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20.  Abstract (Continued) 

based on the Cl + HI reaction. Vibrational relaxation rates for the CO 
laser and the potential D^ ^ HCl V-V transfer laser system have been 

measured, , AC 

The electrical infrared program enphasizes electric-discharge 
gasdynamic lasers and electron-beam pumping of potential laser systems 
in the mid infrared.  Studies of the D^ -* HCl system have been contin- 
ued along with detailed measurements of the discharge and flow charac- 
teristics.  The D2-CO2' laser system previously discovered has been 
found to have comparable efficiency to the N^-CO'2 EDGDL. 

A number of excitation approaches are being evaluated for appli- 
cation to electronic state lasers. Discovery of the XeBr laser as a 
result of electron-beam excitation of Xe/Br2 mixtures has led to the 
rare-gas halide laser systems.  Successful transverse excitation of 
copper chloride offers promise as a more efficient copper vapor laser. 
Electrical and optical pumping schemes to extend the range of operation 
of the previously reported Hg vapor laser are described.«w Lifetime 
measurements of the HgBr(B) state have been completed arfd\an estimate 
made of the lifetime of upper vibrational levels of the H^Br(X) state. 
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FOREWORD 

The Laser Physics Branch of the Optical Sciences 

Division, Naval Research Laboratory, Washington, D. C, 

prepared this semiannual report on work sponsored by the 

Advanced Research Projects Agency, ARPA Order 2062.  Co- 

authors of the report were J. R, Airey, R. Burnham, L. 

Champagne, N. Djeu, D. Frankel, J. K. Hancck H.   W, Harris, 

G. A. Hart, M. C. Lin, T. J. Manuccia, S. K. Searles, J. A. 

Stregack, W. S. Watt, and B. Wexler. 

V 

I. 

- '' 
..... •■■?•.--.          .-.. 

■ 

► b 



^v,. 

i 

...,iia«t.i.„ .. 
rmmmmmmm 

SEMIANNUAL TECHNICAL REPORT 

REPORTING PERIOD 

1 Jan 1975 - 30 June 1975 

1. DARPA Order 

2. Program Code Number 

3. Name of Contractor 

4. Effective Date of 
Contract 

5. Contract Expiration 
Date 

6. Amount of Contract 

7. Contract Number 

8. Principal Investigator 

9. Telephone Number 

10. Project Scientist 

11. Telephone Number 

12. Title of Work 

2 062, Amendment No. 3 

5E20 

Naval Research Laboratory 

1 July 1972 

30 June 1975 

$550,000 

62301E 

J. R. Airey 

(202) 767-3217 

W. S. Watt 

(202) 767-2074 

DARPA/NRL Laser Technology 
Program 

SPONSORED BY 

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

DARPA Order No, 2 062 

- VI 

■ . 
«Ä^-ia 



 aMude 
mmvmmw".*"'» ■'• 

K 

| 

DARPA-NRL LASER PROGRAM 
SEMIANNUAL TECHNICAL REPORT TO ADVANCED 

RESEARCH PROJECTS AGENCY 

1 JANUARY  1975 TO 30 JUNE 1975 

CHEMICAL  INFRARED  LASERS 

1.        Pulsed  HC1   Chemical   Laser 

The  aim  of  the  experiments  on  pulsed HC1   lasers   is 

to  evaluate  the  potential  of   several  mixtures  of  reactants 

which are  capable  of  being  premixed  and  could  lead  to   im- 

proved  pulsed  HC1   laser  performance. 

Typically  pulsed  HC1   lasers  operate  using  either the 

H2/C12  mixture  which has  the  assumed  reaction  sequence 

Cl   +  H2   ^ HC1   +  H -   1  kcal/mole 

H  +   Cl2  ^ HC1*   +   Cl       +45   kcal/mole 

(1) 

(2) 

or the HI/C12 system which operates on the two exothermic 

reactions 

H + Cl2 ^ HCl* + Cl  +45 kcal/mole     (3) 

Cl + HI •> HC1* + I +32 kcal/mole (•+) 

In the H2/C12 system, endothermic reaction (1) is slow 

on the time scale of the laser pulse and therefore contri- 

butes neither to the production of excited HC1 nor to the 

supply of H atoms for reaction (2).  The requisite H atoms 

must come directly from the dissociation of H„ in the dis- 

charge.  HI is a better source of atomic hydrogen than H 

and one would expect the HI/C12 system to be more efficient. 

Note: Manuscript submitted January 29, 1976. 
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However, premixing of III and Cl« is difficult to perform 

without spontaneous reaction which not only depletes the 

fuel but also creates ground state HC1.  Alternate chlorine 

sources, R-Cl, are being sought which are sufficiently reac- 

tive so that the resulting HI/R-C1 r.ixture will out-perform 

the H9/C19 system and in addition can be premixed with HI 

without significant prereaction. 

The laser used in this present study uses a transverse 

electrical pin discharge to initiate the reaction between 

R-Cl and HI and was described previously   .  During the 

present reporting period screening experiments were con- 

tinued in order to evaluate the performance of R-C1/HI mix- 

tures against the baseline ^/Cl« system. 

These screening experiments have been completed and 

(2) 
the results described in a paper accepted for publication 

(see Apoendix A).  The major conclusions are that several 

chlorinated hydrocarbons are attractive chlorine sources 

both in terms of laser output and specific output when com- 

pared with Hn/Cl« mixtures. 

During the next reporting period some of these im- 

proved cavity fuels will be evaluated using an e-beam sus- 

tainer for initiation of the chemical reactions leading to 

the HC1 laser. 
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~ Carbon Monoxide Energy Transfer Studies 

Measurements of energy transfer rates in CO under ARPA 

sponsorship have provided much kinetic data relevant to CO 

and C02 lasers.  Additionally, previously reported vibration 

to vibration (V-^V) rate studies in CO-additive mixtures pre- 

dicted the recently discovered V^V transfer lasers CO-CS 

CO-OCS and C0-N20.  The goals of this program during the 

current reporting period are two fold: 

Provide vibration to translation (V-T) quenching rates 

for CO in the presence of low molecular weight diluent gases 

and 

Measure the D2 self relaxation rate as a function of 

temperature to provide kinetic rate data for the D2-HC1 V-V 

transfer laser understudy at NRL. 

Because of the potentially large temperature range 

which must be considered in the CO and D2-HC1 laser devices, 

the present investigation covered the unusually large range 

of 110oK-630oK.  All rates reported were strongly temperature 

dependent with some deactivation probabilities increasing an 

order of magnitude for a 100oK change in temperature. 

■ 
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a. CO Quenching Rates by Low Molecular Weight 
Diluent Gases 

The first objective of this program is to study 

CO(v=l) deactivation characteristics by the light colli- 

sion partners, H„, HD, D„, and He.  Excitation of CO ground 

state molecules to the CO(v=l) state was accomplished using 

the selecive excitation of a frequency doubled C0? laser. 

Quenching of C0(v=l) occurs through the following V->T path- 

way: 
kC0-H2 

CO(v=l) + H2    +   C0(v=0) + H2 + AE = 2143 cm"1   (1) 

kC0-HD 

C0(v=l) + HD    +   CO(v=0) + H2 + AE = 2143 cm"!   (2) 

kC0-D2 

CO(v=l) + D2    ■*       C0(v=0) + H2 + AE = 2143 cm"1   (3) 

kC0-He 

C0(v=l) + He   ->   CO(v=0) + H2 + AE = 2143 cm"1   (4) 

Since the molecular weight of the collision partner 

studied in Equation (1) - (4) ranges from 2-4, one would not 

expect to see significant differences; between these additive 

species.  As shown in Figure 1, however, H9 is at least a 

factor of ten more efficient in deactivating CO than D«. 

Additionally CO(v=l) quenching by HD falls close to the 

C0-H2 results, rather than half way between H2 and D2 as 

would be expected by the difference in molecular weights. 

The following conclusions can be reached from these measure- 

ments: 
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(1) The probability of deactivation of CO(v=l) by 

D2 and He is identical over the temperature range studied. 

This is strong evidence for a Landau-Teller type deactiva- 

tion mechanism, i.e., rotational energy levels in D9 do not 

participate in the quenching mechanism. 

(2) The probability of deactivation of CO(v=l) by 

H2 is much greater than CO-D2.  A mass effect alone is in- 

sufficient to explain this difference.  Apparently vibra- 

tional to rotational (V->-R) energy transfer is occurring via 

processes of the type 

CO(v=l)+H2(v=0),j = 2) ■+ CO(v=0)+H,(v=0,j = 6) + AE = 88cm"1 (5) 

(3) At temperatures near 100oK, the deactivation 

probability for CO(v=l) is only one in every 109 collisions 

with D2 or He.  For C0-H2 and CO-HD collisions this probabi- 

lity is 10   -10  .  Consequently, high pressures of the 

above diluent gases should have minimal poisoning effect on 

CO laser performance at low temperatures. 

b.     D2(v=l) Quenching tetes by D2 and CO 

One possible disadvantage in using D2 as a diluent gas 

in CO lasers is the endothermic transfer process: 

k 

C0(v=l) + D (v=0) +  CO(v=0) + D0(v=l) + AE = -850cm"1 (6) 
ki z 

e 

Once the species D2(v=l) is produced, efficient relaxation 

might be expected to occur via the process 
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-D2-D2 

D2(v=l)+D2(v=0) D2(v=0)+D2(v=0)+AE 2993cm"
1  (7) 

We have measured rate constants k  and k^  -.  shown 
e      2~ 2 

in Equation (6) and (7) thl-ough use of the double exponen- 

tial decay curve analysis discussed in previous reports. 

The reverse rate in Equation (6), k !, can be determined 

using k -^ = k  exp (-AE/kT).  These results are shown in to  e    e   ^ 

Figure 2.  Because V->-V transfer into the D2(v=l) level via 

equation (6) is faster than V->-R,T deactivation out via 

equation (7), a steady state concentration of excited D2 

molecules is established.  Quenching measurements for the 

D9(v=l) level are possible because the fluorescence decay 

of C0(v=l) is kinetically linked to the D2(v=l) level, re- 

sulting in the observation of two fluorescence lifetimes. 

The present experimental study of the rate constants 

k. XO-H ' kCO-H ' kC0-HD' "CO-He 
, krri  .,a,   ke , and kD _D , differs 

'2   ^  "2 

from previous studies which were predominately concerned 

with near resonant V+V energy transfer.  As shown in equa- 

tions (1) - (7), large amounts of energy must be trans- 

ferred into the translational degrees of freedom of the gas 

mixture during an inelastic collision process.  Consequently, 

we see steep temperature dependencies with rates increasing 

with temperature.  A clear example of this can be seen in 
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Figure 2 for the D« self quenching probability.  Over the 

temperatw -e rang- 150-500oK, an increase of three orders of irn      rnnO 

magnitude for this process is indicated 

These data are described in greater detail in one re- 

cently published paper    and in another accepted for pub- 

'2^) lication 
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3. Polyatomic Energy Transfer 

The primary goal of the project is to measure intra- 

molecular vibration to vibration (V+V) energy transfer 

rates in several polyatomic molecules, beginning with SFg 

and BC1„.  These molecules are chosen because they are known 

to be strong absorbers of CO,-, laser radiation. 

