67) performed time resolved fluorescence 

measurements on the triphenylmethyl and other methyl-substituted radicals 

which were trapped in rigid solvents at low temperature.  The triphenylmethyl 

radical was prepared by the photolysis of triphenylmethane molecules at -190oC 

in a quartz cell using a low pressure mercury lamp.  An N2 laser emitting 

a 10 nsec, 40 kw peak power pulpe at 3371 A was used as the excitation source. 

The fluorescence decay consisted of a single exponential with the measured 

decay times being 280 nsec with ethyl alcohol as solvent, and 330 nsec using 

isopentane as the solvent. The very long fluorescence lifetimes were taken as 

evidence that the first doublet-doublet electronic transition in the radical 

has a forbidden character, although such transitions are allowed by the usual 

selection rule considerations.  The possibility that the observed lifetimes 

were actually longer than the natural lifetimes because of complex formation 

of the excited state with the solvent, was ruled out by the fact that the 

difference of measured lifetimes in polar and nonpolar solvents was not 

appreciable. 
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In the present Investigation, solutions of hexaphenylethane dissolved 

in lso-octane (a UV-transmitting solvent) have been studied. As already 

pointed out, hexaphenylethane in solution undergoes appreciable thermal decomposition 

at room temperature into triphenylmethyl radicals.  For example, what would 

be a 10  M solution of hexaphenylethane in the absence of thermal decomposition 

actually results in ~ 257, dissociation at room temperature--yielding ~ 7.5 x 10"^ M 

hexaphenylethane and ~ 5 x 10"^ M triphenylmethyl radical. 

Since the dissociation energy, H,is known (11.8 kcal/mole) the equilibrium 

constant K can be calculated as a function of temperature (K - Ae"H'RT) if 

its value at one temperature is known.  Since K = —^— , where [R] and [D] 

are the radical and dimer concentrations respectively, the resulting concentrations 

can be calculated as a function of temperatui-o for a given initial dimer 

concentration [D0].  The results of such a calculation are shown in Figure 4. 

The measured value of K - 4.1 x 10"4 at 20oC was used (4). Although this value 

was obtained using benzene as solvent, it has been shown (4) that solvent 

variations do not change the value of the equilibrium constant significantly. 

The solutions we have prepared, using the method outlined in 

Appendix I, have resulted In ~ 2 x 10  M radical concentration 

at room temp«: rature.  This value is obtained from an absorbance measurement 

in the visible (see Figure 5), using the previously measured value of the 

extinction coefficient e ■ 210 K-mole"1-cm'  (2) for the peak of the 

visible triphenylmethyl absorption (~ 5150 A).  Note that except for the 

absence of much of the structure evident in the low temperature visible 

absorption data (Figure 3), the room temperature absorption data is 

otherwise identical. 

  taA 
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For wavelengths<3500 A, the absorption of  the hexaphenylethane 

solutions at the concentrations used in our experiment is >997o.  If dilute 

solutions are prepared, the UV absorption curve shown in Figure 6 is obtainid. 

o 
The absorption is characterized by a broad feature with a peak at ~ 3350 A. 

No structure is resolvable although a shoulder on the short wavelength side 

is evident.  It is believed that this feature is due to the m.resolved 

o 
combination of dimer absorption (reported in the literature to pe-.lc at ~ 3150 A) 

and radical absorption to a second excited state (reported to peak at 

~ 3450 A). 

2.  Properties of the Selected Hexaarylethane Derivatives 

12-12' Bifluoradenyl 

This material is completely stable at room temperature, i.e., 

essentially no radicals are thermally produced. The UV absorption spectrum 

we have measured is shown in Figure 7A.  The dimer absorption feature is 

o 

the broad plateau region centered at ~2800 A. We have calculated the 

extinction coefficient £ to be 40,000/-mole"1-cm-1 at 2800 A. 

Evidence has been sought in  the literature for the possible 

dissociation of 12-12' bifluoradenyl it.to fluoradenyl radicals. However, 

published attempts, including ESR measurements, havt- yielded negative 

results. 

vJe have looked for a color change indicative of the existence 

of thermally produced radicals upon heating a solution to 150oC. Again 

the results were negative.  However, this does not exclude the possibility 

of radical production during photodissoclatlon. 

IrtiliiliilliMliliftiiiii i "-"^-^■"-J"^- 
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Sesquixanthydril 

This material is completely stable as dimer at room temperature. 

At elevated temperature (~100oC) thermal production of radicals has been 

observed both by noting a color change whea a solution is heated as well 

as by ESR techniques.  However, solubility studies we have performed 

indicate that sesquixanthydril is very insoluble in every common organic 

solvent except methyl benzoate. Methyl benzoate, however, absorbs strongly 

at < 3300 A and therefore no UV data on the dimer could be obtained. 

Pentaphenylethane 

We have obtained the UV absorption spectrum of pentaohenylethane 

as shown in Figure 7B.  It exhibits a peak absorption at 2670 A with an 

i     -1-1 
extinction coefficient £ ■ 1800 if  -mole -cm .  Historically, color 

attributed to radical formation has been observed in an ethyl benzoate 

solution at -~100oC (7). 

l-p-Biphenyl-lt1.2,2-tetraphenylethane 

The measured UV absorption spectrum is shown in Figure 7C.  Peak 

o 
absorption occurs at 2600 A with an extinction coefficient £ ■ 25,000 

) -mole" -cm" .  Color change indicative of radical formation has been 

observed in heated solution (~100oC) (7). 

C.  The Laser Excitation Source 

The dimer absorption bands of all the PDL molecules synthesized 

o 
under this program are in the UV region covering a range of 2600-3200 A. 

In arder to study the photodissociation of such systems a tunable UV irser 

source was assembled. 

The 3371 A output of a N2 laser was used to pump a Molectron DL 

300 Dye Laser.  Frequency doubling the dye output by means of KDP crystals 

provides a UV probe with a tunable output range of 2600-3700 A. 

_.._ .._  



8- •10 ns System 
Rep. Rate: 1-10 pps 

b ns 

5 ns 

?.4 

Measured operating characteristics of the system are: 

Energy/Pulse    Time Duration 

N2 Laser       'v 5 mj 

Dye Laser        0.5-0.7 mj 

Doubled Output    10-40 uj 

The nitrogen laser 

ward, Ehlers, & Llneberger (8). Basically, energy Is stored in two 0.1 

uf  Tobe Deutchman disc capacitors connected In series. This energy Is 

then transferred by an EGG HY 3202 thyratron switch to a low Inductance 

transmission line consisting of 100 Beiden YK-217 17A cables connected 

In parallel across the discharge electrode. A cross-sectional view of 

the laser assembly Is shown In Figure 8. 

The length of the active discharge region Is 150 cm. To Insure 

a uniform discharge along this length an N2 flow transverse to both the 

discharge direction and opt Ic axis has been Incorporated In the design. 

Nitrogen gas enters through evenly spaced holes positioned along the 

length of the ground electrode, and Is pumped out through similarly posi- 

tioned holPB as shown In Figure 8. 

■iitorliiaäuinJifthitiiwiiiMaUiiäT tltt» i . 
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D. Rate Equation Analyals 

In order to evaluate what Information time-resolved measurements 

of absorption and fluorescence can yield about the rates Involved In the 

PDL scheme, the appropriate rate equations have been solved.  Such an 

analysis has been performed assuming the following model: 

  R2 

kr + ^r 

R, 

The first excited dlmer is pumped with a rate constant k .  The 

total decay rate out of D, by all processes except dissociation is described 

by k,, and the dissociation rates into the upper radical state R2 and the 

ground radical state ^  are characterized by 2^ and lkD respectively. The 

processes contributing to k. Include fluorescence, internal conversion 

and intersystem crossing.  In the model for which the rate equations are 

written the molecules in D^ which undergo intersystem crossing return to 

DQ« The radical decay is characterized by the sum of a radiative term kr 

and a non-radiative term, knr. Radical recombination is neglected here so 

that the resulting rate equations remain linear. 