Although the vibration to translation (V->T) energy 

transfer rates of many polyatomic molecules have been mea- 

sured, the much more rapid intramolecular V->-V energy trans- 

fer rates have not been determined because no suitable high 

power, short-pulse laser source was available.  The develop-     , 

ment of a high energy, one nanosecond CO. laser system at 

NRL under DARPA sponsorship permits the measurement of in- 

tramolecular V-^-V energy transfer rates of many polyatomic 

_. . .. _ . .;....!_          ■_.__:  ,.     _  _ _ _ __ _ _ mil 
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Fig.   2 - Deactivation probability versus temperature for the following 
kinetic processes: 

D2(v=l) + CO(v=:0) ^ D2(v=0) + CO(v=l) + AE = 850 cm"1 

D2{v=l) + D2(v=0) -> 2D2(v=0) + AE = 2993 cm"1 

Data points are D2-COD; D2-D2 O. 
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molecules.  Such measurements represent not only an advance 

in the state of knowledge of energy transfer, but also have 

the immediate practical result of determining which if any 

of these molecules can be used as an optical isolator in 

high power CO,-, laser amplifier chains, 

A description of the double-resonance method employed 

and a diagram of the apparatus were included in the pre- 

vious report.  Several improvements in the apparatus have 

been made since that time.  A recently obtained half-wave 

etalon of cadmium sulfide has been doubly useful.  Because 

it produces a rotation in the plane of polarization of a 

C09 laser beam, it can be placed between the cw monitoring 

laser and the germanium plate attenuator to continuously 

control the power delivered to the sample cell without dis- 

turbing the alignment.  This is particularly advantageous 

when trying to find an optimum trade-off between maximum 

signal level and minimum perturbation of the levels being 

monitored.  The same etalon has been used to facilitate 

alignment of the nanosecond laser beam through the sample 

cell.  Placed between the Pockels cell and the analyzer 

stack, a 90  change in polarization is produced, permitting 

the entire laser pulse train to pass through the analyzer 

stack unattenuated and undeflected.  Rotation of the analy- 

zer stack by 9 0  would also permit the beam to pass through, 

but would also produce a large angular deflection.  The 

10 



etalon is of course removed when the experiment is to be 

done. 

A new stainless steel sample cell was constructed, 

replacing the original glass and teflon design.  Having all 

welded joints and "0" rings only where the windows are held, 

it decreased the outgassing and leak rate of the sample sys- 

tem.  A new capacitance manometer head with a 1000 torr 

range was added to the 10 torr head already in place to 

adequately cover the pressure range of interest without re- 

course to a mercury manometer-cathetometer combination. 

This change improves accuracy in addition to avoiding con- 

tact of mercury with corrosive gases such as BClq. 

An electronic amplifier already available in the lab 

was tested for suitability in these experiments.  Its mea- 

sured 5 ns risetime was considered adequate for the initial 

phase of the work, but its 15% overshoot and ringing were 

too great to be useful.  The manufacturer was able to re- 

duce this to 6%, which is satisfactory for present opera- 

ting conditions.  Higher quality amplifiers are now on 

order. 

Preliminary double resonance experiments were success- 

fully attempted using the entire mode locked pulse train. 

This assured that beam and detector positioning were correct. 

Similar experiments were also performed using the six most 

intense pulses in the train. 

II 
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Single pulse experiments are now underway.  In 150 

mtorr of SFR, an exponential risetirae constant of 'v 60 ns 

was observed with ^30 torr of added helium, and 30 ns with 

7 5 torr of helium.  Limited signal^-co-noise ratio precludes 

quoting these numbers with greater precision.  Considerable 

effort is now being directed toward reducing the noise and 

toward finding a suitable method of signal averaging. 

One other significant activity occurred during the 

reporting period.  This was a test of the risetime of a new 

infrared detector material.  The detector being used now has 

a risetime constant of 17 ns and a falltime constant of 

46 ns.  The manufacturer claimed to have a high speed 

material with a 1 ns time constant.  A sample detector was 

shipped to us and tested using the Pockels cell as a high 

speed "gate".  The new sample was found to have the same 

time constant as the ordinary material and has been rejected 

and returned to the manufacturer.  Thus the single nano- 

second C0? pulse generating system provides an easy check 

of the reliability of manufacturers' claims for detector 

response times. 

I 
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ELECTRICAL INFRARED LASERS 

1.   Electric Discharge Gasdynamic Lasers 

In the Electric Discharge Gasdynamic Laser (EDGDL) 

facility, experiments are aiaied at producing new and effi- 

cient cw electrical lasers.  Primary interest is in the 3-5 

micron region.  Since the candidate laser molecules have 

not been successfully excited by direct electron impact, 

attempts are being made at producing laser systems by energy 

transfer from deuterium or hydrogen excited in an electric 

discharge. 

A description of the EDGDL facility has been given in 

previous reports (1"3).  During this period, experiments 

were performed to characterize the operation of the EDGDL at 

plenum pressures up to 150 torr and to obtain data for com- 

parison with computer model predictions.  The modelling is 

being performed by Physical Sciences Inc. of Wakefield, Mass. 

under a contract funded by both the Navy and ARPA and will 

be used to predict the optimum operating conditions for the 

proposed D2-HC1 laser. 

The subsonic discharge plenum region was characterized 

for several D9-He mixtures with the maximum amount of D2 

being 42% by volume.  For each of these mixtures the PSI 

discharge model predicted that over 70% of the electrical 

energy would be deposited in the vibrational mode of D2 for 

. 

■ 
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the E/N of these experiments (> 1 x 10"16 volts cm ).  The 

experimental E/N has not been corrected for the voltage 

drop in the cathode fall region of the discharge which can 

be appreciable and therefore the self-sustained glow dis- 

charge operates at less than optimum E/N for vibrational 

excitation.  However, from an energy balance based on the 

energy deposited in the gas and the pressure rise (and hence 

temperature rise) when the discharge is turned on it has 

been estimated that approximately 65% of the electrical 

energy is deposited in the vibrational mode of D2.  For 

Ar-D mixtures it was found to be more difficult to main- 

tain a stable arc-free glow discharge.  Good discharges 

could only be maintained at low current (less than 10 ma) 

and power loadings when the do discharge had either rf aug- 

mentation or a large choke was used as an arc suppressor. 

Following characterization of the discharge, the 

effect of varying the injection of the lasing species on the 

supersonic gasdynamics was investigated.  At these higher 

plenum pressures it was observed that the-e is a critical 

secondary flow rate below which supersonic flow is main- 

tained throughout the cavity region.  Higher flow rates 

cause the cavity pressure to increase sharply.  The sharp 

pressure increase is the effect of shock waves "choking" 

the flow due to excessive secondary mass addition.  A typi- 

cal curve of cavity pressure vs. secondary flow rate is 

14 
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shown in Figure 3,  It has been experimentally determined 

that the percentage of secondary flow which induces choking 

increases as the plenum pressure and/or molecular weight of 

the primary flow is increased,  For the mixtures tested this 

percentage was 1,5% for He-D- mixtures and 10% for Ar-Dr, 

mixtures, 

In order to determine the effects of the cavity gas- 

dynamics upon the D^-HCl energy transfer system, HC1 fluo- 

rescence traces were taken over the entire length of the 

cavity for choked and unchoked conditions.  Figure 4 shows 

characteristic traces for both choked and unchoked condi- 

tions.  For the choked condition the fluoresence peaks half- 

way through the cavity region and then decreases as deacti- 

vation becomes important because of the decelerated flow. 

For the unchoked cavity the fluorescence increases until 

approximately 19 cm where it then levels off.  Using a 

series of bandpass filters, the relative spectral intensity 

distribution of the HC1 fluoresence taken for the unchoked 

case is 

filter detector signal 

3.2-^3.9 2.5 mV 

> 4.1 y .03 mV 

> 3.8 y .15 mV 

The signal observed using the last two filters could come 

from either high rotational levels of the lower vibrational 

15 
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states or from the lower rotational levels of the higher 

vibratlonal states. 

Information about these two possibilities is gained 

indirectly from gain measurements of the N9-CO? and D9-C09 

laser systems operating in the same facility.  From these 

gain measurements as a function of J, T  and T  were extrac- 

ted.  For the ^-CO  system there is little variation in 

T and T  as a function of position downstream of the noz- 

zle exit plane.  Typically the rotational temperature for 

the unchoked cases were under 200oK while for the choked 

cases the rotational temperatures were over 200oK.  For the 

D -CO^ system, the variation in vibrational and rotational 

temperature as a function of distance from the nozzle exit 

plane is shown in Figure 5 for both the choked and unchoked 

cavity flows operating from the same plenum conditions. 

Excluding the temperatures measured at the position 12.1 

cm downstream from the nozzle exit plane the general shape 

of the variation of Tv is similar to the HC1 fluorescence 

traces.  Comparing the rotational temperatures, the choked 

case starts out higher, but both cases roach a final temp- 

erature which is considerably higher than in the unchoked 

N2-C0„ case.  This is caused both by the vibrational energy 

difference between D and C0„(001) being converted into 

translational/rotational energy and by the supersonic heat 

addition which takes place as a result of this temperature 

rise. 

16 
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As a result of these gain measurements it would appear 

that in the unchoked case the HC1 fluorescence above 3.8 y 

comes from the lower rotational lines of higher (v ^ 3) HC1 

vibrational levels.  One is also lead to the conclusion that 

the lower plenum pressure runs made in previous reporting 

periods were made under choked (i.e. high rotational temp- 

erature) conditions.  This would practically explain the 

failure to develop a CS„ laser since the lower laser level 

is only 657 cia -- above the ground state and thus would be ther- 

mally populated.  The increased temperature is less impor- 

tant in a D^-CO^ laser system but would alter the rota- 

tional distribution in the D_-HC1 system reducing any par- 

tial inversion. 

Present plans call for further study of the D„-HC1 

system in order to validate the computer model before using 

it to predict the conditions under which lasing will occur. 

As a result of the studies of the gasdynamics of the EDGDL 

system it appears to be desirable to use Argon diluent if 

a stable glow discharge can be maintained or to increase the 

plenum pressure in order to increase the amount of secon- 

dary flow which can be added without choking.  In order to 

accomplish the former, attempts will be made to produce 

stable glow discharges in Ar-D« or Ar-He-D^ plenum mixtures 

while in order to increase the plenum pressure, the e-beam 

sustainer system will be completed and a new nozzie  array 

i 
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Fig. 5 - CO2 (00°!) vibrational temperature vs distance from the 
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built which will provide cleaner g. J.ynamics without impairing the 

mixing. With the ability to superscnically mix the secondary while 

maintaining low rotational temperatures, lasing will be attempted from 

C0-CS2 as well as from N20 and C^  via transfer fran CO, H2 and/or D . 
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2.  E-Beam Sustainer Pumped HC1 Laser 

The objective of the pulsed electrical laser program for this 

reporting period was to determine the experimental parameters which 

most favor stimulated emission for HCl-diluent mixtures and to establish 

the influence of these parameters on the critical processes which are 

involved in producing a partial population inversion between HC1 vibra- 

tional levels. These experimental parameters include the sustainer 

voltage, e-beam voltage, and e-beam cathode to foil distance of the cold 

cathode e-beam sustainer discharge system, as well as the partial pres- 

sures of HC1 and various diluents used as gas mixtures. 