Four equations may be written: 

.kpDo + k^! 
dDo 

dtT 

dDl - kpDo " (ki + kD) Di where kD = 
lkD +  2kD 

dt~ 

fR2 - 2kDDl .(kr + 1^) R2 
dt 

dRi 

dt 
kpDi + (kr + I^r) R2 

where, D0, Dj^, R2, and Rj^, denote the time varying population densities of 
the respective states. 

mttmm Iki* rii     
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The equations have been solved assuming k- ■ constant for 

0 < t ^ tp and k ■ 0 for t > tp, with the boundary conditions Do(0) - 

constant, D1(0) - 0, 1*2(0) - 0, and Ri(0) - 0.  This yields the time 

behavior after pumping with a rectangular pulse, of a system which ini- 

tially consists of all ground state dimers.  Several important conclu- 

sions can be drawn from the results. After the pump pulse has terminated, 

solution of the equations shows that the time rate of change of the upper 

radical level has the form: 

R2(t) = Ae ^ + ^rHt-tp) + Be -(k! + kD)(t:-tp) 

Since the intensity of fluorescencr decay is proportional to the 

population .'ensity of the decaying state, the fluorescence decay rate 

of the upper radical state after the dimer absorption band has been pumped 

should exhibit the above time dependence.  If the PDL system behaves 

according to our model, analysis of this decay will yield the values 

<kr + V) and (kl + kD)' 
Fluorescence decay of the upper radical state may also be moni- 

tored after pumping the radical absorption band.  In this case, since 

there is no dimer contribution, the observed decay rate will yield the 

value (k  + knr).  Note that both of the above experiments must be per- 

formed in order to obtain and identify the (kj^ + k^)  rate and the (kr + 

kn,.) rate- 

E.  Fluorescence Measurements 

1.  Hexaphenyle thane 

Since hexaphenylethane is the most well characterized of the 

five synthesized PDL molecules from both a chemical and spectroscopic 

viewpoint, this molecule was the first to be studied by us as a potential 

active media for a PDL laser. 

\ 
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It was Initially observed by us, that when a room temperature 

o 

solution of hexaphenylethane is irradiated with the N2 laser (3371 A), a 

bright greenish-yellow fluorescence results. The fluorescence spectrum 

was obtained with a Spex 1 meter spectrometer by signal averaging the 

photomultiplier pulses with a boxcar integrator, and is shown in Figure 

9. The spectrum corresponds to the reported low temperature spectrum of 

the triphenylmethyl radical, although the multiple peaks exhibited in the 

o 

low temperature spectrum are not evident.  The broad feature at ^AOOO A 

is not due to either hexaphenylethane or the triphenylmethyl radical.  Its 

significance will be discussed later in Section IIE-le. 

a.  Excitation of the Visible Absorption Band 

(1)  Temperature Dependence of the Fluorescence Lifetime 

As previously mentioned, the reported fluorescence lifetime of the 

triphenylmethyl radical at 770K is ~ 300 ns (6). However, the initial lifetime 

measurements we performed at room temperature yielded ~ 10 ns lifetimes at all 

o n 

points on the observed spectrum (5150 A-6000 A).  These measurements were made 

by exciting the first absorption band of the thermally generated radicals 

O 

directly by a 5 ns dye laser pulse at 5150 A.  Excitation at this wavelength, 

rather than in the UV, precludes any complicating effects arising from simultaneous 

dimer excitation since the visible absorption band is due exclusively to the 

presence of the triphenylmethyl radical.  The above equation for R2(t) then 

reduces to: 

R2(t) - Ag - (kr + krn)(t-tp)  t  tp 

The reason for the difference in the two lifetime measurements 

is due to the temperature dependent non-radiative decay rate, k^.. At low 

temperatures, the non-radiative rate is reduced, thereby Increasing the 

observed lifetime.  In order to achieve maximum possible inversion as a laser 

media, a PDL system should operate in a temperature regime where the fluorescence 

ittlliiiiiiiliiib»^*^       ,-,^■^^„1, i^i^r iriil'Mn^'-1^' J^''f^^l^i■ MmaminiMMmit-  1 i> 
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lifetime is as long as possible. A temperature dependence study of the 

fluorescence lifetltue was cherefore undertaken. 

In order to perform such measurements, a simple fluorescence cell 

capable of being cooled and operated at low temperature without moisture 

condensation problems on the windows was devised. A schematic diagram 

of the cell is shown in Figure 10. A conventional Jacketed quartz 

spectrophotometer cell was set up so that cooled N2 gas flowed through 

the jacket surrounding the hexaphenylethane. A thermocouple placed in the 

solution provided for temperature measurement. The cell was filled with the 

hexaphenylethane in a dry box under an N2 atmospher: a id  subsequently 

sealed to prevent oxygen from reacting with the radicals.  The entire cell 

was surrounded by a plexiglass cylinder with appropriately positioned quartz 

windows so that the fluorescence could be viewed at right angles co the 

excitation light.  Room temperature dry nitrogen gas was continuously flowed 

through r.his outer chamber so that water vapor which would otherwise condense 

on the cell windows was eliminated from the cell. By controlling the flow of the 

cold N2 gas, temperature stability could easily be maintained to + 10C. Using this 

configuration fluorescence data from room temperature down to -90 C were 

obtained. The solution was excited at the peak of the radical absorption 

o 

band in the visible (5150 A) by a 5 ns dye laser pulse. The fluorescence 

was passed through a Perkin-Elmer monochromator and was monitored at right 

angles by an RCA C31025C photomultiplier tube and a 7904 Tektronix oscilloscope. 

All the fluorescence decay curves were analyzed to be single 

exponentials, as expected. The fluorescence lifetime was seen to increase rapidly 

from the room temperature value of ~ 10 ns to greater than 200 ns at -90°C. 

A compilation of the data from « number of different rum it »hown in Figure 11. 

           ._. 
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This dramatic increase in the fluorescence lifetime results from a decrease in 

the non-radiative rate constant k^. This non-radiative rate is due to a 

combination of internal conversion processes and deactivation of 

the excited level by solvent molecules, and it is reasonable to expect that 

both such effects exhibit a temperature dependence which acts to decrease the 

corresponding rate constants with decreasing temperature.  Presumably if the 

temperature of the hexaphenyl thane system is lowered even more, the fluorescence 

lifetime wil. approach the values reported by Okaraura et al. (6) at -190oC. 

Since the solvent we used (iso-octane) turns into an opaque white solid upon 

freezing, we could not acquire data at any lower temperatures. 

From the laser viewpoint, a longer fluorescence lifetime of the 

upper level would allow more energy storage in the medium. Better coupling 

of flashlamp sources would also be possible. In order to achieve this with 

hexaphenylethane as the active medium, the liquid would have to be cooled. 

Although this is undesirable, one could operate such a system at -78°C, 

achieved by a dry ice jacket around the active media. At this temperature, 

the fluorescence lifetime of the upper laser level would be'"190 ns. 

(2) Temperature Dependence of the Fluorescence Intensity 

Using the same experimental set-up described above, the fluorescence 

intensities were monitored as a function of cell temperature after irradiation 

o 

with a 5150 A dye laser pulse. At this wavelength only radical excitation is 

energetically possible. Typical results are shown in Figure 12. The radical 

fluorescence is observed to decrease by about a factor of three as the temperature 

is lowered to ~-30oC, but very little subsequent decrease is noted as the 

sample is slowly cooled to even lower temperatures. 

If one treats the radical as a two state system, and assumes rate 

constants kp and kT, where k describes the excitation rate to the upper state 
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Figure 12. Temperature Dependence of the Triphenylmethyl Fluorescence 
Intensity Illustrating the Difference Between UV 
Excitation and Visible Excitation.  The Fluorescence 
Intensities are Normalized to Each Other at Room Temperature. 
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and kT the total decay rate back down to the ground state (kj, - kr + knr), 

solution of the resulting rate equations gives the excited state population 

as a function of time.  The peak of the fluorescence intensity (I) is then 

related to the rate constants and the initial ground state population density, 

[Ro]> by t*16 expression 

^r kp 
1 Q? kp + k^ W 

If the equilibrium constants reported in the literature are correct, the 

population density [R0] should decrease by about two orders of magnitude in 

going from room temperature to -90oC.  The total decay rate kT changes from 

~ 10ö at +20 C to ~ 5 x 106 at -90"C.  The pump rate under the experimental 

conditions is calculated to be ~ 2 x 10.  Using these values one can 

conclude that the fluorescence intensity should drop by a factor of 

twenty in going from room temperature to -90°C. Why a decrease of this 

magnitude is not observed experimentally is not clear.  Perhaps the values 

cited in the literature for the equilibrium constants and/or the extinction 

coefficients are i.n error. Much of the experimental work to gather such 

data was performed more than 40 years ago, and significant experimental 

details are left out from many of the original references, making an 

evaluation of the accuracy of the data difficult, 

b.  Excitation of the UV Absorption Band 

(1)  Temperature Dependence of the Fluorescence Intensity 

The hexaphenylethane-triphenylmethyl system is complicated by the 

fact that the dimer and radical exist at room temperature. As shown, the 

strong UV absorption of both the dimer and radical results in a broad absorption 

band which peaks at ~ 3350 A. As a result, the fluorescence observed upon excitation 
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with a nitrogen laser (3371 A) may be produced via two possible channels. 

The thermally generated radicals could be punved directly to their second 

excited state, whereupon rapid internal conversion to the first excited state 

would result, with subsequent fluorescence to the ground dtatfc>  On the other 

hand, upon absorbing the UV photon, hexaphenylethane could undergo photodissociation-- 

producing excited state radicals which then fluoresce to the ground «?tate. 