2.1 HC1 Fluorescence Measurements 

a.  Objective 

Fluorescence measurements were taken to establish the effect of 

these parameters on a number of simultaneously occurring critical 
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processes. These processes are HC1 vibrational excitation by direct 

electron impact, HC1 selfReactivation, HC1 dissociation, and gas 

heating by the discharge. The extent to which it is possible to chan- 

nel the available discharge energy into vibrational excitation of HC1 

will determine if a partial inversion can be produced between HC1 vi- 

brational levels and will also establish the maximum possible efficiency 

of any resulting HC1 laser. In choosing the appropriate discharge E/N 

value, HC1 self-deactivation will limit the HC1 partial pressure. Atomic 

products of HC1 dissociation must be minimized since they serve as 

highly effective quenchers of vibrationally excited HC1. The degree of 

gas heating by the discharge is important because of several considera- 

tions. First, gas heating represents an energy loss which decreases the 

fractional power transfer to HC1 vibrational excitation and hence de- 

creases the overall efficiency of the system, assuming that laser action 

is not totally prevented by this gas heating. Also, anharmonic vibra- 

tional pumping of HCl(v=l) into higher vibrational levels which is re- 

quired for the operation of the proposed electric discharge HC1 laser 

is severely hampered by any increase in translational temperature. In 

addition, since only a partial population inversion will be produced, 

the resulting P-branch gain will be a sensitive function of rotational 

temperature. To reduce the degrading effect of these highly tempera- 

ture dependent processes the complex cooling arrangement was con- 

structed and tested on the present e-beam sustainer cavity region. 

22 
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t>.  Application to Discharge Kinetics 

The contritution of the various kinetic processes 

were to be analyzed by using time resolved fluorescence 

measurements of the 3-5 micron region, divided into segments 

through the use of filters, as input data to an analytical 

model of the e-beam sustained discharge HC1 system being 

developed in conjunction with Physical Sciences Incorporated 

(PSI).  The analytical treatment can be best understood in 

terms of its two major components:  a theoretical model of 

the discharge kinetics using available electrical-excita- 

tion cross-section data in a computer code solution of the 

Boltzman equation; and a chemical kinetics model of the sub- 

sequent vibrational energy transfer and relaxation reactions. 

The temporal behavior of the fluorescence observed in the 

first 2-microseconds during the e-gun pulse serves as a 

sensitive monitor of the most crucial process of the dis- 

charge kinetics, the HC1 vibrational excitation.  The data 

gathered at a selected set of experimental conditions, can 

then be used with the observed time dependence of the sus- 

tainer voltage, V , sustainer current I , and e-gun voltage 

and current through the foil to achieve agreement between 

the Boltzmann cod./ predictions and experimental results by 

making slight modifications in some of the less well known 

cross-sections used.  The resulting cross-section set can 

then be used to rapidly search for discharge conditions and 
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gas mixture compositions that will optimize HC1 vibrational 

excitation, thereby eliminating the need to conduct time- 

consuming scans of the multi-dimensional parameter space 

spanned by the experimental variables. 

c. Application to Inversion Kinetics 

Similarly the long fluorescence tail persisting after 

the discharge terminates can be compared with predictions 

of an anharmonic-oscillator kinetics code.  Once good agree- 

ment for the initial set of gas mixtures is achieved, this 

code can be used in conjunction with the discharge code to 

determine tne experimental conditions which maximize the 

fractional power transfer to HC1 vibrational excitation, sub- 

ject to the constraint of simultaneously maximizing anhar- 

monic pumping of HC1 with minimal loss due to collisional 

deactivation by HC1, H and Cl. 

d. Gas Mixtures Investigated 

The required fluorescence measurements were first 

carried out for Ar-HCl mixtures since rapid electron attach- 

ment by HC1 makes it impossible to sustain a stable dis- 

charge in pure HC1 with the NRL device.  Furthermore it was 

initially planned that Ar/HCl or Ar/D2/HCl mixtures would 

be used for the actual attempts to produce stimulated emis- 

sion.  Hence, such data was necessary as a test of the dis- 

charge code used to model gas mixtures of interest.  At the 

same time use of Ar/HCl data woi Id avoid the discharge and 
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subsequent chemical kinetics complications that three-compo- 

nent Ar/D2/HCl mixtures would introduce. 

e.  Experimental Apparatus 

A schematic of the experimental set up used to monitor 

the HC1 fluorescence is shown in Figure 6.  A Spectronics 

Model SD 87 20 1 mm diameter indium antimonide photovoltaic 

detector (In:Sb(PV)), modified to operate in the zero bias 

mode, was used to provide the highest possible detectivity. 

The detector was placed at the 12.5 cm focal length of a 

2.5 cm diameter KRS5 lens to improve collection efficiency. 

The In:Sb(PV) detector was r.f. shielded from noise pro- 

duced by the electron gun and lead shielded from x-rays. 

Blocking filters were used to select the wavelength region 

of interest.  Signals from the detector were displayed on 

a Tektronix Model 565 oscilloscope equipped with a Model 

1A7A differential amplifier.  An absorber cell extended 

from the end of the discharge region to the output window 

of the sustainer chamber.  This was installed for two pur- 

poses.  First, HC1 self-absorption constitutes a serious 

problem, and it is essential to minimize such self-trapping 

wherever possible.  By evacuating the absorber cell and 

then filling it with pure argon any self-trapping in this 

region could be eliminated.  The second use of such a cell 

was in determining what fraction of fluorescence in the 3-4 

micron region was due to HC1 (v=l) emission.  This could be 
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accomplished by filling the cell with a 300 torr HC1/300 

torr Ar mixture to absorb the HC1 (v=l) fluorescence. 

f.  HC1 Self-Absorption 

Total pressures of one atmosphere were used to mini- 

mize any leakage problems encountered in the system which 

was employed in a static fill rather than flowing gas mode 

since cooling of the gas was unnecessary in these Ar/HCl 

preliminary experiments.  The relative concentration of HC1 

was limited to 0.01% to 1% so that self-trapping would not 

severely attenuate the HC1 emission.  As is shown in Figure 

(7)    only the 0.01% mixtures can be correctly considered 

to be optically thin. 

For this relative concentration in a one atmosphere 

mix the effective self-absorption length should be 50 cm. 

Thus self-trapping, although still somewhat important, would 

not totally absorb v=l to v=0 radiation.  As shown in Figure 

8 the fluorescence traces display unusual temporal behavior. 

As the e-gun is crowbarred and the current begins to decay, 

the 3-4 micron emission shown in Figure 8a triples in inten- 

sity and then undergoes a rapid decry with a lifetime of 

about 1.6 ysec.  Since the HC1 partial pressure is only 

0.001 atmosphere the expected HC1 fluoresnce decay time 

would be approximately 1.6 x 10  ysec.  This extremely short 

decay time observed tends to indicate that argon rather than 

HC1 dominates the fluorescence, and that measurements taken 
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with low HC1 partial pressures to avoid self-trapping prob- 

lems are incapable of providing needed HC1 population data. 

g.  Argon Infrared Emission 

The inference that the observed fluorescence was pri- 

marily due to argon was lent further support by the results 

of filling the absorber cell with a 300 torr HC1/300 torr 

Ar mixture.  As is shown in Figure 8b the 3-4 micron radia- 

tion is only attenuated by 2 2%, a surprisingly low value if 

HC1 is presumed to be the source of emission.  Because these 

data indicated that an Ar 3-4 micron emission problem 

existed, fluorescence from pure Ar excited by the e-gun 

alone, and by the e-gun sustainer combustion was studieu. 

The results are shown in Figure 9-11.  Figure 9b indicates 

that emission from pure argon is attenuated by 18% in pas- 

sing through the absorber cell filled with the same 3 00 torr 

HC1/3 00 torr Ar mixture.  These attenuation results are 

listed in Table I.  This 18% attenuation value is close 

enough to the 22% figure measured for the 0.01% mixture to 

strongly suggest that Ar, rather than HC1, emission was 

being observed. 

The experimental data displayed in Figure 9-11 also 

indicate  that the emitting Ar species is principally 

formed by the e-beam rather than the sustainer discharge 

and that the resulting fluorescence is noticeably localized 

in regions at 3.55 - 3,65 and 3.95 - 4.05 microns.  The 
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similar intensities displayed in Figure ^a and Figure lib 

support the conclusion that the e-gun dii ectiy produces the 

Ar emission detected.  Normalizing the peak intensities ob- 

served in Figure 9 and Figure 10 for the cases with no ab- 

sorber cells by the integrated transmission of the "filter 

windows" produces the results tabulated in Table I and plot- 

ted in Figure 12.  It should be noted that the argon peaks 

observed at 3.6 and 4.0 microns confirm earlier tentative 

reports of Ar emission at these wavelengths in bremsstrah- 

lung experiments.(2)  Of the two argon peaks, that at 3.6 

microns would be expected to be absorbed by ground state 

HC1 while that at 4.0 microns would not.  This expectation 

is borne out by the observed attenuation of the Ar emission 

by HC1 absorber cells, as is listed in Table I. 

The Ar emission at 3.6 microns poses a serious obsta- 

cle to the detection of unambiguous HC1 fluorescence data in 

the 3-4 micron region.  Before turning to attempts to cir- 

cumvent this problem, two final characteristics of the data 

obtained at 0.01% HC1 should be mentioned.  First, although 

the decay time and 22% absorption by an HC1 absorber cell 

strongly indicate that Ar is the emitting species, Ar exci- 

tation is no longer explicable in terms of the e-beam as it 

was for the case of pure argon.  The sustainer discharge 

plays an important role in exciting Ar after the e-beam ter- 

minates.  This can clearly be seen in comparing Figure 8 
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where the sustainer is applied in conjunction with the e-gun 

and Figure 13 where only the e-gun is fired into a 0.01% HC1 

mixture.  When only the e-gun is fired the results are iden- 

tical to those obtained in pure argon shown in Figure 11. 

Also interesting is the noticeably greater sustainer cur- 

rent measured in the 0.01% HC1 cases in Figure 8 compared 

to those for pure argon in Figure 9-10.  This is despite 

the known rapid electron depleting action of dissociative 

attachment to HC1.  The current traces obtained for the 

0.01% HC1 cases indicate that there is a sufficient elec- 

tron density for the sustainer discharge to excite Ar when 

the e-gun terminates.  This relatively slow decay of the 

electron density is in keeping with discharge predictions 

that, at this concentration of HC1, the discharge should be 

controlled by Ar2
+ dissociative recombination rather than 

dominated by HC1 dissociative attachment. 

h.  HC1 Overtone Fluorescence 

Because monitoring the HCl(v=l) population in 0.01% 

HC1 mixtures through 3-4 micron emission proved unworkable, 

an attempt was made to use overtone emission in the two 

micron region to follow the temporal behavior of HCl(v=3). 

However, it was found that argon also emits in this region 

as can be deduced by applying the previous analysis of the 

3-4 micron emission in 0.01% HC1 mixtures to the 2-2.5 and 

1.5-2.0 micron fluorescence from the same mixtures.  These 

■ 
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data are shown in Figure 8c-8f.  The same temporal behavior 

is displayed in both the 2-2.5 and 3-U micron regions.  The 

fluorescence in the 1.5-2.0 micron region was much weaker 

and displayed a less marked peak 0.8 ysec after e-gun crow- 

barred.  The lack of significant attenuation of the fluo- 

rescence in the 1.5-2.5 micron region by the HCl/Ar absorber 

cell strongly indicates that in this case, where HC1 self- 

absorption in the discharge region is of secondary impor- 

tance and hence v=2 -> v=0 overtone emission should be an 

important contribution, the fluorescence is primarily due 

to argon.  Hence all the oscillographs in Figure 8 are 

probably records of argon fluorescence, 

i.  Alternative Diluents 

Helium was also used as a diluent in an attempt to 

avoid the 3-4 micron emission produced by argon.  However, 

it was found that helium also emits in this region.  Another 

diluent alternative investigated was hydrogen.  Hydrogen did 

not emit in the 3-4 micron region, but it was not possible 

to sustain stable discharges in H2/HC1 mixtures at the vol- 

tages  required for efficient HC1 vibrational excitation, 

j.  HC1 Pulsed Chemical Probe Laser 

The most direct solution to these rare gas emission 

problems is to use an HC1 pulsed chemical laser to probe 

the discharge region as a monitor of HC1 vibrational popula- 

tions.  An apparatus recently used in HC1 chemical laser 
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fuel experiments has been adapted to conduct these gain 

measurements by modifying the power supply so that longer 

duration (approximately 10 microseconds) laser pulses are 

obtained.  After characterizing the output of this grating- 

tuned laser an extensive series of probe measurements will 

be undertaken. 

2•2  Discharge Parameter Determinations 

During this reporting period many other relative con- 

centrations of HC1 in one atmosphere of argon were briefly 

studied to determine the maximum voltage which could be sus- 

tained as a function of relative HC1 concentration and e-gun 

foil distance.  These results are presented in Figure 14 

with the corresponding E/NHC1.  When these maximum voltages 

were exceeded, arcing would occur shortly after the e-gun 

was crowbarred.  In the higher relative HC1 concentration 

cases these discharge arcs tend to destroy the e-gun foil or 

the HC1 absorber cell because of the high voltage involved. 

For these measurements at 0.1, 1, 5 and 10% HC1 the sus- 

tainer current, sustainer voltage, e-gun voltage, and 3-4 

micron emission were monitored.  The electrical characteris- 

tics of the discharge will be compared with the predictions 

of the discharge code once a reliable set of cross-section 

data is assembled. 
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2.3  HC1 Cross Section Studies 

At present there is considerable controversy con- 

cerning the shape and overall magnitude of the HC1 cross 

section fcr vibrational excitation.  Because this cross 

section is of critical importance for an e-beam sustained 

di-charge-excited HC1 laser a brief review of recent mea- 

surements and calculations of this cross section is war- 

ranted.  Using the transport data of Bailey and Duncanson(3) 

UARL employed the Frost and Phelps('4) analytical methods to 

calculate a complete set of HC1 cross sections (5).  These 

calculations produced the HC1 vibrational cross section 

shown in Figure 15.  With a peak value of 1.5 x lo"15 cm2 

and a FWHM of about 0.5 eV this cross section was surpri- 

singly large and strongly favored the feasibility of an 

electric discharge pumped HC1 laser.  Contemporaneous with 

the   uARL analytical studies, were a series of experimental 

measurements of this cross section by Ziesel, Nenner and 
(Pt) 

Schulz   in the region of 0 to 0.5 eV above threshold at 

0.37 eV. In this experimental study the absolute magnitude 

of the HC1 vibrational cross section was determined by com- 

paring the trapped-electron current with the Cl" current 

from HC1 dissociative attachment, and correcting the trap- 

ped-electron current for the electron energy spreed and for 

the contribution from elastically scattered electrons which 

are trapped.  Consequently the absolute value of the HC1 
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vibrational cross section obtained is dependent on the HC1 

dissociative attachment cross section used.  Ziesel, Nenner 

and Schulz used the value 1.95 x 10"17 cm2 for the C1~/HC1 

cross section. '   This produced a peak value of the HC1 

vibrational cross section of 1.2 x 10~1^ cm , in excellent 

agreement with the UARL results.  Moreover the experimental 

slope of the cross section from 0.37 eV to 0.52 eV, agreed 

very closely with the UARL calculation, 

Rohr and Linder   recently reported a new experimen- 

tal determination of the HC1 vibrational cross section 

having roughly the same slope and peak as the UARL cross 

section but having only one third the width of the UARL 

cross section in the 0-1 eV region.  However, this unfavo- 

rable narrowing was oft set by the appearance of a broad 

secondary peak from 1.2 5 to 4 eV as is shown in Figure 15. 

(9) Schulz   has also recently measured one point on this curve 

at approximately 2.8 eV which is in striking agreement with 

( 8) the Rohr and Linder '  results.  However, even more recently, 

Rohr and Linder    have concluded that their cross section 

is roughly 1.5 times as large as they originally thought, 

giving it a peaK value of about 2.2 5 x lO-1 cm*'.     This 

observation, if confirmed, would significantly increase the 

feasibility of the HC1 electric discharge laser.  Prelxini- 
) 

nary discharge calculatioiis completed at PSI   using the 
\ 

original Rohr and Linder clposs section shown in Figure 15 

1 
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indicate that although the low energy peak is narrower, by 

increasing the E/NHC1 from 0,8 x lO"
15 V cm2 to 1.0 x 

10"15 V cm2 a fractional electron power transfer to HC1 vi- 

brational excitation of 80% to 85% can still be maintained. 

As is indicated in Figure 14, this falls well within ehe 

accessible range of the NRL e-beam sustainer. 

2.4 Pro£Osed^_Ex£erments 

Hence cautious optimism is justified that under the 

correct sustainer voltage significant HC1 (v=l) excitation 

will be observed in the next reporting period.  Once this 

is achieved an attempt will be made to produce and maximize 

gain on higher lying HC1 vibrational transitions by moni- 

toring such gain as a function of mixture composition and 

temperature using the HC1 probe laser.  Finally the effect 

of adding D2 to such Ar/HCl mixtures will be determined. 

In all these efforts, theoretical modelling carried out in 

conjunction wit?! PSI will serve as a means of interpreting 

data obtained ,;nd as a guide in the search for optimum op- 

erating conditions. 
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Fig.   8  - Fluorescence and sustainer current for 0.01% HCl/Ar 
760 Torr mixture excited by e-beam sustainer discharge 

t = 2  /jsec/div Is = 0. 75 A-cm  "/div 

39 



J^liaL.i^. 
mm 

NO HCL/AR  ABSORBER CELL 

i 1 1 1 H 
i s 1 1 BH 

Üi 11        1 
IS BHB ■ HHH 
fc) 

WITH HCL/AR   ABSORBER CELL 

3.1698- 
4.3131/i 

■Mil 

(b) 

y 

3.9716- 
4.4269/x 

3.7078- 
4.0736^ 

IKMIMlHl ■JUBili | 1 ■ mnsaliP i i,,^^ 

■ 
(f) 

Fig.   9 - Fluorescence and sustainer current for 760 Torr Argon 
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ELECTRONIC STATE LASERS 

1J Electron Beam Initiated Visible Transition  Lasers 

In previous work the NRL e-beam facility was used to 

discover, develop, and characterize the Ar-N9 energy trans- 

fer laser.  Techniques were created for making quantitative 

flaorescenc- measurements, for calculating excited state 

production, and for computing the temporal concentrations 

of the transient species.  During the course of the Ar-N 

research these techniques were applied to the Xe-Br9 system 

during the current reporting period with considerable suc- 

cuess.  We report here the discovery of the first rare gas- 

halide laser and its associated kr.ietics. 

Our interest in the rare gas-halideLabors stemmed 

from a recent note by Setser and Velazco/1'*  They reported 

emission from the rare gas-monohalides for the first time 

and suggested these species as laser candidates.  We   lee- 

ted /e-Br2 from the list of laser cand'"  :es becaust    its 

strong fluorescence in the afterglow experiments, its fast 

reaction rate, its bound-free spectrum and the absence of 

absorption at the laser wavelength. 

Stimulated emission was observed from XeBr at 2 81.8 nm 

and the results of these experiments have already been 
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described in the literature.(3) Subsequently further work 

has been performed on the XeBr system and on the yields of 

excited state species. 

Appendices B and C provide details of the experiments 

and the relevant conclusions.  In the future we plan to 

fully characterize the XeBr laser emission and then to 

pursue experiments with the heated laser cell. 
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2.   Pulsed Metal Vapor Laser 

During this reporting period data has been collected 

on the transverse discharge system, detailed in the last 

report, operated as a copper vapor laser from CuCl.  A 

schematic of the tube is shown in Figure 16. 

The initial results of the device are charted in 

Table I.  Each column corresponds to a separate set of 

conditions. 

After analyzing this data, a number of changes were 

made in the system to improve the laser output. The ini- 

tial system had a central inlet for buffer gas, with a 
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TABLE I 

Peak Power 

Pulse Width 

Pulse Energy 

Active Volume 

Buffer gas - Argon 

Output Coupling 

Energy in Storage Capacitor 

2 kw 

10 ns 

18 yj 

< 5 0 cm' 

3 0 torr 

i% 

1.2 kw 

20 ns 

24 u J 

< 50 cm' 

5 rorr 

8 0% 

.6 Joules  .6 Joules 

reservoir for CuCl located in this gas line, just outside 

of the main tube.  This reservoir was eliminated and the 

CuCl distributed along the bottom of the tube in an effort 

to obtain a higher CuCl vapor density and a more homogeneous 

distribution.  The Brewster angle mounts were modified to 

restrict the diffusion of CuCl vapor to the windows.  In 

order to increase the amount of energy available to disso- 

ciate the CuCl (or Cu3Cl3) molecules on the first pulse, the 

storage capacitor for that pulse was increased from .008 yf 

to .1 yf. 

The .1 yf capacitor is labeled C&   on Figure 17, 

which details the discharge circuitry of the device.  The 

two pulses necessary for the laser are produced by the two 

thyratron circuits.  When a thyrat-on fires, its associated 

storage capacitor begins to charge the set of capacitors C 

which are closely coupled to the laser electrodes.  At gas 

. 
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breakdown, these latter capacitors dump their energy into 

the discharge, through a low inductance connection.  The 

risetime and pulse width of the discharge pulse depends 

upon the impedence of the circuit consisting of the "dump- 

ing" capacitors and the laser tube only.  When the system 

is operated as a copper laser, the very fast risetime and 

short pulse width detailed in the last report are not neces- 

sary for highest power output.  Raising the CD capacitance 

to 9.3 nf doubled the energy available to the discharge, 

while the risetime increased to only 15 ns and the pulse 

width to < 50 ns.  These experimental conditions were used 

to obtain the data reported here. 

Vacuum distillation of the cupious chloride to re- 

move impurities and water vapor was found to be unnecessary. 

Loading the tube with CuCl and heating to 150oC to outgas 

the CuCl worked as well or better than the separate distil- 

lation.  As a result more CuCl could be loaded and refill 

time was also much reduced. 

Helium, neon and argon were compared as buffer gases 

with neon giving the best results.  basing was observed at 

temperatures from 300OC to 500oC and at pressures of 75 to 

100 torr.  A plot of peak power vs. pressure for a tempera- 

ture of 385^ and 130 ys delay between pulses is shown in 

Figure 18.  Figure 19 shows the variation in peak power with 

time delay.  The temperature dependence seems to follow that 
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observed by Russell et al.(1)  The best results are listed 

in Table II. 

Table II 

Peak Power 

Pulse Width 

Energy/Pulse 

Specific Energy 

Temperature 

Ne Pressure 

Pulse Delay 

Peak Current 

11 kW 

10 ns FWHM 

~ 100 yj 

12 yJ/cm3 

390oC 

20-30 Torr 

130 \is 

6000 A 

The pressure dependence observed has been the sub- 

ject of some concern.  The question is whether the inverse 

dependence of power on pressure is real or due to some 

systematic defect in the device.  Recently, Piper(2) has 

observed a much different dependence of peak power vs. neon 

pressure for a Cul transverse discharge laser of somewhat 

different design.  He has observed a peak in power vs. pres- 

sure at 15 0 torr, with electrode separation of 2.5 cm and 

capacitor voltage of 20 kV.  The maximum output power from 

a 70 cm long tube at 150 torr was about the same as that ob- 

served in the NRL device at 2 0-3 0 torr. 

Evidence that some systematic defect may be responsi- 

ble is that, at higher pressures of neon, - 200 torr, the 
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discharge very noticeably tracks along the quartz liner. 