The PDL scheme relies on the latter channel as the production mechanism for 

the electronically excited radicals.  In order to determine to what extent 

each of theaa channels contributes to the observed fluorescence, the temperature 

dependence of the fluorescence intensity was investigated.  If the temperature 

could be lowered to the point where there is no appreciable thermal generation 

of triphenylmethyl radicals, any observed radical fluorescence would have to 

be due to dimers photodissociating into excited radical states. Unfortunately, 

the results of the last section indicate that even at the lowest experimental 

temperatures, fluorescence from thermally-generated radicals is still non-negligible. 

Nevertheless, the presence of photodissociation-generated excited 

radical fluorescence can still be determined.  If the observed fluorescence is 

due solely to the excitation of thermally generated radicals, then the choice 

of excitation wavelength should have no effect on the temperature dependence 

of the fluorescence intensity.  Specifically, pumping the UV absorption band 
O 

with the 3371 A output of an ^ laser should yield the same temperature 

dependence as seen when the visible absorption band of the radical is excited. 

However, if excitation in the UV causes, in addition to direct radical 

excitation, the photodissociation of hexaphenylethane dimers into excited state 

radicals, then the temperature dependence of the fluorescence intensity should 

be markedly different.  This is because the dimer concentration increases with 

decreasing temperature (see Figure 4) and therefore the fluorescence intensity 
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due to a photodlssociatlon process is expected to increase as well. On 

the other hand, the concentration of thermally generated radicals decreases 

with decreasing temperature, and, as has already been shown, so does the 

fluorescence intensity associated with direct excitation of these radicals. 

The experimental data shown in Figure 12 does show a distinct difference 

in the observed temperature dependence measurements, depending on whether 

only the radical is excited (pumping with 5150 A) or whether both radical 

O 

and dimer (pumping at 3371 A) are excited. 

The temperature dependence of the UV data can be understood by 

assuming that both direct excitation and photodissociation are invcIved in 

the fluorescence process.  Initially the decrease in thermally generated 

radical population is the dominant factor, but at lower temperatures the photo- 

dissociation process becomes evident by the rise in fluorescence intensity. 

Unfortunately, because the pumping geometries and excitation volume were 

different in the two experiments it was not possible to obtain a quantitative 

contribution from each process to the fluorescence intensity. However, 

the data qualitatively supports the idea that UV absorption by the dimer 

causes photodissociation into excited state radicals. 

(2) Temporal lehavior of the Fluorescence 

Several important conclusions regarding the t€»nporal behavior 

of the fluorescence decay can be drawn from the rate equation analysis 

outlined in Section IID.  If only excitation of thermally generated 

radicals occurs, then the fluorescence should follow a single exponential 

decay: I(t) ■ I0e T where kT = kr + k . This fact has been observed 

experimentally. However, when excited state photodissociation occurs as well, 

the fluorescence decay should be described by the sum of two exponentials: 

I(t) ■ Ae T + Be D where lo describes the dissociation rate. 

■h'lliiinriiitiiriiiiilf'**-?'* 
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Analysis of the fluorescence decay curves produced by UV excitation, 

however, shows that the time dependence is stil . described by the single 

exponential decay e^T*. For this to be consistent with the photodissociation 

concept, one must conclude that the kD rate constant is very large.  If 

kn >10 , then for times greater than ~ 1 ns, the decay will be dominated by 

the first term and the second exponential would not be observable under our 

experimental conditions because of the response times of the phototubes and 

instrumentation. 

c. Absolute Fluorescence Intensity Measurements 

An absolute measurement of the room temperature triphenylmethyl 

fluorescence intenaity was made by calibrating the observed fluorescence signals 

against the light output from a standard lamp of known brightness.  The 

experimental procedure was as follows: 

A known length of the fluorescence cell was transversely excited 

by the 3371 A output of the N_ laser.  The fluorescence was focused onto 

the entrance slits of a monochroraator and detected by a photomultiplier 

tube and fast oscilloscope.  The sample was then replaced by a calibrated 

standard lamp, and the mechanically chopped output was focused by the same 

lens geometry onto the monochroraator.  Considerable care was taken to ensure 

that the collection geometry and solid angle filling factors were kept the 

same for both the fluorescence cell and the standard lamp.  The wavelength 

at which the calibration was performed was 5200 A, which corresponds to the 

peak of the triphenylmethyl fluorescence. By taking into account the appropriate 

georaetrical factors, a value for the excited state population density N, can 

be deduced from the measured intensities using the expression 

^n Av   ^s If 
N " hv A;6v  IS 
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where Av - bandwidth of fluorescence (taken to be ~ 500 A) 

^v • acceptance bandwidth of the monochromator 

( ■ excitation length (■ 2 cm) 

A ■ Einstein coefficient 

Bs ■ know.-, spectral lamp brightness in units of 

, power  
areH-steradian-wavelength 

If, I ■ the resulting phototube current produced by the 

fluorescence and standard lamp, respectively. 

The results of these measurements show that a 200 kW, 8ns No laser pulse 

produces ~ 2 x 10  radicals/cc in the electronically excited state. 

Since ~ 2 x 10  photons/cc are absorbed during each pulse the quantum 

yield for production of excited state radicals is ~.01. 

The fluorescence intensity was also observed to increase linearly 

with pump power, demonstrating that the excitation process is not multiphoton 

in character, and tbat possible absorption of the fluorescence by higher lying 

states is not significant. 

If one assumes that the lower laser level is emply, then the excited 

state population density can be related to the maximum possible gain one can 

expect from this system.  The gain coefficient a(v) can be written as 
2 

^i        . rr-- ,     \ C        AN The gain coefficient a(v) =  *— 
8TT V

Z
AV 

Using our calculated value for N, the above expression gives an upper bound 

value of .02 cm  for the gain coefficient at the peak of the triphenylmethyl 

fluorescence curve, under our experimental conditions. 

^^ 
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d.  Fluorescence Intensity as a Function of Excitation Wavelength 

This study was motivated by the fact that although the peak of 

the hexaphenylethane-trlphenylmethyl UV absorption curve lies very close 

to the 3371 A nitrogen laser wavelength, the cross section for photodlsso- 

clatlon Into excited state radicals may peak at a different wavelength, 

and as a result, larger fluorescence yields may be obtainable at other 

wavelengths even though the UV absorption Is less.  In addition, a know- 

ledge of how the trlphenylmethyl radical fluorescence Intensity varies 

as a function of excitation wavelength Is necessary In order to make an 

evaluation of different possible pumping mechanisms (e.g., laser vs flash- 

lamp ^ . 

A frequency-doubled dye laser was used to provide a tunable 

UV source for these measurements.  The peak of the fluorescent emission 

O 

(5200 A) from the hexaphenylethane solution was passed through a mono- 

chromator and detected by a 1P21 photomultiplier tube.  The pulsed output 

was time-averaged with a PAR 160 boxcar integrator.  A Molectron J3-05 

joulemeter was used to measure the incident laser intensity at each 

wavelength.  Figure 13 shows the results of this series of measurements. 

The plotted ratio represents the hexaphenylethane flur ^scence intensity 

normalized to the incident excitation intensity.  If a  comparison of this 

curve to the hexaphenylethane UV absorption curve (Figure 6) is made, 

one sees that they are quite similar in shape. 

From the point of view of assessing an appropriate optical 

pump source for hexaphenylethane, these findings lead to some important 

conclusions.  Optical pumping by a N2 laser looks attractive for two 
o 

reasons.  First of all, the N2 laser output of 3371 A falls close to 

fc*  -- ■ -  
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the peak of the UV absorption curve.  Secondly, optical pumping at this 

wavelength not only results In the maximum absorption, but In the 

largest fluorescence quantum yield as well. 

An attempt at achieving laser action In a solution of hexaphenyl- 

ethane In Isooctane was made utilizing N2 laser pumping.  The 300 kw, 

8 ns output of our N2 laser was focused onto a quartz cell equipped with 

brewster angle windows.  Two highly reflective dielectric coated mirrors 

served to form a resonant cavity. However, no laser action was observed 

from this configuration.  Unfortunately, the excitation length one 

can achieve with the N2 laser for a given power density is essentially 

limited by tht  beam geometry.  In our case, using a cylindrical lens 

to form a line image, the effective excitation length is ~2.5 cm. 

Taking our estimated value for the gain coefficient of .02 cm-1, 

this means that the single pass gain through the hexaphenylethane solution 

is at most 5%, and this is not sufficient to overcome other cavity 

losses. 