Since it is hard to observe the discharge at lasing pres- 

sures, it is possible that this tracking phenomenon occurs 

even at low pressures, only becoming noticeable at ~ 200 

torr.  Furthermore, earlier results using argon at 30 torr 

were found to be no longer reproducible after the neon data 

were taken, indicating some new systematic effect was oc- 

curring which limited the operating pressure range of the 

device.  This effect could have been tracking along the 

walls, as the result of the formation of a CuO film due to 

a leak in the tube.  Further work has begun to resolve this 

question.  Should the source of the pressure falloff be re- 

medied, and the output power of the device to scale with 

(2) pressure as m Piper's device,    an order of magnitude im- 

provement in specific energy and output power would occur, 

The specific energy observed to date is estimated to 

3 
be 12 jiJ/cm  if one assumes an active region only 2 mm wide. 

3 This is to be compared with the 20 yj/cm reported by 

Russell   for a double-discharge CuCl device.  However, it 

is anticipated that substantial improvement in output and 

efficiency will occur when the transverse discharge is scaled 

up, eliminating dileterious discharge - wall interactions. 

Solution of this problem will allow the true potential of 

the transverse discharge design to be evaluated. 
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3. Mercury-Sodium Energy Transfer Experiments 

The process of electronic state energy transfer be- 
3 

tween the 6p P states of mercury and near resonant s, p, d, 

and f states of sodium has been proposed as an efficient 

mechanism for the production of population inversions in 

sodium.  The specific steps in the production of the inver- 

sion are given below: 

Hg(1S0) + E(5eV) ■> Hg(3P1 Q) 

Hg(3P1 0; + Na(3s 2S) ■* Hg(1S0) + Na* 

NaÄ ■> Naft" + hv 

la 

lb 

1c 

The energy of excitation of the mercury  P states, 

E, may be supplied either through electrical or optical 

pumping.  NaÄ and NaÄ,v represent upper and lower excited 

states of sodium connected by an optical transition with a 

photon energy hv. 

Two approaches to the excitation scheme given above 

have been investigated.  The results of the investigations 

indicate that the production of population inversions of 

the magnitude required for efficient operation of visible 
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lasers in sodium is unlikely to be achieved by the proposed 

mechanism.  Study of the mercury-sodium transfer system has 

therefore been suspended.  A brief description of our experi- 

ments with this system is given below. 

The first study concerned the possibility of obtaining 

laser action on the Na(7f - 3d) transition at 9961Ä.  The 

3 Na(7f) state is resonant with the Hg( P.,) state which was 

excited in a conventional electrical discharge in a mixture 

of mercury and sodium vapors with argon as a carrier gas. 

A quartz hollow-cathode discharge tube was built which was 

equipped with brewster-angle windows and separate reservoirs 

for mercury and sodium metal.  The. device was contained 

within an oven and the temperatures of the reservoirs of 

mercury and sodium were controlled independently and moni- 

tored with thermocouples.  Argon flowed over the quartz 

brewster-windows in order to protect them from corrosion by 

sodium vapor.  The discharge tube had a diameter of 0.8 cm 

and the discharge current through the tube could be varied 

between 0.1 and 1.0 Amperes.  The gas mixture was typically 

10-50 torr argon, 0.1-1.0 torr Hg  and 0.01-0.1 torr Na. 

The density of atoms in the Na(7f) state was determined from 

measurements of the spontaneous emission from the discharge 

on the 99 61Ä transition which were made using a calibrated 

photo-diode and a narrow band filter of known transmission. 

The sensitivity of the detector was such that populations of 

:; 
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the Na(7f) level corresponding to optical gains of less than 

1% along the 50 cm active length of the discharge tube could 

have been detected. 

No emission at 996l8 was detected for any combination 

of operating conditions which was tried.  Even with large 

ratios of the Hg to Na concentrations, most of the elec- 

trical excitation went into the Na(3p) resonance levels. 

The presence of mercury therefore had little effect on the 

distribution of excited states of sodium in the discharge. 

A second set of experiments were conducted in which 
3 

specific optical excitation of the Hg( P-^ state was sub- 

stituted for the electrical excitation.  For the purpose 

of these experiments a concentric electrodeless discharge 

lamp-optical mumping cell was constructed.  The lamp was 

made of quartz in order to transmit the 2 5 37^ optical pum- 

ping radiation, and was powered by a lOOOW magnetic induc- 

tion discharge.  The optical pumping cell was constructed 

with an active region approximately 6 inches long which was 

made of lA inch o.d, single-crystal sapphire tubing.  All 

other parts of the cell, were made of stainless steel to re- 

sist corrosion by sodium vapor.  Brewster end windows were 

protected from corrosion by flowing argon.  The entire lamp 

and optical pumping cell was designed to be raised to 500 C. 

The sodium vapor pressure in the discharge cell was tempera- 

ture controlled in a side oven.  The pressure of the mercury 

59 

. 

' 

■ 

. 



■ ■man '■ ■ -r        -        n 

vapor in the cell was maintained at approximately 2 microns 

in order to assure proper absorption of the 2537Ä pumping 

radiation across the 4 mm I.D. of the optical cell. 

Initial experiments were conducted in which the steady 

3 state population of the Hg( P,) state was determined from 

absorption measurements at 43 58A along the length of the 

active region.  These experiaents yielded a value of 10  /cm 
3 

for the density of Hg( P,) atoms.  The density of sodium 

vapor was next increased by raising the temperature of the 

Na i-'eservoir.  At an estimated sodium density of about 

15   3 10  /cm observation of the fluorescence from the optically 

pumped cell revealed the presence of emission from excited 

states of Na.  The most intense sodium lines were those at 

568ffiand 6159Ä.  These lines are assigned to the Na(5s-3p) 

and Na(4d-3p) transitions whose upper states are not reso- 

nant with the Hg( P-, ) level.  Population of the 5s and 4d 

levels of sodiun is felt to be due to radiative and colli- 

sion-induced cascading from higher lying levels.  Since 

the 5685A and 6159A lines were most intense, estimates of 

their upper state densities were made through comparison of 

the ir ~n3ities of these lires to emission on the 5461A mer- 

cury line.  The estimated populations of the Na 5s and 4d 
7   3 

levels were of the order of 10 /cm .  Attempts to increase 

the populations of these states beyond this were unsuccess- 

ful.  Since these populations were a factor of 50 from those 
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estimated to be required for successful laser action it was 

decided that work on the Hg-Na transfer system should be 

discontinued. 

4.   Visible Laser Diagnostics - Lifetime Measurements in 
HgBr   

The measurement of the radiative lifetime of the 

2 + 
B( E ) state of HgBr was completed during this reporting 

period as part of a study to evaluate the HgBr(B^X) transi- 

tions as a potential laser system.     The choice of that 

particular system as a laser candidate was made on the basis 

of the known large tr-nek-Condon displacement between the 

B(2E+) and X(2 1  +) states. 

The method adopted for the measurement was optical 

excitation with a short laser pulse accompanied by the moni- 

toring of the decay of the perturbed B(2i:+) state molecules 

through their spontaneous emission.  The initial states for 

the optical pumping are levels near V=20 in the X(i-i;+) state 

of HgBr created by a discharge pulse in HgBr„.  A nitrogen- 

la^er-pumped dye laser with pulse width of less than 10 nsec 

was used to excite these HgBr molecules into the lowest vi- 

brational levels in the B( I  ) state.  The laser induced 

fluorescence signal was viewed at 90° to the pump laser beam 

with a fast-rise photomultiplier tube.  This signal was ob- 

served to have a simple exponential decay with a half-life 

of 18±3 nsec.  This decay time was independent of the wave- 

length of the excitation laser pulse  indicating that the 
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radiative lifetime does not vary with upper state V. The 

absence of any pressure dependence of the decay time con- 

firmed it as the true radiative lifetime. 

The laser pulse was applied after the discharge pulse 

at the end of a variable delay. The amplitude of the laser 

induced fluorescence signal decreased with increasing delay 

reflecting a loss of species in the levels pumped by the dye 

laser. At long times after the discharge pulse, the ampli- 

tude of the signal was observed to decrease by about a fac- 

tor of two in 1 ysec.  This decay rate is interpreted as the 

2 + 
rate of loss of species near V=20 in the X( E ) state by 

vibrational relaxation or reactive collisions. 

Following these lifetime measurements, a 1/2-meter 

transverse discharge apparatus was built for laser action 

investigations.  The device had a current risetime faster 

than 2 0 nsec.  Experiments with a laser cavity around the 

cell did not result in lasing.  Gain measurements were then 

performed using the Ar laser at 496.5 nm and 501.7 nm, which 

correspond to regions of intense emission in HgBr.  Only 

absorption was observed over the range of temperature and 

diluent pressure conditions which could be tested. 

The technique of laser induced fluorescence in a 

pulsed discharge has proven to be useful for studying tran- 

sitions which terminate in transient states and/or species. 

VJhen properly applied, one can obtain information on the 

lifetime of both the upper and lower states involved. 
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5.   Visible Chemical Laser Experiments 

a.  Flash PhoLolysis Study of the 0(^ ) + CO and 

0(1D2) + CO Reactions 

Recently it has been demonstrated that rare gas atoms 

(Xe, Kr and Ar) induce the forbidden 0(1S ) -> 0(1D ) transi- 

tion leading to the generation of stimulated emission at 

557 nm.  Since CO relaxes the 0(1So) atom at a rate 10 times 

faster than that of Ar, the possibility of laser action from 

the reaction 0(1So; + CO has been examined.  N20 was em- 

ployed as the 0(1So) atom source 

.1, N20 + hv (-120 nm) -> 0( S ) + N9 

since the quantum yield of this reaction is known to be 

unity at ~ 12 0 nm. The proposed chemical pumping is based 

on the reaction sequence: 

0(1S ) + C0(X V) ■> CO**   C1! +) 
o z g 

C02** +     C02*   (1A2   or 1B2) + hv (557 nm) 

C02* (3A2 or 
3B2) -> 0(3P) + C0(X1Z+, v). 

To date, after several attempts with varying experi- 

mental conditions, laser oscillation at 557 nm has not yet 

been achieved.  Detailed spectroscopic studies of this sys- 

tem and other reactions such as N + CX (X = F, H and CO) 

are planned to be carried out with a newly acquired sensi- 

tive Optical Multichannel Analyzer (OMA) system. 

Intimately related to the 0(1So) - CO system is the 

dynamics of the 0(1D2) + CO reaction.  If instead of the 
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reaction scheme proposed, the CO acts to induce the 

0( s
0) 

+ CK 1)?) transition, then the 0( D«) + CO reaction 

serves to remove the population of the lower laser level. 

It is known that the 0(-D2) atom is deactivated by CO 

within about 10 collisions.  The question arises as to how 

the 45.4 kcal/mole of the electronic energy carried by the 

0( D2) atom is released during the collision.  As shown in 

Figure 20, the OC1!!,,) state is in close resonance with the 

vibrational levels of CO at v=7 and 8.  One would expect 

a complete CO vibrational population inversion if the relaxa- 

tion reaction took place via such resonance transfer pro- 

cesses . 

A cw CO laser probing system has been set up to in- 

vestigate the dynamics of this fundamentally important 

E -> V energy transfer process: 

ö(1D
2
)
 

+ C0 (x ^ v=0) -> 0(3P) + CO (X 1E+, v=?) 

AE = 45 U kcal/mole 

Experimentally, mixtures of 03 and CO were photolyzed 

in a co-axial quartz flash tube and the population of CO at 

various levels were determined by time-resolved resonance 

CO laser absorption.  03 was employed as the OC
1^) atom 

source based on the photolytic reaction, 0  + hv U 200 nm)-^ 

0( D2) + 02,  From these experiments, the CO formed in the 

0( D2) + CO reaction was found to be vibrationally excited 

up to v=7, which is the limit of available electronic energy 
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carried by the excited 0 atom.  The vibrational temperature 

of CO, as shown in Figure 21, was determined to be about 

8000 ± 100 K indicating no total population inversion.  The 

efficiency of the E -> V energy transfer at 2 930K was found 

to be 21 ± 1%. 

The present results indicate quite clearly that the 

0( D«) + CO reaction does not take place via a resonant, 

impulsive type collision, but rather, via a complex-forming 

mechanism.  The latter mechanism is strongly supported by 

the results of quantum statistical calculation according to 

the Rice-Ramsperger-Kassel-Marcus (RRKM) theory and its 

semiclassical RRK version (see Figure 21).  The fact that 

these statistical theories predict quantitatively the ob- 

served CO vibrational population distribution indicates that 

the electronic energy carried by the 0( D?) atom is indeed 

completely randomized within all degrees of freedom during 

the complex-forming collision: 

0(1D2) + CO ^ 1C02*  +   3C02
ft ■*  0(3P) + C0(v < 7) 

1 3 
where  CO * and  CO * represent electronically excited sing- 

let ( A2 or 
1B2) and triplet (3A2 or 

3B2) C02 molecules, res- 

pectively . 

The above mechanism is further evidenced by the result 

18 of an isotope-labeled experiment using C  0.  The data shown 

in Figure 22 were obtained from the flash photolysis of 

the 1:1:8 mixtures of 03-C0-SFg and 03-C
180-SF , both carried 
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out under exactly the same experimental conditions.  These 

data show that the 0(1D2) + C130 reaction yields C160 (v) 

at a rate about half that of the total rate of CO (v) pro- 

duction.  This observation can only be accounted for by the 

complex-forming mechanism mentioned above, and thus rules 

out unequivocally the so-called half collision, or impulsive 

collision model for this reaction. 

■ 
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APPENDIX A 

FUELS FOR A PREMIXED PULSED HC1 LASER 

T. J. Manuccia, J. A. Stregack, and W. S. Watt 

Abstract 

HC1 pulsed chemical lasing was obtained from several 

premixed R-C1/HI mixtures when initiated by a transverse 

pulsed discharge.  The relative merits of these mixtures 

were compared to a premixed H„/C1~ mixture.  For a con- 

stant stored electrical energy several mixtures have been 

found which give higher specific power than the FL/Clr, sys- 

tem.  In addition, it has been possible to run some of these 

improved mixtures without diluent with no laser performance 

degradation. 
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The first pulsed chemical HC1 laser was reported by 

Kasper and Pimentel(1) in 1965.  Since then, several wor- 

ke^s(2"7) have studied various fuel systems which produced 

HC1 lasers using both flashlamp and pulsed discharge ini- 

tiation of the chemical reactions.  However, no attempt to 

quantify the relative merits of these fuel systems has been 

undertaker..  Consequently, an investigation of many of the 

fuel systems previously studied as well as several new fuels 

was undertaken to compare their relative merits in producing 

HC1 laser radiation. 

Typically, pulsed HC1 lasers operate using either the 

H /Cl  mixture which has the assumed reaction sequence 

Cl + H2 -^ HC1 + H - 1 kcal/mole (1) 

' 

H + Cl  -»■ HClft + Cl   +45 kcal/mole    (2) 

or the HI/C12 system which operates on the two exothermic 

reactions 

H + Cl  ■*■ HClft + Cl   +45 kcal/mole    (3) 

Cl + HI ^ HClft + I    +32 kcal/mole    (4) 

In the H /Cl2 system, endothermic reaction (1) is 

slow on the time scale of the laser pulse and therefore con- 

tributes neither to the production of excited HC1 nor to the 

supply of H atoms for reaction (2).  The requisite H atoms 

must come directly from the dissociation of H2 in the dis- 

charge.  HI is a bettev source of atomic hydrogen than H2 

and one would expect the HI/C12 system to be more efficient. 
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However, premixing of HI and Cl, is difficult to perform 

without spontaneous reaction.  Alternate chlorir : sources, 

R-Cl, were sought which would be sufficiently reactive so 

that the resulting HI/R-C1 mixture would outperform the 

H2/C12 system and, in addition, could be premixed with HI. 

The laser used in the present study is a transverse 

electrical pin discharge laser which is constructed from 

aluminum tubing.  The discharge region was 100 cm long with 

100 evenly spaced ballasted (1 kQ, 1 W) cathodes (Stupkopf 

connectors electrically isolated from the outer tube) lo- 

cated approximately 2.5 cm from a hemicylindrical brass 

anode.  The electrical initiation of the chemical reactions 

was provided by repetitive discharge (typically 1 pps) of a 

0.0027-uF capacitor charged to a voltage of 30 kV.  The 

optical cavity was formed by two gold mirrors, one of which 

had an on-axis 0.5 mm hole through which the output power 

was coupled.  The pairs of gases were premixed before en- 

tering the laser region and a small amount of He was injec- 

ted as window pux.ge.  Laser radiation was detected with a 

Ge:Au detector.  As the pulse shapes were very similar when 

each of the fuel-oxidizer mixtures was optimized, perfor- 

mance was determined from peak pulse heights. 

Initial experiments performed on the apparatus gave 

the result that the H2/C12 mixture produced laser power 

which was about one order of magnitude greater than the 
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HI/C1 mixture.  There was clear evidence of proreaction in 

the HI/:i2 system which could explain its lowe- power.  An 

additional factor is that vibrational excitation of the H2 

or production of Clft in the discharge for the H2/C12 experi- 

ment could make reaction (1) exothermic and promote chain 

behavior, with a subsequent increase in H2/C12 laser output. 

Efficient electron impact excitation of H2 has been ob- 

,   (8) served. 

In order to compare the merits of the various fuels, 

an initial screening was performed by adding the proposed 

chlorine atom source to an HC1 laser operating on the H2/C12 

system.  These runs were made with the laser operating 

chlorine lean such that the effect of the new chlorine source 

would be as large as possible.  Those fuels which either en- 

hanced or did not degrade lasing were CCl^, CC13H, PClg, 

C0C12, TiCl4, S0C12, SnCl4, CCI3CH3, CC^CHCl, CCl^, 

CFoCCl0, and C.H.Cl.  As a result of this screening, several 3   3       bo 

of these systems and one other have led to HC1 lasiig in 

premixed R-C1/HI systems.  New Cl atom sources not previously 

reported in the literature which produced HC1 laser emission 

are SiClu, SnCl,, CF CCI3, CCI3CH3, CC12CKC1, C^Cl, PCI3, 
'   ' .       (7) 

and TiClu.  In addition, lasing was observed using CCl^ 

CClii,(7) S0C12,
(6) and CC12F2

(7) as had been previously 

reported. 
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By optimizing conditions for each pair of fuelr. (at 

constant stored electrical energy), it has been possible to 

identify those fuel sources that operate at higher specific 

powers (power out per mole of reactants) than the H2/C12 

system.  These improved laser fuels and their optimized ope- 

rating characteristics are summarized in Table I.  The 

H2/C12 mixture preferred to operate in the range 0.5 < 

H :C19 < 15 with optimum operation occurring at a fuel to 

oxidizer ratio of 2.  The Hl/R-Cl mixtures all optimized at 

fuel-to-oxidizer ratios below 0.5 and lasing could never be 

maintained beyond a ratio of 2.0.  The previously reported 

experiments(7) on the HI/CC14 and H1/CC12F2 systems were 

performed under conditions of high helium dilution (> 9 0 

percent).  In the present experiments these fuel mixtures 

were run with less than 3 torr of He, which plays little or 

no part in the kinetics.  For example, laser power was not 

affected when all helium was removed from the CC12F2/HI sys- 

tem.  One anomalous effect was observed when the output more 

than doubled when the 3 torr of He were removed from the 

TiCl^/HI system- 
(7) As reported by Taylor,  ; HF and HC1 lasing occurred 

simultaneously for the CCl^/HI mixture.  In the present 

experiments, for the optimum HC1 lasing conditions the HC1 

laser output was approximately 2.5 times that of HF. 

' 
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APPENDIX B 

YIELDS OF N2(C) FROM Ar*   + N2 AND 

XeBr* FROM Xes> + Br 
2 

S. K. Searles and G. A. Hart'*' 

Abstract 

Investigation of reactions I and II was 

I 

II 

Ar A + N2 •> N2(C) + Ar 

Xeft + Br2 -> XeBr5'5 + Br 

carried ouL by e-beam excitation of Ar-N and Xe-Br9 mix- 

tures.  Analysis of the fluorescence data and e-beam energy 

deposition led to yields of 0.20 N2(C) for Ar* and 0.30 

XeBr* for Xe*. 

t Work supported in part by DARPA. 

*  NRC-NRL Postdoctoral Research Associate (1973 - present) 
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INTRODUCTION 

Short pulse high energy e-beams (electron beams) can 

be used to achieve laser emission by pumping high pressure 

gases.  An understanding of the excited state reaction 

mechanism is necessary to allow comparisons to other laser 

candidate systems and to facilitate laser scaling predic- 

tions.  We have previously proposed mechanisms for the Ar- 

N2 and Xe-Br2 systems.  ' ^  The mechanisms were found to 

agree with time resolved fluorescence data.  The essential 

part of each mechanism is given in Table I.  In this paper 

we wish to report the branching ratios k /k  and k,,/k 

which directly limit laser efficiency.  In a previous paper 

we indicated a value for k^/k^  on the basis of elementary 

energy deposition calculations.  In this paper we utilize 

a sophisticated transport code to evaluate the deposited 

energy and revise the ratio k^/k^  Details on the quanti- 

tative photometry are provided and a value for k -,/kV is 

presented for the first time. 

EXPERIMENTAL 

The high energy e-beam facility has been described 

(1 3) 
m earlier communications.  '   The diode assembly, laser 

cell, and photodiode which viewed side emission are illus- 

trated in Figure 1.  The e-beam device generated 5 0 ns long 

pulses of 433 kV electrons from a carbon cathode 15 cm x 1 cm, 

The electrons entered the laser cell through a foil support 
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consisting of 14 - 0.95 cm diameter holes lying on a straight 

line 15 cm long.  Twenty-five micron thick Ti foil was used 

for the Ar-N2 experiments while 37.5 microns thick Inconel 

750-X foil was used for the Xe-Br2 experiments since Ti 

reacts with Br2.  The 433 keV electrons encountered a cell 

of internal dimensions 1.27 cm x 1.27 cm x 15 cm in length 

perpendicular to the beam. 

A knowledge of the beam uniformity is necessary to 

allow energy deposition calculations per unit volume.  The 

integrated incident intensity was monitored by blue cello- 

phane thin film dosimetry.U)  A read-out of the exposed 

film with a He-Ne laser indicated a background film trans- 

mission of 17.5% with bleached circular areas of 42.3 ± 

2.3% transmission corresponding to the holes in the support 

plate. 

The electrons passed through the thin gas targets and 

Lackscattered from the stainless steel cell walls causing 

a highly uniform deposition.  Photographs of the side fluo- 

rescence from a 1 atm Ar-N2 mixture verified the unifor- 

mity. (5) 

Side fluorescence was received by an ITT F4018 high 

current S-5 photodiode through a sapphire window as illus- 

trated in Figure 1.  The ITT calibration curve for the spe- 

cific photodiode was used to quantify the fluorescence in- 

tensities.  A Tektronix 7904 scope with 50 ohm termination 
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recorded 1:he detected signals.  The sampled volume was a 

cylinder 0.9 5 diameter and 1.2 7 cm in length. 