Xenon flashlamp pumping has been considered as a means of exciting 

a longer excitation length.  In the N2 laser pumping experiment, ~10 MW/cc 

are absorbed by the hexaphenylethane solution.  In order to maintain this 

absorbed power density along a 15 cm length of active region would require 

a flashlamp output power equivalent to ~2 MW at 3371 A.  The fact that the 

flashlamp output is broadband and that both the hexaphenylethane absorption 

and triphenylmethyl radical fluorescence falls off rapidly as one moves 

further into the UV from 3371 A means that the flashlamp output must be 

on the order of ~10 MW in the range 2800-3600 A in order to be equivalent 

to the N2 laser pump in exciting the hexaphenylethane solution. These 

large pumping requirements have led us to the conclusion that Xenon flashlamp 

pumping of hexaphenylethane would be highly Impractical. 
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e. Photochemical Stability 

A serious problem in the use of hexaphenylethane as a laser medium 

is its photochemical stability.  Figure 14 showi five successive measurements 

of fluorescence from a room temperature hexaphenylethane solution excited 

by a 200 kW N2 laser pulse at a repetition rate of 3Hz.  Initially, the 

fluorescence spectrum is dominated by the characteristic triphenylmethyl 

O 

radical fluorescence. However, a broad peak centered at ~ 4200 A is also 

seen.  Each scan took about 10 minutes to complete.  The curves are labelled 

with their respective starting times.  As can be readily seen, successive 

UV excitation results in a decrease of the triphenylmethyl fluorescence 

intensity and a growth in the intensity of the broad peak.  After about 

half an hour of continuous excitation (5400 pulses), the triphenylmethyl 

fluorescence intensity is reduced   half its value.  In less than an hour 

(~ 10_,000 pulses) the triphenylmethyl radical fluorescence has virtually 

disappeared and the fluorescence intensity is totally dominated by the peak 

in the blue spectral region. 

This photochemical instability is the result of the irreversible 

disproportionation reaction discussed earlier (Se- Section IIB-la).  The blue 

fluorescence is attributed to the formation of 9-phenylfluorene, a by-product 

of the reaction.  This reaction proceeds at an even faster rate when the 

sample is exposed to ordinary sunlight.  Indications exist, however, that 

the photochemical stability is enhanced if the solution is cooled below room 

temperature.  In solid matrices, hexaphenylethane does not exhibit this 

photosensitivity at all (9). This is due to the bimolecular nature of the 

process- 

■tlfllliMlllllililiiiiiiflJli 
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2- Other PPL Molecule^ 

In addition to the work on hexaphenylethane, fluorescence 

spectra were obtained for the other PDL molecules that were synfhesized 

at t'\e  start of the program. The excitation source for all th^ spectra 

discussed below Is a frequency doubled dye laser tuned to 2600 A.  Ail 

the molecules discussed below are strongly absorbing at this wave- 

length. 

(a)  Pentaphenylethane - Breaking of the central carbon-carbon 

bond results in the production of both trlphenylmethyl and diphenylmethyl 

radicals.  As mentioned previously thermal production of such radicals 

has been noted historically as color changes in heated solutions of 

pentaphenyle thane.  The fluorescence spectrum showr. in Figure lr> 

does not show any features in the visible that CHI- bu  associated with 

production of these radicals in an excited electronic state.  Rather, 

a broad feature in the UV dominates the spectrum and is   Vn*My due 

to fluorescence ..f the peutaphenylethane dimer structu    We conclude 

that UV excitation of pentaphonylethane does i   result in any significant 

photolytic production of electronically excited radicals. 

(b)  l-p-biphenyl-l,l,2,2-tetraphenylethane - For this molecule 

as well, thermal dissociation into radicals has been observed by noting 

that clear solutions turn co'ored upon heating due to the visible 

absorption spectrum of the radicals.  However, the fluorescence spectrum 

we have taken (Figure 16) does not »how any corresponding visible fluorescence 

that would be indicative of the formation of radicals in P- electronically 

excited state.  The weak fluorescence that is observed in the UV can 

be attributed to the dimer. 
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(c) 12-12' Bifluoradenyl - No evidence for thermal dissociation 

into radicals has been reported in the literature for this structure. 

The fluorescence spectra we have observed (Figure 17) Indicate several 

peaks in the blue and UV.  However, the fluorescence intensity is 

extremely weak. 

The fluorescence lifetime of all the- e molecules has been 

measured.  The room temperature lifetimes are all ~10 ns with no 

observable change as the temperature of the medium is lowered to 

~-100oC. 

(d) We have also Investigated one molecule that was not one 

of the original PDL molecules synthesized at the start of the program. 

This molecule is triphenylmethylchloride: 

o 

Irradiation of a solution containing this molecule with 2600 A light 

results in triphenylmethyl radical fluorescence.  Photodissoclatlon 

resulting in excited radical states is clearly seen to occur in this 

material. However, the fluorescence quantum yield is less than 1%, 

and therefore this molecule is not suitable as a PDL active media. 

(e) Sesqulxanthydril - This molecule could not be studied 

because of its insolubility in any compatible UV transmitting solvent. 

it^.k-il^m.-^.       .                  
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F.  Conclusions 

The five hexaarylethanes synthesized at the start of the program 

have been Investigated for their potential use as active media for a laser 

operating under the PDL scheme described In Section ILA. 

The most promising molecule of the group appeared to be hexa- 

phenylethane.  Photodlssoclatlon of the dlmer Into excited state trl- 

phenylmethyl radicals was observed and long fluorescence lifetimes ( 200 

nsec) have been measured. However, these long lifetimes are observed 

only at low temperature ( -80oC). On the basis of absolute fluorescence 

Intensity measurements, potential optical gains of  .02 cm  were cal- 

o 

culated at the peak of the fluorescence band ( 5200 A), assuming no ground 

state population. 

Fluorescence intensity measurements as a function of excitation 

wavelength indicated that the optimum optical pump source for the hexa- 

phenylethane system is the N2 laser.  However, because the maximum gr.in 

for this system is expected to be low, the length of active media that ■ 

can be excited by a N2 laser is too short to overcome single pass cavity 

losses.  Experiments to achieve laser action in this system proved unsuc- 

cessful.  Chemical reactivity problems associated with hexaphenylethane 

were also investigated. 

Of the four remaining hexaarylethane molecules, one, sesqulx- 

anthydril, could not be considered because it proved to be insoluble in 

any UV transmitting solvents. The other three, did not exhibit photo- 

dissociation into excited state radicals upon UV excitation. 

We conclude, therefore, that the hexaarylethanes that we have 

Investigated in this program are not suitable as laser media for a PDL 
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system. Furthermore, continued work to Investigate the viability of the 

PDL concept will necessitate the Investigation of other groups of organic 

molecules that look promising. Possible choices of consider for such an 

investigation are the dilactones, the aloxytetraarylethanes, and tetraphenyl- 

allyl molecules, since all these groups have been reported to reversibly 

dissociate into radicals. 

\ 
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HI-  HIGH PRESSURE DISCHARGE CONDITIONING STUDIES 

Towards the end of March 1976, sufficient data had been ob- 

tained on the existing PDL candidates to conclude that the hexaarylethanes 

as a group did not hold promise as PDL laser media, and that a lengthy 

synthesis program was required to prepare other promising organic mole- 

cules for further study.  Such a synthesis effort would have required 

several months work, with little time left In the program for an evalua- 

tion of the synthesized materials.  The PDL effort was therefore concluded 

at the end of March, and, as a result of a contract modification, a six 

month effort initiated to investigate a new high pressure discharge tech- 

nique.  Specifically, the primary objective of the new program was the 

investigation of the applicability of thermionic emission to sustain a 

spatially uniform discharge in a high pressure gas. 

A.  Background 

The development of efficient, practical, high energy visible 

gas lasers is limited, in large measure, by the techniques presently avail- 

able for the excitation of the laser medium.  Uniform excitation must be 

provided to a large volume of the active medium which, in the most general 

case, consists of a gas or vapor at pressures in excess of one atmosphere 

and possibly at elevated temperatures. 

Three excitation techniques are presently available for high 

pressure laser media. These are (a) the self-sustained discharge, in which 

both the density of electrons and t^e optimum average energy required for 

excitation are obtained through breakdown of the laser medium; (b) the 

externally sustained discharge in which the electrons are provided by an 

external source such as uv photoionization or electron beam injection while 

 . , , .  
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the optimum average electrow energy is independently maintained by an 

electric field; and (c) the excitation by thermalized secondary electrons 

generated from ion pair production by high energy electron beams. 

The externally sustained discharge provides, in principle, the 

greatest control over the optimization of the plasma parameters relevant 

to the excitation of the laser levels.  In practice, the advantages of 

this technique have been dramatically demonstrated in CCU lasers, and 

several rare gas-halogen systems. The applicability of the scheme to 

high energy visible lasers depends on the characteristics of the specific 

system; that is, the cross-sections for excitation and ionization as well 

as the energies of the upper laser level and the ionization continuum. 

Independent of whether or not the excitation can be provided by 

a self-sustained or externally sustained discharge, the general problem 

with high pressure media is the tendency of the discharge to evolve into 

constricted regions due to the reduction, at high pressure, in the diffu- 

sion of the electrons which constitute the primary avalanches.  If the 

space charge developed by the growing primary avalanches severely dis- 

torts the applied electric field, localized regions of high conductivity, 

called streamers, develop which lead to arc breakdown. 