The intensity per unit excited volume was determint^ 

with the following additional information.  The solid angle 

for light collection was 0.0225 steradians as defined by a 

iistance of 12.5 cm from the center of the sampled volume 

2 
to the photocathode surface of area 3.548 cm".  The sapphire 

window introduced a transmission loss of 14%.  A fine mesh 

screen with 50^ transmission covered the face of the photo- 

diode to reduce electrical noise.  In addition Corning fil- 

ters No. 5840 (330 - 380 nm) and No, 9863 (255 - 390 nm) 

were used to check for extraneous emission. 

The energy deposition per unit volume was calculated 

from a knowledge of the e-beam energy per pulse of 3 6 J, 

the fraction of the energy absorbed by tne gas as computed 

by the Transport Electron Program (TEP)  '  , and the ex- 
3 

cited volume of 1.2 7 x 1.2 7 x 15 cm . 

Figure 2 presents the TEP depth-dose plot for 43 3 

keV electrons in Ar.  The fractional energy loss was found 

to be 1.3%/cm atm for Ar and 5.2% atm for Xe at low pres- 

sure where the absorption is small.  The deposited energy 

is related to the ion production by the W values of 26.2 

( 7 ) ( 8 ) 
for Ar and 21.9 eV/ion pair for Xe.     Peterson and Allen 

have reported generation of 0.33 Ar5': for each Ar .  An extra- 

polation of their results to the case of xenon leads to a 

ratio of 0.3 3 XeÄ for each Xe  created initially. 
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ARGON-NITROGEN SYSTEM 

In the argon-nitrogen system preliminary results in- 

cluding representative oscillograms were previously reported 

for the Ar-N2 system.
(1)  Here we present additional details 

and a revision of the branching ratio kL|/k5 to reflect im- 

provement in the energy deposition calculation.  The original 

calculation neglected scattering because gas scattering is 

not significant at the densities under consideration.  How- 

ever, backscattering from the rear cell wall is significant. 

The TEP code includes this effect as well as a number of 

more subtle effects.(5'6)  Figure 2 displays the deposition 

results for 433 keV electrons in Ar.  The correction factor 

over the calculation without scattering is approximately a 

factor of three. 

The deposition calculation was used to determine the 

excited state production terms as a function of time with 

the use of a trapezoidal shape to simulate the electron 

beam pulse shape as shown in Figure 1 of Reference 1.  This 

dependence along with the rate equations arising from steps 

(1-8) listed in Table I was used to generate N2(C-B) fluo- 

rescence curves through numerical integration by a Runge- 

Kucca-Treanor kinetics code.^ 

A comparison of the experimental N2(C-B) fluorescence 

with the computer generated curves is given in Figures 3-4. 

The general agreement demonstrates the acceptability of the 

. 
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mechanism.  In the FWHM eomputatlons there were no adjus- 

table pararnaters while in the NjCC) concentration plot, the 

magnitude was adjustable through k,.  The best fit gave k, 

the value of 6 x 1012.  Thus for each Ar* which is created 

hy  the e-beam and which reacts with N,, 20% yields N2(C). 

The new value reported here is to be compared with the limit 

«4- ^-i^11^ for the reaction of < 17% established by Setser et al    for tne 

Lgon metastables with N,.  The value can also be compared 

with 30% obtained by a different interpretation of e-beam 

(11) 
induced fluorescence. 

XENON-BROMINE_SySTEM 

^TTpproach to the Xe-Br, system was different from 

the approach to the Ar-N, system.  The Ar-N, system could 

be reliably analyzed over a wide pressure range because the 

numerous rate processes were well understood.  In Xe-Br2 

the basic steps were reported only very recently.  There is 

insufficient data to interpret the fluorescence at higher 

4--^^ r>a+-in k  /k  was evaluated pressures.  As a consequence the ratio k-^k^ w 

at low pressures where the mechanism can be simplified to 

the one given in Table I.  The ionic processes are suffi- 

ciently slow that they do not contribute to the production 

of XeBr* on a time scale comparable to the direct steps 9 

and 10.(2)  Quenching of XeBr- is also relatively unimpor- 

tant at low pressures.  Thus plots of the integrated fluo- 

rescence signal with an extrapolation to zero pressure can 
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be used to ascertain the ratio ^j/k^'  Figure 5 shows 

two plots of the fluorescence versus percentage Br2 for 

three total pressures.  The extrapolation to zero bromine 

concentration eliminates the major XeBr* quencher.  The in- 

tegrated intensities are directly proportional to the total 

pressure since the e-beam deposition is directly propor- 

tional to the pressure.  The zero bromine pressure inter- 

cepts when normalized by the total pressure are 3,43 (13.4 

torr), 3.89 (27 torr) and 4.13 (54 torr) volt-nsec.  The 

small scatter in these values may be dua to a minor amount 

of quenching by Xe.  Extrapolation of these values to zero 

pressure of xsnon yields an intercept of 3.34 volts/torr. 

Conversion of the units by means of the TEP code and the 

detection calibration data leads to a value of 0.30 XeBr* 

per Xeft created by the beam.  This value is 50% greater than 

that obtained for the Ar-N^ system.  This suggests that the 

Xe-Br9 system holds greater promise for effi :ient laser 

emission.  It is hoped that with further quantitative mea- 

surements some general conclusions can be made atout the 

yields of electronically excited products from RA-additive 

collisions. 
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Fig. 1 - Experimental apparatus drawn to scale. 
A 433-keV electron beam entered the gas chamber 
and excited the rars gas-additive mixtures. Flu- 
orescence was viewed in a direction perpendicular 
to the beam. 
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Fig. 3 - FWHM of N2(C-B) fluorescence arising from a 50-ns long 
e-beam excitation of Ar with 1%, 5%, and 10% Ng. The solic! line 
is theoretical while the dots are experimental. 
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TABLE I 

MECHANISMS FOR E-BEAM PRODUCTION OF 
ELECTRONICALLY EXCITED STATES 

A.  The Ar-N? System 

STEP 

1. Ar+ + 2Ar ■»> Ar+ + Ar 

2. Ar^ + e -" Arft + Ar 

3. Ar* + 2Ar *  Ar| + Ar 

i|. Arft + N2 ■* N2(C) + Ar 

2.5 x 10 

7 x 10'7 

•31 

6 x 10 
-33 

6 x 10 
•12 

5.  ArÄ + N2 -*- all products  3 x 10 

6, N2(C) + Ar -> N2 + Ar 

7. N2(C) * N2(B) + hv 

3 x 10 

-llg 

-13 

8.  N2(C) + N2 2Nr 

2.5 x 10 

1.15 x 10 -11 

B.  The Xe-Br2 System 

9. Xe+ + 2Xe ->■ X«! + Xe 

10.  Xe2 + e -»■ Xe»'{ + Xe 

11, Xe* + Br, XeBrft + Br 

REFERENCE 

b 

c 

d 

e 

d 

f 

g 

h 

12.  XeÄ + Br« •* all products 

x3.  XeBr»'{ ^ Xe + Br + hv 

-1 3 
a. Radiative units, sec  ; two-body units, cm /sec; and 

three-body units, cm /sec, 

b. E. W. McDaniel, V. Cermak, A. Dalgarno, E. E. Ferguson, 

L. Friedman, Ion-Molecule Reactions (Wiley-Interscience, 

New York, 1970), p. 338. 

. 
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c. J. M. Bardsley and M. A. Biondi, in Advances in Atomic 

and Molecular Physics (Academic, New York, 1970), Chap. I 

d. J. LeCalve and M. Bourene, J. Chem. Phys. 58, 1446 

(1973). 
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APPENDIX C 

KINETIC MODEL OF THE XeBr RARE GAS MONOHALIDE 
EXCIMER LASER* 

G. A. Hart  and S. K. Searles 

Abstract 

A kinetic model of the XeBr rare gas monohalide ex- 

cimer laser is presented.  Agreement of predicted and ob- 

served side emission from low pressure Xe:Br2 mixtures was 

used to determine rate constants for the formation of XeBr" 

from Xe*  and Br« (2.0 + 0.4 x 10"  cm /sec) and the quen- 

ch' .ig of XeBr* by Br2 (8 ± 2 x 10" 0 cm /sec), as well as 

the radiative lifetime of XeBr* (17.5 + 2.5 ns). 

* Work supported in part by DARPA, 

+ NRC-NRL Postdoctoral Research Associate 1973 - Present 
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The recent development (1"4) of efficient and powerful 

rare gas monohalide uv excimer lasers pumped by pulsed high- 

energy electron beam sources has created a strong need for 

kinetic models giving an accurate description of the mecha- 

nisms responsible for the fluorescence and laser emission 

observed from these systems.  We wish to present a kinetic 

model for the firs  reported rare gas monohalide excimer 

laser, the XeBr system, and to report rate constants we have 

measured for the principal reactions in that model. 

In a previous paper(1) a three-step mechanism for the 

kinetics of the XeBr laser was proposed together with a des- 

cription of the apparatus used to conduct both the kinetics 

and laser emission studies.  The three reactions of this 

model are given as steps 1-3 of Table I.  In establishing 

this rather simple scheme as that responsible for the fluo- 

rescence and laser emission observed from XeBr* and in deter- 

mining several key rate constants in this model which were 

previously unreported, possible alternate reactions involving 

the species of interest were considered.  These are also pre- 

sented in Table I together with the currently available rate 

constants for these processes. 

Only one previous measurement of the reaction rate for 

step 2 had been reported(5), and that was for a flowing 

afterglow experiment where the identity of the excited Xe* 

species was known to be metastable Xe(3P2) atoms.  In an 
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earlier study of the rate of energy transfer from Ar* to 

N2 
ß   it was found that because of the extremely complex 

chemical and electrical environment generated by a high cur- 

rent density relativistic e~beam it is advisable to deter- 

mine the influence of such a dynamic environment on reac- 

tion rate constants measured under more stable conditions. 

In high energy e-beam experiments the identity of excited 

rare gas species such as Xe* is often not well known since 

energetic secondary electrons can maintain an equilibrium 

between the rare gas raetastables and nearby non-metastable 

excited states.  These neighboring excited states can exhi- 

bit significantly enhanced or inhibited reactivity with 

respect to a proposed laser pumping reaction(7).  In those 

cases where the reactivity of close-lying states is greater 

than that of the metastables the effective rate constant is 

proportionally increased depending on the admixture of ex- 

cited rare gas states held in dynamic equilibrium by secon- 

dary electron collisions.  It is such a collective rate con- 

stant that was to be determined for step 2 in this study. 

In addition, no value of the radiative lifetime of XeBr* 

had been reported, nor had the rate at which this excited 

species is quenched by Br2 been determined.  A knowledge of 

these three rates is essential for an understanding of the 

temporal behavior and energy output of the XeBr laser undpr 

various operating conditions.  Before these importAnt P-ft« 
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constants could be measured, it was necessary to establish 

for what partial pressures of Xe and Br2 this simple model 

would provxde an accurate description of the production of 

XeBr*. By comparing various competitive energy pathways it 

„as determined that for low relative concentrations of Br2 

and low total pressures steps 1-3 would be primarily respon- 

sible for the observed XeBr* fluorescence temporal behavior. 