In an attempt to overcome these problems in the case of self- 

sustained discharge excitation, conditioning of the laser medium by low 

energy discharge and uv photoionization has been applied, with some suc- 

cess, to atmospheric HF and C02 lasers.  However, chese techniques are 

relatively inefficient and produce low density, spatially non-uniform pre- 

ionization.  They are not directly applicable to large volume, multi- 

atmosphere visible gas laser media. 
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In the case of uv sustained discharge excitation, pre-ionization 

has been generated by the photoionization of organic species, with low 

ionizatlon potentials, seeded in the laser medium.  Pre-ionization den- 

12 -3 
sities of 10  electrons-cm  have been reported in atmospheric C02 lasers. 

This technique, however, is inefficient due to the small photoionization 

cross-sections. 

Finally, techniques involving the use of electron beams, while 

eminently suited for demonstration and prototypa lasers, suffer the dis- 

advantages of inefficiency, complexity, large size and weight, and expense. 

High pressure laser media require very high energy electron beams due to 

the requirements of penetration through the electron window as well as the 

laser medium.  Large volume lasers require large area guns with associated 

current uniformity problems. 

Alternate techniques for the suitable excitation of high pres- 

sure media must clearly be developed if efficient, reliable, high energy, 

visible gas lasers are to be successfully integrated into practical systems. 

B. Breakdown Mechanisms in High Pressure Gases and Vapors 

In the absence of sufficient pre-ionization, electrical break- 

down in gases and vapors where pd >L 1000 torr-cm usually occurs in narrow 

channels of extremely high conductivity.  There are two breakdown mecha- 

nisms which have been proposed to explain such behavior.  A brief descrip- 

tion of these theories follows. 

1. Townsend Breakdown 

In this scheme, individual electron avalanches are initiated by 

free electrons that are produced either in the gas or at the electrode 

surface. These electrons gain energy in the applied field and lose energy 

         .. ._ __  _  .. .. 
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by collisions with the gas.  Additional electrons produced from ionizing 

collisions participate in further ionization, thereby forming avalanches. 

The primary electron multiplication process is conventionally described 

by 01,   thä first Townsend ionization coefficient (10).  This coefficient is 

defined as the average number of ionizing collisions per centimeter of 

path made by electrons drifting in the direction of the applied field. 

Assuming a plane parallel electrode geometry with spacing d 

where r^ (x') is the initial electron density at position x1 from the 

cathode, the increase in density dn can be written as: 

dne - n^x'Mx^dx
1 

Integration of this equation shows that the number of electrons in an 

avalanche Increases as 

ne(x) - ne(o) exp [J* ^x^dx
1] (1) 

In general, a(x) depends on the electric field and pressure. 

In one transit time, the current i0, which would have been col- 

lected in the absence of icnizatlon is increased to 10 exp [ |a(x)dx], 

where the number of electrons M, created by the avalanche process is: 

M - exp rf(y(x)dx-rl (2) 

Experimentally, the current in a discharge is seen to rise faster than 

exponentially as a result of secondary ionization effects.  The Townsend 

theory invokes the creation of JM new electrons by such secondary processes, 

where «^ is called the second Townsend cosfficient.  These secondary pro- 

cesses include absorption of resorancd and collisionally-induced photons 

by neutral species as well as collisional processes between ions and 

metastables.  The electron density can then be shown to grow in the 

following manner: 

„ . i L , id .. _ 



  

56 

exp [ a(x)dx] 
n " no   [l-^fM] 

The relationshln JM « 1 represent? the threshold condition for 

a self-sustained discharge. When this condition Is satisfied, the «ra- 

lanche process Is essentially Independent of the Initial electron density. 

2.  Streamer Breakdown 

Historically, the process-, which was claimed to contribute to 

the emission of secondary avalanches under the Townsend mechanism was the 

bombardment of the cathode by positive Ions. However, experiments Indi- 

cated that the breakdown times     were much shorter than those allowed 

by the Ion drift velocities.  Loeb (U) and Raether (12) Independently 

proposed "streamer" theories to replace the Townsend mechanism.  The 

theories describe the attainment of breakdown as the evolution of a dis- 

charge channel of high conductivity (streamer) from the single primary 

Townsend avalanche, In the following manner: 

The applied electric field Is distorted by the build-up of the 

electron density In the head of the primary avalanche. The action of this 

space charge produces a local Intensification of the electric field. 

Photons produced in the vicinity of the avalanche lead to photolonizatlon. 

The electrons formed from thi? photolonizatlon then produce secondary avalanches 

which feed into the primary avalanche. The transition from an electron 

avalanche into a streamer is considered to occur when the space charge 

field produced by the electrons at the head of the avalanche is compar- 

able in magnitude to the applied field. The streamer breakdown condition 

is obtained imply by equating the value of the applied field to the space 

charge field. 

This results In an expression of the following form: 

  _. 
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^crit " ln ^eoEx/e> + ln dcrit (4) 

where d rJt is the critical distance an individual avalanche must pro- 

pagate to initiate streamer breakdown (13). The first term is insen- 

sitive to gas parameters and is ^20 in mks units for typical discharge 

conditions.  Hence, we have 

adcrlt - 20 + In dcrlt (5) 

as the discharge criteria under the streamer theory. 

3.  Considerations Affecting Spatial Uniformity 

The spatial growth of ionization is determined by the drift 

velocity in the direction of the field and by the action of diffusion 

transverse to the field.  As the ionization increases along the field 

direction, spatial separation of the electrons and positive ions occur 

due to their different drift velocities.  The electrons form the head of 

the avalanche.  The radial extent of the avalanche is determined by 

diffusion.  This is illustrated in Figure 18.  It can be shown that the 

average distance D> from the avalanche axis, at a distance x from the 

/OIL    J» 

cathode is given by p(x) "(3 x) where \  is the electron mean free path. 

The value of p corresponds to the distance at which the iiumbtr of elec- 

trons has fallen to e~  of its value on the avalanche axis. 

Thus, the avalanche is essentially cone-shaped.  As the pres- 

sure increases, the mean free path and hence p(x) decreases.  At high 

pressure, the avalanche becomes constricted and the current density in- 

creases, resulting in an increase in the neutral gas temperature.  The 

increased temperature lowers the local neutral density, resulting in an 

increased value of E/n which leads to increased ionization.  This insta- 

bility culminates in an arc discharge. 

Mlit*-j^M>a""'      
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Figure 18: Spatial development of a Primary Electron Avalanche.  The 
avalanche e .pands transverse to the applied field direction 
as it proc -ads towards the anode due to diffusion.  The quantity, 
o(x), corresponds to the distance at which the number of 
electrons has fallen to e"1 of its value on the avalanche 
axis and is proportional to x*. 
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From the above considerations, one can conclude that a neces- 

sary condition for producing uniform breakdown nrver large area electrodes 

is that the number of primary avalanches per unit area at the cathode sur- 

face must be sufficiently large so that spatial overlap of adjacent ava- 

lanches occurs before electric field gradients are allowed to develop which 

will lead to field distortion. 

Quantitatively, this condition implies that the electron den- 

sity be sufficiently high such that at least one electron per "diffu- 

sion volume" is produced.  This volume may be conservatively defined to 

be a sphere with radius equal to one mean free path.  Consequently, we require 

ne^ 4^3 ^ ^ ^no)3 (6) 

The miniiuum gas density of interest here is one atmosphere or 3xl019 cm-3. 

If the excitation cross section is assumed to be 5xl0"16 cm2, then the 

minimum required density at the cathode is: 

"e/min - 8xl011 ™3 

Another aspect which pertains to the generation of spatially 

uniform discharges is related to the statistical nature of the breakdown 

process.  A parameter which is of particular importance is the statisti- 

cal time lag, TS> which represents the average time interval between 

the liberation of electrons which initiate adjacent primarv discharges. 

Loeb (13) has shown that this time lag can be written as a function of 

the initial number of electrons and the applied voltage. 

T8 (to,V) - [^2 PO (v)]-
1 

(7) 

where P0(V) is the probability that a single avalanche will lead to break- 

down for an applied voltage, V. 

. _.  . 
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Wisjwm (JL4) has shown that the probability P(i ,V,T), that 

breakdown will occur for an applied uniform voltage, V, in a time interval 

T following the application of the voltage may be expressed as- 
i 

P (i0,V,T) - 1-exp f-(-^)P0(V)(T-T (V))} (8) 

where TF is the formative lag time.  This is just the time required for 

20 
the current to reach e u times the initial value, namely: 

TF « 20 (^d)-l (9) 

Equation 8 then becomes: 

P(i0,V,T) - 1-exp {.(T-TF)TS-
1
] (10) 

In order to insure uniform breakdown over the entire electrode area, the 

statistical time must be made substantially less than the formation time. 

TB ^ TF 

From equations 7 and 9 we can write: 

[-e-Pooor1 420 c^)-1 (11) 

lü the voltage is such that the breakdown probability is ~1, 

then i0/e » avd/20. For 1 atmosphere, ^ & 107 sec"1. This implies 

that the production rate of electrons must be greater than ~106/sec. 

To summarize, the above arguments indicate that two criteria 

must be satisfied to ensure uniform discharges at a given pressure.  Thj 

electron density at the cathode surface must be sufficiently high so that 

spatial overlap of the avalanche cones occurs before space charge fleU 

distortion effects begin to dominate.  In addition, the electrons must be 

produced quickly enough so that the statistical time lag is less ';" an the 

discharge formative time. 
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The work described in  the following sections investigates the 

possibility of using thermionic emission at the cathode surface as a 

technique for meeting these criteria and thereby allowing for the genera- 

tion of uniform discharges at pd values & 1000 torr-cm. 

C  Predlscharge Conditioning by Thermionic Emission 

The emission of electrons from a heated metal surface results 

in an electron d-nsity ne, at the surface which may be shown to be given 

by: 

2 3/2 
n w 2(2TTmkT/h )   exp r-Ci/kT] (12) 

» 5xl015 T3/2 exp r-d/kT] cm-3 

where 0 is the work function and T the absolute temperature of the electrode 

material.  A more familiar expression, Richardson's equation, expressing 

the current density j , may be obtained from the above equation by multi- 

plying the expression for n by evthe  ,, resulting in 

j  £'120 T2 exp r-«5/kTl amps - cm"2 (13) 

These expressions are valid under the assumption that the applied field 

is large enough to extract all the electrons from the vicinity of the 

cathode so that a significant negative space charge field is not allowed 

to develop.  Otherwise, this field serves to drastically reduce the num- 

ber of emitted electrons to values far below those predicted by the above 

equation.  The extent to which this condition is satisfied under our experi- 

mental conditions will be discussed later. 

If the above assumption is satisfied, large densities of elec- 

trons can be generated et the cathode surface.  For example, a pure 

tungsten emitter with ~4.5 eV work function can provide electron densities 

of ~10l2 cm"3 at temperatures of ~2600oK.  Similar electron densities 

may be cbteined at significanr.ly lower temperatures by using materials 
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having lower work functions than tungsten. Under such conditions, there- 

fore, thermionic emission should not only be able. In principle, to provide 

sufficient predlscharge conditioning to meet the uniform discharge criteria 

outlined above, but In addition, provide sufficient electron density to sus- 

talr the discharge with relatively little volumetric Townsend lonlzatlon. 

I)-   Experimental Effort and Results 

The Initial direction of the experimental effort was dictated 

by several preliminary considerations. Firstly, one would like to con- 

struct a thermionic cathode fron materials having as low a work function 

as possible so that the operating temperature Is kept at a minimum. How- 

ever, composite materials with low work function, such as various types 

of oxide-coated cathodes, lanthanum hexaborlde, etc., are known to be ex- 

tremely sensitive to positive ion bombardment, and as a result may not be 

able to structurally withstand a discharge environment. In order to avoid 

such complications, the applicability of these cathodes was not investigated 

during Lais preliminary "procc oi  principle" study. 

If one considers the pure elements, only carbon and the refrac- 

tory metals are sufficiently non-volatile at the temperatures required 

for appreciable thermionic emission. Unfortunately, these materials have 

work function of ~4-4.5 volts. The cathode materials investigated during 

this study consisted of tungsten, niobium, and graphite. 

Secondly, > L  LS clear that continuous thermioai.«, emj.adi.ou j.or 

pre-pulse conditioning of high pressure laser media is neither desirable 

nor necessary. Rather, it is advantageous from several viewpoints to have 

the cathode heated for as short a time as possible prior to the electrical 

discharge pulse.  In this manner, the average power necessary to maintain 

the electrode surface temperature is minimized, an  are bulk gas and discharge 

structure heating effects. 

*" 
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Rapid pulse heating necessitates that the cathode mass be kept 

to a minimum. Consequently, the cathodes used In these studies were 

constructed from thin fells and meshes of the respective materials. 

Two methods of rapidly heating thin sections of cathode materials 

to high temperatures have been Investigated. The first method Investigated 

the possibility of heating by discharging a high energy storage capacitor 

through the cathode elements.  Both tungsten and graphite wires and foils 

were studied.  In all cases, attempts at pulse heating these materials 

via capacitive discharge to temperatures of -2000°C resulted in structural 

damage and eventual breakup of the material after several pulses. This 

resulted, presumably, from the inability of these materials to withstand 

the high peak currents that occur at the onset of the capacitor discharge. 

The second technique investigated for rapid pulse heating of the 

cathode involves pulsed alternating current heating,  in this technique, 

a high current varlac is switched, within 8 msec, across the thermionic 

element.  The current can be accurately switched on and off by an SCR 

Controller. Such a controller allows the current on time to be cort: rolled 

in steps of 8 msec (% cycle). This technique was successful in repeatedly 

pulse heating tungsten and niobium foils to high peak temperatures O2000oC) 

without the structural breakup problems associated with the capacitive dis- 

charge heating described above.  Graphite foils, howe\er, broke apart 

with this technique as well. 

Tn order to test the thermionic discharge conditioning concept, 

an apparatus was designed which incorporates a pulse heated cathode into a 

transverse discharge geometry. A Incite structure acts as support and pro- 

vides electrical insulation for the two electrodes. The aluminum anjde has 

mMMagmmtmätmämuämtiSimmtkmM 
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a rounded Rogowski-like profile. The cathodes studied were mad« trma  1 

mil tungsten or niobium foil and various tungsten meshes of different 

mesh spacings. The heated cathode structure is depicted in Figure 19. As 

shown, the foil or mesh is flexed into an arch and then clamped along its 

length on either side for connection to the current feedthroughs. When the 

variac is pulsed on, current flow is in the direction shown. The cathodes 

studied were ~7 cm long with ~3 cm spacing between clamps. They were 

positioned 1.5-2 cm from the anode.  A 30V high current variac was used 

to pulse heat these structures.  Under our operating conditions, the 1 mil 

foils could be heated to^2000°C in 100 msec.  Thd meshes, because of 

their reduced mass, could be pulse heated to these temperatures In ~50 msec. 

Temperature measurements were made with a photodiode calibrated against 

an optical pyro-oeter using a dc heated element. 

The electrical set-up used in these experiments is depicted in 

Figure 20.  A pulse generator is used to trigger a back-to-back SCR (triac) 

switch.  This acts to turn the variac on for a time determined by the time 

duration of the trigger pulse. When this pulse terminates therefore, the 

thermionic element is at its peak temperature.  At this point in time, the 

trailing edge of the trigger pulse fires a thyratron which switches the 

discharge capacitor across the electrode gap. For our measurements, the 

discharge was triggered once every two seconds. At this low repetition 

rate, the discharge tube structure remained close to ambient temperature. 

Discharges were run at 760 torr pressure in He, Ar, and ^ at, well as 

admixtures of He with several percent SFg. Discharge voltages up 

to 10 kV (E/p - ~7.5 kV-cm"1-atm"1) were used for these experiments. 

■ 
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Qualitatively, the heated cathode effects on discharge unlfomlty 

were the same for all the gas mixtures that were investigated. In addition, 

no significant differences were observed between the use of niobium and 

tungsten as the cathode material. 

Figure 21 illustrates what is observed at several different 

cathode temperatures, under operating conditions where self-sustained 

discharges were produced. The photographs show the discharge region and 

were taken through blue filters to cut down on the blackbody radiation 

emanating from the cathode, thereby making the discharge more visible. The 

cathode is visible in the lower part of the photographs as the luminous 

horizontal object. Also visible (especially in photograph #2) are two 

semicircular pyrex cylinders placed over the cathode at either end to 

shield the sharp edges of the foil or mesh from seeing a direct discharge 

path to the anode. The anode itself is visible in the upper half of the 

photographs by virtue of the reflected light from the cathode. 

With the cathode at room temperature, the discharge constricts 

into an arc at one end of the discharge length. This is evident in photo- 

graph #1. As the cathode temperature is raised (photograph #2), multiple 

arcs begin to form, appearing flared out near the cathode surface. At a 

temperature of 1500oC (photograph #3), the entire discharge volume 

appears uniformly axcited. Picture #4 is included for comparison of the 

blackbody intensity from the cathode under the same photographic conditions 

as picture #3, illustrating that the luminous volume between the elrctrodes 

in picture #3 is indeed due to discharge excitation, and not a spurious 

reflection off the back wall of the tube. 