Under these conditions steps 4-11 in Table I can be 

regarded as negligible.  The justification for this impor- 

tant assumption can be most clearly understood by considering 

the effective first order rate constants plotted in Figure 

1.  The reactive species initially present when a 100:1 

Xe:Br2 mixture is pulsed by a high energy e-beam are X«*, 

Xe+ and Br .  By investigating the reaction channels availa- 

ble to each of these species the validity of regarding steps 

H-ll as negligible can be verified.  Figure 1 displays these 

relative reaction rates for X«*, Xe+ and Br2 as well as 

XeBr* in 100:1 Xe:Br2 mixtures at various pressures excited 

by the NRL 433 keV e-beam. 

The only competitive reaction involving Xe* is the 

three body reaction of step o which yields Xe2*.  However, 

for the pressures at which kinetic data were taken, total 

pressure less than sixty torr, the dimerizatior of Xe* occurs 

at a rate roughly two orders of magnitude slower than that 

reported by Velazco and Setser(5) for the reaction of Xe* 
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and Br2. Hence the production of Xe2* and its subsequent 

radiative decay or reaction with other species is totally 

negligible, leaving step 2 as the only reaction of conse- 

quence for Xe*. 

Since the e-beam initially produces approximately 

three Xe+ for each Xe* according to an extrapolation of the 

Peterson and Allen   results for argon to the case of 

xenon, the subsequent reactions involving Xe  could have a 

significant effect on the overall mechanism.  However, a 

recent measurement of the rate constant for the charge trans- 

+        (9 ) 
fer reaction between Xe  and Br^   indicates that this pro- 

cess proceeds thirty times more slowly than step 2 and hence 

plays a secondary role.  Dimerization of the Xe  ions occurs 

at a rate at least ten times slower than that of step 2. 

In addition our measurement of the reaction rate for step 2 

produced a rate constant approximately four times larger 

than the previously reported value, confirming the validity 

of our assumption that Xe+ plays no significant kinetic role 

under the conditions we investigated.  The effective first 

order rate constant for Xe* due to reaction with Br2 using 

our rate constant is also shown in Figure 1. 

The previous arguments served to demonstrate that 

although both Xe* and Xe are produced by the e-beam pulse 

and several possible subsequent reactions involving these 

species could be postulated, under the experimental conditions 
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selected for this kinetic study, step 2 is the dominant reac- 

tion and all others can be neglected.  This assertion is fur- 

ther strengthened by considering that as a consequence of 

the negligible concentrations of Xe2
ft and Xe2  present at 

low xenon partial pressures, the only three species which 

Brn might react with are Xe
ft, Xe , and e~.  As is shown in 

Figure 1 the effective first order rate constant for the 

reaction of Br0 with Xe
ft is at least an order of magnitude 

greater than that for the competing reactions with Xe  and 

e~.  This comparison was made with Lhe previously reported 

rate constant for step 2, and hr^nce an even more favorable 

comparison could be made using the value we obtained for 

this reaction rate. 

To make this comparison an estimate of the populations 

of Xe5'4, Xe+, and e~ produced by the initial e-beam pulse is 

necessary.  The energy deposition of the relativistic e-beam 

was calculated using the TEP computer code   '   .  This 

code predicts a dose for 433 keV electrons passing through 

xenon at 300OK of 0.0512 joules deposited per cm-atm for 

each joule incident.  The corresponding value from a simple 

f 1 2 ) 
Berger and Seltzer    stopping power calculation would be 

0.0156 J-cm"1-atm"1/J.  The factor of three difference in 

dose rate is primarily due to multiple scattering in the 

xenon as well as in the adjacent 37,5-p-thick Inconel 750-X 

foil and stainless steel cell walls.  Using the TEP-predicted 
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(13) dose, tho experimental W value of 21,9 eV for xenon   , and 

the aforementioned extrapolation of the Peterson and Allen (7) 

cross sections for argon to xenon, it can be calculated that 

the calorimetrically determined incident energy flux value 

of 2.52 J/cm2 produces a total Xe+ yield of 3.76 x 1016 cm"3 

and a total Xeft yield of 1.24 x 10  cm"' for a xenon par- 

tial pressure of 1 atm. 

Since kinetic data available, prior to our study indi- 

cated that under the low pressures to be investigated the 

clearly predominant reaction would be that given in step 2, 

the fluorescence predicted by a model consisting of steps 

1-3 was conpared to side emission data taken at a set of 

mixture compositions and total pressures.  Fluorescence from 

Xe:Br0 mixtures of 27.1, 57;1, and 106:1 at 13.4, 27 and 54 

ton was monitored by an ITT F-4018-S5 photodiode. 

Because the decay portions of the fluorescence oscil- 

lographs so obtained are a function of both the XeBrft life- 

time and rate of production, with neither serving as a pre- 

dominant rate-determining step, it is impossible to employ 

a simple procedure such as extracting a 1/e decay time and 

then relate the result to an individual process.  It was 

also determined that merely fitting the predicted fluores- 

cence FWHM and time to peak emission to the observed fluo- 

rescence curves was a far less sensitive test of various 

lifetime rate constant pairs than is achieved by comparing 
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the shape of the    ;r>ved and predicted fluorescence on a 

point by point bajis.  Consequently the oscillograph data 

was digitized and a best least-squares fit was obtained be- 

tween the observed fluorescence and the three step model 

by varying the step 2 rate constant and XeBrÄ lifetime.  As 

can be seen in Figure 2 the predicted fluorescence decay is 

much more sensitive to the parameters used than is the 

rising portion of the fluorescence curve.  To exploit this 

behavior twenty-one equallv spaced points along the fluo- 

rescence decay portion of each oscillograph were digitized. 

The spacing for a given trace was determined by the time 

required for the fluorescence to fall from its peak to 

roughly 5% of its maximum value.  This duration was divided 

into twenty segments.  The relative intensities so obtained 

were used as input data to a Runge-Kutta numerical integra- 

tion of steps 1-3 which calculated XcBr* populations as a 

function of time.  This numerical method was used rather 

than the alternative of integrating the simple differential 

equations of steps 1-3 because the trapezoidal shape of the 

Xe* source term resulted in an algebraically cumbersome 

analytical expression which offered no advantage in terms 

of providing a straightforward method of determining the 

desired rate constants.  In addition the Runge-Kutta rou- 

tine could be far more readily modified to include the effect 

of Br2 quenching or other processes which become important 
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at higher partial pressures.  It should be noted that al- 

though the shape of the predicted fluorescence curves for 

this three-step model is dependent on the shape of the source. 

term for Xe*, as determined by the e~beam current pulse, it 

is independent of the intensity of that term.  Thus the 

kinetic data obtained is not dependent on the accuracy of 

the computer code used to predict e-beam energy deposition. 

Figure 2 shows the close agreement achieved between 

the kinetic model and the observed fluorescence for one 

set of experimental conditions.  The XeBr* formation rate 

constant of 2 x lO"9 cm3/sec and XeBr* lifetime of 17.5 ns 

was found to produce the overall best agreement across the 

range of pressures and compositions investigated.  These 

values correspond to the distinct minimum standard devia- 

tion shown in Figure 3 which summarizes the agreement for 

all the cases considered. 

As was discussed in a previous paper^, the fact 

that the XeBr* fluorescence intensity was inversely propor- 

tional to the Br2 concentration for high partial pressures 

of Br2 indicated that Br>2 was quenching XeBr*.  By adding 

the quenching reaction given in step 4 of Table I to the 

kinetic model even better agreement was achieved between 

predicted and observed fluorescence, partially for the 54 

torr 27:1 Xe:Br2 mixture,  In this way a quenching rate con- 

-10   3 
stant of 8 x 10   cm /sec for step 4 was determined.  The 
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resulting effective first order rate constant due to such 

quenching in a 1% Br„ mixture is also plotted in Figure 1 

together with the reciprocal of the measured lifetime.  Mo 

corresponding quenching of XeBr* due to xenon was observed 

when the Br9 partial pressure was held constant and the 

total pressure was increased. 

In conclusion, a comparison of the previously reported 

rate for the reaction of Xeft + Br„ to form XeBr5': with cur- 

rently available rates for other possible pr^ocesses in 

Xe:Br„ mixtures excited by a high energy e^beam indicated 

that for low Xe and Br„ partial pressures the direct reac- 

tion of Xe5- and Br^ is primarily responsible for the for- 

mation of XeBr5'{.  Data collected under these conditions pro- 

vided a new value for the rate constant of this reaction 

together with the first measurement of the radiative life- 

time of XeBr*.  By increasing the partial, pressure of Br9 

the rate constant for the quenching of XeBr5'c by Br„ was 

determined.  Besides being of fundame ital interest in ob- 

taining a better understanding of this new class of exci- 

mers, these three rates establish the conditions under which 

it is possible to observe laser action in such mixtures.  In 

a subsequent paper the observed temporal behavior and energy 

output of the XeBr5'* laser will be discussed in terms of 

these key rates. 
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TABLE I 

MECHANISM FOR POPULATION OF XeBr'- 

STEP k^ 

4.6 3 x JO 

1.  e + Xe -> XeÄ + e 

REFERENCE 

c,d, 
e,f 

Xe  + e + e 

Xe* + Br2 -> XeBr* + Br -10 

2.0 + O.'i x 10 

7 

-9 

3.  XeBrÄ -> Xe + Br + hv(281.8 nm)  5.71 x 10 

4. XeBr* + Br2 -> Xe + Br + Br 

5. Xe* + 2Xe + Xe2* + Xe 

-10 

XQ s,: 
Ä^2 2Xe + hv 

8 + 2 x 10 

5 x 10"32 

2xl08, 2.5xl07 

7.  Xe  + Br^ -> Br, + Xe 

8.  Xe+ + 2Xe -> Xe2
+ + Xe 

-11 

-31 

9.  Xe, + e~ -> Xe*   +   Xe 

10. Xe2
+ + Br2 ■>■ Br2+ + 2Xe 

11. Br2 + e~ -> Br" + Br 

1.5 x 10 

2.5 x 10 

2 x 10"7 

8.2xl0"13, 2960K 

8.2xl0"12, 2.8 eV 

h 

h 

h 

d 

e 

i 

d 

d 

k 

-1 3 a  Radiative units, sec  ; two-body units, cm /sec; and 
three-body units, cm /sec, 

b W = 21.9 eV/ion pair.  Ratio Xe /XeA determined by 
method used for Ar+/ArÄ ratio is 3.04/1. 

c  Reference 12 

d  D. C. Lorents, D. J. Eckstrom and D, Huestis, Stanford 
Research Institute Report #MP73r-2, 1973 (unpublished). 

e  E. V. George and C. K. Rhodes, Appl, Phys. Lett. 23, 
139 (1973) and C. W. Werner, E. V. George, P. W. Hoff 
and C, K. Rhodes, Appl. Phys, Lett, 25, 235 (1974). 
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f Reference 7. 

g Reference 5 

h This work 

i Reference 8 

j AE = -0.6, -1, J7 eV 

k F. K. Truby, Phys. Rev. A4, 613 (1971) 
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Fig.   1 - Effective first order rate constants for 
reactions in 100:1 Xe:Br2 mixtures 
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K =   1.6 X 10 cm3/sec 

K = 2.0 X IÖ9 cm3/sec 

 K=2.4X IÖ9 cm3/sec 

 K= 2.8 X lO9 cm3/ sec 

 K= 3.2 X IÖ9 cm3/sec 

■   i   I   I   I   I   I   I   I I   I   I   I   I   I   I   I   I   I 

20 30 40 
LIFETIML ^s) 

Fig.   3 - Agreement  between three-st   p kin- .ic model and observed 
XeBr* fluorescence as a function of X production rate constant 
and radiative lifetime 
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