  . . t  
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EFFECT    OF   THERMION I C 

CATHODE    ON    DISCHARGE    UNIFORMITY 

Experimental Conditions: Medium: Helium 
Pressure: 760 Torr 
Gap: 2 cm 
Voltage: 10 kv 

1.  Discharge with cathode cold. 2.  Dipcharge with cathode pulse heated 
to ~1000oC. 

3.  Discharge with cathode pulse heated 
to ~1500oC. 

4. Cathode at 1500oC - no discharge. 



  

69 

Uniform discharges were obtained with both the foil and mesh 

structures. The advantage of using the mesh is that less energy is re- 

quired to heat such a structure to the required temperature, compared with 

the foil, because of the reduction in mass.  From an efficiency viewpoint, 

it is desirable to use as coarse a mesh as possible, made from wires with 

as small a diameter as possible.  Typically, for the geometry used in 

these experiments, cathodes made from 100 mesh (100 wires per inch, cross 

woven with 100 wires per inch) of 1 mil diameter tungsten required ~90 

joules of input energy to attain a pulsed peak temperature of ~1500oC. 

Meshes as coarse as 16 mesh (1/16" spacing between wires) tungsten were 

used and also resulted in uniform discharges.  The extent to which the 

wire spacing can be increased beyond this value without affecting dis- 

charge uniformity was not investigated any further during this study. 

Experiments were also carried out to determine »the extent to 

which the discharge current could be sustained by the heated cathode. 

These mea-iurements were made in 760 torr of helium and values of E/P of 

a few kV-cm-i-atm-l.  Note that since only helium was used for these measure- 

ments, there was no stabilization of the ionization rate by attachment. 

The peak temperature of the heated cathode was varied from 

1500oC, at which point a uniform discharge was obtained, to 2300oC.  It 

would be expected that if the discharge were sustained by the effects of the 

heated cathode, an increase in temperature for a fixed E/p would generate 

more electrons and reduce the plasma impedance.  The discharge current 

should therefore increase and since the voltage is supplied by discharging 

a capacitor, the discharge rate should be faster (i.e., the pulse width 

shorter).  This behaviour has been experimentally demonstrated.  The discharge 

was spatially uniform and sustained by the thermionic element for 5 usec 

mtigigmmtotiäm******.  
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(limited by circuit capacitors). The peak current measured by a factor 

of two upon going from 1500°C to ~2400oC in cathode temperature. Con- 

currently, the pulse width was seen to decrease by the same factor, going 

from~5 asec to 2.5 usec under these conditions. 

E. Discussion of Results 

Clearly, the temperature of the cathode has a profound effect 

on discharge uniformity.  Let us consider this effect from the thermionic 

emission viewpoi.it.  In the above experiments, cathode temperatures of 

~1500oC were found to be sufficient to achieve a spatially uniform dis- 

charge at pd values in excess of 1000 torr-cm. At this temperature, the 

calculated electron density generated via thermionic emission at the 

cathode surface is (from equation 12) ~108 cm"3.  This value is calculated 

under the assumption of a 4.5 eV cathode work function.  Such a density 

is considerably less than the 1012 cm"3 minimum density predicted to be 

necessary for a uniform discharge at 1 atmosphere from the considerations 

of section IIIB-3. However, it should be pointed out that the calculation of 

the minimum density in our treatment assumed that spatial overlap of the 

avalanche cones occurs within one electron mean free path from the cathode 

surface.  If this condition is relaxed, the mfnimum required electron 

density decreases dramatically.  For example, if we assume that overlap 

within 10 mean free paths is sufficient, then the require minimum density 

o      9-3 
for a 1 atmosphere uniform discharge is reduced by 10J to -10 cm .  Such 

a value is in reasonable agreement with that experimentally determined by 

us from a thermionic emission analysis.  It should be pointed out that 

other theoretical treatments of the minimum electron density required to 

maintain uniform discharges at 1 atmosphere predict values as low as 

10^ cm"3 for some laser systems (15). 
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A further point to consider in more detail is the effect of space 

charge on the expected emission density under our operating conditions. 

As stated earlier, Richardson's equation, and the corresponding equation 

for the electron density (equation 12) are valid only if the applied 

field is large enough to assure that a space charge depression of the 

potential near the cathode does not develop.  In order to calculate what 

the space charge limited current is as a function of applied field, 

Poisson's equation must be solved for the particular geometry in question. 

Assuming an infinite plane psrtllel electrode geometry, with spacing d, 

we have a one dimensional problem: 

d^. 
dx^ 

4nn e (14) 

Note that ne - jJ-% where j is the current density and vd is 

the drift velocity of the electrons.  The drift velocity can be written 

in terms of the mean free path as: 

vd* 2yei 
dm 

L e. 
j (15) 

Solution of the Poisson equation under these conditions yields 

an equation of the following form: 

.   _ c .--6 11. * V 
' = 7-5x10  Id    d? 

3/2 
(amp-m~^) (15) 

The derivation of this equation does not take in-io account additional volu- 

letric fonlzation ii. the applied field. 

For a given voltage, mean free path, and electrode spacing, J 

represents the maximum space charge limited current density that can be 

extracted.  In terms of electron density ne, this expression can be 

written as: 

■»V ^ 

(17) ne « 8 x 10
7 V 

7 (m"3) 

*"- ■ - ■-■-• ^■- ■ 
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Under our conditions (V « 10 kv, d « .02 m), the maximum space charge 

9  -3 
limited density that can be extracted from the cathode Is -2x10 cm . 

Thu«, at a cathode temperature of 1500oC, the full saturated thermionic 

density of 108 cm"3 calculated from Richardson's equation can be ex- 

tracted, and space charge effects are not a limiting factor. 

It should be understood that while the results of our experi- 

ments are consistent with a thermionic emission process, other effects 

of cathode heating may contribute to or Indeed be responsible for the 

observed phenomena.  For example, transient cathode heating may lead to 

reduced gas density near the cathode where in effect a low pressure glow 

discharge may be initiated which then propagates into the higher pressure 

region iu a uniform manner.  Such effects have recently been studied in 

C02 laser systems (16).  Further work is required to better understand the 

underlying mechanisms responsible for our observations. 

F.  Conclusions and Recommendations for Future Work 

We have investigated the effects of a heated cathode upon elec- 

trical discharge uniformity in several high pressure gases and electro- 

negative gas mixtures.  Spatially uniform TEA discharges have been generated 

at pd values)^ 100Ü torr-cm using this technique.  In addition, preliminary 

evidence indicates that the electron» emitted from the heated cathode may 

be used to control the plasma Impedance of the discharge. 

Although the energy required to pulse heat the cathode to the 

required temperature may be appreciable, the extent to which this considera- 

tion affects the overall efficiency of a laser system depends on the par- 

ticular system and its properties.  For large high energy systems. 
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the energy put into cathode heating may be a small part of the total energy 

from an overall system viewpoint. 

The most obvious advantage of the thermionic cathode technique 

for generating uniform discharges lies in its simplicity and low cost com- 

pared to existing e-beam and UV preionization techniques. 

Further work is recommended to incorporate this technique into 

a rare gas-halogen excimer laser system with the objective of demonstrating 

high pressure, long pulse operation.  In addition, further studies to ob- 

tain a more quantitative understanding of the mechanisms responsible for 

the heated cathode effect are required. 
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APPENDIX 1 

PREPARATION OF PPL CANDIDATES 

Below, we hav« included a summary of the established synchetic 
methods which are commonly employed to prepare both hexaarylethanes and 
tetraarylethanes.  In section A, we have described the general procedures 
which can be used to prepare hexaarylethanes.  In section B, we have 
outlined the reported synthetic methods which we have used to prepare the 
five PDL candidates described in the text. 

A.  General Synthetic Methods Used 
to Prepare Hexaarylethanes 

Two standard procedures may be used to prepare hexaarylethanes. 
These are illustrated below in equations 1 and 2. 

Eqn. 1    CJ3C-CI + Ag0  Ref'..C24)»  C^C-COj + AgCl 

Kqn. 7. Qf-OW    + HX   -%l:-(-^> Q^    + x~ + HO 

I V+f 
03C-C03 + V+++ 

Gomberg's classical procedure (Eqn. 1) is still the method of 
choice.  However, the second method can be generally applied for the preparation 
of the more sterically hindered hexaarylethanes.  In both cases it is imperative 
that the reactions and work-ups be carried out in the absence of light and 
air to avoid the destruction of the free radicals formed. 

B.  Preparation of Specific PDL Candidates 

In the following pages, we have diagrammed, and outlined the 
reported synthesis route? from commercially available starting materials 
which we have used to prepare the prime PDL candidates. 
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Hexaphenylethane (A) 

<°> O >- C - ci + He o Ref. (26) 
Acetone 0 /  C '^2 + H82C12 

12,12'-Bifluoradene (B) 

0 

O      O 

N-NH2 
N2H4-H20 

& 
o HgO 

Ref.   (27) Ref.   (2 7) ' 

o 
N-- 

// 
N 

o 

♦ 0 o A           M 
Ref.   (28) Ref.   (28) 

(2-40%, variable yields) 
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Li 

C I 

CII30-r^^ 
OCH3 

78 

0 
11 

+    CH CH  OCOCH2CH3 
Ref.   (19a) ^ 
Ether, 
3 days.  25° 

OCH. 

Ref.   (19a)   p 

[OJ • HC1,  A 

CH3CH2OH 

Ref.   (19a)~ 

OCH2CH3 

HC1 
Ref.   (19a) 

JifiT 
L Cl I Ref.   (19b.  2C) 

Pentaphenylethane   (D) 

<°> 
c 

c - Br-C   -^Oy Ether,   A 
Ref.   (35) 

(£> 
H 

c -CJ 

Ö     l0 



79 

l-p-Biphenyl-l. 1.2.2-tetraphenylethane  (.E) 

<Ö)-<g>-=-(Ö>    +   <ö>-^       ^^J-» 

<öK3>=-<ö> 
OH 

C- 
\—'   Benzene,   70 

Ref.   (14) 

JMß. 
Benzene, 
Ether, A 
Ref. (14) 

OMO 
MgBr 

Ph2CHBr 

\     /    Ref.(14) <2Kö> c—i -<ö> 

o     o 
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• Hexaphenylethane (In Situ Preparation) 

The starting materials for the In situ preparation of hexaphenyl- 
ethane were purified in the following manner.  Trlphenylmethyl chloride was 
purchased from the Aldrlch Chemical Company and was obtained as a colorless 
crystalline solid after sublimation at 110-115° (0.01 mm).  It was stored in 
a nitrogen-dry box and exposure to the air was kept to the absolute minimum. 
Spectro-qual^.ty 3,2,4-trimethylpenta^ie was purchased from Ace Scientific 
Supply Company, Inc., tnd was used as received.  Triply distilled, electronic 
grade mercury was purchased from Alfa-Ventron and was also used as received. 
All glassware used for the in situ preparation of hexaphenylethane was 
washed well with acetone, distilled water, dilute hydrochloric acid, dilute 
anmonlum hydroxide, and then finally repetitively washed with distilled water. 
The excess water was drained from all ' ne glassware, and the reaction flasks, 
filtering apparatus, etc. were connected to a vacuum rack and evacuated 
to ca., 10-3 nan. by means of an oil diffusion pump.  The residual traces of 
water were then removed by evacuating the glassware for several hours with 
the Intermittent application of external heftt via i,  heat gun. 

An "0" ring-sealed, vacuum flask was then charged with the purified 
trlphenylmothyl chloride (0.400 g, 1.435 x 10*3 mole) and about 210 ml of 
the spectroscopically pure 2,2,4-trimethylpentane.  This reaction flask 
was then sealed by firmly clamping to an "0" ring head which was equipped 
with two exit vacuum stopcocks.  The reaction flask was then attached to 
the vacuum rack and about 5 ml. of the solvent was removed under reduced 
pressure.  In this manner, most oi  the dissolved oxygen was removed without 
recourse to the conventional freeze-pump-thaw cycles.  The reaction flask was 
then transferred to a nitrogen-dry box, and the mercury (10.0 g, 49.8 mmole, 
34.7 mole eq.) was added all at once.  After sealing the flask, it was 
completely wrapped with aluminum fo"'.  All ensuing operations were conducted 
in the complete absence of light or exposure to air.  The flask was then 
reattached to the vacuum system, and the solvent removed under high vacuum 
to a predetermined 200 ml. mark on the reaction flask.  The flask was then 
sealed under the partial vacuum and was clamped in a horizontal position in 
a Burrel Model BB, "wrist action" shaker.  After shaking for a total of fifteen 
hours at a constant speed setting of 10, the flasl< was allowed to stand over- 
night to allow the inorganic by-product and excess mercury to settle.  The clear 
/ellow-orange supernatent was then filtered through a "fine" glass frit into 
a previously cleaned and evacuated reaction flask.  This solution of hexaphenyl- 
ethane in 2,2,4-trimethylpentane exhibited an absorbance of 0.47 at 5150 A 
It has been stored for a period of 1-2 months in a nitrogen-dry box with 
no visual loss of color or precipitation of the peroxide.  Also, it« 
ultraviolet spectrum was identical to that observed for crystalline hexa- 
phenylethane (17) which was «dissolved in degassed solvent. 

• 12.12'-Bifluoradene 

As reported in the literature (18) a concentrated solution of 
spiro-(fluorene-9,3,-in<3azole) (10.0 g, 373 mmole) (1^) in 80 ml. of 
decaltn was slowly heated to reflux (18601 employing a magnetic stirrer and 
nitrogen bubbler-cap.  The dark solution effervesced fairly vigorously near 
170°.  This initial reaction subsided after thirty minutes at reflux, and 
the dark solution was kept at a reflux for a total of one hour.  The dark 
solution was then cooled to room temperature and stirred overnight.  The 
resultant light tan suspension which formed was filtered to afford 12,H1- 
bifluoradene as a yellow-tan solid in 257. yield (2.2 g, eu   pt., 304-306°). 
This material was obtained in analytically pure form aftir drying at 50° 
(0.10 mm) for one day: 



- 81 

Analysts; 

C«lc. for C38H22: C, 95.37; H, 4.63 

Found: C, 95.23; H. 4.92 

• Sesqulxanthydryl Dlmer 

By analogy to the reported procedure (20). reformed sesqulxanthydryl 
chloride dihydrate (2.0 «?. 5.6 mmole) (21)was dissolved in a mixture of 
150 ml. of glacial acetic «cid and 10 ml. of concentrated suifuric acid. 
A dilute solution of the commercially available chromous chloride (Fisher 
Scientific Company) was then added dropwise with efficient stirring under 
a nitrogen atmosphere.  A yellow suspension formed immediately upon the 
beginning of the addition of the chromous chloride solution.  The addition 
was stopped after the reaction mixture assumed a permanent blue color 
(ca., 120 ml. of CrCl2 solution), and 200 ml. of water was added dropwise. 
Filtration afforded the crude dimer as a yellowish tan solid in an overall 
yield of 1.3 g.  The analytical oure dimer was obtained after drying at 100" 
(0.10 mm) for 24 hours (m. pt.  300). 

Analysis: 

Calc.   for C38 H18 06:   C,   79.99;  H,   3.18 

Found:   C.   79.18;   H.   3.62 

• Pentaphenylethane 

As previously described in the literature (22) a solution of 
triphenylbromomethane (32.3 g, 0.10 mole) in 100 ml. of benzene was added drop- 
wise into a suspension of magnesium turnings (2.5 g) in 50 ml. of ether under 
a nitrogen atmosphere at room temperature.  The mixture was then refluxed 
overnight to complete the formation of the Grignard reagent.  The mixture was 
then cooled to room temperature and the solution was decanted '.rom the unreacted 
magnesium into a fresh four-neck flask.  Solid diphenylbromo!T.ethane (27.8 g, 
0.10 mole) was then added portion-wise with efficient stirring and cooling 
with an external water bath.  The mixture was then heated for two hours on a 
steam bath and allowed to stir overnight at room temperature.  A 37» solution 
of acetic acid in water (50 ml.) was then added dropwise with efficient 
stirring.  The organic layer was then separated and the solvent removed under 
a nitrogen purge.  The white solid thus obtained was recrystallized twice from 
chloroform-ethanol.  The analytically pure pentaphenylethane was obtained as a 
white solid in an overall yield of 12.0 g after drying at 23° (0.10 mm). 

Analysis: 

Calc. for C32 H26:  C, 93.62; H, 6.38 

Found:  C, 93.08; K, 6.51 
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•  l-p-Btphenyl-l.1.2.Z-Tetraphenylethane 

As reported by Bachmünn and Wiselogle (7)  dlphenyl-p-blphenyl- 
magnesium bromide was first prepared by heating to reflux a mixture of 
diphenyl-p-biphenylbromomethane (20.0 g, 1) and magnesium turnings (1.23 g) 
in 25 ml. of ether and 50 ml. of benzene.  The mixture was protected from 
light by an aluminum foil wrap and was refluxed for a total of ten hours. 
The characteristic red color of the free radical, diphenyl-p-biphenylmethyl, 
developed immediately and gradually gave way to the lighter brown color of 
the Grignard reagent.  A solution of the commercially available bromodiphenyl- 
methane (12.35 g) in the minimum quantity of dry benzene was then added fairly 
rapidly into the reformed Hrignard reagent.  A moderate exotherm was noted 
during this addition.  The mixture was refluxed for two hours, cooled to room 
temperature, and then hydrolyzed by the dropwise addition of 100 ml. of 1 M 
acetic acid.  The organic layer was separated and the solvent removed under 
a nitrogen purge.  Th dark red oil was then recrystallized three-times for 
chloroform ethanol.  After drying at 80° (0.10 ram) for four hours, the title 
product was obtained in pure form as a white solid in an overall yield of ca., 

3.0 g (m. pt., 173-175 ). 

Analysis: 

Calc. for C38 H30: C. 93.79; H, 6.21 

Found: C, 93.36; H, 6,83 

„.. „, 


